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Ecology ofharvestdriven trait change

Harvest ofswild animals and plantsis pervasive, exerts ecological and evolutionary pressure
on populations, and is known to drive rapid changesin organismal traits. Although the
factorsthat lead to rapid trait changes have received increased attention, the ecological
consequences of harvest-driven trait changes are less appreciated. Wereview recent
evidence that"har vest-driven trait changes can affect community and ecosystem processes.
Growing experimental evidence, modeling studies, and field observations have revealed
that common responsesto harvest include changesin life-history and behavioral traits,
which have the potential to reshapethe ecology of harvested systems. On the basis of
existing evidence, we propose a set of general mechanismsthat link harvest-driven trait
changesto.ecolagical processes, including trophic cascades, nutrient dynamics, keystone
inter actionsyecosystem stability, and habitat use. Managing har vested ecosystems
sustainably"may require strategies that account for harvest-driven trait changes. We

recommend that trait changes be monitored closely as part of ecosystem-based
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management plans, especially in cases wheretargeted traits are known to affect important
aspects of ecosystem function.
Front Ecol Environ2018;

In anutshell:

e Humans harvest a large percentage of the wild animal and plant species on Earth

e Hunting, fishing, and collecting are known to change the traits of wild populahions,
the"ecological consequenaathese changesenot well understood

e Life-history and behavioral traits are particularly responsive to haamesinderlie many
important aspects of ecosystem function

e As the number of species affecteyg harvest continues to rise, conservation and
management strategisBould account fatrait responseand their potential impacts on

criticaleeosystem functions

The harvest of wild animal and plant populations is pervasive and represents@apdriger of
contemporary trait change (Darimagttal. 2009). According to the International Union for
Conservation,of Nature (IUCN), over two thousand species of plants and anineisiangered
or critically endangereds a result obverharveshg IUCN 2015. We consider harvest to
include thetaking from the wild of any nodemesticated organisiintended for human
consumption.or,otharses. Motivations and methods of harvest are divetsyinclude legal
hunting and fishing, and illegal poaching for subsistence, recreational, and corhos=sia
Harvest als@nvolves the removal from the wild of live organisms for a variety of purposes, most
notably the international pet trad@ur definition of harvest is intended to be broad, given that
any removal of individuals from wild populations the potential to drive trait changes.
Therecological effects of harvesting wild animals and plants have traditionally been
viewed threugh the lens of reduced abundance. For example, harvest-driven reductions in the
abundanee’of top predators have been shown to drive trophic cascidskvirater, marinegnd
terrestrial ecosystems worldwide (Esé¢sl. 2011).However, harvest can also cauapid
phenotypicchanges iwild populations Darimontet al. 2009). Importantly, the phenotypic
responses of thegmpulations to harvest often involve traits with known importance for

ecological dynamics, such as body size and feeding behklgorget al. 2015). The existing
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literature has focused primarily on assessatgs of observed phenotypic changes,
distinguishing evolution from phenotypic plasticity, and assessing consequencagsuiatipn
dynamics (Dunlopet al. 2015;Eikesetet al. 2016). The impact of harvest-induced trait changes
for communities and ecosystems has received considerably less attention, despite emerging
evidence that.contemporary human-driven evolution can be an important driver of community
and ecosystem dynamics (Palkovatal.2012; Fraser 2013).

Currentiinformation supports harvest as a strong driver of trait change via a dionbina
of demographic' (age structure), evolutionaygrieti¢, and plastic (nomenetic) changedieino
et al.2015) Experimental harvesin guppiegPoeciliareticulata) and zebrafisiiDanio rerio)
were found tereause shifts in phenotypic traits and at functional genetic loci (jkaat\al.
2013). Evolutienary effects in rewalerld harvested populations have been more difficult to
isolate. Recent\work ofitlantic cod (Gadus morhupsupports an important role for evolution in
shifting age and size at maturation, with demographigéiedotypic contributions varying
depending.on density-dependent grovéikésetet al. 2016) Likewise, researchn bighorn
sheepOviseanadensisrevealsthat declines in male horn length were accompanied by genetic
changes indicative of evolutioRigeonet al. 2016). Although both genetic and phenotypic
changes ean have important ecological consequébhordsgaarddanseret al.2014), no
studies have isolated these effects in the context of harvest. The rate at which traitsafesrover
the cessation diarvesimay depend on the causal mechanisms, with demographjdaestid
changes recovering more quickly than genetic chaf®gmaset al. 2012).Here wefocus our
attention onthe ecological consequences of overall changes in pherggpase this is what
field studiesshave generally documented and what is most immediately relevant for management

