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While changes in the abundance of keystone predators can have cascading

effects resulting in regime shifts, the role of mesopredators in these proces-

ses remains underexplored. We conducted annual surveys of rocky reef

communities that varied in the recovery of a keystone predator (sea otter,

Enhydra lutris) and the mass mortality of a mesopredator (sunflower sea star,

Pycnopodia helianthoides) due to an infectious wasting disease. By fitting a popu-

lation model to empirical data, we show that sea otters had the greatest impact

on the mortality of large sea urchins, but that Pycnopodia decline corresponded

to a 311% increase in medium urchins and a 30% decline in kelp densities. Our

results reveal that predator complementarity in size-selective prey consump-

tion strengthens top-down control on urchins, affecting the resilience of

alternative reef states by reinforcing the resilience of kelp forests and eroding

the resilience of urchin barrens. We reveal previously underappreciated species

interactions within a ‘classic’ trophic cascade and regime shift, highlighting the

critical role of middle-level predators in mediating rocky reef state transitions.

1. Introduction
The knowledge that ecological communities can abruptly shift between alterna-

tive states (i.e. dynamic community configurations maintained by feedbacks

[1]), has made illuminating the mechanisms that induce these shifts a core focus

in ecology [2,3]. Although there are diverse examples of ecosystems worldwide

that exhibit multiple system states [4], empirical data elucidating processes that

shape transition dynamics are less common because regime shifts occur rapidly,

unexpectedly and over different scales of space and time. Similarly, it can be

difficult to identify the mechanisms that confer or erode community configur-

ations through time because the relevance of key species interactions may only

be revealed following a significant disturbance event [5,6].

Shifts in top-down control of herbivore abundance and size can trigger the

reorganization of entire ecosystems [7,8]. When predation is size-dependent, pre-

dators exacerbate shifts in the size structure of prey populations, which can

strongly influence the net effect of herbivory [9,10]. Predator species often vary

dramatically in the range of prey size they target as a result of optimizing effi-

ciency, gape limitation and prey reaching size refugia [11–13]. As such, the

same prey species may be subject to predation pressure from different predators

during different life-history stages and/or different size classes [14,15]. Moreover,

because individual body size is an important determinant of grazing capacity

[16], for many herbivorous prey, the abundance of different size-selective

predators could have differential cascading impacts on primary producers.

While food-web ecology has focused extensively on the direct and indirect

effects of apex predators on community structure and stability [6,7,17,18], there

has been less consideration of how co-occurring middle-level predators, or
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Figure 1. Annual changes in (a) sea otter presence, (b) total Pycnopodia
biomass, (c) mean red sea urchin density and (d ) mean adult kelp stipe den-
sity across subtidal rocky reef sites varying in sea otter occupation status:
otters continuously present (green squares), continuously absent ( pink cir-
cles) and ‘newly arrived’ during summer 2013 (orange triangles). Orange
arrows indicate the timing of sea otter arrival at three sites; white arrows
indicate the onset of sea star wasting disease.
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mesopredators, influence systems that exhibit regime shifts.

Mesopredator release can cause unanticipated declines in lower

trophic levels [19], but few studies investigate food webs where

apex predators and mesopredators share the same prey species,

or track cascading effects of mesopredator abundance to primary

producers. More generally, it has been shown that predator

diversity can alter the strength of a trophic cascade when one

predator mediates the consumptive effects of another, either

reducing (e.g. intraguild predation [20,21]) or enhancing (e.g.

predator complementarity [22,23]) the net effect on herbivorous

prey. Many of these studies focus on guilds of predators occupy-

ing similar trophic levels, but the degree to which community

structure may be differentially affected by apex predators and

mesopredators in a system prone to trophic cascades remains

largely underexplored.

