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Abstract. Because natural ecosystems are complex, it is difficult to predict how their vari-
ability scales across space and levels of organization. The species-insurance hypothesis predicts
that asynchronous dynamics among species should reduce variability when biomass is aggre-
gated either from local species populations to local multispecies communities, or from
metapopulations to metacommunities. Similarly, the spatial-insurance hypothesis predicts that
asynchronous spatial dynamics among either local populations or local communities should
stabilize metapopulation biomass and metacommunity biomass, respectively. In combination,
both species and spatial insurance reduce variation in metacommunity biomass over time, yet
these insurances are rarely considered together in natural systems. We partitioned the extent
that species insurance and spatial insurance reduced the annual variation in macroalgal bio-
mass in a southern California kelp forest. We quantified variability and synchrony at two levels
of organization (population and community) and two spatial scales (local plots and region)
and quantified the strength of species and spatial insurance by comparing observed variability
and synchrony in aggregate biomass to null models of independent species or spatial dynamics
based on cyclic-shift permutation. Spatial insurance was weak, presumably because large-scale
oceanographic processes in the study region led to high spatial synchrony at both population-
and community-level biomass. Species insurance was stronger due to asynchronous dynamics
among the metapopulations of a few common species. In particular, a regional decline in the
dominant understory kelp species Pterygophora californica was compensated for by the rise of
three subdominant species. These compensatory dynamics were associated with positive values
of the Pacific Decadal Oscillation, indicating that differential species tolerances to warmer
temperature and nutrient-poor conditions may underlie species insurance in this system. Our
results illustrate how species insurance can stabilize aggregate community properties in natural
ecosystems where environmental conditions vary over broad spatial scales.

Key words:  compensatory dynamics; kelp forests; metacommunity,; spatial insurance hypothesis; spatial
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INTRODUCTION

It is well known that diverse portfolio assets stabilize
financial investments. Similarly, species diversity can sta-
bilize aggregate biomass of local communities if species
vary asynchronously through time (Loreau and de
Mazancourt 2013, Thibaut and Connolly 2013, Isbell
et al. 2015, Donohue et al. 2016). Such a species insur-
ance effect can arise from either interspecific competi-
tion (Doak et al. 1998, Lehman and Tilman 2000) or
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different species responses to environmental conditions
(Doak et al. 1998, Klug et al. 2000, Loreau and de
Mazancourt 2013). Similarly, spatial insurance can stabi-
lize regional or metacommunity biomass—the biomass
aggregated across multiple species and spatial units—if
spatial dynamics among local communities are asyn-
chronous (Wang and Loreau 2014, 2016). Limited dis-
persal, environmental heterogeneity, and spatial
variation in species composition all contribute to
increasing the asynchrony among local community
dynamics (Loreau et al. 2003, Wang and Loreau 2014,
2016). Spatial insurance can also stabilize the aggregate
biomass of metapopulations if the spatial dynamics of
local populations are asynchronous (Liebhold et al.
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2004, Walter et al. 2017, Thorson et al. 2018), and spe-
cies insurance can further stabilize metacommunity bio-
mass if the metapopulation dynamics of the constituent
species vary asynchronously in time (Wang et al. 2019).
Whether through local communities or metapopula-
tions, species asynchrony, spatial asynchrony, or both
should in theory stabilize metacommunity biomass
(Loreau et al. 2003, Wang and Loreau 2014, 2016).
However, the extent to which species and spatial asyn-
chrony combine and interact across different hierarchi-
cal levels to stabilize metacommunity biomass is rarely
measured in natural systems (but see Houlahan et al.
2007, Gonzalez and Loreau 2009, Vasseur et al. 2014,
Wilcox et al. 2017, Magurran and Henderson 2018,
Thorson et al. 2018, Wang et al. 2019).

Theory suggests that such insurance effects are more
likely to occur when the long-term average biomass is
relatively even across species or spatial units (Doak et al.
1998, Thibaut and Connolly 2013, Wang and Loreau
2016). In nature, however, many species are consistently
rare and some areas consistently barren, meaning that a
few dense sampling units, common species, or both, are
likely to drive biomass fluctuations, potentially limiting
insurance effects (Cottingham et al. 2001, Hillebrand
et al. 2008, Grman et al. 2010, Sasaki and Lauenroth
2011, Thibaut and Connolly 2013). Here, we measure
asynchronous species and spatial dynamics across multi-
ple hierarchical levels of macroalgae living under the
kelp forest canopy using a new method that quantifies
the extent that species insurance and spatial insurance
stabilize aggregate biomass in a metacommunity.