Theefficiency of modern humaharvesing methoddeads to rapid rates of trait change
(Darimontet al. 2009). Howeverthese effects are noewand are notestricted to modern
harvesting.technologie®eclines in body size have been attributed to harvest by indigenous
huntergatheremgroups ina variety of ecosystemborinstancethe early indigenous people of
Caribbean.Panama drove declines in the size of the edible (®mcmbus pugilis(O’Deaet al.
2014). Similarly, the native people thfe San Francisco Bayea causedeclines in the size of
white sturgeonAcipenser transmontanu@roughtonet al. 2015) Selective forces causbg

indigenous harvest practices may have produced changes over spans of centuries, whereas
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modern harvest has accelerated rates of changexpatided their geographic scop®y et al.
2003).

Harvest caraltertraits that aralirectly targeted by harvestefegbodysize) and
associatedraits (eg fecundity, egg size)(alshet al.2006). A wide variety of traits may be
subject to selectiout in terms of their importance for ecological interactions, two sets of traits
that commaenlyrespond to harvest may be particularly importbiet-kistory traits and
behavioral‘traitsk-or life-history traits, there is strong evidence that harvest drives decreased age
and size at maturitfHeinoet al. 2015) This shift in age and size aligns with classic predictions
from life-history theory based on the effects of increased mortality (Bteans 1992) In terms
of behavioraldraits, harvest tends to remove the boldest, most active individasdbyt
selecting for shyness and inactivity (Biro and Post 2008}Heikkila et al. 2008; Arlinghaust
al. 2017). Suchta behavioral shift is in gedeccordance with the classic tramfé between
acquiring resources and avoiding predation (Lima and Dill 1990).

Changes in life-history and behavioral traits naffecta wide variety of harvested
species andiecosystems (kigl). Behavioral responses have beédely observed in both
aquatic ad‘terrestrial species, wherdds-history shiftshave beeprimarily documented in
aquatic speciefKuparinen and Festa-Bianchet 20IIMis disparitymay be due to a
combinatien of factors, including differences in growth strategies, harvesbdsetand
exploitation rates. Harvested aquatic speesbitingstrong lifehistory shifts typicallydisplay
indeterminate growtfcontinuous growth throughout life) and have been subject to high
exploitation‘rates in sizeelective commercial fisheries. In contrast, examples from terrestrial
species comesprimarily from species with determinate gr{gvtdwth ceases at maturationath
have been subject to recreational hunting at much lowestibutighly selectivelevels
Nonetheless, evidence is emerging that recreational harvest of terrestrial mammals can cause
life-history.shifts (Kuparinen and FedB@anchet 2017)Trait changes in terrestrial species that
have been subject to high ratecommerciakexploitation, such as the neaxtermination of
bison Bisonsbisohand beaver@Castor canadensjgrom large portionof North America have
not been evaluated for evidence of trait change. The multitude of sp#eiedby historical
and current hunting undoubtedly include many undocumented and unexgases=dof trait

change.
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Ecosystem consequences

Studiesto date indicate thdtarvestdriven trait changes maaffectcommunity anacosystem
processes (Fige 2) in various ways, includinge (1) strength of trophic cascade®) (ates of
nutrient recycling and translocatiol) @ctivities of keystone species and ecosystem engineers,
(4) ecosystem,stability, and (5) patterns of habitat use. For each patettenismour

reference point is the unharvested state of the system, and our predictions are based on expected
trait changes and resulting ecological changrefarvest scenariosyelution can prevent
extinction'@unlopet al. 2015), thereby maintaining community structdriee effect of

evolution on population persistenicas been explored in detail elsewhere (Carétal. 2014).

Here we focuswon the effects of trait changescological interactions. We review evidence

from theoreticaimodels, experiments, amthservational studies bhrvested ecosysterand

explore implications for managirigeseecosystems.

