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RESUMEN

Los habitats rocosos submareales someros e intermareales en zonas costeras
temperadas alrededor del mundo estan dominados por extensos bosques de macroalgas
pardas del orden Laminariales y pequefios parches de areas sin estas algas denominadas
“fondos blanqueados”. Antecedentes muestran que la pérdida de diversidad de los
bosques por perturbaciones (bioticas y abidticas) resulta en la formacion de fondos
blangueados sin alterar las condiciones del sistema, donde el bosque se recupera en
ausencia de perturbaciones. Desde otra perspectiva de analisis, estudios previos a traves
de descriptores sistémicos muestran gque los bosques son mejor estructurados que los
fondos blanqueados, pero con mayor vulnerabilidad a perturbaciones. La interrogante
gue surge es conocer como se desarrollan estos sistemas integrando mayor cantidad de
componentes (i.e., micro/macro-organismos). El presente estudio planted la hipotesis
sobre la autonomia de cada sistema, es decir, tanto los bosques de macroalgas como los
fondos blanqueados presentarian procesos ecoldgicos independientes. El objetivo fue
determinar los procesos de colonizacion temprana y desarrollo de la comunidad de un
bosque de L. trabeculata y un sistema adyacente dominado por algas costrosas y erizos
negros (fondo blanqueado) sobre sustrato artificial en Caleta Bolsico, Antofagasta, norte
de Chile. Para esto se realizd un experimento donde se utilizaron placas de ceramica
como sustrato primario las cuales fueron dispuestas en cada sistema a una profundidad
de entre 10-12 metros. El experimento fue llevado a cabo en dos etapas, la primera
consistio en el estudio de la formacion y sucesion de las biopeliculas. Las placas fueron

muestreadas simultdneamente en ambos sistemas durante los dias 1, 2, 4, 6, 8 y 14



después de ser instaladas al fondo de ambos sistemas. Las bacterias totales y viables,
diatomeas, protozoos y micro-eucariotes fueron identificados y cuantificados. La
segunda parte del experimento consistio en el estudio de la sucesion de macro-
organismos, los que fueron colectados mensualmente también colonizando placas de
ceramica durante 14 meses. Los resultados mostraron diferencias significativas de la
densidad de organismos moviles, riqueza taxondmica, cobertura de organismos sésiles y
estructura de la comunidad entre sistemas durante la colonizacién de microperifiton y
macro-organismos. El desarrollo de la comunidad en cada sistema siguié un patrén
determinista a través de tempranos, medios y avanzados estadios de la sucesion. La
mayoria de placas en el bosque fueron colonizadas por esporofitos de L. trabeculata, y
el total de placas expuestas en el fondo blanqueado quedaron cubiertas con algas
costrosas. En general los resultados de estos experimentos indican que desde el
asentamiento de los procariotas, ambos sistemas tienden a ser especificos en la
formacion de sus comunidades hasta la llegada de los macro y mega-organismos. La tasa
de sedimentacién, intensidad de luz, temperatura fueron significativamente distintos
entre sistemas. El contenido de materia organica y la intensidad de corrientes no vario
significativamente entre ambos, a pesar de presentar mayores valores en el bosque.
Como conclusién general se puede decir que la sucesién ecolédgica entre ambos sistemas
opera de manera diferente e independiente con trayectorias paralelas desde el
asentamiento de las bacterias hasta el arribo de macro colonizadores mostrando

propension a la auto-organizacion en cada sistema.



ABSTRACT

Kelp beds (large macroalgae belonging to the order Laminariales) and barren
grounds are dominant habitats in intertidal and shallow sublittoral areas throughout
temperate locations around the world. Biotic and abiotic disturbance reduce the kelp
forest and its associated biodiversity resulting in the formation of barren grounds
without altering the system condition where the kelp bed may recovery in absence of
disturbance. From another perspective of analysis, previous studies using systemic
indicators suggest that the kelp forest is better structured than barren ground, but more
vulnerable to disturbance. The question that rises is to know how these systems develop
bringing together all its components (i.e., micro and macro-organisms). This study tested
the hypothesis about the autonomy of each system, that is, both kelp forest and barren
grounds would show independent ecological processes. The objective was to
determinate the early colonization processes and the development of the community in a
Lessonia trabeculata kelp forest and an adjacent barren ground dominated by encrusting
algae and sea urchin using artificial substratum at Bolsico, Antofagasta, northern Chile.
A colonization experiment was conducted using ceramic plates installed at 10-12 meters
depth. The experiment was divided in two stages; the first consisted in studying of the
formation and succession of biofilm. For this, plates were exposed for colonization and
sampled after 1, 2, 4, 6, 8 and 14 days at both systems. Total and viable bacteria,
diatoms, protozoa, and micro-eukaryote were identified and quantified. The second stage
of the experiment consisted in studying the succession of macro-organisms, which were

sampled monthly also colonizing ceramic plates during 14 months. The results showed



significant differences on densities, taxonomic richness, cover of sessile organisms and
community structure during the colonization of microperiphyton and macro-organisms.
The community development on each system followed a deterministic pattern
throughout early, middle and late succession stages. The plates at the kelp forest were
colonized by Lessonia trabeculata sporophytes and all the plates at the barren ground
were covered by encrusting algae. Overall, the results of these experiments suggest that
since the settlement of prokaryotes, both systems form specific communities until the
arrival of macro and mega-organisms. Sedimentation rates, light intensity and
temperature were significant different between systems. The organic matter content and
current speed did were not significantly different between both systems, although higher
values were detected at the kelp forest. In conclusion, succession in both systems is
different and unique on each one. The successional trajectory is independent from the
bacterial settlement until the arrival of macro colonizers which means that each system

is able to self-organize.



1. INTRODUCCION

En los sistemas submareales costeros de fondos duros a lo largo del norte de
Chile asi como en otras areas temperadas del mundo, dos habitats con distintos nivel de
organizacion se pueden observar: los bosques de macroalgas pardas con alta diversidad
de especies y estructuralmente complejos (Foster 1975), y los fondos blanqueados con

baja diversidad y estructuralmente no complejos (Chapman & Johnson 1990).

1.1 Bosques de macroalgas
Los habitats rocosos submareales someros e intermareales en areas costeras
temperadas alrededor del mundo son conspicuamente dominados por diversas especies

de algas pardas del orden Laminariales (~148 especies, www.algabase.org) comunmente

llamados “kelps” (Bolton 2010) (Fig. 1); aunque algunos bosques han sido registrados a
profundidad en regiones tropicales y bajo ciertas condiciones especificas (Santelices
2007). En la literatura cientifica las algas pardas son mencionadas como especies
fundacionales y/o formadoras de habitat las cuales forman densas agregaciones
agrupandose en verdaderos bosques marinos (Dayton 1972; Jones et al., 1994). Estos
ecosistemas se caracterizan por albergar alta diversidad de organismos que van desde
bacterias (Goecke et al., 2010; Bengtsson & @vreds 2010), algas (Foster 1975),
invertebrados (Graham 2004), peces (Pérez-Matus et al., 2007), mamiferos (e.g., nutria y
lobos) (Thiel et al., 2007) hasta reptiles (e.g., tortugas marinas) (Nichols et al., 2001;

observacion personal).


http://www.algabase.org/

En el Pacifico suroriental, los bosques de macroalgas pardas representados
principalmente por las especies intermareales Lessonia berteroana y L. spicata, y las
especies submareales L. trabeculata y Macrocystis pyrifera, cubren la mayor parte del
borde costero rocoso a lo largo de Chile y Perl, desde la zona intermareal hasta
aproximadamente los 40 m de profundidad. Esta distribucion alcanza grandes y
continuos parches interrumpidos por playas de arenas y zonas costeras urbanizadas. Solo
en la zona centro sur de Per( (9° hasta 14° latitud sur) es posible encontrar algunos
parches y bosques pequerfios de la especie Eisenia cokeri (Observacién personal). En el
norte de Chile, los bosques de macroalgas estdn fuertemente influenciados por las
particulares condiciones del Sistema de Afloramiento de la Corriente de Humboldt
(SACH) a través de la reincorporacion de nutrientes a la zona fética sobre el margen del
continente y sus bajas temperaturas (Thiel et al., 2007, Swartzman et al., 2008; Chavez
et al., 2008).

La diversidad de pequefias especies sésiles que habitan bajo el dosel de los
bosques incluyen especies de algas rojas (e.g., orden Corallinales), verdes (e.g., Ulva
spp., Cladophora sp.) y pardas (e.g., familia Ectocarpaceae), y varios grupos de
invertebrados sésiles como cirripedios, ascidias, moluscos (Graham 2004; Vésquez et
al., 2006) y moviles (ver publicacion 2). A diferencia del hemisferio norte, aun no se han
reportado grandes depredadores claves en la estructuracion de las comunidades de
macroalgas del hemisferio sur como nutrias, grandes peces (Steneck et al., 2002;
Graham et al., 2007), sin embargo, hay una gran nimero de pequefios depredadores

como pulpos, gasterépodos muricidos, estrellas de mar, y algunos peces (e.g.,



Kiposidae) alimentandose de herbivoros (erizos Tetrapygus niger, Loxechinus albus,
Tegula spp., Fissurella spp) (Medina et al., 2004; Thiel et al., 2007). Algunos mamiferos
y reptiles mencionados anteriormente utilizan estos sistemas como areas de
alimentacion.

La gran biomasa que acumulan las algas pardas y la alta productividad (e.g.,
liberacion de carbono orgénico) que ocurre dentro de los bosques generan condiciones
fisicas distintas al medio externo, tales como mayor tasa de sedimentacion de detritus
(nutrientes), disminuyen la intensidad de luz hacia el fondo, modificacion del flujo de
corrientes (recirculacién), etc. (Dayton 1985; Duggins et al., 1989). Estas condiciones
fisicas juegan un importante rol en la estructuracion de las comunidades asociadas a los
bosques en donde se generan fuertes interacciones troficas (Harris et al., 1984; Graham
2004; Rinde et al., 2014). Ademas, estos sistemas sirven de fuente de alimento, refugio,
habitat y ofrecen condiciones de sustrato para el reclutamiento de organismos a
diferentes niveles troficos (Dayton 1985; Graham 2004; Graham et al., 2007). La
literatura cientifica basica y aplicada sobre los bosques de macroalgas es extensa para
diversas especies de Laminariales alrededor del mundo, sin embargo algunos procesos
internos en sistemas locales como el desarrollo sucesional en aquellos bosques

dominados por la especie Lessonia trabeculata son poco conocidos y entendidos.

1.2 Fondos blanqueados
Considerados como el lado deforestado de los bosques, los fondos blanqueados

(en inglés “barren ground” sensu Lawrence 1975) presentan baja abundancia y



diversidad de organismos, y son poco estructurados (Graham 2004; Vasquez et al.,
2006), pero en comparacion a los bosgques son sistemas con alta resistencia a
perturbaciones (Ortiz 2008). El sustrato primario rocoso en estos sistemas ecoldgicos se
encuentra cubierto principalmente por algas verdes y rojas del tipo costrosas. La
distribucion a nivel mundial de estos sistemas ocupa el mismo hébitat que los bosques
(Fig. 1) ya que su presencia ha sido principalmente correlacionada con el pastoreo
destructivo de los bosques y la variabilidad ambiental como las altas temperaturas
(Mann 1982; Tegner & Dayton 1991; Steneck et al., 2002; Norderhaug & Christie
2009). Sin embargo, en el pacifico suroriental y a escala local, la continuidad de estos
sistemas podria tener, ademas, mayor relacion con otros factores como la intervencién
del hombre.

En el norte de Chile, los fondos blanqueados son sistemas conspicuos en toda la
costa cubriendo pequefios parches (durante escenarios frios), y se hacen frecuentes
durante periodos calidos o en zonas con alta explotacion de algas. Grandes actinias (e.g.,
Phymanthea pluvia), estrellas (e.g., Meyenaster gelatinosus, Luidia magallanica) y
agregaciones abundantes de erizos (e.g., Tetrapygus niger, Loxechinus albus) componen
la mega fauna bentonica de estos ambientes (e.g., Villegas et al., 2008). Sin embargo, los
micro y macro-organismos también conforman la diversidad biol6gica de estos sistemas
(ver publicacion 2), los cuales son poco conocidos. Debido a la heterogénea
configuracién de sus parches, estos sistemas pueden albergar diversos organismos en
cavidades, intersticios y pequefias grietas formadas por la algas costrosas que en la

mayoria de estudios no son tomados en cuenta (e.g., briozoos, poliquetos, equiuridos,



pequeiios moluscos, ofiuros, sipunculidos, priapulidos), pero que pueden tener alta

importancia en el desarrollo de este sistema (Taylor 1988; Ojeda & Deaborn 1989;

Chenelot et al. 2011; Agnetta et al., 2013).
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Figura 1. Distribucion de los sistemas de bosques de macroalgas pardas en el mundo (lineas verdes) y
sus principales géneros. Las lineas rojas muestran la distribucion de los bosques de macroalgas pardas
registrados a profundidad en regiones tropicales (figura tomada de Santelices 2007). Esa distribucion
también corresponde a la presencia de los fondos blanqueados a nivel mundial.

1.3 Principales perturbaciones de los bosques de macroalgas y fondos blanqueados

A pesar de la alta diversidad y complejidad de habitat que presentan los bosgues,

estos son bastante vulnerables principalmente a los eventos climéticos extremos (Dayton

et al.,

1999; Fielder 2002). Para las costas del Pacifico nororiental los eventos de



variabilidad climatica a larga escala como El Nifio Oscilacion del Sur (ENOS) son los
principales responsables de la presencia o ausencia de estos sistemas (Tegner & Dayton
1991; Steneck et al. 2002; Graham et al. 2007). En el Pacifico Suroriental, las altas
temperaturas consecuencia de los escenarios calidos del ENOS sumado a la baja
disponibilidad de nutrientes debido a disminucion en la intensidad de la surgencia, son la
mayor causa del desprendimiento natural de los discos de las macroalgas y de toda su
comunidad (Soto 1985; Tomicic 1985; Fernandez et al., 1999; Edwards 2004; Vasquez
et al., 2006; Thiel et al., 2007). Como consecuencia, estudios previos han documentado
que durante y posterior a esta perturbacién natural, los fondos blanqueados fueron los
sistemas dominantes en casi todo el borde costero (Vasquez 1992; Martinez et al., 2003).
Sin embargo, durante el escenario frio del ENOS “La Nina” y los afios posteriores sin
mayores oscilaciones del ENOS, los bosques y sus comunidades vuelven en recuperarse
de forma parcial y/o total (Edwards 2004; Ladah et al., 1999; Martinez et al., 2003) y
cubrir las mismas areas.

La variabilidad del aporte de nutrientes debido a la intensidad de la surgencia
costera es también otro de los factores abidticos mas relevantes en la permanencia y
estabilidad de los bosques (Duggins et al., 1989). En latitudes bajas el desarrollo
estacional de los bosques de Macrocystis responde a la variabilidad de concentraciones
de nutrientes en el ambiente (Zimmerman & Kremer 1986; Brown et al., 1997), mientras
que en zonas con permanente surgencia del norte de Chile, el desarrollo de estos
sistemas no presenta un patron estacional (Vega et al., 2005). En muchas regiones

biogeogréficas, la intensidad de luz y aporte de nutrientes al borde costero son



constantes durante el afio (e.g., California, Chile, Perd) (Chavez et al., 2008),
favoreciendo las estrategias reproductivas de los bosques y una continua produccion de
esporofitos de macroalgas Laminariales como Lessonia spp. y Macrocystis (Tala et al.,
2004; Graham et al., 2007). Las particulares condiciones del SACH como bajas
temperaturas y permanente surgencia (Montecinos et al., 2003) también permiten que la
distribucion de los bosques de macroalgas muestren una continua distribucion hasta
latitudes cercanas a zonas tropicales (Peters & Breeman 1993).

