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How to defineecosystem collapse

The International Union for Conservation of Nature (IUCN) Red List of Ecosystemss a
powerful teelfor classifying threatened ecosystems, informing ecosystem management,
and assessing the risk of ecosystem collap@élat is, the endpoint of ecosystem
degradation). Fheserisk assessments require expliciefinitions of ecosystem collapse,
which are currently challenging to implement To bridge the gap between theory and

practice, we systematically reviewevidencefor ecosystem collapsereported in two
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contrasting biomes —marine pelagicecosystemsnd terrestrial forests. Most studies
define states of ecosystem collapspiantitatively, but few studies adequately describe
initial ecosystenstatesor ecologicaltransitions leading to collapse.On the basis ofour
review, we offer four recommendations fordefining ecosystem collapsi risk
assessmentg1)‘qualitatively defining initial and collapsed stateq2) describing collapse
and recovery transitions,(3) identifying and selecting indicators of collapseand (4)
setting quantitative collapse thresholds

Front EcolkEnviron2018;

In a nutshell:

e The'difficulty of definingecosystem collapdeas challenged theassification of
threatened ecosystems

e We reviewed5 studies ofcollapse inwo biomes to inform the design of a robust
framework tobetterdefineecosystem collapse

e Most studies defined collapsed ecosystem stptastitatively butmanylacked a
deseription ofecosystem processes leading to collapse

e Ourrecommended framework can be applied to dedowsystem collapse in IUCN

Red,List of Ecosystems assessments and national ecosystem risk assessments

Ecosystems are dynamic by natusat concern arises when they undergo substantial loss of
biodiversity and resrgankation of ecological processgSchefferet al 2001). Such large
detrimental changes, collectivelgrmed” ecosystem collapsdsee Panel 1 for a glossary of
terms), have important implications foonserving biodiversity anghaintainingecosystem
services, ands.are fundamentabssessing risks to ecosystems (Keithl 2013).

Understandinghe risks ofecosystem collapss critical to ecosystem management
and requiresseconsideration aiecosystem’®xposure and vulnerabilitp various hazards
(Burgman 2005). With respect to biodiversity conservation, two tools are commonly used to
assessisks to ecosystermend speciesRed Lists (ecisionrule-basedprotocols) and
probabilistic modelskRed Listsassignecosystems toankedcategories of riskeg Vulnerable,
Endangered, onCritically Endangered) based on decisionthalemcorporatenultiple
symptomsof threatexposure and vulnerability, suchrases of decline in spatial and
functional indicatorgNicholsonet al 2009).Red Listsfor both ecosystenmand speciebave
strong theoretical foundations (Burgman 200l&ceet al 2008 Keith et al 2013) and
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ecosystem Red Lists have been implememtedany countries, including Finland, South

Africa, and Australia (Nicholsoat al 2009).In contrast, pobabilistic models quantitatively
estimate the risk of ecosystem collapse based on a mathematical representation of ecosystem
dynamicsthreats, and sociagcological relationships (Blared al. 2017). The International

Union forrConservation of Nature (IUCN) Red List of Ecosysterasendorsed by IUCNN

2014 andsthe only globaprotocol for assessing risks to ecosystente protocols based

onfive rule-based criteriaone of which pertains testimatingthe probability of collapse
throughmadels(Keith et al. 2013).

Risk.is defined as the probability of an adverse outcontennat specified time frame
(Burgman'2005). Whether using decision rules or probabilistic models, defining the
characterigtics of a collapsed ecosysigmssential to estimating ridk the absence of a
clear theoretical framework and practical recommendations, defining collapse is often
perceived as judgemeladen and impracticgBoitani et al 2015 Cumming and Peterson
2017). Early ecosystem assessment protoci@ined collapsed ecosystem stafesorly
(Nicholsonet al. 2015), severely limiting theonsisteny and robustessof risk assessments
Defining collapsed states can be diffidoéicaus@cosystem collapse is expressed through
symptoms thamayvary across ecosystems and scales of investigation, and may be
characterized bgubtlerather than cleacut changed-orinstance, collapse of mountain ash
(Eucalyptus regnangorestin southeast Australis characterized bthe loss otarge
cavity-bearing trees, and not just through reductions iridirests’distributionalextent
(Burnset al 2015).Decisions on whether to classify an ecosystem as collapsed depend on
the objectives of the risk assessmamdl on the needs of the decision makers. Accordingly,
lists of threatened ecosysteargfocused on avertingheloss of characteristic biaand
ecological functior{egKeith et al 2013)

