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Biodiversity loss in highly diverse systems such as coral reefs has been linked to
significant declines in the ecosgm functions and services provided by marine species.
Ecological functioning of coral reefs and the resistance of coral reef fish communities to
disturbance depend on the functional traits of species that promotes ecological resistance,
as well as traitspatial and temporal abundance. Flased approaches are increasingly
being used in marine ecology to predict impacts on ecosystem function and services from
environmental change. Functional diversity (FD) metrics quantify the trait diversity in
biological assemblages and act as a proxy for the diversity of ecological functions
performed in the community. Analyses of FD offers a potentially useful tool to identify
functional changes in diverse, complex, and disturbed marine ecosystems such as coral
reefs,yet this metric is rarely applied to evaluate community change. Few studies have
applied traitbased diversity metrics to understand the ecological roles that fishes play in
the trophic dynamics in coral reef systems, neither for monitoring spatioteroparajes
in the trophic organization of fish assemblages to evaluate management strategies and
resistance of fish assemblages to disturbances.

To better understand the trophic structure in fish communities and identify any
knowledge gaps, we conductedexttensive literature review of six trophic functional

traits for juvenile and adult stages of 274 marine fish species known to occur in the U.S.



Caribbean. Trait descriptions were more comprehensive for adult life stages than
juveniles, and the trophicvel was the most recorded trait, and social feeding behavior
was the poorest recorded traits for species in adult and juvenile stages. From this review,
we built a trait database that described fish trophic functions, but also gaps in trait
knowledge in tk Caribbean Basin.

In Chapter 3, we documented spatiotemporal variability in the trophic function of fish
assemblages to identify changes in coral reef communities inside benthic habitats of the
Buck Island Reef National Monument (BIRNM) in the U.S. Mir¢gglands between 2002
and 2010. We combined six traits related to the trophic function of 95 fish species
together with species biomass estimated from underwater surveys to calculate
assemblagéevel descriptors of functional richness, dispersion, andreass. We found
that coral reef and other hard bottom areas supported high levels of trophic functional
richness and variation among habitat types, but with low functional redundancy
evidenced by the unigue trophic role that each fish species had wiHumittional trait
space. Important temporal variations in functional trait composition during the last
decade in the BIRNM, including change following a strong coral bleaching event in
2005, suggested that functional diversity descriptors are sensitugteto track
changes in the trophic organization of fish communities. In general, this chapter showed
the utility of descriptors of functional diversity to evaluate changes in ecosystem
functioning of heterogeneous habitats in the seascape.

In Chapter 4yve used descriptors of functional diversity and traits as tools to (1)
evaluate the ecological performance of Marine Protected Areas (MPA); (2) study the
association of fish functional diversity in ecosystem services such as production of fish
standing bimass; and (3) identify the ecological resistance of fish communities to the
coral bleaching event in 2005 in the U.S. Virgin Islands. We used four functional traits
related to the trophic function of fish species and their biomass between 2002 and 2012 to
calculate descriptors of functional richness, variation and evenness, commeigkyed
mean values of functional traits, and fish standing biomass inside and outside MPAs. We
also used trait information to characterize trait values for tolerant antblewant species

to the coral bleaching event in 2005 that produced high mortality in coral reefs in the U.S.



Virgin Islands. First, we found that functional diversity descriptors and traits are sensitive
to capture spatial and temporal differences in timetional organization of communities,

and are an excellent addition to monitoring the ecological performance of marine
reserves. Reserve effects were found only for the Buck Island National Reef Monument
in St. Croix, and we consider that the lack of resesffects in other MPAs is a

consequence of their short establishment duration, the legacy of overfishing, and possible
functional homogenization in fish communities. Second, we found an association of
functional diversity and fish biomass, which indezhthat high fish functional richness

and variation, and low evenness covaries positively with the total fish standing biomass at
all levels of habitat protection. This finding highlights the importance of protecting the
diversity of ecological roles in e¢ fish assemblages to maintain ecosystem services.
Finally, we identified indicators of fish functional diversity erosion and a low ecological
resistance of fish species to the coral bleaching event in 2005. These indicators included
(1) the reduction ifish functional richness; (2) the lack of return of fish functional

richness to its original levels after seven years of survey; (3) the dominance of broader
diets in fish assemblages; and (4) the reductions in the trophic levels of disturbance
tolerant fsh species. Based on the tolerance of each fish species to the coral bleaching
event in 2005, we built a database of ecological resistance to disturbance. Managers can
use this database to enhance the intrinsic ecological resistance of fish assemiages or
better understand further trends in the trophic organization of fish assemblages in each
evaluated MPA.
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Chapter 1introduction

1.1.Overviewof functionaltraits, diversity and ecosystem functiog

Ecosystem functions (processesgh as primary and secondary productang
associated services to humauagh as fiststandingoiomassgdependon the functional
traits of species and their spatial and temporal abundance (Hooper et al. 2005].Jax et
2005 Micheli et al., 2011 Functional traits are processlevant attributes of organisms
that make them bearers of functional roles, and thus supporters of ecosystem function
(Jax et al. 2005)Traits can be morphological, behavioral, and physicdgiCadotte et
al. 2011, Diaz and Cabido 2001, Petchey and Gaston 2006), and are connected to the
environmental tolerance of organisms which influence the composition and organization
of biological assemblages, but also ecosystem resilience (Boersma@thlPiacenza
et al. 2015Cadotte et al. 201D)ee et al. 2016, Silvdunior et al. 2016 Resilience is
crucial for ecosystems because it allows for the capacity of a system to persist or
maintain function under disturbances through the sy&tem tg tb redist change and
recoverto its original functional state (Holling 1973, 1996, Folke et al. 2004, Mora 2015,
Hodgson et al. 2015). Functional traits generate ecological resilience through the richness
(diversification), but also the redundancy (dapping) ofthefunctional rolesof species,
which buffersthe loss ofcologicalroles caused blgiodiversityreductiondue tohuman
induced and natural disturband@®terson et al. 1998%mith et al. 2011, Mouillot et al.
2013, Dee et al. 201®uffy 2009, Micheli and Halpern 2005, Ricotta et al. 2016,
Cernansky 2017)/Vhen implementing an ecosystdrased management approdtie,
diversity and redundan®f ecological roles of species areportant indicators of change
to track ecosystem functioning rattthancounting thenumber of specie@Cadotte et al.
2011).

Trait-based approaches such as functional diversity analysis are increasingly being
used in assessments of ecosystem conditepredict impacts on ecosystem function
and serviceslue toenvironmental change and community responses to such change
(Villéger et al. 2010, Luck et al. 2012, Michelli et al. 2014, Funk et al. 2016). Based on



species abundance and their functional traits, functional diversity psaviday to
characterize the nich@ace used by each species, and the functional organization of
biotic assemblages (Diaz and Cabido 2001, Petchey and Gaston 2006, Cadotte et al.
2011).Models of functional diversity descrilb®w therelationship between species
richness anéunctionsdelineateghevaluesin the relationship between biodiversity and
ecosystem function (BEKFig. 1) Cadotte et al. 2001This relationship could ke
positiveor asymptotic curve called functional redundancy (Peterson et al. 1998, ElImqvist
et al2003 Micheli et al. 2014. The redundancy in species functions suggests that more
than one species providing a specific ecosystem function is present at a single spatial and
temporal scale (Peterson et al. 1998, EImtisti2003) whichincreases the resilience.
Reducing biological diversity and species biomass reducesctilegicalresilience of
systems, increases their vulnerability to phase shifts caused by disturbances, and changes
desired ecosystem servid€sg. 2) (Peterson et al. 199&ven though functical
diversity as a measurement of biodiversity is relatively new (Schleuter et al, 2010)
functional diversity descriptors are considered to be simple, logical and repeatable
metrics that can be comparable across multiple spatial scales (Carmona &)ai 201
evaluatehe changeof the functional organization of communities and ecosystems.
Traditional descriptors of spattemporal changes in species diversity, including
species richness, and trophic group richness and biomass (Gotelly and Colwell 2001,
Colwell 2009, Maurer 2009, Vallés and Oxenford 2015, Loiseau and Gaertner 2015), can
not capture the interspecific variability in species traits because they either ignore
speciesspecific functional roles completely or clump species within trophic groups
without sufficient knowledge of trait differences (Villéger et al. 2010, Micheli et al. 2014,
Mouillot et al. 2013b, Boersma et al. 2014, 2016, Dee et al. 2Ba6¥tional diversity
descriptors consider the identity of species, interspecific variabidy@dundancy of
functional roles (Villéger et al. 2008, 2010, Micheli et al. 2014, Boersma et al. 2014,
2016, Dee et al. 2016), roles played by rare species (Jain et al. 2014, Mouillot et al.
2013a, Leitao et al. 2016), and explanations of mechanisrhe @idirictional organization
under different levels of disturbance (Mouillot et al. 2013b). Even though the use of

functional diversity as a measure of biodiversity is relatively new (Schleuter et al. 2010)



and a Agoodo | evel ofnhasendtbeedestablisiiediom speci e
ecosystenrbased management, this metric is beneficial because it can vary

spatiotemporally between disturbed and undisturbed habitats, which gives us a better
understanding of the effect of protection levels of habitats @tasystem approach.
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Figurel. Relationships between species richness and functional diversity (FD), and their
influence on biodiversity and ecosystem function (BEF) (From Cadotte et al. 2011).
Positiverelationship between spies richness and FD leads to a positive BEF
relationship(a) [Note: Themagnitudeof BEF dependsn levels of FI. When species in

a community are functionglredundant, biodiversity does not influence ecosystem
function (b) The lack ofarelationshipbetween species richness dfidleads tca range

in ecosytem functionwhich is explained bjunctional diversity(c) (Cadotte et al.

2011).
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stability of > potential Species rich
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function Z W/ Species poor
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Figure2. Relationship between species richness, ecological function and ecosystem
resilience (Modified from Peterson et al. 1998)this example, the relationship between
species richness and ecological funcimrepresentelly a lineartrend infunctional
redundancy (A)Varying numbersn species richness leadsdissimilarlevelsof
functionalstability in the system Systemstability is represented by the batlthe base of
local stability pitsatlandscapedrivenby species richness (BYlovement of the system
between statas drivenby the energy of a disturbance and its egpgent changes in the
landscapes of stabilitygystem stabilitys measurethy theslopeand the resilience by the
width of the pit in the current state (Peterson et al. 1998).

1.2.Functional diversity in coral reef fish assemblages

Fish exhibit a wide rang offunctional traits that performomplex ecological roles in
coral reefecosystemsEven though functional diversity studies provide an opportunity to
understand changestime functional organization of biological commities, these
studies requiranenormous effort to compile functional traits in areas of high
biodiversity. In many regions, gaps in our understanding of functional traits throughout
the life cycle of fishes could result in unreliable estimates of functional redundancy and
biased concluens about ecosystem resilience (Mora 2015, Nakazawa 2015, Sanchez
Hernandez 2016). In the case of fishes associated with coral reefs, of which many
undergo ontogenetic shifts in habitat and diet, functional redundancy at any location will
be influenced byhe spacaise patterns of fishes and other trait changes throughout the
life cycle (Nash et al. 2016, Kimierei et al. 2013, Lecchini and Galzin 2005). This leaves
open the question: What ecological roles do juvenile fishes play in the complex trophic
relaionships of coral reef systems? Therefore it is important to understand the ecological

roles that juvenile fishgslay in the trophic relationships of coral reef systems and to



determine if the available information on functional traits is sufficiendeéatify changes
in their function by life stages. The quality of information on functional traits for key
functional groups of reef fish specissncreasingly important because it impacts our
ability to evaluate threats to coral reefs and predict thedsrof recovery.

Coral reefs are hidi biodiverse systems, however they amnerable to overfishing
and climate warming, which results in the widespread degradation of the structure and
function of reef fish assemblages worldwide (Pandolfi et al. 2DG®jata et al. 2016b).
The low resilience of reef fish assemblages to stressors has three explanations. The first is
the limited redundancy in the functional roles of fishes within multiple functional groups
(Bellwood et al. 2003, Micheli et al. 2014, Mow | ot et al . 2014, Dbag
RinconDiaz et al. unpublished). The second is explained by the high vulnerability of
unique functional roles performed by rare fish species that havedourencevithin
communities (Mouillot et al. 2013, Leitdv &. 2016). The third is the increase in
magnitude and frequency of disturbances which limits the resilience of coral reefs
(Hughes 2010, Eakin et al. 2010, Hughes et al. 2F-L8)ire resilience of coral reef
communities to climatic change will dependtbe capacity of species to resist
disturbanceshroughtraits that help organisms to tolerate change and the protection of
locations that show systematic ecological resistance to disturbances (Darlingténd C
2018).Studies that focus aie relationshietweerfunctional traitsandresilience of
reef fish communities are necesstarglecreaséhe cecline of ecosystem functions and

ensure the survival and thriving of ecosystem services provided by coral reefs.