Beneath the buoyant canopy of giant kelp (Macrocys-
tis pyrifera), many understory algal species compete for
space and light (Santelices and Ojeda 1984, Edwards
1998, Miller et al. 2011, 2018). The strong competitive
interactions among these species, and their different tol-
erances to local oceanographic conditions, disturbance,
and substrate (Reed and Foster 1984, Dayton et al.
1992), potentially generate asynchronous species dynam-
ics. However, regional-scale processes can synchronize
species biomass in space, obscuring asynchronous spe-
cies dynamics when environmental drivers operate over
large spatial scales (Lamy et al. 2018).

We used annual biomass of 56 understory macroalgal
species from 39 widely distributed plots over 14 yr to
evaluate the relative importance of asynchronous species
and spatial dynamics in reducing the interannual vari-
ability in the aggregate biomass of the macroalgal meta-
community. To do this, we quantified variability and
synchrony at multiple hierarchical levels including two
levels of organization (population and community) and
two spatial scales (local plots and region). We then com-
pared observed variability and synchrony to null models
of independent species or spatial dynamics based on cyc-
lic-shift permutation. Finally, to explain differences
between theoretical predictions and our observations, we
assessed the importance of the uneven biomass distribu-
tion across species and space by determining the
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contributions of single species and plots. We found that
compensatory dynamics among a few common species
contribute to a species insurance effect, whereas large-
scale spatial environmental processes, likely linked to
oceanographic and climate conditions, limited the spa-
tial insurance effect.

MATERIALS AND METHODS

Ecological surveys

The Santa Barbara Coastal Long Term Ecological
Research program (SBC-LTER) annually measures the
abundance (density or percent cover) and size of all
understory macroalgae species found in 39 fixed 80-m>
plots distributed across 11 shallow (4-12 m depth) rocky
reefs in the Santa Barbara Channel, California, USA
(Reed 2018; Appendix S1: Fig. S1). We converted under-
story macroalgae abundance into biomass (g decalcified
dry mass/m?, hereafter g/m?) using species-specific allo-
metric relationships developed by Harrer et al. (2013).

Partitioning metacommunity variability across different
hierarchical levels

We focused on the summer biomass of all understory
macroalgal species recorded from 2004 to 2017 (N = 56
species; Appendix S1: Table S1) and assessed the coefti-
cient of temporal variation (CV) in biomass at two levels
of organization, population and community, and two
spatial scales, local plot and region (Fig. 1). We calcu-
lated regional, or metacommunity variability (CVy;c) as
the temporal CV of aggregate metacommunity biomass,
and metapopulation variability (CVyp) as the weighted
average temporal CV of metapopulation biomass across
all species. Local community variability (CVyc) was cal-
culated as the weighted average temporal CV of local
community biomass across all plots, and local popula-
tion variability (CVyp) as the weighted average temporal
CV of local population biomass across all species and
plots (see Wang et al. 2019 and Appendix S1: Text S1
for mathematical definitions). Six synchrony indices (de-
fined in Table 1) serve as scaling factors that measure
how variability is reduced when biomass is aggregated
from one hierarchical level to the next (Thibaut and
Connolly 2013, Wang and Loreau 2014, Wang et al.
2019). These synchrony indices are adapted from the
Loreau and de Mazancourt (2008) original definition
(Wang et al. 2019), and range between 0 and 1. These
indices are close to 1 (perfectly synchronous dynamics
among species or space) when variability at a higher
hierarchical level mirrors variability of its constituent
levels, and are close to 0 (perfectly asynchronous dynam-
ics among species or space) when constituent levels fluc-
tuate in such a way that variability at the higher
hierarchical level is null. We compared synchrony indices
across levels of organization and spatial scales, and also
between species synchrony and spatial synchrony.
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Fic. 1. Partitioning the interannual variability in under-
story macroalgal metacommunity biomass into its lower hierar-
chical levels of variability and their degree of synchrony. The
different hierarchical levels of variability correspond to local
population (CVyp), local community (CVyc), metapopulation
(CVpmp), and metacommunity (CVye), respectively. CV is
within parentheses. The four synchrony indices, ¢p_c,
Qcr r> Pp1_r and @p_ ¢, measure how variability is reduced
from one hierarchical level to the next. For illustrative purposes,
we represent a metacommunity of three local plots and three
species. Understory macroalgal CVy,c is 18%, which results
from the scaling of local population variability (CVyp) either
through local communities based on the degree of species syn-
chrony within plots and spatial synchrony among local commu-
nities (120% x 0.490 x 0.312), or through metapopulations
based on the degree of spatial synchrony across species and
metapopulation synchrony (120% x 0.542 x 0.282).

