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ARTICLE INFO ABSTRACT

Keywords: Reconstructing phylogenetic topologies and divergence times is essential for inferring the timing of radiations,
Adaptive radiation the appearance of adaptations, and the historical biogeography of key lineages. In temperate marine ecosystems,
Speciation kelps (Laminariales) drive productivity and form essential habitat but an incomplete understanding of their
Kelp. . phylogeny has limited our ability to infer their evolutionary origins and the spatial and temporal patterns of their
Iliﬁlzsgzﬁzms diversification. Here, we reconstruct the diversification of habitat-forming kelps using a global genus-level
Phylogenetics phylogeny inferred primarily from organellar genome datasets, and investigate the timing of kelp radiation. We

resolve several important phylogenetic features, including relationships among the morphologically simple kelp
families and the broader radiation of complex kelps, demonstrating that the initial radiation of the latter resulted
from an increase in speciation rate around the Eocene-Oligocene boundary. This burst in speciation rate is
consistent with a possible role of recent climatic cooling in triggering the kelp radiation and pre-dates the origin
of benthic-foraging carnivores. Historical biogeographical reconstructions point to a northeast Pacific origin of
complex kelps, with subsequent colonization of new habitats likely playing an important role in driving their
ecological diversification. We infer that complex morphologies associated with modern kelp forests (e.g.
branching, pneumatocysts) evolved several times over the past 15-20 MY, highlighting the importance of
morphological convergence in establishing modern upright kelp forests. Our phylogenomic findings provide new
insights into the geographical and ecological proliferation of kelps and provide a timeline along which feedbacks
between kelps and their food-webs could have shaped the structure of temperate ecosystems.

Kelp phylogenomics
Mitochondrial genome
Plastid genome

1. Introduction

Brown algae in the order Laminariales (commonly referred to as
‘kelps’) are the most productive and one of the most ecologically sig-
nificant clades of macroalgae in the world (Leigh et al., 1987; Steneck
et al., 2002; Teagle et al., 2017). The biomass-rich communities formed
by kelps provide a marine analog to terrestrial forests, reaching tens of
metres high and producing dynamic and essential habitats along tem-
perate coastlines worldwide (Bolton, 2010; Graham, 2004; Kawali et al.,
2016; Steneck et al., 2002). Kelps increase the productivity of nearshore
ecosystems both as a source of food (Duggins et al., 1989) and by
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providing habitat for a variety of other organisms (Miller et al., 2018;
Teagle et al., 2017). Kelps have also long provided ecosystem services to
humans both directly as a harvestable resource (e.g., for food and valu-
able extracts; Bartsch et al., 2008), and indirectly by increasing eco-
system productivity (Kremen, 2005; Smale et al., 2013; Steneck et al.,
2002). There is even evidence that kelps facilitated transcontinental
travel of people to the Americas (Braje et al., 2017; Erlandson et al.,
2007). Despite their global distribution and ubiquitous role as foundation
species in nearshore ecosystems, the evolutionary history of the kelps is
not entirely understood, and many questions remain about their early
evolution and diversification (Bolton, 2010; Kawai et al., 2016, 2013).
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Kelps are commonly thought to have originated in the North Pacific
(e.g. Estes and Steinberg, 1988), but the timing and geographical paths
by which their subsequent diversification occurred has been contested
(Bolton, 2010; Domning, 1989; Estes and Steinberg, 1989; Kawai et al.,
2016). Two of the nine Laminariales families (Akkesiphycaceae and
Pseudochordaceae) are endemic to the coast of North Japan, which has
the highest kelp species richness of any coastline in the world (Bolton,
2010). Based on this relative richness, it was hypothesized that kelps
originated in the western Pacific and spread globally from there
(Bolton, 2010; Liining and tom Dieck, 1990; Kawai et al., 2016).
However, the eastern Pacific has several more genera than the western
Pacific, many of which are endemic to the coastline between Alaska and
California (Bolton, 2010; Estes and Steinberg, 1988). Rather than ba-
sing these arguments on relative taxon richness in different areas, we
need to explicitly reconstruct how the spatial distribution of kelps has
changed over time using a comprehensive understanding of their phy-
logenetic history. Kelps are found primarily in temperate regions (Assis
et al., 2017; Bolton, 2010; Graham et al., 2007), and their global range
is currently decreasing as climate change and extreme marine heat
waves drive range contractions around the world (Filbee-Dexter and
Wernberg, 2018; Krumhansl et al., 2016; Wernberg et al., 2016, 2012).
Yet, for much of the earth’s history, the oceans, including the Pacific,
were warmer than they are today. Until the Late Cenozoic, much of the
current range of kelps (e.g. California) was tropical, and unlikely to
support kelp communities in their current form (Estes and Steinberg,
1988), except perhaps in deep water refugia (Graham et al., 2007).
Thus, it has been proposed that the radiation of complex kelps, cur-
rently distributed globally, occurred only recently (Estes and Steinberg,
1988). This is supported by molecular phylogenetic evidence showing
relatively little sequence divergence among divergent kelp species
(Saunders and Druehl, 1992). Moreover, kelp-associated species, such
as stipe-grazing limpets, which have specific shell morphologies al-
lowing them to graze cylindrical kelp stipes, do not appear in the fossil
record until the Pliocene, further suggesting that kelp-dominated eco-
systems are not ancient (Estes and Steinberg, 1988). Since the Eocene-
Oligocene boundary, global climate has cooled substantially, as evi-
denced by shifts in the distribution of marine taxa (Ivany et al., 2000;
Lindberg and Marincovich, 1988; Vermeij et al., 2018) and changes in
polar ice cover (Cramer et al., 2009). It is therefore generally thought
that kelps evolved and diversified during periods of global cooling,
perhaps taking advantage of newly available mid-latitude habitats
(Bolton, 2010; Vermeij et al., 2018). This hypothesis is consistent with
early molecular clock analyses that suggested that most kelp diversity
evolved within the past 30 million years (Saunders and Druehl, 1992;
Silberfeld et al., 2010). However, it has yet to be tested explicitly using
a dated phylogeny inferred using a broad taxon sampling of Laminar-
iales.

Although not particularly species-rich (~ 120 species), the kelps are
morphologically highly diverse, varying by several orders of magnitude
in mature thallus biomass (Starko and Martone, 2016a) and exhibiting a
wide range of ecological strategies, even among closely related species
(Lane et al., 2006; Starko et al., 2019; Starko and Martone, 2016b;
Steneck et al., 2002). While vicariance and geographical isolation play
important roles in speciation of marine taxa (Canovas et al., 2011;
Cowman and Bellwood, 2013; Neiva et al., 2018), adaptive radia-
tion—-the diversification of lineages to fill different ecological niches-is
also responsible for the production of marine biodiversity (Aguilar-
Medrano et al., 2015; Ingram, 2011; Palumbi, 1994; Schluter, 2000)
and may explain the wide morphological and ecological diversity of
kelps. Grazers (especially sea urchins) and their predators (especially
sea otters) control kelp populations and represent one of the most
studied examples of trophic cascades (Burt et al., 2018; Byrnes et al.,
2006; Estes and Duggins, 1995; Guenther et al., 2012; Steinberg et al.,
1995), leading to the hypothesis that top predators created an ecolo-
gical opportunity for the kelps by providing an environment with
unusually low herbivory rates (Estes and Steinberg, 1988). Although
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ancestral sea otters did not appear until the Late Miocene (and modern
Enhydra in the Pliocene), top predators have a long history in the North
Pacific (Estes and Steinberg, 1988; Vermeij et al., 2018). In particular,
Kolponomos, which appeared in the North Pacific in the Late Oligocene
(Vermeij et al., 2018), and benthic-foraging odobenids, which radiated
in the Miocene (Repenning, 1976) were both likely similar to sea otters,
ecologically. This suggests that there has been potential for predatory
mammals to promote kelp populations for much longer than the ap-
pearance of sea otters would suggest (Vermeij et al., 2018). Yet, the role
that top predators may have played in the success and adaptive radia-
tion of kelps has also been contested (Domning, 1989; Vermeij et al.,
2018) and molecular clock analyses of some members of Laminariales
suggest that kelps might pre-date any of these top predators (Saunders
and Druehl, 1992; Silberfeld et al., 2010). An alternative hypothesis is
that kelp-dominated ecosystems evolved from the bottom-up: cooling of
the North Pacific could have stimulated the adaptive radiation of kelps,
fueling coastal productivity and promoting the evolution of complex
consumer networks. Thus, there is clear need for a formal analysis of
kelp diversification to determine which hypotheses, if any, are con-
sistent with the temporal patterns of kelp evolution.