On temperate rocky reefs around the world, grazing by her-

bivorous sea urchins can drive regime shifts between productive

macroalgae-dominated forests and unproductive ‘barrens’

dominated by encrusting corallines [24–26]. Kelp forest and

urchin barren alternative states are persistent because the tran-

sitions tend to exhibit hysteresis (i.e. the threshold biomass of

sea urchins initiating destructive grazing is greater than that

which enables kelp recovery), and both states have associated

feedback mechanisms that contribute to stabilizing that particu-

lar community configuration (reviewed in [25,26]). In one of the

most well-known examples, sea otters (Enhydra lutris) in the

northern Pacific exert strong top-down control on sea urchins

and facilitate regime shifts from urchin barrens to kelp forests

[18,27,28]. Whereas global reviews emphasize the role that

apex predators play in influencing catastrophic regime shifts

caused by urchin overgrazing [24,25], these reviews contain

little information about other less-prominent urchin consumers

(e.g. sea stars and decapods) that may influence the resilience of

alternative rocky reef states [29–31].

Here, we examine the relative roles of an apex predator (sea

otters) and a co-occurring mesopredator (sunflower sea star

Pycnopodia helianthoides, hereafter Pycnopodia) in controlling

sea urchin abundance and size, and thereby the degree of

kelp abundance on high latitude rocky reefs. We focus on

Pycnopodia because in 2013 an epidemic of sea star wasting

disease (SSWD) spread across the northeast Pacific, causing a

precipitous decline in sea stars, including Pycnopodia [32,33].

We hypothesized this could affect kelp forest dynamics as a

growing body of literature has demonstrated Pycnopodia are

effective urchin predators throughout their range [30,31,33,34].

We took advantage of the SSWD event co-occurring with sea

otter recovery to analyse a unique time series of dominant

rocky reef consumers and producers across sites that varied in

sea otter occupation, both before and after the mass mortality

of Pycnopodia. Using empirical data and a size-structured

Bayesian model of urchin population dynamics, we examine

how urchin densities and size structure, total annual urchin

mortality rates, net size-specific urchin grazing capacities, and

kelp density vary as a function of sea otter and Pycnopodia pres-

ence/absence. Finally, we explore how the loss of Pycnopodia
influenced the resilience of alternative kelp-dominated and

urchin-dominated rocky reef community configurations.
2. Methods
(a) Field surveys
We conducted annual subtidal surveys at 11 sites on the central

coast of British Columbia, Canada (electronic supplementary
material, figure S1), where sea otter populations have been recover-

ing (since around 1980) from extirpation due to the fur trade [35].

We selected sites by identifying subtidal rocky reefs that shared

similar physical characteristics (i.e. wave exposure, depth range,

aspect and topography) but varied in sea otter occupation. Five

sites had a documented history of sea otter occupation (i.e. rafts

of foraging otters), whereas six sites had no recorded observations

of otter rafts [35]. Shortly after our first survey in July 2013, a large

raft of sea otters arrived and began foraging at three of the six

‘otters absent’ sites, changing their sea otter status from ‘absent’

to ‘present’ (figure 1a). At each site we measured Pycnopodia den-

sity and size within six 30 � 2 m transects within two depth

ranges (3–6 m, 9–12 m), then calculated and summed the total

Pycnopodia biomass per 10 m2 (electronic supplementary material,

table S1). We measured the density of sea urchins and all adult

kelps (order Laminariales, stipe length greater than 15 cm to

exclude recruits) in 18 stratified random 1 m2 quadrats (depths
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4–15 m). Although three urchin species are found in the study

region, our analyses focus on red urchins (Mesocentrotus francisca-
nus) because this species constituted 88% of the regional

abundance and 98% of the regional urchin biomass (electronic sup-

plementary material, table S2). We calculated mean kelp stipe

density at depths available to urchin grazing (i.e. approx. below

5 m) because wave-generated surge and ‘whiplashing kelp’ at

shallower depths create a kelp refuge from urchin grazing [36].

Our time series encompasses 2 years before and 2 years after

the onset of SSWD in the region (January 2015), during which

Pycnopodia populations dramatically declined (figure 1b; electronic

supplementary material, figure S2).

Urchins were measured to the nearest centimetre and grouped

into three size categories (large, medium, small) based on demar-

cations evident in our size distributions (electronic supplementary

material, figure S3) and sea urchin natural history. ‘Large’ red urch-

ins (�8 cm) generally attain a size-escape from sea star predation

[30,34], but are the preferred size range for foraging sea otters

[16,37]. ‘Medium’ urchins (4–7 cm) are easily handled and con-

sumed by otters and Pycnopodia, but are generally too large to

seek refuge under larger urchin spine canopies [30,34]. ‘Small’

urchins (1–3 cm) represent the population recruits—individuals

that settle successfully and can avoid predation by sheltering

under the spines of large adults [38].