The firststep inecosystem risk assessmento descrite initial or baselinestates that
reflect thenatural range of spatial and temporal variabilitgcosystem@anel ). In the
IUCN Red-Listiof Ecosystems, these baselines are defined for three different time frames
(“current”, “future”, and “historic”;Keith et al 2013) androvide important contextual
informationsfor understanding how the defining features of an ecosystem change during a
transition to'collapséSato and Lindenmayer 2017). The second step is to identify potential
pathwaysof collapseand symptoms of degradati¢fcleffer et al 2001).This stepcanbe
informed by ecological mode(gextual, diagrammatjor mathematica))andis key to
selecting indicator@Panel 1that reflect changes in ecosystem stésnpffet al 2011)
and thatcan be used as proxi&s risk in Red Listsor probabilistic modeldn the hird step
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collapsed stateshould be definedith quantitativedecision thresholddanel 1) in key
indicators which can be informed by observation, experimentation, modelirexpert
elicitation.Uncertainty in he resulting thresholdsay besubstantiabnd is quantifiable with
upper and lower boundKeith et al. 2013).

Despitechallenges irdefining ecosystem collapse)arge amount of evidence exsist
for collapses ira variety ofecosystemgWashington 2013), but much of this evidence —
which could helpnform ecosystem risk assessmetiiasyet to be synthesized. For example,
overharvesting and burning of forest ecosystems on Easter Island irthlvediryCE led
to the extinction of the foundatidie habitatforming) species opalm and to the
transformation of forests to grasslands, with extreme consequences for the humatigmopul
(Diamond 2007): Similarly, water extraction from the Aral Sea caused aé€fi%tion in
water volumebétweenl960 and 2010, leading to the extirpation of most fish and invertebrate
species, the disappearance of reed beds and associated waterbirds, and a transformation to
saline lakes and desert plains (Micklin 2010). Such extreme transformations,sasidbs
defining bielogical and environmental featurage characteristic of ecosystem collapse
conceptualized.in ecosystem risk assessments

Here, ve bridge the gap between theory gnacticeby critically examining how
ecologists have defined ecosystem collapse/o globally importanbiomes—marine
pelagic ecosystems and temperate forestspart by exploring thecosystem featurelat
werestudied and the methods usece tVen presend standardized framework for defining
ecosystem collapsbased on theutcomedrom the reviewand the needs of ecosystem risk
assessments such as the IUCN Red List of Ecosy¢Blaredet al 2016). Importantly, our
review neither defines ecosystem collapse (but see Pamel Blandet al 2016for a
definition) nor directly addresssthe decision rules or models used in ecosystem risk
assessments; rathé@rfocuses explicitly on developingsgstematianethod for defining

collapseso thatecosystem risk assessmemigy be appliedhoreeffectively.

Literature review

We systematically reviewethe scientific literature on ecosystem collapseng a standard
method (Pickering and Byrne 201#atcomplies with the guidelines of tirreferred

Reporting Items for Systematic reviews and MétalysePRISMA) statemen{Moheret

al. 2009).We reviewed publications on marine pelagic and temperate forest ecosystems that
reported ecosystem collapses, regimetshifr trophic cascades with a strong focus on loss of

biodiversity and ecosystem function (rather than economic or societal losseasjrguand
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Peterson 2017), to confortm theobjectives of most ecosystem risk assessment protocols
(Nicholsonet al. 2009).

