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Abstract

Predator responses to gradients in prey density have important implications for
population regulatioandare a potential structuring force faubtidal marineeommunities
particularly.on.rocky reefs where herbivorous sea urchins can drive comrstatéyshifts. On
rocky reefs,in.southern Californvehere predatory sea otters have been extirpaipedown
control ofseaurchinsby alternative predatotsas been hypothesizédtrarely tested
experimentally.\Jdaboratoryfeeding assaygredatory spiny lobster®énulirus interruptus)
demonstrated a saturating functional response to urchinvaneyebyurchin proportioal
mortalitywas inversely densitgependent. In field experiments on rocky reefs near San Diego,
CA, predatorsgrimarily the labrid fish California sheephedgdmicossyphus pulcher) inflicted

highly variablemortality on purple urchingrongyl ocentrotus purpuratus) preyacross all
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density levelsHowever,at low to moderatdensitiescommonly observed within kelp forests,
purple urchirmortalityincreasedo a pealat a density of ~IL m. Above that level, at densities
typical of urchin barrens, purple urchin mortaktgs densityndependent. When largexd
urchins Mesocentrotus franciscanus) wereoffered to predatorsimultaneouslyvith purple
urchins,mortality wasdensityindependen Underwater videography revealed a positive
relationship between purple urchin density and both the numbeicanéssof fish predators,
butthesecorrelations wer@ot observed when red urchins were present. Our re®rtisnstrate
highly variable"mortlity rates across prey densities in this systemsarggjesthattop-down
control of urchinscanoccur onlyunder limited circumstance®ur findings provide insight into
the dynamicssof alternate community stadbserved on rocky reefs.
Key wor ds:functional response, density dependenoeky reef,Macrocystis pyrifera,
Panulirus interruptus, Strongylocentrotus pur puratus, Mesocentrotus franciscanus,
Semicossyphus pul cher
I ntroduction

In ecology longstanding debates center on the frequestogngth, and causes of
population‘regulation (Nicholson 1933, Hairston et al. 1960, Turchin 198%)at®y, or top-
down,regulaion of preyrequires directlensity-dependent mortality, which bounds prey above
extinctionand belowlimitless growth (Murdoch 1994)Direct densitydependece in at least one
demographic rates a necessary but not sufficient conditibg itself,for temporal population
regulation‘(Hixon and Webster 2002). Alternatively, inverse density dependencenaitg de
independencewoccur whardemographicate scales negatively or independently of density
respectivelyFop-down regulation of prey often is inferred fraorrelative evidence, including
time series metanalysisgWorm and Myers 2003) andgriance grtitioning of communitydata
(Halpern et al. 2006 A more rigorouged requiresexperimental manipulation of prey density
followed by.analysis of demographic rates or population size to explicitlforesdensity-
dependenthanggHarrison and Cappuccino 1995, Hixon and Webster 2002 8xperiments
have been.used to documsepttial(Hixon and Carr 1997) and temporal (Webster 2003,
Johnson 2006) density-dependent predationtality. Thismanipulativeapproach, which we
adopt hereis particularlyuseful because it can provide insighttbe mechanisms driving
observed mortality rate$op-down control of prey has implications for community structure and

biodiversity (Paine 1974), ecosystem function (DeAngelis 1992), and population stability
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(Murdoch and Oaten 1975), so a mechanistic understanding of prpdaganteractions is vital,
particularly for ecosystems subject to anthropogenic stressors and those ofatmrseoncern.
Predatory functional responses to gradients in prey density represent thanisgc
understanding, can be characterized experimentally, and are often iatedgato population
dynamics medels. Thepe Il functional response is a saturating curve with high proportional
mortality at.low prey densities and rapidly decaying mortality rate as prey denségsasr
(Holling™1959)."Type |l responses are consideregtdbilizing for predateprey interactions
and are common for specialist predators feeding on a single prey speciesamhehdriven to
extinction. Generalist predators that can switch to alternate prey at low prey densities are
typically characterized by type Il respong€ascoigne and Lipcius 2004) which involve
increasing proportional mortality as prey density increases from low to moderate levels.

Intraspecific diferences in body size and/or morphology can affect functional response shapes

and parameter valu¢gggleston 1990, Toscano and Griffen 2013), and the implications of
observing a type Il versus type Il functional responsedonmunity structure and stability are
substantial=Astype Il response can cause local extinction of prey when liHssldav a low
density thresheold (Oaten and Murdoch 1975), while a type Il response allows for tap-dow
regulations(but persistence) of prey due to low mortality rates at low prey densities.

