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Foundation species define the ecosystems they live in, but ecologists have
often characterized dominant plants as foundational without supporting
evidence. Giant kelp has long been considered a marine foundation species
due to its complex structure and high productivity; however, there is little
quantitative evidence to evaluate this. Here, we apply structural equation
modelling to a 15-year time series of reef community data to evaluate how
giant kelp affects the reef community. Although species richness was
positively associated with giant kelp biomass, most direct paths did not
involve giant kelp. Instead, the foundational qualities of giant kelp were
driven mostly by indirect effects attributed to its dominant physical struc-
ture and associated engineering influence on the ecosystem, rather than by
its use as food by invertebrates and fishes. Giant kelp structure has indirect
effects because it shades out understorey algae that compete with sessile
invertebrates. When released from competition, sessile species in turn
increase the diversity of mobile predators. Sea urchin grazing effects could
have been misinterpreted as kelp effects, because sea urchins can overgraze
giant kelp, understorey algae and sessile invertebrates alike. Our results
confirm the high diversity and biomass associated with kelp forests,
but highlight how species interactions and habitat attributes can be misconstrued
as direct consequences of a foundation species like giant kelp.

1. Background

While in the Galapagos, bent over the Beagle’s rail, Charles Darwin noted that
‘The number of living creatures of all Orders, whose existence intimately
depends on the kelp, is wonderful . .. Amidst the leaves of this plant numerous
species of fish live, which nowhere else could find food or shelter; with their
destruction the many cormorants and other fishing birds, and otters, seals,
and porpoises, would soon perish also...” (p. 252 of [1]). Darwin considered
the giant kelp, Macrocystis pyrifera, what ecologists now call a foundation
species, or ecosystem engineer [2]—a single species that increases species rich-
ness and food-web complexity [3] by creating spatial structure and influencing
physical conditions and ecosystem processes [4—6]. As such, removing foun-
dation species should impact many associated species [7,8], and restoring
foundation species aids ecosystem restoration [9-11]. Foundation species are
expected to decline with future climate change [12,13], resulting in cascading
evolutionary, ecological and environmental changes [7,8]. Despite their impor-
tance, our understanding of how foundation species influence community
structure and function is lacking [5,8,14].

Since Darwin, marine ecologists have obsessed over how giant kelp affects
reef communities [15], reef food webs [16,17], sandy beach [18,19] and deep-
water ecosystems [20,21], hydrodynamics [22,23], biogeochemistry [24,25],
and even early human migrations [26,27]. The stark differences inside and
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outside giant kelp forests are as obvious to today’s scuba
divers and anglers as they were to Darwin. Occurring in tem-
perate waters across the world’s oceans, giant kelp grows to
the surface where its massive floating canopy creates habitat
used by many species [15]. Beneath the canopy, shading
can reduce macroalgal production [28], thereby favouring
sessile invertebrates [29,30]. Water flow slows through the
forest [22,23,31], and kelp facilitates turbulent mixing [32],
potentially altering deposition of sediment, detritus, phyto-
plankton and larval settlement [33]. Most notably, kelp
forests are higher in biodiversity and different in community
composition than adjacent ‘barren’ reef areas, where sea urch-
ins have over-grazed kelp [16,34,35]. Yet there are many
factors that could drive differences between urchin barrens
and kelp forests, not the least of which is urchins themselves,
which can consume many if not most sessile reef species
[36-38]. In other words, although kelp forest communities
are diverse, this could be due to a direct kelp effect, as
assumed by the foundation species concept, or a variety of
alternatives, including a generalized macroalgal effect, indirect
effects of kelp, or simply a joint dependence on hard substrate
by giant kelp and many other species. Removal experiments
are perhaps the gold standard for measuring foundational
effects, but are necessarily small scale. Some kelp-removal
experiments have documented that kelp can shade out under-
storey algae [39,40], but effects on other species, particularly
mobile species, are often weak or undetectable [41,42]. Thus,
Darwin’s broad claims about giant kelp, as for many claims
about foundation species, remain largely unquantified.

Here, we evaluate the paradigm that giant kelp is a foun-
dation species that directly shapes the rocky reef community
and thereby promotes biodiversity. We first examine the
extent to which giant kelp correlates with species richness
overall. We then consider whether giant kelp increases biodi-
versity and abundance of particular functional groups on
rocky reefs through both direct or indirect effects, rather
than simply being associated with overall biodiversity. We
also evaluate how sea urchins, the often-cast antagonist in
the system, affect kelp and biodiversity. To do so, we analyse
a 15-year time series of kelp forest community data to quantify
the relationship between giant kelp, reef structural complexity
and biodiversity.

