


challenged by the long durations necessary to observe multi-

ple disturbance events and capture community succession

(Ellison et al. 2005, 2010).

Despite progress towards understanding how individual ele-

ments of disturbance affect communities, the relative impor-

tance of disturbance frequency, severity, and their interaction

remains poorly understood (Miller 1982, Trexler et al. 2005,

Miller et al. 2011, 2012). In fact, investigations of how distur-

bance influences biodiversity typically treat the frequency and

severity of disturbance as interchangeable, contributing to dis-

agreements or uncertainty in disturbance–diversity relation-

ships (e.g., the intermediate disturbance hypothesis; Connell

1978, Mackey and Currie 2001, Amarasekare 2003, Fox 2013,

Sheil and Burslem 2013). Moreover, disturbance frequency

and severity are often conflated by natural environmental fluc-

tuations and challenging to experimentally test with replica-

tion in situ over realistic scales due to feasibility and ethical

constraints (Trexler et al. 2005). Thus, investigations capable

of disentangling disturbance frequency and severity have been

primarily limited to spatially unreplicated, small-scale (e.g.,

<50 m2 sampling units), and short-term (e.g., 1–3 yr) studies

that only partially capture community responses (Miller 1982,

McCabe and Gotelli 2000, Turner et al. 2003, Trexler et al.

2005, Ellison et al. 2010).

In light of these gaps in knowledge, we evaluated the

hypothesis that variation in the frequency and severity of

disturbance to a foundation species causes predictable reor-

ganization of the surrounding community, changing species

abundances, community composition, and biodiversity.

Specifically, we predicted that foundation species loss would

have the greatest effects on community guilds that utilize or

reply upon key physical, trophic, or habitat resources altered

by the foundation species. To test our hypotheses, we carried

out a uniquely long-term (up to 9 yr), large-scale (2,000 m2

plots), spatially replicated (4 sites) field experiment in which

we manipulated disturbance to the giant kelp Macrocystis

pyrifera, a broadly distributed coastal marine foundation

species (Fig. 1A). We augmented the frequency of distur-

bance above a natural baseline by repeatedly simulating

annual disturbance to giant kelp (mimicking destructive

winter waves) and quantified interannual variation in distur-

bance severity by measuring the amount of giant kelp lost

during winter as a result of natural and experimental mor-

tality. By following changes to important resources mediated

by giant kelp and the response of the surrounding commu-

nity (205 taxa across all trophic levels), we were able to dis-

entangle the effects of disturbance frequency and severity on

community structure in a highly valued temperate reef

ecosystem. In doing so, our study broadens both the foun-

dation species concept and predictions from disturbance

theory by linking them in a mechanistic framework.

METHODS

Study system

The giant kelpMacrocystis pyrifera (Fig. 1A) is the largest

and most broadly distributed kelp species, forming extensive

FIG. 1. Overview of the study system and experiment. (A) Giant kelp is a globally distributed foundation species that structures coastal
biodiversity and ecosystem structure by forming expansive, highly productive marine forests (photo credit: Ron McPeak). (B) Disturbance to
giant kelp was experimentally manipulated over 9 yr at four sites near Santa Barbara, California, USA. (C) Satellite image of Mohawk
reef showing giant kelp canopy (dark brown areas) overlaid with the delineation of paired 2,000 m2 plots, with low-frequency disturbance
(i.e., control) plots in light blue and high-frequency disturbance (i.e., annual removal) plots in red (photo credit: 2013 Google, DigitalGlobe).

November 2018 DISTURBANCE TO FOUNDATION SPECIES 2443



and highly productive forests on shallow (5–30 m depth)

temperate rocky reefs. As a foundation species, giant kelp

influences the structure and function of coastal ecosystems

by modifying physical (e.g., light, space, hydrodynamics),

trophic (i.e., living and detrital biomass), and biogenic habi-

tat resources available to co-occurring algae, invertebrates,

fishes, seabirds, and marine mammals (Schiel and Foster

2015). As such, the loss of giant kelp can change local biodi-

versity (Graham 2004, Miller et al. 2018) and productivity

(Reed et al. 2008, 2011).

Giant kelp sporophytes (the large, habitat-forming life

stage) consist of a holdfast anchored to the seafloor and a

bundle of buoyant vegetative fronds extending to the

ocean’s surface (Fig. 1A). Because giant kelp spans the

entire water column and experiences significant drag forces,

it is highly susceptible to disturbance from large waves that

break or dislodge adult sporophytes (Seymour et al. 1989,

Bell et al. 2015a). Consequently, giant kelp suffers dispro-

portionately greater loss from wave disturbance relative to

other macroalgae (Dayton et al. 1992). Particularly severe

disturbances can result in the local extinction of giant kelp;

however, dispersal from neighboring populations and rapid

growth following colonization enable most local populations

to recover within 1–2 yr (Castorani et al. 2015, 2017). The

frequency and intensity of destructive waves vary over space

and time based on the interaction between fluctuations

in regional processes that generate waves (e.g., climate,

oceanography) and local differences in realized wave impacts

(e.g., depth, exposure, coastal geomorphology).

We focused on giant kelp forests located off the coast of

Santa Barbara, California, USA (Fig. 1B). In this region,

giant kelp biomass peaks between summer and autumn, fol-

lowed by declines during winter when wave disturbance is

greatest (Reed et al. 2008, 2009, 2011). Beneath the giant

kelp canopy lies a diverse understory of smaller kelps and

other seaweeds (Fig. 1A, Harrer et al. 2013, Reed et al.