While there has been substantial work on kelp phylogenetics (Boo
et al., 1999; Jackson et al., 2017; Kawai et al., 2017, 2013; Lane et al.,
2006), we still lack a single analysis that robustly resolves the re-
lationships across a broad enough sampling of Laminariales to explicitly
and reliably test hypotheses about the spatial and temporal patterns of
kelp origins and radiation. The first extensive molecular kelp phylogeny
(Lane et al., 2006) stimulated numerous ecological hypotheses and
revolutionized our understanding of the lineage (Bolton, 2010). Al-
though it did not firmly resolve relationships among several key clades,
it demonstrated that many important morphological traits, such as
branching or production of pneumatocysts (buoyant floats), are dis-
tributed throughout kelp phylogeny, suggesting multiple origins of
these traits. Jackson et al (2017) added to this work by using a tran-
scriptome dataset to robustly resolve many of the family-level re-
lationships within Laminariales. However, several important kelps were
not investigated in that study, directly limiting our ability to make in-
ferences about the evolution of important ecological characters and
biogeographical events (Kawai et al., 2016). In particular, previous
work has not resolved the relationships between three morphologically
distinct kelp families (Akkesiphycaceae, Chordaceae, and Pseu-
dochordaceae) and the other kelp families (Alariaceae, Agaraceae, Ar-
throthamnaceae, Aureophycaceae, Laminariaceae, and Lessoniaceae),
which are often collectively referred to as “ancestral” and “derived”
kelps, respectively. The latter terminology is misleading, as it tends to
confuse individual traits with the taxa that possess them (Crisp and
Cook, 2005); in contrast, a key approach in modern comparative
biology is to infer whether individual traits are ancestral or derived.
Akkesiphycaceae, Chordaceae and Pseudochordaceae are distinct from
other kelps in that they have simple thallus structures and eyespots on
their zoospores. Akkesiphycaceae also has anisogamous gametes and
sexually monomorphic gametophytes (Kawai et al., 2013). All other
members of Laminariales produce complex, modular thalli (with clear
distinction between stipe and blade), lack eyespots on zoospores and
have sexually dimorphic gametophytes with oogamous reproduction
(Kawai et al., 2013) (hereafter “complex kelps”). It has been hypothe-
sized that major aspects of the morphology and reproductive biology of
Akkesiphycaceae, Chordaceae and Pseudochordaceae are ancestral, but
characteristics of these taxa are distinct from those in closely related
orders (Kawai et al., 2013; Silberfeld et al., 2010). Thus, the validity of
these trait-focused hypotheses concerning ancestral vs. derived traits
should be tested using well-supported phylogenetic inferences based on
a broadly representative taxon sampling, which remains to be accom-
plished for kelps (Kawai et al., 2016, 2013).

Here we present the results of a broadly-sampled phylogenomic
analysis that uses gene sets assembled from organellar genome data
(and published transcriptome and organellar genome data sets) and
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also includes the nuclear rDNA genes (18S and 28S). We sample most
extant kelp genera (22 of 29 genera sampled, representing all nine kelp
families), and explore the implications of inferred trees for under-
standing kelp evolution. We date the kelp phylogeny using fossil and
biogeographical calibrations to reconstruct the timing of radiations, the
dispersal history of key lineages and the appearance of adaptations that
are crucial to the structuring of nearshore ecosystems. Specifically, we
ask: What are the relationships among extant kelp genera (including
Akkesiphycus, Pseudochorda and Chorda)? Have speciation rates changed
through time or across kelp phylogeny and are shift(s) consistent with
known patterns of ancient climate and trophic structure? Where did
kelps originate and over what spatial scales have they diversified? And
when did kelp forest-forming morphologies first appear?

2. Materials & methods
2.1. Taxon and gene sampling

We included 40 species of kelp and eight outgroups in our phylo-
genomic analyses; 34 kelps and six outgroups were included for the
plastid data-matrix, and 40 kelps and eight outgroups were included in
the mitochondrial and combined data-matrices. New sequence data was
acquired for 25 kelp species and three outgroups (Sphacelaria sp.,
Desmarestia aculeata and Analipus japonicus). Tissues were collected
from around the world (Tables S1-S3), dried and stored in silica gel for
all taxa except for Chorda asiatica, Pseudochorda nagaii and Akkesiphycus
lubricus, which were cultured from accessioned collections. Previously
published annotated plastomes (n = 4), mitomes (n = 14) and tran-
scriptomes (n = 8) were downloaded from GenBank and incorporated
into analyses (Tables S4, S5).

2.2. Library preparation and sequencing

We used next generation sequencing to produce phylogenomic da-
tasets for 28 species of brown algae. DNA extractions were performed
using one of three methods (Table S2): (a) Qiagen DNeasy Plant
Extraction Mini Kit as per the manufacturer’s instructions, (b) brown
algal extraction buffer (Saunders and McDevit, 2012) followed by the
Qiagen Wizard DNA Clean-Up Kit (Qiagen, Hilden, Germany), or most
often (c) a modified CTAB protocol (Doyle, 1987; Rai et al., 2003). DNA
libraries were prepared using Bioo NEXTflex Rapid DNA Library Pre-
paration Kit (Bioo Scientific Corporation, Austin, TX, USA), New Eng-
land Biolab Ultra II DNA Library Preparation Kit (New England Biolabs,
Ipswich, MA, USA) or NuGEN Ovation Ultralow Library Preparation Kit
(NuGEN Technologies, Inc, San Carlos, CA, USA), following manu-
facturer instructions (Table S2). Total DNA samples with concentrations
between 10 and 1000 ng/uL were sheared (to 400-bp fragments) using
a Covaris s220 sonicator (Covaris Inc, Woburn, MA, USA) and size-se-
lected (to 550-650-bp fragments) using magnetic beads (Agencourt
AMPure XP Magnetic beads: Beckman Coulter Genomics, Brea CA;
NucleoMag NGS Size-selection and Clean-up beads: Macherey-Nagel,
Bethlehem, PA, USA). For quality control, we quantified all libraries
using Qubit fluorometry (Thermofisher Scientific, Waltham, MA, USA)
to ensure a minimum DNA mass of 200 ng, verified fragment size pro-
files using BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA)
and measured concentrations of adaptor-ligated fragments using the
Kapa Illumina GA library quantification kit (Roche Diagnostics, Basel,
Switzerland). Most libraries were sequenced as 125-bp paired-end reads
on an Illumina HiSeq 2500 multiplexed with a maximum of 32 samples
per lane. However, one sample (Egregia menziesii) was sequenced on an
[lumina HiSeq 2000 as 100-bp paired-end reads and multiplexed with
28 other samples. Barcoding sequences (CO1-5P, ITS, or rbcL) were
used to check species identities using BLAST (Altschul et al., 1990) (see
Table S2).
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2.3. Assembly, alignment and phylogenetic inference