1.3. State of the research on fish functionakdsity in the U.SVirgin Islands

Recent studies about fish diversity in thehe U.S. Virgin Islandkave focused on
understanding the abundance and distribution of trophic groups and species richness
within and outside Marine Protected Areas (MP&X)sta et al. 2009, 2012, Friedlander
et al. 2013, Kendall et al. 2001, 2005, 2011, Monaco et al. 2008, 2009, Pittman et al.
2008, Zitello et al. 2009 However, despite the existence of vast information on fish

species presence, distribution, and abunelathere i1 information related to



functional diversityCommunity composition and distributiar reef fish assemblages
vary spatially in the U.S. Virgin Islands, even within similar habitats, becauke of
combined effects dfifferences irshelf siz and fishing activities in this archipelago
(Brandt et al. 2010)n generaldue to fishing pressufesh assemblages in the U.S.
Caribbearhave experienced a depletion of largedied species such as groupers and
parrotfish that resulted in a shift tmall body species dominance such as coney grouper
(Epinephelus fulvysand rainbow parrotfisiSparisoma aurofrenatunpgPittman et al.
2010). The decline in species composition and biomass of fish commumitiesU.S.
Caribbean islue numerous factorkat includethe lack of an edy understanding dfish
functional organization, ng history ofoverfishing(Garrison et al. 1998, 200Q4)
damage from boats, hurricanes, bleaching events and diseases on coral reefgand a
enforcemenagainst fishingctivitiesinsideMPAs (Rogers and Beets 200Rittman et

al. 2014.

Comparisons of specigbitat relationships in areas inside versus outside MPAs
show a variety of differences thebiomass of fish trophic guilds and abundance of
individual speciesn the U.S. Virgin Islands. In St. John and the Buck Island Reef
National Monument (BIRNM) in St. Croix, indexes of fish species gslsrare positively
associated witlheef context features such as patch adjacency to reefs and seagrasses
inside the MPAs (@berDunsmore et al. 2007, Pittman et al. 2008). In St. John, mobile
invertebrate feeders and adult piscivores are related to seagrasses and reef habitat
coverage respectively, and juvenile omnivores are associated with sources of
ichthyoplankton in deepabitats (Grobebunsmore et al. 2007). In the Virgin Islands
National Park (VIIS) in St. John, invertivore biomass was high in hard bottom habitats
inside the MPA, and piscivores and planktivore biomass were higher outside it
(Friedlander et al. 2013). Mepredator release effects, due to the decline of larger
groupers (Beets et al. 1994), are also observed in the VIIS since small mobile invertivores
such as coney£gphalopholis fulvpare found in high densities but in small body sizes
outside the MPA (Fedlander et al. 2013). The Buck Island Reef National Monument
(BIRNM) in St. Croix exhibis ahigh biomass of herbivores in hard bottom habitats
inside the MPA and of piscivores outside it (Pittman et al. 2008). Convgarséig



BIRNM, coneys are founth high densities inside the MPA (Pittman et al. 2008
observed short term variationsthre biomass of fish trophic groups suggest that there is a
spatialchangean the food web structure of fish communiti@is findingsuggests a
need to furthestudy communitywide impactaunder differenprotection levelsn the
U.S. Virgin Islands

Important recommendations for management enforcement and modification of
boundaries in MPAs of the U.S. Virgin Islands have been suggested to account for areas
of higher coral reef complexity, healthiness, and redundancy of fish species richness
(Friedlander et al. 2013, Monaco et al. 2009, and Pittman et al. 2008). The variability in
responses of fish trophic guilds to habitat characteristics and their selectemi of r
patches need speci al ¢ o n sDunkmoreaet al. 20O7) sinnbe MP A s
mechanisms behind fish species diversity operate in a habitat matrix that links habitats
with different ecological functions under different fishing pressures astdgiion levels.
Because the mechanisms of fish functional diversity are unknown in MPAs of the U.S.
Caribbeanstudies thatontribute to the understanding of ecosystem changes in MPAs
and impacts on the functional diversity of fish communiéiesneedetb improve

ecosystenrbased management in this area.

1.4Thesis outline

In the present work wese information on functional traits related to the trophic
function of reef fish species, along with information on fish species abundance in the
U.S. Virgin Iskinds to (1) identify any knowledge gaps in the trophic traits of reef fish
species; (2yalidate functional diversity descriptors to understand the spatiotemporal
changes in the functional organization of fish assemblages in corsl aedf(3 evaluate
functional diversity descriptors and traits as tools to monitor the ecological performance
of MPAs and the ecological resistance of their reef fish communiti@gingnatural
disturbancedn addition to this introduction (chapter 1), the dissertasodivided into

three chapters:



Chapter 2: Information gaps in trophic functional traits of Caribbean reef fishes

This chapter was submitted as a data paper in Ecology (RiDcanet al. submitted)

To better understand trophic structure in fish comtesiand to identify any
knowledge gaps, we conducted an extensive literature review of six trophic functional
traits for juvenile and adult stages of 274 marine fish species known to occur in the U.S.
Caribbean. We found that trait descriptions were nsoraprehensive for adult life
stages than juvenileA. high percentage (62%) of species had no available information
for juvenilestages which hindeour understanding dhe ecosystem function required to
support ecosysteiinased management and conservaéfforts in the Caribbeairophic
levelwas the most recorded traid social feeding behaviafas thepoorest recorded
traits for species in adult and juvenile stay@s.provide readers with database of
functional traits but also with a currerstaus of knowledgéwhich includes gapgpr
reef fishspecies. This informatiocan be used in other studies of functional diversity and
ecosystem resilience Daribbean marine ecosystenbis chapter was writteim the
format of a data papgawhich includes metadata, accessibilibgpyrights, citationand

files associateavith this database.

Chapter 3: Functional diversity metrics show spatial and temporal changes in fish
communities of a Caribbean marine protected area.

This chapter was accepted lvitninor revisions in Ecosphere (Rinebiaz et al.

accepted).

In this chapter we document spat@mporal variability in the trophic function of fish
assemblages to identify changes in coral reef communities insidbic habitatsf the
Buck Island ReeNational Monument (BIRNM) in the U.S. Virgin Islands between 2002
and 2010We combined 6 traits related to the trophic function of 95 fish species together
with species biomass estimated from underwater surveys to calculate assdevahge

descriptors bfunctional richness, dispersion, and evennéés found that coral reef and



other hard bottom areas supported high levels of trophic functional richness and variation
among habitat types, but with low functional redundancy evidenced by the unique trophic
role that each fish species had within the functional trait space. Important temporal
variations in functional trait composition during the last decade in the BIRNM, including
change following a strong coral bleaching event in 2005, suggest that fuhdtigraity
descriptors are sensitive enough to track changes in the trophic organization of fish
communities. In general, this chapter shows the utility of descriptors of functional
diversity to evaluate changes in ecosystem functioning of heterogeredntasin the

seascape.

Chapter 4: Functional diversity: a tool for the ecological performance of MPAs and
indicator of resistance in reef fish assemblages

This chapter was approved for all coauthors and will be submittdtetgurnal

Ecology ProgresSeries.

In this chapter we validated the use of descriptors of functional diversity and traits as
tools to (1) evaluate the ecological performance of Marine Protected Areas (MPA); (2)
study the association of fish functional diversity in ecosystemcesrguch as production
of fish standing biomass; and (3) identify the ecological resistance of fish communities to
the coral bleaching event in 2005 in the U.S. Virgin Islands. We used four functional
traits related to the trophic function of fish spe@esd their biomass between 2002 and
2012 to calculate descriptors of functional richness, variation and evenness, community
weighted mean values of functional traits, and fish standing biomass inside and outside
MPAs. We also use trait information to chasaize trait values for tolerant and ron
tolerant species to the coral bleaching event in 2005 that produced high mortality in coral
reefs in the U.S. Virgin IslandBirst, we found that functional diversity descriptors and
traits are sensitive toapturespatial and temporal differences in the functional
organization of communities, and are a good addition to monitoringctiiegical
performance of marine reserves. We found reserve etfabtgor the Buck Island

National Reef MonumenWe considethelack of reserve effects in other MPAS is a
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consequence of theshort establishment duratiglongterm legacy of overfishing, and
homogenization of trait composition in fish communiti®scond, we found an
association of functional diversity and fish fmass whichindicates that high fish
functional richness and variation, and low evenness enhance total fish standing biomass
at all levels of habitat protection. This findihgghlightsthe importance of protecting the
diversity of ecological roles in reéEh assemblages to maintanosystem services.
Finally, we identified indicators of fish functional diverséayosion and sw ecological
resistance of fish speciesttee coral bleaching event in 2005. These indicators include
(1) the reduction in fis functional rchness(2) the lack of return of fish functional
richness to its original leveldter seven years of survey; (3) the dominance of broader
dietsin fish assemblages; and (4) the reductions in trophic levels of disturtmdeant
fish spees. Based othetolerance of each fish species to the colehthing event in
2005, we buila database of ecological resistance to distoice. Managers can ubés
database to enhance the intrinsic ecological resistance of fish assenulagbster
understand further trends in th@phic organizatiomf fish assemblages each

evaluated MPA.
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Chapter 2: Information gaps in trophic functional traits of Caribbean reef fishes

Martha Patricia Rincédiaz', Simon J. Pittman®, Selina S. Heppéil

1104 Nash Hall, Department of Fisheries and Wildlife, Oregon State University, OR
97331, USA
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2.1 Abstract

Understanding the etogical roles that fishes play in the complex trophic
relationships and dynamics of coral reef systems depends on our knowledge of fish
feeding ecology and our ability to detect changes in community composition and
function. The functional redundancy asties in different habitats is highly influenced by
species composition and ontogenetic shifts in diets and feeding behavior across species,
as evidenced by different patterns of habitat use and migrations during different life
stages. To better understanaphic structure in fish communities and to identify any
knowledge gaps, we conducted an extensive literature review of trophic functional traits
of 274 marine fish species known to occur in the U.S. Caribbean. We also present the
quality of trait infornation for each species based on the location of studies, date of
publication, and sample sizes. Fish traits were extracted for juvenile and adult fish stages
separately and selected based on: water column feeding position, social feeding behavior,
time offeeding, habitat use for feeding, trophic levels, and diet breadth. Trait descriptions
were more comprehensive for adult life stages than juveniles. Trophic level was the most
recorded trait for species in adult and juvenile stages (96 and 30%, resggclinel
poorest recorded traits for adults were social feeding behavior and feeding grounds (57%,
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respectively), and very little was known about social feeding behavior for juveniles (8%).
A high percentage (62%) of species had no available informatigavieniles.

Significant gaps in our knowledge of the trophic roles of juvenile fishes in the U.S.
Caribbean, and throughout the Caribbean region, hinder our understanding of ecosystem
function required to support ecosystéased management and conservagiforts. We
recommend increasing research efforts to describe functional roles-obnonercial,

cryptic and rare fish species to understand changes in the functional redundancy and
diversity of Caribbean marine ecosystems. This data set can be ugetias that link

fish functional diversity to resilience of Caribbean coral reefs to natural and
anthropogenic disturbances, as well as those focused on predicting transmission of
parasitic infections in fishes by using behavioral traits related to feedoiggy of reef
fishes.

Keywords: food webs/trophic structure; fishes; coral reef; Caribbean Islands; trophic

roles; functional diversity; ontogenetic shifts; functional traits.

2.2. Introduction

Fishes exhibit a wide range of functional traits thgetber play complex ecological
roles in coral reef ecosystems. Functional traits, or measurable features of an individual
that affect its ecological role, can be physical, biochemical, or behavioral (Cadotte et al.
2011). Traitbased approaches are inciegly being used in marine ecology and in
assessments of ecosystem condition to predict impacts on ecosystem function and
services from environmental change and community responses to such change (Villéger
et al. 2010, Luck et al. 2012, Michelli et al. 20Funk et al. 2016).

Functional diversity, a measure of the variety of functional traits exhibited by species
within a community, is an ecologically meaningful approach for evaluating changes to
ecosystem integrity and resilience, and requires accaufatenation on species ecology
throughout their life history (Petchey and Gaston 2006, S8raith et al. 2013). For
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instance, the impact on ecosystem integrity as a consequence of the decline and loss of a
species from the community will depend on thgrde of overlap with the functional

roles of other species (Micheli and Halpern 2005, Ricotta et al. 2016), as well as of
specific life stages of a species (Nakazawa 2015, 2016, Rudolf and Rasmussen 2013).
Functional diversity accounts for similarities atitferences among species based on

their functional traits (Diaz and Cabido 2001, Cadotte et al. 2011). Models of functional
diversity describe the relationship between species richness and species functions as a
positive and asymptotic curve called fuoo@l redundancy (Peterson et al. 1998,

EImquist et al. 2003). Functional redundancy is thought to increase the resilience of a
system, or its degree of s@lfganization, to resist departures from equilibrium states
following disturbances (Holling 1973pkke et al. 2004). Even though functional

diversity studies provide an opportunity to understand changes in functional organization
of biological communities, these studies require of an enormous effort to compile
functional traits of species in areas ajthbiodiversity.