We searchellVeb of Seence and Science Direct or58p2016with standardized
searchterms(WebPanel 1. We screened papers based on abstracts and then full text
according torset criteria (WebPane| diBcording he number of papers retaingteach
screening/stage according to the PRISMA statement (WebTai@erdfinal selection
included 35 publications reporting collapses in 37 marine pelagic ecosystem#i€herea
referred tosas “studies”) and 48 publications reporting collapses in 48 tamfmests
ecosystemgkigures 1 and 2). In those publications,re@ewed: (1whatresearch methods
wereemployeda identify collapse; (2vhether initial and collapsed states were descyibed
andwhat ecosystem features were examjri8piwhether studies used ecological models to
describgpathways to collaps¢4) whatmechanisrawereinvolved in the transition to
collapse5) whatvariables werédentified as useful indicators of collapse; (6) whether
studies defined quantitative threstt®of collapse; anfy) whether studies accounted for
uncertainty,in their definitiosof collapse.

We found significant differencdsetween biomem research methodssed to define
ecosystem.collapg@VebTable 2)Spatial comparisons betwegntial and collapsed states
wereappliedmore often in temperate forest studi2$%)thanin marine pelagic studies
(0%), where_temporal comparisons were always ubedddition, 21% and 49% témperate
forestandmarine pelagistudies, respectivelgescribedll four featureof initial ecosystem
stategequired inUCN Red List of Ecosystenamssessmentbiota, abiotic environment,
processesand spatial distribution; Blaret al 2016).Conversely, collapsed states were
quantitatively describenhore oftenn temperate fores{¥9%)than in marine pelagic
ecosystemg$c5%). Approximately one-half and thrgeartersof temperate forest studies
(54%) and ‘marine pelagic studies (78%), respectivelyed onecological models of
transitionstacollapse In both biomes, texdescriptions of ecological processes waige
often usedthan‘conceptual diagrams (WebTab)eTrophic restructuring (43%@nd climatic
shifts (40%)-were the most common transitionsadapse in marine pelagic ecosystems,
whereadistribution shifts (52%) and climatic shifts (23%&re more common transitions to
collapse intemperate forests

The application of indicators amgiantitativethresholds to measure transitions to
collapsediffered significantly betweetemperate forests and pelagic ecosyst&patial
indicators (edlistribution size, distributiofimits) wereused in60% oftemperate forest

studies, wheredsiotic or abioticindicators wereaised in 100% ofnarine pelagic studies

This article is protected by copyright. All rights reserved



(WebTable 2 Spatial thresholds of collapseerefrequentlyquantified in temperate forests
(90%), but notn marine pelagic ecosystent@ollapsethresholds in biotic and abiotic
indicators were quantified in most studies, except for bioticatorsin temperate forest
studieq(31%). All marine pelagicstudies100%)and almost all temperate forest studies
(94%) aceounted founcertaintyby measuringsollapse with multiple indicator©ne study
accounted for urertainty in ecological modeknd none accounted for uncertairmty

guantitative collapse thresholds.

Discussion
Consistentimethods for defining ecosystem collapse are needed toenegting demand
for tools tofmenitor the status biodiversityfrom local to global scalg¥eith et al. 2013
CBD 2014 Nicholsonet al. 2015).0f themarine pelagic and temperate forest studies
reviewed heremostdefined quantitativeollapse thresholdsith empirical data or predictive
models, but often failed to adequately defie@tures of the initial ecosystem state and
ecological‘processes leading to collapse, especially for temperats.fotestuse of
conceptual-medels was more common in marine pelagic ecosystems, illustrating a stronger
focus on ecosystem functioning comgé to forestsindicator selection protocols were also
applied'more often in marirecosystemswhere clear guidelines have been developed to
inform ecosysterbased management of fisher{€@ce and Rochet 2008y arine pelagic
studies quantifiedollapse with biotic and abiotic indicators, whidanpeate forest studies
typically quantifiedcollapse with spatial angiotic indicators, reflecting focus ormultiple
trophiclevels in marine pelagic ecosyste(ag plankton, planktivorous fish, and piscivorous
fish) and on the distribution of foundatitree species in temperate forests.

On the basis of oditeraturereview, weproposea common,systematic framework
for definingecosystencollapse in four kegteps (1) qualitatively definingnitial and
collapsed.state$2) describing collapse and recovery transitidB3,identifyingand selecting
indicators of‘collapseind(4) sdting quantitative collapse threshold&uch a framework can
be applieditgepresentativenarine pelagic and temperate forest ecosystems (WebPa! 2)
well as to.ether types of ecosystems not reviewed (Régare 3).Our recommendations are
particularly relevant to the IUCN Red List of Ecosystems (Keital 2013), but can inform
other risk assessment protocols and management tools for ecosystems.