Aunque los disturbios ambientales son considerados muy importantes como
responsables de la estabilidad de estos sistemas, procesos ecoldgicos internos generan
variabilidad inter e intra-anual en la estructura, funcionamiento y organizacion de los
bosques de macroalgas y fondos blanqueados. Esto a menudo ocasiona la presencia de
especies claves y/o invasoras como grandes herbivoros (Soto 1985; Villegas et al.,
2008). Los erizos de mar, principales pastoreadores de las algas pardas son considerados
interacciones claves en la dinamica de los bosques y fondos blangueados (Contreras &
Castilla 1987; Tegner & Dayton 1991; Leinaas & Christie 1996; Vasquez & Buschmann
1997), ya que suelen consumir cualquier estadio de las macroalgas y prevenir su
reclutamiento (Perreault et al., 2014). A pesar de la abundante literatura existente sobre
estos mecanismos de interaccién como la depredacion, competencia y el sobrepastoreo
de estas pocas especies (Scheibling 1986; Scheibling et al., 1999; Leinaas & Christie
1996; Vasquez et al., 1998; Rassweiler et al., 2010; Perreault et al., 2014), aln se
desconoce cual es el rol de los otros grupos o taxas presentes en el desarrollo de estos

sistemas. Estas perturbaciones bioldgicas que ocurren internamente se reflejan en un



decline del sistema y la subsecuente pérdida de toda su biota asociada (Graham 2004;
Vasquez et al., 2006).

Complementario a estas perturbaciones naturales, los bosques son actualmente
objeto de una alta presion pesquera debido a sus altos valores comerciales y facil
accesibilidad (Edding & Tala 2003; Peteiro et al., 2006; Vasquez 2008; Ortiz 2010). La
extraccion excedida de las macroalgas pardas es una de las actividades que genera
grandes disturbios y el posterior dominio de los fondos blanqueados (Ortiz 2008, 2010).
Esta actividad extractiva se ha expandido en muchas localidades en todo el mundo
(Vésquez et al., 2012) y actualmente sustenta una de las principales pesquerias (con
limitados recursos de materia prima) que ejerce fuerte presion a los bosques de Lessonia
spp. Yy Macrocystis en Chile y sur de Pert (Castillo et al., 2007; Ortiz 2003, 2008; Tala et
al., 2004; Westermeier et al., 2006; Vasquez 2008). Algunas de las medidas propuestas
para la extraccion consisten en extraer el disco completo y dejar espacios libres o
parches para la recuperacion de los bosques (Vasquez et al., 2012). Sin embargo, la
mayoria de colectores de algas utilizan una barreta de hierro para desprender
bruscamente el disco del sustrato (Castillo et al., 2007; observacion personal). Este
método conocido como “barreteo” remueve toda la comunidad con posibles
consecuencias negativas en el posterior asentamiento de esporofitos y desarrollo del
bosque. Al tener poco o nada de conocimiento sobre la sucesién en los bosques y fondos
blanqueados o como se construyen sus comunidades, estos métodos de extraccion
podrian ser los mayores forzantes en el decline de estos sistemas a escalas locales y

regionales.



1.4 Sucesion en sistemas rocosos submareales dominados por macroalgas
1.4.1 Formacion de las biopeliculas

Los sistemas submareales rocosos dominados por macroalgas Laminariales
liberan gran parte de productos fotosintéticos como material organico disuelto (Duggin
et al., 1989; Schaal et al., 2009), el cual es clave en los ciclos biogeoquimicos (Wada et
al., 2007; Stewart et al., 2009) y procesos ecoldgicos como la sucesion. Este aporte de
nutrientes es importante en la colonizacion de los micro-organismos pioneros (Wahl
1989; Qian et al., 2006; Smirnova et al., 2010). Los colonizadores tempranos construyen
densas agregaciones y crecen en forma de biopeliculas o tapetes, embebidos de una
matriz extracelular (i.e., polisacaridos y proteinas) y principalmente compuesta por
grupos de bacterias, arqueas y pequefios eucarias (e.g., diatomeas, protozoarios) (Nadell
et al., 2008; Bengtsson & @vreas 2010). En el contexto de la sucesién primaria, la
formacion de las biopeliculas inicia con una serie de mecanismos quimicos (absorcion
de polisacaridos, proteinas y otros nutrientes del medio, Bakker et al., 2004; Bhosle et
al., 2005) y fisicos (condiciones ambientales y del sustrato, Abelson & Denny 1997,
O’Toole & Kolter, 1998) entre el sustrato y las primeras células biologicas. La
formacion de la estructura comunitaria de las bacterias inicia a las pocas horas de haber
sido expuesto el sustrato (Siboni et al., 2007). Organismos eucariotas unicelulares como
las diatomeas contintan con el proceso de colonizacion en una marcada dominancia
cuantitativa seguido por el arribo de protozoarios (Cuba & Blake 1983; Wahl 1989).

Las diatomeas bentonicas colonizan rapidamente el sustrato dentro de los

primeros dias a través de la secrecion de sustancias viscosas compuestas mayormente



por nutrientes (Stevenson 1983). Estos organismos son de rapida reproduccion y pueden
cubrir densamente amplias areas del sustrato. Ademas, esta caracteristica es fundamental
en la formacién de la biopelicula (Huang & Boney 1985). Los protozoos bentdnicos,
especialmente los autotréficos flagelados representados mayormente por bacterioéfagos,
contintan la secuencia de sucesion del microperifiton (Strider-Kypke 1999; Zhang et
al., 2013). Otros grupos como los ciliados y amoebas equilibran la formacion y
estructuracion de la comunidad de estos organismos durante la sucesion, donde procesos
internos tales como la competencia y depredacion pasan a ser importantes (Cairns &
Henebry 1982; Railkin 1995; Zhang et al., 2012). Se ha documentado los protozoarios
gue juegan un importante rol en la transformacién y concentracion de nutrientes de las
biopeliculas durante sus estadios de vida, asi como la acumulacion de organismos
muertos (Wahl 1989).

Estas biopeliculas suelen ser grupos coordinados y cooperativos, anadlogos a
organismos multicelulares (Nadell et al., 2008). Wieczorek & Todd (1998) sugieren que
la estructura y actividad metabdlica de estos micro-organismos formadores de las
biopeliculas (e.g., bacterias) son determinantes en la facilitacion o inhibicion de
colonizadores mayores, entre ellos el asentamiento y/o reclutamiento (o inhibicion) de
los primeros estadios gametofiticos de macroalgas (Publicacion 1), y posteriormente los
macro y mega invertebrados (Wahl 1989; Railkin 1998; Thompson et al., 1998; Hughes
et al. 2005; Sneed et al., 2015). Recientemente se ha mostrado que las asociaciones de

bacterias en distintos parches de sistemas dominados por algas costrosas son diferentes



entre si y podria resultar en el asentamiento de diferentes tipos de macro y mega-
organismos (Sneed et al., 2015).

Diferencias en el tipo e intensidad de la perturbacion durante el desarrollo
sucesional del microperifiton, podria alterar la capacidad de facilitar o inhibir la
colonizacion de organismos mayores como el asentamiento de esporofitos de algas
pardas importantes en el desarrollo de los bosques y el asentamiento de algas costrosas

en la formacion de los fondos blanqueados.

1.4.2 Colonizacion temprana de macro-organismos

Los estudios de sucesion en ambientes marinos costeros en zonas temperadas se
han focalizado més en el intermareal (Sousa 1979) posiblemente debido a su facil
acceso, como por ejemplo los bancos de mitilidos (Koivisto et al., 2011; Valdivia et al.,
2014), zonas dominadas por algas (Niell 1979; Benedetti-Cecchi & Cinelli 1996; Foster
et al., 2003; Maggi et al., 2009), incluyendo areas someras como el pasto marino (Edgar
1992). Sin embargo, los sistemas submareales con presencia de algas pardas
Laminariales han sido poco estudiados y requieren mas atencion (Scheibling 1986;
Vance 1988; Leinaas & Christie 1996).

En fondos duros, los macro-organismos sésiles y coloniales, como las algas,
poliquetos, esponjas, briozoos, son dominantes durante todo el proceso seral (Glasby
2001; Valdivia et al., 2005; Cifuentes et al., 2007; Pacheco et al., 2011) ya que
aprovechan el espacio libre o disponible para crecer y extenderse. Este comportamiento

depende de sus caracteristicas funcionales y la magnitud de disturbios (Sousa 1980). A



pesar de esto, reciente estudio en sistemas submareales como los bosques de macroalgas
ha demostrado que los organismos maviles son determinantes en tempranos estadios de
la sucesion (publicacion 2). Hacia estadios medios y tardios la competencia por espacio
cubre distintas especies de macroalgas tipo alfombra, ramificadas y costrosas (Foster et
al.,, 2003; publicacién 2), y algunas especies de invertebrados como poliquetos
serpulidos y cirripedios (Glasby 2001; Spagnolo et al., 2004).

La sucesion en bosques de algas pardas describe una aparente secuencia
direccional y trayectoria determinista en ausencia de disturbios y en un relativo corto
tiempo (Foster 1975, publicacion 2). Esto es el resultado de una rapida colonizacion del
sustrato por especies oportunistas de rapido crecimiento (Scheibling 1986), seguido de
un reemplazo consecutivo o acumulacion de especies pereniales de rapido y lento
crecimiento (Foster 1975). Sin embargo la sucesién podria diferir dependiendo de la
exposicion y la latitud. Por ejemplo, en el norte de Chile en ambientes expuestos al
oleaje la sucesion sigue un lento y predecible patron con un dominio de especies
coloniales tardias sin presentar estacionalidad (Pacheco et al., 2011) por otro lado en
zonas temperadas submareales semi-protegidas del hemisferio norte la sucesion fue
reportada a ser mas rapida, presentan estacionalidad y varios estadios sucesionales
(Foster 1975; Antoniadou et al., 2011).

En el norte de Chile Vasquez et al. (2006) mostraron baja variabilidad temporal
de los bosques durante y después del ENOS, sin embargo algunos parches declinados
favorecieron el dominio de los fondos blanqueados. Sus resultados sefialaron cambios no

significativos de la diversidad entre ambos sistemas. Desde otra perspectiva de analisis,



estudios previos utilizan descriptores sistémicos (e.g. Ascendency) y demuestran que los
bosques a pesar de ser mejor estructurados y con un mejor desarrollo que los fondos
blangueados, presentan mayor vulnerabilidad (Ortiz 2008, 2010). Ademas, consideran
que los fondos blanqueados emergen como sistemas mas resistentes a disturbios.
Estudios relacionados en explicar la recuperacion de las comunidades dominadas por los
bosques de macroalgas han considerado la importancia de todos los componentes del
sistema (e.g., taxas, grupos troficos). Comparaciones en la abundancia, composicion de
especies y cambios de la estructura comunitaria durante todo el proceso seral proveeria
valiosa informacion sobre las interacciones biologicas y posibles estadios sucesionales
entre ambos sistemas. Las interrogantes que surgen para lograr una mejor comprensién
de estos procesos tendrian mayor apoyo al integrar mayor cantidad de componentes a

diferentes escalas de estudio (i.e., micro/macro) en estos sistemas rocosos submareales



1.5 Hipdtesis

Dada la alta produccién de detritus dentro del bosque y debido a las condiciones de
sedimentacion y flujo de corrientes diferentes a los fondos blanqueados, la actividad
metabolica de los procariotas (bacterias) y los patrones de sucesion temprana de los
eucariotas (micro y macro-organismos) en los bosques de Lessonia trabeculata y fondos

blangueados en Isla Santa Maria (Bolsico) presentan trayectorias sucesionales distintas.

1.6 Objetivo General
Determinar los patrones de sucesion temprana en sistemas de bosques de Lessonia

trabeculata y fondos blanqueados en Caleta Bolsico, norte de Chile.

1.6.1. Objetivos especificos

» Determinar la sucesion temprana de micro organismos bentonicos
(Bacterias, diatomeas, protozoarios y pequefios eucariotas) en bosques de
Lessonia trabeculata y fondos blanqueados en el norte de Chile.

» Determinar los patrones de sucesion de comunidades de macro y mega
organismos en bosques de macroalgas y fondos blanqueados en el norte de
Chile.

» Discutir los patrones de sucesion de bosques de macroalgas y fondos

blangueados en un contexto teorico.



2. MATERIALES Y METODOS

2.1. Sitio de estudio

Previo al estudio se recorrieron varias localidades dentro de la Peninsula de
Mejillones en la busqueda de posibles sitios experimentales. Sin embargo la mayoria de
lugares examinados presentaron condiciones inapropiadas que asegurasen tener
condiciones para mantener los experimentos por o menos un afio. La busqueda tard6
muchos meses ya que hubo un dominio casi total de los bosques de Laminariales con
pequerios parches de fondos blanqueados en zonas muy someras Yy casi superficiales. En
estas condiciones el experimento podria quedar expuesto en horas de baja marea y ser
facilmente manipulado y/o retirado por pescadores o bafiistas. Finalmente se encontr6 un
sitio ideal con las condiciones apropiadas para instalar el experimento. El estudio fue
conducido en caleta Bolsico (23°28°S; 70°36°0), localizada al suroeste de la peninsula
de Mejillones, norte de Chile (Fig. 2). La caracteristica geomorfoldgica local
corresponde a un area con poco oleaje y con el fondo cubierto de rocas tipo bolones (45°
de inclinacion aprox.). Sin bien caleta Bolsico tiene la forma de una pequefia ensenada
protegida contra el oleaje, se ubica en la cara expuesta de la peninsula. Dentro de la
caleta el experimento fue instalado en un bosque de macroalgas dominado por Lessonia
trabeculata de la forma arborescente y por diversas especies de macroalgas rojas y verde
tipo tapiz, y en un fondo blanqueado del tipo bolones y rocas, con una area similar y
adyacente al bosque, ambos entre los 8 a 10 m de profundidad. (para mayor detalle ver

publicacion 1y 2).



2.2. Instalacion del experimento

Para evaluar sucesion de las comunidades asociadas al bosque y al fondo blanqueado se
utilizé como sustrato artificial placas de cerdmica (van Tamelen et al., 1997; Cardinale
et al., 2002; Siboni et al., 2007; Antoniadou et al., 2010). Las placas de ceramica fueron
expuestas sobre el fondo rocoso de cada sistema en condiciones comparables
(profundidad, tiempo y exposicién de las placas), con la finalidad de registrar los
procesos de colonizacion/extincion (Fig. 3A, B). Este experimento fue llevado a cabo en
dos etapas, la primera consistid en la sucesion de organismos microbianos y la segunda

etapa consistio en el estudio de la sucesion de organismos mayores.

Bosque de
Lessonia trabeculata

/

8°27'0"S

Fondo
blanqueado

/

2°280'S

70°37'0"'W.

Figura 2. Sitio de estudio donde fue instalado el experimento, ubicado en el lado sur de la
peninsula de Mejillones.



Figura 3. Sistemas submareales donde se llevaron a cabo los experimentos. (A) Bosque de macroalga
parda Lessonia trabeculata con forma arborescente, (B) fondo blanqueado dominado por erizos
negros T. niger y algas costrosas.

2.3. Sucesion de bacterias y micro-eucariotas

En cada sistema, mediante buceo semiautonomo 12 estructuras de PVC de 15
x10 cm (Fig. 4A, B) fueron fijadas simultdneamente sobre el fondo rocoso con macilla
epoxica en los extremos y sujetadas con cuerdas a las rocas entre los 10 y 12 m de
profundidad. Previo a la instalacion de los PVC, 10 placas de ceramica de 2,5 x 2,5x 0,5
cm esterilizadas fueron adheridas con silicona liquida a cada marco de PVC en lineas de
cinco por lado en cada estructura (Fig. 4A, B). En total fueron colocadas 120 placas de
ceramica por cada sistema.

El experimento inici6 a finales de enero del 2013 con muestreos durante los dias
1, 2,4, 6, 8y 14 después de la exposicion de las placas (Railkin 1998). En cada dia de
muestreo se colectaron 5 réplicas al azar de placas de ceramica para conteo celular
bacteriano y 5 réplicas al azar para conteo de micro eucariotas (diatomeas, protozoarios
y pequefios eucariotas) en cada sistema. Las placas fueron desprendidas facilmente de la

estructura de PVC y colocadas cuidadosamente en un tubo Corning de 50 ml. En el bote,



las muestras fueron almacenadas en un cooler con hielo a 4°C aproximadamente para su
traslado y posterior analisis en el laboratorio.