At.the populatiorevel, mechanisms leading to densdgpendent predation over short
time-scalesncluderefugelimitation for prey(Forrester and Steele 2004), predator aggregation
(Anderson.2001), and stabilizing, type Il functional responses of predators/tdgurgity
(Holling 1965):However, he spatial distribution of habitat can affect mortality patterns, with
prey locatednisolated patchesiore likely to suffer densitgependent predation than those in
closelyspacegatcheqgOverholtzer-McLeod 2006)r within continuous habitats (Sandin and
Pacala 2005)This is because transient predatme more likelyto consume resources from
closely spaced patchdse to higher visitation raté®verholtzerMcLeod 2006)or due to
reducedpredator selectivitamongforaging patcks(Sandin and Pacala 2005). On longer time-
scales, or.aeross a heterogenous landscapenwitiple habitat typegegulation of prey can
occur through,aumericalresponse of predators (Solomon 1949), oheaibitatspecific
regulation(Seitz et al. 2001, Boada et al. 2018jerences about the densityortality
relationship are highly dependent upon the configuratiorseald at which experiments are

conducted (White et al. 2010). For instancéaibitat quality is spatibl heterogeneous, prey in
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high andlow quality habitats, respectivelgould be consumeat different ratesindependent of
their density (Johnson 2006), producing a temporally stable prey pop(kit@targe scale)
even though observamitterrs of mortality could be densityindependentvithin some smaller
patches

We investigated the importance of tdpwn control for regulation of herbivorous
invertebrate that can drive community state shifts in a widespread marine h&hitatarshore
rocky reefs; toglown control of herbivorous sea urchins by dominant predskersea otters
(Enhydra lutrisy'has strong effects on macroalgal persistence and faunal community structure
(Estes et al. 1998). In southern California (SC), where sea otters have lgxtesktpredatory
fish, such as the California sheephe&amicossyphus pulcher, and spiny lobster&anulirus
interruptus,"eonsume the dominant herbivores in this system, the sea uBxtungylocentrotus
purpuratus andMesocentrotus franciscanus (Cowen 1983, Tegner and Levin 1983, Dayton et al.
1998). Correlative and theoretical evidence suggest that rebkn reefassociateghredators are
removed, kelp forests are susceptible to a shift into urchin barrens (Scheibling 488Gy L
2004, Hamilton and Caselle 2015, Dunn et al. 20di@yvever, physicalorces alsaffect the
distributiontangpersistencef habitatprovidingmacroalgaéen this region(reviewed in Schiel
and Foster.2015), and thelativeimportance of top-down control remains contenti@talpern
et al. 2006yFoster et al. 2006, Foster and Schiel 2010). Trophic cafitooky reefdhas been
experimentallyconfirmedin New ZealandShears and Babcock 2002), loléar experimental
support fordirectdensity-dependemhortality of urchins onSCrocky reefsemains lacking

We quantified urchin mortality patterirsthe lab and fielécross a gradient of prey
densityin twesalternate urchispeciexombinations: purple urchin&.(purpuratus) alone and
purple urchins witharge redurchins (. franciscanus). Largered urchins can providefugeto
smallerurchins through a spine canopy refuge (Tegner and Dayton ba@7@je als@n
alternative prey.iterfor both sheephead and spiny lobst&sd urchinarealso targeted in a
fisheryand.aresmost abundant in marine reserves (Nichols et al. 2015, Teck et al. 2017), so their
ability to mediatanteractions between purple urchins and rocky reef predai@ydespatially
variable Werdiscriminated between potential mechanisms underlying the observedtynortal
patterns by characterizing the functional responses of spiny lobsters andlymgatite
aggregative response of fedforaging on urchins in the field.
Methods

