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Abstract

The importance of vegetative habitat in influencing distribution patterns, species interactions, and biodiversity is well
documented in marine ecosystems, yet most previous studies on macroalgal-fish relationships have focused on influences
of density and identity of macroalgae, often ignoring how the unique physical structure provided by each alga contributes to
patterns. We tested whether the distribution, abundance, and biomass of rocky reef fishes could be predicted as well or better
by measures of physical structure of macroalgae than by species identity and abundance. Divers visually sampled fishes and
macroalgae at seven sites spread over several km at Santa Catalina Island, California, over a 1-year period, to examine how
the distribution patterns of fishes related to spatiotemporal differences in the macroalgal assemblage. We found that variation
in the composition, density, and diversity of the fish assemblage was equally or better explained by macroalgal structure (total
surface area and height) than by macroalgal species density. In contrast, biomass and vertical distribution of fishes were bet-
ter predicted by macroalgal species identity and density than by macroalgal physical structure. Of the macroalgal attributes,
surface area was the best predictor of fish abundance and multivariate assemblage structure (species and their densities).
However, much of the spatiotemporal variation in the fish assemblage was not explained by macroalgae, indicating that even
in habitats visually dominated by macroalgae, macrophytes are only one of many factors that drive spatiotemporal variation
in community structure. Our results suggest that quantifying the physical structure provided by marine macroalgae can be
more useful than macroalgal species identity in predicting some aspects of fish assemblage structure.
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Introduction

Habitat structure is widely regarded as one of the corner-
stones of ecosystem configuration (McCoy and Bell 1991).
Complex, vertically oriented, living structures such as ter-
restrial forests (Franklin 1988; Noss 1990; Tews et al. 2004)
and aquatic algal beds (Choat and Shiel 1985; Pérez-Matus
and Shima 2010; Wilson et al. 2014; van Lier et al. 2018)
provide foundational habitats that are important drivers of
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biodiversity (Jones 1992; Graham 2004; Wilson et al. 2014),
species interactions (Lawton 1983; McCoy and Bell 1991;
Byrnes et al. 2011; O’Brien et al. 2018), and ecosystem pro-
cesses (Graham et al. 2008; Arkema et al. 2009; Byrnes et al.
2011; Reed et al. 2016). The relationships between species
diversity and the quantity and heterogeneity of vegetative
habitat structure have been well documented in both ter-
restrial (Tews et al. 2004) and aquatic systems (Carr 1989;
Holbrook et al. 1990; Levin and Hay 2002; Miller et al.
2018). Moreover, in some systems the structure provided
by certain organisms (“ecosystem engineers”) may have
important direct and indirect impacts on other organisms’
ability to access resources (Jones et al. 1997

Despite the clearly demonstrated importance of com-
plex, living habitat structure, methods that summarize
complex patterns of biogenic structures into simple, com-
parable units are not often used in marine systems (see
McCoy and Bell 1991). In terrestrial forests, for example,
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canopy cover, trunk diameter, stand biomass, stand size,
foliage height, blade width, surface area, and volume are
used to describe the amount, shape, and composition of
vegetation (McElhinny et al. 2005). Analogous metrics
(e.g., height, canopy cover, stipe density, thallus density,
biomass) have been used in aquatic systems to examine
how variation in physical structure within species of mac-
roalgae influences associated organisms (Holbrook et al.
1990; Anderson 1994; Carr 1991; Bostrom et al. 2006;
Pérez-Matus and Shima 2010; Miller et al. 2018; Lamy
et al. 2020). Yet, a fundamental hurdle in assessing the
effects of vegetative structure in marine systems is to
compare the influence of living structure across species
to determine if the patterns observed are (1) due to direct
biological relationships between vegetation and organ-
isms (e.g., food) or (2) simply the result of the physical
arrangement of structural elements (Gregor and Anderson
2016). This topic is important because not all organisms
use features of vegetative structures in the same way. For
example, an amphipod may feed on the tissue of a mac-
roalga, whereas a fish may hide from predators among the
fronds of the same alga, as well as feed on the amphipods
inhabiting it. The structural complexity of the alga can
influence the activities of both species, but not necessar-
ily in the same ways. Thus, understanding how variation
in the physical quantity of vegetative habitat structure
influences species interactions and subsequently drives
the distribution and abundance of species is important in
understanding how ecosystems are structured.

Measuring and comparing height, surface area, and vol-
ume of algae provides a useful way to quantify and differ-
entiate the structural elements of macroalgae. Height is a
commonly used measure of algal size and has demonstrated
influence on various aspects of species abundance (Ander-
son 1994; Stelling-Wood et al. 2020). However, measures
of height lack specific information about the structural com-
plexity of an alga and fail to evaluate how differences in
the cumulative amount of structural complexity across algae
influence species abundance. Surface area has been used
to summarize the structural complexity of objects (Parker
et al. 2001; Stelling-Wood et al. 2020), where greater sur-
face area indicates more complex branching and structural
elements. Volume has been used to describe the amount of
space that an object occupies (Ware et al. 2019) and can
provide an additional dimension to quantifying the structure
of macroalgae of similar height but different area. While
height, surface area, and volume are all positively related to
one another within a species, the slope of each relationship
can differ meaningfully among species due to differences in
physical structure among algae. Quantifying these attributes
should improve our ability to discern why different algal
species have different impacts on associated biota (Stelling-
Wood et al. 2020).
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In nearshore marine systems, algae form physical struc-
ture that provides important shelter from predators (Ander-
son 1994; Gutow et al. 2012) and increased access to food
(Jones et al. 1997; Steneck et al. 2002; Hovel et al. 2016).
Giant kelp (Macrocystis pyrifera), for instance, provides
biogenic habitat for vertebrates and invertebrates, increas-
ing the potential for species interactions (Holbrook et al.
1990; Sala and Graham 2002; Graham 2004; Steneck et al.
2002). Macroalgae are diverse structurally, both within and
among species (Stewart and Carpenter 2003; Pérez-Matus
and Shima 2010), and certain macroalgal morphologies may
be more important for certain species or certain life history
stages of a species (e.g., canopy shelter for small juveniles of
some species). Moreover, where vegetation is dense, average
biomass of fishes may be lower because it offers more refuge
for smaller individuals and may be more challenging for
larger individuals to navigate (Crowder and Cooper 1982).
Variation in the size, morphology, and density of macroal-
gae can influence the distribution, behavior and subsequent
interactions among associated fishes (Crowder and Cooper
1982; Levin and Hay 1996; Lewis and Anderson 2012), and
in turn potentially can influence the stability of communi-
ties (Steneck et al. 2002; Castorani et al. 2018; Lamy et al.
2020).