Para el estudio de la sucesion de micro eucariotas se tomaron en cuenta células
bacterianas totales y células bacterianas viables, diatomeas adheridas a las placas, grupos
generales de los protozoarios conspicuos sugeridos por Railkin (1998) e.g., autotrofos
flagelados, heterotrofos flagelados, ciliados, amebas, sarcodinos y pequefios eucariotas.

Para mayor detalle del analisis de laboratorio y conteo de organismos ver publicacion 1.

Figura 4. Unidad experimental para microperifiton instaladas en el (A) bosque de macroalgas y (B)
fondo blanqueado.

2.4. Sucesion de macro-organismos

Esta segunda etapa experimental se llevo a cabo desde febrero 2013 hasta marzo
2014. Para esto, se utilizaron 13 estructuras de PVC (100 x 50 cm), como soporte del
sustrato artificial, los cuales fueron fijados al fondo rocoso con macilla epoxica y
cuerdas atadas a las rocas. En cada estructura, cinco placas de ceramica de 15 x 15 cm
para el asentamiento de la biota fueron adheridas a presion, con una separacién de 10 cm
entre placas (Fig. 5A, B). Adicionalmente cinco estructuras con sus respectivas placas de

ceramica fueron instaladas en cada sistema por posibles pérdidas. Un total de 90 placas



de ceramica fueron adheridas a 18 estructuras de PVC en cada sistema. Mensualmente
cinco placas (réplicas) fueron azarosamente colectadas mediante buceo semiautébnomo
en cada sistema. Al momento del muestreo, cada placa fue colocada cuidadosamente en
bolsas plasticas previamente rotuladas evitando la pérdida de organismos. En el bote,
cada bolsa fue depositada en un cooler a 4°C aproximadamente y transportada al
laboratorio para su inmediato anélisis. Para mayor detalle del andlisis de laboratorio y

conteo de organismos ver publicacion 2.

Figura 5. Unidad experimental para macro y mega organismos en el (A) bosque de macroalgas y (B)
fondo blanqueado.

2.5. Parametros ambientales

En ambos sistemas ecoldgicos y para cada experimento se tomaron datos diarios
de temperatura (°C) (obtenidos por hora), para esto se utilizaron data logger de registro
continuo (TidBit, Onset) (Fig. 6A). También se registro la intensidad de luz sobre el
fondo en cada sistema (lumens/m?) (por hora) utilizando un HOBO light data logger
(Micro DAQ Ltd, USA) (Fig. 6B). Los loggers fueron fijados con cables a los marcos de

PVC en cada sistema durante toda la etapa experimental. Adicionalmente, se registraron



datos de intensidad de corrientes (Fig. 6C), material organico decantado sobre el fondo y

tasa de sedimentacion (ver detalles de colecta y analisis en publicacion 1y 2) (Fig. 6D).

Figura 6. (A) Data logger para registro continuo de temperatura (TidBit, Onset). (B) HOBO light
data logger (Micro DAQ Ltd, USA), para el registro por hora de la intensidad de luz sobre el fondo.
(C) Barras de calcio para el registro de la intensidad de corrientes. (D) Bandejas cubiertas y colocadas
sobre el fondo para la colecta de material organico decantado y estimar la tasa de sedimentacion.

2.6. Andlisis estadisticos

Para los andlisis biologicos se obtuvieron datos de densidad (total de individuos
por area), riqueza taxondmica, cobertura de organismos sésiles (macroalgas) y estructura
de la comunidad. Para ver si existen diferencias significativas de estos parametros

bioldgicos entre sistemas y entre tiempo se utilizé un andlisis de varianza multivariado



basado en 9999 permutaciones (PERMANOVA). Para esto se tomd en cuenta un disefio
ortogonal cruzado de dos vias, donde el tiempo de muestreo (dias para micro organismos
y meses para macro organismos) y el sistema ecoldgico (bosque de macroalgas y fondo
blanqueado) fueron los factores fijos seleccionados. Para el caso de los analisis
univariados (densidad, riqueza taxonoémica) PERMANOVA es una prueba estadistica
que asume normalidad y homogeneidad de varianzas si se aplica previamente sobre una
matriz de distancia Euclidiana (Ver publicaciones 1 y 2). En cada caso, la suma de
cuadrados y el F estadistico son exactamente el mismo que el F estadistico de Fisher del
clasico ANOVA, donde la probabilidad es calculada utilizando permutaciones
(Anderson et al., 2008).

Posteriormente, se usaron andlisis de escalamiento multidimensional (MDS),
utilizando la matriz generada por el coeficiente de disimilaridad de Bray-Curtis usando
la transformacion log (x+1), para examinar visualmente los cambios temporales de la
estructura de las comunidades de micro (diatomeas, protozoarios y pequefios eucariotes)
y macro organismos durante la sucesion. Para confirmar si existen diferencias
significativas entre estos patrones de disimilaridad/similaridad se utiliz6 la prueba
estadistica PERMANOVA (basada en 9999 permutaciones) usando el mismo disefio
ortogonal cruzado de dos vias que las pruebas univariadas. Cuando PERMANOVA
indico diferencias significativas comparaciones a posteriori fueron usadas para detectar
los niveles entre factores responsables por la significancia.

Para el caso de los macro-organismos se selecciono el subset de especies de la

comunidad que mostraron la misma variabilidad en disimilaridad/similaridad resultante



del analisis del set de datos completo utilizando la rutina BVSTEP (basado en rangos de
correlacion de Spearman). Para identificar cuales fueron las especies responsables de los
cambios en disimilaridad entre sistemas se utilizd un analisis de porcentaje de
similaridad (SIMPER) (ver publicacion 2). Finalmente la temperatura, intensidad de
corrientes y materia organica sobre el fondo fueron evaluadas mediante una prueba t de
Student. La intensidad de luz fue evaluada mediante la prueba de Mann-Whitney. Las
pruebas univaridas fueron realizadas utilizadas en el programa estadistico STATISTICA
6, y las prueba multivariadas fueron realizadas en el programa estadistico PRIMER v. 6

and PERMANOVA +b3 (Anderson et al., 2008)



3. RESULTADOS

Los resultados especificos de cada estudio se presentan en cada una de las publicaciones
que se presentan a continuacion, por lo que los siguientes capitulos abordaran la
discusion y conclusiones mas relevantes que resultaron de estos estudios. Ademas se
proponen tres modelos conceptuales basados en el desarrollo sucesional de cada sistema,
el cual es discutido dentro del contexto de la auto-organizacién. Mi contribucion a cada

capitulo de esta seccion es explicada.

3.1. Publicacion 1:

Uribe RA., Ortiz M., Pacheco AS., Araya R. 2014. Early succession of micro-periphyton
communities in kelp bed and barren ground ecological systems. Marine Ecology. doi:
10.1111/maec.12241.

La idea cientifica de esta publicacion, fue desarrollada por mi persona en colaboracion
del segundo autor. El disefio experimental se logré con el apoyo de todos los co-autores.
Yo conduje la instalacién del experimento, muestreo, procesamiento de las muestras,
analisis de datos y redaccion de una version inicial del manuscrito. El procesamiento de
las bacterias fue realizado con el apoyo del cuarto autor. Yo, redacté la mayor parte del

manuscrito, pero la version final se logr6 gracias al aporte del tercer y segundo autor.

3.2. Publicacion 2:
Uribe RA., Ortiz M., Macaya EC., Pacheco AS. 2015. Successional patterns of hard -

bottom macrobenthic communities at kelp bed (Lessonia trabeculata) and barren ground



sublittoral systems. Journal of Experimental Marine Biology and Ecology. 472: 180-
188. doi.org/10.1016/j.jembe.2015.08.002.

La idea cientifica de esta publicacion fue desarrollada por mi persona y con el apoyo del
segundo y cuarto autor. Yo realicé el disefio experimental y conduje la instalacion del
experimento, muestreos, procesamiento de las muestras, analisis de datos y redaccion
del manuscrito con el apoyo del cuarto autor. La version final del manuscrito fue

mejorada considerando los aportes de todos los coautores.

3.3. Bosques y fondos blanqueados como sistemas auto-organizados.

Este capitulo discute los resultados de las publicaciones 1y 2 colocando el desarrollo de
ambos sistemas dentro de un contexto tedrico como la auto-organizacion. Se proponen
tres modelos o escenarios hipotéticos distintos que podria ser parte de la dindmica de
cualquier sistema, en especial los bosques de macroalgas y fondos blanqueados.

Yo desarrolle la idea inicial y propuse los modelos con el apoyo de M. Ortiz.
Posteriormente R. Ulanowicz realiz6 sustanciales comentarios sobre los tres escenarios

hipoteticos y el desarrollo de ambos sistemas bajo la luz de la autocatélisis.
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Introduction
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Abstract

In shallow sublittoral rocky habitats of the Southeast Pacific, two conspicuous
ecological systems exist; kelp beds dominated by large Laminariales algae, and
barren grounds dominated by crustose coralline algae and sea urchins. The aim
of this study was to examine the successional development of micro-periphyton
communities in both ecological systems using a colonization experiment con-
ducted in Northern Chile. In both ecological systems, we installed replicated
ceramic plates at 10 m depth and samples were taken after 1, 2, 4, 6, 8 and
14 days of exposure. Bacteria, diatoms, protozoans and small eukaryotes were
identified, quantified and analysed. The succession of micro-periphyton com-
munities in both ecological systems followed a common pattern consisting of a
net accumulation of functional groups and taxa over time; however, the total
density of all groups was significantly higher in the kelp beds. In addition, the
community structure of the developing micro-periphytons was different and
specific for each ecological system. Although previous studies have suggested
that kelp beds and barren grounds are capable of switching from one state to
the other without substantial changes in biodiversity, our results show that
each of these ecological systems promotes its own successional development,
suggesting that they are unique, self-organized entities. This study is the first
step towards an understanding of these ecological systems operating indepen-
dently at this scale of organization.

these coastal ecological systems. Often, barren grounds
are considered as a result of the local extinction of kelp

Although several ecological aspects of kelp forest ecologi-
cal systems have been studied, e.g. hydrodynamics (Ros-
man ¢t al. 2007; Huang et al 2011), population dynamics
(Schied & Foster 2006), productivity (Duggins et al
1989), community dynamics (Graham 2004; Vidsquez
ef al. 2006), trophic dynamics and systemic properties
(Ortiz 2008, 2010), as well as the micro-organisms associ-
ated with the surface of the fronds (Bengtsson & @vreds
2010), little is known about early stage of succession in
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beds (Leinaas & Christie 1996; Valentine & Johnson
2005; Rassweiler et al. 2010; Watson & Estes 2010). Both
kelp beds and barren grounds alternate at different spatial
and temporal scales (Scheibling 1986; Dayton et al. 1999;
Steneck ef al. 2002; Konar et al 2014) as a consequence
of high levels of environmental disturbance (e.g. El Nino
events, storms), biological perturbation (eg. sea urchin
overgrazing; Mann 1982; Leinass & Christie 1996; Steneck
et al. 2002) and also intensive and destructive fishing



Early succession in kelp bed and barren ground

pressures (e.g. fishermen remove the algae from rocks
using metal bars; Vasquez et al. 2012; authors’ personal
observations).

Barren grounds and kelp beds are described depending
upon the way they are investigated. Previous studies have
found no important differences at the community level in
terms of species richness and biodiversity (e.g. between
Macrocystis pyrifera and  Lessonia trabeculata kelp beds;
Vidsquez ef al. 2006). By contrast, Ortiz (2008), using sys-
tem analyses that capture ecosystems properties (based
on Ascendency sensu Ulanowicz 1997), concluded that
kelp beds of M. pyrifera and L trabeculata and barren
grounds are three different sub-ecological systems with
different levels of development, organization and degrees
of resistance to disturbance,

Despite this dichotomy in the literature, we postulated
that kelp beds and barren grounds are indeed two differ-
ent and well-defined ecological systems. For example, kelp
beds can strongly modify the physical properties of their
environment {Dayton 1985) by reducing the velocity of
currents and changing the direction of flow (ie. re-circu-
lation), thus increasing the rate of sedimentation (ie.
retention and nutrient supply) in comparison with the
surrounding environment (Duggins et al. 1989; Gaylord
et al. 2012). In such conditions, kelp beds can hold high
densities of viable bacteria and micro-eukaryotic organ-
isms due to the higher supply of nutrients compared with
barren grounds, where these conditions are not necessar-
ily similar. It can be predicted that microbial structure
and density would be substantially different between these
ecological systems; however, the exploration of these dif-
ferences has received little research effort.

The microbiota community is a critical component for
the establishment of macro- and mega-organisms, the
development of the ecological system and thus its persis-
tence through time. Hence, the arrival of colonizers onto
the benthic substratum via algae propagules, larval settle-
ment and post-larval dispersal depends on the characteris-
tics of the previously established biofilm (Goecke et al.
2010), which may either inhibit or facilitate colonization
processes (Railkin 1998; Wieczorek & Todd 1998; Hughes
et al. 2005; Graham er al. 2007; Pacheco er al. 2011). Ata
very early stage, the biofilm is composed of glycoproteins,
proteoglucans and polysaccharides that settle on the sub-
stratum, which is colonized by bacteria, fungi, diatoms,
protozoans and micro-eukaryotes (Wahl 1989; Goecke
et al. 2010). The composition and density of the biofilm,
as well as its physico-chemical conditions and biota, are
habitat specific (Wieczorek & Todd 1998; Dahms et al.
2004). As mentioned before, kelp beds and barren grounds
may differ in luminosity conditions, water and nutrient
retention, currents and temperature (Dayton 1985). Such
differences also create different micro-conditions (e.g.
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micro-turbulence); thus, it can be predicted that the estab-
lishment of microbial communities would be conditioned
to the hydrodynamic forces in each ecological system (A-
belson & Denny 1997; Denny & Gaylord 2010). These dif-
ferences in the early colonization processes in kelp beds
and barren grounds depend upon the conditions for the
establishment of their biota, as the first colonizer directly
modifies their immediate physical environment (Levins &
Lewontin 1985). Given this background, the idea that kelp
beds and barren grounds are alternative states of the same
ecological system appears unlikely. Hence, we believe that
it is important to increase our understanding of the ecol-
ogy of these ecological systems.

Herein, we studied simultaneously the succession of
micro-periphyton in both kelp bed and barren ground
under the prediction that the microbial structure over
time will be different between systems and that succes-
sional pattern will also be system-specific.

Material and Methods

Study site

The study was conducted at Bolsico (23°28' S,
70°36" W), a small embayment located in the southern
part of the Mejillones peninsula, within a major upwell-
ing centre in northern Chile (Fig. 1A). Bolsico is a shel-
tered cove with low bottom currents and a semi-diurnal
tidal regime. The area of barren ground studied here is
on the west side (internal part) of the cove (Fig. 1A).
This ecological system consists of boulders and large
rocks covered with reddish and pink crustose coralline
algae of the genera Lithophyllum and Mesophyllum. Aggre-
gations of the black sea urchin (Tetrapigus niger) and sev-
eral individuals of predatory starfish (Heliaster helianthus
and Meyenaster gelatinosus) are common in the barren
area. The kelp beds are also located on the west side of
the embayment but distributed towards the entrance. The
kelp beds are dominated by the arborescent morphotype
of Lessonia trabeculata (Vega et al. 2005). In addition, the
turf algae Antithamnion sp. and sessile epibenthos com-
posed of sponges, bryozoans, polychaetes and ascidians,
together with predatory gastropods Argobucinum rude
and Argobucinum scabrum, are also present. Both the bar-
ren ground and kelp bed areas extend from the inter-tidal
zone to a depth of 18 m (C. 45° slope).