(1) Qualitatively defining initial and collapsed states
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We found that few studiegescribednitial ecosystem stage This fundamental omission
makes it harder tmwentify characteristi@cosystenfieaturesjnfer patterns of natural
variability asbeingdistinct from directional changeand select adequate indicators of
ecosystem change. Mastosystem assessment protocols specify basétimpsantify initial
ecosystem statgblicholsonet al. 2009). Indeedhe IUCN protocol specifies three temporal
baselineshistoric (since 1750 CE), current (within the past 50 years), and future (50 year
from the present day or “any j@ar periodncluding the present and future R €ith et al
2013).An ecosystem’sriitial state maye characterized by largedegree of uncertainty
(especiallywith respect tdistorical baselinesyvhich may affect the definition of key
ecological'features and processes lost during a transition to cdliagsee 2 in Keithet al
2015).1t isgherefore important to examine the sensitivity of assessment outcomes to the
plausible range of initial stateEhe majority of studies defined@system collapse
guantitatively, suggestintpat there may bgreater consensus on collapsed stttason

initial ecosystem states. For example, “limit reference points” are often defined in marine
ecosystem.management (Cetyal. 2005), while “thresholds of probable concern” are
defined in rivergnanagement (Rogers and Biggs 1998 sequantitative definitionseflect

the large amountsf empirical dataon collapsed ecosystems in specific biorfassopposed

to a perceived lack of data in more general reviews; Sato and Lindenmayer 2017)carhich
inform the implemeration of ecosystem risk assessmemrldwide.ldentifying intermediate
or transition &ates toward collapse che informative in some ecosystems (eg woodlands;
Rumpffet al 2011), but no studies identified intermediate states in our review.

Direct evidence Phistorical and geographic variation can help to establish bounds of
natural variabilityin ecosystem features (Keagteal 2009). Mosstudiesrelied ontemporal
rather than spatiamlomparison$o define ecosystem states, suggesting thatsenes
analysis is\a preferred method to detect deviations from natural variébgityith sequential
t test algorithmsj Litzow and Mueter 2014 nl@®two temperate forest sties used
informationrentlocally collapsegatchesalthough these comparisoren inform clear
definitionsof-collapsed stategorinstanceinvasion byarcticfoxes Alopex lagopus
reducedbopulations of sabirds and nutrient transpor some Aleutiafslands and led to
majorvegetatiortransformationgrom grasslands to tund(&roll et al. 2005), providinga
comparative framework betweéox-free and foxinfestedislands to definecosystem
collapse Analogous but collapsed ecosystems can provide a basis for delineating collapsed
states in a focal ecosysteRuor instancecollapsethresholds fothe extant southern Benguela

upwelling ecosysternan be inferred frorthe collapsed northern Benguela, which underwent
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a regime shift in the 1970s duedeerfishing and environmental pressures (Retial
2013). For ecosystems dominated by foundation species, environnoértahtes ofhose
species can be usead proxiego define the abiotic componentsioitial stategeg
bioclimatic correlates of the distributiaf temperate forest$VebPanel 2; Pefiuelas and
Boada 2003)-@&w studieselied on experiments to define collagstates, most likelgue to
the difficulty of manipulating large interconnected ecosyst@st®mpared toelatively
smaller or'isolatedstuarieandlakes (Scheffeet al 2001;Mac Nallyet al 2014).No
studiesnvelvedexpert elicitation to define ecosystem states, althexglertderived data

can help identifitransitions to collaps@gRumpffet al 2011).

(2) Describing‘coll apse and recovery transitions

A qualitative understanding of ecosystem processes is essential for defining transitions to
collapse and selecting indicators of ecosystem ch@Blgadet al 2016), yet many studies

did not employ ecological modeis describe transitiongor example, most vegetation
distribution.modelpredictthe presence or absenoésuitable environmental conditions (eg
temperaturesprecipitation), bdb not explicitly describe ecosystem processes leading to
collapse(Fenget'al 2013). Understanding the pathways to collapse tielpentify
intermediate ecosystem stateslicators ofrisk, and corresponding collapse thresholds,
especially foreeosystermthreatened byeclines in ecological functiosuch as changes in

fire or hydrological regimes, or species invasions (Nichottal 2015).