Recent reductions in large stands of Macrocystis pyrifera
triggered by increases in ocean temperatures and subsequent
increases in the range and density of the exotic alga Sar-
gassum horneri (Marks et al. 2015) have led to a signifi-
cant change in the physical appearance of the macroalgal
assemblage in parts of the Southern California Bight, USA
and northern Baja California, Mexico. Specifically, whereas
M. pyrifera forms tall, forest-like stands that span the water
column, the structure provided by S. horneri is far shorter
(<2.5 versus > 20 m), more finely branched, and has much
smaller blades. Recent examinations of the influence of
the quantity of M. pyrifera suggest that the structure alone
(measured as biomass) is responsible for 25% of the vari-
ation in the diversity of associated mobile species (Miller
et al. 2018). Despite ample evidence of the importance of
M. pyrifera as an ecosystem engineer (Castorani et al. 2018;
Miller et al. 2018), there is uncertainty about how its unique
physical structure relative to other macroalgae influences
species distribution, interactions, and ecosystem processes.
For example, a shift from it as the dominant macroalga on
rocky reefs may have important implications for population
dynamics of reef fishes (Ginther and Steele 2018, 2020).

Here, we test the hypothesis that variation in the fish
assemblage, here described as the collective of fish popula-
tions within a location, can be predicted as well or better by
just the quantity of physical structure provided by the mac-
roalgae assemblage than by its composition (species identity
and abundance). To do so, we first quantified the physical
structure of a suite of abundant and morphologically diverse
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macroalgal species, as well as their species-specific densi-
ties; and the abundance, distribution within the water col-
umn and biomass of the fish assemblage. Then we used a
series of statistical models compare the relative success of
macroalgal physical structure vs. macroalgal species iden-
tity and density as predictors of univariate and multivariate
metrics of variation in the fish assemblage. Finally, we use
the results of this exploration to help understand the impact
of a change in dominant macroalgal structure from native to
non-native macroalga.

Materials and methods
Study system

We studied rocky reef communities along a 14-km stretch
of the leeward coast of the west end of Santa Catalina
Island, 32 km off the coast of California, U.S.A. (33°26’N,
118°28’W). These reefs harbor a temperate-subtropical
fish assemblage composed of ~40 common species of reef-
associated carnivores, herbivores, and generalists (Hob-
son & Chess 2001). Although they are considered kelp
forest fishes, only a small fraction of the species in this
assemblage have obligate associations with macroalgae,
and some of these, only at certain points in their life his-
tory (Stephens et al. 2006). The reefs at Santa Catalina

Island historically have been characterized by large beds of
the canopy forming (> 10 m tall) macroalgae Macrocystis
pyrifera, with complex low-lying (< 1 m tall) algal under-
story on rocky reef substratum separated by sand plains.
During the period of the present study (2015-2016), coin-
ciding with end of north Pacific marine heatwave (Lorenzo
and Matua 2016), M. pyrifera was much less common than
it had been historically (with the exception of extreme El
Nifio events), and the invasive algae Sargassum horneri
was the dominant space holder on the reefs.

Reefs at seven sites were chosen for this assessment:
Paradise Cove, Empire Landing, Isthmus Reef, Indian
Rock, Arrow Point, Beyond Arrow, and Parsons Landing
(Fig. 1). All study sites were selected based on their simi-
larity in the following factors: rocky or cobble reef extend-
ing horizontally at least 250 m at 8 m or greater depth,
similar wind and swell exposure, and not within areas
where fin-fishing was prohibited. The latter was impor-
tant to avoid confounding effects that could be associated
with comparing areas open versus closed to fishing (e.g.,
greater fish density and larger fish). Two of the study sites
(Arrow Point and Indian Rock) were within a State Marine
Conservation Area (SMCA), which prohibits harvest of
invertebrates but allows take of fishes. Sites within the
invertebrate reserves appeared comparable to sites outside
of reserves. In particular, sea urchins, which are important
grazers of kelps were sparse at all sites and there were no
urchin barrens.
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Fig. 1 Study sites along the leeward coast of Santa Catalina Island, California, U.S.A
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Survey design

To evaluate how differences in the quantity of physical
structure versus species identity and density of macroalgae
accounted for variation in the identity, biomass, and abun-
dance of fishes within rocky reef habitats, we visually sam-
pled assemblages of fishes, macroalgae, and underlying rock
substrata within distinct spatial zones. At each site, perma-
nent anchors (1-m-long cable ties) were deployed along an
8—10 m isobath to mark the beginning and end of each of
four permanent transects. Each transect measured 30-m long
and 2-m wide, contained three separate water-column strata,
and was separated from the next by 20 m to promote statisti-
cal independence. To explore the vertical distribution of fish,
each transect was comprised of three sub-transects (each
30x2x2 m) in different strata of the water column: the
upper-water column (2-m depth), mid-water (>2 m,<5 m
depth), and benthic (8-10 m depth). Surveys were performed
starting in the upper water column and working downward
to avoid bubbles from divers disturbing fishes in areas above
the divers.