2016). This sessile community is shared with a diversity of

suspension-feeding invertebrates living upon or within the

reef substrate, such as sponges, anthozoans, tunicates, bry-

ozoans, and bivalves (Arkema et al. 2009, Reed et al. 2016).

Sessile benthic flora and fauna tend to rely strongly on the

physical resources modified by giant kelp (e.g., light, space;

Arkema et al. 2009, Miller et al. 2018). Bottom-dwelling

mobile invertebrates include several herbivores that feed

upon giant kelp and other algae (e.g., sea urchins, gas-

tropods; Leighton 1966, Foster et al. 2015), as well as many

carnivores that may depend on prey abundance or the qual-

ity and quantity of biogenic habitat (e.g., sea stars, lobsters,

crabs, whelks; Mai and Hovel 2007, Withy-Allen and Hovel

2013). Giant kelp forests are also associated with a diversity

of highly mobile and mainly carnivorous fishes (Fig. 1A;

Allen et al. 2006), many of which rely on giant kelp or

understory algae for habitat (Carr 1989, Holbrook et al.

1990, Schmitt and Holbrook 1990, Sievers et al. 2016).

The study was conducted at four reefs (sites), each separated

by at least 10 km (Fig. 1B): Arroyo Quemado (120.12 °W,

34.47 °N), Mohawk (119.73 °W, 34.39 °N), Naples

(119.95 °W, 34.42 °N), and Isla Vista (119.86 °W, 34.40 °N).

Sites supported large giant kelp forests on sedimentary reefs

(shale, mudstone, sandstone) at 5.1–9.3 m depth. We com-

menced our experiment at Arroyo Quemado, Mohawk, and

Naples in January 2008 and later extended it to Isla Vista in

October 2011. After establishing Naples as a study site in

2008, the kelp forest there was overgrazed by sea urchins until

the end of 2010, precluding our ability to manipulate distur-

bance to giant kelp; hence, we excluded the first three years of

data from this site. The experiment was continued at all sites

until December 2016.

Experimental design

We manipulated the frequency of disturbance to giant

kelp using a paired experimental design in which we desig-

nated two adjacent 40 m 9 50 m plots at each of the 4 sites

(8 total plots; Fig. 1C), with one plot receiving annual

experimental disturbance (high frequency) and the other

plot treated as an unmanipulated control (low frequency).

In high-frequency disturbance plots, divers removed all

giant kelp each winter (mid-February) to simulate annual

mortality from wave disturbances that are most destructive

during this time (Reed et al. 2011, Bell et al. 2015a). Low-

frequency disturbance plots were subject only to natural dis-

turbances that occurred less frequently than manipulations.

In contrast to our annual experimental disturbances, giant

kelp forests in the study region typically experience large

wave disturbances once every 3.5 yr (Byrnes et al. 2011) and

the average duration of local persistence for giant kelp

patches in southern California is 4 yr (Castorani et al.

2015). However, giant kelp forests in other regions are dis-

turbed more frequently (e.g., typically once per year in cen-

tral California, USA; Reed et al. 2011, Bell et al. 2015b).

Moreover, climate models predict changes in the frequency

and severity of wave disturbances in California and other

areas throughout the world that support giant kelp forests

(Ummenhofer and Meehl 2017).

The severity of disturbance varied among plots and years

based on the amount of giant kelp lost due to experimental

removal and natural causes, mostly from large waves that

are concentrated between November and March (Reed et al.

2011, Bell et al. 2015a). To quantify interannual variation in

these losses, we defined disturbance severity as a continuous

variable equal to the maximal decline in giant kelp biomass

from autumn to spring (i.e., the greatest decline from

mid-November to mid-February, or from mid-February to

mid-May). Disturbance severity was highly variable in both

low-frequency and high-frequency disturbance plots due to

variation among plots and years in the amount of giant kelp

available for experimental or natural removal and the inten-

sity of winter waves. Disturbance severity did not differ

significantly between low-frequency and high-frequency dis-

turbance treatments (t52 = 1.9, P = 0.12), and the frequency

and severity of disturbance were not conflated in statistical

models (variance inflation factor, VIF = 1.6, where

VIF = 1/[1 – R2]; Zuur et al. 2009, 2010).

Sampling of physical, trophic, and habitat resources

We measured how disturbance altered important physical,

trophic, and habitat resources that may be directly mediated

by giant kelp. To estimate how disturbance to giant kelp

affects herbivore food availability, we measured living and

detrital biomass of giant kelp because it is the preferred food
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source of sea urchins (Leighton 1966, Foster et al. 2015), the

most important herbivores in the system (Schiel and Foster

2015). As measures of food and habitat, we estimated living

giant kelp biomass by counting fronds over 1 m tall within

permanent 40 m 9 2 m transects that bisected each plot (1

transect per plot) and converted to dry mass using an allo-

metric relationship (Reed et al. 2009). We measured the wet

mass of accumulated giant kelp detritus (i.e., detached

blades and stipes) collected from six permanent 1 m2 quad-

rats spaced uniformly along each transect.

To estimate how disturbance to giant kelp affects light

available to understory algae, we measured the irradiance of

photosynthetically active radiation at the seafloor within

each plot every minute using light intensity loggers (MDS-

MkV/L, Alec Electronics, Kobe, Japan). We summed irradi-

ance data to obtain values for daily irradiance and averaged

these for each season.

To estimate how disturbance to giant kelp affects the

amount of benthic space available to other sessile organisms,

we measured the percentage of the seafloor covered by giant

kelp holdfasts using a uniform point contact (UPC) method

at 80 paired points spaced every 1 m on either side of a 1 m

wide band centered on each transect line.