Experimental design

A colonization experiment using artificial substratum was
conducted from 30 January to 15 February 2013 during
the austral summer season. We used sterile and carbon-
free ceramic plates as an effective artificial substratum for
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Fig. 1. (A} Map of the study area (Bolsico
cove) showing the location of the
experimental sites. (B): Diagram showing the
ceramic plates on their respective anchorage
frames made from PVC pipes.

microbial colonization (e.g. Araya et al. 2003a,b; Siboni
et al. 2007; Fricke et al. 2008). The size of the plates was
2.5 x 25 % 0.5 cm, with an area of 6.25 cm”. Plates
were installed in a 15 x 10 cm frame constructed from
2-cm diameter PVC pipes. Frames were fixed on the

rocky seabed using epoxy mastic. Five plates were stuck
to each frame using liquid silicone. Plates on their respec-

tive anchorage frames were installed by semi-autonomous
divers at 10 m depth keeping a 5-m distance between
replicates in both study sites (see Fig. 1B). In total, 80
plates were installed in each site; 60 for the colonization
experiment, and 20 spare plates to account for any losses.
All plates were autoclave sterilized for 15 min at 121 °C
before installation. Sampling was conducted simulta-
neously at both study sites after 1, 2, 4, 6, 8 and 14 days
of exposure. On each sampling day, five plates were ran-
domly collected for bacterial quantification and another
five were collected for the examination of micro- and
eukaryotes. During sampling, divers carefully
removed the plates from their frames and deposited the
plates in labeled 50-ml Coming tubes. On board, samples
were immediately transferred into labeled coolers at 4 °C,
keeping samples separated according to their ecological
system of origin (ie kelp bed and barren ground) and
transported to the laboratory for analysis (~ 1 h dis-

small

tance).

Bacterial quantification

Colonizing bacteria were quantified as the numbers of
total cells and of viable cells. The total number of bacte-
rial cells was visualized and quantified using DNA-stain
epifluorescence 4,6-diamino-2-phenylindole (DAPI; Por-
ter & Feig 1980) and viable cells were visualized and
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Ceramic plates

Atlantic
Ocean

quantified using the direct viable count (DVC) method
(Kogure et al. 1979). For this, the seawater inside the
Corning tubes was extracted and replaced with 25 ml
sterile saline solution (SSE). The plates, free of particulate
material, were deposited in individual tubes. Thereafter,

bacteria were detached from the plate surfaces with a
sterile scalpel and dispersed aseptically by sonication for

30/30 s, 240 W, 50/60 Hz (Elmasonic E30H, Elma, Ger-
many). The ceramic plates were washed again with 5SE
to remove the majority of cells and suspended in a final
volume of 25 ml SSE. More than 90% of the bacterial
cells were recovered from the ceramic plates. For DVC
methods, a subsample of 5 ml was deposited in a sterile
tube containing yeast extract (50 mg-l_l) and nalidixic
acid (20 pg-ml_') and incubated for 6-7 h at 20 °C
(Kogure et al. 1979; Ramaiah et al. 2002). Subsequently,
the subsamples were stained with DAPI, concentrated
onto black polycarbonate filters (pore size 0.2 pm, diame-
ter 25 mm; Advantec), and the filters mounted on clean
microscope slides. For enumeration of bacterial cells (via-
ble and total), 40 microscopic fields and more than 400
cells were counted per filter. All enumerated slides were
observed with a 100 x objective under an epifluorescence
microscope (Axiostar plus, Carl Zeiss. Germany). The
results were expressed as total cells (DAPI) and viable
cells (DVC) per cm?, respectively.

Diatom analysis

Diatom density was estimated by direct counting of each
plate under a microscope at 100-400 x within 24 h after
sampling. In total, 18-20 fields per plate (0.01 mm?) were
randomly chosen and counted. The number of diatoms
was extrapolated to the total surface area of the plate and
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expressed as cells per cm’. Identification was conducted
following specialized literature (Cupp 1943; Carmelo
1997) with the aid of taxonomic experts. Special attention
was given to solitary and colonial diatoms =20 pm. To
confirm species identity, additional samples were taken
from the top of the swrrounding natural substratum close
to the experimental plates at each experimental site.
These samples were cultured in F/2 media following the
method described by Guillard (1975). Next, a sample was
taken and morphologically compared with the diatom
cells detected on the ceramic plates.

Protozoan analysis

Protozoan density was estimated by observing and
counting the number on the plates at 100400 x under
a microscope. Between 18 and 20 fields (0.01 mm?)
were randomly chosen for observations. In addition,
the remaining water (10-15 ml) in the Corning tubes
was filtered using cellulose filters with a pore size of
1.2 ym and analysed under the microscope. The organ-
isms were identified and added to the total number of
taxa. Density was extrapolated to the surface area of
the plte and expressed as the number of organisms
per cm”. Identification attempted to reach the species
level; however, this was not possible for all observed
organisms. Hence, protozoans were pooled into major
groups: autotrophic flagellates, heterotrophic flagellates,
amoebas, sarcodines and ciliates (Railkin 1998; Xu et al.
2012a).

Micro- and small eukaryotes

Mobile micro- and small eukaryotes were identified and
counted using the same methods as the protozoan sam-
ples. The cover percentages of macro-algae, sporophyte
and colonial cells were estimated by counting the inser-
tion points (n = 100) of a grid displayed in each observa-
tion field. In total, 15 fields were randomly chosen and
observed at 40 x magnification.

Environmental factors

At the experimental sites (i.e. kelp bed and barren ground
ecological systems), the light intensity, temperature, cur-
rent velocity and bottom detritus were recorded in order
to characterize some of the abiotic conditions. Light
intensity (lumens - m~2) and temperature (°C) were
measured using HOBO data loggers (MicroDAQ Ltd,
Contoocook, NH, USA), recording both parameters every
hour throughout the experimental period. The mass loss
from dissolution of gypsum half-spheres (3 ¢cm diameter,
2 cm radius, initial dry masses ranging between 9.34 and
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1527 g) was used as a proxy of current velocity (e.g.
Pacheco et al. 2010). This mass loss has been shown to
be directly proportional to the current velocity (Yund
et al. 1991). Three gypsum blocks were attached to three
anchor frames per site (one per frame). Gypsum blocks
were retrieved after 24 h exposure time, dried (for 24 h
at 60 °C) and their mass recorded. This measurement
was replicated three times, at the beginning, middle and
at the end of the experiment. The detritus was collected
using trays (25.5 x 17.5 x 5.5 cm) covered with a mesh
(to avoid introduction of organisms) and located near
each experimental frame unit (four replicates). Trays were
deployed for 15 days. During sampling, trays were care-
fully deposited into labeled bags and transported to the
laboratory in coolers at 4 °C. In the laboratory, the sedi-
ments were dried at 40 °C for 4 days. Later, 10 g of
organic matter was used and estimated as percentage
mass loss (%) after 4 h at 450 °C. In addition, the sedi-
mentation rate (g-m_z-da},’_') was also estimated for each
ecological system.

Statistical analysis

Differences in total density during succession were tested
using a two-way crossed ANOVA based on 9999 permu-
tations using Euclidean distance (i.e. PERMANOVA,
Anderson et al. 2008), with time interval (1, 2, 4, 6, 8
and 14 days after sampling) and ecological system (kelp
beds and barren grounds) as fixed factors. This is a semi-
parametric analysis that does not require fulfillment of
the dassic ANOVA assumptions of data normality and
variance homogeneity and was thus appropriate for our
data set. Non-metric multidimensional scaling (nMDS)
ordination plots were built to examine the temporal
changes in assemblage structure of each major taxonomic
group (i.e. bacteria, protozoans and small eukaryotes) at
both experimental sites. The nMDS plots were con-
structed using Bray—Curtis dissimilarity matrices with
transformed data (log x + 1) of the taxa’s density and/or
cover to reduce the contribution of the most abundant
taxa to the dissimilarity (Clarke & Gorley 2006). PERMA-
NOVA (based on 9999 permutations) was used to com-
pare assemblage structure (i.e. diatoms, protozoans, small
eukaryotes and algae cover) during succession using the
same design. When significant effects were detected, pair-
wise comparisons were run to identify the factor levels
accounting for the differences. Univariate and multivari-
ate analyses were conducted in PRIMER v. 6 and PER-
MANOVA +P3  software (Anderson 2008).
Differences in light intensity were examined using a
Mann—Whitney test. Organic matter content and gypsum
mass loss were compared using a f-test and a power
analysis was performed when the null hypothesis could

et al.
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not be rejected, therefore low values could be taken with
care (Peterman 1990). Environmental variables were anal-
ysed using STATISTICA 6.0 software.

Results

Bacterial succession in kelp beds and barren grounds

Total bacteria (DAPL; Fig. 2A) and direct viable cells
(DVC; Fig. 2C) from kelp beds and barren ground fol-
lowed a common pattern: an exponential increase during
the first and second days of the experiment. The highest
cell number was recorded after the fourth day of expo-
sure until the end of the assays (Appendices 1 and 2).
The total bacterial number (DAPI; PERMANOVA,
pseudo-F, s = 4.93; P = 0.0002) and direct viable cells
(DVC; PERMANOVA, pseudo-F, ;= 7.89; P = 0.0001)
per cm” between kelp beds and barren grounds were sig-
nificantly different. In the case of DAPI, pairwise compar-
isons showed no significant differences only the first day
and second day of succession between kelp bed and bar-
ren ground ecological systems. However, significant
effects were detected for the rest of the time intervals
(P < 0.05). Finally, for the distribution of direct viable
cells, only day 2 showed no differences between ecological
systems.

The nMDS analysis for total and viable bacteria distin-
guished two temporal successional groups, group 1 (day
1) and group two (following days) in both kelp bed and
barren ground systems (Fig. 2B and D). In particular, for
total bacteria in both ecological systems, group two (days
2, 4, 6, 8 and 14) was very similar when compared with
direct viable cells (Fig. 2).

Early succession in kelp bed and barren ground

Density, successional patterns and the contribution of
micro- and small eukaryotes

Diatom films

The total density of diatoms differed significantly over
the course of the experiment (PERMANOVA, pseudo-
Fis = 6.19; P = 0.0002). A substantial increase in density
was observed after the fourth day of exposure in the kelp
beds (Fig. 3A). Bacillaria paxillifera and Grammathophora
sp. were the most abundant diatoms on plates installed
on the kelp beds during the experiment (Appendix 1),
whereas Navicula sp. 1 was the dominant species in the
barren ground area (Appendix 2). At the end of the
experiment, Navicula sp. 1, Diatoma sp. and Grammatho-
phora sp. had the highest densities in the kelp beds, and
B. paxillifera, Diatom 1 (unidentified species) and Navi-
cula sp. 2 in the barren ground (Appendices 1 and 2).
The nMDS ordination plot shows a consistent increase in
dissimilarity from the first day of the experiment in both
systems, but a gradual decrease towards day 14. It is
worth noting that the succession in the kelp bed ecological
system followed a relatively linear sequence of change,
whereas the trajectory changed in the bamren ground
(Fig. 3B). Significant differences between ecological sys-
tem and time intervals of exposition in the structure of
the colonizing assemblage were detected (PERMANOVA,
pseudo-Fys = 16.9; P = 0.0001).

Protozoans

The density of protozoans was similar in both systems at
the beginning of the experiment (PERMANOVA, pseudo-
Fi s = 1.05; P=0.3932). After the second day of expo-
sure, the protozoan density increased quickly in the kelp
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2-phenylindole; DVC, direct viable counts.
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bed ecological system (Fig. 3C). The most abundant
organisms in both systems were autotrophic flagellates,
heterotrophic flagellates and ciliates (Appendices 1 and
2). The nMDS ordination plot shows a high dissimilarity
between assemblage structures on the fourth day com-
pared with the rest of the sampling days in the kelp bed
system. Assemblages in the barren ground system showed
high dissimilarities during the entire experimental period
(Fig. 3D). No significant effect was detected for the inter-
action: ecological system and time intervals (PERMANO-
VA, pseudo-F, 5 = 1.27; P = 0.1355). However, pairwise
test indicated that differences between systems occurred
at 8 and 14 days of exposure.

Small eukaryotes and algae cover

The total density of small eukaryotes differed between the
systems (PERMANOVA, pseudo-F, s = 2.87; P = 0.0221).
In both habitats, the density was low until the fourth day
of exposure. After the sixth day, densities gradually
increased in both habitats; however, between days 8 and
14 of exposure there was a substantial increase in density
in the kelp beds (Fig. 3E). The most abundant taxa in the
kelp beds were Serolidae 2 and harpacticoid copepods;
harpacticoids and Serolidae 1 were important in the bar-
ren ground ecological system (Appendices 1 and 2). The

eukaryotes assemblages, respectively, during
the succession experiment.

nMDS ordination plot showed two dissimilar groups,
corresponding to each environment (Fig. 3F). Similar to
the protozoans, differences between systems occurred in
the last days (ie. day 8) of exposure (PERMANOVA,
pseudo-F, s = 1.74; P = 0.0001).

Kelp sporophytes were evident after day 8 of exposure
in the kelp beds (Fig. 4A). The cover of crustose coralline
(early stage) on the barren ground was conspicuous after
the fourth day and reached the highest level on day 14
(Fig. 4B). Sporophytes of green algae and filamentous
ceramials in kelp beds, and coralline and colonial green
cells in barren ground, were the taxa showing the highest
percentage of cover. As in the case of small eukaryotes,
the nMDS plot showed two dissimilar assemblage groups
clearly distinguishing each habitat. However, dissimilarity
values among exposure days were higher for the barren
ground (Fig. 4C). The cover percentage of sessile organ-
isms (i.e. algae) showed a significant interaction between
ecological systems and among time intervals (PERMA-
NOVA, pseudo-F, 5 = 2.07; P = 0.0065).

Environmental factors
The bottom of the barren ground ecological system was

exposed to higher levels of light in comparison with the
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kelp bed ecological system. The highest values were
recorded during the fourth day of exposure, with
14,4668 lumens-m™ for the barren ground and 3616.7
lumens - m™” for the kelp beds. The highest levels of light
intensity were recorded between 12:00 and 15:00 h, with
mean  values  (£SD)  of 86413 £ 11058  and
1550.6 £+ 212.9 lumens-m™ for the barren ground and
kelp bed systems, respectively (Fig. 5). A Mann—Whitney
test detected significant  differences (U ) = 357505
P = 0.000; n = 139) between habitats. Bottom temperature
was different (¢ = 4.79; P = 0.000), varying from 149 to
133 °C in the barren ground system and 14.4-13.2 °C in
the kelp bed system, with mean values of 14.0 £ 0.36 °C
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and 13.5 &+ 0.27 °C, respectively (Fig. 5). In terms of bot-
tom current velocity, gypsum mass loss was higher on the
barren ground (lL.64 £ 0.90 g 13.17% of dissolution)
compared with that on the kelp beds (1.33 £ 0.99 g;
11.55% of dissolution), but no significant differences were
detected (f = —0.69; P = 0.49). However, the power of the
t-test was only 14% (d = 0.32, n = 18). Organic matter
content did not vary significantly between the kelp bed
(17.4%) and barren ground systems (193%) (¢
(1y = —1.47; P = 0.19). In this case, the power of the r-test
was high, reaching up to 60% (d = 1.20, n = 8). The sedi-
mentation  rate  registered in  the kelp  beds
(58.12 gAm_zlday_l) was higher than for the barren
ground (16.09 gAm_zAday_l).

Discussion

This study compared the early succession of micro-
periphyton on artificial substratum installed in the kelp
bed and barren ground ecological systems near a major
upwelling centre in Northern Chile. Our results suggest
that early microbial successional patterns are system-spe-
cific, although some common features were also noted.

The early successional patterns of micro-periphyton on
rocky bottoms have been poorly documented (Zhang
et al. 2013), especially in kelp beds and barren grounds.
Our results revealed the following successional sequence:
bacteria, diatoms, protozoans, and small motile eukaryote
and algae spores. This sequence agrees with the succes-
sional pattern reported in fouling communities (see
reviews in Wahl 1989; Salta et al. 2013). However, the
succession in artificial substratum from bacterial coloni-
zation and the subsequent development of diatoms, pro-
tozoans and small-eukaryote assemblages was specific to
each ecological system. The dynamics of the initial colo-
nization studied here suggests that microbial assemblages
in kelp beds facilitate the later settlement of brown
macro-algae sporophytes, whereas microbial organisms in
the barren grounds may promote the settlement of crus-
tose coralline algae. These results could be interpreted as
each ecological system driving its self-regulation and
organization.