We used a reference-based assembly approach to retrieve individual
genes for assembling organellar gene sets. The focus was on protein-
coding genes and the large and small ribosomal DNA genes from both
organellar genomes. Paired-end reads were combined and mapped to
mitochondrial and plastid genome references of Costaria costata
(GenBank accessions NC_023506 and NC_028502, respectively) using
CLC Genomics workbench v. 6 and 7 (CLC Bio, Aarhus, Denmark). The
consensus sequences were extracted using an average minimum read
depth of 10x. Organellar data from previously published transcriptomes
(Jackson et al., 2017) were also extracted by mapping contigs to the
same references. We then aligned each gene individually using MAFFT
(Katoh et al., 2002), and manually checked and edited sequences in
Geneious R 7.1.9 (http://www.geneious.com; Kearse et al., 2012). We
compiled three different concatenated matrices: one from plastid data,
a second from mitochondrial data, and a third from combined plastid,
mitochondrial, and nuclear ribosomal genes (28S rDNA, 18S rDNA). We
partitioned each data-matrix both by gene and by codon position (first,
second and third position for the protein-coding genes, leaving the
rDNA genes as individual partitions). We used PartitionFinder2
(Lanfear et al., 2017) with the random clustering algorithm and AICc to
find optimal partitioning schemes and models that we used in sub-
sequent phylogenetic analyses. There were 268 initial partitions for the
plastid alignment, 80 for the mitochondrial alignment and 350 for the
combined data-matrix, resulting in an optimal partitioning scheme of
114, 55 and 156 partitions, respectively. Maximum likelihood phylo-
genetic inference was conducted using RAXML 8.2.10 (Stamatakis,
2014), with 20 independent search replicates for the best tree and 1000
bootstrap replicates to assess branch support. Bayesian analyses were
conducted in MrBayes (Ronquist et al., 2012) using 5,000,000 Markov
Chain Monte Carlo (MCMC) iterations. ESS values were > 200 for in-
dividual parameters, which we visualized using Tracer (Rambaut et al.,
2014). Gaps were treated as missing data. Phylogenetic analyses were
performed using the CIPRES Science Data Portal (Miller et al., 2011).

We performed a Shimodaira-Hasegawa test (Shimodaira and
Hasegawa, 1999) to determine whether inferred relationships between
the Akkesiphycaceae-Pseudochordaceae-Chordaceae and complex kelp
clades were significantly better than alternative hypotheses for these
relationships. We produced likelihood trees of all three possible topol-
ogies by inputting constraint trees into RAXML. We then tested for
differences in the likelihood of these topologies using CONSEL
(Shimodaira and Hasegawa, 2001).

To characterize the phylogenetic placement of five Saccharina spe-
cies not included in the main phylogenomic dataset, we produced
alignments of the 5’-end of cox1 and nad6 using data from this study
and previously published sequences (Table S6). Sequences were aligned
using MAFFT and edited manually in Geneious. Gene trees were in-
ferred using the GTR+ G model in RAXML 8.2.10 (Stamatakis, 2014).
These trees allowed us to place all but six species that have yet to be
sequenced, into appropriate genera that we redefined here (see Table
S6).

2.4. Divergence time estimation

Molecular clock analyses were performed in BEAST 1.8.4 using a
9561 bp alignment of plastid (psaA, psbA, rbcL) and mitochondrial
(atp6, cox1, cox3, nad6) protein-coding genes, and one ribosomal locus
(ITS). To maintain the well resolved tree topology from phylogenomic
analyses, we used a constraint tree and unselected the tree estimation
operators when creating the xml file in BEAUTI to restrict MCMC ex-
ploration to estimating parameters, rather than tree topology
(Drummond et al., 2012). Pseudolessonia laminarioides, which has pre-
viously been resolved as the sister group of the giant kelp clade (Post-
elsia, Nereocystis, Macrocystis and Pelagophycus; Cho et al., 2006) was
included in this analysis by using three previously published sequences
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(rbcL, psaA, ITS). We used the plastid-inferred topology for Agaraceae;
note that preliminary analyses using the mitochondrion-inferred to-
pology for the family yielded similar results for this and subsequent
analyses (not shown here). We converted the starting tree into a
chronogram (with millions of years as the branch length units) based on
the reduced seven-gene matrix using the penalized likelihood method
implemented in the R package “ape” with the function “chronos”
(Paradis et al., 2004). We used a birth-death model and three calibra-
tions, two were fossil-based calibrations and one was biogeographic.
BEAST analyses were run for 10,000,000 generations, sampled every
1000 and three independent runs were combined to achieve con-
vergence and ESS values > 200 for all parameters. The only reliable
fossil of a kelp is Julescrania from the Monterey Bay Miocene deposits
(Bolton, 2010; Parker and Dawson, 1965; Silberfeld et al., 2010). This
was used to set a minimum age of 13 MY for the stem-node of the giant
kelps (Nereocystis, Postelsia, Pelagophycus and Macrocystis). The Mon-
terey deposit also included a few species of Cystoseiraceae brown algae
(Parker and Dawson, 1965), and so the crown node of the Fucales
outgroups (Fucus vesiculosus and Sargassum horneri) was also given a
minimum age of 13 MY. In both cases, a log-normal distribution, with a
SD of 2MY was used for fossil calibration. We also assigned a uniform
prior with a maximum age of 5.3 MY and a minimum age at present to
the crown node of Atlantic Laminaria species (L. digitata and L. hy-
perborea), as they are known to have speciated in the Atlantic, after the
opening of the Bering Strait (Rothman et al., 2017).

2.5. Diversification analyses

To determine whether diversification rates shifted through time in
response to changes in ancient climate or biotic conditions such as the
appearance of sea otters, we performed two variant analyses. First, we
tested for shifts in speciation and extinction through time using BAMM
(Bayesian Analysis of Macroevolutionary Mixtures) (Rabosky, 2014).
We used this program to fit diversification-through-time models in a
Bayesian framework, while accounting for missing taxa. We used priors
generated from our time tree (see previous section) in the R package
“bammtools” and used 100,000,000 MCMC iterations to obtain ESS
values > 200. We also assessed lineage-through-time plots using
“phytools” to provide an additional line of evidence for temporal pat-
terns of diversification (Revell, 2012). To account for missing taxa in
our time tree, we used addTaxa to randomly resolve polytomies within
genera that were not completely sampled in our phylogenomic the
analysis. We produced a distribution of 100 possible trees that con-
tained these missing species and were therefore nearly complete,
missing only six monospecific genera from the Far East Russia whose
taxonomic classification is yet to be resolved (i.e., Costularia, Tauya,
Undariella, Feditia, Phyllaria, and Streptophyllopsis). We included Eu-
alaria fistulosa as a species on the Alaria stem branch based on mor-
phology and previous molecular analyses (Lane et al., 2007).

2.6. Historical biogeography

Ancestral range reconstruction was performed using a likelihood
framework in the R-package BioGeoBears (Matzke, 2013). BioGeoBears
is unique in its use of a “J” parameter (jump parameter; founder-event
speciation) allowing for simultaneous dispersal and cladogenesis. We
ran analyses of dispersal-extinction-cladogenesis models both with
(DEC +J) and without (DEC) this parameter. We then used AIC criteria
and a likelihood test to determine the model of best fit. Biogeographical
areas were chosen to reflect the makeup of regional floras, consistent
with the analysis of Bolton (Bolton, 2010). Including a large number of
areas can be problematic for ancestral range reconstructions (Landis
et al., 2013). Therefore, we simplified Bolton’s scheme by grouping all
southern hemisphere areas together as Southern Oceans, and also
grouped Atlantic and Arctic regions to reflect dispersal from the Pacific
to the Atlantic occurring through the Arctic via the Bering Strait
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(Céanovas et al., 2011; McDevit and Saunders, 2010). Modern geo-
graphical distributions of species were taken from the extensive online
taxonomic database, AlgaeBase (Guiry and Guiry, accessed March
2018). Although the modern distribution of some species includes
multiple areas, the highest likelihood ranges for all ancestors had two
or fewer areas. Thus, to minimize issues associated with a large number
of area combinations, we assessed the relative probability of ranges
containing a maximum of two areas.