This article is protected by copyright. All rights reserved



123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

Spoiny lobster functional response to urchin density

We conducted experimertts determire the functional responsgédolling 1959)of spiny
lobster predators to two alternate urchjpeciescombinations: purple urchins alone and purple
plus red urchins. Wconducted feedingxperimentsvithin mesocosmat the San Diego State
Coastal and.Marine Institute Laboratory (CNllisinglobsters (681 mm carapace length, CL)
and urching15-86 mm test diameter, TD, for purple and 67-105 mm TD forceligcted from
the Point Loma'kelp forest &nom rock jetties within Mission Bay, San Diego. Urchimere
haphazardly'selected for experimental trials to include a range ofisthes ead of six density
treatmersin each trial 2, 3, 5, 10, 16, or 26 urchins, which represent urchin densities commonly
found on magcrealgal-dominateocky reefs(1 — 14 nif). We measured the TD of each urchin to
facilitate identification of mortalitiefollowing trials. We used the same prey densities in both
urchin species combination experiments by substituting one to three red urchinpler pur
urchinsin each assayVe starveddbsters for 48 h prior to beginning the trials and usad n
lobsters inieach triaFollowinga 2 hurchin acclimatiorperiod,we added &aphazardly
selectedobsterto eachexperimentalrena and allowethemto feed for 48 h, at which point
remaining liveurchins werecounted and measurahenemptyurchintes{(s) wereleft over,we
coulddireetly identify which urchir{s) had been eateff no remains were left and tige
urchins fitth€TD of an urchinnitially introducedthe missingurchin was assumed bave been
eatenwhole.We conducted trials between Marbtay 2014 for purple urchins (n = 11 replicate
trials) and December 2016-March 2017 for purple plus red urchins (n = 9).

We.compared the fits of two versions of the generalized functional response(Reslel
1977) using-AIC, one in which the scaling exponent was allowed to vary (providing aydensit
depenlent,type lIl sigmoidal shape) and one in which we held the scaling exponent constant (for
atype Il saturating shape). Finditittle evidence for the sigmoidal shape (see Appendix S1), we
used the saturating Rogers random predator equation (Rogerddrgg@ameter estimation for
both sets of feeding assays because this function describes an asymotise@gen prey are
not replacediipon consumptioNe fit the RogergquationNe = Ny[1 — e*®e"=D] using
maximum likelihood Bolker 2008), wwereN. andNy arethe number of prey eaten and offered,
respectivelya is the instantaneous attack/capture rate of the predasexperimentatiuration,
andh is handling and ingestirtgne (units = day)All functional response fitting and tests were

conducted in the R statistical environment withFRAIR package (Pritchard et al. 2017).
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To determine if predatioby lobsters isize structuredwe estimated sizdependent
survival probabilities for urchins in both sets of feedigerimentsising logistic regression
[generalized linear model&{Ms) with a binomial responsandlogit link]. Due to strong
evidence in the overathodelthat the effect of urchin size on mortality probability varied
between species combination treatmépts 0.053), we fit separate GLMs for purple urchin-
only dataversuspurple plus red urchin data. See Appendix S1 daliteonal experimental and
analytical 'details.

Field experiment

Toltest for density-dependent mortality of sea urchins on rocky retfs field in the
summers of 2014 and 20We conducted manipulative experimemdwo kelp forest near San
Diego, Califormia, USAseeAppendixS1for description of study sites aeeaperimental
methods). Urchin densities on experimental ptarsgyedfrom 3.5-35.5 rif corresponihg to 2, 3,
6, 9, 13, or 20 urchins per plot, awe recorded the TD of all urchipsior to deployment.

Divers placed urchins on plots between 0900-1100 by removing the top layer of rocks,
introducingstherurchins, and then replacing the rocks. Divers remained on site ford min. t
ensure urchins‘were firmly sheltered and then returned after 1 h and 24 h to counthgemaini
urchins. We, conductedials with only purple urchins (16-78im TD)in both 2014 and 2017,
while trialswithpurple urching22-75 mm TD) plus red urchins (58-1&im TD)were
conducted only in 2017 and usth@ same substitutive designthe feeding assayescribed
above. Ech trialincluded oneeplicate peurchindensity (n = 11 trials for purple urchins, n =6
with redurehing.

We used an information theoretic model selection approaestdor effects of urchin
density, urchin species combination (purple only versus purple plus red urchins), site,
experimental year, and sampling perioduochin mortality. We fit a set of generalized linear
mixed models (GLMNM) using a binomial distribution, with candidate models basedporori
hypotheses of interedVe included a random effect of experimental reef nested within trial to
account forthe multiple urchin counts made on each reef for a given trial (threreqgal unit
in our case)yat 1 h and 24 h after initial urchin deployntemta given reef during each trial, we
modeled the number of urchins eaten and number of urchins not eaten as the ‘sumogsses’
‘failures’, respectively, for a series of binomial trigiBolker 2008). We used the change in

Akaike’s information criterion (AAIC) and AIC weights to gauge support for candidate models.
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185  We initially included interaction terms ofterest (e.g.urchindensity*year andirchin

186  density*site), but these were never included in the final model based on our medbsel
187  procedureWe fit GLMMs using Laplace approximation with the glmer() function fromi mhezt
188  package in RBates et al. 2015)