2. Material and methods

We hypothesized that if giant kelp is a foundation species, its
biomass should be associated with higher species richness
through provision of habitat and resources [6]. We also con-
sidered the following alternative hypotheses for what
determines reef diversity and biomass. (i) Rock habitat drives
positive associations between kelp and other reef species. (ii)
Sea urchins determine community composition by consuming
algae and sessile invertebrates. (iii) Bottom-up effects drive com-
munity composition (i.e. increased basal diversity and biomass
increase their consumers’ diversity and biomass, and prey diver-
sity and biomass increases predator diversity and biomass). (iv)
Biomass within a functional group drives biodiversity of that
group. We rejected, a priori, a potential logical path from sea
urchin predators (sheephead wrasse Semicossyphus pulcher,
spiny lobster Panulirus interruptus and sunflower star Pycnopodia
helianthoides) to sea urchins in a preliminary model, because these
sea urchin predators were not abundant at the sampled sites—
the first two species are depressed in abundance and body size
because of fishing and the third because of biogeographic

patterns (such associations exist at other sites where predators
are protected from fishing [34,43]).

(a) Field surveys

Annual kelp forest community surveys were conducted in late
July—early August from 2001 to 2016 by the Santa Barbara
Coastal Long Term Ecological Research program (http://sbc.lter-
net.edu). Divers sampled 39 fixed 40 m x 2 m plots distributed
among eleven kelp forest sites in the Santa Barbara Channel,
USA. In each plot, divers measured density and size of giant
kelp, understorey kelps, large mobile invertebrates and reef-
associated fishes. Smaller benthic mobile invertebrates and
understorey algae were counted and sized within six 1 m? quad-
rats placed at 8 m intervals along the 40 m axis of each plot. For
sessile invertebrates and understorey algae that are impractical to
count as individuals, percentage cover was calculated based on
sampling 80 uniformly spaced points within each plot. Substrate
type was assessed for the same points and has been simplified in
this analysis to percentage cover rock (including loose cobble
and boulders).

(b) Community structure metrics

Species sizes and abundances were converted into biomass using
species-specific relationships developed for kelp, understorey
algae, invertebrates and fish in the region as per Reed et al.
[44]. Diversity was calculated as diversity of order 1, which

corresponds to the exponential of the Shannon entropy index
(H) [45]:

p— exp <_ Zpl lnp,-> = exp(H),
i=1

where s is the total number of species and p; is the proportional
biomass of the ith species. Diversity of order 1 represents the
effective number of equally common species, weighting each
species according to its proportional biomass, without favouring
rare or common species [45]. Proportional biomass was calcu-
lated based on decalcified dry biomass. Species richness was
measured as the unique number of species observed each year
at a given transect, and corresponds to diversity of order 0
[45]. We first analysed the reef community as a whole, and
then split the community into four functional groups based on
mobility and trophic position [17]: (i) understorey macroalgae,
(ii) sessile invertebrates (suspension feeders), (iii) mobile grazers
(herbivores, omnivores and detritivores) and (iv) mobile predators
(electronic supplementary material, table S1).

(c) Statistical analyses

We used linear mixed-effects models to test for relationships
between giant kelp biomass and species richness (as a whole
and by functional group), with kelp biomass (fixed), year
(fixed) and site (random) effects. We used richness in these ana-
lyses rather than diversity because the species varied greatly in
size and biomass and thus the abundance of a few large species
would have dominated overall diversity metrics. We further
evaluated these relationships for ‘giant kelp-associated” species,
as classified by Graham [16] based on their frequency at sites
in the Channel Islands National Park, which were categorized
as kelp forests or urchin barrens [34], and for the biomass of
each group.

Because overall species richness associations might not reflect
the complex networks of interactions among species, we used
piecewise structural equation modelling (SEM) to investigate
multiple direct and indirect relationships among giant kelp, sea
urchins and community biomass and diversity. Classical SEM
assumes that all observations are independent, whereas piecewise
SEM can account for hierarchically structured observations
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Table 1. Hypothesized paths and their signs considered in SEM models. Column headings indicate path origins; row headings are destinations; column  [JEJi}

abbreviations reflect row labels. Path directions were based on ecological relationships in kelp forests as summarized by Schiel & Foster [15]. Grey + and —
symbols indicate possible path directions that were not explicitly tested in our model.

path origin

sea understorey
kelp urchins macroalgae
kelp -2 -
o o o
. hh‘d‘e»rsbtdr'ey‘ macroalgae ..... e
sessile invertebrates + —? =°
e grazers ............ S .
mobile predators +° + +

®Paths that were significant in the model.