Representations of ecosystem dynamics sucbraseptual diagramere particularly
useful for risk assessmegiyen thathesecaneffectively summarizénitial and collapsed
states, clearly depict assumptions and uncertainties about ecosystem processes, and are less
prone to semantic uncertainties than written descrip(i®ater 1999). Two tyseof
conceptuatliagramsare commonlysed in risk assessmentateandtransition models
(which explicitly/depict transitionbetween ecosystem statessed on various drivers) and
causeeffect'models (which depict interactions and dependencies among ecosystem
componentssand processes; Blahdl 2016).Uncertainty inecological modelpotentially
affects all.subsequenbmponents ofisk assessment but waddressed in only one study
(forests of southwest Tasmania; Wood and Bowman 20f@pusible alterative models of
ecosystem dynamiexist, multipleecologicalmodels should be appliéd replicatedrisk
assessmest(Burgman 2015).

Ecological models help to organiegidenceon ecosystem degradation and recovery,

thereby providingnanagementelatedinsights. Four studiestwo from marinepelagicand
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two from forestecosystems demonstrategotentialrecovery from a collapsed state, so
recovery may be possibler somecollapsed ecosystenfisllowing effectiverestoration
actions(Keith et al 2013).Clearly, ecosystems that have experiergletial extinctions of
key species are unlikely to reco\eg foundation palm species on Easter Island; Diamond
2007). Reversalof collapse may be possibleother ecosystemstall ecological components
are available and rassembled throughctive managemeiias waghe case in botmarine
examples)or if granted sufficient time for recovery (oth temperate forest exampleBhe
interpretation of novel ecosystems as collapsed states of antecedent ecosystems may be
relevantfor ecosystemsubject to a variety of threats, including climate chaAgeecedent
ecosystemstates may or may not be recoverable (&e#th2015).For example,he current
dominance of haddodielanogrammus aeglefinusver cod Gadus morhugin the eastern
Scotian Shelf suggests that the species composition of the eco$sestenering”from
overfishing may be different from that of the patapse ecosystem (Frarkal 2011).The
likelihood of ecosystem recovery can be estimated basdéide characteriss of initial and
collapsed stategransitions taollapse, and possible hysterdie pathdependent)
mechanisms.maintaining collapsed stdfganket al. 2011).Yet in the absence oina

ecological'maodeldetermining the likelihood of ecosystem recoveifiscult.

(3) Identifying-and selecting indicators of collapse

Informative and sensitive indicators of ecosystem collapse act as proxies for niche diversity,
habitat availability, and stabilizing biotic interactions that are key to the persistence of
ecosystem biodiversity.o accommodate different mechanisms of gmtathe IUCN Red

List of Ecasystems requires assessors to define ecosgpegificbiotic and abiotic
indicators(Blandet al. 2016) Effectivecomparison and selection of indicatoeties on

rigorous protocols (Niemeijer and de Groot 2008), but few studies ajepiidit protocols

to select.indicatoref ecosystem collapsblo studies used quantitative criteria to score and
compare indicators, limitinthe exploration ofradeoffs among indicators, which can be
importantincecosystem risk assessmélandet al 2017).

Because ecosystems can collapse through multiple pathways and d@iffleitsnt
symptoms of degradation, definitions of collapse based solely on one type of indicator
(hereafter'symptoni) may underestimate risks to ecosyst¢Blandet al 2017). Although
the majority of studies accounted for uncertainty in indicator selection by apptyitigle
indicators within each type (spatial, biotar,abiotic), few studiescludeddifferenttypes of

indicators (eg spatial indicators abidtic indicators). We found important differences in
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indicator usébetween biomeswith biotic and abiotic indicators commoniged in marine
pelagic ecosystems, and spatial and biotic indicatmmamonly usd in temperate forests.
Although this may refleagenuine differences imechanisms of collapsdefinitions of
collapse in marine pelagic ecosystems mgayprespatiallyexplicit transitions to collapse
(such as'species distribution shifts; Coeeal 2008),while definitions of collapse in
temperate‘forestmay ignore changes in the physical environment. Ecological moalels
help diagnosenultiple symptoms of collapgé&igure 3),nform indicator ®lectionacording

to explicit eriteria, anddentify tradeoffs among indicators.