Community sampling

We tracked community composition and biodiversity

within each plot over time by estimating the biomass of all

benthic organisms (i.e., those residing within, upon, or near

the seafloor) within the 40 m 9 2 m transects described

previously (1 per plot). For each transect, we estimated the

density or percent cover of understory macroalgae and inver-

tebrates located either in the entire transect sampling area, in

six 1 m2 quadrats spaced every 8 m along the transect line, or

at 80 paired points using the UPC method described previ-

ously, depending on species attributes (e.g., sessile vs. mobile,

solitary vs. colonial; see Harrer et al. 2013, Reed et al. 2016).

We counted all fishes within the transect area and up to 2 m

from the seafloor, and visually estimated the length of each

individual counted. For all organisms, we converted measures

of abundance and size to dry biomass using taxon-specific

relationships developed for the study region (Reed et al. 2016,

Harrer et al. 2013, Rassweiler et al. 2018).

From 2008 to 2012, we sampled plots for all variables

every 6.5 weeks (twice per season). From 2013 to 2016, we

reduced sampling to every 13 weeks (once per season) dur-

ing mid-February, mid-May, mid-August, and mid-Novem-

ber (corresponding to winter, spring, summer, and autumn,

respectively). We averaged measurements made within each

season during 2008–2012 to produce a single estimate per

plot per season for all 9 yr. In winter, sampling was carried

out prior to giant kelp removal from disturbance plots.

Statistical analyses

For each plot and season, we calculated the total biomass,

species richness, and species evenness (Pielou’s J) of under-

story macroalgae, sessile invertebrates, mobile invertebrates,

and fishes. We further subdivided the biomass of sessile

invertebrates into epilithic (i.e., living attached to and above

the reef substrate) and endolithic (i.e., two species of rock-

boring pholad clams that reside nearly entirely within the

reef substrate). Similarly, we subdivided mobile inverte-

brates into those that are primarily herbivorous and primar-

ily carnivorous according to Byrnes et al. (2011).

We specified a set of linear mixed-effect models (LMMs)

to estimate the influence of disturbance frequency and sever-

ity on ecological resources (living and detrital giant kelp bio-

mass, irradiance, holdfast cover) and aggregate community

metrics of each guild (biomass, richness, evenness). Models

predicted univariate responses as a function of disturbance

frequency (low vs. high) and severity (a continuous measure)

while controlling for covariates in the form of season and

time since the experiment was initiated at that site. To control

for any possible differences in the initial conditions of each

plot, we used the first measurement of each response variable

collected prior to experimental manipulation as a covariate

(Diggle et al. 2013), except for giant kelp detritus and ben-

thic light availability, which were not collected at all sites

until after the experiment had commenced. We predicted

that the effects of disturbance might amplify over time, and

thus, we tested the interaction between disturbance fre-

quency and time since the experiment was initiated. Where

this interaction was significant, we tested whether slopes dif-

fered from zero using two-sided t tests in R 3.4.4 (R Core

Team 2017) with the package emmeans 1.0 (Lenth 2017). We

tested whether the effects of disturbance frequency or sever-

ity depended on season, but this interaction was not signifi-

cant in any models and was dropped. Because we were not

interested in the effects of season and time per se, we focused

our description of the results on the effects of disturbance

frequency, severity, and their interactions with covariates

where significant (P < 0.05). We calculated estimated mar-

ginal means (i.e., adjusted means) that describe the unbiased

effects of disturbance frequency and severity while control-

ling for fixed covariates using emmeans (Lenth 2017). All

reported effect sizes are based on covariate-adjusted esti-

mated marginal means. In addition to fixed factors, all mod-

els included a random intercept and slope over time for each

site due to the repeated measures design and because we

selected sites from a range of possible reefs and were not

interested in quantifying site-specific effects (Pinheiro and

Bates 2000, Zuur et al. 2009, 2010, Diggle et al. 2013).

We analyzed univariate models in R using the package

nlme 3.1-131 (Pinheiro et al. 2017) and assessed the signifi-

cance of model terms using F tests (Zuur et al. 2009). We

checked for homogeneity of variance by plotting normalized

model residuals against model predictions and individual

predictors. We specified heterogeneous covariance structures

where necessary to meet the assumptions of homoscedastic-

ity (Pinheiro and Bates 2000, Zuur et al. 2009, 2010). We

ensured normality of residuals using histograms and quan-

tile-quantile plots. To meet this assumption, the percent

cover of giant kelp holdfasts was arcsine transformed and

living and detrital giant kelp, understory algae, sessile inver-

tebrates, mobile invertebrate carnivores, and fishes were log

transformed (ln[x + 1]) for models of biomass. We checked

for high frequencies of zeroes in response variables using fre-

quency plots; zero inflation was not found. We inspected

data for collinearity using VIF; in all cases, collinearity was

very low (VIF < 2.2; Zuur et al. 2009, 2010). All models

satisfied assumptions of independent, homogeneous, and
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normally distributed Pearson residuals. Sample autocorrela-

tion function analysis showed no evidence for temporal

autocorrelation among residuals (Zuur et al. 2009, 2010,

Diggle et al. 2013); semi-variograms and bubble plots

showed no evidence of spatial autocorrelation among resid-

uals (Zuur et al. 2009, 2010).

To estimate the influence of disturbance frequency and

severity on the composition of community guilds, we ana-

lyzed Bray-Curtis dissimilarity of taxon-specific biomass

using distance-based redundancy analysis (dbRDA), a multi-

variate multiple regression approach using constrained ordi-

nation (Legendre and Legendre 2012), in Rusing the package

vegan 2.4-2 (Oksanen et al. 2017). All dbRDA models were

conditional on the site to control for site-specific effects not

focal to our questions (Legendre et al. 2011, Legendre and

Legendre 2012). For each guild, models predicted community

composition as a function of fixed factors and their interac-

tions as described previously for LMMs. To determine the

significance of dbRDA model terms, we used permutation

tests (10,000 randomizations; Legendre and Legendre 2012).