(b) Bayesian modelling framework
Mortality rates were not directly observed in our surveys; rather,

they are latent unobserved processes that we estimated by fitting

our survey observations to an ecological process model. We fitted

a size-structured population dynamics model in a hierarchical

Bayesian state-space framework to estimate instantaneous mor-

tality rates for small, medium, and large urchins due to sea

otters and Pycnopodia, while accounting for stochastic variation

in baseline mortality rates across sites and years (a table describ-

ing all model elements is provided in electronic supplementary

material, appendix A1.1). The Bayesian state-space framework

allows us to (i) estimate and account for both process and obser-

vation error inherent in survey data that may otherwise bias

parameter estimates; (ii) leverage prior information on, and

incorporate uncertainty in parameters that impact model fit

but are not directly of interest; and (iii) develop a mechanistic

understanding of key demographic processes in this system,

specifically the role of size-specific predation in driving urchin

population dynamics and thus shifts in community state.

(c) Population state dynamics
The demographic process of interest, instantaneous mortality (g)

was assumed to represent the combined effects of sea otter and

Pycnopodia predation, plus all other sources of mortality (hereafter

‘baseline mortality’). We combined recruitment (R), growth

(i.e. size-class transition probabilities, Gi), and instantaneous

mortality to calculate the dynamics of each urchin size class

(small, medium, large) in discrete annual time steps:

N1,j,tþ1 ¼ [N1,j,t(1� G1)þ Rt]

� exp �g1,j,t exp 11,j,t � ðs2
1=2Þ

� �h i
, ð2:1Þ

N2,j,tþ1 ¼ ½N2,j,tð1� G2Þ þN1,j,tG1�

� exp �g2,j,t exp 12,j,t � ðs2
1=2Þ

� �h i
ð2:2Þ

and N3,j,tþ1 ¼ ½N3,j,t þN2,j,tG2�

� exp �g3,j,t exp 13,j,t � ðs2
1=2Þ

� �h i
, ð2:3Þ

where Ni,j,t represents abundance of urchins in size class i at site j
and time t (where urchins in Ni¼1 ¼ 1–3 cm, Ni¼2 ¼ 4–7 cm and

Ni¼3 � 8 cm), gi,j,t represents instantaneous mortality rate for size

class i at site j and time t, and 1i,j,t represents Gaussian error in
log-scale mortality due to annual environmental stochasticity,

1i,j,t �Nð0,s2
1Þ. The estimated recruitment parameter (Rt) rep-

resents the combined effects of successful larval settlement and

subsequent survival to 1 cm, while size class transition probabilities

(Gi) were specified parameters with fixed values derived from a

published red urchin growth model (electronic supplementary

material, appendix M1). At all sites, we initialize the population

at time 0 (1 year before observations) at the equilibrium abundance

and size distributions conditional on estimated parameters.

We estimated independent size-specific parameters for urchin

mortality due to sea otters and Pycnopodia. From equations 2.1–2.3

above, the instantaneous mortality rate (g) for an individual urchin

of size class i at site j during time step t was estimated by:

gi,j,t ¼ ðaO,i �Oj,tÞ þ ðaP,i � Pj,tÞ þ di,j, ð2:4Þ

where aO,i and aP,i are fitted parameters that represent the

instantaneous mortality rate of size class i attributable to predation

by sea otters and Pycnopodia, respectively. We did not fit a mortality

rate parameter for sea otters consuming small urchins (aO,i¼1) based

on extensive foraging observations showing otters rarely consume

this size class [37]. Oj,t and Pj,t are variables that come from the

survey data; otter presence/absence (1 or 0) and the measured bio-

mass of Pycnopodia (kg per 10 m2). Baseline mortality (di,j) was

estimated as a hierarchical random effect to account for unexplained

differences in mortality across sites associated with variation in

habitat quality and/or other environmental factors. We assumed

that conditions at a site would tend to be more/less favourable for

urchins of all sizes, and thus deviations from average mortality

rates would be correlated across size classes. Accordingly, mortality

for small urchins at site j (d1,j) was drawn from a normal distribution

with mean �d1 and standard deviation sd (a fitted parameter deter-

mining the magnitude of variation across sites) and mortality

values for medium and large urchins were then scaled relative to

small urchin morality ðd2,j ¼ b2 � d1,j and d3,j ¼ b3 � d1,jÞ, where

b2 and b3 are fitted parameters.