(4) Setting quantitative collapse thresholds

The outcomes of ecosystem risk assessment hinge on the defihidisorete endpoints to
ecosystem degradatioie ¢ransitiors beyondjuantitativecollapsethresholds in one or more
indicatorg. Despiteapplyingquantitative indicators of ecosysteimange, many studies did
not use quantitative thresholds to define collastates (eg 38% of marine pelagic studies
applyingabiotic indicators), falling one step shortrefjuirements for ecosystem risk
assessment:

A distinction exists between decision thresholds, which specify the conditions
required to invoke a decision (eg classification as collapaed)ecological thresholds,
which describe'non-linear changes in ecosystem dynamics (Panel 1). Collapsedsreshol
qualify asdecision thresholdsecause theynform the assessment decision to assign an
ecosystem to a particular category of ristost studeswe revieweddid not provide clear
ecologicalfationales for setting collapse thresholds.idplicit collapsethreshold of 0 krh
when measuringercentdeclines in spatial distributiofpr examplemay be inappropriate if
ecosystems lose the ability to sustain their native biota below a certain distributi(eysize
fish reproductive volume; Mollmaret al 2008).Many marine pelagic studies relied on
regime shiftdetection algorithms to pinpoint the timing of ecosystem collapse and thresholds
in indicators;with littleconsideration for the ecological importarfdeany) of these
thresholds=(egregime shifts in the North Pacific; Hare and Mantua.20@léssderived
explicitly and based on ecological evidence (Cumming and Peterson @ollaf)se
thresholdsnayprovide misleading estimates of rigkdlittle insightinto possible
management actions to revert ecosystem degradsitiban appliectollectively, spatial,
biotic, and abiotic indicators can provide a comprehensive description of cdlstpses, but
very fewstudies assiged quantitative collapse thresholds to multiple indicator types

(WebTable 2 Careful comparisorareneeded to deriveonsistentollapse thresholds
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among multiple indicators, given thatonsistent thresholds can severely affect estimates of
degradation and outcomes of risk assessments (PagieP013)

Collapse thresholdshould be boundett represent inevitable uncertaintydollapsed
stateqPanel 1; Blanet al 2016), but no studiesharacterded uncertainty in collapse
thresholdslnboth species and ecosystem risk assessment, bounded thresholds accommodate
a suite of uncertainties relatedth® timing, likelihood, and effects of management actions on
extinction or collapséRegaret al. 2009).Explicit consideration of these uncertainties can
help risk assessors identify appropriate collapsesholds for each indicator, asensitivity
analyses can help identify which collapse thresholds trigger changes in risk assessment
outcomes. For example, simulations of thenountain ash forest in southeaststralia
(Burnset al"2015), the collapse threshold would need to decrease byr86%an average of
1.0 to 0.7cavity-bearing trees per hectare to modify the risk assessment outcome from

Critically Endangered to Endangered.

Conclusions

Previous studies have highlighted the difficulty of defining ecosystem collBpganietal.
2015) and'the perceivesgarcity of descriptions allapsed ecosysteniSato and
Lindenmayer 2017 Here, werevealeda wide array ostudies of ecosystem collapbat

could support-ecosystem risk assessmantsfound thathesestudies often overlooked the
ecological processes leading to collgmspitethe importancef such processder

inclusion withinrisk assessmesit A consistent framework to define ecosystem collapse
(Figure 3 and WebPanel 2) promogeactical comparisons betweeaosystemsyhich can

be applied teecosystem risk assessment protocols from local to global s€alesprove
definitions of ecosystem collapse forodiversityrisk assessment, we recomme(ig:
qualitativedescription of initial and collapsed stafeased on defining biotic and abiotic
components,.ecological processes and distributions) tadera robust assessment of
characteristicfeature§?) use of ecological models (in particular conceptual diagydm
diagnose mechanismadpathways of ecosystem change and thus inform indicator selection;
(3) application of spatial, biotignd abiotic indicators to capture multiple symptoms of
collapse, with.eareful consideration of indicator selection and st@nsly among collapse
thresholds; an@) explicit definition of quantitative collapse thresholds baseéalogical
evidence, quantifying uncertainty with bounded thresholds and sensiigtysesOur
recommendations are particularly relevant to scientists and managers applying IUCN Red