Prior to fitting dbRDA models, we checked data for multi-

variate homogeneity of group dispersions using a permuta-

tion-based test (10,000 randomizations); multivariate

heterogeneity was not found for any community guilds or

covariate groups. We calculated similarity percentages (SIM-

PER; using vegan) to decompose the contribution of individ-

ual taxa to overall Bray-Curtis dissimilarities between

communities in low-frequency and high-frequency distur-

bance treatments (Legendre and Legendre 2012). For taxa

identified as important in SIMPER analysis (i.e., those con-

tributing ≥1% to the overall Bray-Curtis dissimilarity between

treatments), we quantified how increased disturbance fre-

quency affected taxon biomass using the log response ratio

(i.e., the binary logarithm of the ratio of mean taxon biomass

between disturbance treatments, log2 �xH=�xL½ �, where �xH is the

mean taxon biomass in high-frequency disturbance plots and

�xL is the mean taxon biomass in low-frequency disturbance

plots; Hedges et al. 1999).

Our analyses consisted of several statistical tests, increasing

the likelihood of false positives. Thus, we controlled the false

discovery rate (i.e., the proportion of false positives among all

significant hypotheses) using the Benjamini-Hochberg proce-

dure (Benjamini and Hochberg 1995, Garc�ıa 2004). All

reported P values are Benjamini-Hochberg adjusted.

RESULTS

Physical, trophic, and habitat resources

As predicted, more frequent disturbance reduced living

giant kelp biomass by 57% (Fig. 2A) and accumulated giant

kelp detritus by 40% (Fig. 2B, Table 1). With a reduced

canopy, more frequent disturbance increased bottom irradi-

ance by 22% (Fig. 2C, Table 1). Higher disturbance

FIG. 2. Experimental increases in the frequency of disturbance to giant kelp altered ecological resources by reducing (A) living and (B)
detrital giant kelp biomass, (C) enhancing daily irradiance at the seafloor, and (D) decreasing the percentage of the seafloor area covered by
giant kelp holdfasts. Points indicate estimated marginal means (adjusted for fixed covariates) and error bars show 95% confidence intervals.
Asterisks indicate the level of significance in the difference (*P < 0.05; **P < 0.01; ***P < 0.001).
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frequency also enhanced space availability through a relative

decrease of 48% in the seafloor area occupied by giant kelp

holdfasts (6.1% vs. 3.2%; Fig. 2D, Table 1). In contrast to

disturbance frequency, interannual variation in disturbance

severity had no detectable effects on detrital giant kelp bio-

mass, bottom light availability, or benthic space occupied by

giant kelp holdfasts (Table 1). As expected, disturbance

severity had a moderate negative association with giant kelp

biomass (Appendix S1: Fig. S1).

Understory algae and sessile invertebrates

Consistent with our hypotheses, the strongest response to

frequent disturbance to giant kelp was by sessile benthic flora

and fauna. However, these guilds responded divergently

based on whether they live above or below the reef substrate.

More frequent disturbance to giant kelp was associated with

an average of 123% greater biomass of understory algae

(Fig. 3A), a difference that steadily widened over the dura-

tion of the study from 43% to 234% (Table 2A, disturbance

frequency 9 time since start; Appendix S2: Fig. S1). Similarly,

increased disturbance frequency resulted in an average of

100% greater biomass of epilithic sessile invertebrates

(Fig. 3B, Table 2A), a difference that widened slightly over

the course of the experiment as biomass declined more

rapidly in low-frequency disturbance plots than in high-fre-

quency disturbance plots (Table 2A, disturbance frequency 9

time since start; Appendix S2: Fig. S1). On the other hand,

the biomass of endolithic sessile invertebrates declined by

56% with more frequent disturbance (Fig. 3C, Table 2A).

Disturbance frequency also changed the biodiversity of

sessile guilds. More frequent disturbance to giant kelp

resulted in 82% more species of understory algae (7.4 vs.

13.5 species; Fig. 4A, Table 2B; 51 observed taxa) but a 9%

drop in understory algal evenness (Fig. 4F, Table 2C) as

some species flourished more than others (Fig. 5A).

Increased disturbance frequency was associated with 13%

fewer species of sessile invertebrates (12.8 vs. 11.1 species;

Fig. 4B, Table 2B; 64 observed taxa) but no change in the

evenness of this guild (Fig. 4G, Table 2C). Along with these

aggregate changes, increased disturbance frequency signifi-

cantly altered the composition of understory algae and ses-

sile invertebrate guilds, mainly due to 48–75% decreases in

the biomass of rock-boring clams and 47–450% increases in

the biomass of common understory kelps, red algae,

TABLE 1. Results of analysis of ecological resources.