Theoreticalkmodels

Modeling studiehave exploredhe potentiakffects of trait changen the strength of trophic
cascades antthestability of ecosystem process@sgure 2) Ecagenetic modelsave played a

major rolesin, improving our understanding the consequences of fishing for the evolution of
life-historystraits and for populatiatynamicsunder harvest and recovery (Duniepal. 2015).
Despite the widespread use in fisheries ecolpggosystenmodels are just beginning to be
applied toexamineecological responsde harvesinduced trait changeSeveral recent studies
suggesthat'even modest ratesadcline in body size camve ecosystem effects comparable to
the direct effects of fishingn population size (Audzijony&t al.2014). Modeled food web
interactions suggest that trait chasgey amplify the effects of fishing on targeted stocks.
Smallerbodysize increases vulnerability to predators and can therefore increase natural
mortality rateswhich can further reduce population abundance and hinder post-fishing recovery
(Audzijonyteet.al. 2014). Reduced bodyize can also affethe strength of trophic cascades by
reducingpercapitaconsumption rates of harvested predators (Audzijoetyéd. 2014) Food

web modelsialso suggest thabkition of smaller size and earlier age of maturatnay

destabilize ecosystems, leading to large populaihbiomasfluctuations at multiple trophic
levels(Figure 3) (Kuparineret al.2016). However, by increasing population size, adaptation can
also support the presence of more, larger fish even under high fishing mortality. Thedesta
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oftenoccupy a higher trophic position, leading to increased variation or trophic scope of the
population, whichmay have important consequences for food web dynaikicdgvater and
Palkovacs 201)7 At the same time, harvésst) may change behavioral traits, for example by
reducing boldness and inducipgey switching that may further amplify te&ength otrophic
cascads. Thesetypes ofchanges can lead to ecosystem state shifts if, for example, a prey
species released from predation increases in abundance and begins to consume largefnumber
juvenile"predators (Audzijonytet al.2014).Importantly,models suggest that tkeeological

changes caused by harvesiuced downsizing amplify the effects of fishing, perhaps making
ecosystems mare vulnerable to the effects of overfishing than previously thought (i€opari

al. 2016).

Experimental evidence
Experimental studielsave revealed importagffects of trait change ahe strengtiof trophic
cascades and rates of nutrient recyc{ifigure 2). Experimental work in Trinidadian guppi€3
reticulata) shows that, Wen translocated from streams with predators to streatingut
predatorsthese fishunderwent rapid evolutionary changeaturing at a later agend larger size
(Reznicket.al. 1990).Theseintroductionexperiments can serve as a useful anafogy
understanding the evolution ofdihistory traits under harve@Reznick and Ghalambor 2005).
Experiments in captive guppy populations demonstratebody size and associated genetic
markers respond to size-selective harvest over four generatioee the removal of large
individualssrapidly decreased mature body sizihe population (van Wijket al. 2013).
Recentexperiments extend this work gaoppy evolution texamineconsequences for
communities aneécosystemgPalkovacst al. 2009;Bassatet al. 2010;El-Sabaawet al. 2015).
In addition toexhibiting shifts inlife-history traits, guppy populations that have adapted to the
presence of predators display differences in feedingwehandnutrientexcretion rates
Consistent with &radeoff between acquiring resources and avoiding predation, guppies from
high predation localities exhilbieduced feeding rat@scompared to guppies from low
predation sitegPalkovacst al. 2011). Perhaps because of lower population densities and
reduced intraspecific competition, high predation gupgiesnore selective farigh-quality
food items, in particulanvertebrateprey high in phosphorusontent (Zandonat al.2011). Due

to their smaller size, high predation guppies also recyclegetrand phosphorus at higher rates
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(on a per gram basis) than do guppies from low predation sites (Palled\e009) This
combination of traits leads #suite of ecosystem changesosystems with high predation
guppiesconsistently show lower invertebrate biomass and higher algal bigRelkevacst al.
2009;Bassaret al. 2010;El-Sabaawet al.2015).The ecosystenshift caused by guppy
evolution is;net subtle. The effects of guppy trait change on ecosystem properéigaivalent
to other “classic” ecological drivers such as guppy invasion (Palketats2009), guppy
density'Bassaeet al. 2010), and light availabilityH]-Sabaawet al. 2015).

Observational evidence

Studies of harvested ecosysteshew thatharvestdriventrait change can impactrophic
cascades, nutrient recycling and translocatiom activities okeystonespecies and ecosystem
engineers, angdatterns ohabitat us€Figure 2) Perhaps the bestudied example of fisheries
induced evolutiorof life-history traitsand body size ithe wild comes from Atlantic cad
Populations fronacross the North Atlantic haexperiencedubstantiakhifts in age and size at
maturationindicative of fisheriesnduced evolutiorfHeinoet al. 2015). Reduced body size in
codreleaseplanktivorous preyighes from predation pressuleading to largescale trophic
cascadegShackellet al.2010).The effects ofife-history evolutionfor population recovery have
receivedseme attentionevolutiorary responses are predictedsiow population recovergfter
the cessation dishing (Dunlopet al. 2015). However, food web changes that result from
reduced body size may further impede population recaf/predators increasinglgecome
prey. Suchsecological changes may be contributinbedailure ofcod stock recoverySwain
2011).

