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Abstract: Managing fisheries for ecosystem resilience is essential, but practical guidance is
limited by“feodweb complexity. Processes, mechanisms, and thresholds associated with
ecosystem overfishing were investigated by combining traditional concepts inefdtietogy

with recent advances in foadeb modeling. Diverse coratef food webs were simplified by
grouping species into guilds based upon the way they capture, store, and transfer ehergy, rat
than taxonomieally. Biomass fluxes between the guilds were then quantified using atradlom
trophic model. The model was calibrated by linking parameters describinghgnoretation,

and competition with known boesize and metabolic constraints, and then adjusting the base

rate of parameters to match fish biomass estimates from a ‘pristine’reefadystem. The
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calibrated model was then tested by replacing equilibrium fish biomasses with observations from
fished systems across the Pacific. Encouraging relationships were found between predicted algal
accumtlation and field observations, and between modelled and observed guild restructuring. In
terms of fooeweb ecology, ‘pristine’ food webs were characterized by asynchronous population
dynamics between the guilds (i.e., offsetting fluctuations), whekximized their persistence

and the net accumulation of biomass within food webs. Beneficial, offsetticigydtions were

driven by“the“contrasting roles of density dependence, apparent competition, and predation.
Fishing for predators synchronized the population fluctuations between the guildsngesult
larger amplitudes (i.e., highs and lows), and a growing dominance of small herbivores.
Continued.fishing for large herbivores eventually led to an inflection point whgaklaomass
accumulated expentially, revealing an ecosystdmsed fisheries benchmark. Management
targets that maximized fisheries yields while controlling for algal accumulation required
simultaneous_exploitation across the guilds; a significant challenge becaxiseum yields of
predators,.large herbivores, and small herbivores were magnitudes of order laipastrategy

also represented a significant departure from modern commercial fisheries policies that place
catch quotaston entire fish families taxonomically, committirgiesys to smaller fish, higher
biomass turnover, and undesirable algal accumulation. Moving forward, the model provided a
flexible and“repeatable framework to consider economic and ecosystem objectives of fisheries
simultaneously, ultimately balancing résiit food webs against higher fisheries productivity.

K eywor ds: allemetric trophic model; apparent competition; coral reefs; dedsipgndence;

ecosystenbased fisheries management; fooeb stability; predation

Introduction: Coral reefs are among theost productive marine ecosystems in the world
(Nixon 1982), as high productivity and efficient recycling combine to support systems with
abundant fish_stocks in oligotrophic waters (Friedlander et al. 2010, Houk and Musburger 2013)
These characteristicscthte that most fishery species are kingd, slowgrowing, and provide
lower yields compared with leggoductive temperate ecosyste(hsxon 1982, Coleman et al.
2000) Combined, efficient recycling and slow growth of target fishes also suggesedfiat
ecosystems are vulnerable to harvesting. In support, associations between fishing,piiebs

biomass, and indicators of ecosystem fragility persist across large spatial scales (McClanahan et
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al. 2011, Houk et al. 2015). Associations can be usaaf¢o causation, but deeper insight into
how fisheries exploitation may lead to compromised ecosystem states remains limited-by food
web complexity on coral reefs. Fow@gtb complexity leads to multiple, interacting processes
that dictate how populations change through time, such as predation, competition, aiyd densit
dependences, Ultimately, uncertainty in understanding how these processes combine to dri
populations_and_entire systems limits practical guidance for ecospsteed approaches to

managéemen

Ecosystem™models that account for each species, or species group, providealde&brt
managers to consider harvest yields against system responses, but the compbtexdy refef
systems oftengextends to a complex parameterization prdesdanahan 1995, Pauly et al.
2000) Specieshased parameters may or may not resonate with ecological laws governing their
bodysizes and metabolic procesg@&own 1984, Brown et al. 2004), and ecosystem models
often do not consider selégulation (i.e. density dependence) or recycling between the fish
guilds and basal resources due to complexity. Both are especially relevant for coral reef systems
with lowsinfluxes of nutrients from surrounding oligotrophic waters (Hatcher 199% clear
benefits ofecasystem models are to help balance harvest against production, and predict the
cascading responses of both target andtagyet species to harvesting. But how might entire
system states shift in response to harvesting? This question has typicalgddezssed through

a second line of research focused upon one, or a few, key processes, such as herbivory. Insightf
consumetresource models investigating herbivory on coral reefs have been calibrated ahd teste
against field-data to predict ecologicalagk shifts, such as cottalalgae transitions, and offer
thresholds fersecosystebased managemefBascompte et al. 2005, Hixon and Jones 2005,
Roff et al. 2016, Ruppert et al. 2016). Yet, predation and competition are alsal éoitifood