Response variable and source of variation df F P

A. Giant kelp biomass*

Disturbance frequency 1 37.3 <0.001

Disturbance frequency 9 Time since start 1 1.5 0.31

Disturbance severity 1 15.2 <0.001

Initial giant kelp biomass 1 24.4 <0.001

Season 3 10.9 <0.001

Time since start 1 2.1 0.22

Residual 204

B. Giant kelp detritus*

Disturbance frequency 1 5.4 0.046

Disturbance frequency 9 Time since start 1 0.6 0.51

Disturbance severity 1 1.1 0.39

Season 3 10.0 <0.001

Time since start 1 21.4 <0.001

Residual 205

C. Bottom irradiance

Disturbance frequency 1 8.4 0.012

Disturbance frequency 9 Time since start 1 0.5 0.57

Disturbance severity 1 1.0 0.42

Season 3 18.9 <0.001

Time since start 1 0.7 0.48

Residual 93

D. Percent cover of giant kelp holdfasts†

Disturbance frequency 1 27.4 <0.001

Disturbance frequency 9 Time since start 1 4.7 0.11

Disturbance severity 1 0.1 0.14

Initial percent cover of giant kelp holdfasts 1 2.3 0.094

Season 3 7.4 0.002

Time since start 1 1.4 0.45

Residual 196

Notes: Bold face indicates P < 0.05 for disturbance frequency,
severity, and their interactions. Italics indicate P < 0.05 for covariates.
*Log transformed (ln[x + 1]).
†Arcsine transformed.

FIG. 3. Experimental increases in the frequency of disturbance to giant kelp altered algal and invertebrate community guilds by enhanc-
ing the biomass of (A) understory macroalgae and (B) epilithic sessile invertebrates, and reducing the biomass of (C) endolithic sessile inver-
tebrates and (D) herbivorous and (E) carnivorous mobile invertebrates. Points, error bars, and asterisks as in Fig. 2. The effect of
disturbance frequency on fish biomass is shown in Fig. 6.
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TABLE 2. Results of univariate analysis of aggregate community metrics.

Response variable and
source of variation df

Sessile invertebrates Mobile invertebrates

FishesUnderstory algae Epilithic Endolithic Herbivores Carnivores

F P F P F P F P F P F P

A. Biomass

Disturbance frequency 1 45.3 <0.001 101.4 <0.001 62.0 <0.001 12.2 0.002 22.9 <0.001 2.4 0.20

Disturbance frequency 9
Time since start

1 9.5 <0.001 5.8 0.036 0.6 0.51 17.8 <0.001 <0.1 0.85 7.0 0.021

Disturbance severity 1 1.8 0.26 7.2 0.019 7.6 0.016 0.3 0.66 0.1 0.79 7.2 0.019

Initial biomass 1 21.1 <0.001 1.0 0.42 12.3 0.002 15.8 <0.001 49.0 <0.001 35.3 <0.001

Season 3 9.7 <0.001 0.5 0.75 3.2 0.05 0.7 0.62 2.2 0.1 7.2 0.001

Time since start 1 0.4 0.62 17.9 <0.001 3.9 0.10 59.1 <0.001 16.9 <0.001 1.0 0.44

Residual 204

B. Species richness df F P F P F P F P F P

Disturbance frequency 1 35.3 <0.001 10.9 0.004 3.1 0.14 0.8 0.46 4.0 0.10

Disturbance frequency 9
Time since start

1 2.9 0.16 0.4 0.62 <0.1 0.87 2.4 0.20 2.5 0.19

Disturbance severity 1 3.8 0.10 0.8 0.45 10.5 0.004 0.8 0.45 0.9 0.44

Initial species richness 1 <0.1 0.71 9.0 0.009 8.0 0.013 0.8 0.46 4.4 0.08

Season 3 12.6 <0.001 1.5 0.31 1.8 0.22 2.0 0.20 9.6 <0.001

Time since start 1 <0.1 0.85 9.0 0.009 65.5 <0.001 27.2 <0.001 40.9 <0.001

Residual 204

C. Species evenness df F P F P F P F P F P

Disturbance frequency 1 26.2 <0.001 2.4 0.20 <0.1 0.85 1.8 0.26 4.5 0.072

Disturbance frequency 9
Time since start

1 2.2 0.22 3.7 0.11 0.2 0.73 0.3 0.63 3.3 0.132

Disturbance severity 1 2.0 0.25 1.1 0.39 1.5 0.32 0.1 0.78 0.2 0.73

Initial species evenness 1 8.3 0.012 33.6 <0.001 1.4 0.33 <0.1 0.62 1.2 0.37

Season 3 1.9 0.21 0.2 0.87 3.8 0.027 0.7 0.62 1.5 0.30

Time since start 1 1.4 0.32 0.6 0.53 2.4 0.20 7.4 0.018 10.5 0.004

Residual 204

Notes: Sessile invertebrate richness and evenness were pooled between epilithic and endolithic taxa because the latter group comprised of
only two species but over half of the total guild biomass. Degrees of freedom were equal for models across all guilds. Bold face indicates
P < 0.05 for disturbance frequency, severity, and their interactions. Italics indicate P < 0.05 for covariates. Data for biomass models of under-
story algae, sessile invertebrates, mobile invertebrate carnivores, and fishes were log transformed (ln[x + 1]) to meet model assumptions.

FIG. 4. Experimental increases in the frequency of disturbance to giant kelp altered biodiversity by (A) enhancing the richness of understory
macroalgae, (B) reducing the richness of sessile invertebrates, and (F) reducing the evenness of understory macroalgae. Changes in disturbance
frequency had no effect on the richness or evenness of all other community guilds (C–E, G–J). Points, error bars, and asterisks as in Fig. 2.
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sponges, anemones, and sea fans (Fig. 5A–C, Table 3;

Appendix S3: Table S1; overall dissimilarity = 73% and 79%,

respectively). These compositional shifts increased over the

duration of the study (Table 3).

In contrast to disturbance frequency, increasing severity of

disturbance to giant kelp had relatively few effects on the bio-

mass, richness, evenness (Table 2), or composition (Table 3)

of understory algae and sessile invertebrate guilds, resulting

only in very slight increases in the biomass of epilithic and

endolithic sessile invertebrates (Appendix S4: Fig. S1).