The high density of bacterial cells promotes a high level
of settlement of organisms belonging to higher trophic
levels and they themselves provide nutrients (ie. bacteria
and diatoms) that are used as food by micro-eukaryotes
(e.g. protozoans, sea urchin port-larvae) (Salcher et al
2005; Dworjanyn & Pirozzi 2008). Although the two eco-
logical systems did not differ in organic matter content, a
higher number of viable bacterial cells were recorded on
the plates deployed in the kelp beds. It is important to
note that kelp forests release a high quality (i.e carbon,
nitrogen) and amount of organic matter (Wada et al
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2007), which favors the growth and arrival of early
colonizers (ie. prokaryotes). del Giorgio & Cole (1998)
described that the high quantity of detritus concentrates a
high content of organic and inorganic carbon, which is
an essential element for bacterial viability. This is in line
with work by Duggins et al. (1989), who suggested that
kelp forests contribute significantly to the production of
organic detritus. The organic carbon content in particu-
late organic matter is positively correlated with the for-
mation of biofilm in the marine realm (Siboni et al
2007) and the subsequent accumulation of viable bacteria.
Therefore, the higher density of viable cells detected in
the kelp beds indicates that the organic detritus has a
higher quality compared with that at the barren ground,
although it is not necessarily more abundant.

During biofilm formation, we considered that the dif-
ferences in density and composition of diatoms in kelp
beds could be associated with the movement of fronds
(Huang ef al. 2011) that regulate the intensity of light
reaching the rocky bottom (Hahn & Héfle 2001; Salcher
et al. 2005). However, barren grounds are fully exposed
to day illumination (Fig. 2), which could explain the fast
colonization of diatoms observed during the first and sec-
ond days of the experiment (i.e. Bacillaria paxillifera,
Grammathophora sp. and Navicula sp. 2). The latest colo-
nizing diatoms composed a large portion of the total
density of the entire colonizing assemblage until the last
days of the experiment (e.g. Navicula sp. 1, Diatoma sp.,
Pennata 1; Appendices 1 and 2). In addition, the high
density of diatoms during the second day of the experi-
ment in the barren ground was concurrent with an
increase in the density of protozoans, most likely due to
a positive ecological interaction (Salcher et al. 2005). This
type of interaction has been observed in protozoan colo-
nization on artificial substrates in coastal waters elsewhere
(see Zhang et al. 2013 and references therein).

Our succession experiment used a time of exposure
that has previously been proved adequate for capturing
bacterial biofilm (~ 15 days, e.g. Railkin 1998; Araya et al.
2003b). In this sense, we successfully recorded a mature
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bacterial biofilm within the time interval of the

experiment (Fig. 2). However, other micro-periphyton
taxa (e.g. diatoms and/or protozoan species colonizing at
late stages) may need additional time depending upon
the environmental conditions (~ 30 days, eg. Xu ef al
2012b). Variable exposure times may lead to different
colonizing communities. Despite such variability, the tim-
ing used during our experiment allowed us to distinguish
early successional patterns that followed different path-
ways of development in the two ecological systems.

Different environmental conditions characterize kelp
forests and barren grounds, e.g. water flow, nutrient sup-
ply and light intensity (Dayton 1985); thus, different suc-
cessional patterns can also be expected. Abelson & Denny
(1997) and Denny & Gaylord (2010) suggested that the
mechanical properties of kelp beds and barren grounds
allow the generation of micro-environments where spe-
cific ecological processes occur. Such conditions are
essential in the development of the early successional
stages, as they have different uses and retention of nutri-
ents. In our experiment, the abiotic conditions (i.e. light
intensity, temperature, sedimentation rate) and biotic
process (i.e. successional patterns) were different between
ecological systems in our study site.

We have shown experimentally that at the micro-assem-
blage level the kelp bed and barren ground systems stud-
ied here can each constitute a unique entity; thus, we
suggest that these ecological systems may be self-organized
entities with different ecological system properties, with
each one operating independently at this scale of organiza-
tion. For example, Ortiz (2008) showed striking differ-
ences in ascendency values among kelps beds dominated
by Macrocystis pyrifera and Lessonia trabeculata, and bar-
ren grounds, thus highlighting the importance of specific
systemic properties for each ecological system. These eco-
logical distinctions may have important consequences in
the management of kelp beds in Northern Chile, where
overexploitation of kelp beds has promoted the formation
of barren grounds, which are, in light of this study, incor-
rectly considered alternative natural states.

Marine Ecology (2014) 1-13 @ 2014 Blackwell Verlag GmbH
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Conclusion and Outlook

The results of the current work suggest that the early
stages of successional development in kelp beds and bar-
ren grounds follow different patterns. Abiotic factors such
as light intensity, temperature and sedimentation rate
were different between kelp beds and barren grounds.
These early successional patterns allow us to propose a
hypothesis of self-organizing behavior, in which kelp beds
and barren grounds constitute ecological systems with
their own internal drivers for development. Future studies
should focus on the succession of higher trophic levels
(i.e. macro-organisms). Additionally, further studies
should investigate the differences in the quality of the
detritus present in kelp beds and barren grounds to better
understand its relationship with the bacterial pool. Addi-
tional scientific information is still needed to understand
these ecological systems as scenarios with different prop-
erties in terms of growth and development.
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Although kelp beds and barren grounds are conspicuous ecological systems in temperate coastal regions, litle is
known about how these systems develop throughout succession; neither their trajectories nor their putative
seral stages are presently well documented or understood. Herein, we present the resultsofa field study innorth-
ernChile aimed to investigate the succession development of macrobenthic communities dominated by kelp
Lessonia trabeculata and by crustose coralline algae (barren ground). At both sublittoral habitats, ceramic plates

Keywerds: were deployed and the process of colonisation was then followed for 14 months with the aim of describing and
Attificial s:d:s:ramm comparing the successional pattems of the benthic community. At both ecological systems, taxonemic richness,
Colonisation density and percentage of cover increased throughout time, although fewer species colonised the artificial sub-

Hard -bottom habitat
Lessonia trabeculata
Sublittoral

strate at the barren ground. Many species were common colonisers at both ecological systems; however, the
structure diverged as different species were added to each colonising community. Qur results suggest that the
succession in kelp beds and barren grounds was habitat and community-specific following an early to advance

Humboldt Current System sequence of development.

@ 2015 Elsevier BV, All rights reserved.

1. Introduction

Succession of communities is the gradual change of species compo-
sition and abundance throughout time. The process is better perceived
after the occurrence of disturbance that has removed biomass and/or
created vacant habitats (Connell and Slatyer, 1977), where the interac-
tion between different colonisers modifies and builds their own imme-
diate physical environment (Odum, 1969; Levins and Lewontin, 1985;
Dijlkstra et al, 2012). Understanding the development of communities
throughout succession has received a renewed interest nowadays be-
cause the effects of disturbances may have synergistic effects with the
consequences of climate change and the current loss of biodiversity
(Maggi et al., 2011; Prach and Walker, 2011). Thus, it is important to
generate current knowledge on how communities develop via ecologi-
cal succession.

Coastal marine communities are destabilised by non-linear combi-
nations of the effects of environmental factors, biological interactions,
natural disturbance and fisheries-induced cascade effects (Sutherland,
1974; Knowlton, 2004). The temporal and spatial dynamics of kelp-
beds and barren-ground ecological systems are strongly influenced by
disturbances which there is a copious background (e.g., Leinaas and

* Corresponding author.
E-mail address: uribealzamora@gmail.com (RA. Uribe).

hetp://dx.doi.org/10.1016/),jembe.2015.08.002
0022-0981/© 2015 Elsevier BV. All rights reserved,

Christie, 1996; Steneck et al., 2002); however, little is known about
how succession proceeds e.g. a clear identification of the sequences of
seral stages (Foster, 1975; Gagnon et al., 2003; Perreault et al., 2014).
In shallow hard-bottom habitats, kelp beds formed by brown
macroalgae (mainly species of the order Laminariales ) construct contin-
uous and/or patchy forests that dominate temperate coastal regions
(Steneck et al., 2002; Bolton, 2010). Kelp beds are very important be-
cause they provide habitat complexity, food resources and shelter,
thus harbouring high levels of biodiversity compared with their barren
ground counterparts (Dayton, 1985; Graham, 2004; Villegas et al.,
2008). In contrast, barren grounds appear to flourish when kelp beds
decay (Steneck et al, 2002; Flukes et al,, 2012) and are principally dom-
inated by crustose coralline algae and sea urchin species (Chapman,
1981).

Most previous research attention has focused on understanding the
biological and environmental factors driving the switch from kelp beds
to barren grounds and vice versa (Leinaas and Christie, 1996; Scheibling
etal, 1999; Visquez et al, 2006; Konar et al, 2014}, with several studies
addressing the variability induced by the effects of changes of a few but
dominant spedes (e.g., macroalgae, sea urchin) (Scheibling et al., 1999;
Vasquez et al., 2006; Flukes et al., 2012). However, the ecological role of
other less conspicuous species in the kelp forest-barren ground dynam-
ics is less understood. The establishment of invertebrate's communities
in kelp beds and barren grounds is driven by species interactions;
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Fig. 1. Map of the study site showing the location of the kelp bed ( black patch) and the bamren ground (grey patch) in northern Chile.

nevertheless, without knowing the complete pool of species, it may be
possible to infer about the patterns of development but not completely
describe them empirically. In this sense, successional experiments con-
stitute an excellent way to examine the variability of species abundance
because this allows the description of specific colonising communities

aver snace and fime.
Ecological succession has been broadly studied in both inter- and

subtidal hard-bottom habitats (e.g., Foster, 1975; Berlow, 1997,
Underwood and Chapman, 2006; Maggi et al., 2009), and these studies
have provided sound knowledge of key ecological processes such as
those underlying the responses of species and communities to distur-
bances, as well as the form and pattem of these responses (Benedetti-
Cecchi and Cinelli, 1996); recovery (Railkin, 1998); and species

interaction during colonisation (Aguilera and Navarrete, 2012). These
ecological processes also have been studied at different levels of inten-
sity and magnitude of disturbance (Valdivia et al,, 2005). However,
the vast majority of these previous studies report findings on the
dynamics of the most conspicuous sessile species (i.e, the main users
of the nrimarv substratum) (Foster et al. 2003: Maeei ef al.. 2009:
Pacheco etal, 2011) and of a few selected consumers (Anderson and
Underwood, 1994).

Only recently successional studies have incorporated the patterns of
the small-sized, mobile spedes together with the dominant space occu-
piers (eg., Antoniadouetal, 2011). Research on the succession patterns
of mobile species on hard-bottom habitats has been conducted to exam-
ine colonisation on secondary substratum, e.g., artificial filamentous

Fig 2. Experime ntal set-up, ceramic plates fixed in PVCframes inthe ( A) kelp bed and ( B) barren ground duning the expenment onset. (C) Dominance of juvenile and adult sporophytes of
Lessonia trabeculata in the kelp bed and (D) dominance of crustose algae in the barren ground at the end of the succession experiment.
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habitat (Underwood and Chapman, 2006), kelp holdfasts (Anderson
et al, 2005), and mussel beds (Valdivia et al, 2014). Collectively, those
studies report striking patterns of succession for small-mobile fauna
and highlight the importance of incorporating those biotic components
in attempts to understand the development of the systems through
succession.

In this study, we hypothesised that the trajectories followed by com-
munity succession will be different between kelp beds and barren
grounds asa consequence of the inte rspedfic variation between mobile
and sessile biota between these habitats throughout time. To test this
hypothesis, we simultan eously studied succession on artificial substrata
installed in both kelp-bed and barren-ground ecological systems in an
upwelling zone at northern Chile.

2. Materials and methods
2.1. Study site

The experiment was carried out in two adjacent habitats: a Lessonia
trabeculata subtidal kelp bed and a barren ground at Bolsico Cove

(Mejillones Peninsula, northern Chile 23°28' S; 70°36' W), at10-12 m
depth (Fig. 1). The topography was similar in both systems. It consisted
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Fig. 3. (A) Taxonomic richness, (B) total density of invertebrates, and (C) percentage of

cover of macroalgal: (n = 5 replicates plots averaged over 14 sampling times; error bars
are standard deviation ). Kelp beds (filled bars) and barren ground (open bars).

of boulders and large rocks on an ~45° slope ( see details in Uribe et al,,
2014). Inthe kelp bed, only L. trabeculata formed the canopy; the under-
story algae community was composed of small filamentous red algae
such as Antithamnionella ternifolia, Griffithsia chilensis and bladed
Rhodymeniales, the filamentous green alga Cladophora herpestica and
small blades of Ulva sp. The barren ground was characte rised by the ab-
sence of amacroalgal canopy, and rocky surfaces we re covered with the
encrusting coralline Lithophyllum spp. and small patches of green fleshy
encrusting algae. Starfish spedies and large aggregations of the black sea
urchin Tetrapygus niger were conspicuous components of the barren
grounds. Fish such as damselfish (Chromis crusma), Chilean sandperch
(Pinguipes chilensis), Peruvian rock seabass (Paralabrax humeralis),
Peruvian morwong (Cheilodactylus variegntus), kyphosids ( Graus nigra
and Girella laevifrons), combtooth blenny (Scartichthys viridis) and fine
flounder (Paralichthys adspersus) were commonly observed in both sys-
tems. Horsefish (Congiopodus peruvianus) and the labrisomid blenny
(Auchenionchus variolosus) were present only in kelp beds and barren
grounds, respectively.

2.2 Experimental design and sampling strategy

An in situ colonisation experiment was conducted from February
2013 to March 2014 during the austral summer. The experimental de-
sign was as follows: 13 PVC frames (100 = 50 cm) were fixed to the
rocky bottom in both ecological systems. In each frame, five ceramic
plates (15 = 15 cm), which served as a settlement substrate, were
installed keeping a 10 cm separation among the plates. Each PVC
frame was deployed on open surfaces and between boulders in both
systems that provided a horizontal plane for the experimental devices
(Fig. 2A, B). Five additional frames with their respective plates were
installed to cover possible losses. A total of 90 plates were deployed
on 18 PVC frames installed in each system, Every month (except the
third month since sampling could not be done due to logistical con-
strains), five plates ( replicates) were randomly collected by two semi-
autonomous (Hooka ) divers from each ecological system. Each ceramic
plate was carefully and quickly placed in individual and labelled plastic
ﬁags (trying to avoid as much as pnssihle any losses of mobile organ-
isms), and transported on board. Plates were deposited in a cooler at

Table 1

Results of two-way crossed PERMANOVA univariate (Le, taxonomic richness, density and
cover) and multivariate (ie., community structure ) based in 9999 permutations. df =
degree of freedom, S5 = sum of squares, MS = mean squares.

Taxonomic richness Df SS Ms Pseudo-F P (perm)
Source

Ecological system 1 30157 30157 43367  0.0001
Sampling time 12 21389 17824 25632 0.0001
Ecol. sys. x Sampling time 12 23723 19.769 2.8429 0.0001
Residual 104 7232 69538

Density

Source

Ecological system 1 62437 62437 33.201 0.0001
Sampling time 12 1.8984E5 15820 8.4351 0.0001
Ecol. sys. x Sampling time 12 45615 38013 20268 0.0001
Residual 104 1.9505E5 18755

Cover

Source

Ecological system 1 9.161E5 1.0003E5 120.1 0.0001
Sampling time 12 1.2004E6 9.161E5 11823 0.0001
Ecol. sys. x Sampling time 12 B8.1668E5 68057 87.833 0.0001
Residual 104 80,583 77484

Community structure

Source

Ecological system 1 11858 11858 90563 0.0001
Sampling Time 12 1.3311E5 11092 84716 0.0001
Ecol. sys. x Sampling time 12 69574 57978 44281 0.0001
Residual 104 1.17E5 13003
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~4 °C and transported immediately to the laboratory for sorting. At the
laboratory, plates were placed on individual trays filled with sea water
and photographed to estimate the percent of cover. All mobile organ-
isms were removed from each plate using fresh water and placed in
each tray. The water in the trays was previously filtered using a mesh
bag (1 mm). The retained organisms were placed in Petri dishes and ex-
amined under a stereoscope (lvens microscope E200). Algal species
were also examined under a microscope (Nikon Eclipse SE2200). All in-
vertebrates were identified to the lowest taxonomic level and counted,
including mobile and sessile biota. The percentage of cover of the algae
on plates was assessed from photographs and estimated from 100 over-
laid points using Coral Point Count software with Excel extensions 4.1
(Kohler and Gill, 2006). The quantification of the colonising biota was
always performed within 24 h after sampling.