Quantifying the effect size of species and spatial insurance

effects

We compared the observed degree of synchrony to
null models of independent species or spatial dynamics
based on cyclic-shift permutation (Hallett et al. 2014,
Magurran and Henderson 2018). For each synchrony
index, this permutation preserved the observed temporal
autocorrelation within lower constituent hierarchical
levels, but separated correlation among species at either
local (pp_cy and @p_ ) or regional (Qp_cg) scales
and correlation among either local populations of a
given species (¢;; _r and ¢@p;_r) or local communities
(PcL-r) (Table 1; Appendix SI: Fig. S2). Cyclic-shift
permutation preserves temporal autocorrelation, there-
fore acknowledging the importance of density-depen-
dence and adding ecological realism. For instance, to
quantify the strength of the stabilizing effect of space on
the metapopulation variability of the ith species, the cyc-
lic-shift permutation selects a random start date for each
local population time series within each plot, thus
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maintaining the same local population variability and
temporal autocorrelation, but generating new dis-
tributions of metapopulation variability given spa-
tially independent dynamics across local populations
(Appendix S1: Fig. S2). We used similar approaches to
test the other synchrony indices as summarized in
Table 1. For each synchrony metric, we performed 999
permutations to provide a null distribution, from which
we computed a standardized effect size (¢SES) as:

(@ = Hyun)
SES = ———-~ 1
M Ghnull ( )

with p,,; and oy the mean and standard deviation of
the null distribution obtained from the permutations.
For a normally distributed SES, the 95% confidence
interval should roughly range between 2 and —2, and
¢SES above this interval indicate more synchronous
dynamics (weaker stabilizing effects) while SES below
this interval indicate more asynchronous dynamics
(stronger stabilizing effects). We used the same permuta-
tions to quantify the resulting percent increase or
decrease in variability at each hierarchal level as

((P - Hnull)/(P'

Species contributions to @p_,c g and plot contributions to
PcL—R

To assess the importance of uneven biomass distribu-
tion across species and space, we quantified the contri-
bution of each individual species and individual plot to
metapopulation synchrony (¢p_ ¢ r) and spatial commu-
nity synchrony (@c_r), respectively, by computing
@p_cr and @c; g in the absence of respective species
or plot (¢'). Species and plot contribution to @ was then
computed by a log response ratio In(¢’/¢). A positive
species contribution indicates that removing the species
increases @p_,c g, and therefore the species has a stabiliz-
ing effect by decreasing the degree of metapopulation
synchrony. This can occur when the metapopulation
dynamics of one species is strongly asynchronous with
those of other species, and that species make up a large
portion of the regional biomass and could thereby com-
pensate for the regional variability of other species. Simi-
larly, a positive plot contribution indicates that
removing the plot increased @c;_r. and therefore the
plot has a stabilizing effect by decreasing the degree of
spatial synchrony among local communities.

Regional drivers of species dynamics

We used redundancy analysis (RDA) to model the
temporal dynamics of macroalgal species at the regional
scale. We created seven temporal variables from dis-
tance-based Moran’s eigenvector maps (db-MEM: Dray
et al. 2006) to represent a series of sinusoids of decreas-
ing periods associated with smoother and shorter-term
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Symbol (cy) Numerator Denominator Null model
Spatial synchrony ¢c1.r ©orr Temporalstandard Sum of temporal standard Is @ _ g higher or
among local deviation of deviations of local lower than under
communities metacommunity community biomass independent spatial
biomass dynamics across local
communities given
local community
dynamics?
Spatial synchrony QLR o,y  Temporal standard Sum of temporal standard Is ¢;; _r higher or
of the ith species deviation of deviations of local lower than independent
metapopulation population biomass spatial dynamics across
biomass of the ith of the ith species local populations of
species the ith species given its
local population
dynamics?
Spatial synchrony Opr_rt Is @p 1 g higher or
averaged across species lower than under
independent spatial
dynamics across local
populations given local
population dynamics
across all species?
Metapopulation ¢p_cr ©orr Temporal standard Sum of standard Is @p_,c g higher or
synchrony ' deviation of deviations of lower than under
metacommunity metapopulation independent species
biomass biomass dynamics at the
regional scale given
metapopulation
dynamics?
Species synchrony Pp_ck orr  Temporal standard Sum of temporal Is @p_,c higher or
within the kth plot : deviation of total standard deviations of lower than under
community local population independent species
biomass within biomass within dynamics within the kth
the kth plot the kth plot plot given local
population dynamics?
Species synchrony Op_c Ll Is p_,c 1 higher or