Mobile invertebrate herbivores

Mobile invertebrate herbivores were strongly influenced

by variation in the frequency of disturbance to giant kelp.

Consistent with our predictions, more frequent disturbance

was associated with 30% lower biomass of benthic

mobile invertebrate herbivores (Fig. 3D), a difference that

narrowed over the course of the experiment as biomass in

both treatments declined (Table 2A, disturbance fre-

quency 9 time since start; Appendix S2: Fig. S1). The fre-

quency of disturbance to giant kelp had no effect on the

richness or evenness of benthic mobile invertebrate herbi-

vores (Fig. 4C, H, Table 2B, C; 18 observed taxa). The

composition of mobile invertebrate herbivores shifted with

more frequent disturbance (Table 3; Appendix S3: Table S1;

overall dissimilarity = 65%), primarily due to declines of

22–44% in the biomass of red and purple sea urchins

(Mesocentrotus franciscanus and Strongylocentrotus purpu-

ratus; Fig. 5D).

FIG. 5. Experimental increases in the frequency of disturbance to giant kelp altered the composition of community guilds, as illustrated by
changes in the log response ratio of individual taxa identified as important in SIMPER analysis (i.e., those contributing ≥ 1% to the overall
Bray-Curtis dissimilarity between treatments). Points represent the binary logarithm of the ratio of mean taxon biomass between disturbance
treatments (log2 �xH=�xL½ �, where �xH is the mean taxon biomass in high-frequency disturbance plots and �xL is the mean taxon biomass in low-
frequency disturbance plots; �95% confidence interval). A one-unit increase in the log response ratio represents a doubling of taxon biomass
in high-frequency disturbance plots relative to low-frequency disturbance plots (hence, a log response ratio of 0 indicates that biomass did not
change with more frequent disturbance, 1 indicates that biomass doubled, 2 indicates that biomass quadrupled, and so forth).
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Disturbance severity had no detectable influence on the

biomass or evenness of herbivorous benthic mobile inverte-

brates (Table 2; Appendix S4: Fig. S1) but was associated

with a shift in species composition (Table 3) and had a weak

positive effect on richness (i.e., an increase of less than one

species across the observed range of disturbance severity,

Table 2B; Appendix S4: Fig. S1).

Mobile invertebrate carnivores and fishes

The frequency of disturbance to giant kelp altered guilds

of carnivorous mobile invertebrates and fishes in a manner

consistent with changes in biogenic habitat and declines of

secondary trophic resources (i.e., prey). Increased distur-

bance frequency was associated with a 37% decrease in the

biomass of benthic mobile invertebrate carnivores (Fig. 3E,

Table 2A). Disturbance frequency did not significantly

affect the richness or evenness of mobile invertebrate carni-

vores (Fig. 4D, I, Table 2B, C; 16 observed taxa) but did

alter species composition (Table 3; Appendix S3: Table S1;

overall dissimilarity = 81%) due to a 4% increase in the bio-

mass of a common omnivorous sea star (the bat star Patiria

miniata) and 24–67% decreases in the biomass of seven sec-

ondary and tertiary consumers that include predatory sea

stars (four species), lobsters, crabs, and whelks (Fig. 5E).

During the course of the study, the biomass of reef-asso-

ciated fishes decreased 61% (~1.0 g dry�m�2�yr�1) under

high disturbance frequency but did not change under low

disturbance frequency (Fig. 6, Table 2A, disturbance fre-

quency 9 time since start). Disturbance frequency did not

significantly affect reef fish richness or evenness (Fig. 4E, J,

Table 2B, C; 56 observed taxa), but did lead to composi-

tional shifts (Table 3; Appendix S3: Table S1; overall dissim-

ilarity = 84%). As anticipated, frequent disturbance altered

the local biomass of several common fish species in ways

consistent with their dependence on biogenic habitat formed

by giant kelp or understory algae (Fig. 5F). For example,

the biomass of several species positively associated with

giant kelp for foraging or refugia (Holbrook et al. 1990,

Schmitt and Holbrook 1990), such as pile perch (Rha-

cochilus vacca), black surfperch (Embiotoca jacksoni), and

kelp rockfish (Sebastes atrovirens), declined 38–45% with

frequent disturbance. On the other hand, the biomass of

striped surfperch (E. lateralis), which forage in understory

macroalgae (Holbrook et al. 1990, Schmitt and Holbrook

1990), increased 60%. As with total fish biomass, fish com-

munity composition diverged over the duration of the study

as a function of disturbance frequency (Table 3, disturbance

frequency 9 time since start).

Disturbance severity negatively affected fish biomass and

altered fish composition but had no detectable influence on

the biomass or composition of mobile invertebrate carni-

vores, or the richness or evenness of either guild (Tables 2, 3;

Appendix S4: Fig. S1).

DISCUSSION

Across a broad array of ecosystems, disturbances can

impact communities by destroying one or a few dominant

species (Dayton 1972, Dayton et al. 1992, Ellison et al.