189 To investigatdeedingbehavior in response to gradients in urchin densigy, w

190  opportunistically deployed underwater video cameras at plagach treatment density (N = 26
191  in purple onlytrialsand N= 14 in purple + red triagJsVideo cameras recordadsingleplot for
192 the firstl hafter'urchins werdeployed All individual fishthatwereactivelyforaging around
193 theplot during the videavere enumeratealiforniasheephead would initiate attacks on

194  experimentalarchins in most cagese Appendix S1 for a list of predatord scavengdish

195 species) Tortest for an aggregative response,measurethe highestnumberof individual fish
196 foragingsimultaneouslyMaxN (Ellis and DeMartini 1995)We also calculatethe species

197  richness of théoragingcommunity observenh eachvideo, to test whether higher density

198  patches attract a more specigsée offoragers Data forbothresponseariableswerefit with
199 linear modedrusity prey density as the predictand including site, experimental year, and
200 interactions aappropriate (model selection based on AIC, as gbh®&ath sets of videdata met
201  assumptions of linear regression based on visual inspection of residuals and Liaatiiels
202  homoscedasticity.

203 Results

204 We found nacompelling evidencéor directdensity-dependent mortality of urchins via
205 the functionalresponse spinylobstersas lobstersn bothfeeding experiments exhibited

206  saturating responseausingnversely densitydependent urchimortality (Fig. 1, Appendix S}
207 Bootstrapped estimate$ attack rate and handling tinmere similarfor bothexperimentsand
208  had largelyoverlapping 95% confidence intervals [purple urchins:0.194, 95% CI = (0.107,
209 0.373),andh,.=.0.741 (0.346, 1.237purple plus reda=0.127 (0.074, 0.26), and= 0594

210 (0.203, 1.271)] Survival probability increased with urchin size in beth ofexperimentgboth
211 p<0.0001;;Appendix SFEig. S1). However, survival probability of purple urchins <35 mm TD
212 was highemwhen redurchins were offered as additional préppendix S1Fig. S1), and the

213 regression coefficierfor the binomial GLMtesting for an effect of urchin size on mortalitgis
214  33% steeper for purple urchin-only triatoéfficient £ SE =0.095 + 0.01)compared tdrials
215 with red urchins (0.063 £+ 0.011), demonstratingrthiggating effect of redurchins on predation
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of smallpurple urchins.

In the field, there was substantial variation in urchin proportional mortalibssa purple
urchin-only and purple with red urchaxperimentsKig. 2). For the full dataset, the modeith
the most support (55% of AIC weight) included significant effects of uigacies
combinations;.experimental site, and sampling period, and a non-significant effechiof
density (Table1). Because of the significafiect ofurchin species combinatiop € 0.011), we
next conducted separate analyses for each species combination trefaiformng the same
model selection procedure described above. For purple urchin-only trials, the dominadnt mode
(90% of AIC weight) did not include urchin density as a predictor variable, and density was non-
significant.n all, of the models in which it was included, suggesting that urchin rhoviak
density-independertcross the full range of experimental densittegperinental site, year, and
sampling period were all significant predictors of urchin mortality (Tahl@nd post-hoc
comparisons demonstrated that urchin mortality was higher in South La Jolla andudaisng
conductediin 2014p(= 0.015 and < 0.001, respectively). For trials including red and purple
urchins together, theelectednodel (70% of AC weight) included experimental site and
samplingperiodas significant fixed factors aradnonsignificant fixed effect of initial urchin
density(Table 1) also suggesting density-independent predation mortality. Trials conducted in
South Ladolla again had higher proportional mortality than those in Point Loma based bn a pos
hoc means comparison (p < 0.001).

Overall, we found no evidence that urchin mortality was directly or inverselytglensi
dependentracress the complete range of densities we included in these experiments. However,
our experimentalrchin densities span the range observed under natural conditimss two
rocky reefcommunites which may be tdrnative stable states exhibiting hyster@sitbee
Dexter and Scheibling 2014, Ling et al. 2015). Thus, the ability of predators to provide top-dow
control could.depend on which stable state the system currently occupies. For purptenischin
trials we observed a positive trend in proportional mortality across the threty dereds which
would typically characterize a macroakgidminated rocky reef (baseth a LOESS
visualization; Appendix SIFig S2A, B), so we conducted a subsequent analysis that separated
datafrom reefs with urchin densitiggpically observedn the macroalgatiominatedstate(3.5,