List of Ecosystems assessmefisith et al 2013)and other ecosystem assessment tools.
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Supporting-infermation
Additional{ webonly material may be found in the online version of this article at

Figure 1. Gumulative publication numbers through time, for marine pelagie 5; blue
line) and temperate foresh & 48; green ling publicationsselected for the systematic

literature review.No papers published prior to 199%et the selection criteria

Figure 2. Spatial distribution of marine pelagic studies<37; blue circley andtemperate
forest studiesn(=41; green circle$, with circle size indicating the number of studi€sne

marine pelagic publication included studies of three different ecosystems. Seven temperate
forest studie®f global extentvere notmapped. Studies focusing on all ecosystems from a

certain biomeswithin a country were mapped as the centroid of the country.

Figure 3. Recommendations for definiegosystem collapse practice,using coral reefs as

an example(a)Collapse of the reef is qualitatively defined as an algae-dominated state, with
very low coral coverThe initial state is defined as a coral-dominated st@eDrivers of
ecosystertransitions tocollapse include warming, exploitation, and acidification (shown as
red boxes)n a causeeffect conceptual modét) Indicators of ecosystenollapseare

identified based on the ecological model. (d) Bourmi#idpse threshoklare defined based

on ecological evidence: here, a coral cover <1% indicates an algae-dominateds}ate.
Uncertainty affects each step in the framewditiks frameworkvas used to support the
application.of the IUCN Red List of Ecosystems criteria to the Maserican Reef (Blanelt

al. 2017).

Image creditSR Ferrari
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Panel 1. Glossary

Bounded threshold: Represents uncertainty in the occurrence of the collapsed state based on
two or more values of an ecosystem indicéBlandet al 2016).

Decisiontthreshold:Value of an indicator above or below whighecision differ§Martin et

al. 2009) such as a decision to list an ecosystem as collapsed

Ecological'model:Written, pictorial, or mathematicalepresentationf key ecosystem
components angdrocessesyhich effectively summarizes ecosystem dynamics to a broad
audience (Suter 1999).

Ecologicalthreshold:Value of an indicatoabove or below which nolmear or specific
changes in"ecosystem dynamics occur. For example, small changes in an environmental
indicator can produce disproportionately large responses in biotic indiflstacNally et al.
2014).

Ecosystem:Although definitions varythe IUCN Red List of Ecosystems defines ecosystems
as: a biotic.complex or assemblage of speaies@ssociated abiotic environment or complex
the interactions.within and between those complexes, and a physical space in which they
operate (Blanet al. 2016).Thesefour elements assist in identifyingné classifying

ecosystems anghderstanding thesusceptibility to threats.

Ecosystem collapsetndicates a transition beyond a bounded threshold in one or more
indicatorsthat define the identity and natural variability of the ecosystem (Riaat2016)
Collapse myolves a transformation of identity, loss of defining features, aneitgicement

by a novel ecosystem. It occurs when all ecosystem occurr@agegches)ose defining

biotic or abiotic features, and characteristic native biota are no longer sustained.

Indi cator: Metrics that quantififcomplexchanges in ecosystem structure, composition, and
function (Niemeijer and de Groot 2008). In different risk assessment protsgals|, bioti¢

or abioticindicators may quantify threats to ecosyst@md/or ecosystem responses to
threats. Thresholds in indicators indicat®system collapse.

Natural variability: The ecological conditions, and the spatial and temporal variation in
these conditions, within a period of time and geographical area appedpritne study
objectives (Keanet al 2009)

State: A numerical description of multiple biotic components of an ecosystem, typically
including values of species abundances or biomasses and of ecosystem processes, such as

primary production and respiratigBestelmeyeet al. 2003).
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Transition: Can describe &th a change in ecosystem state, and the value of a driver at which
the change in ecosystem state occurs (Bestelne¢wdr2003).
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