web persignce; but uncertainty remains regarding the nature and strength of their contribution
to ecosystem _dynamics (Hixon and Jones 2005, Roff et al. 2016, Ruppert et al.C26a8y

there is.a desire to appreciate a greater suite of processes that driveopoldtion and
ecosystem dynamics on coral reefs, but reconciling ecological complexity and developihg mode

parameters is a longstanding challenge.
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The present study took a novel approach to model fisheries exploitation wrezfral/stems by

first reducing foodweb complexity, and then building a framework that simultaneously
examined the processes of herbivory, predation, competition, density dependence, aiot.excret
The complexity_of corateef systems was reduced by grouping species into guilds based upon
the way they.capture, store, and transfer energy across trophic levelsthatht&xonomically
(Mouillot et.al. 2014, Madin et al. 2016 Because metabolic processes are dictated by body size
(Brown"et"al:"2004), grouping species based upon their trophic level and body size cdp simpli
model parameterization by linking metabolic rates, such as growth, to a common anchor point
(Yodzis and Innes 1992, Brose et al. 2006). Next, guilds were organized into a generalized food
web motif thatyhas beeapplied to systems of both high and low diversity to investigate how
disturbances alter individual populations and entire sys{pte€ann 2011, Moore and de Ruiter
2012) For diverse systems such as coral reefs, generalizednvelmanotifs may be repetig

across habitats that are coupled by a common predator pool, or vertically across|éeghi
(McCann et al. 1998, Bascompte and Melian 2005, Rooney et al. 2008, Stouffer and Bascompte
2011, Schwarzmiuller et al. 2015)he present model was centeratetally on harébottom
habitats with"greatest economic, ecological, and fisheries values, and wedictie key guilds

driving observable patterns within coralef systems (Fig. 1).

We first examined whether a set of linked population growth models could depict biomass
restructuring within reef systems exposed to fishing, and eventually lead toocoisga reef

states. This initial hypothesis was tested by comparing model predictions witisiextéeld

data gathered-across a suite of Pacific ddanith varying rates of fisheries exploitation. Given
correspendenece, mathematical stability analyses were next performed to evaluate how ecological
processés interact to drive feaekb resilience (i.e., stability or return times) and reactivity (i.e.,
population andisystem responses) along a gradient of fishing pressure (May Si@abiljty
analyses defined which ecological processes were most sensitive to fishing pressure and most
critical for. ecosystenbased fisheries management to consider. The combined results were then

used to consider fishing scenarios that balanced aguresilience with optimal harvest yields.
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Methods. Essential components of coralef ecosystems and ecosysteased fisheries
management (EBFM) were captured within a repredéme foodweb motif, including (i) a
common basal resource pool, (i) two herbivore guilds that grouped species based upon their
growth rates and biomass turnover within the food web, and (ii) a common predator that
represented.piscivorous fishes and reef sharks combined into a single guild, essentially a
mesopredator. guild (A, H1, H2, P, respectively, Fig. 1b). This-feebl motif was positioned
across 'these“trophic levels to focus on hard coral assemblages and key processes that link
fisheries exploitaon with a key attribute of ecosystem status, algal accumulation. Depending
upon thelquestion of interest, similar fe@e@b motifs could be centered differently across
trophic levelsywor motifs could be expanded to include more predator groups in nayitec t
levels, such as larger roving apex predators. Here, we isolated upon hard bottom subtrates
herbivore and predator guilds that are primary components of reef fisftéoiek et al. 2012)

and support _hard coral assemblages that support towemnomies and provide coastal
protection.

The resouree=pool represented opportunistic turf, encrusting, and macroalgal growttalon cor
reefs that responds rapidly to nutrients and accumulates detritus (Wilson et aj. &2@D8an
ultimately impact corahbundance, diversity, and reef growth through time (Mumby et al. 2006,
Houk and. Musburger 2013, Perry et al. 2013). By default, calcifying corals and crustose
coralline algae represented the inverse of this resource pool, implicitly considered here as the
‘favorable’ state of harthottom assemblages. Herbivores and detritivores subjected to fishing
pressure onscoral reefs were grouped given their mixed diets, and mixed presence of algal and
detritussonsthesreef. Together herbivores and detritivores repeelsa suite of species mainly
within three“families (Acanthuridae, Siganidae, Kyphosidae) and ondasuly (Scarinae,

family Labridae). A literature synthesis was conducted to categorize herbammtedetritivores

from Pacific coral reefs into ‘fastnal ‘slow’ energy channels based upon indicativeHifory

traits and, extensive observation recordpdendix S1:Fig. S1). Small species with fast growth

rates and high biomass turnover are quick to respond to available resources and represent
preferenial prey for predator§.e., ‘fast’ channels; Rooney and McCann 2012, Schwarzmdiller et