5.3 and 10.7 /) from those typical ofirchin barres (16, 23.1, 35.5 ). We then used a

similar information theoretic model selection procedure with a binomial GLMM (as described
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247  above) to test for an effect of urchin density on proportional mortality. We found that at low
248  densitiegypically observed in kelp forests, purple urchins alone suffer direct densiydient

249  predation mortality, as the coefficient for the fixed effect of initial urchin density was

250  significantly positive (0.15p = 0.02;Table 32, leading to mortality incrsing from low (3.5 M)

251  to medium densities (10.7mFig. 2A, B). At high purple urchin densities observed in barrens,
252  mortality was densityndependenfFig. 2A, B) andurchin density was not selected as a

253  predictor in'the*final model (Table 2)s expected from our initial analysishen red urchins

254  werecombinedwith purple urchins, mortality was density-independent for both low- and high-
255 densitydatasets as urchin density was not selected as a predictor in the final model in either case
256  (Fig. 2C, DiTable 2. This finding of ashift in topdown control at ~11 purple urchinsZaligns

257  closely withithe global estimate tife kelp forest to urchin barren threshdi&hsity (see

258  Discussiorand Appendix S1L

259 Due to strong evidence that site influenced the relatiormtigeenurchin density and

260 MaxN (p =0.07, Fig. 3 wefit separateihear modelgor each siteSitespecific models

261 indicatedthatfish exhibitedanaggregadte response to increasing purple urchin density in South
262 La Jolla(F110=29.93,p < 0.00)), but not inPoint Loma F1 1, = 1.37,p = 0.264; Fig. 3A

263  When redwurchins wer@so availablefish did notdemonstrate aaggregate responsefd =

264 0.801 Fig«3B). For species richness ottfish assemblagguring purple urchirenly trials

265 there was significant interactiobetweerurchin cgensityand experimental yegp = 0.013).

266  Whenanalyzed separately for each ydeh speciesichnesswvaspositivelycorrelatedwith

267  purple urchin"density for trials conducted in 2014 = 23.75p < 0.001), but not in 2017

268  (F112=2.33;p= 0.15; Appendix SIFig. S3A). Urchin density was not a significgmtedictor of

269 fish species richnesshen red urchins were also present (p = 0.645), thaadlghass was

270  significantly higher in South La Jolla than Point Lorpa=(0.04; Appendix S1: Fig. S3B).

271  Discussion

272 Correlative evidence has suggested a strong link between rocky reef predatorsrand thei
273 urchin preyyand that top-down regulation of urchins helps maintain kelp forests and thei

274  associated*high levels of biodiversity (Sala et al. 1998, Lafferty 2004, ldaraitid Caselle

275  2015) Wefound that the relationship between sea urchin density and proportional mortality on
276  rocky reefs is dependent on predator and prey assemblages and varies hetagefow

277  versus higlpreydensity, resulting in top-down control only under limited circumstances. Purple
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urchin densitydependent mortality occurrethere sheephead were laaged abundant, which is
common within southern Californiaarine protected areadlPAs) (Hamilton and Caselle 2015,
Selden et al. 2017). However, sheephead and other predators only regulated purple urchins when
large red urchins were absgatconditionconsistent witHishedareasbut not typically observed
within MPAs(Nichols et al. 2015, Teck et al. 201While individual spiny lobsters ate
relatively few urchins and did not caudieectdensitydependent mortalityia ther functional
response, fish"predators did induce a region of increasing proportional mortkityaey
densitiesdhy aggregatingo higher density preypatchesHowever, this result is dependent on
initial urchin densities being consistent with those found in kelp forests rather than in urchin
barrensand amurchin recruitment pulse (Hart and Scheibling 1988, Cardona et al. 2013) could
overwhelmethe‘narrow region dfrectly densitydependent mortalitthatwe detectedWe also
observed substantial variability in predation mortality across all six experimental density levels
(Fig. 2), which represent natural urchin densities across two alternateucoiy states. For
example, at the highest urchin density level, predators consumed between 0 and 17 purple
urchins withinsthe first hour of the experiment (Fig. 2B). This level of variability is similar to
that previously‘documented this systen{Nichols et al2015), and is likely due to rapid,
localizedresponses of fish predators to urchin prey in some cases. Overabutiarsiggest a
need tae-evaluatehe paradigm of top-down control &Crocky reefdan the absence of sea
otters