2.7. Morphological ancestral state reconstruction

We aimed to reconstruct the evolution of key traits associated with
morphological complexity and the formation of upright kelp forests. To
look at morphological complexity, we considered two types of
branching that we define here in the context of kelp evolution: split
branching and true branching. Split branching involves programed cell
death along the longitudinal axis of a blade, forming slits. In most cases,
slits extend into the stipe and cause bifurcation. However, in some
species, these slits do not extend into the stipe and instead dissect only
the blade (e.g. Laminaria digitata). Environmentally-driven blade
tearing or ripping (as in Saccharina nigripes) was not considered to be
split branching. True branching occurs in kelps that have secondary
meristems, and is often associated with reproductive blades (i.e.,
sporophylls). True branching can occur on the blade (e.g. Ecklonia), on
the stipe (e.g. Alaria, Pterygophora) or both (e.g. Egregia). The forked
stipe of Ecklonia arborea was considered to be a special case of true
branching in the blade, in which the base of the blade (which already
possesses sporophylls through true branching) branches early in de-
velopment and then later becomes part of the stipe (Setchell and
Gardner, 1925). We performed ancestral state reconstruction of split
branching using three possible character states, relating to whether the
splitting is absent, occurs in the blade only or extends into the stipe,
causing branching. Reconstruction of true branching was performed
using four possible states: unbranched, true branching in the stipe (e.g.
sporphylls of Alariaceae), true branching of the blade (e.g. sporophylls
of Ecklonia) or both (e.g. Egregia). For upright traits, we scored species
on whether they have tissue cavitation (i.e., air bladders) that serve to
float kelp fronds towards the surface and/or stiff stipes that hold the
fronds up without buoyancy. We defined tissue cavitation as any air-
filled bladder, including pneumatocysts and hollow stipes. Thus, species
with stiff, hollow stipes were scored as having both characters present.
We performed reconstructions using two states for each character
(present or absent) and assigned a character to be present in species
that only exhibit the character sometimes (e.g. Ecklonia arborea, Sac-
charina longissima; Matson and Edwards, 2006; Rothman et al., 2017).
Morphological characterization of species was based on descriptions
provided by Setchell & Gardner (1925), Fritsch (1935), Druehl &
Clarkston (2016) and other relevant references (e.g. Matson and
Edwards, 2006; Rothman et al., 2017). We also performed ancestral
state reconstruction on all kelps (including Chordales) for eight addi-
tional morphological and life history traits (Figs. S1-S4) using Ecto-
carpales (putative sister clade to the kelps; Silberfeld et al., 2010) as an
outgroup. We performed all ancestral state reconstruction in the R
package “ape” using equal rate (“ER”) and multiple rate (“ARD” and
“SYM”) transition models and compared reconstruction fits using AIC.
In all cases, equal rate models out-performed more complex transition
matrices. To compare phlorotannin content of different kelp species,
data were taken from the literature (Dubois and Iken, 2012; Steinberg,
1985; Van Alstyne et al., 1999).

3. Results and discussion
3.1. Data characteristics

We assembled three data matrices: (a) a 71,153 bp plastid gene
alignment that included 88 protein-coding genes shared by all included
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species (of 127 genes in the plastome of Costaria costata for reference;
Zhang et al., 2015) and two plastid rDNA genes (rns and rnl); (b) a
24,490 bp mitochondrial gene alignment that included 26 protein-
coding (of 63 genes in the mitome of Laminaria digitata for reference;
Oudot-Le Secq et al., 2002) and two mitochondrial rDNA genes (rns and
rnl); and (c) a 98,840 bp combined alignment for 40 kelps and eight
outgroups that also included genes for the nuclear SSU and LSU ribo-
somal RNAs (i.e., 18S and 28S rDNA genes), the largest data matrix
compiled for kelps to date. The plastid alignment comprised 34 kelp
species and six outgroup taxa, and the mitochondrial and combined
datasets included 40 kelp species and eight outgroups. Sequence data
sets were newly recovered for 28 species here (Tables S1-S3), with
additional data from publicly available genome or transcriptome data
sets (Tables S4-S5). All alignments include species from 22 currently
recognized kelp genera from all nine families, and outgroups from five
brown algal orders (Desmarestiales, Ectocarpales, Fucales, Ralfsiales,
Sphacelariales). Most of the gene sets are complete or nearly complete,
although partial gene sets were recovered for a few taxa (e.g., 44% and
81% recovery here of plastid and mitochondrial data for Aureophycus
aleuticus, Tables S2; lower recovery or missing organellar gene sets for
several previously published taxa, Tables S5). Concatenated alignments
and trees generated for this study are available at http://purl.org/
phylo/treebase/phylows/study/TB2:523066 and at http://github.com/
sstarko/KelpPhylogenomics.

3.2. Phylogenetic relationships among kelps

Using a combined plastid, mitochondrial and nuclear data set
comprising up to 120 genes from 40 kelps, we resolved relationships
among most extant kelp genera with strong support (Fig. 1). For the
portion of diversity that was previously analyzed by Jackson et al
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(2017), we inferred a largely congruent tree. However, our results
improve on their analyses by sampling many more taxa within this
group and by including three additional families of key interest to the
evolution of the kelps. Jackson et al (2017) resolved relationships
among five kelp families using a 16-taxon, 152-gene alignment based
on transcriptome data. Our results are consistent with these family-level
relationships and differ only by the positions of Ecklonia and Cym-
athaere, which are strongly supported in both the likelihood and
Bayesian analyses presented here. Our analysis swapped the relative
positions of these taxa compared to Jackson et al (2017) who found
only moderate support for this node. Family-level circumscriptions in-
ferred here (and in Jackson et al., 2017) also correspond broadly to the
clade circumscriptions inferred in earlier five- and eight-gene analyses
(Kawai et al., 2013; Lane et al., 2006), although relationships among
and within the family-level clades have often been poorly supported or
variable in previous studies, and the position of some species in some
genera (e.g. Egregia, Ecklonia) drifted depending on sampling scheme
(Kawai et al., 2017, 2013; Lane et al., 2006) and phylogenetic inference
approaches (Kawai et al., 2013). Thus, the well-supported and con-
sistent (across genomic compartments and inference methods) phylo-
genetic relationships that we infer here significantly advance our un-
derstanding of relationships within the Laminariales.

Jackson et al. (2017) also placed Aureophycus (Aureophycaceae) as
the sister group of Alariaceae in a separate 24-taxon, eight-gene ana-
lysis, with moderate likelihood bootstrap support. This placement of
Aureophycus was also moderately supported by a recent study that used
an eleven-gene alignment (Kawai et al., 2017). We confirm this re-
lationship here, but with maximum support (Fig. 1). We also resolve
most intrafamilial relationships at current taxon sampling with strong
support (Fig. 1). Minor exceptions include the precise placement of
Undaria within Alariaceae (weakly supported by bootstrap analysis,