We linked observations (Ci,j,t,k ¼ counts of urchins of size

class i at site j during year t in quadrat k) to the hidden state

dynamics using a negative binomial (NB) likelihood, with a

mean value corresponding to the estimated ‘true’ abundance of

urchins at a given site (Ni,j,t) and dispersion parameter (r) that

controls variance relative to the mean:

Ci,j,t,k � NB
r

½rþNi,j,t�u�
, r

� �
: ð2:5Þ

For small urchins (i ¼ 1), we included a fitted ‘observability’ par-

ameter (u, where 0 , u , 1) to account for imperfect detection of

this size class (i.e. patchy distribution and cryptic individuals).

For medium and large urchins (i ¼ 2 or 3) we assume u ¼ 1.

We estimated model parameter posteriors using Gibbs

sampling. Details on prior specification, posterior distribution

sampling, prior-posterior comparisons, output parameter estimates,

Gelman–Rubin diagnostics and posterior predictive checks are pro-

vided in the electronic supplementary material, appendix A1. To

examine the model’s ability to reproduce observed urchin dynamics,

we ran iterated deterministic simulations over the 4-year study

period to project the density of urchins in each size class through

time under four scenarios of predator status: (i) both predators

absent; (ii) Pycnopodia present but otters absent; (iii) otters present

but Pycnopodia absent; and (iv) both otters and Pycnopodia present

(electronic supplementary material, appendix A1.5).
(d) Relative predator impacts on urchins and kelp at the
reef scale

To further explore the cascading effects of sea otters and

Pycnopodia, we used the four predator scenarios (described

above) to examine the relative differences in size-specific rates of

http://rspb.royalsocietypublishing.org/
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urchin mortality, urchin grazing, and empirical density estimates

of urchins and kelp. We calculated total annual urchin mortality

as 1 2 e2g by using equation 2.4 to yield (g) for the four different

combinations of predators along with the size-specific parameters

and baseline mortality estimates sampled from our model pos-

teriors. To examine how predator scenarios influenced urchin

size structure, we summarized mean urchin densities (+s.e.) for

site and year combinations where the appropriate predators

were present or absent. To evaluate the kelp grazing capacity of

different urchin densities and size structures, we calculated the

maximum potential kelp consumption (kg m22 yr21) by multiply-

ing mean urchin densities by size-specific per capita feeding rates

for red urchins [16]. Finally, for each predator scenario we plotted

the distribution of mean kelp density.

(e) Documenting kelp forest regime shifts at a regional
scale

We used aerial imagery to quantify changes in the spatial extent

and density of kelp canopy cover in the region where sea otters

arrived in 2013 (approx. 6 km2 and over 40 km of shoreline;

electronic supplementary material, figure S1). We obtained two

high-resolution orthophotos captured prior to sea otter

occupation and generated three additional orthophotos using

aerial surveys (details in electronic supplementary material,

appendix M2) in the 3 years following otter arrival. We com-

pared the total aerial coverage (km2) of canopy kelp (mostly

Nereocystis luetkeana) of high and low-density (� or less than 10

plants per 10 m2, respectively) across 5 years that encompass

pre- and post-otter arrival and the onset of SSWD. We also

show the mean density (+s.e.) of perennial understorey species

(P. californica, L. setchellii, S. groenlandica, S. latissima) from three

reef sites within the ‘new otter arrival’ region.
Lastly, to examine how the decline in Pycnopodia influenced

rocky reef community states across the B.C. central coast

region, we plotted mean urchin density versus kelp density for

all sites in the years before and after the onset of SSWD to

examine shifts in alternative reef states (as in [25,39]).

Statistical parameters calculated directly from empirical data

are reported +1 s.e., while Bayesian-estimated parameters are

reported with 95% credible intervals. All analyses were conducted

using JAGS [40] and R [41].