2.3. Environmental parameters

At both experimental sites, mean daily bottom water temperature
(°C) values were obtained (every hour) using a continuously registering
data logger (TidBit, Onset) placed in the kelp bed and barren ground.
Light intensity (Im m~?) measurements were obtained (every hour)
using a HOBO light data logger (Micro DAQ Ltd., USA). The loggers
were fixed to a PVC frame with cable ties during the entire experiment.

24. Data analyses

Differences in taxonomic richness, density (total individuals per
225 em?) and percentage of cover during succession were tested with
a two-way crossed PERMANOVA, considering the ecological system
(kelp bed and barren ground ) and sampling time (months) as fixed fac-
tors. PERMANOVA is robust if data are not normally distributed because
this test is semiparametric and can be used to performa univariate anal-
ysis when applied to a Euclidean distance matrix. The sums of squares
and F-ratios are exactly the same as Fisher's univariate F-statistic in
ANOVA, but the probability values are calculated using permutations
(Anderson et al., 2008).

Non-metric Multidimensional Scaling (nMDS) ordination plots were
used to visualise the dissimilarity/similarity among both kelp beds and
barren ground (i.e., total biota, fauna and flora) during the experimental
time. The nMDS plots were built from Bray-Curtis distance similarity
matrices with transformed data (log + 1) species density and cover
(i.e., to reduce the contribution of the most abundant species to the dis-
similarity) (Clarke and Gorley, 2006). The BVSTEP analysis was per-
formed to select the subset of species that would show the same
variability in dissimilarity as the full data set for both ecological systems.
This analysis uses a Spearman rank correlation to determine the mini-
mum number of taxa that yields the highest correlation with the com-
plete data set in a way similar to that found in redundancy analysis.
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Fig. 4 nMDS plots of the community structure over sampling time ( Le. months), cover and density data at ( A) kelp bed and (B) barren ground ecological systems.
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A two-way crossed PERMANOVA (Anderson et al, 2008) was also
used to evaluate significant differences in community structure within
time intervals (14 months) during succession in each system (kelp
beds and barren ground). Pairwise comparisons were used to detect
the time intervals that produced the significant differences. A SIMPER
analysis was used to identify the species responsible for the changes
in dissimilarity between ecological systems throughout the successional
period. This analysis indicated the contribution of each species to the av-
erage Bray-Curtis dissimilarity between groups of samples (ie., months).
Finally, differences in light intensity and temperature were evaluated
using a non-parametric Mann-Whitney test and t-test, respectively.
Both tests were performed using the STATISTICA software package. The
PERMANOVA, nMDS, BVSTEP and SIMPER were conducted in PRIMER
viG + PERMANOVA software (Anderson et al., 2008).

3. Results

3.1. Successional pattems: taxonomic richness, density and percentage of
cover

Sixty-nine invertebrates and 16 macroalgal taxa were registered
during the experiment in the kelp bed, while 57 invertebrates and ten
macroalgae colonised plates installed on the barren ground. The taxo-
nomic richness in both systems followed a similar pattern of change
throughout time; steady increments in the number of taxa until the
fifth month, followed by a decrease in numbers in the eighth month,
and, subsequently, progressive increments until the end of the expen-
ment (Fig. 3A). PERMANOVA detected significant differences between
the ecological systems (Table 1). The total density during succession
also followed a similar pattern to that of the taxonomic richness; a
peak in the fifth month followed by a dedine during the eighth and
ninth months and then increments (with the exception of between 11
and 12 months) at the end of the experiment (Fig. 3B). Significant
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differences between the kelp and barren systems were detected by
the PERMANOVA (Table 1). The percentage cover of the sessile species
in the kelp bed started with a notable colonisation of algal species cov-
ering appraximately 25% of the plate surfaces but decreasing until the
fifth month of exposure. After the sixth month, the percentage cover in-
creased up to approximately 45% and remained similar until the end of
the experiment (Fig. 3C). In contrast, the percentage of cover on the bar-
renground at the beginning of the experimentoscillated around a value
of 20%, then increased up to approximately 30% and continued to oscl-
late around this value until the end of the experiment (Fig. 3C).
PERMANOVA showed significant differences between the systems
(Table 1).

3.2, Changes in community structure during succession

In terms of changes in community structure during succession, the
nMDS ordination plots showed a common pattern for both ecological
systems: progressive increments in dissimilarity throughout time, sug-
gesting consecutive changes across the early, middle and late succes-
sional states (Fig. 4). This pattern of dissimilarity was quite clear in the
kelp bed, where communities from the first to the fifth month repre-
sented the early state, the communities at six to eight months and
nine to twelve months constituted the two middle states, and the last
two sampling months represented the late state of succession
(Fig. 4A). On the barren ground, the early state was represented by
the first and second months, the communities at the fourth, fifth and
sixth months and from the seventh to the eleventh month represe nting
the middle state, and, finally a late state consisting of gradual decreasing
in dissimilarity from the twelfth to the final sampling month (Fig. 4B).
PERMANOVA indicated that the development of community structure
showed significant differences between the kelp beds and the barren
ground (Table 1).
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For both ecological systems, the BVSTEP routine selected a subset of
species that explained the pattern of variability during community suc-
cession. The analysis of the te mporal variability of those species/taxare-
vealed three main patterns: (1) species with high abundances at the
early states, then decreasing and remaining at low but oscillating abun-
dances at the middle and late states of succession (e.g, in the kelp bed,
the isopod Serolidae 2 and green encrusting algae; on the barren
ground, the copepod Oncaea media, the green alga Ulva sp. 2 and
Ectocarpaceae ); (2) spedes showing steady increments from the early
and middle states and reaching maximum abundance values at the
late states of succession (e.g., in the kelp bed, Lithophyllum sp. 2, red
alga crusts; on the barren ground, the sea urchin T. niger, A ternifolia,
and Lithophyllum sp. 2); and (3) spedes only appearing at high abun-
dances at late states of succession (e.g, in the kelp bed, L. trabeculata;
on the barren ground, ostracods (Sarsiellidae), red algae (Rhodymenia
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corallina), amphipods (Dulichiidae) ). Figs. 5 and 6 shows the changes
in density of the species/taxa selected by the BVSTEP routine in the
kelp bed and on the barren ground respectively.

33. Species contributions to the dissimilarity between the kelp bed and the
barren ground during succession

The SIMPER analysis indicated that the dissimilarity between commu-
nities over succession in the kelp bed and on the barren ground ranged
from a minimum of 413% at the beginning of succession to a maximum
of 69.7% dissimilarity during the later stages of the experiment
(Table 2). The dissimilarity between the ecological systems progressively
increased (except during the 10 and 11 months) throughout the experi-
mental period as more species colonised the plates, thus contributing to
the increments in dissimilarity between the communities colonising the
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Table 2

Taxa contribution to 65% dissimilarity between kelp bed and barren ground ecological systems, The =" denotes mobile organisms. Values are percentages ().
Taxas/sampling time 1 2 4 5 G 7 8 9 10 1 12 13 14
Average dissimilarity 413 46.7 478 515 515 512 56.6 57.0 502 480 561 69.7 60.9
Oncaea media® 369 33
Romanchela sp. 231 127 48 84 36 27 3 39 33
Edtocarpaciae 113 146 1.1 69 53
Colpomenia sinuosa 10.9
Litho phy Oum sp1 82 81 58 86 93 10.4 BB a1 87 6.6 45 35
Aora typica® 78 62 15
Ulva sp. 2 7.1
Ulva sp. L. 65 6.6 61 47 62 55 432 41
Red alga crusts 86 10.8 121 7.6 6.8 52 5.4 34 44 36 35
Litho phy Tum sp.2 64 57 13 3In 15
Ectocarpus sp. 63 36 a1 55 63 64 63 6.4 38 35
Serolidae 2° 62 50 38 52
Cladophora herpestica 49 10.7 89 73 56 29 15 55 50
Green endrusting algae 92 B0
Rhodymenia coralling 57 55 96 10.5 B8 9.4 37 4.1 24
Antithamnionella ternifolia 47 1.6 G4 EX | 57 47 50
Serolidae 1° 43 87 a7 40 29
Cylindroleberidae® 38 27
Ostracoda 2° EN)
Ostracoda 3° 36 30
Griffithsia chiensis 32 82 7.7 73 a8 39 42 32 43
Rhodymeniales B3 a0 (15} 6.0 5.1 54
Lessonia trabeculata 41 34 4.1 56 59
Sarsiellidae® 30 58 39 29
Muna sp.* 30
Ostracoda 1% 28 39
Yellow Harpacticoida® ET
Desmarestia ligulata 38 432
Linucula pisum® 31
Cirripedia 1 23
Dulichiidas* 33
Annelida® 29
Nereidae® 26
No. spede/taxa 3 7 10 12 9 8 8 1 12 15 13 17 18

kelp bed and the barren ground. These increments in dissimilafity were
primarily driven by the addition of sessile species ( eg., Romanchella sp.,
Lithophyllum spp.) over time, with a minimum of two and a maximum
of 14 taxa (mean 10.2 taxa). Indeed, sessile taxa such as Lithophyllum sp.
1 and red algal crusts contributed to the dissimilarity between ecological
systems on neardy all sampling dates. The number of mobile species that
contributed to the dissimilarity was higher at the later stages of the exper-
iment (e.g., Harpacticoida, Linucula pisum, Annelida, Nereidae), but pro-
portionally less in comparison to the sessile taxa. For example, during
the early (1 month to 5 months) and the middle stages (6 to 10 months),
a minimum of one and a maximum of four mobile species contributed to
the dissimilarity. In contrast, at the late states (11 to 14 months), between
two and 6 mobile taxa added to the dissimilarity (Table 2).

34. Environmental conditions

The bottom temperature ranged between 12.5-19.5 °C on the barren
ground and 125-18.1 "Cin the kelp bed, with mean values of 14.1 +
0.7°Cand 13.7 & 06 °C, respectively ( Fig. 7A). The light intensity aver-
aged 1227.7 + 2126.4 lumens m—2 on the barren ground and 268.3 +
584.7 lumens m~2 in the kelp bed, with the highest levels between
11:00and 15:00 h (Fig. 7B). Statistically significant differences between
the kelp and the barren systems were detected for temperature (t =
1.64; p < 0.05) and light intensity (U = 1545; df = 1; p < 0.05).

4. Discussion

This study reveals that community succession in the kelp bed and
the barren ground proceeded as a sequence of changes in community
structure following early, middle and late sequences of successional
stages which were assigned considering an average of 60% of similarity
between sampling dates. In both ecological systems, taxonomic richness

increased over time, but fewer species colonised the plates on the bar-
ren ground. Although the communities were quite similar at the onset
of the experiment, they diverged in structure as different species were
added to the colonising community.

Similar successional studies using artifical substrates in temperate
regions have demonstrated the dominance of sessile organisms at
later stages of succession (e.g., bryozoans, sponges, algae) (Watson
and Bames, 2004: Antoniadou et al, 2010; Pacheco et al, 2010, 2011).
We observed that sessile organisms showed the highest contribution
to the average of dissimilarity in the middle and later stages among
kelp bed and barren ground during the experiment (e.g., Lithophyllum
spp.). However, mobile species produced changes in dissimilarity be-
tween the ecological systems during early (eg, the amphipod
0. media ), and adding more spedies with low contribution to the dissim-
ilarity in later stages (e.g., the crabs Muna sp., the bivalve L. pisum,
Annelida, Nereidae). Other studies suggested that in free space, small-
mobile organisms such as amphipods rapidly colonise the substratum
(Dean and Connell, 1987; Jacobi and Langevin, 1996; Valdivia et al,
2014). This colonisation type highlights the importance of mobile spe-
des, e.g., molluscs and polychaetes during succession as observed in
sublittoral systems elsewhere (e.g., Antoniadou et al, 2010).

Our results also showed that different successional trajectories be-
tween kelp bed and barren ground are the response to the different
populations of colonisers inhabiting each system. In this context, plates
atthe barren ground were covered by encrusting algae which provides a
poor structured and homogeneous surface for colonisation, while the
presence of erect colonising algae in the kelp bed was associated with
the increase in the number of colonising species. Other studies have
suggested that this variation in advanced stages could be associated
with different physical (e.g., seasonal differences) and biological
(e.g., dispersal, recruitment) factors (Benedetti-Cecchi and Cinelli,
1996; Foster et al., 2003). However, our results suggest that later
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princpal environmental drivers of the rapid growth of juvenile plants of
L. trabeculata and understory taxa recruited on the experimental plates,
eg., A ternifolia, C. herpestica, and R. coralling. Although these species
only covered approximately 30% (on average) of the plates, they were
important in influencing the dissimilarity detected, as were the mobile
biota observed during the process of succession.

Our findings show that kelp bed and barren ground macrobenthic
c ities followed differe nt successional pathways, which is similar
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communities are a consequence of specific variation during early and
middle colonisation, mediated by habitat complexity (Maggi et al.,
2009).

Studies in hard-bottom habitats have shown that mobile organisms
increase as more habitat complexity is produced by the development of
sessile biota, e.g., overstory, understory macroalgae and sessile inverte-
brates (Dean and Connell, 1987; Antoniadou et al, 2010; Valdivia et al,
2014; Tomreset al, 2015). This latter pattern may be due to the presence
of habitat-forming species (kelp beds in this experiment) influe ncing
the variability of the densities of mobile and sessile invertebrate species
(e.z, small crustaceans, amphipods, polychaetes, small molluscs) dur-
ing succession (Maggi et al., 2009). We predicted a decrease in mobile
spedies on the barren ground; however, despite the low presence of
habitat-forming species in this system, the density and taxonomic rich-
ness increased at the end of the experiment. Algal morphology appears
to play an important role in the increase in density of small mobile or-
ganisms on the plates by providing refuge and food, thus establishing
the differences between the two ecological systems (e.g., Christie
et al.,, 2007; Hauser et al., 2006).

In contrast to the barren ground system, the kelp bed offered suit-
able physical conditions for transport and retention of propagules, ex-
plained by the reduction in the velocity of the currents (Rosman et al.,
2007) and enhancing recirculation within the kelp bed (Graham,
2003). These processes may promote the recruitment of species
(Graham, 2004; Parnell, 2015), that prefer nutrient-rich, less illuminat-
ed and cooler waters in the kelp bed. A recent experiment in our study
area has also reported differences in environmental factors between
kelp beds and barren grounds (e.g., illumination, temperature) (Uribe
etal, 2014). However, the kelp canopy may also inhibit the colonisation
of understory algae via shading (Reed and Foster, 1984; Connell, 2005)
and whiplash effect { Santelices, 1990; Morrow and Carpenter, 2008).In
Chile, Murua et al. (2013) reported a wide tolerance to temperature and

to the description of the successional development of micro-periphyton
communities at these systems (Uribe et al, 2014). This result adds
further support to the conclusions draw by Ortiz (2008) suggesting
that kelp beds and barren grounds are essentially different systems.
Unlike many previous studies that focus only on the patterns of change
of sessile and dominant species (Anderson and Underwood, 1994,
Foster et al., 2003; Maggi et al, 2009; Pacheco et al, 2011), we highlight
the importance of including both mobile and sessile specdies into the
experimental analysis of the succession which allowed us to show
how these two systems diverge in structure throughout time.

Acknowledge ments

We appredate the help of A, Ramirez, ]. Rassa, M. Cerda, ]. Bravo, E.
Nahualhuen, P. Coronado, R Torres, E. Montanares and the facilities
provided by Santa Maria S.A. during field work. M. Malebran provid-
ed taxonomic support. M. Rojo gently provided light and tempera-
ture loggers. Comments by two anonymous reviewers help us to
improve an early version of this manuscript. R. A Uribe was supported
by grant MECESUP/MECE ANTO711. Partial support was provided by a
FONDECYT fund No. 11110030 granted to AS. Pacheco. [SW]

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doiorg/10.1016/j jembe.2015.08.002.

References

Aguilera, M., Mavarrete, S, 2012, Functional identity and functional structure change
through succession in a rocky intertidal marine herbivore assemblage. Ecology 93
(1), 7589,

Anderson, M., Underwood, A, 1994, Effects of substratum on the recruitment and devel-
opment of an intertidal estuarine fouling assemblage. | Exp. Mar. Biol. Ecol. 184,
217-236

Anderson, M., Millar, M., Blom, W., Diebel, C., 2005, Nonlinear multivariate models of suc-
cessional change in community structure using the von Bertalanffy curve. Oecologia
146, 279-286.