Chordaceae B Agaraceae (Mitochondrion)
Pseudochordaceae Thalassiophylum clath
Akkesiphycaceae. alassiophylum clathrus
Aureophycaceae Agarum clathratum
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0.05
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=
] Dictyoneurum californicum
98/1 Costaria costata
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Postelsia pall formis
pacchoninaSculperd ; i Dictyoneurum californicum
Arthrothamnus bifidus Kjellmaniella 4 f
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Saccharina angustata
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Fig. 1. (A) Phylogenetic reconstruction of the kelps based on partitioned maximum likelihood analyses of combined plastid, mitochondrial and ribosomal genes.
Support values are shown for both ML bootstrapping and Bayesian posterior probability. Asterisks (*) indicate full support using both methods; other support values
are shown beside branches (bootstrap /posterior probability). Thalassiophyllum was not included in analyses of the combined matrix, but its conflicting placements
within Agaraceae based on mitochondrial and plastid data are shown in panels (B) and (C), respectively. The topology of Agaraceae from the concatenated alignment
excluding Thalassiophylum is shown in panel (D). The hyphen (-) indicates no support (i.e., a conflict between ML and Bayesian inference methods. Scale bars in all
panels represent substitutions per site. Our proposed taxonomic scheme is also shown with orders in black boxes and families in grey boxes (see Section 3.5).
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Fig. 2. Historical biogeography of the complex kelps. A time-adjusted phylogeny generated in BEAST 1.8.4 using two fossil and one biogeographical time calibration
and a subset of genetic data (see text). Pie charts on nodes indicate the most likely biogeographical distribution of that ancestor, as predicted by DEC+J model in
BioGeoBears. White colour on the pie chart indicates the combined relative likelihood of ranges that were less than 10%. Node bars near the base of the tree indicate
uncertainty in divergence time (95% confidence intervals). Other node bars were removed for clarity but are available in Fig. S9.

Fig. 1), and local relationships among a few members of Saccharina
(i.e., S. coriacea, S. latissima, and an undescribed species which may all
be populations of S. latissima; Neiva et al., 2018) (Fig. 1). Our results
confirm that the widespread genus Laminaria and the only genus found
exclusively in the southern hemisphere, Lessonia, are sister clades (as
reported by Jackson et al., 2017; Kawai et al., 2017), although there are
substantial differences in the estimated crown ages of these sister fa-
milies (Fig. 2). This is especially evident when considering that our
dataset is likely to cover the entire phylogenetic variation within Les-
sonia (Martin and Zuccarello, 2012) but not Laminaria (Rothman et al.,
2017). Our analyses also uncovered that Arthrothamnus bifidus is nested
within the Saccharina clade, a finding with taxonomic implications (see
Section 3.5).

Our study included three additional kelp families, the morphologi-
cally simple Akkesiphycaceae, Chordaceae and Pseudochordaceae, that
were excluded (Jackson et al., 2017; Lane et al., 2006) or whose pla-
cements were not well resolved (Kawai et al., 2017, 2013) in past
phylogenetic studies. Our combined analyses resolve these three fa-
milies as a clade (the “ACP clade,” which we also define as a new order,
see Section 3.5) that is sister to the larger radiation of complex kelps.
We also recovered Akkesiphycaceae and Pseudochordaceae as sister
taxa with maximum support (Fig. 1). Although support for a broader
three-family ACP clade was moderate (82% bootstrap support and 1.0
posterior probability in ML and Bayesian partitioned analyses, respec-
tively), a Shimodaira-Hasegawa test in CONSEL (Shimodaira and
Hasegawa, 2001, 1999) found significantly higher likelihood for this
arrangement than alternative hypotheses of ACP paraphyly (LH dif-
ference = 8.91, P < 0.001).
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The existence of the ACP clade has important implications for our
understanding of kelp morphological evolution. Species in this clade
were previously thought to possess ancestral characteristics (or were
viewed as ancestors of other modern lineages). Their collective place-
ment here as a clade comprising three families, sister to the complex
kelps, underscores the need to revisit hypotheses of ancestral mor-
phology and historical biogeography in a modern phylogenetic frame-
work. Ancestral state reconstruction of a range of morphological and
reproductive characters suggest that many traits that are unique to
members of the ACP clade are not ancestral to all of the kelps (Figs. S1-
S4). For example, sexual monomorphism of gametophytes and multi-
cellular paraphyses are more likely to be derived characteristics of
certain species than ancestral traits of the kelps. In contrast, the absence
of an eyespot on the zoospore (which is present in members of the ACP
clade as well as the sister order Ectocarpales) is a shared, derived trait
of the complex kelps only. Our results also suggest that the ancestor of
the complex kelps was perennial and that obligately annual life his-
tories have evolved several times from ancestors that our ancestral state
reconstruction suggest are perennial (Fig. S4). This has important im-
plications because phylogenetically disparate members of this clade
exhibit similar patterns of seasonal growth including endogenous
growth rhythms (Bartsch et al., 2008; Liining, 1991; Schaffelke and
Liining, 1994). Reconstructions also indicate that discoid holdfasts,
which have been hypothesized to be ancestral traits (Kawai et al., 2016,
2013), may be ancestral traits of the ACP families but not of the com-
plex kelps (Fig. S4).

Separate plastid and mitochondrial analyses were done before com-
bining genes from these different genomic compartments (summarized in
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Figs. S5-S8). These separate analyses are generally highly congruent with
the tree inferred when these data sets are all combined (Figs. S9-510),
typically with strong support for individual relationships in each case.
Some minor differences that are not strongly supported in individual
analyses are highlighted in each supplementary figure. A single strong
conflict within ingroup taxa concerns relationships in Agaraceae
(Fig. 1B-D). In the plastid analysis, Thalassiophyllum clathrus is well
supported as the sister of Agarum clathratum (Fig. 1B), but in the mi-
tochondrial analysis it is instead strongly supported as the sister group of
the remaining Agaraceae (Fig.1C). This discrepancy was also docu-
mented by Kawai et al. (2017), who used a subset of genes from each
organelle. Because of these conflicting signals and the possibility of dif-
ferences in plastid and mitochondrial evolutionary history, we did not
include T. clathrus in our combined-matrix analyses, leading to yet a third
topology within Agaraceae in likelihood analyses (Fig. 1D, Fig. S9);
Bayesian analysis of the combined alignment inferred relationships
within the Agaraceae that were consistent with plastid-based analyses
(Fig. S10). Conflicting evolutionary histories of plastids and mitochon-
dria may arise through a variety of evolutionary processes, such as rapid
radiation and incomplete lineage sorting, or hybrid speciation (Baack and
Rieseberg, 2007; Joly et al., 2009; Maddison et al., 2006); Agaraceae may
therefore provide an opportunity to explore these processes in kelps.

3.3. Temporal and spatial patterns

The highly supported and broadly sampled analysis of kelp phylo-
geny described above allowed us to reliably explore the spatial and
temporal diversification of kelps. In order to explore the temporal
patterns of kelp evolution, we used three time calibrations to date di-
vergence events: two fossils from the Monterey Bay Miocene deposits
(c. 13 MYA) and one trans-arctic biogeographical calibration in the
genus Laminaria (see Methods). Time-calibrated molecular clock ana-
lyses suggest that while the entire kelp lineage (crown age) is ap-
proximately 73 million years old (49 — 120 MY based on 95% highest
posterior densities, HPD; Table S7; Fig. S11), complex kelps — which
comprise most of the diversity of modern kelps - diversified recently,
with a crown age around 31.5 (21 — 43) MYA, near the Eocene-Oligo-
cene (EO) boundary (Fig. S11). Our clade age estimates are generally
consistent with previously published time-calibrated trees where these
overlap, perhaps largely due to use of similar time calibration points.
For example, Silberfeld et al. (2010) examined the entire brown algal
radiation based on a subset of kelps, and found divergence times that
are consistent with our estimates for the complex kelps and the ACP
clade, and also dated the radiation of the complex kelps to c. 30 MYA.
Rothman et al. (2017) dated the split between Laminaria and Ar-
throthamnaceae to approximately 25 MYA, matching a nearly identical
estimate here (Fig. 2; Fig. S11). A molecular clock analysis with small
subunit rRNA (SSU) is also more or less consistent with our results (but
did not rely on similar calibration points), with 0.66% sequence di-
vergence between Alaria and Nereocystis, possibly equivalent to c. 16 —
30 MY divergence time (Saunders and Druehl, 1992).