al. 2015). This is counterbalanced by large species with slower growth rates andnitagdi
turnover that sequester biomass longer in the system, and are less rteadistarbances or
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system perturbations (i.e., ‘slow’ channels). We found evidence for a consistembgprais
separation of herbivores with respect to growth rates, maximum body sizes and weights, and size
distributions recorded in catch dafsppendixS1: Fig. SL Herein, we use the term ‘herbivores’

to represent the combined herbivore and detritivore guilds for brevity. Notably, thespaice
categorizing-herbivores extended spediased resource partitioning patterns and allometric
relationships iat have been observed for a diversity of organisms within many ecosystems
(Brown™.984),"but to our knowledge, never applied to herbivores onreafsl Last, predators
represented piscivorous fish species and reef sharks combined into a single gliiéetiahe
herbivores, essentially a generalist group of mesopredators that have the griaseste on
herbivore populations (Appendix S1: Table S1).

The modelkeombined elements of logistic growth for the consumer speciesactiaagerms for
conpetition and predation, and proportional feedback rates to represent excretiomasha
recycled back to the resource pool. Cumulatively, we examined a system of foumté#fere

equations that represented the linked populations in terms of biomass fluxémtkg C

%=7\,+i1H1+i2H2+ipP+CA—r1HJA—r2H A— XA

dHerlHlA_SlH 12—(112H H—wPH-—fH.

d?: 0.1)
dtzzrszA—SzH 22—0(.211_| H—wPH z—f H.

(Zi—l;) =ew.PH .+ ew.PH .— XpP — pr

where @)~was=the combined resource pool of algal substrates that were consumed by both
smallerbodied 1) and largetbodied H,) herbivore guilds, with growth rates) @nd carrying
capacitiesg). Additions to the basal algal resource pool came from external allochthonous inputs
(4), recycled autochthmous inputs via excretion){ and conversion between differing forms of
algae and, detritusc). Competition (o) existed among herbivores for the algal resource pool.
Predators F) assimilated herbivores based upon attack rai@safd energy conversion
efficiencies €). Last, both naturalxj and fishing mortality f§ was applied to the harvested fish

populations.
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Parameterization and Calibration: The allometric trophic model consisted of linked rate
parameters pertaining to the fish guilds: growthgdtg carrying capacitiess), attack ratesw),

and excretion_rates)( Rates were scaled by metabolic constraints associated with body sizes,
and then adjusted for differing homange sizes to yield estimates per reef #gmpendix S1:

Fig. S2, Tables'S1 and S2; Yodzis and Innes 1992, Brown et al. 2004, Berlow et al. 2009, Green
et al. 2014). For instance, growth rates and carrying capacities for small gachébivores
scaled with, the power law described by the metabolic theory of ecology, but weredttjuste
account for the fact that small herbivores have a smaller lnange size compared to large
herbivores Appendix S1: Fig. S2). Similarly, predator attack rates were scaled by known body
size feeding preferencg¥odzis and Innes 1992, Berlow et al. 200Excretion rates were
scaled by body size, hormange size, and nutrient content that is influential to algal biomass
production(Vanni 2002, Mcintyre et al. 2007, Burkepile et al. 2013). In sum, it was only
necessary-tordefine one rate parameter (i.e., growth), as others were anchored.

Next, theurelative contribution of each process was determined. Growing evidenes raany
ecosystems=Supports that diverse fecb networks stably persist when competition and
predation have weaker influences on population dynamics compared to density dependence
(McCann et al. 1998, Neutel et al. 2002, Bascompte et al. 2005, Berlow et al. 2009), giving way
to selfregulation as the primary driver of individual guilds. Thus, intraspecific density
dependence_was required to be stronger than interspecific competition and prédation
1974) Last, we gave constants conservative values based upon previous sipoeslix S1:

Table S2). Changes in theralues (x20%) did not shift any model outcomes so long as their
relative influence remained consistent. Because productivity on coral regifpisportionally

driven by efficient recycling via excretion between fish guilds and algat@eteisource pols
(Hatcher 1997%)we set external influx rates)(as lowest contributions to algal resource pools,
and natural,losses)(and conversion between differing formg (ower than additions from
excretion (). Natural mortality rates for predators (5%) @eronsistent with estimates from
fisheries studiegPauly 1980) Standard values of 10% were used as trophic energy conversions

for predators.
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205 Using these assumptions, the model was calibrated by solving the system of equations at
206 equilibrium in terms oparameters only, disregarding negative solutions, and adjusting the linked
207 parameters_tostanding stock estimates from a nearly pristine atoll in the Marsadks Isl

208 (AppendixsS1:Fig. S3, calibration process and sensitivity aaajiiouk and Musburge2013)