Table 2. The intercept, slope, marginal coefficient of determination (R%), and p-values of linear mixed-effect models testing the effect of giant kelp biomass

mobile
predators

mobile
grazers

sessile
invertebrates

(kg m~2 dry mass) on species richness of the entire community and four functional groups. Year (fixed) and site (random) factors were also included in the
model; coefficients represent the effect of kelp only. We also considered these relationships including only the subset of giant kelp-associated species (GKA) as
defined by Graham [16] for each group. Here n is the number of species in each group. Significant relationships are bolded.

n intercept

total community 205 —618.01
o commumty .................... a0 am

macroalgae 58 —402.43
o m'ac‘rballgaue' e s

sessile invertebrates 68 —138.35
it sesile meebtes s oy

mobile grazers 16 36.98
e grazers .................... R S

mobile predators 60 —126.48

i r‘n'obi'le‘;')rédé‘tdrﬁ ............... n o

through a mixed modelling framework [46]. Sampling location
was treated as a random factor to account for location-specific
environmental variation. However, piecewise SEM cannot disen-
tangle cyclic or reciprocal relationships in the same model, so
we used the literature and our knowledge of natural history to
remove unlikely directional paths to avoid the potential for
cyclic relationships (table 1).

We performed all statistical analyses in R v. 3.3.0. We fitted
mixed models using the R package Ime4 version 1.1-12 [47] and
piecewise SEM analyses using the package piecewiseSEM [46].
We used the d-separation test [48] to evaluate whether any non-
hypothesized independent relationships were significant and
whether including a missing path could improve a model. We
reported conditional (R?, all factors) coefficients of determination
for each generalized linear mixed effect model included in our
final piecewise SEM. We tested whether accounting for temporal
autocorrelation using a continuous first-order autoregressive auto-
correlation structure [49] would increase model fit. However, the
SEMs accounting for temporal autocorrelation resulted in higher
Akaike information criterion scores, suggesting that modelling
temporal autocorrelation did not increase our ability to under-
stand this system. For this reason, we reported only models
without temporal autocorrelation. We standardized all quantitative
predictors to mean of 0 and variance of 1.

slope R’ p
491 0.037 <0.001
............ s e oo
0.82 0.051 0.047
R . e o001
333 0.044 <0.001
............ ek o
—0.23 0.004 0.083
............. o wm osm
1.49 0.023 <0.001
............. o s =soot
3. Results

(a) Univariate relationships

Overall species richness was weakly associated with giant kelp
biomass. Although the relationship explained little variation
(marginal R?=0.092; table 2; electronic supplementary
material, figure S1), the slope showed 4.9 more species with
each kg m™~? increase in kelp biomass (table 2), resulting in
approximately 10—-15 fewer species in an unforested reef than
in one with maximum kelp biomass (electronic supplementary
material, figure S1A). Confining the analysis to the ‘kelp-
associated” species as defined by Graham [16] weakened the
fit of the relationship (marginal R? = 0.036; table 2; electronic
supplementary material, figure S1B), and the effect of kelp bio-
mass on ‘kelp-associated’ species richness was smaller in
magnitude than the effect on overall richness. This pattern
was apparent across the functional groups, and less than 6%
of variation in species richness was explained by kelp biomass
inany group (table 2). No relationships were observed between
giant kelp and the species richness of mobile grazers, either in
total or kelp-associated. In general, the biomass of the func-
tional groups was unrelated to giant kelp biomass, and
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Figure 1. Piecewise SEM model of the effect of giant kelp biomass and sea urchin biomass on biomass and diversity order 1 (see Material and methods) of four
taxonomic functional groups, represented by the blue boxes: (1) understorey macroalgae, (2) sessile invertebrates, (3) mobile grazers and (4) mobile predators.
Effects of substrate on the biomass of sessile groups are also shown. Arrows represent unidirectional relationships among variables. Blue arrows denote positive
relationships, and orange arrows negative relationships. Arrows for non-significant paths (p > 0.05) are not shown. The thicknesses of the significant paths reflect
the magnitude of the standardized regression coefficients given alongside. R>-values inside boxes are conditional R%.

associations that were present were weak (electronic sup-
plementary material, table S2). Biomass of kelp-associated
species was positively associated with kelp biomass (marginal
R? = 0.03; electronic supplementary material, table S2), and
the slope showed an increase of 0.05 kg dry mass m™~* with
each kg m ™2 increase in kelp biomass.