Trophic cascades are a common occurremcecky reefs globall{Shears and Babcock
2002, Lafferty=2004, Guidetti 2006), and our results suggestitiggr certain circumstances,
predatory fishyymore so than lobsters, contribute to persistence of kelp for@€tsyin
consuming urchinsrhis is similar to other temperate and tropical regions in which predatory
fish generally e&rt a stronger influence on urchins than do lobsters (Sheppard-Brennand et al.
2017).0thers havalso suggestetthat fishing forspinylobsters does namevitablyinducea
trophic cascad@suenther et al. 2012), yet the paradigm of top-down control by lobst8S in
has remainegrevalent despite a lack of experimental eviddocsuch an effectit is possible
that piny lobster populations have besnetruncated byishingsuchthat theyarenolonger
able to provide top-down contrivl thisregion(McArdle 2008). Though some large lobsters
100 mm CL) remain on rocky reefs in SC, particularly around the Channel Islandkior w
MPAs (Kay et al. 2012, Yaeger et al. 201fhe size range we used héxe81 mm CL) are the
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most abundant size classughtalongthemainland(Hovel et al. 2015, Yaeger et al. 2017).
Results from our functional resporseperiments suggest that lobsters in this size range are
unable to exert top-down control on sea urchins inhabiting SC rocky rekile. Wédo
document density-dependent mortality under certain field condjttamsestimate regarding the
strength of this effect is likely conservative given our inability to acctmurthe “ghostof
missing animals” within kelp forestvhich have been highly altered hymans (Dayton et al.
1998).Theongoingrecovery of sea otters southern California (Lafferty and Tinker 2014)
should strengthen the top-down control exerted by pgogdan this ecosysteifwatson and Estes
2011) This could drastically altesur findings of contexspecific densitydependent mortality of
sea urchins, particularly because otters preferentially consume dargechins (Stevenson et al.
2016) and eanvinteract with mesopredators to partition size-structured sea wygliBuptr et al.
2018), both of which strengthdime trophic cascade leadingkelp forest dominance.

Our results differ from the findings of a previous experimental test of top-dowrokont
on SCrocky reefs, which found that purple urchins suffered inversely density-dependent
density-independent mortality depending on the time of day and surrounding substrate cover
(Nichols et'als2015). Our experimentsangorated a wider size rangepeythanthis previous
study, including urching 35 mm TD Large sheephead are required to consume the largest
urchins (Selden et al. 2017), and lobsters instwdymore readily consumed small urchins than
larger urchins. However, the introduction of refuge-providing red urchins modulatedo$ohe
threat of predation for small urchins (Appendix S1: Fig.&1 eliminated the potential for
density-dependent mortali{frig. 2C, D). Two potential mechanisms may have caused this
result: direetssheltering underneath thensptanopy by small urchins or reduced predatory
dependence on purple urchimescause ohcreased available biomass of an alternative, larger
bodied prey item. We believe the latter to be the likely mechanism operatingdwaasavhen
red urchins werencludedas a potentigbreyitem, the difference in urchin biomass across
densitylevelswassmall (~3x) relative to differences in densify10x).Body size plays a key
role in trophicinteractions and can determine the strength of trophic cascades &d
Seabloom2005), so we strongly advocate for including the full size range of pnsynte
studies of predator-prey interactions. Thipasticularlyimportant in the case of mixed prey
assemblages of different body sizes, where the presence of a high biomakspoeyid
strongly affect mortality rates at low levels of prey densityHawe less effecit high prey
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340 densities, as we observed on experimental reefs with red and purple urchirgtofietker.

341 The discrete Ipts of granite cobbléhat we used in these experimetsild oveestimate
342  urchin mortality rates relative tther urchirhabitas (bedrock, urchin cups/bowld)predators
343  are more likely to consume urchins fraxperimental reefhan natural habitatslowever,

344  experimentalplots are an established method used to test for density-de peordgiity of

345  subtidal prey (Schmitt 1987, Hixon and Carr 1997, Webster 2@88)the critical time at which
346  population‘regulation must occur to peex a shiffrom a kelp foresto an urchin barren is when
347 urchins exhibit'reduced crypsis when inadequate drift kelp forces them to emoengehtlter to
348 forage. Our reefs approximate this level of protection. Moreavesceninetaanalysisshowed
349 thatpredaterysimpacts on urchins increase Wothgerexperimental duration and do not vary
350  with the size of'the experimental pl@heppard-Brennand et al. 2017), so our stesrty, smaH
351 scale field experiment may actually be a conservative estimate of urchin mortality.