We surveyed the seven study sites five times over a year
between July 2015 and July 2016, at approximately 3-month
intervals to observe temporal changes (including seasonal)
in the macroalgal assemblage. Seasonality itself, however,
was not tested in our analyses because seasons were not sur-
veyed in subsequent years and thus lacked adequate repli-
cation. All surveys were performed during daylight hours
(between 0800 and 1400) and completed over 10 days or less
during each of the five periods.

Underwater visual sampling of fishes
and macroalgae

Visual surveys of the fish assemblage were performed in
all three depth strata by identifying, counting, and estimat-
ing by eye the size (to the nearest cm standard length) of
all fishes along each permanent transect. On the benthic
portion, a second diver followed the first and recorded the
identity, number, and size of small benthic fishes within ten
0.5x0.5 m (0.25 m?) quadrats, each deployed at a random
position within each of ten 3-m-long sections along each
transect. The first diver stayed 1 m above the bottom while
surveying fishes to avoid disturbing the benthos.
Following surveys of small benthic fishes, the second
diver recorded the number and height (to the nearest cm) of
the macroalgae Sargassum palmeri, S. muticum, S. horneri,
and Stephanocystis neglecta within the ten 0.25 m? quadrats
(Table S1). Abundance of macroalgal recruits (<5 cm tall),
as well as older stages of Dictyopteris undulata and Zonaria
farlowii, were recorded as the percent of 25 marked cells
(area: 0.01 m?) within each quadrat that were dominated
(>50% of cell) by a species. We recorded the number and
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height of Eisenia arborea and M. pyrifera (number of stipes
also recorded), respectively, within a 2-m-wide band cen-
tered on the transect.

Physical substratum type was recorded in each of the ten
0.25 m? quadrats on each benthic transect at 16 uniformly
spaced points within the quadrat. Substratum was placed in
one of six categories: sand, cobble (<25 cm diameter), small
boulder (26-50 cm diameter), medium boulder (51-75 cm
diameter), large boulder (76-100 cm diameter), and bed-
rock (> 101 cm diameter). Relief (i.e., the vertical change
in benthic substratum height) was recorded every meter as
the greatest vertical difference in substratum height over
1-m? area, centered on the transect. Substratum type was
recorded during each sampling period, whereas relief was
only recorded at the first sampling period (summer 2015),
as it was not expected to change across periods on the per-
manent transects.

Quantifying macroalgal structure

Of the eight species of macroalgae measured on reef sur-
veys, four species, Sargassum horneri, S. palmeri, Stepha-
nocystis neglecta, and M. pyrifera, were the largest abundant
macroalgae on reefs (Table S1), providing the majority of
the biogenic structure, and were likely to be the most impor-
tant to fishes, as noted by other studies on nearshore reef
fishes at Santa Catalina Island (Anderson et al. 1989; 2001;
Hobson and Chess 2001). Additionally, results of principal
components analysis (PCA) indicated that these four spe-
cies consistently contributed to variation in the macroalgal
assemblage (Table S2a). Thus, we selected these species as
potential predictors of variation in the fish assemblage.

To quantify the amount of physical structure that dif-
ferent macroalgae provide, we collected individuals of
different sizes from the four species of macroalgae during
June—August 2015 from the same study sites, but at least
50 m away from surveyed area. To increase samples sizes, in
2019 we collected additional individuals of S. neglecta and
S. palmeri at the same sites. In total, we collected 33 thalli
of Stephanocystis neglecta, 21 thalli of M. pyrifera, 49 thalli
of Sargassum horneri, and 29 thalli of S. palmeri. These
individuals spanned the size range and reproductive stages
observed on surveys across all seasons. All individuals were
collected from depths of 6-9 m. For each individual thallus,
we recorded the height (from base of thallus to apical tip),
volume by displacement (rounded to nearest 20 mL) in a
graduated cylinder (2000 mL) of water, and surface area
via dye-dipping method in the laboratory (as modified from
Hoegh-Guldberg 1988 and Stewart and Carpenter 2003).
When the volume of an individual was measured as less
than 20 mL (the graduation interval for 2000 mL cylinder)
a 100 mL graduated cylinder was used to estimate volume
to the nearest 1 ml. Additionally, when an entire thallus was
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too large to fit in the 2000 mL graduated cylinder (e.g., M.
pyrifera), the thallus was separated into smaller portions,
measured, and then summed to calculate the overall thallus
volume. The dye-dipping method consisted of dipping an
alga in a solution of 5% Triton X100 detergent and fresh
water to prevent absorption of dye, then dipping it in 0.1%
methylene-blue dye and fresh water for 5 s. The dyed alga
then was placed in a salad spinner and spun for ten rota-
tions to remove excess dye. The alga then was placed into
a container with 800 mL of filtered seawater and rinsed for
20 shakes. We then took a 12-mL subsample of the rinsed
fluid and measured its absorbance on a spectrophotometer
at a wavelength of 520 nm (Beckman DU 640). Surface area
then was estimated using a calibration line established using
the same method on eight pieces of waterproof paper cut to
known area (+° =0.99). Dye-dipping was used to estimate
surface area without confounding estimates with variation
in texture and porosity among species, which might occur if
image analysis was used.