Coral ree$ are among the most biodiversgstems on Earth, but are vulnerable to
disturbance from human activities which have resulted in widespread degradation of
ecosystem structure and function worldwide (Pandolfi et al. 2003)ldvhigesilience of
coral reefs to stressors has been explained by observations of limited redundancy in the
functional roles of fishes within multiple functional groups (Bellwood et al. 2003,

Micheli et al. 2014). In the Caribbean, loss of functional graigishes and low

functional redundancy in fish communities, together with multiple stressors, has resulted
in especially high vulnerability of coral reefs to disturbance (Roff and Mumby 2012). As
such, the quality of information on functional traits ket functional groups of species is
increasingly important in our ability to evaluate threats to coral reefs and predict rates of
recovery. In many regions, gaps in our understanding of functional traits throughout the
life cycle of fishes could result inreliable estimates of functional redundancy and

biased conclusions about ecosystem resilience (Mora 2015, Nakazawa 2015,-Sanchez
Hernandez 2016). In the case of fishes associated with coral reefs, of which many
undergo ontogenetic shifts in habitat amet,functional redundancy at any location will

be influenced by the spacse patterns of fishes and other trait changes throughout the
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life cycle (Nash et al. 2016, Kimierei et al. 2013, Lecchini and Galzin 2005). Therefore it
is important to understarntle ecological roles that juvenile fishes, as well as adults, play
in the complex trophic relationships of coral reef systems and to determine if the
available information on functional traits is sufficient to identify changes in their function
by life stages.

As part of a large effort to understatin@ complex roles that fish species have in coral
reef areas we identified the trophic structure in fish communities of the U.S. Caribbean
through the description of trophic roles of fish species by life st&geslso conducted
an analysis of quality on compiled information for each species based on location, time of
publication, and sample size of the studies reviewed. Information generated by this study
can be also useful in studies of functional diversitgaral reef areas through the
Caribbean region.

2.3.Metadata

2.3.1.Class I. Data set descriptors

A. Data set identity: Information gaps in the trophic roles of Caribbean reef fishes
B. Data set identification code: fish_traits_adults.csv, fishstraiveniles.csv,
information_gaps_adults.csv, information_gaps_juveniles.csv, references.csv.
C. Data set description
Originator:
Martha Patricia Rincon Diai04 Nash Hall, Department of Fisheries and Wildlife,
Oregon State University, OR 97331, USA
Simon  J. Pittman. Nati onal Centers for Coas
1305 East West Highway, MD 20910, USA.
Selina S. Heppelll04 Nash Hall, Department of Fisheries and Wildldeggon State
University, OR 97331, USA
Abstract: Understanding thezological roles that fishes play in the complex trophic

relationships of coral reef systems depends on our knowledge of fish trophic ecology
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and our ability to detect changes in community composition and function. To better

understand trophic structune fish communities, we conducted an extensive

literature review of trophic functional traits of 274 marine fish species in the U.S.

Caribbean. In this database we register the presence of the following fish traits for

juvenile and adult fish stages sepahatwater column feeding position, social

feeding behavior, time of feeding, habitat use for feeding, trophic levels, and diet

breadth. We also present the quality of trait information for each species based on a

gap analysis that considered locationtatiges, date of publication, and sample sizes.
D. Key words: Caribbean; 202012; trophic roles; reef fishes; ontogenetic changes;

functional traits.

2.3.2.Class Il. Research origin descriptors

2.3.2.1.0verall project description

Identity: Informaton gaps in the trophic roles of Caribbean reef fishes

Originator: Same names and addresses as above.

Period of study: 2062012

Objective: The aims of this study wereidentify the trophic structure in fish
communities of the U.S. Caribbean through tbsatiption of trophic roles of 274

fish species by life stages, and to conduct an analysis of quality on compiled
information for each species based on location, time of publication, and sample size
of the studies reviewed.

Abstract: Same as above.

Sourceof funding: This study was supported by tekbowship for doctoral studies
abroad of the Colombian Department for Science and Technology COLCIENCIAS,
and the International Cultural Service Program scholarship from Oregon State

University.

2.3.2.2.Specific subpoject description
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2.3.2.2.1. Site description

This study utilized data on fish communities from databases covering marine
protected areas (MPAS) and nprotected areas located at the southwest and
southeast of Puerto Rico, and the U.S. Virgin Islands (USVI) €TRbIHabitat
composition of the studied sites included coral reef and colonized hard seafloor,
with secondary cover including seagrasses, emergent vegetation (mangroves),
macroalgae, and uncolonized seafloor such as reef rubble and bddveck.
existenceof a variety of habitatassured the representation of the fish community

and major habitat types used during fish ontogenetic shifts.

2.3.2.2.2. Research methods

Characterization of fish communitigsish communities were surveyed by the

Caribbean Coral Reef Egggem Assessment and Monitoring Project coordinated by
the Biogeography Branch of the National Oceanic and Atmospheric Administration in
Puerto Rico, and the U.S. Virgin Islands from 2001 to 2012 (NOAA et al. 2007a,b,c).
A total of 6102 survey sites inclad habitats within and outside MPAs (Table 1).
Location of surveys were established by a random stratified sample design by habitat
type using a benthic habitat map, and conducted by following a standardized 15
minute underwater visual census al@p0 nf belttransectusing SCUBA(25 m

long and 4 m widg Information gathered during census included identification of

fish species, an estimation of the fork length at 5 cm classes up to 35 cm and an
estimate of the actual fork length for individuals lardpamn 35 cm, and species
abundance. Length was used to calculate fish biomass using-Vesigtit

relationships (NOAA et al. 2007a,b,c).

Compilation of fish functional traits for the U.S. Caribbeish traits related to

the resource use function, and mascurately describe the trophic function of marine
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fish species in the U.S. Caribbean were populated in the database of 274 fish species
recorded during fish surveys in all MPAs (Table 2). We selected traits based on
ontogenetic diet shifts that fish gpes exhibit by migrating to different habitats, diet
plasticity, trophic location in the food web, and habitat use (S&rairth et al. 2013,
Oliveira et al. 2012, Micheli et al. 2014). We extracted traits for juvenile and adult

fish stages separately froa literature review of 200 publications that included peer
reviewed papers, Masters aRt.D.theses, conference proceedings, book chapters,
and fisheries agency reports from Puerto Rico and the U.S. Virgin Islands as main
sources of information, and mrimation from other Caribbean islands and the

mainland Caribbean Region as second and third sources of information. The literature
review included information from 1941 to 2015 published in English and Spanish.

The trophic level wasalculatedor each speiesby using the TropLab software

(Pauly et al. 2000) based on information about diet content analysis. Trait information
for juveniles was extracted from (1) publ
those that included sizes smaller than oirel thf the maximum species length

following the criteria for determining juveniles used by Dorenbosh et al. (2004, 2007)
and Nagelkerken and van der Velde (2002). Information for adults was extracted
from: (1) publications that included sizes higher thae third of the maximum

species length; and (2) publications with data on the following stages: adults,
subadults, collapsed (adults and juveniles together), and life stages not specified.
Maximum lengths of species were extracted from fishbase.org (Fanddeauly

2012). Presence of functional traits was recorded for water column feeding position,
social feeding behavior, feeding time, and feeding grounds. Proportions of food items
ingested by fish species were calculated or their presence was desasbdwhb

information of diet composition (Table 3).



Tablel. Fish survey sites conducted by NOAA in Puerto Rico and the U.S. Virgin Islands, U.S. Caribbean.

18

Surveys Benthic habitats included the surveys
Yearsof Inside Outside Fish Colonized Uncolonized
Island MPA survey MPA MPA  Specie: hardbottorr Mangroves Macroalgae Seagras hardbottom
Guanica NR 22%11% 26 141 Yes Yes Yes Yes Yes
287*
2000
La Parguera NR 1590 259 Yes Yes Yes Yes Yes
Puerto 2012
RiCO  jobos Bay NR 2009 5 40 112 Yes Yes Yes Yes Yes
Bahias
Bioluminiscentesde 2007 4 71 110 Yes Yes
Vieques NR
Buck Island Reef 2003 Yes Yes Yes Yes Yes
usvl National Monument 2012 1235 No 215
St. Croix St. Croix East End 2003 Yes Yes Yes Yes Yes
Marine Park 2012 984 169 213
Coral Bay APC 2003 456 180  Yes ves ves  Yes  Yes
2011
Virgin Islands 200k Yes Yes Yes Yes Yes
USVvi National Park 2011 445 212* 244
St. Johr
Virgin Islands Coral
Reef National 22%(111 498 244 Yes Yes Yes Yes Yes

Monument
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Table 1 (Catinued. Fish survey sites conducted by NOAA in Puerto Rico and the U.S. Virgin Islands, U.S. Caribbean.

Surveys Benthic habitats included in the surveys
Yearsof Inside Outside Fish Colonized Uncolonized
Island MPA survey  MPA MPA  Specie: hardbottorr Mangroves Macroalgae Seagras hardbottom
St James MRWS 2012 49 6 148  Yes Yes Yes  Yes Yes
USVI St
Thomas Cas CalMangrove Yes Yes Yes Yes Yes
Lagoon MRWS 2012 25 No 148

Notes: Marine Protected Areas (MPA) include Natural Reserves (NR), Reef Naliomaients (RNM), Areas of

Particular Concern (APC), National Parks (NP), and Marine Reserves and Wildlife Sanctuaries (MRWS). * denotes

surveys shared by more than one MPA: Coral Bay, U.S. Virgin Islands National Park, and U.S. Virgin Islands RNM shared
212 surveys around St. John. Guanica and La Parguera Nat
boundaries. Benthic cover classes were established according tallkatrad. (2001) classification.
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Table2. Functionalkraits used to study fish functional diversity.

Functional traits Rationale Traits

Water column  Location of feeding in the water column (Stegmith Benthic (BEN; sitting on bottonglemersal (DEM,; just over the
feeding position et al. 2013) botom), midwater (MID; between surface and the bottom), &
(WCFP) surface (SUR).

Social feeding Intra and interspecific social interactions while Species feeding in interspecific aggregations (AGR), as solit
behavior (SFB) feeding, such as predator avoidance strategies or individuals (SOL), in pairs (PAIR), or in mixed groups with ot
reduction of energetic costs while searching foygarespecies (MIX)

Feedingtime  Time of feeding and daily turnover of consumers Nocturnal (NCQT), diurnal (DIU), crepuscular (CRE)
(FT) within the fish community

Feeding ground Substrata used as feeding ground (Stiauith et al.  Substrates: coral reefs (COR), rocky reefs (ROC), sea grass

(FG) 2013). Note that open water are ocean surface hal(SEA), algae beds (ALG),angroves (MAN), sand (SAN), cor
rubble (RUB), open water (OPE; ocean surface habitats), w:
column (COL.: water column of any listed benthic bottom as
feeding area), out of shelf (SHE; oceanic edge of the bank/s
where depth increases rapidly), aod (SURF: surface water o
inshore habitats), and attached to other vertebrates (VER)

Trophic level  Trophic position in the community (Stu&nith et al. Trophic levéds go from 2.0 for herbivores up to 4.5 for piscivol
(Ty) 2013, Oliveira et al. 2012). The trophic level is relat

to body size, and therefore canstontogenetic shift

in diet by species within the fish community (Stuart

Smith et al. 2013, Micheli et al. 2014). Trophic leve

each fish species was calculated by using the Trog

software (Pauly et al. 2000) basedia contentlata.

Diet breadth The number of broad taxonomic groups consumePrey taxonomic groups includeekton (NEK), zooplankton (ZF
(DB) a fish species. This trait described diet plasticity anzoobenthos (ZB), detritus (DET), plants (PLA), sand (SAND
trophic niche amplitude (Oliveira et al. 2012) organic matter (OM), ectoparasites (E@Rgunidentified
animal material (UANL




Table3. Definition of variables for functional traitsf adult and juvenile fish stages.

Column header Variable definition Units Data storage
Family Taxonomic family name N/A Character
Species Scientific species hame N/A Character
Water column feeding position

BEN Benthic Presence Numerical
DEM Demersil Presence Numerical
MID Midwater Presence Numerical
SUR Surface Presence Numerical
Social feeding behavior

AGR Aggregation Presence Numerical
SOL Solitary Presence Numerical
PAIR Pairs Presence Numerical
MIX Mixed Presence Numerical
Feeding tine

NOC Nocturnal Presence Numerical
DIU Diurnal Presence Numerical
CRE Crepuscular Presence Numerical
Feeding ground

COR Coral reefs Presence Numerical
ROC Rocky reefs Presence Numerical
SEA Seagrasses Presence Numerical
ALG Algae beds Presace Numerical
MAN Mangroves Presence Numerical
SAN Sand Presence Numerical
RUB Coral Rubble Presence Numerical
OPE Open water Presence Numerical
COL Water column Presence Numerical
SHE Out of shelf Presence Numerical
SURF Surface Presence Numerical
VER Attached other vertebrates  Presence Numerical
TL Trophic level Decimal number Numerical
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Table 3(Continued). Definition of variables for functional traits of adult and juvenile fish
stages

Column header Variable definition Units Data storage
DB Diet breadth Integer Numerical
NEK Nekton Integer or presence  Numerical
ZP Zooplankton Integer or presence  Numerical
ZB Zoobenthos Integer or presence  Numerical
DET Detritus Integer or presence  Numerical
PLA Plants Integer or presence  Numerical
SAND Sand Integer or presence  Numerical
OM Organic matter Integer or presence  Numerical
ECT Ectoparasites Integer or presence  Numerical
UAM Unidentified animal Integer or presence  Numerical
material
INS Insects Integer or presence  Numerical
References Publication code Integer Numerical

Notes: Presence of traits was recorded as 1. A semicolon [ ; ] between values of trophic
level, diet breadth, and references means that traits were calculated from two different
publications. Asterisks [ * ] means thaaitrinformation was based on diet content

analysis and notes about feeding behavior of fish species.