Nutrientdynamicscan be affectetly changes in the body siaéharvestedishes
Anadromaus fishemigrate from the ocean into fresfater to spawn andn doing so, move
marinederived nutrients into coastal freshwater ecosyst{&usindleret al. 2003) Anadromous
species- includingsockeye salmofOncorhynchuserkg, Chinooksamon Oncorhynchus
tshawytschg/and alewifg(Alosa pseudoharengls show evidence of harvedtiven changes in
life-historytraits and body size (Davis and Schultz 2009; Keedall. 2014;Lewis et al. 2015.
Reductions irbody size for these specidscreas@hosphorusmports into freshwater
ecosystemgTwining et al. 2016).Harvestedithes not only translocate nutriebetween
ecosystemdyutalso regcle nutrients within ecosystemnis thetropical riversof Venezuelathe
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flannelmouth caracinRrochilodus mariagis the principal fish specieshaping nutrient
dynamics. Sizeselective harvest has reduced body size of this sp@eidsedly, with important
consequences for detrital processing and nutreayicling(Tayloret al. 2006).

Ecosystem impacts of harvadtiven trait changes are particularly strong when they
disrupt interagtions involvingeystone species and ecosystem engin&éaemaintenance of
diverse ecesysteprocesseslepends on keystomgteractiongnvolving harvestedspeciesin the
seasonally*flooded forests of South Ameritagivorous fish species are the principal vectors
for seed dispersastructuring the plant community of the forest its8éed dispersal
effectiveness increases with body siaegerfish dispersegreatemumbers of seeds from a wider
diversity ofsplantspeciegAndersoret al.2011;Correaet al. 2015). Thusharvestinduced
reduction in‘body size has the potentiahlier the diversity and structuoé floodedforests

In the marine evironment, keystone predators and ecosystem engineers can maintain the
structure of the ecosystein. kelp forests, predation on urchigscritical for maintainindhabitat
structure. IrCalifornia, largerCalifornia sheephead&émicossyphus pulcheronsume greater
numbers andslarger sizes of urchiMegocentrotus franciscanasmdStrongylocentrotus
purpuratug; exerting more top-down control on urchin populatiddarilton and Caselle
2015).Harvestdriven reductions in sheephead size release urchins from top-down control,
potentially-leading to the loss of kelpkewise, ineastern Tasmaniharvestdriven reductios
in the body size of spiny lobstedagus edwardsireleaseurchins from predationl(ing et al.

2009) Kelp forest ecosystems display alternative stable states, and the loss of large lobsters has
led to an ecosysterstate shift from kelp beds to urchin barrénsg et al. 2009 (Figure 4). On

coral reefs;drgeparrotish (Bolbometoporspp)act asdominant grazers and bioeroders,

reducing algal accumulation on coral polyps and creating sediment for reef flathabi

(Bellwoodet al. 2012). Heavy fishing in parts tifie AustraliarGreat Barrier Reef has reduced
parrotfish sizedecreasing algal consumpticatesand contributing to a transition from a coral-
dominated.to.an alga-dominatedosystenfHoey and Bellwood 2008).

Harvesting carshift behavior in ways that not only affect habitat use and feeding patterns
but also inducé&rophic cascades$n temperate foresta North America and Europe, selection on
elk (Cervus canadensisind red deeiGervus elaphydrom trophy huntingarges bolder and
moreactive individualqCiuti et al. 2012; Loneet al. 2015). Changes in behavior dmabitat use

by elk and othemammaliarherbivoresmay, in turn, influence patterns pfant regeneratian
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Brown kears(Ursus arcto¥in Scandinavia change their habitat use to avoid encounters with
hunters and, in doing so, may change interactions withdieiprey speciegOrdizet al. 2012)

as well as witthumans $teyaeret al. 2016).Harvest also affectigratory behavior in some
ungulate species, therebsdistributing herbivoracross the landscageoe et al. 2016).For
mesocarniverethat are hunted artthrassegdhe fear of humans and domestic dogs changes
vigilance and feeding behavior in ways that can lead to trophic cag€iohesy et al. 2016;
Suraciet'ali2016).1t would beworthwhileto exploresimilar effectan other species for
example the"potential for humans to change the ecosystem engineering behavior of beavers in

ways that might changequatic and riparian ecosystems

Implicationsfor conservation and management

To maintain selectedspects of ecosystem functjoasource managemsay be requiretb
reduce trait changes or restore trait valndsarvested specieghis will necessitate
implementingmanagemerdtrategies- includingdecreasindparvest rateandharvest selectivity,
as well asreating refuges that maintairplasticity and genetic variation within populations.
Such approaches will be important for integrating harwegieed trait change into ecosystem

based manageme(EBM).