3. Results
(a) Trends in dominant reef consumers
Sea urchin densities decreased at sites where sea otters

returned (n ¼ 3), but also increased at 10 out of 11 sites follow-

ing SSWD (figure 1a–c) with concurrent declines in kelp stipe

density at macroalgae-dominated sites (n ¼ 8; figure 1d ). Nota-

bly, sea otter presence and Pycnopodia biomass influenced the

density and biomass of different size classes of urchins

(figure 2a– f ). Sea otters had the greatest impact on large urch-

ins; otter arrival at three unoccupied sites resulted in an

89–98% decrease in the mean density of large urchins within

1 year (from 4.4+1.3 to 0.2+0.3 urchins m22), to simi-

lar densities recorded at previously otter-occupied sites

(0.2+0.3 urchins m22). Conversely, Pycnopodia decline corre-

sponded to increases in the density of medium and small

sized urchins. Following 2 years of SSWD, the average density

of medium urchins across all sites increased from 0.9+0.9

to 3.7+1.7 urchins m22, representing a 311% increase irre-

spective of sea otter occupation (figure 2b). Compared to

abundance, the increase in medium urchin biomass was less

http://rspb.royalsocietypublishing.org/
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dramatic, increasing by 73% from 0.08+0.08 to 0.3+
0.1 kg m22 (figure 2e). While the densities of small urchins

were variable across sites and years (figure 2c), 10 out of 11

sites showed a small net increase (þ0.5 urchins m22 on

average) following 2 years of SSWD.

(b) Predator-specific size-structured sea urchin mortality
rates

Our model converged well (all psrf values � 1.01), satisfied

posterior predictive checks (met model assumptions), resulted

in posterior distributions dramatically different from priors

(sufficient data to inform the model), and was able to repro-

duce through simulations comparable urchin densities to

those observed under various scenarios of predator abundance

(electronic supplementary material, appendices A1.2–A1.5).

Model results suggest that Pycnopodia have a substantial

size-specific predatory effect on urchins that is complementary

to that of sea otters. Specifically, instantaneous urchin mor-

tality rates attributed to sea otters were estimated as 1.46

(0.76–2.82) and 0.53 (0.07–1.23), for large and medium size

classes, respectively (figure 2g,h), whereas Pycnopodia imposed

instantaneous mortality rates of 0.070 (0.0–0.16), 1.27 (0.32–

2.65) and 0.83 (0.03–2.52) on large, medium and small urchins,

respectively (figure 2g,h,i)—having more than double the

effect on medium urchins compared to sea otters (figure 2h).

Estimates of size-specific total annual urchin mortality

revealed notable differences in relative predator effects

(figure 3a). The estimated total annual mortality of large urch-

ins was low when otters were not present (2 and 9% when

Pycnopodia were absent and present, respectively) and high

when otters were present (74 and 76%). Medium urchin mor-

tality depended on which predators were present in the

system: total annual mortality was moderate (51%) for sites

with only sea otters, was 1.5 times higher when only Pycnopodia
were present (74%), and was highest when both predators co-

occurred (84%). Given these rates and the average change in

Pycnopodia biomass that occurred after 2 years of SSWD, we

estimated that SSWD resulted in a 166% increase in the

annual survival of medium urchins at a given site. Small urch-

ins had the highest and most variable baseline mortality rate

(60%), which increased in the presence of Pycnopodia (80%).

Overall, estimated mortality rates reflect similar patterns to

observed urchin densities (figure 3b).

(c) The cascading effects of sea otters and Pycnopodia
Different predator combinations had notably different kelp

grazing capacities (figure 3c): estimated kelp consumption by

urchins when no predators were present (32 kg kelp m22 yr21)

was 16 times greater than when both sea otters and Pycnopodia
were present (2 kg kelp m22 yr21; figure 3c). Owing to the

higher per capita grazing rate of large urchins that are targeted

by otters, estimated kelp consumption was primarily deter-

mined by sea otter presence (figure 3c). However, when

otter-occupied kelp forest sites did not have Pycnopodia, there

was 3.5 times more kelp consumption capacity (7 kg kelp m22

yr21) due to more abundant medium urchins relative to when

both predators were present.

Subtidal kelp density was positively associated with the

presence of Pycnopodia as well as sea otters (figures 1d and 3d).