Quality analysis for trait informatioWe analyzed quality of trait information by

using three qualitative criteria based on the location of study stespf publication,

and sample size (Tab#. The last criterion was only applied to traits derived from diet
content analysis of fish species. All criteria were used to classify species as having good,
intermediate, and poor quality information, orinformation by using equal intervals on

the maximum score of information quality found for the total pool of species (5able

and 6). Species with good standing had scores equal to and above 29 (with a maximum of
42). This information class was characteday species with ufp-date information on

traits (between 20002015) for Puerto Rico and the U.S. Virgin Islands, and a relatively
large sample size for diet content analysis (>10 samples). Species with intermediate
quality of information had scoregtween 15 and 28, and species with poor quality had
scores below 14. Species classified as having intermediate and poor quality trait
information included fish species with trait information extracted from studies conducted

in the three main general loaais, with time of publication from 1979 to 2015, and
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sample sizes for diet content analysis that included from feeding observations up to more
than 10 diet content samples. Species with a score of zero were those for which trait data

was not available.

Table 4. Criteria used for quality analysis of functional traits

Score Criteria for each functional trait
Criteria 3 2 1 WCFP, SFB, FT, FC TL, DB
P;ﬁg%RS'CO Other Mainland
Location Virgiﬁ ' Caribbean Caribkean X X
Islands Region
Islands
Time of  5000-2015 1980-1999 1950-1979 X X
publication
Sample
size <3or
(# > 10 3-10 observation X
samples)
Maximum
score per 6 9
trait

Table5. Quality analysis of information about functional tseibr fish species in adult
stages

Number of species within the sco

Quiality of information Score by specie Adult Juvenile
No information 0 1 170
Poor 1-14 46 36
Intermediate 1528 152 53
Good 2942 75 15

Total species 274 274




24

Table6. Variable definition for information gaps of adult and juvenile fish stages

Column Variable definition Units Data

header storage

Family Taxonomic family name N/A Character

Species Scientific species name N/A Character

Stage Life stage of fish species: adult (A N/A Character
or juvenile (J)

WCFP Water column feeding position N = No information Character

SFB Social feeding behavior available

TF Time of fealing P = Poor information

FG Feeding grounds | = Intermediate

TL Trophic level information

DB Diet breadth G = Good information

SIQ Species information quality

Use of the data in previous publicatioBsta on diet content of fish species was

recorded from published papers reviewed in this study, with theeseef unpublished

data referred to Clark et al. (2009) which was provided by the authors directly. Clark et

al. (2009) collected stomach content information on 688 fishes in Puerto Rico to quantify
nutrient flow and trophodynamics based on ciizaisitatmovements of 71 species. We

used the stomach content database as described by Clark et al. (2009) to characterize diet
breadth and trophic levels of fish species in juvenile and adult stages.

Project personneflrhis study is part of the doctoral dissagatof Martha Patricia

Rincon Diaz. She conducted the literature review, data compilation, verification, analysis,
and coding. Simon J. Pittman provided data and academic guidance; and Selina S.

Heppell provided guidance on data analysis.

2.3.3.Class lll Data set status and accessibility

A. Status
Latest update: January 2017
Latest Archive date: January 2017
Metadata status: January 2017, complete.

Data verification: All data has been at minimum dowdilecked.
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B. Accessibility
Storage location and rdiim: Original data is held by MPRD.
Contact person: Martha Patricia Rinebraz, Department of Fisheries and Wildlife,
Oregon State University, Corvallis, OR 973®atficia.rincondiaz@oregonsta.edy
princon7@gmail.com
Copyright and proprietary restrictions: None. Pleasatact the main author for the
use of the data. Use tdataonly for noncommercial purposes, and cite thigapter
when using tts data in presenting and publishing works.
Costs: None.
Citation: RincérDiaz M.P., Pittman S.J., Heppell S2818. Chapter 2: Information
gaps in trophic functional traits of Caribbean reef fishes. Doctoral dissertation.

Department of Fisheries and Wifd, Oregon State University.

2.3.4.Class IV. Data structural descriptors

A. Data set file: Data files can be downloaded as a single arabdaeiated to this

chapter of the dissertatip@hapter 1FishFunctionalTraits.zip (37 KB).

(1) Functional traitor fish adult stages
Identity: fish_traits_adults.csv.
Size: 31 KB, 275 rows and 44 columns.
Format and storage mode: CSV text, comma delimited.
Content: Each row represents a single species, and columns show trait presence
and references that suppadit information. References for each set of functional
traits are represented by numbers, and can be found in references.csv.
(2) Functional traits for fish juvenile stages
Identity: fish_traits_juveniles.csv.
Size: 23 KB, 275 rows and 44 columns.

Format andtorage mode: CSV text, comma delimited.


mailto:patricia.rincon-diaz@oregonstate.edu
mailto:princon7@gmail.com
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Content: Each row represents a single species, and columns show trait presence
and references that support trait information. References for each set of functional
traits are represented by numbers, and can be fauederences.csv.
(3) Information gaps for adults
Identity: information_gaps_adults.csv.
Size: 15 KB, 275 rows and 10 columns.
Format and storage mode: CSV text, comma delimited.
Content: Each row represents a single species, and columns show quality of trai
information for adult stages of each species.
(4) Information gaps for juveniles
Identity: information_gaps_juveniles.csv.
Size: 17 KB, 275 rows and 10 columns.
Format and storage mode: CSV text, comma delimited.
Content: Each row represents a single sgeeird columns show quality of trait
information for juvenile stages of each species.
(5) References for trait information
Identity: references.csv.
Size: 40 KB, 201 rows and 2 columns.
Format and storage mode: CSV text, comma delimited.
Content: Referencesff trait information were coded with a corresponding

number in column A. Complete citation can be found in column B.

1. Variable definition: please see Tables 5, 6, and 7 for specific detalils.

Table7. Variable definition for refemces of trait information

Column name Variable definition Units Data storage
Code Publication code Integer Numerical
Reference Citation for N/A Character

publications
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Chapter 3: Functional diversity metrics show spatial and temporal changes in fish
communities in a Caribbean marine protected area

Martha Patricia Rincédiaz', Simon J. Pittmat, Ivan Arismendi, Selina S. Heppéll

'Department of Fisherieand Wildlife, Oregon State University, Corvallis, Oregon 97331
USA.

?U.S. National Oceanic and Atmospheric Administration, National Centers for Coastal
Ocean Science, Marine Spatial Ecology Diwv
West Highway, Silver Sjing, MD 20910, USA.

3Marine Institute, Plymouth University, Drake Circus, Plymouth, Devon PL4 8AA, UK.

'E-mail: patricia.rincordiaz@oregonstate.edu; princon7@gmail.com
3.1. Abstract

Functional diversity (FD) metrics quantify the trait diversity iolbgical assemblages
and act as a proxy for the diverse ecological functions performed in the community.
Analyses of FD offers a potentially useful tool to identify functional changes in diverse,
complex, and disturbed marine ecosystems such as coralyetetisis metric is rarely
applied to evaluate community change. Here, we document-g¢patpmral variability in
the trophic function of fish assemblages to identify changes in coral reef communities
inside the Buck Island Reef National Monument (BIRNMj)he U.S. Virgin Islands
between 2002 and 2010, which include an intense coral bleaching event in 2005. We
combined 6 traits related to the trophic function of 95 fish species together with species
biomass estimated from underwater surveys to calcudatblagdevel descriptors of
functional richness, dispersion, and evenness. We tested the effects of habitat type, time,
and their interaction on fish FD using a non-parametric permutational multivariate
analysis of variance. We found statistically sfigaint differences for functional richness
and dispersion, suggesting that changes in trophic trait composition and abundance vary

by habitat and time. Coral reef and other hard bottom areas supported high levels of
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trophic functional richness and variatiamong habitat types, but with low functional
redundancy evidenced by the unique trophic role that each fish species had within the
functional trait space. These results suggest that a significant decline in fish diversity in
the BIRNM would likely resultn loss of trophic functions from the community.

Important temporal variations in functional trait composition during the last decade in the
BIRNM, including change following the strong coral bleaching event in 2005, suggest
that functional diversity desptors are sensitive enough to track shifts in the trophic
organization of fish communities. In addition, we show a new way to monitor resilience
by plotting the centroid of the functional trait space formed by fish communities through
time. Collectively,our findings demonstrate the utility of functional diversity descriptors
to evaluate changes to the functional integrity of diverse and spatially heterogeneous
habitats across the seascape.

Key words: Functional diversity; fish assemblages; trophitstregsilience; Caribbean

reefs; spatigdemporal variation.

3.2. Introduction

Understanding the spatial and temporal patterns and processes that influence the
functional organization of species assemblages is an essential step for understanding
ecosystenstructure and function (Oliveira et al. 2012). Traditional descriptors of spatio
temporal changes in species diversity, including species richness, and trophic group
richness and biomass (Gotelly and Colwell 2001, Colwell 2009, Maurer 2009, Vallés and
Oxenford 2015, Loiseau and Gaertner 2015), are often insensitive to interspecific
variability in species traits because they either ignore spspaasfic functional roles
completely or clump species within guilds or trophic groups without sufficient
knowledge of trait differences (Villéger et al. 2010, Micheli et al. 2014, Mouillot et al.
2013b, Boersma et al. 2014, 2016, Dee et al. 2016). Diversity in the ecological roles of

species in complex trophic relationships may be a more important indicatomgiectuat
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monitoring programs to track than simple number of species when implementing an
ecosysterrbased management approach (Cadotte et al. 2011).

Functional diversity metrics have emerged as alternative descriptors of spatio
temporal patterns in communityganization that respond to changes in environmental
gradients (Villéger et al. 2010, Boersma et al. 2014, Piacenza et al. 2015, Dee et al.
2016). Based on species abundance and their functional traits, these descriptors provide a
way to characterize th@che space used by each species. A functional trait is a
measurable feature that describes the ecosystem role of an individual or species, and can
be morphological, behavioral, and physiological (Cadotte et al. 2011, Diaz and Cabido
2001, Petchey and Gas 2006). These traits are highly related to environmental
tolerance of organisms, which in turn shapes community composition and organization
(Boersma et al. 2014, Piacenza et al. 2015, Dee et al. 2016,)8iliax et al. 2016),
allowing us to understainchanges in the ecosystem function of biotic communities and
their resilience to perturbations.

For assemblages of organisms, descriptors of trait diversity allow for the inclusion of
rare species commonly excluded from community analysis and whichedannp
unique functional roles (Jain et al. 2014, Mouillot et al. 2013a, Leitao et al. 2016). Trait
diversity descriptors are sensitive tools to capture interspecific variability in functional
roles of species because they capture the variability anddadcyin species traits
(Villéger et al. 2010, Micheli et al. 2014, Mouillot et al. 2013b, Boersma et al. 2014,
2016, Dee et al. 2016). Trait redundancy, a measure of overlap in ecological function, can
be used to estimate how biodiversity loss can inflteescosystem function and services
provided by biotic communities (Peterson et al. 1998, ElImqvist et al. 2003, Folke et al.
2004, Cadotte et al. 2011). For instance, high functional redundancy implies high
ecosystem resilience i.e., the degree ofegltnization of a system to resist departures
from steady states following disturbances (Holling 1973, 1996, Folke et al. 2004). In
terrestrial systems, it has been found that high functional redundancy of drought
resistance and trophic traits in invertebr@enmunities buffer against functional changes
in their aridland streams communities even during habitat contraction and fragmentation

induced by severe drying (Boersma et al. 2014). In contrast, studies indicate that
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nearshore marine ecosystems, includiigh diversity coral reef fish communities, have
relatively low functional redundancy (Bellwood et al. 2003, Micheli and Halpern 2005,
Mouillot et al. 2014). In application, functional diversity descriptors are considered to be
simple, logical and repedtke metrics that can be comparable across multiple spatial
scales (Carmona et al. 2016) to evaluate performance of functional organifation
communities and ecosystems.

Measures of functional diversity offer great potential as an effective tool to monitor
and evaluate shifts in the trophic function of fishes and to predict subsequent changes in
ecosystem function. However, these metrics need further evaluation to determine if they
are ecologically meaningful in complex, high diversity systems such aseefal
ecosystems. In Caribbean coral reefs, a low functional redundancy in the trophic role of
fish assemblages suggests that small decreases in species richness could lead to loss of
ecosystem functions and fish biomass production (Halpern and Floe&r\2i@dbeli et
al. 2014, Mouillot et al. 2014). Functional redundancy in the trophic function of reef fish
communities should be highly influenced by species composition, but also by the specific
life stages that affect their ontogenetic shifts in diet&kédawa 2015), habitat use, and
migrations (Helfman et al. 2009, White 2015). Yet, there is a paucity of published
information on the functional traits of reef fishes, especially of juvenile life stages, which
may have a different ecological role in the ecoumity (RinconDiaz et al., public
communication).