Decreasing harvest rates and selectivity

When natural selection acts in oppositiorharvest selection, managing trait changes can be
achieved by‘decreasing harvest mortality (Ededinal. 2007). Balanced exploitation, in which
harvest is distributed across many species, can reduce the selective presseveadrite
targetedspecies without decreasing the overall harvested biomass (€gaatia012). This

strategy may be effective when applied to communities of harvested species that all contribute to
a shared ecosystem function, such as grazers that consume algae @efaalfrugivores that
disperse seeds in tropical forests.

In combination with reducing harvest rates, decreasing harvest selectivity can
substantiallyslow trait change. Reducing selectivity can be achieved by switching or rotating
through different gedypesor harvesting methogdsach of which targetadividuals with
different sets of traitéMartinezet al. 2005;Pauliet al. 2015). To combat the truncation of size

distributions, nanyrecreational fisherieely onslot limits, which specify both a minimum and
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maximum legal size at which an individual can be harvested. While minimum sizesliomés
tend to impose strong size selection on exploited populations, slotpioiect thdargest
individuals,thereby reducing the strengthdirectionalselection(Matsumuraet al.2011). In
sequential hermaphrodites and species characterizewhiked sexual dimorphismith respect
to body sizgsize selective harvest can skew sex ratiwkich can have its own effects on
ecosystem,process@gyxell et al. 2015). Jot limits can be used tmaintainbalanced sex ratios

for such'species

Establishing refuges and protected areas

Protected areas can be effective toolsarntainng genetic variation in populations connected
by gene flowlnside reserveshe natural selectioregime is maintainedsene flow out of the
reserve caslowthe rate ofrait change in nearbyharvested population$his strategy is
analogous to thagricultural practice afleliberatelyavoiding the application of pesticides on
selectedields adjacent to crops to prevent the fixatiorgehes conferringesticide resistance in
crop pests¥arious implementations @harine protected areas!PAs) have shown that reserves
can reverse shifts in size distrilatiimposed by selective harvelgtPAs have been effective at
restoring-large lobsters, allowitigemto once again contrgeaurchins and shift the state of the
ecosystemfrom urchin barrenadk to kelp bedd.{ng et al. 2009)(Figure 4). Analysof

global case studies hademonstrated that even long-lived, slgrowing species can recover to
sustainable size distributions within 5 years of enactinthke-zone¢Babcocket al. 2010).
However reserves alone may loeeffective at reversing evolutionary changes, necessitating
their use inse@mbination with other strategies for managing the magnitude and isglefctiv
harvest outside of the reserfigzunlopet al. 2009).

Spatial restrictionsre less effectiveor managing the harvest of wide-rangsyecieor
species that . maleng-distancemigrations(Mietheet al. 2011). For migratory species, harvest
may drive changes in movement patterns, favoring individuals that either do not move through
harvested.areas or that move during times when harvest pressurefsi®uch speciesare
should be taken to avolthrvestselection that would change migratory behawjoren thatsuch
behavior can be a major driver of comnity and ecosystem procesdéss importanto protect
themigratory species’ life stages that are most evolutionarily responsive to harvest. Specifically,
protecting areas where both adults and juveniles feed andngagwwe more effective at
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reducingharvestdriven trait changgthan protecting adults alone in spawning areas (Dwtlop
al. 2009;Mietheet al.2011). Nonstatic refuge types such as dynamic protected aredtsme—
area closures in fisheriésave received little attention from te&ndpoint of managing trait

change, but may be an effective approach for highly migratory species.