352 While urchin barrens and kelp foresteeproposedo be alternative stable sta{&slbee
353  Dexter and. Scheibling 2014, Ling et al. 20Ib)ectempiricalevidence of their stability

354  remains lackinglue to the difficulty of manipulating ecosystems at the spatial and temporal
355 scales required, arsbme authors have questioned whether rocky reefs truly sigbalole

356 alternativecommunitiegPetraitis and Dudgeon 2004). The narrow region of direct density-
357 dependentrmortality we observed is not sufficienit®own toconfirmthe idea of alternate

358 stable statesn rocky reefs but s provide evidence that predators nieeyable tqrevent a

359 forward shift from a kelp fast into an urchin barrehlarge red urchins are absddue to

360 fishing, disease, etc.This region ofdirect density dependence requibeginning in the kelp
361 forest statepand an urchin recruitment pulse (Hart and Scheibling 1988, Cardona et al. 2013)
362  could push the system beyond the threshold of where top-down control cAhlaatprey

363  densitiespredatorexert topdown control on purple urchétvia aggregation and sizelective
364 predation on.small individuals, while at higher prey densities, similar to thosehim tarrens,
365 mortality is.densityindependent and toglewn controlno longer actsThis conceptuamodelis
366  supported.by'the overldgtweernourregionof increasing proportionahortality and the

367 estimate ofurchin biomass at which a forward shift from kelp forest dominance ihio urc
368  barrens occursn rocky reefs gladlly (Ling et al. 2015)Using test diameteo-biomass

369 conversions (Shears et al. 2012), we estimated the density of urchinsekpetiments (back

370 calculated frommeanbiomasssee Appendix S1) at which the forward transition wadcur
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371  based on Ling et al.’s (2015) global mean estimate of this threshold. This esifat3 rf is
372  notablycloseto the point at whiclwe documenimortality shifing from densitydependent to

373  density-independent (~ 11 mFig. 2 Appendix S1: FigS2). Our threshold density is also

374  similar to the urchin density threshold between macroalgal and barren statekyoreeds in the
375  northeast Atlanti¢10 m?, Leinaas and Christie 1996). Across the northern Channel Islands,
376  kelp density and percent cover are negatively correlated with urchin devisit, itself is

377 negatively‘related to sheephead biomass, though no threshold relationships are apparent
378 (Hamilton"and"Caselle 2015). Importantly, only in areas whege lsheephead are present
379  (mainly MPASs) can they strongly affect urchin grazing potential via top-dantral (Hamilton
380 and Caselle 2015). Spiny lobster and sheephead density, sizketareall spatially variable
381 across th&CBight (Hamilton et al. 2011, Caselle et al. 2011, Yaeger et al. 28ad)here is
382  variation in the strength of trophic cascades induced by fishing for urchingnedatoss

383 environmental gradien{Shears et al. 2008, Guenther et al. 2012). Thu)dr tests are needed
384 to identify thecontexts in whichop-down controbtructures SCrocky reefs particularly in the
385 face of growing anthropogenic threatghesesystems.

386 Experimental manipulation of prey density can reveal mechanisms driving tyortali
387 patterns,"and knowledge of these mechanisms allows for predictions about whetlgr densi
388  dependent'mortality scales from small experimental plots up to larger(&teake and Forrester
389  2005) However, simply detecting a regiof directdensity dependence should not be

390 interpreted.as a finding that predators are regulating their prey popldation level because
391  spatial densityadependence does not necessarily lead to temporal density dep@&ailerster
392 et al. 2008)mwhich is required to stabilize populations (Murdoch 1994). Using experimststal te
393  we found that predators can cause spatial dedsjigndence imortality for urchins in some
394 cases, but that pattern is far from ubiquitous. We recommend that manipulaiverents

395 should accompany correlative surveys when attempting to determine thehstrietogt-down

396 population regulation.
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Table 1: Results ofgeneréized linear mixed modelsJLMM s) testing for densitydependent
urchin mortalityin field experiments

Models and effects Estimate/Variance Sd. Error/Sd.  z p

Deviation

Full model

Fixed effects

Intercept -3.504 0.531 -6.602 <0.001
Initial density -0.001 0.010 -0.139 0.889
Urchin treatment  1.257 0.496 2,534 0.011
Experimental site  1.054 0.470 2.243  0.025
Sampling period 1.995 0.139 14.293 <0.001
Random.effects
Reef: Trial 0.763 0.873
Trial 0.695 0.834

Purple urchin=enly
model

Fixed effects

Intercept -1.256 0.226 -5.551 <0.001

Experimental site  0.727 0.299 2.433 0.015

Experimental year -1.800 0.304 -5.918 <0.001

Sampling period 1.906 0.161 11.842 <0.001
Random effects

Reef: Trial 0.774 0.879

Trial 0.000 0.000
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Purple + red model