averaged across
plots

lower than under
independent species
dynamics within plots
given population
dynamics across

all plots?

Notes: These synchrony indices link the different hierarchical levels of variability to the metacommunity scale. All indices are in
the form ¢ = 6x/ > oy, the square-root transformation of the Loreau and Mazancourt metric (2008), with oy the temporal stan-
dard deviation of aggregate biomass at hierarchical level X and } &, the sum of the standard deviations of biomass at the con-
stituent levels making up X. o represents the most fundamental level of temporal variability; that is, the standard deviation of the

ith species in the kth plot. n and m correspond to the total number of species and plots surveyed, respectively.

- m nm
TOprL_r =2 0 - 0 _r, Witho; = >} 5/ Zi,k Gij
n.m

T QpocL = 2k Ok - Pp_cp, With o = 7 5/ > oy

temporal fluctuations. We then used forward selection
(Blanchet et al. 2008) to keep only the temporal vari-
ables that successfully captured the temporal scales at
which compensatory dynamics among species occurred
at the regional scale. Our final RDA was based on Hel-
linger distance and included a general trend and the
selected temporal variables (db-MEM 2, 4, and 7). Each
significant canonical axis represented a distinct facet of
the temporal dynamics of macroalgae at the regional
scale. Therefore, to identify the environmental drivers
that contributed to temporal dynamics along each sig-
nificant canonical axis further, we used multiple regres-
sions to assess how two environmental variables

explained the temporal dynamics of macroalgae along
each canonical axis. We used two indices that captured
large-scale variations in oceanographic and climate con-
ditions along the coast of California: The North Pacific
Gyre Oscillation (NPGO) and the Pacific Decadal Oscil-
lation (PDO). Positive NPGO values correspond with
stronger wind-driven upwelling, which leads to greater
nutrient concentrations, whereas positive PDO values
indicate warmer sea surface temperature and nutrient-
poor conditions.

All analyses were performed using R version 3.4.3 (R
Core Team 2017). The RDA was performed using the
rda function of the vegan package (Oksanen et al. 2017).
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We provide an R script as Data S1 including the func-
tions used to partition metacommunity variability and
quantify effect sizes.

REsuLTS

Partitioning metacommunity variability across different
hierarchical levels

Metacommunity biomass varied between 42.95 and
72.93 g/m? over the 14-yr period (Fig. 2). Both species
and spatial effects combined to reduce the interannual
variability in biomass from a temporal CV of 120% at
the local population level (CVyp) to 18% (CVyc) at the
metacommunity scale (Fig. 1). This stabilizing effect can
be measured by multiplying species and spatial syn-
chrony in either of two parallel paths. The local-commu-
nities path multiplies species synchrony within plots
(pp_c = 0.490) with spatial synchrony among local
communities (p¢c g = 0.312), while the metapopula-
tions path multiplies spatial synchrony across species
(ppr_r = 0.542) with metapopulation synchrony
(pp_cr = 0.282; Fig. 1). Either through local commu-
nities or through metapopulation, species insurance had
a stronger stabilizing effect than spatial insurance on
metacommunity biomass given the degree of natural
variability observed in this system (Fig. 3).