Using macroalgal height and density data from the tran-
sect surveys, we calculated the volume and surface area of
macroalgae on each transect with power equations for each
of the four macroalgae, after which we summed across spe-
cies to estimate total macroalgal volume and surface area
along each transect (Fig. 2). Power equations for each spe-
cies were generated with ‘nls’ function of the ‘stats’ pack-
age in R studio (Rstudio team 2020), using estimated start
coefficients, and assessed for goodness of fit. Macroalgal
volume and surface area were calculated as the values pre-
dicted from the power equations when applied to the height

of each thallus measured in the field for each species on each
transect, and then summed across all of the four species of
interest on the transect resulting in a single number for each
of summed height, surface area, and volume of macroalgae
for each transect. Using this summation of macroalgal struc-
tural complexity (measured as height, surface area, or vol-
ume) across species allowed us to separate species-specific
effects of macroalgae from physical structure, and enabled
us to evaluate how the distribution of fishes is related to
certain macroalgae species versus the quantity of structure
they provide.

Predicting variation in the fish assemblage
from macroalgae: macroalgal structure
or macroalgal identity?

To test the hypothesis that variation in the fish assemblage
was predicted as well or better by macroalgal structure than
macroalgal identity and density, we compared models that
predicted attributes of the fish assemblage from data on the
density of different, large, abundant macroalgal species, with
those that ignored species identity and instead used data
on macroalgal structure (height, surface area, or volume)
summed over the macroalgal species (Sargassum horneri,
S. palmeri, Stephanocystis neglecta, and M. pyrifera). The
models also included study site, as well as abiotic habi-
tat variables measured at the benthic stratum, which were
summarized as principal components. To account for the
non-independence of observations made along the same per-
manent transects, models included transect ID as a random
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Fig.2 Predictive relationships between macroalgal height and volume or surface area generated from power equations for four species Macro-
cystis pyrifera (MAPY), Sargassum horneri (SAHO), Sargassum palmeri (SAPA), and Stephanocystis neglecta (STNE)

@ Springer



147 Page6of15

Marine Biology (2022) 169:147

factor. Linear mixed-effects modeling (Bates et al. 2015)
was used to construct all univariate models with the abiotic
principle components (PCs), sampling site and transect ID,
plus one of the following metrics of macroalgal density or
quantity: density of each of the four common macroalgal
species, or their height, volume, or surface area summed
across the four species. These models that included macroal-
gal attributes were also compared with a model including
just physical substratum, transect ID, and sampling site to
assess how much physical substratum and site-specific char-
acteristics unrelated to macroalgae contributed to observed
variation in the fish assemblage.

The fish assemblage response variables analyzed were the
multivariate fish assemblage (density and identity of each
fish species), total density (all fishes summed), individual
species density (for six abundant species), fish diversity per
transect, vertical distribution of fishes, and fish biomass.
Fish assemblage diversity transect™ was calculated as
Shannon—Wiener H’ using the ‘diversity’ function in the r
package ‘vegan’. Density of fishes was analyzed as number
transect™!. The multivariate fish assemblage was analyzed
with distance-based redundancy analysis (dbRDA) on a
Euclidian-distance matrix of the density of each fish spe-
cies using the vegan package in R (Oksanen et al. 2020)
with 999 permutations for each test, which was treated as the
multivariate-analog to linear mixed-effects modeling. Multi-
dimensional scaling (MDS) was used to visualize variation
in the multivariate fish assemblage and correlation bi-plots
were used to assess how macroalgal attributes and species
explained variation in the fish assemblage.

To understand which fish species were driving the pat-
terns in the overall fish assemblage, we generated mixed-
effects models using the same models on individually on
each of six kelp forest fishes that were abundant and known
to be influenced by variation in the algal community and
abiotic habitat characteristics (Larson & Demartini 1985;
Anderson 1994; Carr 1991). These species were Chromis
punctipinnis, Halichoeres semicinctus, Hypsypops rubicun-
dus, Lythrypnus dalli, Oxyjulis californica, and Paralabrax
clathratus. The tightly kelp-associated Brachyistius frenatus
and macrophyte- (macroalgae and surfgrass) associated Het-
erostichus rostratus were not evaluated because they were
too rare during our study for meaningful analysis (Table S3).

To evaluate how macroalgae might influence vertical dis-
tribution of fishes in the water column (Carr 1989, 1991;
Holbrook et al. 1990), we calculated the proportion of fish
in the water-column portions of each transect (hereafter
vertical distribution of fishes), and considered both mid-
and upper-water-column transects to represent the water
column (i.e., [mid-water + upper-water] / [benthic + mid-
water + upper-water density]). Thus, this metric was simple,
univariate index of the proportion of fish on a transect that
were in the water column versus near the seafloor.
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The biomass (g) of all fish (species pooled) on each
transect was calculated from fish body size (cm total
length) for each species using established length—weight
relationships from Fishbase in the r package ‘rfishbase’
(Boettiger et al. 2012), after which individual species bio-
mass was summed for each transect.

Our analyses pooled time periods (i.e., it was not a fac-
tor in the analyses) to evaluate how well the combination
of temporal and spatial (spatiotemporal) variation in the
fish assemblage was predicted by spatiotemporal variation
in macroalgal attributes. Spatiotemporal variation in both
the fish assemblage and macroalgal attributes stemmed
from differences among transects (spatial) and time peri-
ods (temporal), and the analyses tested which attributes of
macroalgae best predicted the spatiotemporal variation in
fish assemblage attributes. Transects were used as the unit
of replication, resulting in n= 140 (5 sampling periods X 7
study sites X 4 transects per site) for all analyses.

The best model for each univariate response variable
was selected by comparing AICc values, with models
within two AICc units being considered indistinguish-
able (Burnham and Anderson 2004); and the relative util-
ity in explaining variation in each response variable was
explored by comparing 7? values. For the multivariate fish
assemblage, the best model for each response variable was
selected by comparing 72 values.