The use of descriptors of functional diversity and redundancy has great potential to
evaluate the resilience of communities to perturbations and management interventions
such as marine reserves where etiva activities are prohibited. Monitoring and
measuring the status and trends in the functional diversity of coral reef fish communities
is central to ecosystetvtased management because functional diversity is linked to
ecosystemevel functions and thprovisioning of economically important ecosystem
services attributed to coral reefs (Micheli et al. 2014). These metrics are useful to
evaluate the resilience of coral reefs following trophic cascades caused by disturbances,
such as: overfishing of highaphic guilds (sharks, groupers, or snappers) (Heaithus et al.
2008, Ruttenberg et al. 2011, Tyler et al. 2011, Valdivia et al. 2017), the effects of
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changes in species presence and richness in trophic groups (Mumby et al. 2012, Estes et
al. 2011, Bremner@38, Nystrom 2006), and the availability of food for fish species of
commercial importance and human consumption (Smith et al. 2011, Dee et al. 2016 ).
But to be a useful metric for monitoring systems, functional redundancy must be
measurable and sensitigaough to detect change across the seascape and time scales to
understand resilience systems.

Here, we compile functional and behavioral traits related to the trophic function of fish
species in Buck Island Reef National Monument (BIRNM) in the U.8bB@an to
evaluate spatial and temporal changes in functional richness (FRic), functional dispersion
(FDis), and functional evenness (FEve) of fish assemblages3jFithese descriptors
were selected because they provide insights about different agpiatstional diversity
within the community and can incorporate multiple categorical and numerical traits in
multidimensional trait space (Villéger et al. 2008, Schleuter et al. 2010, Laliberté and
Legendre 2010, Laliberté et al. 2015). We test the Ingsid that variation in fish
functional diversity metrics is a function of habitat type and time, owing to changes in
fish species and trait composition through time and differences in habitat structure, and
shifts in life stageand habitaprey preference In addition, we test the hypothesis that
each functional trait contributes differently to the variability of fish functional diversity
descriptors. Our study provides information about functional traits for 95 marine fish
species known to occur in théMB\NM, which represents an important contribution to
knowledge on the trophic function of fish species in the Caribbean. We validate
descriptors of functional diversity as important tools to be implemented in monitoring
programs of marine biotic communitjend provide a visual tool to understand temporal

changes in their functional organization to identify levels of ecosystem resilience.
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Fish traits: FRic FDis FEve
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Trophic level A
Diet breadth dimensionality, & o .’
Social feeding behavior reduction ) o i °
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Feeding ground Pay »
Time of feeding ¢ P
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® Fishspecies O Centroid of trait space

Modified from Villeger et al. (2008) and Liberte and Legendre (2010)

Figure3. Functional diversity metrics used in the study. Fish functional traits are

assigned to each fish species within a community, and are reduced in dimensionality to
locate species in a twdimensional traispace. Abundances fish species are

represented by sizes of black circles in the trait space. (A) Functional richness (FRic)
measues how much of the niche space is occupied by species present in a community by
estimating the convex hull volume occupied by species in the trait space (Schleuter et al.
2010, StuarSmith et al. 2013, Villéger et al. 2008). Species touched by the chmilex
possess extreme values of functional traits. Functional richness covariates with species
richness (Schleuter et al. 2010). (B) Functional dispersion (FDis) measures trait
dispersion in a community by averaging species distances (D) to the cemtitoédiiait

space (Laliberté et al. 2015, Laliberté and Legendre 2010). The location of the centroid is
weighted by the species relative abundances (Laliberté and Legendre 2010). Functional
dispersion gives insight about trait redundancy in the commushigi values of

functional dispersion indicate low trait redundancy due to a high variability of functional
traits, suggesting that the ecosystem function performed by one species is exclusive
within the community. In contrast, high functional redundancgpiecies functions

suggests that more than one species is providing a specific ecosystem function (Peterson
et al. 1998, Elmqyvist et al 2003), and thus there is a high resilience of the system (Holling
1973, 1996, Folke et al. 2004). (C) Functional evesi(EEve) measures the abundance
distribution of species in the niche space to effectively use the entire range of available
resources (Mason et al. 2005, Mouillot et al. 2013b). Low values of functional evenness
suggest that there are niche spaces uatilered, which decrease productivity and

increase probabilities for invasions (Mason et al. 2005).

3.3. Methods
3.3.1.Study site
We focused our functional diversity study on an extensive set of fish community data

coll ected by NOAA inMoniarimgand AfRResarfent iraect$2002t e

to 2012) in shallow areas (< 30 m) inside the marine protected area of Buck Island Reef
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National Monument (BIRNM) located in northeast St. Croix$ . W/irgin Islands (USVI)

(Fig. 4. BIRNM encompasses 7695 hectanétand and marine areas, and is managed

by the U.S. National Park Service (NPS) (Pittman et al. 2008). Habitat composition of the
studied sites included coral reef and colonized hard bottoms, seagrasses, macroalgae, and
unconsolidated sediments (Kendatlal. 2001, Costa et al., 2012). This National

Monument is a permanent Nlake/NeAnchoring Zone established in 1961, and was
expanded in 2001 to protect coral reef building species such as ElkhornAooogiqra
palmata)(Rothenberger et al. 2008). Ipite of the high level of protection, coral reef
communities in the BIRNM did not escaped from several natural disturbances that
reduced health of coral reefs during evaluated years of this study. A mass coral bleaching
in 2005 and subsequent disease @ahkiin 2006 decreased 53% of rbaflding species

in this MPA (Rogers et al. 2009). In 2008, Hurricane Omar and an extreme swell event
caused structural damages in coral reefs; and in the same year the ecological invasion of
the IndePacific lionfish wagecorded for the U.S. Virgin Islands (Pittman et al. 2014).
Finally, in 2010, Hurricane Earl produced high levels of sedimentation in coral reefs due
to its strong rains (Pittman et al. 2014). Providing park managers with scientifically
validated evidencef reserve performance and condition is not only essential to

informing resource management strategies, it is critical to building public support for
management plans. The analyses here address NPS strategic goals by providing new

information on the condadn of the monuments marine resources.
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Figure4. Survey sites inside the Buck Island Reef National Monument.

3.3.2.Spatietemporal characterization of fish abundance and size

Community species composition, abundance andadifish species by habitat type
were characterized in 835 survey sites by the Coral Reef Ecosystem Monitoring and
Assessment project led by the Biogeography Brariche National Oceanic and
Atmospheric Administration (NOAAwithin the BIRNM from 2002 t@010 (NOAA et
al. 2007; http://www8.nos.noaa.gov/bpdmWeb/queryMain.aspx). Surveys were
conducted during winter and spring (Janu&pyil) and fall (AugustNovember) each
year to account for seasonal variation (Ta%klg. Survey locations/ere selectedith a
randomstratified sample design, whereby spatially random survey start pdiete
allocated to hard and soft bottom strata on the NOAA benthic habitat map (Kendall et al.
2001) using a Geographical Information System. Trained scientific divers sdrfisly
assemblages along a standardized 25 m long and 4 m wide (100 m2) belt transect during
a 15 minuteswim atconstanspeed. Survey locations were not repeated ddngars
of fish characterizations, providing statistical independence within eacéyssite.
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Information gathered in each census included the identification of fish species, number of
individuals, and an estimation of the fork length at 5 cm size class bins up to 35 cm to
calculate fish biomass by life stages (Pittman et al. 2008)e$si0f unconsolidated
sediments were omitted from our analysis because of low sample size during the

surveyed years.

3.3.3.Compilation of fish functional trait

Traits related to the trophic function of 166 marine fish species, recorded by NOAA in
the BRNM were extracteffom a database created from an extensive literature review of
studies conducted in Puerto Rico @hd U.S. Virgin Islands (Table 8Where
information was inadequate in the U.S. Caribbean, information from elsewhere in the
Caribbean 8awas used as a secondary source of informgRimconDiaz et al. public
communication)Traits were selected to include knowledge of ontogenetic diet shifts
through the life cycle that typically coincide with changes in movement patterns (e.g.,
relocatons from seagrass to coral reefs), social foraging behavior, feeding time, trophic
location in the food web, and diet plasticity (Ste@nith et al. 2013, Oliveira et al. 2012,
Micheli et al. 2014, RincoiDiaz et al. public communicatiorblabitat use tits included
water column feeding position (Stu&ith et al. 2013) and feeding habitat, which
describe the location in the water column and sea bottom type used as the feeding habitat,
respectively. Feeding habitat is a previously unexamined trditiational diversity
analysis of marine fish communitié3ther traits unique to this study include social
foraging behavior, which describes species social strategies that minimize predation and
energetic costs while feeding, and feeding time, which axtsdar diurnal and nocturnal
use of feeding habitats by reef fish species, and also describes temporal fish species
turnover within the assemblages (Randall 1967, Collette and Talbot TH&Rhreadth
was also a novel trait included in this study; isctébes diet plasticity by considering the
number of taxonomic groups consumed by a fish species (Oliveira et al. 2aj#)ic
level was included because it describes the trophic position of a species within a
community (Micheli et al. 2014, Oliveira at. 2012, StuarEmith et al. 2013)Trophic
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level was calculated by using the TropLab software (Pauly et al. 2000) based on
information from diet content analysis reported in studies conducted primarily in the U.S.
Caribbean (Randall 1967, Birkeland andudecker 1981, Turingan 1995, White et al.
2006, Clark et al. 2009, Liedke et al. 2013).

Table8. Functional traits used to calculate fish functional diversity.

Functional traits Traits

Water column Benthic (BEN, demersal (BEN), midwater (MID), surface (SUR)
feeding position

Social feeding  Species feeding as solitary individuals (SOL), in pairs (PAIR), in
behavior interspecific aggregations (AGR), or in mixed groups with other
species (MIX)

Feeding time Diurnal (DIU), crepscular (CRE), nocturnal (NOC)

Feeding ground Species feeding on the following substrates: coral reefs (COR), t
reefs (ROC), sea grasses (SEA), algae beds (ALG), mangroves
(MAN), sand (SAN), coral rubble (RUB), open water (OPE), wate
column (COL), otiof shelf (SHE), and attached to other vertebrat

(VER)
Trophic level Trophic levels go from 2.0 for herbivores up to 4.5 for piscivores.
(TL)
Diet breadth Numberof prey taxonomic groups included in diet: nekton,
(DB) zooplankton, zoobenthos, detrityants, sand, organic matter,

ectoparasites, unidentified animal material, and insects.

Traits were extracted for juvenile and adult fish stages separately. Fishes were
considered to be juveniles when they were smaller déharthirdof the maximum
recrded species length (Dorenbosh et al. 2004, 2007; Nagelkerken and van der Velde
2002).Juvenile stages were ultimately excluded from analysis because so little
information was found for all species (<30% of listed species had three or more traits).
Binomial presence/absence of functional traits was recorded for this study because
differences in quantitative trait measurements were assumed to vary among studies. The
trophic level and diet amplitude of fish speamere standardizelly their maximum and
ranged from 0 to 1. Only species with complete informati@re includedn functional
diversity analyses after evaluating the methodological issues with deariailb

information (AppendiXA: Supplementary Methods and Resulis total of 95 fish
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species neresenting 57% of all recorded species in adult stages had complete trait

information and thereforeere includedn the functional diversity analysis

3.3.4.Functional diversity metrics

We calculated functional richness (FRic), disperskbi$), andevennessKEve) for
each fish survey site arygarfollowing the methods of Laliberté et al. (2015) (R3y.
We used all proposed fish functional traits because we identified no significant levels of
association among tr ai tpendxA: Bupgleméentew Cr amer 6
Methods and Result3able A3. We used fish species trait information and abundances
expressed as biomass according to values calculated by NOAA (NOAA et al. 2007) in
each surveyed site as inputs to calculate functional diversityras. A Gower (1971)
dissimilarity matrix was calculated based on trait values among fish species because the
majority of traits were categorical (Villéger et al. 2008). The Gower matrix was then used
to conduct a Principal Coordinates Analysis (PCoAyantify principal axes that
explained more than 50% wériationin the functional trait space and to calculate
locations of fish species in the multidimensional trait space. We used the first and second
axis of the PCoA to explawariationof the funcional trait space for fish assemblages in
the BIRNM. The Gower matrix and PCaxere calculatethy using the PAST program
Version 3.08 (Hammer 2015). A functional matrix based on principal axis and a biomass
matrix for fish speciesiasused to calculate futional diversity metrics per survey site
using the FD software package in R (Laliberté et al. 2015). We evaluated sample size
effects on temporal patterns of functional diversity, and combined data by years to
simplify patterns of fisHunctional diversy (AppendixA: Supplementary Methods and
Results Table A2. Fig. AL

We also calculated species richness per survey site with the FD package, and
conducted Spearman Rank correlation analyses (rho) among fish diversity metrics to
examine the influence dfis traditional metric on descriptors of functional diversity.
Correlation analysis was conducted with the PAST Program Version 3.08 (Hammer
2015).
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3.3.5.Spatial and temporal variation of fish functional diversity

A nonparametric permutational multiiate analysis of variance (PERMANOVA,;
Anderson et al. 2008) was used to test the hypothesis that functional diversity metrics
vary by habitat type and year of survey, allowing for interactions among these two
factors. Statistical differences were estdidi with the PERMANOVA analysis by p
values < 0.05 (MateeMlolina et al. 2014). Analyses were conducted using the PAST
Program Version 3.08 (Hammer 2015).