Subtidal kelp densities were high when otters were present

at sites (1.3–10.4 stipes m22) and low when otters were
absent (0–1.6 stipes m22, with the exception of one outlier;

figure 3d ). However, at otter-occupied sites, mean kelp stipe

density was higher in the presence of Pycnopodia (7.3+
1.4 stipes m22). We calculate that the loss of Pycnopodia from

otter-occupied kelp forests due to SSWD corresponded to a

30% decline in the mean stipe density (to 5.1+2.7 stipes m22)

and higher variation in kelp density across sites. Observations

made by divers at these forested sites included sightings of

medium-sized urchins consuming kelp blades and climbing

up or pulling down kelp stipes (electronic supplementary

material, figure S4).

A rapid and large-scale expansion in the spatial extent

and density of canopy kelp occurred in the region where

http://rspb.royalsocietypublishing.org/
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sea otters recovered in 2013 (figure 4; see aerial kelp maps in

electronic supplementary material figure S5). The year fol-

lowing sea otter arrival, kelp canopy was 2.9 times greater

(covering 1.0 km2) than it was the year prior. Kelp beds

were also more dense in the years following sea otter return

(92%, 82%, 70% of beds of ‘high density’ in 2014, 2015,

2016, respectively) compared to the years prior (45% and

46% of beds of ‘high density’ in 2006 and 2012, respectively).

The aerial extent of canopy cover was reduced in 2015–2016,

corresponding to the simultaneous increase in perennial

understorey species and the onset of SSWD (figure 4).

The loss of Pycnopodia due to SSWD was associated with

less distinct ‘kelp dominated’ reef states (figure 5). Following

the near elimination of Pycnopodia, sea otter-occupied kelp

forest sites had higher and wider ranging urchin densities,

slightly increased urchin biomass, and lower kelp densities

with greater variation within and among sites (figure 5b).

During SSWD years, the coefficient of variation for kelp

density across sites increased from 20 to 54%.
4. Discussion
Our results show that complementarity between a mesopreda-

tor and an apex predator in their prey size selection can

enhance top-down regulation of a strongly interacting herbi-

vore, with cascading impacts on primary producers. In this

study, the unpredictable events of SSWD in conjunction with

sea otter range expansion provided a unique opportunity to

disentangle the responses of sea urchin prey to both a keystone

predator and mesopredator. Overall, our findings provide

strong evidence that Pycnopodia predation on small and

medium urchins helps reinforce kelp-dominated reef states,

and may facilitate the rapid transitions from urchin barrens

to kelp forests that follow sea otter reintroduction.

(a) Complementary size-structured predation
There are several mechanisms by which multiple predators can

exhibit complementarity to successfully exploit the same prey

species. Predators can target the same prey species in different

habitats [42], life-history stages [15], via different feeding strat-

egies [43] or by consuming different size-classes [44]. In this

study, sea otters and Pycnopodia differentially impact prey

sizes based on unique feeding strategies and constraints. Sea
otters’ high metabolic rate and inability to store energy necessi-

tate that they maximize energy intake per unit of foraging time

[12]. Conversely, sea stars are slower acting invertebrate preda-

tors constrained by the size of prey they can physically digest

[30,45]. Sea otters select large urchins when they are highly

abundant and easily obtainable, but then switch prey species

rather than consume smaller-sized urchins that require

increased foraging effort for lower caloric gain [12]. Our data

support this foraging theory, showing that large red urchins

were only abundant at sites unoccupied by sea otters, and

that upon otter arrival, large urchins suffered the most dra-

matic declines (figure 2). Our estimates of urchin mortality

from sea otter predation are consistent with published reports

of high attack rates by sea otters on the largest size class of urch-

ins in the years following sea otter recolonization [37] and

another study from this region showing the median size of

red urchins dropped by 63% following sea otter arrival [16].

While Pycnopodia are also capable of consuming large red

urchin prey [45], they typically avoid larger individuals

because their long spines render them difficult to consume

[30,46]. Similar to other invertebrates that exhibit size escape

from sea star predation [13], our data show large red urchins

can form extensive barrens on rocky reefs despite high

abundance and biomass of Pycnopodia.