2005, 2010). Despite accelerating changes to disturbance

regimes worldwide (Ummenhofer and Meehl 2017), disen-

tangling effects of the frequency and severity of such distur-

bances at meaningful spatiotemporal scales and aligning

them with theoretical predictions have remained persistent

challenges in community ecology (Miller 1982, Mackey and

Currie 2001, Trexler et al. 2005, Hughes et al. 2007). Our

study makes a conceptual advance in resolving how these

TABLE 3. Results of multivariate analysis of community composition using distance-based redundancy analysis (dbRDA).

df

Understory algae
Sessile

invertebrates

Mobile invertebrates

FishesHerbivores Carnivores

Source of variation Pseudo-F P Pseudo-F P Pseudo-F P Pseudo-F P Pseudo-F P

Disturbance frequency 1 10.5 <0.001 20.3 <0.001 3.2 0.026 3.6 0.005 2.7 0.002

Disturbance frequency 9
Time since start

1 3.0 0.006 2.2 0.036 0.8 0.62 1.5 0.22 1.9 0.029

Disturbance severity 1 1.4 0.26 1.4 0.28 3.0 0.028 1.9 0.10 2.5 0.004

Season 3 3.7 <0.001 0.9 0.62 0.6 0.85 1.4 0.17 2.8 <0.001

Time since start 1 27.0 <0.001 6.4 <0.001 37.1 <0.001 47.5 <0.001 9.8 <0.001

Residual 205

Notes: Sessile invertebrates were pooled between epilithic and endolithic taxa because endolithic taxa consisted of only two species but
over half of the total guild biomass. Degrees of freedom were equal for models across all guilds. Bold face indicates P < 0.05 for disturbance
frequency, severity, and their interactions. Italics indicate P < 0.05 for covariates.

FIG. 6. Over the course of the experiment, reef fish biomass did
not change in low-frequency disturbance plots (left) but decreased by
61% in high-frequency disturbance plots (right; note log scale). Points
show fish biomass and the line indicates the significant estimated
marginal mean trend (adjusted for fixed covariates; P < 0.05).
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disturbance attributes influence communities by applying the

mechanistic framework of the foundation species concept to

general predictions from disturbance theory. Results from

our nine-year experiment show that the frequency of distur-

bance to a resilient marine foundation species can change

ecological resources, alter community structure, and out-

weigh the effects of temporal variation in disturbance sever-

ity. By tracking the response of 205 reef taxa across all

trophic levels, we discovered that repeated annual winter loss

of giant kelp led to changes in community biomass and com-

position that were commensurate with the degree to which

species utilize or rely upon physical (light and space), trophic

(living and detrital kelp biomass), and habitat (biogenic

structure) resources mediated by giant kelp. In contrast to

disturbance frequency and despite broad variation in the

amount of giant kelp lost in a given year, we found that dis-

turbance severity had relatively minor and inconsistent com-

munity impacts, leading only to modest changes in the

biomass of sessile invertebrates and fishes, and shifts in the

composition of mobile invertebrate herbivores and fishes.

Although contrary to some theoretical expectations (Miller

et al. 2011, 2012), the consistent lack of interaction between

disturbance frequency and severity that we found for a giant

kelp forest community is consistent with that observed by

McCabe and Gotelli (2000) for stream macroinvertebrates.

Immobile organisms (e.g., plants, sessile animals) should

respond strongly to the disturbance of a foundation species

that alters the physical environment and the availability of

resources. Indeed, we found that frequent loss of giant kelp

increased the availability of light and space on the seafloor,

causing a proliferation of space-holding flora and fauna

(e.g., foliose algae, sponges, anemones, sea fans) that are

consistent with earlier observations of community change

following giant kelp loss (Dayton et al. 1992, Byrnes et al.

2011). This result agrees with experiments in other coastal

ecosystems (Sousa 1979, Petraitis and Dudgeon 1999, Too-

hey et al. 2007, Castorani et al. 2014) as well as general the-

ory (Amarasekare 2003), indicating that disturbance to

foundation species can facilitate the coexistence of inferior

competitors. This conclusion is also consistent with experi-

ments in semiarid sagebrush steppe showing that the loss of

a dominant native deep-rooted shrub facilitates invasive

forbs that exploit deep soil water (Prev�ey et al. 2010). Simi-

larly, long-term experiments reveal that annual removal of

dominant desert grasses and shrubs shift assemblages to

functionally similar co-dominant or sub-dominant plants

(Peters and Yao 2012). Interestingly, however, while frequent

disturbance to giant kelp enhanced the abundance and rich-

ness of understory algae, it also reduced evenness within this

guild, as some species of smaller kelps and macroalgae flour-

ished more than others.

In contrast to the frequency of disturbance to giant kelp

and despite the fact that more severe winter disturbances

were associated with less giant kelp biomass throughout the

subsequent year, disturbance severity had minimal effects on

community structure, causing slight changes among assem-

blages of sessile invertebrates, mobile invertebrate herbi-

vores, and fishes. This result was not due to low variation in

disturbance severity over the course of our experiment, as

we observed broad values of annual giant kelp loss (winter

loss of 0 to 1.1 kg dry/m2) that encompassed over 90% of

the range of giant kelp standing biomass observed in 15 yr

of monitoring within our study region (Rassweiler et al.

2018). Instead, we suspect that most flora and fauna

integrated the effects of disturbance to giant kelp over

super-annual time periods and thus were fairly insensitive to

year-to-year variation in disturbance severity. More broadly,

disturbance severity probably had limited effects across

community guilds because of the high resilience of giant kelp

to disturbance. Giant kelp has extremely high fecundity, a

short generation time (approximately one or more genera-

tion per year), unparalleled vegetative growth, and under-

goes rapid population expansion during suitable conditions

(Castorani et al. 2015, 2017, Schiel and Foster 2015). There-

fore, during our experiment, giant kelp generally recovered

from winter disturbances within 1 yr. Only when giant kelp

was lost year after year (i.e., in high-frequency disturbance

plots) did strong, consistent effects manifest in the sur-

rounding community.