Anderson, M.J., Gorley, RN, Qarke, KR, 2008, PERMANOVA + for PRIMER: guide to soft-
ware and statistical methods, PRIMER-E, Plymouth, UK.

jadow, €, Voultsiadou, E., Chi low, C, 2010, Benthic colonization and sucoes-
ston on temperate sublittoral rocky cliffs. |. Exp Mar. Biol Ecol. 382, 145-153,

Antoniadou, C, Voultsiadow E., Chintiroglou, C, 2011. Seasonal patterns of colonization
and early succession on sublittoral rocky diffs. | Exp. Mar. Biol. Ecol. 403, 21-30,

Benedetti-Cecchi, L, Cindli, ., 1996. Pattems of disturbance and recovery in littoral rock
pools: nonhierarchical competiion and spatial variability in secondary succession
Mar. Ecol. Prog. Ser. 135, 145-16 1.

Berlow, E, 1997. From canalization to contingency: historical effects in a successional
rocky intertidal community. Ecol. Monogr. 67 (4), 435460,

Bolton, ], 2010. The biogeography of kelps (Laminariales, Phae ophyceae): a global anaby-
sis with new insights from recent advanees in molecular phylogenetice. Helgol. Mar,
Res. 64, 263-279.

Chapman, A., 1981. Stability of sea urchin dominated barren grounds following destruc-
tive grazing of kelp in St. Margarets Bay, eastern Canada. Mar. Biol. 62, 307-311.
Christie, H., Jargensen, NM., Norderhaug, K.M., 2007, Bushy or smooth, high or low; im-
portance of habitat architecture and vertical position for distribution of fauna on

kelp. |. Sea Res. 58, 198-208,

Clarke, K., Gorley, B, 2006. Primer v6: user manual tutorial. PRIMER-E, Plymouth.

Connell, 5, 2005. Assembly and maintenance of subtidal habitat heterogeneity: synergis-
tic effects of ight penetration and sedimentation. Mar. Ecol. Prog. Ser. 289, 53-61.

Connell, J.H., Slatyer, R0, 1977, Mechanisms of succession in natural communities and
ther role in community stability and organization. Am Nat 111, 1119-1144.

Dayton, P, 1985, Ecology of kelp communities. Annw Rev. Ecol. Syst. 16, 215-245.




188 RA. Uribe et al | joumal of Experimentd Marine Biology and Ecology 472 (2015) 180-188

Dean, B, Connell, |, 1987, Manne invertebrates inan algal succession 1L Mechanisms
linking habitat complexity with diversity. |. Exp. Mar. Biol. Ecol. 109, 249-273,

Dijkestra, |, Boudreau, |, Dionne, M., 2012, Species-spedfic mediation of temperature and
comarunity interaction by multiple foundation spedes. Oikos 121, 646-654.

Flukes, E, Johnson, C, Ling, 5., 2012 Forming sea wichin barrens from the inside out: an
alternative pattern of overgrazing. Mar. Ecol. Prog. Ser. 464, 179-194.

Foster, M, 1975, Algal suceession in a Macrocystis pyrifera forest Mar. Biol. 32, 313-329,

Foster, M., Nigg, E., Kiguchi, L, Hardin, D, Pearse, ], 2003, Termporal variation and succes-
sion in an algal-dominated high intertidal assemblage. | Exp Mar. Biol. Ecol 289,
15-39.

Gagnon, P, Himmelman, | Johnson, L, 2003. Algal colonization in urchin barmens: defense
by assodation during recruitment of the beown alga Agarum eribrosum. |. Exp. Mar.,
Biol. Ecol. 200, 179-196.

Graham, M., 2003. Coupling propagule output to supply at the edge and interior of a giant
kelp forest. Ecology 84, 1250- 1264

Graham, M., 2004. Effects of local deforestation on the diversity and structure of southern
Califormia giant ke lp forest food webs, Ecosystems 7, 341-357.

Hauser, A, Attrill ML, Cotton, PA, 2006. Effects of habitat complexity on the diversity
and abundance of macrofauna colonising artifidal kelp holdfasts. Mar. Ecol. Prog.
Ser, 325, 93-100.

Jawobi, C, Langevin, B, 1996, Habitat geometry of benthic substrata: effects on arrival and
settlement of mobile fauna. |. Exp. Mar. Biol. Ecol. 206, 39-54.

Knowlton, N., 2004, Multiple “stable™ states and the conservation of marine easystens.
Prog. Oceanogr. 60, 387-395.

Kohler, K, Gill, 5., 2006. Coral Point Count with Excel extensions (CPCe): a visual basic
program for the determination of coral and substrate coverage using random point
count methodology. Comput. Geosd. 32, 1259-1269.

Konar, B, Edwards, M., Estes, |, 2014, Biological interactions maintain the boundaries be-
tween kelp forests and urchin barrens in the Aleutian Archipelago. Hydrobiologia
724, 91-107.

Leinaas, P, Christie, H., 1996, Effects of removing sea urchins (Strongylocentro s
droebechiensis): stability of the barren state and succession of kelp forest recovery
in the east Atlntic Oecologia 105, 524-536.

Lewvins, B, Lewontin, R, 1985, The dialectical biologist Harvard University Press, United
State of America,

Maggi, E, Bertocd, 1, Vaselli, S, Benedetti-Ceochi, L, 2009, Effects of changes in number,
identity and abundance of habitat-forming species on assemblages of rodey sea-
shores, Mar. Ecol. Prog. Ser. 381, 39-49,

Maggi, E., Bertocd, L, Vase Il 5., Benedetti-Cecchi, L, 2011, Connell and Slatyers models of
succession in the biodiversity era. Boology 92 (7}, 1399- 1406,

Matrow, K., Carpenter, B, 2008, Shallow kelp canopies mediate macroalgal composition:
effects on the distribution and abundance of Corynactis californica (Coralimorpharia)
Mar. Ecol. Prog. Ser. 361, 119-127.

Murua, P, Westermeier, B, Pating, D, Mueller, D, 2013, Culture studies on early develop-
ment of Lessonio abeculatn (Phacophyceae, Laminadales): seasonality and acclima-
tion to light and temperature. Phycol. Res, 61, 145-153

Odurn, E, 1969, The strategy of emsystem development. Sdence 164 (3877), 262-270.

Ortiz, M., 2008. Mass balanced and dynamic simulations of trophic models of kel p emsys-
tems near the Mejillones Peninsula of northern Chile (SE Pacfic): comparative net-
work structure and assessment of harvest strategies. Ecol Model. 216, 31-46.

Pacheco, A S, Laudien, |, Thiel, M., Heilmayer, O, Oliva, M., 2010. Hard-bottom succession
of subtidal epibenthic communities cmlonizing hidden and exposed surfaces off
northern Chile. Sa. Mar. 74, 147-154.

Pachecn, AS, Laudien, |, Thid, M., Oliva, M., Heilmayer, 0. 2011, Suaesion and sesonal
onset of lonization in subtidal hard-bottom communities off northern Chile. Mar.
Ecol. 32,75-87.

Parnell, PE, 201 5. The effeds of seascape pattern on algal patch structure, sea urchin bar-
rens, and ecological processes. | Exp. Mar. Biol. Ecol. 465, 64-76.

Perreault, M., Borgeaud, L, Gaymer, C, 2014, Impact of grazing by the sea urchin
Tetrapygus niger on the kelp Lessonda trabeculara in northern Chile. | Exp. Mar. Biol.
Ecol. 453, 22-27.

Prach, K., Walker, LR, 2011. Four opportunities for studies of ecological succe ssion,
Trends Ecol. Evol 26 (3), 1189-123

Failkin, A, 1998, The pattem of recovery of disturbed microbial communities inhabiting
hard substrates. Hydrobiologia 385, 47-57.

Reed, [, Foster, M., 1984 The effects of canopy shading on algal recruitment and growth
in a giant kelp forest. Ecology 65 (3),937-948.

Rosman, |, Koseff, |, Monismith, 5., Grover, |, 2007. Afield investigation into the effects of
a kelp forest (Mocrocystis pyrifera) on coastal hydrodynamics and transport.
. Geophys. Res. 112 http://dx doi o/ 10.1029,2005 0003430,

Santelices, B, 1990. Pattems of organizations of intertidal and shallow subtidal vegetation
in wave exposed habitats of central Chile. Hydmobiologia 192, 35-57.

Scheibling, K., Hennigar, A, Balch, T, 1999, Destrudive grazing, epiphytism, and disease:
the dynamics of sea urchin-kelp inte ractions in Nova Scotia. Can. | Fish. Aquat. 5d. 56,
2300-2314.

Steneck, R, Graham, M., Bourgue, B., Corbett, D, Erlandson, |, Estes, ., Tegner, M., 2002
Kelp forest ecosy stems: biodiversity, stability, resilience and future. Environ. Conserv.
29, 436-459.

Sutherland, |, 1974. Multiple stable points in natural communities. Am. Nat 108,
BA9-B73.

Torres, A, Veiga, P, Rubal, M., Souza-Pinto, L, 2015. The role of annual macmalgal mor-
phology in driving its epifaunal assemblages. |. Exp. Mar. Biol. Ecol 464, 96-106,
Underwood, A ], Chapman, M.G., 2006. Early development of subtidal macrofaunal as-
semblages: relationships to period and timing of colonization. . Exp. Mar. Biol. Ecol.

330, 221-233,

Uribe, LA, Ortiz, M., Pacheco, AS., Amya, R, 2014. Early succession of mico-perphyton
communities in kelp bed and barren ground ecological systems. Mar. Ecol. hitp://
deedotorg/10.1111/maec 12241

Valdivia, N., Heidemann, A, Thiel, M., Molis, M., Wahl, M., 2005. Effects of disturbance on
the diversity of hard-bottom macrobenthic communities on the wast of Chile. Mar.
Ecol. Prog. Ser. 299, 45-54.

Valdivia, N, Buschbaum, C. Thiel M., 2014. Succession inintertidal mussel bed assem-
blages on different shores: spedes mobility matters. Mar, Ecol. Prog. Ser. 497,
131-142.

Visquer, |, Vega, |, Buschmann, A, 2006 Long term variability in the structure of kelp
ommunities in porthern Chile and the 1997-98 ENSQ. | Appl Phycol. 18, 505-5149.

Villegas, M., Laudien, |, Sielfeld, W, Arntz, W_, 2008. Macrocystis integrifolio and Lessonia
rabecule (Laminariales; Phacophyceae) kelp habitat structures and associa ted
macrobenthic community off northern Chile. He lgol Mar. Res, 62 ( 1), 533-543,

Watson, D, Barnes, D, 2004 Temporal and spatial components of varability in benthic
recruitment, a 5y @rs temperate example. Mar. Biol. 145, 201-214.



3.3 Bosques y fondos blanqueados como sistemas auto-organizados:

El obstaculo fundamental para entender el funcionamiento de los ecosistemas es
la falta de bases tedricas desde el cual trabajar. ElI tema de la alternancia entre los
bosques y fondos blanqueados puede ser abordado desde una perspectiva tedrica como
la autocatélisis, término insertado en el mundo de las ciencias bioldgicas (Ulanowicz
1997) la cual describe un comportamiento autbnomo en la constitucion de cada uno de
los componentes biologicos del sistema (i.e., micro-organismos, macro-organismos). La
esencia de la auto-organizacion es el refuerzo automatico de opciones disponibles
(Odum 1988). El concepto general de autocatalisis define al tipo de procesos (de
sostenimiento 0 de expansion) propios de sistemas que son capaces de incorporar
elementos que son necesarios para su recurrencia continta en el tiempo (Ulanowicz
1997). La autocatalisis aparece como un caso especial de retroalimentacion positiva
(Ulanowicz 2005) donde los sistemas, en este caso los bosques de macroalgas, muestran
resistencia a los cambios y por lo tanto tienden a dominar el sistema casi en tu totalidad.
Esto a menos que las perturbaciones sean bastante grandes (e.g., EI Nifio, pesquerias) y
puedan persistir en igualdad de condiciones externas con los fondos blanqueados o
desaparecer.

Esta forma de retroalimentacion positiva o autocatalisis refleja la sucesiva
colonizacién de los componentes en cada sistema (e.g., taxas, grupos funcionales,
estadios serales) que puede ser esencial para la subsistencia de todo el ciclo (Wicken
1984). El uso de modelos en la literatura para explicar patrones y procesos es un comun

enfoque para andlisis sucesionales en sistemas terrestres (Halpern 1989) y marinos



(Berlow 1997; Underwood & Chapman 2006). La dindmica entre bosques de
macroalgas y fondos blanqueados ofrece la oportunidad de proponer modelos
conceptuales basados en su desarrollo a través de procesos sucesionales. En el presente
capitulo se muestra los modelos que pueden explicar desde una perspectiva tedrica la
dinamica entre ambos sistemas.

La Fig 7 muestra tres modelos conceptuales. Estos modelos fueron construidos
basados en los resultados obtenidos en los manuscritos 1 y 2. Cada compartimento
hipotético o cuadrado representa un grupo taxondémico o estado seral donde A son
bacterias, B son diatomeas y protozoarios, C son pequefios eucariotes, D son estadios
tempranos de macro-organismos, E son estadios intermedios y F son estadios avanzados
de la sucesion.

La figura 7A representa un modelo divergente (Petraitis & Dudgeon 2005), en el
cual ambos sistemas inician la sucesion de la comunidad sin presentar diferencias (A y
B). A este nivel inicial de la sucesion, los primeros componentes (formacion de las
biopeliculas y microperifiton) muestran similares patrones de colonizacion. Los
procesos de colonizacion son precedidos por similares patrones de diversidad, riqueza
taxondmica y actividad metabolica de procariotas. Finalmente este modelos muestra que
los componentes de los compartimentos C, D, E, F siguen patrones diferentes. Hasta este
punto la colonizacién de macro-organismos varian sustancialmente entre sistemas hasta
un punto determinado (F, F’). Factores forzantes externos (e.g., condiciones
oceanograficas, pesquerias) y/o perturbaciones internas (e.g., sobrepastoreo) causan el

restablecimiento del sistema y su retorno al estado inicial.



La figura 7B muestra un modelo de desarrollo convergente (Underwood &
Chapman 2006), en donde los bosques y fondos blanqueados comienzan con diferentes
patrones durante la temprana sucesion (A...E y A’...E’). La estructura de la comunidad
muestra diferentes propiedades en relacion al primer modelo, donde los patrones de
colonizacion de bacterias, diatomeas, protozoarios, esporas de macroalgas, larvas de
invertebrados y primeros estadios de sucesion de macro-organismos difieren entre
sistemas. Sin embargo, sus trayectorias cambian en un estadio sucesional avanzado
donde empiezan a mostrar similares patrones de colonizacién (F). Finalmente, el
desarrollo de cada sistema tiende a ser estocastico donde el punto final es la formacion o
dominio total de cualquier sistema. La figura 7C muestra un modelo de desarrollo
paralelo entre sistemas, en el cual ambos sistemas presentan trayectorias y patrones de
sucesion diferentes desde el inicio de la colonizacion y el arribo de las bacterias (Ay A”)
hasta avanzados estadios de la sucesion (macro y mega organismos) (F y F’). Como en
todos los ecosistemas, estos tienden a desarrollar y crecer, hasta que fuerzas imperantes
desvian esta trayectoria que puede ser amortiguada o recuperada por métodos de
conservacién, sin embargo estos sistemas caen y vuelven a un punto inicial de

renovacion (Holling 1986).
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Fig. 7 Modelos conceptuales del desarrollo de los bosques “kelp beds” y fondos
blanqueados “barren ground” (A) modelo divergente, (B) modelo convergente y (C)
modelo paralelo. Las flechas muestran la direccién de la sucesion. Los signos indican
interacciones positivas entre componentes. Las lineas punteadas representan estados con
similares patrones de sucesion.