The diversification of complex kelps was associated with an increase
in speciation rate (Fig. 3), the timing of which is consistent with large
changes in climatic, oceanographic and biotic conditions. During the
EO boundary, waters of the North Pacific saw a significant drop in
temperature (as demonstrated by 90'® in Fig. 3), which may have
provided cool water habitat that was ideal for an initial kelp radiation.
Moreover, the EO boundary was associated with a marine mass ex-
tinction event that saw a substantial loss of taxonomic diversity in the
world’s oceans (Ivany et al., 2000). Although detrimental to some
groups, mass extinctions are hypothesized to provide novel ecological
opportunities for other lineages (Erwin, 1998; Mahler et al., 2010), and
this phenomenon may have contributed to the proliferation of kelps in
the North Pacific.

Historical biogeographical analysis suggests that much of the ACP
and complex kelp clades diversified on opposite sides of the Pacific,
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Fig. 3. Patterns of ocean climate and kelp diversification through deep time.
(A) Pacific deep sea 9'®0 (a proxy for ocean temperature) over the past 70
million years (data from Cramer et al 2009) (Cramer et al., 2009). Speciation
rate plotted through time (B), and across the kelp phylogeny (C) as estimated
using BAMM.

although uncertainty remains about the predicted ancestral distribu-
tions of several deeper nodes in the kelp phylogeny (Fig. 2). The geo-
graphic origin of the common ancestor to the kelps (including the ACP
families) remains unresolved (Fig. S12). Ancestral nodes in the ACP
clade most likely arose in the northwestern Pacific waters, but much of
the early diversification of complex kelps likely occurred on the eastern
side of the Pacific Ocean, especially Alaska (Figs. 2, S12). Although the
complex kelps likely initially diversified in the northeast Pacific, trans-
continental, trans-equatorial and polar dispersal have all occurred re-
peatedly across the tree (Figs. 2, S12). For example, the most recent
common ancestor of the Arthrothamnaceae is predicted to have an
eastern Pacific origin, yet Saccharina and allied clades -nested within
Arthrothamnaceae- were likely to have originated and largely diversi-
fied in Asia (Figs. 3, S10). Saccharina sensu lato species have subse-
quently recolonized the eastern Pacific and other parts of the globe
several times (Figs. 3, S10). Our analyses also suggest that lineages have
crossed the equator at least four times independently (Macrocystis, La-
minaria, Ecklonia, Lessonia) or separately invaded the North Atlantic
through the arctic at least four times (Alaria, Saccharina s.s, Saccharina
s.L, Laminaria). Including additional species from diverse genera may
improve the resolution at which we understand the historical pathways
of kelp dispersal and may reveal even more dispersal events. For ex-
ample, Laminaria spp. may have crossed the equator twice (Rothman
et al., 2017) and the dispersal pathways of some widespread genera still
remain unclear (e.g. Ecklonia). Future work could also incorporate
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growing knowledge of how geographic features and environmental
conditions have changed through deep time (e.g., Cramer et al., 2009;
Shackleton and Boersma, 1981; Vermeij et al., 2018; Zachos et al.,
2001). For example, warmer conditions may have limited the historical
ranges of kelps to the far North Pacific and made the Bering Sea suitable
habitat for a wider range of kelp species, perhaps increasing con-
nectivity between opposite sides of the Pacific Ocean.

These results follow previous work demonstrating the importance of
long distance dispersal events in establishing the contemporary dis-
tribution of modern kelp taxa (Bolton, 2010). The DEC +J biographical
model, which allows for species to disperse to a new environment
concurrently with speciation events, outperformed the more restrictive
DEC model (A AIC = 11.6296, p < 0.001) but our conclusions were
independent of the model of dispersal and speciation used in BioGeo-
Bears (Matzke, 2013). Across the phylogeny, our analysis reveals that
many kelp taxa are endemic to areas that were likely not inhabited by
their recent ancestors. Thus, geographic isolation may have played a
fundamental role in the speciation of kelps. This is consistent with
previous work on species-rich kelp genera that exist along latitudinal
(Lopez-Cristoffanini et al., 2013) or longitudinal clines (Starko et al.,
2018).

A general caveat of these analyses is that we did not include seven
monospecific genera due to difficulty in obtaining suitable material
(Eualaria, Costularia, Tauya, Undariella, Feditia, Phyllaria, and
Streptophyllopsis). With the exception of Eualaria, these taxa are all re-
stricted in distribution to Far East Russia (Bolton, 2010). Recent mo-
lecular evidence suggests that Tauya is nested within Arthrothamnaceae
(Klochkova et al., 2017); thus, dispersal to Russia from Alaska could
explain its distribution. Eualaria is a member of Alariaceae (Lane et al.,
2007) and is found exclusively in Alaska and Far East Russia (Bolton,
2010; Lane et al., 2007), and so the exclusion of Eualaria and Tauya is
unlikely to have influenced our general conclusions. It is more difficult
to predict how inclusion of the remaining five genera would affect tree
topology or downstream analyses. None of these taxa have been se-
quenced (they have only rarely been collected or examined). We
speculate that their inclusion might increase the probabilities of Rus-
sian origins for some clades, which would support even more back-and-
forth dispersal across the Pacific. Inclusion of these species into the
phylogeny is a priority, and the essential next step in reconstructing the
evolutionary history of Laminariales.

Although geographic isolation and allopatric speciation doubtlessly
played an important role in the evolutionary history of kelps, sympatric
speciation has also likely occurred, as several kelp subclades appear to
have diversified over relatively small spatial ranges (Fig. 2, Fig. S12).
For example, the Saccharina s.l. clade likely originated in the western
Pacific before spreading globally (Figs. 2, S10). Adaptive radiation is an
essential process linking ecology and evolution and may be promoted
when resources are underutilized due to mass extinction, during the
invasion of new habitats, or because key innovations allow a lineage to
exploit a new set of resources (Givnish, 2015; Schluter, 2000, 1996).
Kelp species are known to be functionally diverse, and play many dif-
ferent ecological roles, even among sympatric members of the same
family (Bolton, 2010; Starko and Martone, 2016b; Steneck et al., 2002).
For example, Postelsia palmaeformis invests nearly half of its dry biomass
in attachment to the substratum, allowing it to live in the high intertidal
of extremely wave-exposed sites. In contrast, its sister species, Ner-
eocystis luetkeana, invests less than 10% of its biomass into attachment,
and lives in calmer subtidal environments (Starko and Martone, 2016a).
These closely related species differ drastically in habitat and mor-
phology, but both co-occur in the northeast Pacific. Our phylogenetic
reconstruction (Fig. 1) suggests that this is not an anomaly. Instead,
closely related species often differ in morphology (Fig. 4) and life his-
tory (Fig. S4). Phenotype-environment correlations are well docu-
mented in the literature (Druehl and Elliot, 1996; Estes and Steinberg,
1988; Starko and Martone, 2016a; Augyte et al., 2018) and studies on
survival and growth of genetically distinct intraspecific kelp
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populations (Blanchette et al., 2002; Kawamata, 2001; Roberson and
Coyer, 2004) directly demonstrate that trait differences can influence
fitness. Taken together, this collective evidence suggests that ecologi-
cally-driven divergent selection may have promoted kelp diversification
and adaptive radiation (Lago-Leston et al., 2010; Palumbi, 1994;
Roberson and Coyer, 2004).