Building on other studies, our results demonstrate that

Pycnopodia are effective consumers of small and medium-

sized (0–7 cm) urchins [30,31,33]. When Pycnopodia are

http://rspb.royalsocietypublishing.org/
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present at a given site, the estimated annual mortality rate

for medium urchins was 4.1 times higher than the natural mor-

tality rate in the absence of predators, and 1.5 times higher

compared with sites with only sea otter predators (figure 3a).

These results are supported by several laboratory studies

showing that Pycnopodia actively consume smaller urchin

prey [46–48], and even target small red urchins over other

urchin species [47]. Correspondingly, the behavioural tendency

for small red urchins to seek refuge under the spines of larger

conspecifics is suggested to be a direct adaptation to minimize

predation risk [47–49].
Proc.R.Soc.B
285:20180553
(b) Indirect effects on kelp forests
Consistent with previous studies on northern Pacific temperate

reefs, we found that sea otters had a large positive indirect influ-

ence on subtidal kelp abundance [16,18,27,28,50,51]. Unlike

those studies however, we show that complementary predation

by Pycnopodia contributes to these indirect effects: mean kelp

densities at otter-occupied sites were 1.4 times higher in the

presence of Pycnopodia (figure 3d). Sea otters have dramatic

indirect effects on kelp due to their rapid consumption of

large high biomass urchins, which due to metabolic scaling

laws, have almost three times the kelp consumptive capacity

of medium urchins (figure 3c) [16]. Nonetheless, we show the

increased abundance of medium urchins following Pycnopodia
decline had sufficient consumptive capacity to reduce stand-

ing kelp abundance. This is consistent with studies where

Pycnopodia are the primary controlling force on smaller-sized

S. purpuratus and S. droebachiensis urchin species, and where Pyc-
nopodia declines were correlated with increased kelp abundance

[31,33]. Because Pycnopodia are reported to suppress the grazing

rates in urchins [23,48], we note that the observed kelp declines

following SSWD could reflect both a numerical (more urchins)

and behavioural (increased per capita grazing rates) response.

Our data are unique in demonstrating that the indirect

effects of two key predators on kelp abundance scale up from

individual reefs to regional-scale patterns in aerial canopy

kelp extent. However, kelp abundance and distribution are

also well known to be influenced by environmental factors

[52,53] and successional processes [28,54]. For example, water

temperature is negatively correlated with the nutrients

required for kelp growth [55]. While SSWD was first observed

in southern British Columbia in 2013 [33], its sudden appear-

ance on British Columbia’s central coast may be in part due

to an anomalous marine heatwave that affected the region in

2015 and 2016 [56]. Although our data and diver observations

suggest destructive grazing by medium urchins was a key

factor, it is possible the co-occurrence of warmer ocean temp-

eratures contributed directly to the observed kelp decline.

While summer average sea surface temperatures in this

region (electronic supplementary material, figure S6) during

the ‘heatwave’ years did not exceed levels where nutrient limit-

ation affects kelp sporophytes (greater than 168C [55]), winter

temperatures were 1–28C warmer than historical averages

which may have negatively affected kelp reproduction and

gametophyte stages [57].

At sites where sea otters returned, post-disturbance suc-

cessional processes that occur within kelp forests probably

additionally contributed to canopy kelp declines following

SSWD. The patterns we observed are similar to other studies

that have shown a large regional expansion in N. luetkeana
kelp canopy following rapid sea urchin removal, followed
by a decline in canopy cover concordant with an increase in

subtidal perennial species that suppress annuals by dominating

light and space resources [28,50,54].

(c) Mechanisms of species interactions
While natural removal experiments are a powerful way to

demonstrate the effect one species has on others in the

system, a limitation is that they do not reveal specific mechan-

isms. Our population model is framed in terms of lethal

consumptive effects of sea otters and Pycnopodia on urchins;

however, both predators are known to elicit behavioural

responses from their herbivore prey [30,46,58]. As such, it is

likely some of the increases in medium urchins we observed

following SSWD reflected vulnerable individuals emerging

from hiding or immigrating into surveyed habitat in the

absence of Pycnopodia [33]. This would not change the visible

trends in our empirical data, and indeed is consistent with

our model formulation as we assume that the alpha parameters

represent ‘apparent mortality’, including both consumptive

and behavioural effects.