(b) Piecewise structural equation modelling analyses

Results from SEM show that hard substrate was strongly
associated with sessile species biomass, including giant kelp
biomass, and that giant kelp biomass was negatively associ-
ated with sea urchin biomass (figure 1). Giant kelp had
only two significant direct paths: a direct positive association
with mobile predator diversity and a direct negative associ-
ation with macroalgal diversity (figure 1). Understorey
macroalgal diversity had a direct negative association with
sessile invertebrate diversity. This suggests that kelp
decreased macroalgal diversity, which increased sessile
invertebrate diversity, which enhanced predator diversity

(figure 1). Surprisingly, kelp was not associated with non-
urchin mobile grazer diversity or biomass.

Most direct paths among species did not involve giant kelp.
Mobile grazer diversity and biomass had positive paths to the
diversity of mobile predators that feed on them (figure 1). In
addition to their negative associations with kelp, sea urchins
likewise had negative associations with understorey macroal-
gae and sessile invertebrates. We did not find evidence that
biomass increased diversity. In fact, for sessile invertebrates
and mobile grazers, biomass was negatively associated with
diversity (figure 1). Biomass and diversity were unrelated
for macroalgae and predators. Partial correlation plots of the
significant relationships in the SEM model are shown in the
electronic supplementary material, figure S2.

4. Discussion

From a predator’s perspective, giant kelp is clearly a founda-
tional species. This is consistent with the view that giant kelp
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supports fish habitat, and that the physical structure and
refuge from predation provided by the giant kelp canopy
helps explain high fish abundance and diversity in the kelp
forest [50—-55]. In addition, kelp harbours many small invert-
ebrates (not measured in our study), including crustaceans
and gastropods that consume kelp and are prey for higher
trophic levels [56,57]. Juvenile fishes, such as rockfishes,
recruit to the canopy and can also be a food source for
larger fish [53]. Giant kelp is thus both a refuge from
predation and a habitat for prey.

In addition to directly providing habitat for predators,
giant kelp indirectly promotes sessile invertebrates [29,30].
The kelp canopy suppresses understorey macroalgae [28,58],
including juvenile giant kelp [40,59] that would otherwise
outcompete slow-growing sessile invertebrates that thrive in
shaded habitats [60,61]. For instance, after removing giant
kelp at one of our sites (Mohawk Reef), understorey algal
abundance and richness increased and sessile invertebrate
abundance and richness decreased [30,62]. The results pre-
sented here differ in that we observed a negative path from
macroalgal to sessile invertebrate diversity, but this path
was not evident for biomass. This could be due to unac-
counted for environmental variables affecting both groups.
Although it is global in distribution, Macrocystis varies in
morphology, size and population dynamics, and in regions
where giant kelp forests are less extensive and more dynamic
than in southern California [63], its structural effect may be
less pronounced. For example, in southern Chile, removing
the Macrocystis canopy has only subtle effects on understorey
algal assemblages [58].

Our study suggests that, at least in southern California,
giant kelp influences diversity mainly through structure
and shading rather than as food, an effect that has been
termed a habitat cascade [64]. We saw no evidence for a posi-
tive path between giant kelp and non-urchin grazer diversity
or biomass, as would be expected if kelp was a dominant
food source for these species. Although many kelp forest gra-
zers eat kelp, most also eat other macroalgae and sessile
invertebrates, suggesting that giant kelp is a substitutable
resource in the kelp forest food web. Likewise, no direct
path was evident from giant kelp to suspension feeding ses-
sile invertebrates. Kelps are often hypothesized to contribute
significantly to the nutritional requirements of suspension
feeding invertebrates through detrital pathways [65]. Our
results align with previous studies using stable isotopes
and direct measurements of detrital production by giant
kelp that suggest reef suspension feeders are dependent on
phytoplankton, not kelp detritus, for trophic support
[30,66—-68]. A kelp effect was only weakly evident in simple
relationships between biodiversity, but SEM helped identify
indirect pathways that connected giant kelp to diversity.

Plot size can affect results of ecological studies, particu-
larly those involving mobile species. The transects used in
this study were 40 x 2 m, certainly smaller than the home
range of many of the mobile organisms, such as fishes. The
fact that we saw a positive response of mobile predators to
kelp abundance at the transect scale suggests that mobile
species do respond to kelp on small scales. It is possible
that these behavioural associations are easier to observe for
species that use kelp for structural habitat (and must
remain near it to gain the benefit) than for species that use
kelp for food. Senescing kelp falls to the seafloor and can
then drift away from its source. This drift can decouple

small-scale correlations between live kelp abundance and
grazer biomass and diversity. However, our transects were
large enough to reveal positive associations between standing
giant kelp biomass and detrital kelp biomass from five of our
transects over 9 years (1 =152, p = 0.0003, R%=0.1) [69],
suggesting we should have detected strong links between
kelp and mobile grazers if they existed.