209 Rongelapratoll“has remained largely uninhabited for 57 years due to fallout from the atomic
210 bomb testing at nearby Bikini Atoll in 1954. We converted percent cover estimatesatgahe

211  resource pools on Rongelap into biomass using a foundational study for nearby Eniwetok Atoll,
212 Marshall Islands, that provided conversion estimates based upon bomb calo(@ueiny and

213  Odum 1955) 'Fish biomass data were derived from length estimates during underwater
214 stationary point counts, which were then converted to weight based upon-uengkit

215 relationships Appendix S1.Table S1). Fish biomass estimates were then rescaled by both the
216 survey arearand their homange size to provide consistent units of biomass density (k§).C/m

217 Homerangessize scaling resated with recent research that provided both theory and evidence
218 to show that inverted biomass pyramids once thought to be a feature of coral reafsbghoul

219 reconsidered due in large part to species haange sizegTrebilco et al. 2013, Bradley et al.

220 2017) Homerange size scaling had greatest implications for large species, mainly predators,
221 which have,large homeanges but may be attracted to divers conductingimgiantaneous

222 visual censuses in remote unfished areas over extended periods @Kuiivieki 1998, Ward

223 Paige et alw2010)Clearly all visual census techniques for mobile fishes have biases to some
224 degree, yet we argue the scaling for haarege sizes was less of a bias and more of fundamental
225 requirement. Further, to deal with potentiads, we note that our study relied upon relative

226 comparisons derived from similar field protocols and obser{2ickens et al. 2011). Predator

227 biomasses.were further adjusted to account for their energy derived frorhdtianmth habitats

228 only (Fig. Ta).The parsimonious approach was to divide predator biomasses by three to account
229 for each ofthe habitats, supported by the limited dietary studies available sbabeld¢oraging

230 for species commonly observed (McCauley et al. 20B2fause limited dataxisted to verify

231 this assumption, we also calibrated the model while not making this adjustmerds3inisption

232 made no difference to the model outcomes and shifted the base rate parameters by less than 10%.
233  We summarize that the most significant assumption was to scale predator biomass estimates by
234 their home range sizes, shifting the natural shape of trophic pyramids from beingdner
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bottom heavy, matching studies that provided compelling evidence (Trebilco et al. 2013,
Bradley et al. 2017).

Field validation. All of the assumptions made while calibrating the model were tested against an
expansive dataset from Micronesia, tropical North Pacific Offdaok et al. 2015). A proxy to
fishing pressure was previously shown to be the primary driver of-e@hlecosystem
conditions.across Micronesia, while pollution had a secondary role that was most peshiounc

the few urbanized watersheds near population centers (Houk et al. 2015). Thus, it was
hypothesized that fishing would exert primary control over faeth structure, algakesource
accumulation, and by extension ecosystem condition across a suite of islandsropited

Pacific. We=populated the calibrated model with fish biomass estimates from 71 sites across
Micronesiagspanning 9 islands and numerous nrair habitatsAppendix S1: Table S3). We

then examined the correlation between the predicted algal biomass and theadexdd
observations at the sindisland scale. Because wave energy has previously been shown to
have a posive association with coral ecosystem conditions across Micronesia due to flushing of
algae and-detritus with high wave energy (Houk et al. 2@#®&)xamined correlations with and
without sitebased wave energy estimates as a covargipendix S1:.TableS3). In addition,

we set'minimum limits to observed fish biomass estimates in instances where zero or trace
values led to unrealistic algal biomass accumulation. The alternative approach of capping algal
resource accumulation with a model parameter was not preferred becalsectitifferences

in wave exposure existed, and would not be accounted for consistently. Last, weatgubteit
disturbances=can alter standing stock biomasses and induce inconsistentt tymaencs.

Data usedwtowtest modglerformance were collected prior to major natural disturbances
associated'with the 2042015 global bleaching event for affected islands; other islands with data

during these timeframes were not impacted by the recent bleaching event.

We also tested,a kdinding of the calibrated model suggesting that predators facilitate a more
even distribution of herbivore biomass across both ‘slow’ and ‘fast’ energy channelsn@k., s

and large herbivores), and across species assemblages, compared to systermpredators.
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Using field data, predator biomass was examined against the ratio of herbivore guodds
against ShannoWeaver diversity indices using leasjuare regression models.