In many clades, bursts of radiation are followed by a slowing in
speciation rate as niche space is filled by newly evolved species (i.e.
diversity-dependent speciation; Phillimore and Price, 2008; Rabosky,
2014, 2013). However, our data suggest that kelps have radiated at a
constant rate since the initial burst, with possible evidence of an ad-
ditional rate increase in the clade containing Saccharina and allies
(Fig. 3). This largely constant speciation rate suggests that diversifica-
tion did not slow in recent periods as kelps were diversifying ecologi-
cally. Therefore, there may be remaining unoccupied niche-space across
which kelps will continue to radiate. This hypothesis that kelps have yet
to saturate their ecological niche-space in marine environments is
consistent with the ubiquity of high intraspecific differentiation (Lane
et al., 2007; McDevit and Saunders, 2010), local adaptation (Assis et al.,
2017; Neiva et al.,, 2018) and species complexes (Saunders and
McDevit, 2014; Starko et al., 2018) in modern kelp floras.

3.4. Evolution and assembly of kelp forest ecosystems

Although our time-calibrated analysis points to a more ancient
origin of the Laminariales sensu lato than previously proposed by some
authors (Bolton, 2010; Estes and Steinberg, 1988), it still suggests that
much of the diversity that we associate with modern kelp communities
evolved relatively recently. Our analyses suggest that since the initial
burst (c. 31 MYA) near the crown node of the complex kelps, clade-wide
speciation rates have not changed through time (Fig. 3). A constant
speciation greater than extinction would lead to exponential growth in
the number of lineages through time (Stadler et al., 2014). Indeed, the
number of kelp species has approximately doubled in the past 5 million
years and increased approximately six-fold in the last 15 million years
(Fig. 5). Upright growth forms and branching are two major morpho-
logical characteristics associated with complex three-dimensional kelp
forest habitats that also appear to have evolved independently and
multiple times relatively recently (Fig. 4). Our analyses suggest that stiff
stipes evolved from flexible ones at least five separate times, and tissue
cavitation evolved four times across the sampled taxa. Increased taxo-
nomic sampling, especially within the most morphologically variable
genera (e.g. Laminaria, Ecklonia) that contain species both with and
without these complex morphological features, may alter some of these
conclusions, for example by revealing additional independent origins of
these characters. Tissue cavitation, in the form of stipe hollowing has
also been documented in Laminaria pallida and Ecklonia maxima that
likely evolved from ancestors without hollow stipes (Rothman et al.,
2017, 2015). Moreover, Eualaria fistulosa has airbladders in its midrib
that act as buoyant floats and is the only species in the Alariaceae to do
so (Setchell and Gardner, 1925), suggesting that tissue cavitation
evolved independently in this species. Branching (through splitting and
secondary meristems) has also appeared repeatedly across the kelp tree
over the past 15-20 MY and was likely lost in some taxa (e.g. Pleur-
ophycus, Fig. 4). Evidence that these ecologically-relevant traits evolved
in parallel several times across kelps provides additional support for the
hypothesis that kelp diversification was driven by the process of
adaptive radiation.

Modern kelp forest architecture is globally variable and dependent
on the species that make up regional pools, but there are general fea-
tures shared by many kelp forest ecosystems (Teagle et al., 2017).
Buoyant kelps produce canopies that reach the surface of the water in
many regions around the world. For example, Macrocystis pyrifera, the
most widespread canopy species, produces the dominant canopy in the
northeast Pacific and in much of the Southern Hemisphere (Teagle
et al., 2017). Stiff-stiped species are also globally distributed, with
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Fig. 4. Likelihood reconstructions of upright traits and morphological complexity in the kelps. Circles at leafs indicate the morphology of species. Pie charts on nodes
indicate the relative likelihood (as computed in “ape”) of that ancestor possessing a specific morphology. Panel (A) shows the evolution of stipe stiffness. Panel (B)
shows the evolution of tissue cavitation (i.e., pneumatocyst, hollow stipe). Panel (C) shows the evolution of split branching (blade splitting that forms multiple
connected blades or stipe splitting, in which a blade split progresses into the stipe, causing the branch to form a dichotomy). Panel (D) shows the evolution of true
branching (i.e., branching from a true secondary meristem) of the blade and stipe. Both panels include time scales in millions of years. Asterisks (*) indicate
significantly higher likelihood of the most likely state than other possible states (LR > 2.0).

species of Ecklonia, Laminaria or Lessonia present in virtually every kelp
assemblage around the world (Bolton, 2010). Thus, modern kelp forests
almost universally contain species that reach above the benthos. In
many subtidal forests, the canopy species, stiff-stiped species and spe-
cies without upright traits create multiple layers of highly productive
habitat. Traits associated with upright growth appeared much more
recently than the initial diversification of kelps (Figs. 2, S12). Thus,
animal species that are adapted to modern kelp forests likely diverged
recently from animals that utilized different habitats. This hypothesis is
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consistent with the temporal disconnect between the appearance of
stipe-dwelling limpets (~3 MYA) (Estes and Steinberg, 1988) and the
more ancient origin of complex kelps (~30 MYA; Figs. 2, S12).

Our results also refute the hypothesis that sea otters or earlier
marine mammals stimulated the early diversification of complex kelps
(Estes and Steinberg, 1988; Vermeij et al., 2018). Although the kelps
represent a radiation in the North Pacific, where there has historically
been a longer marine food chain than in other regions (Estes and
Steinberg, 1988; Vermeij et al., 2018), we date the kelp radiation to
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Fig. 5. Lineage through time plots for (A) all kelps and (B) complex kelps
(excluding ACP clade). Each line represents one of 100 possible, near-complete
phylogenies generated using the R package, “addTaxa”.

more than 30 million years ago (Figs. 3, S10), pre-dating the appear-
ance of both sea otters and earlier benthic feeding mammals (Estes and
Steinberg, 1988; Vermeij et al., 2018), as well as strongylocentrotid sea
urchins, which radiated in the Miocene (Kober and Bernardi, 2013;
Vermeij et al., 2018). Instead, our results are consistent with the hy-
pothesis that kelp diversification and proliferation provided resources
that allowed for the diversification of herbivorous invertebrates and
benthic-foraging mammalian carnivores. Kelp presence and abundance
increases the productivity of marine animals by providing habitat and
increasing food availability for herbivores, detritivores and filter fee-
ders (Duggins et al., 1989). Subtidal invertebrates -such as herbivores
and suspension feeders- along coastal shores enriched by kelp diversi-
fication may have provided an unexploited resource and encouraged
the evolution of a longer food chain. Our timeline also suggests that
kelps may have been food for North Pacific sirenians (e.g. Steller’s sea
cow) since their initial appearance c. 20 MYA (as proposed in Domning,
1976) and herbivorous desmostylians that lived in the North Pacific
from the early Oligocene to the late Miocene and may have fed on
coastal algae (Domning, 1989; Vermeij et al., 2018). The intercalary
meristem of kelps and their rapid growth rate may have made them
ideal sources of food for herbivorous mammals that could have eaten
large amounts of kelp tissue without damaging the tissues necessary for
growth (Vermeij et al., 2018).