Fixed effects

Intercept -4.319 0.517 -8.35 <0.001

Initial density -0.006 0.015 -0.428 0.669

Experimental site  2.558 0.410 6.231 <0.001

Samplingperiod 2.223 0.278 7.986 <0.00
Random effects

Reef: Trial 0.319 0.565

Trial 0.047 0.217

594

595 Notes:For each,analysis we show only the output for the final selected model. Estithate a
596 standard error values are for coefficients of fifartors, with Point Loma, 2014, and 1 h

597 sampling periods as references, respectively. Variance and standarcbdepaty to random
598 effects.Model-AlCs areas follows: full model = 635.2; purple urchin-only model = 427.6;
599  purple + red model = 181.4.

600 Table 2: Results ofgeneralized linear mixed modelSI(MM s) testing for densitgdependent
601  urchin mortality-in low vs. high urchin density plot#hich are representative kélp forest and

602 urchin barres, respectively

Density and-effects Estimate/Variance Sd. Error/Sd.  z p

Deviation

Purple-only low density

Fixed effects

Intercept -2.251 0.639 -3.522  <0.001

Initial.density 0.150 0.065 2.325 0.020

Experimental year -1.636 0.476 -3.435 <0.001

Samplingwperiod 2.257 0.376 6.00 <0.001
Randomeffects

Reef:Trial 0.309 0.556
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Trial 0.153 0.391

Purple-only high density

Fixed effects

Intereept -1.382 0.283 -4.874  <0.001

Experimental site 1.144 0.376 3.038 0.002

Experimental year -1.928 0.383 -5.036  <0.001

Sampling period 1.818 0.178 10.22 <0.001
Random.effects

Reef Trial 0.775 0.88

Trial 0.000 0.000

Purple + red.dlow density

Fixed effects

Intercept -4.08 0.880 -4.634  <0.001

Experimental site 2.939 0.847 3.469 <0.001

Sampling period 1.638 0.546 3.001 0.003
Random-effects

Reef: Trial 0.530 0.728

Trial <0.001 <0.001

Purple + red high density

Fixed effects

Intercept -4.644 0.476 -9.748  <0.001

Experimental site 2.403 0.459 5.235 <0.001

Sampling period 2.452 0.333 7.358 <0.001
Random.effects

ReefiTrial 0.277 0.527

Trial 0.057 0.239

603
604  Notes:For each analysis we show only the output for the final selected model. Estithate a
605 standard error values are for coefficients of fixed factors, with the same references ds Table

606  Variance and standard deviation apply to random effects. Density AICs arbas fplurple-
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only low density = 146.5; purple-only high density = 282.9; purple + red low density = 68.3;
purple + red high density = 117.5.

Figurelegends

Fig. 1. Functional responses of individual spiny lobster predators to purple urchi(®prayd
purple plus red urchin prey offered simultaneoBly In each, the thick gray line is the bést-
functional respense, and thin, dark lines are bootstrapped estirRaints are raw dgitered
horizontally:Panels C and Bhow proportional mortality of urchin prey fit with linear regression
(Panel Cpurple urchins onlyE; g4= 5.398,p = 0.0233 Panel D purple plus red urching; so=
3.625,p = 0.0624). Both show decline in mortality with increasing prey density, characteristic
of a saturating{unctional response.

Fig. 2: Proportional mortality of urchins in field triafsr purple urchins alone, (Panels A, B; n =
11 trials) and for purple plus red urchins offetegether(Panels C, D; n = 6 trials) after 1 h (A,
C) and 24 h (B, D). Pointre jittered horizontallyMortality predictioncurves are from the
modelswith.the lowest AIC fotow and high density reefs analyzed separdtelgachurchin
species combinatioMata are pooled across experimental sites and years (for purple-omghin
trials); see"Table 2 for statistical output &blrfactors.

Fig. 3: Fish aggregative response to sea urchin density in theTieddresponse variable,

MaxN, is the highest number fi$h simultaneouslyoraging PanelA shows results for purple
urchin only trials (2014 and 2017), with trials conducted in Point Loma as diamonds and those in
South La Jolla.as open circl&ite and rchin density interacted in our full model, wbile we

plot predictionlines for both sites, urchin density was a significant predictor for South La Jolla
(p < 0.004,-R=-0.75, solid purple linebut not Point Lomap(= 0.264, B=0.10, dashed grey).
PanelB shows data from trials with purple plus red urchins. Urchin density was not a sighific
predictor of MaxN when red and purple urchins were offévgdther(p = 0.801).
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