Model analysis and fishing scenarios. Following model validation with field data, linear
stability analyses were performed to assess the ecosystem consequences of fishing. Linear
analyses investigated the set of linked differential equations with respect to-syktdm

stability and reactity, which was distinguished from intguild stability and reactivity
describedgbelow. This required deriving the Jacobian matrix, or the communiiy, médich
represented“the change in populations with respect to density dependence (diagonal elements)
and interspecific interactions (off diagonals). Mathematically, these terms represented partial
derivatives==The determinant, or linear solution of this matrix, has dominant comigone
eigenvaluesythat are either positive or negative, with or without complex numbetsateat
imaginary. terms. Negative eigenvalues associated with Jacobian matrices described that the
system will return to its original equilibrium state, with the rate of return given by the eigenvalue
magnitude. Positive values indicakat the system will move away from equilibrium. Complex
numberssindicate that the system will oscillate around equilibrium. This classic form of stability
analysis has.a counterpart, reactivity, which describes the magnitude oftiossillevhen
returningto equilibrium, known as the Hermitian part of the community mgMiubert et al.

2004) Increasing values of reactivity indicate increasing magnitudes of oscillations and
increasing system instability. Eigenvalues associated with both stability aniditgaepresent

metrics that describe the net change within the whole system. Wysilem stability and
reactivity were-estimated after each step increase in fishing pressure.

In additionymassecond form of reactivity was used to assessguilch osdllations following
fishing eventsy or pulsed exploitation. We argue that this approach may be mosttradeva
assess reactivity within fish populations that have discrete growth, or defpreduetion. Intra
guild reactivity,was assessed using the reis; timestep version of our model to follow
individual populations for 10 timesteps intervals after pulsed exploitation. Camnslamong

the guilds were then calculated to assess their synchrony.
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Using the described approach, two fishing scenariese vexamined. First, sequential fishing
pressure was applied to predators, ldvgdied herbivores, and smdlbdied herbivores,
respectively. Harvesting was simulated until each guild went functionallgcexbr caused

other populations to go extinct. This was defined when populations became low and fishing
would target.other species. Mathematically, this threshold was defined when oscillations crossed
zero, suggesting a population was very low with the possible chance of extinction. A second
scenariowas then considered to highlight a potential approach towards EBFM. Simultaneous
fishing pressure was applied so that maximum sustainable yield was attained at the same time
within each guild. In both instances, we used biomass accumulation within theealgarce

pool as ansindicator of declining ecosystem states. The ratio of fishedished biomass was

also usedas a reference point to assess ecosystem status. Previous studies have recommended
biomass targets between 25 to 50% of unfished biomass (0.25 tay)0f6rBall fish guilds
grouped to_prevent coréb-algae phase shifts, yet initial changes in the structure of fish
assemblages began between 0.5 to 0.88K&rr et al. 2015, McClanahan et al. 2015hese

guidelinesswere used to describel@ugible range for maximum ecological yield (MEY).

Results. Sensitivity analyses guided a repeatable process to calibrate the model to a ‘pristine’
reef state Appendix S1: Fig. S3). Parameters ranges varied by less than 10% when matching
biomass estimates from ‘pristine’ reefs. The calibrated, unfished system represented a trophic
pyramid dominated by basal resources, but with nearly equal contributions from herbivdbres
predators (52%, 25%, and 23% of total faeelb biomass within the algal resourdastbivores,

and predaterssrespectively), as predicted by modern theory. Observed fish biomdssdat

suite ofsislandssacross the Tropical Pacific were then loaded into the model, and predicted algal
biomasses“were tested against field data. Observed algal biomasses were well predicted across
multiple spatialiscales of investigation (r = 0.58 and 0.69, respectively fdrasiésl and islanrd

based correlations inclusive of all islands but Rongelap where the model was calibrated,
P<0.001; Fig. 24, Appendix S1: Table S3). Predictive relationships also persisted within
individual islands (mean r = 0.57 + 0.23 SD for islands that had 6 or more sampling locations).
Together, these initial results suggested that basal resource standing stocks werealistelt pre

by restructuring fish assemblages, offering a unique platform to investigate howtecssygy
respond to fishing.
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Sequential fishing. Sequential fishing for predators, lafigerbivores, and smalllerbivores,
respectively, was applied to characterize and contrast system responses. Stability trends were
first compared. within each of the three system states, representing food wieb4)wibth
herbivore @nd“predator guilds, 2) only herbivore guilds, and 3) only the small herbivore guild
(Fig. 3a, lét-to=right separated by vertical dashed lines). Stability analyses highlighted decreases
in systemgresilience, or slower return times, within each system state when exposed to fishing
(Fig. 3a, increases in solid lines within each window until functional extinctiogsey boxes).