Our results also support the idea that repeated loss of

foundation species alters communities through indirect spe-

cies interactions (Ellison et al. 2005). By facilitating sub-

dominant understory algae and epilithic sessile inverte-

brates, frequent disturbance caused declines in weak spatial

competitors (two species of rock-boring clams), likely due to

overgrowth competition. Likewise, decreases in understory

algal evenness with frequent disturbance may have changed

competition for light or space within this guild. The impor-

tance of giant kelp as a foundation species mediating nega-

tive interactions agrees with recent studies of giant kelp

forest interaction networks (Byrnes et al. 2011, Miller et al.

2018). However, giant kelp also structures reef communities

through positive interactions by facilitating a diversity of

epiphytes (Yoshioka 1982), epifauna (Coyer 1979), and

other organisms living above the seafloor that were not mea-

sured in our study (e.g., fishes and invertebrates within the

giant kelp canopy).

Because foundation species are often dominant primary

producers, the frequency and severity of disturbance to

them may indirectly affect primary consumers by mediating

the abundance and reliability of trophic resources (Ellison

et al. 2005, 2010). We found that frequent disturbance

caused large, consistent decreases in living and detrital

giant kelp biomass, which likely contributed to the decline

of herbivorous invertebrates. Particularly strong declines of

sea urchins reinforce the importance of accumulated detri-

tal kelp for these ubiquitous marine grazers (Krumhansl

and Scheibling 2012). Nevertheless, dense sea urchin bar-

rens can also persist despite low primary productivity (Fil-

bee-Dexter and Scheibling 2014). Our findings for marine

grazers align with the results of long-term experiments in

tallgrass prairies showing that increased fire frequency

changes the composition of dominant plants and their

invertebrate herbivores (grasshoppers; Collins 2000). Fre-

quent loss of giant kelp may have had even stronger effects

on the abundance of herbivorous invertebrates if not for a

marine heatwave that reduced sea urchin abundances in all

plots during the final years of our experiment (Reed et al.

2016).

Disturbance altered the assemblage of mobile consumers

that rely on giant kelp forests for prey and biogenic habitat.

The frequency of disturbance to giant kelp was negatively
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related to the biomass of mobile invertebrate carnivores and

associated with compositional shifts that included local

declines in several important secondary and tertiary preda-

tors (e.g., sea stars, lobsters). These changes may have been

catalyzed by local decreases in preferred prey or biogenic

habitat that offers shelter from predation (Mai and Hovel

2007, Withy-Allen and Hovel 2013). Because many mobile

invertebrates and fishes move across the landscape at spatial

scales larger than our experimental plots, it is plausible that

changes in their local abundance and composition were the

result of movement to neighboring habitats with more favor-

able ecological resources or environmental conditions. The

effects of frequent giant kelp loss on carnivorous inverte-

brates may have been partially masked by the regional

decline of sea stars due to pandemic wasting disease that

occurred in the final years of our study (Reed et al. 2016).

Many reef fishes also utilize giant kelp forests as habitat

for foraging or sheltering (Sievers et al. 2016, Miller et al.

2018), and over the course of our study, fish biomass

declined with annual disturbance to giant kelp but did not

change under natural baseline disturbance frequencies. Dis-

turbance frequency altered local abundances of several com-

mon fish species in a manner consistent with their

associations with biogenic habitat used for foraging or refu-

gia. As anticipated, the severity of giant kelp disturbance in

a given year slightly lowered fish biomass and altered fish

composition, likely due to emigration of some species fol-

lowing giant kelp loss (Stouder 1987). Hence, disturbance

may generally modify assemblages of mobile consumers by

changing habitat directly through the repeated loss of the

foundation species and indirectly by altering the abundance

of other habitat-forming species. Disturbance may have

caused additional changes to communities of species inhab-

iting the upper water column that was not sampled in our

experiment, such as the many fishes, epifaunal invertebrates,

and epiphytic organisms associated with the giant kelp

canopy (Coyer 1979, Yoshioka 1982).

In contrast to sweeping changes in the biomass and com-

position of all community guilds, more frequent disturbance

to giant kelp altered the richness and evenness of sessile taxa

only. On average, increased disturbance frequency resulted

in about 6 additional species of understory algae (an 82%

rise) and about 2 fewer species of sessile invertebrates (a

13% drop). These significant changes in biodiversity chal-

lenge recent theoretical models that predict weak diversity-

disturbance relationships at relatively small spatial scales

(Miller et al. 2012, Fox 2013). Moreover, our experiment

reinforces the value of long-term ecological research for

understanding the multifaceted effects of disturbance on

biodiversity (Collins 2000, Turner et al. 2003, Ellison et al.

2010, Peters and Yao 2012), as a prior study using data from

the first two years of our experiment found stronger effects

of disturbance severity on richness and predicted that

annual disturbance would reduce the diversity of mobile sec-

ondary and tertiary consumers (Byrnes et al. 2011). Con-

trary to these forecasts, we found that repeated disturbance

reduced the biomass and shifted the composition of mobile

consumers but did not affect their richness or evenness. Our

new findings are important to informing the conservation

and management of biodiversity under climate change

because models predict shifts in the frequency and severity

of wave disturbances to kelp forests in California and else-

where globally (Ummenhofer and Meehl 2017).

The degree to which local-scale variation in disturbance

frequency or severity altered beta diversity (i.e., spatial dis-

similarity in species composition) at scales not captured in

our experiment is unknown, and further studies are needed

to determine how the spatial attributes of disturbance inter-

act with disturbance frequency and severity to structure bio-

diversity at local to regional scales (Lamy et al. 2018).

Careful consideration of how foundation species mediate

ecological resources and alter species interactions will pro-

gress community ecology towards improved predictability of

how multiple disturbance attributes influence biodiversity.

Long-term experimental efforts in this direction offer the

promise of new insights into theory on foundation species

and disturbance in a broader spatial and temporal context.
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