The relative importance of top-down and bottom-up forcing on es-
tablishing ecosystem structure is a fundamental debate in ecology and
evolution (Estes et al., 2011; Hunter and Price, 1992; Power, 1992) and
kelp-dominated ecosystems have set the stage for many well-known
studies of these phenomena (Estes et al., 2011; e.g. Estes and Duggins,
1995; Pfister et al., 2017; Reed et al., 2011). Although our results de-
monstrate that otters and earlier carnivores likely did not stimulate the
initial diversification of kelps, top predators clearly exert controls on
the structure of coastal ecosystems (Estes et al., 2016; Estes and
Duggins, 1995; Estes and Steinberg, 1988; Steinberg et al., 1995;
Vermeij, 2012). The initial argument that kelp diversification may have
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been stimulated by food chain length was predicated on observations of
modern ecology (Estes and Steinberg, 1988). For example, the ob-
servation that shallow kelps in the North Pacific are poorly defended
against herbivores suggests that kelps in this region may be adapted to
longer food-chains (Estes and Steinberg, 1988; Steinberg et al., 1995).
Re-evaluating the phylogenetic distributions of chemical defenses,
however, suggests that defence compound production (phlorotannins)
is highly labile —very different percentages found in closely related
species (Fig. S13). For example, within the genus Laminaria, species
differ by more than an order of magnitude in phlorotannin content
covering nearly the whole range of this value demonstrated by any kelp
(Van Alstyne et al., 1999; data not shown in Fig. S13). Labile phlor-
otannin content and perhaps other traits (e.g. Fig. 4, Starko and
Martone, 2016b) suggest that food-chain length may have influenced
trait evolution, but without influencing the rates of kelp speciation or
extinction. Thus the effects of top-down forcing on kelp traits can be
understood without invoking a hypothesis that involves the entire
duration of kelp evolution. We instead hypothesize that the initial di-
versification of kelps was promoted by cooling of North Pacific waters
and stimulated the lengthening of temperate marine food chains by
enhancing coastal productivity (Vermeij et al., 2018). Following this
initial burst of diversification, feedbacks between kelps and newly
evolving herbivores and carnivores may have shaped the selective
landscape of rocky coastlines, influencing trait evolution of kelps and
other taxa. For example, despite the finding that the complex kelps
radiated ~30 MYA (and diverged from the ACP clade much earlier),
the timing of the evolution of many of the traits associated with
modern, upright forests is more recent and could have occurred in the
presence of a mammalian top predator. In this way, we hypothesize that
bottom-up and top-down forcing have both played fundamental roles in
the evolutionary assembly of modern temperate ecosystems.

3.5. Taxonomic implications

Our results suggest that taxonomic changes should be made to make
kelp classification more reflective of lineages’ evolutionary histories
and trajectories. The ACP clade is sufficiently distinct (in morphology
and phylogenetic distance) from the complex kelps that we describe it
here as a new order, Chordales, restricting Laminariales sensu stricto to
the complex kelps (Fig. 1). This proposed taxonomic change would also
exclude the ACP families from being called “kelps”, when restricting
usage of the term to the order Laminariales.

Chordales Starko, H.Kawai, S.C.Lindstrom & Martone

Description & Diagnosis: Heteromorphic life history; gametophyte
microscopic and filamentous; sporophyte macroscopic with incon-
spicuous discoid holdfast. Several plastids per cell with no pyrenoid.
Oogamous or anisogamous reproduction. Differentiated from the
Laminariales by the lack of differentiation between stipe and hold-
fast and the presence of an eyespot on the zoospore. Constituent
families: Akkesiphycaceae, Chordaceae, Pseudochordaceae. Type
species: Chorda filum (Linnaeus) Stackhouse.

Within Arthrothamnaceae, our analyses also provide robust support for
the placement of Arthrothamnus bifidus, a branched kelp from the
western Pacific, as nested within the Saccharina clade, forming a sister-
group relationship to a clade that contains the generitype of the former
genus Hedophyllum (S. subsessilis) (Fig. 1). Phylogenetic divergence
within Saccharina is substantial compared to other genera (with the
exception of Laminaria) with divergence time estimates similar in age to
the crown node of the giant kelps (Macrocystis, Pelagophycus, Nereocystis
and Postelsia; Fig. 2). Hedophyllum, along with Kjellmaniella (now S.
sculpera), were sunk into Saccharina when monophyly of these genera
was first reported (Lane et al., 2006). However, analysis of a small
number of genes failed to capture the full phylogenetic diversity of this
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clade. Thus, in order to be internally consistent with the taxonomic
framework used on other members of the Arthrothamnaceae, we sup-
port the reinstatement of Hedophyllum 1901 Setchell and Kjellmaniella
1902 Miyabe, two genera that are morphologically distinct from other
Saccharina species, and were recognized for over 100 years. This breaks
the Saccharina clade into four genera that are well supported as clades
in our analyses (Arthrothamnus, Hedophyllum, Kjellmaniella and Sac-
charina). The two resurrected genera were also strongly supported as
clades that are distinct from Saccharina sensu stricto in a recent popu-
lation-level analysis with extensive intraspecific sampling (Neiva et al.,
2018). We analysed several additional single-gene datasets aimed at
including species (n = 5) with less available data (Figs. S14-S15, Table
S6). These analyses suggest that Kjellmaniella is monospecific (Sac-
charina gyrata, formerly Kjellmaniella gyrata, is very likely a Saccharina
species) and Hedophyllum contains six species (formerly S. bongardiana,
S. dentigera, S. druehlii, S. nigripes, S. sessilis, S. subsessilis). A generitype
has not been assigned for Kjellmaniella. Thus, we designate K. crassifolia
(also known as S. sculpera) as the generitype.

Kjellmaniella Miyabe

Monotypic. Lectotype species: Kjellmaniella crassifolia Miyabe 1902:
134

Homotypic synonym: Saccharina sculpera C.E.Lane,
Druehl, & G.W.Saunders 2006: 962

Hedophyllum Setchell emend. Starko, S.C.Lindstrom & Martone

C.Mayes,

Hedophyllum Setchell emend. Starko, S.C.Lindstrom & Martone

Description and diagnosis: Young plant with distinct stipe, blade fre-
quently bullate. Mature plants without stipe, haptera developing from
basal margin of blade, or plants maintaining a distinct stipe, usually
cylindrical near haptera and flattening toward the base of the blade,
which often becomes cordate. Mature blades smooth, frequently la-
cerated into two or more segments. Haptera stout. Lectotype species:
Hedophyllum subsessile (Areschoug) Setchell 1901: 122. Designated by
Saunders (1901), who attributed the type designation to Setchell.

Hedophyllum bongardianum (Postels & Ruprecht) Yendo
Basionym: Laminaria bongardiana Postels & Ruprecht in Ilustr. Alg.,
1840: 10, pls. XIII, XIV.

Hedophyllum dentigerum (Kjellman) Starko, S.C.Lindstrom &
Martone

Basionym: Laminaria dentigera Kjellman Om Beringhafyets Algflora
1889: 45.

Hedophyllum druehlii (Saunders & McDevit) Starko, S.C.Lindstrom
& Martone

Basionym: Saccharina druehlii in Saunders & McDevit, Botany. 2014.
92: 824..

Hedophyllum nigripes (Rosenvige) Starko, S.C.Lindstrom & Martone
Basionym: Laminaria groenlandica Rosenvinge Meddelelser om
Gronland. 1893: 847

Hedophyllum sessile (C. Agardh) Setchell

Basionym: Laminaria sessile Agardh. Systema Algarum 1824: 270.
Hedophyllum subsessile (Areschoug) Setchell

Basionym: Hafgygia bongardiana f. subsessilis Areschoug in Observ.
Phycol. 1, 1883: 5.

4. Conclusions

Our phylogenomic study, the largest compiled to date for kelps,
allowed us to identify the spatial and temporal patterns underlying
their evolutionary diversification. The ACP families, which had pre-
viously been described as having ancestral characters, were shown to
comprise a sister clade to the complex kelps and are recognized herein
as the new and distinct order Chordales. Complex kelps speciated at a
substantially increased rate relative to the ACP families, and likely
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began diversifying during or after the EO boundary. Together, cooling
of the ocean possibly combined with the opening of niche space from a
mass extinction may have allowed for the rapid radiation and ecological
diversification of complex kelps independent of invertebrate or marine
mammal evolution. Historical biogeographical reconstruction suggests
that the early diversification of complex kelps occurred in the northeast
Pacific, but dispersal to other regions has been a common occurrence,
with substantial diversification occurring more recently in Asia.
Branched and upright growth forms evolved multiple times in-
dependently within complex kelps but did so recently in all cases. Thus,
the three-dimensional kelp forest habitats that are widespread along
modern temperate coastlines are likely a near-contemporary occur-
rence. These results provide new insights into niche construction in
temperate waters worldwide and lend insight into the timing of major
radiations, dispersal events and the origins of ecologically important
characters.
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