| ntegratingitrait changes into ecosystem-based management
EBM has emerged ashmlistic alternative to singlspecies managemefitaugenet al. 2014).
Broadly definedEBM seeks to maintain an ecosystem’s biodiversity and funatiiie
management actions used in this approach eagsysterbased approaches focois
maintainingtarget levels for various physical and biological indicators of ecosystaith.
Integrating'trait change inteBM is likely important for maintaining sustainable harvests and
other ecosystem servicisaugenet al. 2014). Peciesspecific targetsor trait valuescould be
consideredn EBM plans, and traits of harvested populations could be monitored as early
warning signs of ecological regime shiftrinstancerapid changes in the |Hieistory traits of
Atlantic codwere observed prior to the collapse of the fis{@lgenet al. 2004).Had these
changes been:detected earlier, the effects of the collapse might have been tessariddd
For somenaits, such as predator body size, changes can causesiftgin ecosystem state
(Ling et al«2009;Shackellet al. 2010).Therefore managemerimits for allowabletrait changes
could beconsideredbased on ecological information, such as empirical preqa&y-body size
relationshipsand the propensity dfarvested ecosystems to exhibit dimear behavior such as
threshold dymamics offtarnative stable states

Despite‘ecent progress toward understandingat@ogical impacts of harvedtiven
trait changse, some impdantknowledge gaps remaihirst, there igimited direct evidence from
terrestrial ecosystentimking trait changes to ecological outcombsaddition to behavioral
changesharvest in terrestriapecieftenaffectssexually selected traitsuch as horns, antlers,
and tusks (Chiyet al. 2015; Pigeoret al. 2016).Suchtraitscanserve as defensiweeapons
against predators, and their reduction or loss may have implications for predajor—
interactionswhichdeservdurtherstudy. Seconxisting evidence for harvedtiven trait
changexomes primarily from regulated commercial and recreational harvdstse harvest
systemften rely on modern technology and are closely monitored by fishery and wildlife
managersThemany other formsf harvest which mayrely on traditional technologiesnd
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informal managemenivarrantmonitoring for evidence afuchchanges antheir ecological
consequencesinally, the interacting effects of harvest and climate change on traits and
ecosystems araigely unknown. Many &its that respond to harvest are also exquetd

respond to climate change. For exampt#hbharvest and climate warming are predicted to
select for reduced body size, but the magnitude of such shifts is expected to diffembetwe
organisms.and‘ecosystem typEergteret al. 2012). How harvesing and climate changsill
interact'to'shaptaits andecological processes across a range of climate and harvest scenarios

deserves detailed attention

Conclusions

As the number‘of harvestegecies continues to risscientists and resource managesd to
updateecosystem managemesttategies with current ecological and evolutionary knowledge.
Existing evidencesuggestshatharvest is causing rapid changes to the traitisdividuals within
wild populations. Miny of these traits plagn important role icommunity and ecosystem
processessThe use of adaptive management strategies may enable scientists and resource
managers to examirey aspects of how harvedtiventrait changesre reshapingommunity

and ecosystem processes. jiveposehat contemporary trait change and its ecosystem
consequences be considered in the development and implementation of conservation and

management plans.
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Additionalgywebonly material may be found in the online version of this article at

Figure 1."Examples of changes in the traitshafvested species that alter abiotic or biotic
conditionsyinfluencing community interactions and ecosystem functions. (a) Retbealy size
of Atlantic codGadus morhugaffectsthe strength of marine trophic cascades. (b) Decreased
body size ‘of Chinook salmo@rfcorhynchusshawytschareduces rates of nutrient transport
between marine and freshwater ecosystems. (c) Altered habitat use by ré@detees elaphys
influences the-ability of plant communities to regenerate.
Credits:

(a) NOAA

(b) M Humling/USFWS

(c) License: CCfPixabay

Figure 2. Potential mechanisms determining thmpacts of harveadriven trait changson
community and ecosystem proces$égse mechanisms derive fromaaiety of types of
evidence (theoretical models, experiments, and observational studies of harvested ecosystems)

and includeexamples fromariousorganisms and ecosystem types
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Figure 3. Evolution caused by fishing can lead to large fluctuations in population densities
across multiple trophic leveladapted from Kuparineat al 2016. Fisheriesinduced changes
in size and maturation age for Eurasian perBerca fluviatilig and Europea whitefish
(Coregonus.lavaretus central Europe’d.ake Constance angredicted tancrease the
magnitudeof variationin total ecosystem biomadsdck line represents thease with no

evolution;red line represents thease with evolution

Figure 4. Harvestdriven trait changes can cause major ecosystem state shifts, such as the
transition between alternative stable states this case from kelp beds to urchin barrens when
spiny lobster Jasus edward3ibody size is reduced (adapted from Latgl. 2009). Knowledge

of trait-dependent ecological interactions, ongoing trait monitoring, and manageméatfom
trait changemaybe useful foprevening undesirable ecosystem state shifts, which can be

difficult to reverse
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