This was the_result of diminishing direct trophic interactions as fishing reduced predation and
herbivore /consumption, resulting in longer time periods for the system to return tbraguili

In contrast, comparisons across system states served to understand the beneficial roles of
predators and indirect trophic interactions. Prior to applying any fishing,eff@tems with
predators sadsslower return times and greater population responses than wjtstérasbivores

only (Fig.=3ayhigher initial starting points for both solid and dashed black lines in the window
with predators); unintuitively suggesting that systems with predators were less resilient and more
reactive. Yet, it is important to appreciate thatsyetem reaotity and stability depend on the
number of Species, or guilds. Systems with more species will have greatedusst simply
because there, are more populations to fluctuate. More interestingly, the examsinati
individual populations revealed that heghreactivity in systems with predators was beneficial
because itemwas the result of offsetting, asynchronous fluctuations (Fig, 8ffsetting
oscillations shawn for systems with predators). Offsetting fluctuations increased net system
reactivity, but dminished the variability within each guild. For instance, while small herbivores
had the greatest response to pulsed exploitation as expected by their higher gtesyth ra
competition..from large herbivores and preferential assimilation by predatorseduffiee
magnitude“ofithis oscillation, and reduced the amplitude of population fluctuatensgduced
‘boom-andbust” dynamics). Once food webs became impacted by fishing, beneficial asynchrony
among the guilds decreased (Fig-@Bbr =-0.56 and-0.49, interguild correlations for 10
timestep windews following light and moderate fishing, respectively). Mostfisignily, once
predators became functionally extinct, species responses shifted from having flegaisiéve
correlations, and populatidfuctuations within the food webs became synchronized and larger

in amplitude. We summarize that the functional extinction of predators represented a critical
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transition point where synchronized guild responses emerged. The consequences of ggdchroni
food webs were next investigated with respect to fisheries potential and algalceesour

accumulation.

In terms of fisheries potential, synchronized systems without predatorsrgadhé&abivores were
clearly more productive, but higher productivity also tedarger fluctuations within fish guilds
and the algal resource pool (Fig.-8p Interestingly, algal resources fluctuated four times as
much as herbivores when fishing predators towards their maximum yields (regsdssiween
percent predator removand resultant fluctuation in herbivore guilds and algal resources;
Posdectine = 102(1- € 5" ) - Py seqine = 418(1— 000 ) ' R2 yalues > 0.95, P<0.001, Fig.-3b

c). Once predators were removed, apparent competition grew stronger angtbé saaltto-
large herbivores increased (Fig. 3d). Empirical data served to supgost@dodel prediction, as
reduced predator abundances predicted higher ratios oftertalje bodied herbivores across

the suite (of, Pacific islands where field data were collecta@P= 50 In(%j 1.2,

adjusted’R="0:38, P<0.001, Fig. 2c), and reduced Shanfeaver herbivore diversity indices

as well (n(P)=3.4 diversity 12.€, adjusted R= 0.42, P=0.07, Fig. 2d, see Discussion). In

sum, competitive interactions among the herbivore guilds became more pronouriced wi
predator removal, and this had greatest consequences for algal resoduegidhg Building

upon this finding, simultaneous fishing across all guilds was next investigated a®raigdot
means to ‘maximize fisheries yields while minimizing algal resource accumulation in the model

food web.

Simultaneous fishing. Simultaneous fishing served to maintéie benefits of all trophic guilds
working together to balance the processes of predation, competition, and densiiyedepe
However, simultaneous fishing required large adjustment to fishing pressuresdataximum
yields differed by magnitudes of order across the guilds (Fig. 3e). Adjusting fishirmy@res

that MSYp and MSYy,; peaked simultaneously served to control algal resource accumulation and
enhance the yield of large herbivores relative to the sequential fishing sceigriod).

Continuedfishing beyond the MS¥ and MSYy, peaks revealed an inflection point where algal
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accumulation shifted from a slow asymptotic increase to an exponential rise that eventually
resulted in a tripling of algal biomass and unstable oscillations. This systlction point
represented 60% of the unfished biomass for all guilds combined .G present results
provided a further breakdown of unfished biomass benchmarks by guilds, representing 0.6 to 0.7
Bo for predators and 0.5 to 0.75¢Bor large herbivores. The leto-high range in thes
benchmarks_were associated with fishing effort at 60 to 100% of their respective MSY

representing conservative and aggressive thresholds respectively (Fig. 4b).

Discussion.“Fhe direct and indirect consequences of fishing on ecosystems have long been
considered in theory, especially with regards to large andligad fishes and their functional
roles(Jenningsr:and Polunin 1997, Worm et al. 2009). Using a combination of empirical data and
modelling=across novel trophic guilds, we quantified how nateablreef food webs
maintained offsetting ecological processes that maximized both populatiditystetal biomass
accumulation. The benefits of asynchronous interactions between guilds have beenezbnsider
within theoretical studieRooney et al. 2006, Vasseur and Fox 2007), but correspondence with
field data=and=investigating both rmtstem stability and individual population stability offered
more insight. .Fisheries became more productive once asynchronous dynamics within food webs
were removed, but synchronized ‘bo@mdbust’ systems provided intermittent subsidies to the
algal resources leading to a fdd increase in algal biomass (Fig. 4). An interesting analogy
and supporting evidence came from a carbon pthase experiment in terrestrglstems that
manipulated predator abundances. Following predator addition, there wakkl Hdcrease in
carbon turnever as aboggound biomass turnover shifted towards betpaund biomass
sequestratiogSehwarzmdller et al. 2015), due to both consumptive anetansumptive effects

of predators:

Support ferithe hypothesized functions of predators on coral reefs has been inuofréistk

and Musburger, 2013, Ruppert et al. 2013, Rizzari et al. 2015, Roff et al. 2016, Ruppert et al.
2016) in part because many of the proposed functions represent indirect trophic intetaetions
are difficult to observe and quantify, and also because predator removal is ofierpanied by

continued fishing for herbivores. Here, the sequential fishing scenario sununpontial
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415 system responses to predator removal without any confounding factors. Large herbiveres wer
416 most sensitive to predator removal because of their competition with small herbivores that
417 reduced their equilibrium biomass. As a result, reaclivettfations brought them close to our

418 defined functional extinction point following disturbances (Fig. 3c). However, withoutirsedta

419 fishing for_large herbivores to augment these fluctuations, a reduction in diveestynot

420 expected (i.e.,,a _stable elgorium point inferring competitive exclusion). Sustained fishing
421 pressure for“herbivores clearly existed across Microngsiak et al. 2012) supporting the

422  positive relationship between predators and herbivore diversity indicgs 4&). However,

423 diminished relationships are predicted in the absence of sustained herbivarg, fisffiering

424  potential recongiliation for contrasting reports of herbivore biomass anditdiemng predator

425 gradients(Jennings and Polunin 1997, Friedlander and DeMartini 2002, Houk and Musburger
426 2013, Ruppert et al. 2013, Rizzari et al. 2015). The clearer response of the hextnivornenity

427 to predator removal was the growing ratio of saallarge herbivores, with less influence to

428 overall biomass retained within the combined herbivore guild. Thus, further stuekssigating

429 how the guildsidefined in the present study may shift along predator gradients can benefit our

430 understanding:
431

432  Logically, increases in algal resources with fishing pressure translated to decreases in corals and
433  calcifying substrates (i.e., an inverse relationship between these groups,tBedsinestudies

434 across large spatial scales show that a suite of biological attributes such as coral recruitment,
435 growth, diversity, and algal abundances aresisge to gradients of fish biomass or fishing

436  pressurgMera=2008, McClanahan et al. 2011, Houk et al. 20TGgse patterns are caused by

437  changing-pepulation interactions through time. Given the uncertain, yet influeteslofdong

438 lived predators ah herbivores in driving population interactions, an evolving goal for

439  ecosystenbased fisheries management (EBFM) has been to sustain the stock structure of all
440 species simultaneously, or spedmmsed management units, in order to maintain the suite of
441  functions,fishes provide (Froese et al. 2008, Blanchard et al. 2014). This cautious approach is
442  challenging, because speclessed responses to fishing pressure and speasesl functional

443  roles remain poorly resolved for diverse coral reef ecosystemgrébent study simplified this

444  situation by developing trophic guilds that grouped species based upon their enaddéfe a
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history characteristics, which helped to refine stock management unitnfanch ifisheries

polices.

Fisheries"management. Most fisheries management policies are rooted in the ideology of
compensatory density dependence that assumes reductions in adult populations create space for
enhanced recruitment because resource become less limiting. Building upon this, coaceset

the application of the Magnus@tevens Fishery Management and Conservation Act for coral
reef fisheries 'in the United States as an example because it represents a powerful legislative
basis, and“a“common approach towards fisheries in ge@WRFMC 2011). Undetthis
legislation, annual fish quotas were derived from optimized catch scenariogliosteak unit.
However, sstock: units are defined based upon taxonomy rather than ecological function. Species
within thestworlargest families of herbivores on coral retfe parrotfishes and surgeonfishes,
were binned into stock units that combined both stmdfast growing species, shown here as
energy channels that make strikingly different contributions to carbon storage aodetuin

food webs. | Even though catdimits were conservatively defined by 75% of the estimated
MSY, asreplacement of largeodied species by smalibodied counterparts would be expected,

an ongoing _situation (Houk et al. 2012nd algal resources subsidies would be expected.
Policies mightinstead equate management units primarily to functional guilds, and secondarily
to taxonomy (i.e., distinguish between laagedsmallbodied parrotfishes, surgeonfishes, or
grouped herbivores). Then, as our knowledge of life histories grows, managenteran be

refined to'group species based upon both their functional roles and expected respaostseg to fi
pressure (izes=group similar species of srhallied parrotfishes into a management unit). This

approach:-would improve our ability to define awjust ecosystethased targets.