3.3.6.Sensitivity of functional diversity metrics to chosen traits

We identified functional trastthat explained variation in functional diversity by
dropping each trait from the calculations of each functional metric, and then, by using
linear regressions, we compared those values with values calculated with the full pool of
traits (StuarSmith etal. 2013). We compared coefficients of determinatidnbetween
indexes calculated with all traits and dropped traits to identify the real contribution of
traits to explain variation in functional diversity metrics (Stigmrtith et al. 2013). Low
coeffidents of determination {r with statistical significance represented a large gap in
information, and indicated traits that contributed more to variation in functional diversity
(StuartSmith et al. 2013).

3.3.7.Temporal variation in functional organtian of fish assemblages

Temporal changes in fish functional organization were evaluated by describing species
functional trait gradients, calculating centroids of convex hulls, and identifying hot spots
of functional redundancy in the trait space throtigte. We created the functional trait
space and convex hulls by plotting the fir
calculate functional diversity metrics (Laliberté et al. 2015) because they explained more

than 50% in fish trait variation.
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Centroias of convex hulls were plotted in the trait functional space as a proxy to
visualize temporal changes in fish functional organization for the BIRNM. Centroids of
convex hulls were calculated by foll owing
the weighted relative location where a body is in equilibrium because distributed mass
sums to zero (Levi 2009). In our study, a centroid was the location in the trait space in
which distances from all species locations, weighted by species annual biomaskewere
same (Fig3). These centroids were used as indicators of temporal trajectories in the
trophic function of fish assemblages, and a potential indicator response of the
communities following disturbance.

Temporal hotspots of functional redundancy weemntified by plotting Kernel density
maps calculated from species locations in the functional trait space by years. Density
maps were calculated in the PAST Program Version 3.08 (Hammer 2015) by using the
Gaussian function and locating nearby species wahiadius of 0.02 within the trait
functional space. Hotspots were formed by species with similar, but not equal functional

traits.

3.4.Results

3.4.1.Spatietemporal patterns of fish functional diversity

We successfully compiled information on 25tgan 6 major categories related to the
trophic function of adult stages for 95 fish species for the BIRNM in St. Croix, U.S.
Virgin Islands (USVI). We combined these data with species biomass to obtain three
descriptors of functional diversity (richnggfic], dispersion [FDis], and evenness
[FEve]) to describe and map spatemporal changes in the trophic function of fish
assemblages in the BIRNM between 2002 and 2010. Our findings supported the
hypothesis that functional diversity descriptors varieerdime and habitat, with
interaction between them for functional dispersion and evenness yathie85) (Table
9). Coral and colonized hardbottom habitats supported highest functional richness and

variation among fish assemblages, with traits more g\wdistributed after 2006 in the
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multidimensional trait space of fish assemblages G-&nd6). When data for the

different habitats were combined, the largest change in functionalitjwees observed

in 2006 (Fig. %. FRic values for 2006 were sigr@éintly higher than values of 2005 and
2009 (ManAWhitney test; pvalue <0.05), FDis values for 2006 were higher than values

of 2002 and 2004 (Manwhitney test; p <0.05), and FEve values for 2004 were lower
than values of 2006 and 2008 (Mavfitney testp <0.05). The significant changes in
functional descriptors between 2006 with 2004 and 2005 suggest a strong reorganization
in the trophic function of fish assemblages in the BIRNM among these years, and show
the utility of functional diversity metrics toapture shifts in the ecosystem function of

biological assemblages.

Table9. PERMANOVA on values of functional richness (FRic), dispersion (FDis) and
evenness (FEve) for Caribbean fish assemblages {2002).

FRic FDis FEve
Source of df F df F df F
variation
Surveyed years 8  1.569* 8  1.650*** 8 1.218*
Habitat type 1 27.473%* 1  18.481*** 1 1.173
Time of survey x 8 -38.859 8 -37.439** 8 -36.401*
Habitat type
Residual 665 665 665
Total 682 682 682

Notes From the total of 835 sites we excluded 153 sites from functional diversity

analysis due to their low species richness (< 2 species). Convex hull volume for FRic, nor
the values of FDis and FEve can be calculated with less than 2 species per bigetéLali

et al. 2015). ** denotes p < 0.01 and *** p < 0.001
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Figure5. Spatietemporal variation in functional diversity metrics by habitat type and

years. Abbreviationdunctional richness (FRic), functional dispersion (FDishdtional

evenness (FEve). Total species richness by years is presented as numbers below averages
of FRic. Note that there is a decline in functional richness, but an increase in functional
dispersion in 2005. ** denotes MaiWihitney test, pvalue < 0.0/s. FRic and FDis

values for2006, and FEve values for 2004.
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Figure6. Spatial distribution of fish functional richness (FRic), dispersion (FDis), and
evenness (FEve) values.

There was a significant positive correlation betwseecies richness and functional
richness (Fig7 a), as well as a low positive correlation between species richness and
functional dispersion, functional richness and dispersion, and functispersion and

evenness (Fig.b/d,f). We did not observe anporal trend in the relationship between
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species richness with functiordibpersion and evenness (Fi). Bunctional richness

indicators generally followed species richness whereas dispersion and evenness
indicators did not. There was a low correlati@vizeen functional evenness with species
richness and functional dispersion, suggesting that evenness and richness metrics provide

independent evaluatiasf functional diversity (Fig. @,e).

rho = 0.807* " A

FRic
o N £ » o

rho = 0.279* B rho = 0.330* D

FDis
5

rho = -0.091 C rho = -0.069 E rho = 0.278* F

FEve

0 5 10 15 20 25 0 2 4 6 8 10 0.0 0.5 1.0 15 20 25
Species Richness FRic FDis

Figure7. Spearman rank correlationalysis (rho) between metrics of fish diversit)

Species richness vs. functional richness (FRic). (B) Species richness vs. functional
dispersion (FDis). (C) Functional richness vs. functional dispersion. (D) Functional
richness (FRic) vs. functionalgpersion (FDis). (E) Functional richness (FRIic) vs.
functional evenness. (F) Functional dispersion (FDis) vs. functional evenness * denotes p
< 0.05.

3.4.2.Importance of traits to explain variation in functional diversity metrics

We found that specidgits contributed differently to explain variability irsh
functional diversity (Table D0 Traits that explain the majority of variance in functional



45

diversity metrics were identified by their lowest coefficient of determination (r2)

obtained when thastraits were dropped from calculation of functional metrics (Stuart
Smith et al. 2013). Two traits, diet breadth and trophic level, were the most important for
predicting functional diversity metrics. Diet breadth explained the most variation in
functiond richness (49%) and evenness (87%), and species trophic level best explained

functional dispersion in the trait space of fish communities (31.5%).

3.4.3. Temporal variation in functional organization of fish assemblages

Although the functional organitian in the fish functional trait space was visually similar
for most years, the centroids from convex $idlid not always overlap (FigA3B). This

result indicated that there were shifts in the trophic organization of fish assemblages
during evaluatedsars. Functional organization of fish assemblages showed similar
distribution of gradients in futional traits among years (Fig\® Variation in the

functional trait space was explained better by the first coordinate axis (38% to 44%),
followed by the seond axis that explained between 25% and 27% of trait variation for all
years. Traits associated with the first axis were trophic level, water column feeding
position, and feeding habitats. Traits associated with the second axis were diet breadth,
social braging behavior, and time of feeding. Centroids in the functional space had
different locations, but were mainly concentrated on the right side of the trait space where
species with low trophic levels and specialist diet (henaifishes) were locatedi-

8B). The exceptions were for years 2008 and 2010 where centroids were pulled by

species of higher trophic levels in comparison to previous years.
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Table10. Real contribution of functional traits to explain variation in fumdl diversity
metrics for Caribbean reef fishes.

Removed FRic FDis FEve

trait from — 2 Real r’ Real r’ Real

calculatio contributi contributi contributi

n of on on on

metrics

Diet 0.514** 0.486 0.832** 0.168 0.129** 0.871

breadth  * * *

Trophic ~ 0.649** 0.351 0.685** 0.315 0.189** 0.811

level * * *

Feeding 0.788** 0.212 0.896** 0.104 0.518** 0.482

habitat * * *

Social 0.796** 0.204 0.901** 0.099 0.537** 0.463

foraging * * *

behavior

Water 0.843** 0.157 0.899** 0.101 0.477** 0523

column * * *

feeding

position

Time of  0.881** 0.119 0.905** 0.095 0.483** 0.517

feeding * * *

Notes:Coefficients of determinationrfor functional diversity metrics were calculated
from sets of functional traits with one trait removed from the pool of traits. Bold values
indicate traits that contributed more to variability in functional diversity metrics. Real
contribution of a trait to explain variation in functional diversity metrics was identified by
subtracting the maximum contribution of trait (equals to 1) from obse&edlculated
without the trait in question {d2). *** denotes p < 0.001.
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Figure8. Temporal changes in the fish functional trait space based on Principal
Coordinates AnalysigA) Functional trait space for 2002 shows the fioral

organization of fish assemblages in the BIRNM. Gradients of functional traits are shown
for each coordinate axes. Fish icons close to labeled dots represent species with extreme
trait values that delineate boundaries of the functional trait spdlce assemblage for

2002. Locations of other fish species in the trait space are represented by labeled dots.
Centroid of the functional trait space for 2002 is shown as the X symbol. (B) Centroids

by years of survey in the functional space show trajextanri the functional organization

over time.



48

Fish communities of the BIRNM had low levels of functional redundancy that varied
highly through time, as shown by the configuration of the functional traiespacernel
density maps (Fig.)9 Kernel densit maps showed that no more than one fish species
occupied the same location within the trait space, indicating that each fish species had a
unique trophic role within the fish community. Functional redundancy tended to vary
through time as hotspots werelueed after 2005 in the functional trait space, and never
return to initial states (Fig.)9Configuration of functional redundancy was similar for the
four initial years, with hotspots of redundancy concentrated on specialist fishes with high
and intermeidte trophic levels. In 2005, density of species with similar traits diminished
drastically in the trait space suggesting a reduction in fish functional redundancy. In 2006
and 2008, five hot spots of functional redundancy were observed with a high
concentation of species of high and intermediate trophic levels. In 2007 and 2009,
redundancy was concentrated in specialist species with intermediate and low trophic
levels. Lastly, in 2010, two hotspots of functional redundancy were located on specialist
speces with high and intermediate trophic levels. However, like the centroid shift shown
in Figure 6, the system failed to return to the state shown in the fiestrd of surveys by
2010 (Fig. 9. For all years evaluated, size of empty regions in the padesvaried,
suggesting that there is a change in species composition which results in a change in trait
distribution within the trait space over time. The observed temporal changes in
configuration of functional redundancy confirmed that functional orgaiain of fish

communities was highly dynamic.
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Figure9. Temporal variation of functional redundancy in fish assemblages of the BIRNMM.maps show boundaries of the trait
space, species location in the trait space as llotspots of species with similar trophic function as reddish regions, and mean
values of functional diversity descriptors in the upper side of the trait space. The scale bar gives an estimate of thie numbe
species per area based on species distantg@s wiradius of 0.02 within the trait functional space.
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3.5.Discussion

3.5.1.Importance of functional diversity metrics to monitor reef fish assemblages

We have evaluated functional diversity metrics as ecological tools to map spatio
temporal changein the trophic function of marine fish communities over time around
Buck Island, in the U.S. Caribbean. Our results show that functional diversity metrics are
sensitive enough to capture habitat effects and changes through time in fish functional
diversty of tropical marine systems, supporting the use of functional richness, dispersion
and evenness as ecological tools to monitor sppatigoral trajectories of ecosystem
function and resilience. Our results encourage the use of these metrics to idestify s
that support high levels of functional diversity, as well as those with high functional
redundancy that are likely to affect ecosystem resilience.