Data transformation and statistical software

Prior to performing all analyses, data were transformed as
needed to satisfy assumptions of normality and homoge-
neity of variances (Sokal and Rohlf 1995), and to reduce
the influence of highly abundant species. Macroalgae den-
sity data (thallus/m?) were square-root transformed except
for M. pyrifera, which was log (x + 1) transformed. For
algal structure data, summed surface area was square-root
transformed, and summed height and summed volume
data were log (x + 1) transformed. Fish species diversity
(H’), the multivariate fish assemblage, overall and indi-
vidual fish density, and fish biomass, were log (x+ 1)
transformed. Multivariate homogeneity of dispersions was
confirmed for the fish assemblage data using betadisper (in
vegan) and a permutation-test (999 permutations).

All analyses were performed in R studio v1.3.1093
(RStudio Team 2020) with additional packages ‘Ime4’
(Bates et al. 2015), ‘dotwhisker’ (Solt and Hu 2018),
‘ggmap’ (Kahle and Wickham 2013), ‘patchwork’ (Ped-
ersen 2020), ‘tidyverse’ (Wickham et al. 2019), ‘vegan’
(Oksanen et al. 2020), and ‘broom,mixed’ (Bolker and
Robinson 2021).
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Results

Predicting macroalgal surface area and volume
from height

The strength of the relationship between macroalgal height
and surface area or volume varied among species. Height
was a good predictor of surface area for Macrocystis (r’=
0.71), S. horneri (’= 0.70), and S. palmeri (r*= 0.70)
(Fig. 2), but not for S. neglecta (= 0.13). Likewise, height
was a good predictor of volume for Macrocystis (*= 0.78),
S. horneri (= 0.80), and S. palmeri (= 0.79), but less so
for S. neglecta (r*= 0.55).

Summarizing abiotic habitat attributes

Two PC’s summarized 88.0% of the variation in the physi-
cal substratum (65.4% and 22.6%, respectively) (Table S2b).
Substratum PC 1 was moderately positively correlated with
bedrock, and moderately negatively correlated with large
boulders and cobble. PC 2 was most strongly correlated with

large boulders (positively) and cobble (negatively). Neither
of the two PCs were strongly correlated with relief.

Predicting variation in the fish assemblage
from macroalgae: physical structure vs. species
identity

Variation in the multivariate fish assemblage (iden-
tity and density of each species) was best and similarly
predicted by models containing macroalgal surface
area (r2 =0.40; Pseudo-F=15.77; p=0.001) or volume
(r?=0.38; Pseudo-F=12.56; p=0.001), as determined
through dbRDA models (Tables 1 & S4, Fig. 3). The
model containing macroalgal species identities and den-
sities explained slightly less (36%) of the variation in the
fish assemblage but with more predictors (7 vs. 4). Within
that model, site (Pseudo-F=1.69 p=0.001), substratum
PC 1 (Pseudo-F=3.92; p=0.005), density of S. palmeri
(Pseudo-F =2.46; p=0.03), and density of M. pyrifera
(Pseudo-F =3.46; p=0.004) were statistically significant,
indicating that site-specific differences, rocky habitat, and
densities of the macroalga S. palmeri, and M. pyrifera
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Fig.3 Similarities in the fish assemblage pooled across seasons (sites
as colors) with arrows representing the correlation with the MDS
axes for density of the macroalgal species M. pyrifera, S. horneri. S.
palmeri, and S. neglecta, for the two principle components summa-
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rizing physical habitat at sites, and for summed structural parameters
of these algae: height, surface area, and volume. Multidimensional
scaling (MDS) plot based on Euclidean distance. N =140 transects
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Table 1 Comparisons of models testing how well the multivariate
fish assemblage, total fish density, diversity (H’), vertical distribution,
and biomass were predicted by physical substratum and site (together
called “Habitat”) combined with either the densities of the four domi-
nant macroalgal species (M. pyrifera, Sargassum horneri, S. muticum,
and Stephanocystis neglecta), or macroalgal height, volume, or sur-
face area summed across the four species; and also alone with just
physical substratum and site (“Habitat™)

Model Number of  AICc A, I
parameters
Fish assemblage
Macroalgal species 7 0.36
Height 4 0.32
Volume 4 0.38
Surface area 4 0.40
Habitat 3 0.30
Fish density
Macroalgal species 15 350.82 27.46 0.09
Height 12 347.27 2391 0.07
Volume 12 335.44 12.08 0.15
Surface area 12 323.36 0 0.22
Habitat 11 345.22 21.86 0.07
Fish diversity
Macroalgal species 15 87.35 5.14 0.24
Height 12 82.22 0 0.23
Volume 12 86.73 4.52 0.20
Surface area 12 90.20 7.98 0.18
Habitat 11 95.46 13.24 0.14
Vertical distribution
Macroalgal species 15 445.58 0 0.19
Height 12 446.41 0.83 0.14
Volume 12 450.64 5.06 0.11
Surface area 12 450.57 4.99 0.11
Habitat 11 448.48 2.90 0.11
Fish biomass
Macroalgal species 15 327.45 0 0.35
Height 12 335.16 7.71 0.28
Volume 12 333.01 5.55 0.29
Surface area 12 332.38 4.93 0.30
Habitat 11 333.12 5.66 0.28

Results are from dbRDA for the multivariate fish assemblage (den-
sity and identity of each fish species) and general linear models for
all other response variables. Samples were pooled across sites and
time points (n=140). Density results are shown without highly abun-
dant species L. dalli and C. punctipinnis. Proportion of fish density in
the water column is shown as “Vertical distribution”. Best model (in
gray shading) determined by AICc except for multivariate results for
which only 72 is reported

were the primary predictors of the overall fish assemblage
when considering macroalgal species. The "habitat"-only
model (which included site and two PCs summarizing the
rocky substratum, but no macroalgae variables as predic-
tors) was the worst model, but still explained 75% of the
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variance explained by the best model with macroalgae
predictor variables (72 =0.30 vs 0.40) of the multivariate
fish assemblage.