Los modelos conceptuales propuestos y desarrollados en el presente capitulo
muestran tres escenarios hipotéticos distintos que podrian ser parte de la dinamica de
desarrollo de las comunidades de cualquier sistema, en especial los bosques de
macroalgas y fondos blanqueados. Los resultados de este estudio evidencian que estos
sistemas presentan una tendencia a ser autonomos desde la formacion de las biopeliculas
hasta estadios avanzados de la sucesion, donde el bosque es dominado por esporofitos
jévenes de Lessonia trabeculata y el fondo blanqueado por algas crustosas.

Al tomar en cuenta los resultados generales de las publicaciones 1 y 2 (basados
en analisis comunitarios), se puede inferir que la sucesidn entre ambos sistemas se ajusta
perfectamente a un modelo paralelo de desarrollo (fig. 7C), donde la trayectoria
sucesional no presenta algun punto en comun entre ambos. Ambos sistemas muestran
independencia en el desarrollo de sus comunidades bentonicas (i.e., invertebrados y
flora) desde la colonizacién de las bacterias y diatomeas. Cada sistema exhibe un
comportamiento auto-organizado a través de sus componentes, donde cada taxa o grupo
funcional presenta el potencial para la interaccion (e.g., depredacion, competencia) y
posterior beneficio de todo el ciclo.

Desde la perspectiva de la autocatalisis, un incremento en la actividad de
cualquier componente (e.g., taxas, grupos funcionales) dentro de cada sistema,
incrementa la actividad de todos los otros componentes en el ciclo y asi mismo,
resultando en un incremento del desarrollo via retroalimentacion positiva (autocatalisis).

Esta configuracion autocatalitica de los bosques y fondos blanqueados ejerce presion de



seleccién sobre sus propios componentes. Por ejemplo, si una especie mas eficiente

(e.g., Lessonia trabeculata) entra en el proceso de sucesion, esta puede influenciar
positivamente sobre el proceso ecologico. Por otro lado, si es una especie menos

eficiente la que ingresa, afectaria negativamente su rol quedando fuera del proceso (e.g.,

pequefios herbivoros desplazados por competencia) (Mageau et al., 1998).



4. DISCUSION

Una discusion detallada sobre el desarrollo sucesional de los bosques de
macroalgas y fondos blanqueados estan dadas en las publicaciones 1 y 2, seccién de
resultados. A continuacion se muestra una discusion general e integrada sobre los
mayores resultados de este estudio asi como también una discusién de la implicancia de

estos hallazgos a la luz de la autocatalisis.

4.1 Sucesion del microperiphyton en el bosque del macroalgas y fondos
blanqueados

Los resultados alcanzados evidencian que la formacion de las biopeliculas, en
ambos sistemas, inicia con una rapida colonizacion de bacterias y diatomeas durante los
dos primeros dias, seguido por la colonizacion de protozoarios (e.g., flagelados, ciliados)
y pequefios micro-eucariotes (e.g., copépodos, post larvas de equinodermos y moluscos)
hacia el dia 14. Estos patrones fueron diferentes entre sistemas, debido en gran parte, a
sus particulares condiciones ambientales (Publicacion 1).

Debido a que los bosques de macroalgas contribuyen significativamente al aporte
de detritus organico (Tala & Edding 2005; Duggins et al., 1989), es posible que la
cantidad y calidad de detritus organico haya sido determinante en la rapida colonizacion
de bacterias viables y el consecuente arribo de organismos mayores como L.
trabeculata. Otros estudios han demostrado que el carbdn organico derivado del detritus
organico se correlaciona significativamente con la formacion de las biopeliculas en otros

ambientes marinos (Siboni et al., 2007; Fierer et al., 2010) y el posterior aumento de



bacterias viables. En el fondo blanqueado la alta intensidad de luz sobre el fondo fue
fundamental en la rapida colonizacion del grupo de diatomeas, esto tuvo un positivo
efecto sobre el arribo de pequefios herbivoros. En otros ambientes acuaticos, como los
rios, Roberts et al., 2004 demostraron que las condiciones de luz es uno de los factores
que influencian la colonizacién de la comunidad bentdnica microalgal.

Otra de las forzantes ambientales en la formacion de las biopeliculas fueron los
flujos de corrientes (Railkin 1998; Besemer et al., 2007). Mayor flujo de corrientes y un
bajo aporte de nutrientes en los fondos blanqueados comparado al bosque, resultd en
una baja densidad de organismos que forman y estructuran las biopeliculas. Aunque el
aporte de nutrientes no fue el foco de este estudio, es posible considerar que son
provenientes del agua de surgencia o de los sistemas acuicolas cercanos. La
estructuracion fisica de los bosques tienden a reducir la intensidad del flujo de las
corrientes y modificarlo (Graham 2003; Gaylord et al., 2012). Previos estudios
evidencian un continuo cambio en la composicion de las biopeliculas conducidos
principalmente por distintos flujos de corrientes (e.g. Besemer et al., 2007). Estos
antecedentes respaldan las diferencias encontradas entre sistemas donde se muestra que
los bosques de macroalgas crean microambientes, favorecen la formacion de las
biopeliculas y el posterior arribo de macro-organismos.

Hacia el final de la sucesion la comunidad que desarroll6 sobre las placas
evidencié un patron determinista en ambos sistemas. La presencia de esporofitos
microscopicos de Lessonia termind en formar una comunidad similar al bosque con

presencia de juveniles de algas pardas, verdes y rojas. Por otro lado, presencia temprana



de algas rojas calcareas en el fondo blanqueado evidencio la presencia de este sistema

sobre las placas monopolizada por estas taxas.

» La sucesion de bacterias totales y viables mostraron una trayectoria comun entre
sistemas, sin embargo fueron significativamente diferentes.

» Patrones univariados y multivariados de la comunidad de eucariotas fueron
significativamente diferentes entre sistemas, consistiendo en la acumulacién de
grupos funcionales/taxas en el tiempo.

» La sucesion evidencid un patron determinista donde las placas expuestas en el
bosque mostraron incremento de esporofitos microscopicos de Lessonia
trabeculata hacia el final del experimento, y las placas expuestas en el fondo
blangueado mostraron mayor cobertura de esporofitos de algas costrosas.

» La tasa de sedimentacion, intensidad de luz, temperatura fueron
significativamente distintos entre sistemas. El contenido de materia organica y la
intensidad de corrientes no vario significativamente entre sistemas, a pesar de

presentar mayores valores en el bosque.

4.2 Sucesion de macro-organismo en el bosque del macroalgas y fondos
blanqueados

La sucesion de macro-organismos exhibié una secuencia de cambio de especies
la cual result6 en tempranos, medios y avanzados estadios sucesionales. Estos resultados

también sefialan que ambos sistemas comparten similares tendencias de densidad de



organismos moviles, riqueza taxonomica y cobertura de organismos sésiles hasta
estadios avanzados de la sucesion. Sin embargo, los andlisis multivariados mostraron
patrones desarrollo especificos para cada sistema.

A pesar de las diferencias entre sistemas, los resultados muestran un rapido
desarrollo de sus comunidades sobre las placas a mas de un afio de exposicion.
Contrariamente, experimentos similares realizados en una zona expuesta al oleaje en la
peninsula de Mejillones, Pacheco et al. (2011) muestran un lento desarrollo de la
comunidad cercana a un bosque de L. trabeculata. Sus resultados evidenciaron que a
mas de dos afios de exposicion, la estructura de la comunidad que desarrollo sobre el
sustrato artificial diferia mucho de la comunidad natural. En ese caso, la sucesion fue
dominada por organismos coloniales sésiles en tempranos (e.g., coralinas crustosas) y
avanzados (e.g., Balanus flosculus, Lagenicella variabilis) estadios de la sucesion.

El presente estudio fue conducido en una zona semi protegida, con una baja
abundancia y cobertura de organismos sésiles filtradores en el medio natural. Los
organismos moviles como el copépodo Oncaea media fueron determinantes en estadios
tempranos de la sucesion; y hacia estadios avanzados los organismos sésiles fueron los
mas importantes en términos de disimilaridad (Publicacion 2). Se evidencia un claro
patron divergente entre sistemas y una recuperacion de sus comunidades cercana a los
14 meses. Estos resultados indican que ambos sistemas operan de manera independiente
desde el asentamiento de las bacterias hasta el arribo de macro colonizadores mostrando

propension a la auto-organizacion en cada sistema.



» Ambos sistemas presentaron similares patrones univariados, sin embargo, la
riqueza taxonomica, densidad de organismos de invertebrados y cobertura de
especies sésiles fue significativamente mayor en el bosque de macroalgas.

» La sucesion en ambos sistemas siguid una secuencia de cambios de la estructura
de la comunidad desde tempranos, medios y avanzados estadios de la
comunidad.

» La variabilidad temporal de estas especies/taxas revel0 que existen tres grandes
patrones que conducen la sucesion de la comunidad en cada sistema.

» Los organismos sésiles fueron los que mas aportaron a la disimilaridad entre
sistemas durante la sucesion, sin embargo, los organismos moviles contribuyeron
en mayor nimero de especies a la disimilaridad durante estadios avanzados de la
sucesion.

» Parametros ambientales como la temperatura y la intensidad de luz sobre el
fondo variaron significativamente entre sistemas durante los 14 meses de

experimento.

4.3 Comportamiento auto-organizado de los bosques de macroalgas y fondos
banqueados

Entender cémo la complejidad puede surgir en estos sistemas, es un tema muy
controversial en la investigacion bioldgica (Levin 2005). La configuracion auto-
organizada de diferentes taxas interactuando entre si dentro de cada sistema puede surgir

a través de seleccién individual dando paso a la facilitacion o inhibicion de otras taxas



(Odum 1969; Connell & Slatyer 1977), y consecuentemente soportar presion externa
(i.e., perturbaciones). Observaciones referidas a la alternancia entre bosques y fondos
blanqueados sugieren que ambos sistemas tienden a ser autocataliticos, con
caracteristicas propias de crecimiento y seleccion (ver publicaciones 1y 2). Por lo tanto,
la alternancia entre ambos podria ser una consecuencia de cambios en las propiedades
internas de estos sistemas. Desde una vision sistémica Ulanowicz (1997) sefiala que en
sistemas autocataliticos, la alteracion de cualquier componente genera gran actividad en
todos los otros componentes, estimulando asi la actividad total del ciclo completo. Tal
refuerzo es parte de un camino auto-organizado y es una importante via para incrementar
la actividad disipativa del sistema. De esta manera ambos sistemas serian capaces de
mantener una retroalimentacidn positiva basada en interacciones de mutualismo positivo
directo o indirecto. Este es el primer paso para empezar a mirar ambos ambientes como
sistemas que pueden auto-determinar su estructura comunitaria y sistémica, ya que,
describen o muestran diferentes niveles de desarrollo entre si.

» La trayectoria sucesional entre bosques de macroalgas y fondos banqueados

sigue un modelo paralelo.
» Ladinamica de desarrollo de los bosques de macroalgas y fondos banqueados

tienden a ser sistemas con comportamiento auto-organizado y autocataliticos.



5. CONCLUSIONES GENERALES

Los bosques de macroalgas y los fondos blanqueados en caleta Bolsico,
peninsula de Mejillones, presentan patrones sucesionales independientes y especificos
desde el asentamiento o colonizacion de los primeros micro-organismos como las
bacterias hasta la llegada de los mega-organismos. Estas trayectorias siguen un modelo
de desarrollo sucesional paralelo entre sistemas, donde cada componente o taxa cumple
funciones especificas dentro de cada sistema, que resultan en la persistencia, resistencia
y permanencia en el tiempo y/o espacio de cada uno. Este estudio se muestra como el
primer paso para entender ambos sistemas como entidades independientes y auto-

organizadas.

6. IMPLICANCIAS Y FUTUROS ESTUDIOS

Los resultados obtenidos en el presente estudio a partir de experimentos de
colonizacion sobre sustrato artificial, muestra que el conocimiento de los procesos
ecoldgicos sobre la estructuracion de las comunidades desde los micro- organismos
hasta macro-organismos en los bosques y fondos blanqueados pueden tener directas
implicancias en el disefio de medidas de manejo pesquero para las macroalgas en esta
zona de estudio. El continuo barreteo de los bosques en zonas semi protegidas en el
norte de Chile, como Caleta Bolsico, donde se alcanza la remocidén completa de las
macroalgas (no solo kelps) deja como consecuencia grandes parches perturbados. Este
barreteo remueve también toda la comunidad microbial asociada a los bosques, lo que

posteriormente puede llevar a un cambio en sus vias sucesionales y el subsecuente



dominio de los fondos blanqueados y reduccion la salud de los sistemas costeros (Ortiz
2008). En este caso, similar a una alta presion ambiental (e.g., altas temperaturas), un
intensivo régimen de sobre explotacion de las macroalgas se convierte en el principal
conductor de la alternancia entre sistemas a niveles locales, donde la recuperacion de los
bosques lleve muchos afios 0 quizas sea irreversible.

Un mayor entendimiento del desarrollo de estos sistemas a través de sus patrones
sucesionales también es relevante en el disefio de planes de restauracion de ecosistemas.
El permanente monitoreo del desarrollo de las comunidades sobre estructuras primarias
en zonas de restauracion o rehabilitacion de bosques pueden ser comparados con los
resultados del presente estudio o ser tomados en cuenta como modelo base para nuevas
experiencias.

Se proponen futuros temas de investigacion que podrian complementar el
conocimiento de estos sistemas costeros de bosques de Lessonia trabeculata y fondos

blangueados:

» Estructura de la comunidad bacteriana:

Conocer como esta conformada y como se desarrolla la comunidad bacteriana que
forman las biopeliculas en cada sistema (e.g., diversidad funcional). Para esto es
necesario utilizar nuevas herramientas para un analisis mas especifico como la
pirosecuenciacion y la metagenémica. El disefio podria comprometer diferentes escalas

espaciales y temporales.



» Diversidad funcional:

Otro de los valiosos aportes en el conocimiento de la sucesion en el desarrollo de los
bosques de macroalgas y los fondos blanqueados es conocer como varian
funcionalmente todos los organismos moviles y sésiles. A pesar que nuestros resultados
indicaron que ambos sistemas comparten especies similares, ain queda pendiente

entender cual es el rol funcional de estas especies.

» Dinamica de la comunidad en los fondos blanqueados:
A través de experimentos submareales conocer como se ve afectada la colonizacién
de los bosques y fondos blanqueados por la comunidad que habita debajo de las rocas y

de posibles habitos nocturnos. Esto a través de experimentos de exclusion/inclusion.

» Estabilidad durante la trayectoria sucesional:
A través de herramientas derivadas de la ecologia-matematica (e.g., loop analisis) es
posible determinar los grupos de organismos y/o interacciones que puedan ser los

responsables en desestabilizar cada via sucesional y dar paso a los siguientes estadios.

» Trayectoria espacial y temporal:
Los resultados del presente estudio deberian ser complementados con experimentos
en zonas expuestas Y la replicacion en otras latitudes. Asi mismo, tomar en cuenta el

desarrollo de las trayectorias sucesionales en diferentes tiempos durante el afio.



» Dinamica poblacional:

Otro de los topicos que puede ser un soporte fundamental para complementar los
estudios de la dinamica de estos sistemas es estudiar las tazas de crecimiento de las
especies que son frecuentes en ambos sistemas, en especial las especies que habitan
en ambos. En este caso se podri tomar en cuenta especies de diferentes niveles

troficos.
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ANEXOS

Los resultados parciales y preliminares de esta tesis fueron presentados en los siguientes

eventos cientificos:

>

Uribe R., Ortiz M., Pacheco A. y Araya R. Sucesion ecoldgica de comunidades de
microperifiton en bosques de macroalgas y fondos blanqueados. XXXIV Congreso
de Ciencias del Mar del 26 al 30 mayo de 2014, Osorno, Chile. Modalidad Oral.
Uribe R., Ortiz M., Pacheco A. y Araya R. Sucesion ecoldgica de comunidades de
microperifiton en bosques de macroalgas y fondos blanqueados. 111 Difunde Ciencia,
19 de noviembre 2014, Antofagasta. Modalidad Pdster. Primer puesto categoria
Postgrado.

Uribe R., Ortiz M., Macaya E. y Pacheco A. Desarrollo comunitario modulado por
bosques de macroalgas y fondos blanqueados: especies moviles y sésiles como
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