We postulate that functional diversity metrics can be used with traditional biodiversity
metrics (StuarSmith et al. 2013), such as species richness, to monitor changes in the
functional organization and resilience of natural assemblages. Functional diversity
provides a deeper picture of ecological organization than species richness alone. For
example, wdound that after 2005, levels of trait redundancy in coral reef fish
assemblages never return to initial states shown during the first four years of surveys.
Likewise, we found low levels of trophic functional redundancy (high functional
dispersion) in fie assemblages that had high species and functional richness in the
BIRNM. This finding suggests that only a small number of fish species inhabiting coral
reefs and hard bottoms share a similar trophic niche within the fish community. This
weak relationshippetween functional richness and functional dispersion is also
documented in studies that use functional variation metrics weighted by fish species
abundance at global scales (Stmiith et al. 2013), and support previous evidence of
narrow functional rdundancy in the trophic organization of fishes in other tropical coral
reefs in the Caribbean and the IA@acific (Mora et al. 2016). Fish trophic groups in
coral reefs in the Bahamas (Micheli et al. 2014) and in high biodiversity areas of the

Indo-Pacifc ( Bel |l wood et al . 2003, Déagata et

al
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exhibited low functional redundancy, with the majority of functional groups formed by

one or two fish species, which represents a threat to multiple functional traits that would
likely be lost under declines in species richness (Micheli et al. 2014). Although the study

in Bahamas used a different methodology to characterize functional richness and
redundancy than did our analysis, both studies showed that Caribbean coral reefs are
highly vulnerable to the loss of trophic roles in diverse fish assemblages. This low

overlap in functional roles means that coral reef systems experiencing harvesting of fish

will have low capacity to replace the loss of key ecosystem functions resultirepbergr

fragility to stressors. Global studies on functional redundancy in coral reefs by Mouillot

et al. (2014) conclude that Athe promised

species diversity may not be as strong as

3.5.2.Habitateffects on fish functional diversity

We hypothesize that the high structural complexity and high diversity of trophic
niches provided by coral reefs and similar hard bottom substrata drives the strong effect
of habitat on levels of fish functional ricrsseand dispersion observed in our analysis
across the seascape. Recognition of the ecological importance of topographic complexity
(e.g. rugosity), to coral reef fishes is not new (Luckhurst and Luckhurst 1978, Gladfelter
et al. 1980, Gratwicke and Spei@®05, Graham and Nash 2013), but is now
increasingly demonstrated at a range of spatial scales relevant to the movement
neighborhoods of fishes using thrdienensional models of the seafloor (Pittman et al.
2007, Wedding et al. 2008, Pittman et al. 200§ydo-Adriani et al. 2016). For example,
high resolution maps of the seafloor have linked high topographic complexity coral reefs
in the U.S. Virgin Islands and Puerto Rico to fish diversity hotspots (Pittman et al. 2007,
Pittman et al. 2009, Pittman aBdown 2011, Sekund and Pittman 2017). Thus, coral
reefs with high structural heterogeneity supports a rich variety of physical habitats and
niches occupied by diverse fish species and functional groups (Pittman et al. 2007, 2009,
Pittman and Brown 2011)nd include prey refuges (Hixon and Beets 1993) which

increase functional trait richness and variation in fish assemblages. In thedaific,



52

structural complexity of coral assemblages was the best predictor of the differences in
fish functional richnesand divergence among habitats, with branching coral habitat
associated with highest functional richness (Richardson et al. 2017).

We believe that high levels of fish functional richness in coral reefs can also be
explained by the habitat context and carivity of reefs that increase local species
richness through provision of food to species with different trophic roles. In other areas
of the U.S. Virgin Islands, high fish species richness in coral reefs was explained by their
proximity to seagrasses (@yerDunsmore et al. 2007a,b), which serve as nursery and
foraging areas for many fishes (Randall 1967, Ogden and Gladfelter 1983, Nagelkerken
et al. 2000). In our study, more than one third of fish species (36% of the 95 species) use
seagrasses as theimpary and secondary feeding habitat. These fish species represent all
trophic levels, as well as specialist and generalist fishes. Seagrass beds offer a great
abundance of prey biomass to reef fishes in Caribbean systems (Clark et al. 2009), which
highlight the importance of protecting the ecological connectivity between marine
habitats to enhance species diversity and abundance of trophic groups at the seascape
level (Guillemot et al. 2011, Olds et al. 2012, 2013, 2016). This supports the need for
connedvvity among evaluated habitats in the BIRNM to maintain fish species trait
diversity and biomass, as well as sites with high functional redundancy to avoid

disruptions in the trophic function of fish assemblage.

3.5.3.Temporal variation in fish functiohdiversity

We analyzed annual changes in functional diversity descriptors and configuration of
the trait space to understand the trophic organization of reef fish assemblages through
time. The temporal variation that we found in fish functional redundand evenness in
the trait space suggests that functional diversity metrics can be useful tools to track
changes in the trophic organization of fish assemblages. Using centroids of the functional
trait space, we captured temporal trajectories of fishtimal diversity and changes in
redundancy because the function of biotic assemblages is highly sensitive to trait

presence, which is a function of temporal dynamics in species presence and abundance
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(StuartSmith et al. 2013; Mouillot et al. 2013b). Weufal significantly higher values of
functional richness in 2006 compared to 2005 due to an increase of species richness (Fig.
3). However, functional redundancy and evenness for 2006 were low and high,
respectively, compared to previous years, which sugdgest a strong reorganization in
the functional trait space happened between 2004 and 2006. While the cause of these
changes is difficult to pinpoint, we can monitor the functional metrics over time, compare
them to known disturbances affecting the systana potentially evaluate resilience by
the gradual return to pidisturbance functional conditions.

The reduction in fish trophic traits in 2005 coincided with a regional mass coral
bleaching event that resulted in an estimated loss of 53% ebuéding species in the
U.S. Virgin Islands, followed by coral diseases and macroalgal overgrowth during
subsequent years (Miller et al., 2006, Mayor et al., 2006, Rothenberger et al., 2008,
Rogers et at. 2009). Because the structural complexity of reefsés aniost by corals,
changes in coral cover influence ceaalsociated fish communities (Garpe et al. 2006) by
changing body size structure (Wilson et al. 2010), reef fish predeggrdynamics
(Graham et al. 2007), and community composition (Coker 20aR). We observed
changes in species composition and reduction in the extent of functional redundancy
hotspots formed by fish species of high trophic levels and specialist diets, which
constitute mediursize classes in studied fish assemblages (Figor)eXxample, the
midwater piscivoré&scomberomorus regalithe pelagic piscivor€aranx latus and the
generalist carnivor@lphestes aferdisappeared from the trait space after the bleaching
event in 2005. The structural erosion of coral reefs causelbbghing events (Garpe et
al. 2006) can explain the absence of medsire fishes and changes observed in
functional redundancy in the trait space. In general, reductions in reef structural
complexity cause a consecutive reduction in microhabitats fotatapiecialist reef
fishes of smaikize that constitute prey for meditsized piscivores (Graham et al.
2007). This reduction causes an indirect decline in piscivore numbers, and so changes
sizes of functional redundancy hotspots for these species. &ildence of
reorganization in the trophic function of fish assemblages after 2005 is observed through

the similar concentration of functional redundancy hotspots for 2006 and 2008, which
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covered a wider area in the trait space in comparison to yearsaopti@ bleaching event.

For these two years, functional evenness was significantly higher in comparison to 2004,
which suggests a change in species composition and abundance of functional traits. After
2005, trophic traits were more evenly distributed] an more niches were exploited by

reef fishes in the trait space.

Ecologists and managers have noted the need for metrics of resilience (Lam et al.
2017, Standish et al., 2014), particularly in light of the increasing disturbance regimes
associated witklimate change (Hughes et al. 2003, Bozec and Mumby 2015, Conversi et
al. 2015). In our study, changes in the trait space revealed a signal of destabilization in
the trophic function of fish assemblages in the BIRNM, and showed that the system did
not retun in five years to its original functional state (Fig. 7). While this research
intended to describe potential mechanisms that explain changes in the trait space, we
could not relate changes in functional diversity descriptors to variation in biotic denthi
data. Future research should investigate the response of functional diversity metrics to
abiotic environment characteristics, disturbances, or levels of habitat protection on the
reef community, and identify the time lag that it takes for the sy&ieaturn to its initial

functional state.
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4.1. Abstract

Ecological functioning of coral reefs and the resistance of coral reef fish communities
to disturbance depend on the functional traiteesfdentspedes and theidistribution
and abundance through time and sp&mveloping and evaluating new procesented
metrics for monitoring coral reef resilience is a high priority for adaptive management of
coral reefs. Few studies have applied ibaised diersity metrics for monitoring the
ecological performance of marine protected areas (MPA). Functional diversity metrics
(functional variation and evenness, commuwgighted mean values of functional traits,
and total fish biomass production) were apptednderstand spati@mporal changes in
the trophicstructureof fish communities inside and outside-Wlake and MultipleUse
MPAs in the U.S. Virgin Islands. We ubthis information to characterize trait values for

tolerant and noiolerant species tiné coral bleaching event in 2005 that produced high
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mortality in coral reefs in the U.S. Virgin Island¥e show that functional diversity

metrics and traits are sensitive enough to capture spatial and temporal differences in the
functional organization dish communities. Reserve effects were deteotddin a
well-established Ndake MPA in St. Croix where fish functional richness, variation, and
biomasswerehigher than the adjacent Multiplése MPA. We consider that the lack of a
reserve effect in o#r MPAs is a consequence of their short time of establishment, long
term legacy of overfishing, and high habitat connectivity that @ttfar homogenization

of species and trait composition in fish assemblages. After the mass coral bleaching
event, fish @inctional diversity had declined inside two MPAs didlnot returrto their

original states after seven years. Fish assemblages increasegiainnity values of

diet breadth, and there was an immediate reduction iméaetrophic level of
disturbancedolerant species. Functional diversity metrics should be considered as
complementary tools to monitor the performance of management actions such as MPAs
and to monitor responses to disturbance. We provide a framework based on tolerance of
reef fish specigtoableaching event to help managers determine which fish species and
functional traits can promote shderm functional resistance and to predict further trends

in the trophic organization of fish assemblages in managed areas

4.2.Introduction

Marine biodiversity loss has been linked to significant declines in the ecosystem
functions and services provided by marine species (Smith et al. 2011, Mouillot et al.
2013, Dee et al. 2016Additionally, it has been shown that declines in ecosystem
functionng are dependent not only on the taxonomic diversitgsitientspecies bualso
onthe functional diversity of ecologically relevant traits (Hooper et al. 2005, Jax et al.
2005).Functional traitsare processelevant attributes of organisms that méaient
bearers of functional roles (e.perbivorespiscivores), and thus determine how
ecosystems operate (Jax et al. 2005). Linkimgtionaltraits to ecosystem functions
provides a way to predict the consequences of species loss and to identify tombina

of species that maximize ecosystem function (Nystrom 2006, Cadotte 2017).



58

Functional traits can be morphological, behaviaraphysiological (Diaz and Cabido
2001, Petchey & Gaston 2006, Cadotte et al. 2Qhlgddition to influencing the
composiion and organization of biological assemblaglesy influencehe ecological
function of a community including emergent propertiash as ecologicaésiliencei.e.
resistance and recovery followidisturbances (Boersma et al. 2014, Cadotte et al.,2015
Piacenza et al. 2015, Dee et al. 2016, Silimior et al. 2016). Resilience is crucial to
ecosystem health because it allows for the capacity of a disturbed system to maintain
(resist) or recover its functions and ecosystem services (Holling 1973,A¢8Iké et al.

2004, Hodgson et al. 2015, Mora 2015, Oliver et al. 2015). Functional traits generate
ecological resilience through diversification and overlapping of functional roles
performed by species (Peterson et al. 1997, Oliver et al. 2015). Forlex#mep

functional diversity of parrotfishes on coral reefs has been shown to positively influence
coral reef resilience through complementary foraging of algae fostering the persistence of
reefbuilding coral species (Roff & Mumby 2012, Edwards et al.32&bnaldo et al.

2014 ,Mellin et al. 2014, Bozec et al. 2016). In addition, an understanding of the
similarities and differences in prey preferences and foraging behaddferént

parrotfishes aid in understanding thuence of thigrophic group a coral reef

community structure and functioning (Burkepile & Hay 2008, Bonaldo 2010). As such,
tracking the spatial and temporal changes in the diversity (riclnessvenne3sand
redundancy (overlappingicheg of the functional roles of species (Mi¢h& Halpern

2005, Duffy 2009, Ricotta et al. 2016, Cernansky 2017) may provide a suitable tool to
monitor the resistance and recovery of ecological systems under different levels of
disturbance.

Coral reef ecosystems are sensitive to disturbances shelaasfishing pressuye
invasion species, and climate chalfgass & Alcala 1989, Roberts 19956té & Bruno
2015,Graham et al. 201 Hughes et al. 20)7Even in weHmanaged marine reserves
close to human populations, fish functional richnesseas educedwith incomplete
functional recovery ( Dbwrmgsstarece andrecaveryto 2016 ) .
fishing on coral reefs is linked to at least three potential characteristics: 1.) a limited

functional redundancy in theeffish communiies chaacterizedoy havingmany
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functional roles performed by just one species once is lost cannot be replaced
functionally by other speciég8ellwood et al. 2003, Micheli et al. 2014, Mouillot et al.
2014, D 6 a g aMoea etalt 2016); 2.) a Bighdnérability of unique functional
roles performed by uncommon fish species that have low occurrence within communities
and are prone tlocal extinction after disturbances (Mouillet al. 2013a, Leitdo et al.
2016);and 3.) the increased magnitude amdjfiency of disturbances on coral reefs,

which limits their resistance and recovery time (Eakin et al. 2010, Hughes 2010, Hughes
et al. 2018)Given the link between disturbances and declines in ecosystem resilience,
the identification and evaluation of magement strategies that address impairment of
ecosystem functions and ensure the quality and flow of ecosystem services provided by
coral reefs is needed.