For univariate descriptors of the fish assemblage, the best
models for predicting total fish density (all species combined
minus the highly abundant L. dalli) contained the signifi-
cant predictor variables macroalgal surface area (negatively
related) and substratum PC 2 (positively related to large
boulders and negatively related to cobble) (AICc=— 118.80,
p<0.001; Tables 1 & S4). When the very abundant C.
punctipinnis and L. dalli were removed from fish density,
the model including macroalgal surface area was still the
best predictor of variation in fish density, with which it was
negatively related, but neither substratum PC was statisti-
cally significant; and this model explained only 22% total
variation in fish density (AICc=— 160.40, p <0.001; Fig. 4;
Tables 1 & S4). The model including macroalgal species
identity and density explained less variance in fish density
(#=0.09 vs. 0.22) and consequently was much poorer than
the macroalgal surface area model (AAIC =27.5). The habi-
tat only model explained only 7% (r*=0.07) of the variation
in fish density. Fish species diversity (H’) was best predicted
by the model including summed macroalgal height, to which
it was positively related (AICc=— 27.88, p<0.001; Fig. 4;
Tables 1 & S4). The model including macroalgal species
identity and density explained slightly more variance in fish
diversity (r*=0.24 vs. 0.23) but included three more predic-
tors, and consequently was a poorer model than the macroal-
gal surface area model (AAIC=35.1). The habitat-only model
was the least supported model (AAIC =13.2), explaining
only 14% (r*=0.14) of the variation in fish diversity.

In contrast to the preceding attributes of the fish assem-
blage, the vertical distribution of fish was best predicted
by the macroalgal species identity and density rather than
macroalgal structural attributes (AICc=— 205.85; 7*=0.19;
Fig. 4; Tables 1 & S4). Vertical distribution was lower in
habitats with S. neglecta (f=— 0.36) and greater in habitats
with M. pyrifera, S. palmeri, and S. horneri. This relation-
ship was strong for M. pyrifera, but moderate to weak for
S. palmeri and S. horneri (f=1.36, $#=0.20 and f=0.12,
respectively). Of the models containing macroalgal struc-
tural attributes, height was the best predictor of variation in
the vertical distribution of fishes, and this model had similar
support as the macroalgal species identity and density model
(AAIC=0.8), but explained 5% less variance (r*=0.14;
AICc=-209.97; Tables 1 & 4; Fig. 4). The habitat-only
model was the next best supported model (AAIC=2.9),
explaining 11% (+*=0.11) in fish vertical distribution.

Total fish biomass was also best explained by the
model containing macroalgal species identity and density
(AICc=327.45, r*=0.35; Tables 1 & S4; Fig. 4), in which
total biomass was positively related to density of S. palmeri
(#=0.33) and negatively related to density of S. neglecta
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Fig.4 Influence of summed macroalgal height, volume, surface area,
or mean density of S. horneri, S. palmeri, M. pyrifera, or S. neglecta,
on (A) fish density (without L. dalli and C. punctipinnis), (B) fish
species diversity (H”), (C) proportion of total fish density in the water

(f=—0.22). All of the models containing macroalgal struc-
tural attributes were poorer than the species identity and
density models (AAIC >4.9) and they explained virtually

column (i.e., vertical distribution of fish), and (D) biomass of fishes.
Colored circles differ statistically significantly from zero whereas
white circles do not. Standardized coefficients (f+95% confidence
intervals) from general linear models are shown

no more variance (> =0.28-0.30) than the model containing
only “habitat” (r2 =0.28; Table 1).

Densities of the six fish species we examined individu-
ally were better predicted by models containing structural
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measures of macroalgae rather than species identity and den-
sity of macroalgae (Tables S5 and S6). For five of six species
(P. clathratus, H. semicinctus, O. californica, H. rubicundus,
and L. dalli), the model containing summed surface area of
macroalgae was the best model (lowest AICc); and for the
6" species (C. punctipinnis), the model with summed height
of macroalgae was best (though essentially statistically
indistinguishable from any other model: AAIC <2). For P.
clathratus, the macroalgae surface area and volume models
were indistinguishable (AAIC =0.7); and for H. semicinctus,
all models using summed structural attributes of macroal-
gae were indistinguishable (AAIC < 2). Notably, in the best
supported models, density of each of the six species was
negatively related to the quantity of macroalgae structure.

Discussion

Heterogeneity in the physical arrangement of habitat struc-
ture can have important and complicated ecological effects
(McCoy and Bell 1991; Kovalenko et al. 2012; Farina et al.
2014). In nearshore marine systems where macroalgal stands
can transform the underwater landscape, spatial, and tem-
poral variability in structural components of these biogenic
habitats can influence distribution patterns and ecological
processes (Mattila et al. 2008; Dijkstra et al. 2017; Miller
et al. 2018). The goal of the present study was to determine
if the physical structure of macroalgae was a better predic-
tor of attributes of the fish assemblage than macroalgal
species identity and density. Our results show that some of
the complex influences of macroalgae on fish assemblages
may be simplified by quantifying the physical dimensions
of macroalgae rather than focusing on their species iden-
tity. However, other attributes of fish assemblages (e.g.,
biomass) were better predicted by macroalgal species iden-
tity and density, highlighting the importance of consider-
ing how macroalgae influence multiple attributes of the fish
assemblage.