Giant kelp could be a significant resource for many
species that are unaccounted for in the survey data, because
they are small, live in cryptic habitats or both. The two
main cryptic habitats created by giant kelp are the holdfast,
an intricate mass of root-like haptera that holds the kelp
plant to the seafloor, and the dense frond canopy. The
canopy harbours larger species than the holdfast and is not
covered by our surveys. Canopy specialists, such as the
kelp perch (Brachyistius frenatus), and other fishes that tend
to be more abundant in the canopy than near the bottom,
such as giant kelpfish (Heterostichus rostratus) [52], senorita
(Oxyjulis californica), kelp rockfish (Sebastes atrovirens) and
juvenile kelp bass (Paralabrax clathratus) [50,52], might have
stronger relationships with kelp than our data indicate. For
instance, in central California, seven ‘midwater’ fish species
were most affected by a large-scale kelp-removal experiment
(1 ha) [51]. By contrast, relatively few large mobile invert-
ebrate species live in the canopy; in our area, these include
the kelp crab (Pugettin producta) and Norris’s topsnail
(Norrisia norrisii).

Giant kelp is also likely to affect small organisms that are
uncounted in the surveys. An exhaustive study of invert-
ebrate fauna associated with kelp fronds found 114 species,
mostly small crustaceans, with abundance and diversity
highest near the bottom and decreasing into the canopy
[70]. Amphipod and shrimp abundance averaged over 8000
individuals per kg (wet mass) of kelp fronds; mass of kelp
fronds averages approximately 2.5-5 kg wet mass per m” at
our study sites [71] and can get much higher [72]. On the
bottom, average densities of these macrofaunal organisms
have been measured at greater than 30000 per m® [73],
suggesting that the kelp canopy can be a significant habitat
for such reef macrofauna. Indeed, kelp canopy mesograzers
contribute a significant portion of carbon to the tissues of
predatory fishes [57]. Kelp holdfasts harbour diverse and
abundant invertebrate communities [15], although similar
communities form in understorey macroalgae and artificial
substrates [74].

The trophic groups in our SEM analysis, particularly the
grazers and predators, combine species that differ in diet.
For example, some predators feed mainly on sessile invert-
ebrates while others feed on mobile prey, including other
predators [75]. Because detailed diet information was not
available, and diet can be size-dependent, we used broad
trophic groups, rather than food-web analysis. Future
work on kelp forest food webs could shed more light on
species interactions.

Sea urchin predators can influence kelp abundance via
trophic cascades [76], especially where fishing is not
permitted [77]. Although our analysis did not test for top-
down effects, our results suggest that reducing sea urchin
biomass will increase reef biodiversity directly and indirectly.
At present, fishing has reduced the size and in some cases
population abundance of key sea urchin predators [43,78].
Sea otters, voracious urchin predators, have only sporadically
recolonized the region since the fur trade in the eighteenth
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century [79]. However, as a new marine protected area net-
work matures [80], and if sea otters re-establish in the
region, then we might expect sea urchins to decline due to
increased predation, favouring kelp and its dependent
species.

5. Conclusion

It is remarkable that Darwin recognized the ecological impor-
tance of giant kelp standing on a ship. Although our study
was done in southern California rather than South America,
our results largely agree with Darwin’s observation that
kelp forests contain high species richness and biomass. This
association, however, is largely driven by the structural attri-
butes of kelp and its shared affinity for hard substrate with
other reef species. Our analysis points to sea urchin grazing,
giant kelp abundance and substrate type as important dri-
vers. Hard substrate supports many species, driving most
of the positive relationships among them. Sea urchins, how-
ever, can exclude sessile animals and macroalgae, leading
to barren patches. Where sea urchins are not too abundant,
understorey algae can outcompete sessile invertebrates for
space or giant kelp can outcompete understorey algae for
light, indirectly facilitating sessile invertebrate diversity and
providing shelter for the predators that feed on them. In
regions or sites where giant kelp does not grow in dense

stands, its influence on the community may be weaker [58]. [ 6 |

Most rocky reefs are community mosaics defined by
these processes, and the heterogeneity that they produce
undoubtedly facilitates reef diversity [81].
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