Species insurance effects

At the regional scale, we found that metapopulations
of different species of understory macroalgae were more
asynchronous (@p_cr SES = —1.71; Figs. 1, 3) than
expected had they fluctuated independently of one
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another. This asynchrony contributed to reducing inter-
annual variation in metacommunity biomass (CVyc) by
40.2%. However, species insurance was weaker at the
local scale, as species synchrony within plots (Qp_c
SES = 1.00: Figs. 1, 3) slightly increased interannual
variation in local community biomass (CVic) by 2.3%
more than expected if species had fluctuated indepen-
dently of one another within each plot. The strength of
the species insurance effect varied among plots. The

1.0 Observed
'.' Null m\édel
2 1.00 4.21 12.88 -1.71

o
=
<
>
(7]

0.0 Species Space Space Species

dp-c,L dc,LRr dp, LR dpc,R

Fic. 3. Synchrony indices and their standardized effect size

(SES). Synchrony SES measures whether the stabilizing effect
provided by each synchrony index is weaker (SES > 2), stronger
(SES < —2) or not different (—2 < SES < 2) as compared to
independent species or spatial dynamics. Grey areas represent
the 95% quantiles generated based on the 999 cyclic-shift
permutations, and horizontal bars represent the mean
synchrony of the null distributions. Through either local
communities (¢p_cp SES =1.00 vs. ¢cy_r SES =4.21) or
through metapopulations (¢p_cr SES = —1.71 vs. ¢p; g
SES = 12.88), species dynamics had a stronger stabilizing
effect.

80

Metacommunity biomass (g-m-2)

. D. ligulata . S. osmundacea . Chondracanthus spp. . Other species

2004

2007

2010

2013 2016

Year

Fic. 2. Regional or metacommunity biomass of understory macroalgae from 2004 to 2017. Metacommunity biomass is
expressed as the averaged biomass across all plots and is divided into the contribution of the four most abundant taxa (Pzery-
gophora californica, Desmarestia ligulata, Stephanocystis osmundacea, Chondracanthus spp.) and the remaining species.
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dynamics of species biomass were more synchronous
than expected in 9 of the 39 plots, resulting in 15-34%
increased variability in the community biomass in these
plots (Appendix S1: Fig. S3). Species dynamics were less
synchronous than expected in one plot, which decreased
its variability in total community biomass by 27%
(Appendix S1: Fig. S3).

Spatial insurance effects

In contrast to the strong stabilizing effects of species
insurance, spatial insurance was weaker—synchrony
among local communities increased interannual varia-
tion in metacommunity biomass by 41.0% more than
expected given independent fluctuation of local commu-
nities (pc g SES = 4.21; Figs. 1, 3). At the population
level, we found that, on average, interannual variation in
metapopulation biomass (CVyp) was 51.2% more vari-
able than expected if local populations had displayed
independent spatial dynamics across plots (¢pj_gr
SES = 12.88; Figs. 1, 3). Specifically, 36 out of the 56
species displayed more synchronous spatial dynamics
than expected (@; ), which increased their metapopu-
lation variability from 3 to 72% (Appendix S1: Fig. S4).
Only one species, the red alga Callophyllis flabellulata,
displayed less synchronous spatial dynamics than
expected, decreasing its metapopulation variability by
65% (@;1,r = 0.142; SES = —2.22).

Species contributions to Op_.c r and regional drivers of
species dynamics

Species differed in their contribution to insurance
effects. The kelp Pterygophora californica, the brown
algae Stephanocystis osmundacea and Desmarestia ligu-
lata, and the red alga Chondracanthus spp. had dispro-
portionately large effects on species insurance as their
removals greatly increased metapopulation synchrony
(pp_cr: Appendix S1: Fig. S5) and consequently desta-
bilized metacommunity biomass. P californica, the
dominant species of understory macroalgae, dramati-
cally declined by 99% across all plots from 2007
(35.84 g/m?) to 2016 (0.45 g/m* Fig. 2). Meanwhile,
metacommunity biomass remained relatively constant
because of compensatory increases in other understory
macroalgae at the regional scale (Fig. 2). This temporal
dynamic was successfully captured by the RDA, which
significantly explained 60% of the temporal variation
in understory macroalgae at the regional scale
(F510 = 7.460, P =0.001; Fig. 4) along the first two
canonical axes. Most of the temporal variation occurred
along the first canonical axis (R§dj =0.472, P = 0.001;
Fig. 4) and suggests that declining P. californica biomass
over time was counteracted by increases in S. os-
mundacea, D. ligulata, and Chondracanthus spp. from
2013 onward. The second canonical axis (Rflclj = 0.090,
P =0.002; Fig. 4) identified that increases in Crypto-
pleura ruprechtiana, Eisenia arborea, and Polyneura
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latissima from 2009 to 2012 temporarily compensated
for the loss of P. californica. Finally, we found that tem-
poral variation in understory macroalgae along the first
canonical axis was significantly associated with positive
PDO values (Rgdj =0.419, P = 0.007), whereas temporal
variation in understory macroalgae along the second
canonical axis was significantly associated with positive

NPGO values (R;; = 0.474, P = 0.004).