We found that total macroalgal surface area was the best
predictor of the multivariate structure of the fish assemblage
(identity and density of each fish species), total fish density
(summed across species), and the densities of five of the six
abundant fish species that we analyzed individually (and for
the 6th species, the total surface area was as good as any
other model, based on AAIC <2). Surface area, the two-
dimensional estimate of physical structure, was likely the
best predictor of fish densities because algal surfaces (e.g.,
blades) are what fishes orient to for shelter (e.g., Paralabrax
clathratus, Carr 1991), foraging (e.g., Oxyjulis californica,
Bray and Ebeling 1975), or that they avoid (e.g., Lythrypnus
dalli, authors' personal observations). Surface area likely
better estimates the quantity of biogenic structure that influ-
ences fish than does macroalgal height or volume. Regarding
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volume, for example, a long stretch of bladeless stipe may
have considerable volume but little surface area. And for
height, it is intuitive that a tall, skinny macroalga would be
perceived by a fish as providing less biogenic habitat than
a bushy macroalgae with more surface area. Thus, surface
area may best predict differences in fish abundance caused
by variation in the abundance of different macroalgal species
because it is the physical characteristic of macroalgae that
most influences fishes (Mattila et al. 2008; Stelling-Wood
et al. 2020).

Volume, rather than surface area, has been used to quan-
tity structural complexity (Hacker and Steneck 1990; Warfe
et al. 2008) and reef size (Steele 1996) in other studies. In
the present study, it was never the best predictor of any fish-
assemblage response variable, though in most cases, its
predictive power was similar to that of macroalgal surface
area. This is no surprise given that volume and surface area
were tightly correlated (Fig. S3). But our results suggest that
effort spent quantifying habitat volume would better be spent
on quantifying surface area.

Of the three physical attributes of macroalgae that we
quantified, only one can readily be measured in the field:
height. Summed height of macroalgae was a poorer predic-
tor of density-related fish assemblage variables than were
summed surface area or volume, but it was the best predictor
of fish species diversity (H'), which was positively related
to height. No single macroalgal species had a significant
positive relationship with fish diversity, so we interpret the
positive influence of summed macroalgal height as indicat-
ing that areas (transects) with more macroalgae in the water
column supported more diverse fish assemblages.

Two attributes of the fish assemblage we studied were
best predicted by models that contained macroalgal species
identity and abundance: fish distribution within the water
column and fish biomass, highlighting the importance of
considering the context of the effects of macroalgae on
the fish assemblage. For vertical distribution of fishes, the
proportion of fish in the water column was strongly posi-
tively related to the density of giant kelp (Macrocystis pyrif-
era) and more weakly negatively related to the density of
Stephanocystis neglecta. Previous studies have shown that
the vertical distribution of fishes within the water column
is linked to the presence of Macrocystis extending into it
(Holbrook et al. 1990; Anderson 1994; Carr 1991), which
is typically the tallest species of macroalgae on temperate
reefs in our study area. Anyone who has dived on a rocky
reef with giant kelp will not be surprised that a greater frac-
tion of the fishes are found up off the bottom, in the water
column, where giant kelp is present. It provides biogenic
structure with which several species associate, even if their
relationship with giant kelp is not obligate. This finding
indicates that Macrocystis does have a unique role on the
rocky reefs we studied (e.g., it had the strongest effect on
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vertical distribution), and it does so by virtue of its height
in the water column, not by any other special morphological
feature (Srednick & Steele 2019).

Fish biomass (g transect™!) was best predicted by a model
with macroalgal species density and identity, in which fish
biomass was most strongly related to the density of the
native macroalgae Sargassum palmeri, which harbors dense
invertebrate populations upon when several reef fishes feed
(Scafidi 2020). It is not generally used as shelter by fishes
(authors' personal observations). Giant kelp was not a sig-
nificant predictor of fish biomass; and the strongest predic-
tor of fish biomass was the rocky habitat, primarily large
boulders (PC2), which provide shelter for many rock reef
fishes (Stephens et al. 2006). The finding that fish biomass
was less strongly related to macroalgal densities or attributes
(e.g., surface area) fits the prevailing hypothesis that in areas
with complex rocky reefs, biogenic structure of macroalgae
has limited effects on fish assemblages, whereas on simple,
low-relief and low-shelter reefs, macroalgae more strongly
influence fishes (DeMartini and Roberts 1990; Stephens
et al. 20006).

The present study was conducted during the longest and
most extreme warm-water period ever recorded in the study
region, a regional marine heatwave from 2014 to 2016 that
increased regional average sea-surface temperature by ~3°C,
nicknamed “the Blob” (Lorenzo and Mantua 2016). During
this period, giant kelp at our study sites was much less dense
than the long-term average, and was similar to what was pre-
sent during past extreme El Nifio events (Bell et al. 2015).
Although we did encounter Macrocystis at a number of study
sites, the densities observed during the present study were
not comparable to those observed in other studies on the
influence of giant kelp on fishes at Santa Catalina Island
(e.g., Holbrook et al. 1990; Carr 1991; Anderson 1994).
Additionally, during the period of our study, the invasive
macroalga Sargassum horneri had become a dominant space
holder. Thus, our findings may not relate well to times or
places with more abundant giant kelp, or to areas lacking
Sargassum horneri. However, given the expected, continued
anthropogenic warming of the ocean and the spread of S.
horneri, our study may provide insight into future conditions
on rocky reefs.