Based upensoverall fish biomass, our ecosydtased targets to prevent an exponential increase

in algal_resources were slightly higher than targets required to prevent doeaigde phase

shift in the Caribbean and Indian Oceans (O,6v8sus 0.5 B, respectivelyKarr et al. 2015,
McClanahan et al. 2015). However, when breaking down these targets by guilds, predators and
large herbivores required conservative benchmarks greater than, Whik fisheries centered

upon smaller herbivores could have attained yields that were up to one magnitude ofgeder la
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Thus, refining fisheries objectives with respect to fish guilds can help to guidesthieutiion of
fishing pressure, and eventually pave the way for detailed studies within each martageme

Conclusions™We conclude that the slow but persistent expansion of coral reef fisheries over
decades represents a chronic threat to ecosystem res(i®riedand 2004, Graham et al. 2013,
CuetosBueno and Houk 2@). The present model offered a repeatable framework to balance
economic'and ecosystem objectives of fisheries, ultimately balancing the retention of biomass
needed for'resilient foedieb networks against higher biomass turnover needed to fuel fisheries
ewmnomies.“Future adaptations could include covariates of fisheries productioncsydten
condition.. Climate change, disturbance cycles, pollution, and habitat losspedsent key
threats tosfisheries that could be incorporated and tested within the contextge#nenalized
model of coralreef systems.
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Figure 1. Repetitive foodveb motifs hypothesized for coredef ecosystems consisting of a
common resource pool, two consumer guilds grouped by their energy assimilation anornretenti
propertiesras ‘fast’ and ‘slow’ energy channels, and a generalist predator thascbafi
corsumer guilds and major habitats (a). Letters dencfdafktivores, Hherbivores and
detritivores, Mmicro and macroinvertebrates, andnvertivores. Numbers denote-‘fast’
energy assimilation channels with lower biomass retention, &slbv energy asimilation
channels with-higher biomass retention. The present study was centered upon hard-battom, cor
reef habitats and key guilds driving ecological dynamics on coral reefs (a, dashedrbpkjc
interactions within the focal motif (b) are represehby arrows linking the Algal resource

pool, H1 and _HZast and slow energy channel herbivores, anord@ators. Largest black
arrows gepresent external input, natural loss and fishing exploitation, and recycling within the
system. Small black arrows represent consumptive interactions. Dashed arrows represent
excretion .from, the fish guilds back to the resource pool. Dotted arrows represakt

competitive interactions.

Figure 2"Performance of the coratef foodweb model based upon comparisons gittpirical

data collected from numerous jurisdictions across Micronesia. Predicted algal biomasses (A)
were correlated with fieldlerived counterparts at both the site (a, dashed lines represent islands,
solid line represents the regional relationshig) stand (b, grey region represents 95%
confidenee,band of the relationship) level. Field data also concurred with twimaaldnodel
predictions, whereby predators would (c) enhance the standing stocks of large herblabves

to small herbivores (H1/H2 ratio), and (d) increase herbivore diversity indices if herbivores were

targeted by artisanal fisheries. Only islands that had 6 or more samples were considered in the
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islandlevel plots, (b) and (d), and grey areas represent 95% confidence intérveds
relationships.

Figure 3. Coralreef foodweb stability, reactivity, trophic pyramids, and catch biomass along a
sequential fishing gradient for predators, large-herbivores, and small-heshifadi@ving each

to extinction. Net stability and reactivity within entire food webs were destityy the solid

and dashed‘lines, respectively, for systems with and without predators (a, vertical dashed lines
representing‘changes in system state). In contrast to net stability andtgedictctuations

within individual populations weralso quantified in a system with light (b) and moderate (c)
fishing for predators. Trophic pyramids highlighted the biomass retained within e&tiprion

to any fishing pressure (d), with windows following the same changes in systehe$itagel in

(a). Solid, unidirectional arrows indicate where fishing pressure was applied, and dastead a
represent the scaled response of each guild. Fisheries yields were also depicted along the same
gradient of.fishing within each system state (e).

Figure 4. Biomass retained within fish guilds (a, lefayis), the algal resource pool (a, right y

axis), and«fish landings (b) along a gradient of fishing pressure (lower x-axis).aXie x-
denotes_E=fishing pressure for each guild defined by the proportianakshaate, a term nested
within the population models. In this scenario, fishing pressure was applied smoulsly

across the.guilds so that maximum yields for large herbivores and predaices pe
simultaneogusly,(b, MSy and MSY,,, respectively). A window of potential ranges for

maximum ecelogical yield (MEY) was considered between 55 to 88% of total unfisiradds

(0.5t0 0.88 B, Results). In all instances, A-algal resource pool, H1 and H2-fast and slow energy

channel herbivares, andgredators.
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