Another limitation of our model is the assumption of a

linear functional response between predators and urchins,

which results in an estimated urchin mortality rate by otters

that may underestimate high predation rates when sea otters

arrive at a new site (high urchin availability) and overestimate

low urchin predation rates at sites with long sea otter occu-

pation (reduced urchin availability). A more elaborate model,

which would require longer time series to fit, could account

for prey-switching with a type 3 functional response, whereby

per capita urchin mortality would decline with reduced urchin

availability [12]. Similarly, greater kelp habitat complexity

might increase urchin survival via crypsis, and also increase

the amount of drift in the system that can augment urchin

growth rates via bottom-up effects [59]. Under such conditions

urchins typically switch from actively grazing kelp to consump-

tion of drift algae, thus weakening their influence on attached

kelp abundance [60]. Future ecosystem models could examine

the implications of multiple and interacting ecological

phenomena well known to occur in kelp forest systems.

(d) Implications for the resilience of alternative states in
systems prone to trophic cascades

Many different stabilizing feedback mechanisms can maintain

the persistence of macro-algae dominated states: high spore

production facilitates kelp recruitment, whiplashing macro-

algae limits urchin grazing, abundant kelp detritus promotes

passive feeding by urchins and macro-algae provides habitat

for predators that limit urchin populations [25,26]. While pred-

ator-induced mortality of sea urchins has been considered a

key mechanism contributing to the stability of kelp forests

[25], most empirical studies are focused on the mortality of

adult urchins, with less known about the role of predators sup-

pressing smaller size classes. Notable exceptions include algal

forests in the Mediterranean, where abundant ‘micropredators’

(primarily decapods) consume post-settled urchins and are

thought to be an important mechanism stabilizing algae-

dominated reefs [29]. Similarly, predation intensity on juvenile

S. droebachiensis by crabs and fish in Atlantic Canada is

considered a key factor regulating urchin populations at an

important demographic bottleneck, which in turn influences

kelp abundance [61]. Our findings suggest that, on the Pacific
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coast of Canada, complementary predation on small and

medium red urchins by Pycnopodia at sea otter-occupied reefs

is an important factor contributing to the resilience of kelp for-

ests (i.e. maintaining structure and function in the face of

disturbance [2]). We show that while sea otters dictate alterna-

tive community configurations, the absence of Pycnopodia leads

to higher urchin grazing, reduced kelp densities and increased

spatial patchiness within and among sites (figure 5).

Suppression of small-to-medium sea urchin densities by

Pycnopodia probably also affects the rate of algal recovery

following sea otter-induced trophic cascades. We observed

that when sea otters arrived at new reefs and removed most

large urchins, kelp recovery occurred rapidly (within 1 year).

While equally rapid transitions are reported in southeast

Alaska, slower transitions are observed in the Aleutian Islands

[27], which are beyond the range limit of Pycnopodia. On Aleu-

tian reefs, high densities of unconsumed smaller S. polycanthus
urchins (less than 3 cm) are sufficient to prevent the recoloniza-

tion of kelp sporophytes for years, even decades after the initial

arrival of foraging otters [27]. While higher and more consistent

urchin recruitment rates are considered key factors driving high

densities of small urchins in the Aleutians [27], our data suggest

that suppression of smaller urchins by Pycnopodia may be an

important factor facilitating more rapid otter-induced regime

shifts in British Columbia and southeast Alaska. By facilitating

kelp recovery in the face of a sea otter ‘disturbance’, Pycnopodia
presence may reduce the resilience of urchin barrens. Our cur-

rent data are insufficient to fully test this hypothesis, however

the arrival of sea otters to new reefs in the wake of SSWD

may present this opportunity in the future.

Ecological surprises are important in ecology because they

are catalysts for reformulating views of community dynamics

[5,62]. The unanticipated event of SSWD helped reveal the
important role of a mesopredator, Pycnopodia, in enhancing

the top-down control on urchins, a functional role that would

have remained underappreciated without this perturbation.

Overall, this study expands our knowledge of the dominant

species interactions operating within a ‘classic’ regime shift

that affects one of the world’s most productive ecosystems,

and provides critical information helpful in managing these

systems which may be subject to more compound perturbations

in an increasingly unpredictable world.
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