Plot contributions to ¢y _r

Plots did not differ in their contribution to insurance
effects, as their contributions to spatial synchrony
among local communities were low (Appendix SI:
Fig. S5).

DiscussioN

The understory macroalgae in our system form a
diverse metacommunity in which biomass varies across
time, space, and species. Theory and experiments predict
that temporal fluctuations in aggregate biomass at the
metacommunity scale should be buffered by species
diversity and spatial heterogeneity (Doak et al. 1998,
Tilman 1999, Lehman and Tilman 2000, Loreau and de
Mazancourt 2013, Thibaut and Connolly 2013, Wang
and Loreau 2014, 2016, Donohue et al. 2016). This
should be no surprise given that the central limit theo-
rem dictates that variability will decrease as biomass is
aggregated from one hierarchical level to another, from
local populations up to the metacommunity (Thibaut
and Connolly 2013, Wang and Loreau 2014). Neverthe-
less, the relative importance of species and spatial stabi-
lizing mechanisms have rarely been tested in nature
(Wilcox et al. 2017), which is of relevance for manage-
ment decisions aimed at maintaining the stability of nat-
ural ecosystems. A similar study found that spatial
insurance was more important than species insurance
for reducing variation in fish biomass from bottom
trawls (Thorson et al. 2018). In contrast, we found spe-
cies insurance was the main mechanism for the stability
of macroalgal biomass. In particular, asynchronous
metapopulation dynamics across macroalgal species had
the strongest stabilizing effect on aggregate biomass
dynamics at the regional scale.

The stronger stabilizing effect of asynchronous species
dynamics could stem from several factors, including life-
history trade-offs that lead to niche differentiation
among species. For instance, the algae in this study have
different levels of tolerance to shading (Harrer et al.
2013), causing some species to be favored over others as
the giant kelp canopy waxes and wanes (Miller et al.
2011, Castorani et al. 2018). Algal species also differ in
their susceptibility to removal by grazing and wave dis-
turbance, leading to community shifts as sea urchin pop-
ulations and wave events fluctuate (Ebeling et al. 1985,
Harrold and Reed 1985). Other factors such as nutrient
supply, suspended sediments, and water flow are also
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Fic. 4. Temporal dynamics in understory macroalgae at

a
dynamics of understory macroalgae along the first and second

the regional scale for 2004-2017 (Redundancy analysis biplot;

R,zdj = 0.598). Each circle represents a year in the time series and arrows represent scores of the most influential species. Temporal

canonical axis were significantly associated with positive values of

the Pacific Decadal Oscillation (PDO) index and the North Pacific Gyre Oscillation (NPGO) index, respectively.

considered important in explaining the biomass dynam-
ics of understory macroalgae (Schiel and Foster 2015),
and contrasting responses to such environmental vari-
ables as well as competitive interactions may have con-
tributed to complementarity in their biomass dynamics.
Although we know most of these species are physiologi-
cally diverse (Miller et al. 2012, Harrer et al. 2013), their
functional traits and ability to use complementary
resources remain mostly unknown.

Space had a weaker stabilizing effect because of more
synchronous spatial dynamics at both population and
community levels. Synchronous spatial dynamics can be
attributed to broad-scale environmental forcing (Loreau
et al. 2003, Wang and Loreau 2014, Shanafelt et al.
2015) and/or high dispersal (Kendall et al. 2000,
Liebhold et al. 2004). Spore dispersal estimates for
macroalgae range from a few meters to several kilome-
ters but generally average <l km (Gaylord et al. 2002,
Kinlan and Gaines 2003). This is much shorter than the
maximum distance between our plots (75 km), suggest-
ing that dispersal alone does not explain the high degree
of spatial synchrony in our system. Although it is chal-
lenging to decipher the actual mechanisms underlying
spatial synchrony, our results suggest that the regional
dynamics of macroalgal species was tightly linked with
the PDO and NPGO indices, which capture large-scale

variations in sea surface temperature and nutrient con-
centration along the coast of California. This result is
not surprising, given that sea surface temperature has
been shown to influence subtidal reef assemblages
strongly over large spatial scales in the study region
(Lamy et al. 2018). Because spatial autocorrelation in
environmental conditions usually decays with distance
(Koenig 1999), it is possible that spatial insurance
becomes stronger at a greater spatial extent, and differ-
ences in spatial extent could explain why we found more
spatial synchrony in macroalgal biomass than Thorson
et al. (2018) found for fish biomass. Future work on how
the relative importance of species and spatial insurance
changes with spatial extent will help to resolve this.