Marine protected aregMPAS) are a placbased strategy of ecosystdrased
management typically egtlished to mitigate the impacts of overfishing on both (1)
commercial specieand (2) the biodiversity and ecosystem function of marine habitats
(Halpern 2003). However, more evidence is needed to support the capacity of MPAs to
protect functional diversy. The successful reduction of fisheries pressespeciallyby
No-Take MPAshas provided evidence of Oreserve
biomass and restoration of trophic integiycoral reef area@vlicheli et al. 2004, Alcala
et al. 2@5, Tyler et al. 201,1Sala & Giankoumi 2010)n general, reserves promote
higher levels of functional richness and redundandish assemblagen tropical and
Mediterranean aregMicheli & Halpern 2005, Stelzenmuller et al. 2009, Villamor &
Becerro 12, Micheli et al. 2014). They also modify community titmposition by
protecting particular functional traits, such as living habits and mobility in benthic
invertebrate communitién tropical coral reef§Jimenez et al. 2017), and increase the
abundance of species with original functional trait combinations in fish assembfages
the MediterraneafMouillot et al. 2008). While these results are promising, the positive
effects of MPAs on marine functional diversity are not fully realized becauséothed g
MPA network protectenly 17.6% of tropical fish species (Mouillot et al. 2015), which
means thaB82% of reef fishes and their functional rok® without protection. It is also

difficult to monitor the communityevel changes produced by the rediiishing

e
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pressure because timglirectresponsg on nortarget speciesay take decades to reach
detectable levels (Micheli et al. 2Q@abcock et al. 20)Qrequiring longterm
enforcement and monitoring efforts which can be-poshibitive (Gaines atl. 2010).

Traditional metrics used to evaluate reserve effects on fish communities include
temporal changes in specis@mposition trophic group richness, and biomass (Gotelly &
Colwell 2001, Colwell 2009, Maurer 2009, Loiseau & Gaertner 2015, Vallés&aford
2015). However, these metrics do not consider the identity of species, interspecific
variability and redundancy of functional roles (Villéger et al. 2008, 2010, Mouillot et al.
2013b, Boersma et al. 2014, Micheli et al. 2014, Boersma et al. 28g6etal. 2016),
roles played by uncommon species (Mouillot et al. 2013a, Jain et al. 2014, Leitao et al.
2016), and explanations of mechanisms (e.g., pregatyrinteractions, nutrient fluxes,
competitior) associated with functional organization undéfiedent levels of disturbance
(Mouillot et al. 2013b)Recent studies suggest that future resilience of coral reef
communities to climatic change will depend on the capacity of species to resist
disturbances defined by traits that help organisms to teldisturbances and the
protection of locations that show systematic ecological resistance to climatic disturbances
(Darling & C6té 2018)By looking into species functional traits, we can assess the
specific changes in the function of fish communities| adequately monitor the
ecological performance of MPAs based on shifts in trait values (Vandewalle et al. 2010,
Villamor & Becerro 2012, Mouillot et al. 2013a,b, Micheli et al. 2014gata et al.
2016).1f we assume that functional diversity and redur@an reef communities can
promote their resilience to disturbance and enhance ecosystem services, it is logical to
identify measurable indicators and thresholds for these metrics in monitoring and
management programs. In highly impacted marine systechsasuCaribbean coral reefs
(Mora et al. 2016), Ndake MPAs may serve as reference areas to study the effects of
protection levels on fish diversity and the redundancy of functional roles (Micheli et al.
2014).

In this study, we evaluated functional disiy metrics as tools tmonitor. 1) the
relativeecological performancef MPAs, defined as the capacity of different levels of

protection to maintain or restore diversity features (Gaston et al. 2008); and 2) the
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ecological resistancef reef fish commuities to disturbances, defined as the trend of
ecological functions to remain constant through breeak disturbance events (Oliver et
al. 2015)such as coral bleaching eveni® achieve the first goal, we compiled four
functional traits related to thteophic ecology of reef fishesabitat use during feeding,
feeding time, trophic leveand diet breadth. We used the trait information, along with
fish species abundance, to evaluate the spatial and temporal changes in functional
richness (FRic)evennes (FEve) anddispersion (FDis), and communitgvel trait

values among different levels of habitat protection in MPAs of the U.S. Virgin Islands.
We evaluated Nd@ake MPAs (NTZ), MultipleUse areas (MU), and areas open to
fishing (NONE). We tested threeamm hypotheses to monitor the ecological performance
of MPAsover time (Table 11: H1, H2, H3). To achieve the second goal, we evaluated
the ecological resistance of reef fish communities to disturbance by comparing trophic
structure before and after theags coral bleaching event in 2005 caused by extseme
surface temperaturestihe Caribbean basin (Eakin et al. 2010). We tested three main
hypotheses to understand the ecological resistance of reef fish commuratesab
bleaching evenfTable 11: H4, H5). Differences in descriptors of functional diversity and
trait values will help us to identify components of functional diversity that are associated
with the resilience of reef fish species to natural stressors. Our evaluations are relevant to
thedesign of monitoring programs to assess the ecological performance of MPAs. We
also provided useful information on the shienm resilience status and functional traits
for 114 reef associated fish species to support future efforts to integratetalit
approached to monitoring the adaptive management of coral reef ecosystems in the

Caribbean region.
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Table 11 Hypothesis and predictiorigr functional diversitymetricsused tamonitor theecological performancef MPAsand
ecological resistanaaf reef fish communities to a coral bleaching event.

Metric

Hypothesis

Predicted response by protectit

level

H1 Functional
richnesqFRic)
and dispersion
(FDis)

Because fishing activities produce changes in fish species abundan:
trait composition in the seascape, we expect spatial differences in m
of functional diversity among levels of protection. Fish communities
within No-Take MPAs will support higher ecological function by
exhibiting high values of functional richness aedundancy (low
dispersion) (Micheli et al. 2014) in comparison to areas with multiple
uses and those open to fishing throughout all surveyed years.

NTZ MU None

Higher Lower Lower
FRic FRicand FRic
and low high and high
FDis FDis FDis

H2 Community
trait weighted
mean values
(CWM)

a) Water
column
feeding
position

Spatial differences in fishing pressure among levels of protection wil
lead to differences in dominant fish functional traits at the communit'
level. Below, we made trait predictions on tdeminant traits in fish
assemblagebased on th most common commercially fished species
(see Fig. 10) and shelmsed fishing practices in shallowtess in the
U.S. Virgin Islands:

Because fisheries primarily target benthic fish species (Mateo 2000,
& Uwate 2004, Kojis 2014, NOAA TRIP Program 2015, Goedeke et .
2016), these species will be more dominant in fish communities with
the NoTake MPAsthan those zoned with multiple uses and unprotec
areas.

Benthic Other Other
feeding feeding feedirg
positions positions
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Table 11(Continued) Hypothesis and predictions for functional diversity metrics usedotator theecological performancef
MPAs andecological resistance of reef fish communities to a coral bleaching event.

Metric Hypothesis Predictad response by protectic
level
o NTZ MU None
H2 b)Feeding Because the fishing pressure by using traditional hand lines, bottom Diurnal Other Other
time fishing and trolling inte U.S. Virgin Islands is concentrated in the mi feeding feeding feeding
afternoon (14:00 17:00) and early evenind.7:00- 20:00) (Mateo times times

2000), and the most important commercial fish species feed during
diurnal hours in adult stages (Fig.10),-Nake MPAs will include fish
communities dominated by species that feed during diurnal and noc

hours.
c) Trophic Because local fisheries target medium and large size predatory fish  High Low Low
level (Mateo 2000, Pauly & Palomares 2005, and Goedeke et al. 2016) th trophic  trophic  trophic
represent medium and high trophic levels in fish assemblaggesl(®i levels levels levels

fish communities withilNo-Take MPAswill be dominated by higher
trophic levels.
d) Community Because fishing selects for specialist species in the U.S. Virgin Islan Narrow  Narrow Broad
diet breadth (Fig. 10), and reserves presumably protect them against or mitigate diet diet diet
disturbance events (Devictor et al. 2008), fish communities wiitlein breadth breadth  breadth
No-Takeand MultipleUse MPAs will shownarrowcommunity diet
breadths compared to unprotected areas.

H3 Fish standing Because there is a positive association between functional richness Higher Lower Lower
biomass biomass in biological assemblages (Mora et al. 2011, Clark et al. 20 biomass biomass biomass
Duffy et al. 2016, 2017), functional diversityliAbe positively associate
with reef fish standing biomass at all levels of habitat protection.
However, all areas that restrict fishing will exhibit higher biomass the
MPAs with multiple uses and unprotected areas
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Table 11 (Continued)Hypothesis and predictions for functional diversity metrics usedotaitor theecological performancef
MPAs andecological resistance of reef fish communities to a coral bleaching event.

Metric Hypothesis Predicted respongsy protection level
NTZ MU None

H4 Functional Ecological resistance of fish assemblages to the coral bleachin High Low Low
diversity event in 2005 wilbe exhibitedby the absence eémporary ecological ecological ecological
descriptors differences to original values of funatial diversity descriptors an resistance resistance resistance
and trait traits in the U.S. Virgin Islands. Since MPAs enhance fish
values functional diversity and ecological resilience of biotic communit

to climatic disturbances (Micheli et al. 2012, Villamor & Becerrc
2012, Micheli et al. 2014), Ndake MPAswill exhibit high
ecological resistance in comparison to MPAs with Multiple Use
and unprotected areas.

H5  Functional Becauséigh functional diversity and redundancy in fish No Temporal Temporal
trait values assemblages promote ecosystem resiliencel dke MPAswill temporal differences differences
of have no significant differences in trait valuesvirfiner toleran) differences in trait in trait
disturbance andloser fonttoleran) species before and after tberal bleaching  in trait valuesof valuesof
tolerant and event in comparison to MPAs with Multiple Uses and unprotect valuesof species species
nontolerant areas. species

species
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Figurel0. Functional trait values for commercially fished species from shallow waters in
the U.S. Virgin Islands between 1974 and 2015 (n = 101 speties)ist of fish species

was a courtesy of Simon Pittman, and the functional trait data waspilation by the
corresponding author of this paper. Species list was compiled from the following sources:
(1) the NOAA Trip Interview Program (TIP) in ports of the St. Croix and St. John

between 2008 and 2015 (https://www.sefsc.noaa.gov/intervi@yMjgtorical reports of
ex-vessel prices for fish species from 197=to 2002304 (Holt and Uwate 2004); (3)

reports of seafood prices between 2003 and 2004 (Kojis 2014); and (4gsonmmic
characterizations of fisheries in the U.S. Virgin Islandst@d&000, Goedeke et al.

2016).

4 .3Materials and methods

4.3.1. Study sites

Our study used a large set of fish community data collected from 2002 to 2012 by
NOAAbGs Cari bbean Cor al Reef Ecosystem Asse
data were collected irhallow coral reef areas (< 30 m) inside and outsi&tablished
MPAs with different levels of protection from human activity in St. Croix and St. John,
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the U.S. Virgin Islands (Table 1Eig.11). We focused our analysis on the-Nake

MPA (NTZ) of Buck Idand Coral Reef National Monument (BUIS), and a neighboring
reference MPA zoned with Multiple Uses (MU), the East End Marine Park (EEMP), both
located in northeast St. Croix. We also analyzed data from theakie MPA U.S. Virgin
Islands Coral Reef Natioh&lonument (VICR), and the U.S. Virgin Islands National

Park (VIIS), a MU with limiteetake reference area, as well as neighboring unprotected
areas around St. JoiRig. 11) MPAs were selected becauselug high sampling effort
conducted by NOAAN cord reef areaso evaluate the ecological performarde¢hese
reservesn the U.S. Virgin Islands (Table 12)

Even though anecdotal illegal fishing has been documented inside MPAs between
2008 and 2012 (Pittman et al. 2014), this study classified MPAs basbe intended
protection levels established for MPAs to account for differences in management
treatments, and also because there is insufficient information to reliably estegake
fishing intensity inside these MPAs since their establishmenildke MPAs in St.

Croix (BUIS) and St. John (VICR) are MPAs where resource extraction is prohibited
throughout the area. The MPA zoned for Multiple Uses in St. Croix (EEMP) include
specific zones (i.e., Atake, recreation, sea turtle preserve and open zara$)n St.
John (VIS) it has limited takéhat allows line fishing and trap fishing with traditional
Antillean fish traps and prohibits ndraditional gears and spearfishing (NOAA, NOS
2009).

The selecte®lPAs have a minimum of 11 years of establishtnand different
extensions (Tabl&2). The oldest MPA, th¥uliple UseVIIS, was established in 1956;
and the most recent orte Multiple Use EEMRvas established in 2003. The U.S.
Government National Park Service manages\td akesBUIS and VICR andthe
Multiple UseVIIS. TheMultiple UseEEMPIs locally managed by the U.S. Virgin
Islands Department of Planning and Natural Resources with support from NOAA. The
EEMP is the largest MPA, encompassing 14940.9 hectares of marine areas 80% of which
is open to fishing, followed by the BUIS (7726.3 ha), VICR (5918.1 ha), and VIIS
(5176.5 ha) (NOAA, NOS 2009).

Survey sites were located in coral reef areas with average depths betavektvIn
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and with a wide range of structural complexggafloor rugosityjTable12). In St.

Croix, the NeTake BUIS had survey sites with significantly higher average structural
complexity (seafloor rugosity) than the Multiple Use MPA EEMP (M&vinitney test,

p-value <0.05). Around St. John, surveys inside thelslke MPA VICRhad the highest
structural complexity among the three surveyed areas, followed by unprotected sites, and
the Multiple Use MPA VIIS (MantWhitney test, pralue <0.05).

Figurell Survey sites inside and outside marine proteateds in St. John and St.
Croix, U.S. Virgin Islands.