In contrast to previous assessments of the effects of mac-
roalgal structure on fish assemblages (Carr 1989; DeMartini
and Roberts 1990; Holbrook et al. 1990; Anderson 2001;
Miller et al. 2018), in the present study, total fish density
was negatively related to the amount of macroalgal struc-
ture. This result seems counterintuitive in light of the dem-
onstrated positive effects of macroalgal structure (but see
Shelamoff et al. 2020). A likely cause of the negative asso-
ciations between fishes and abundance and quantity of mac-
roalgae is that most of the fishes in the assemblage present
during our study do not associate closely with macroalgae,

and instead rely more on the abiotic physical structure pro-
vided by the rocky sea floor. The numerically dominant
species on the reefs studied was Lythrypnus dalli, a rock-
crevice-dwelling goby that does not use macroalgae and was
negatively associated with density of Macrocystis as well as
all three measures of algal quantity (height, surface area, and
volume; Table S6). Although some species known to associ-
ate tightly with macroalgae were exceedingly rare during the
present study (e.g., Brachyistius frenatus and Heterostichus
rostratus; Table S3), another species that associates with
macroalgae, Oxyjulis californica, was strongly positively
association with density of the invasive S. horneri. Another
species sufficiently abundant for statistical analysis Paralab-
rax clathratus and with a demonstrated algal association in
the recently settled stage (Carr 1989, 1991; Holbrook et al.
1990), was in fact more closely tied to physical substratum
(PC 2; i.e., high cover of large boulders) than abundance of
any particular macroalgal species or unique structure pro-
vided by macroalgae. As an adult, this species is not tightly
linked to giant kelp (Holbrook et al. 1990) and we pooled
all life stages of this species, which emphasized the older
life stages that are less tied to giant kelp because they were
more abundant than recent recruits during our study. Thus,
the high numerical abundance of habitat generalists that can
rely on the complex physical structure of rocky reefs we
studied, as well as potentially the behavioral plasticity of
rocky reef fishes (Angel and Ojeda 2001; Perez-Matus et al.
2012), likely resulted in the negative relationship between
fish density and quantity of algal structure that we document
here. Similarly, Holbrook et al. (1990) documented negative
relationships between fish density and giant kelp abundance
for several rocky reef fishes that inhabit kelp forests.

In the present study, we describe differences in the
explanatory power of different attributes of the macroalgal
assemblage in predicting aspects of the fish assemblage.
Our statistical models, however, explained <40% of the
variation in various descriptors of the fish assemblage. That
our relatively simple statistical models could not predict
a larger portion of the spatiotemporal variation in the fish
assemblage is no surprise and is a frequent outcome in stud-
ies of comparable design and scope (Witman et al. 2015;
Ginther and Steele 2020). The limited explanatory power
of our models is likely due to a variety of factors, notably
including variation in larval delivery among our study sites
(e.g., Steele et al. 2002; Krug and Steele 2013), our sampling
across seasonal settlement (i.e., we collected data before,
during, and after strong pulses of settlement, across which
densities of a species at a site varied dramatically), and the
influence of physical substratum in driving variation in the
fish and algal assemblages (Randell et al. 2022). The modest
to low explained variance in our study is not, however, likely
due to limiting our statistical exploration to only four species
of macroalgae. These four species (Macrocystis pyrifera,
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Sargassum horneri, S. palmeri, and Stephanocystis neglecta)
provided the majority of macroalgal physical structure on
our study reefs. Moreover, including all macroalgae on our
study reefs as predictors in models did not result in better-
supported models that explained much more variance in fish
assemblage attributes than the models presented here (Sred-
nick 2018 and additional analyses not shown).

Similar to Ginther and Steele (2020), we found little evi-
dence that the invasive macroalga Sargassum horneri affects
the fish assemblage at our study sites. Diversity (H’) was sig-
nificantly but only weakly (i.e., low ) negatively related to
the abundance of this species. (H* was also weakly, though
not statistically significantly, negatively related to abundance
of the three native macroalgae species.) And the density of
O. californica was positively related to this invasive alga.
We suggest than any impacts of this invasive species on
fishes in our study area are due to the biogenic structure it
creates. Of the four macroalgae we focused on, abundance
of S. horneri was most strongly (positively) correlated with
summed surface area of macroalgae, and thus, it may be
most responsible for the negative relationships between fish
density and surface area of macroalgae as also evidenced by
a significant negative correlation between fish density and
the surface area of S. horneri (r=— 0.37, p<0.001). Else-
where we have shown experimentally that some attributes of
the fish assemblage appear to be more linked to the quantity
of algal structure rather than the species composition (Sred-
nick and Steele 2019).

The present study, however, is limited in its assessment
of how a change in the dominant macroalgae (e.g., a shift
from Macrocystis pyrifera to S. horneri) might influence
ecological interactions. Moreover, the long-term effects of
a change in macroalgal structure on population and commu-
nity dynamics (e.g., fish recruitment, community and trophic
web stability) may differ from what is observed over shorter
periods, such as during this study, and lag effects may be
important drivers of ecosystem change (Dayton 1985). Over
the long term, sea-surface temperatures and the frequen-
cies of storms and heatwave events are expected to increase
(Easterling et al. 2000; Hansen et al. 2007). Kelp forest
communities are particularly vulnerable to these stressors
(Wernberg et al. 2013; Filbee-Dexter et al. 2016; Simonson
et al. 2015; Reed et al. 2016), and reduction in kelp cover
and increases in invasive species may have lasting effects on
the community (Steneck et al. 2002; Graham 2004; Caselle
et al. 2018).

This study highlights the value of assessing the physical
structure that biogenic habitats provide, instead of only the
identities and densities of habitat forming species (e.g., mac-
roalgae and corals). In this study, we illustrate that physical,
structural attributes of biotic habitat can be at least as impor-
tant to measure as species identity and density for under-
standing how animals respond to vegetative components of

@ Springer

the community. Likely, this will be most true of communities
composed primarily of animals that are vegetative habitat
generalists, rather than ones with many tightly coevolved
relationships between animals and plants. Future studies
that incorporate estimates of the quantity of biogenic habitat
(e.g., surface area of macroalgae or corals), rather than just
species abundance, may improve our ability to predict how
marine communities will respond to changes in the composi-
tion of the biotic habitat formers.
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