The insurance value of biodiversity is frequently
invoked as a main driver of stability, whereby greater
species richness stabilizes community and ecosystem
properties because of differential species responses to
environmental fluctuations and complementary resource
use (Tilman 1999, Elmqvist et al. 2003, Leary and
Petchey 2009). Although early theoretical models
assumed even abundance among species (Cottingham
et al. 2001), skewed biomass across species can modulate
how species richness affects variability in aggregate bio-
mass (Thibaut and Connolly 2013, Wang and Loreau
2016), as shown empirically (Smith and Knapp 2003,
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Polley et al. 2007, Hillebrand et al. 2008, Grman et al.
2010, Sasaki and Lauenroth 2011). In nature, species-
abundance distributions are typically highly skewed,
such that rare species contribute disproportionately to
species richness. Under these circumstances the mass-
ratio hypothesis (Grime 1998) predicts that only a few
dominant species drive community dynamics. In our sys-
tem, regional dominance was driven by four species,
P. californica, D. ligulata, Chondracanthus spp., and
S. osmundacea, which composed 60% of the total meta-
community biomass. Notably, the understory kelp
P, californica was the most dominant species overall
(33%) and exhibited strongly synchronous spatial
metapopulation dynamics. Furthermore, its metapopu-
lation biomass declined by 99% between 2007 and 2016,
in part because of high mortality during a 2014-2016
warming event (Reed et al. 2016). P californica flour-
ishes in cool water, and small embryonic stages are more
sensitive to high temperature than are larger adults
(Matson and Edwards 2007). Nonetheless, we observed
that the precipitous decline in P. californica biomass dur-
ing the 2014-2016 warming event resulted in adult mor-
tality. Remarkably, metacommunity biomass did not
decline during this period, because of a compensatory
increase in the three subdominant species D. ligulata,
Chondracanthus spp., and S. osmundacea. This change
in hierarchical dominance between a few dominant spe-
cies helped offset the otherwise weak spatial insurance.
Such a response could result from species-specific differ-
ences in tolerance to large-scale variability in ocean tem-
perature and nutrient concentrations that occurred over
the 14-yr period. Indeed, P. californica was favored dur-
ing years of cooler, nutrient-rich conditions, whereas the
three subdominant species thrived during warmer, nutri-
ent-poor periods. In this system, therefore, compen-
satory species dynamics is linked to large-scale climate
patterns in the Pacific Ocean described by the NPGO
and PDO and their relationships to El Nino Southern
Oscillation (ENSO). Although the compensatory
increase of the three subdominant algae in response to
the decline of P californica stabilized metacommunity
biomass, the functioning of the understory macroalgal
communities presumably changed, because the sub-
canopy of P. californica supports more fish (Ebeling and
Laur 1985) and spiny lobster (Mai and Hovel 2007).
Moreover, P californica is consumed by numerous graz-
ers and detritivores and the compensating increase of
D. ligulata, an annual and opportunistic early succes-
sional species (Edwards 1998), is unlikely to replace its
function as a food source fully because it is unpalatable
to many species due to its high sulfuric acid content
(Eppley and Bovell 1958, Anderson and Velimirov
1982).

This study is one of the first to investigate the respec-
tive roles of species and spatial synchrony at the meta-
community scale (Wilcox et al. 2017). It highlights how
species insurance can stabilize aggregate community
properties in natural ecosystems where environmental
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conditions vary over broader spatial scales. Without spe-
cies insurance, local and regional assemblages would
have larger temporal fluctuations, which could reduce
the primary production and functional diversity that
promote metacommunity stability. Nonetheless, species
insurance against volatility in biomass of this diverse
metacommunity was driven by a few dominant species
rather than species richness per se. Given that most spe-
cies are rare, we suspect the same will be true in most
other natural communities.
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