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ORD. N° 0 9 j. 1 2 8 /
ANT.. Revision norma de emisidn para Ia
GOBIERNO DE CHILE regulacidon de contaminantes asociados a
COMISION NACIONAL las descargas de residuos liquidos a
aguas marinas y continentales
superficiales. Decreto Supremo
N°90/2000.
MAT..Cita a reuniones ordinarias vy
extraordinarias del Comité Operativo en
el mes de abril 2009.
SANTIAGO, [ 7 asp. 2009
DE HANS WILLUMSEN ALENDE
Jefe Departamento Control de la Contaminacién
Comisién Nacional del Medio Ambiente
A SEGUN DISTRIBUCION

En relacién con el proceso de revisién de la “Norma de emisiéon para la regulacion
de los contaminantes asociados a las descargas de residuos liquidos a aguas
marinas y continentales superficiales, Decreto Supremo N°90/2000”, se invita a los
representantes del Comité Operativo a participar de las reuniones ordinarias y
extraordinarias del mes de abril, las cuales se realizaran segun el siguiente cuadro:

REUNIGN FECHA HORA UBICACION TEMAS
Extracrdinaria | Martes 07 abril 2009 10:30213:00 CONAMA - Lagos
Teatinos 258 — Estuarios
Piso 4 —Cuerpo fluvial
afluente de
cuerpo lacustre
Qrdinaria Martes 14 abril 2009 10:30 2 13:00 CONAMA - Parametros
22° Reunién Teatinos 258 - Otros
Piso 4 :
Ordinaria Martes 28 abril 2009 10:30 a 13:00 DIRINMAR ~ Métodos de
23° Reunién Subida medicion
Cementerio — Control y
N°300, Playa | monitoreo
Ancha, Valparaiso | — Otros
Agradeceré a usted cong asistencia a

profesional del Departayp
Teléfono: 02-2405708,

de la Contakinacion de CONAMA Central,

la Srta. Claudia Galleguillos C.,
) cqalleq_uillokﬂconama.cl

Sin ofro particular, saludg

NDE
Jefe Departamientd Control de la Ggntaminacion
Comisién Nacional del Medio Bmbiente
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Sra. Nancy Cepeda, Encargada de la Unidad de Normas, Superintendencia de Servicios
Sanitarios (SISS)

Sra. Mesenia Atenas V., Jefa del Departamentc de Conservacion y Proteccién de los recursos
Hidricos, Direccion Generai de Aguas (DGA)

Sra. Teresa Aglierc T., Profesional del Departamento Politicas Agrarias de ODEPA.

Sr. Juan Berasaluce, Capitdn de Navio Literal, Direccion del Territoric Maritimo y Marina
Mercante (DIRECTEMAR)

Sr. Fernando Baeriswyl Rada, Jefe Division Proteccion Recurscs Naturaies Renovables,
Servicio Agricola y Ganadero (SAG)

Sra. Rossana Brantes Abarca, Profesional de de Direccidn de Estudios de la Comisién Chilena
del Cobre (COCHILCQ)

Sr. Pedro Riveros, Dpto. Salud Ambiental, Ministerio de Salud (MINSAL)

Sr. Juan Ladron de Guevara, Asesor de Medio Ambiente, Ministerio de Economia, Fomento y
Reconstruccion.

Sr. Cristian Andaur, Departamentc de Administracion Pesquera, Servicio Nacional de Pesca
(SERNAPESCA).

Sr. Rodrigo Iglesias A., Secretario Ejecutivo Comisidn Nacional de Energia.
Sr. Pablo Lagos, Departamento de Acuicultura, Subsecretaria de Pesca (SUBPESCA).

Sra. Carmen Rivera Mardones, Profesional EVYSA, Comision Nacional del Medio Ambiante
(CONAMA)

Sr. Miguel Stutzin, Jefe Departamento RRNN, CONAMA Central.

Direccion Ejecutiva CONAMA
Archivo Departamento Control de la Contaminacion, CONAMA,
Expediente Norma DS 90
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ORD. N° “ﬁ’ﬂj:gg /

ANT.: Revision norma de emisidén para la

GOBIERNO DE CHILE regulacion de contaminantes asociados a
DEL MEDIO AMBIENTE las descargas de residuos liquidos a
aguas marinas y continentales
superficiales. Decreto Supremo
N°90/2000.
MAT.: Cita a reunidn por el proceso de revisidon
del DS90.
SANTIAGO,

0 7 ABR. 2609

DE HANS WILLUMSEN ALENDE
Jefe Departamento Control de la Contaminacidn
Comision Nacional del Medio Ambiente

A : SEGUN DISTRIBUCION

En relacion con el proceso de revision de la “Norma de emision para la regulacién
de los contaminantes asociados a las descargas de residuos liquidos a aguas
marinas y continentales superficiales, Decreto Supremo N°90/2000”, se invita a
participar de reunion el dia miércoles 22 de abril 2009, en CONAMA ubicada en
Teatinos N°258, Piso 4.

El objetivo de la reunién es tratar los temas relacionados con “Métodos de Analisis” y
“Monitorec y Control” del proceso de revision de la norma.

Agradeceré a usted confirmar su asistencia a la Srta. Claudia Galleguilios C.,
minacion de CONAMA Central,
@conama.cl

UMSEN ALENDE
Jefe Departamento Control de la Qgntaminacion
Comision Nacional del Medio Ambiente

G %/aat
DISTRIBUCION:

« Sra. Nancy Cepeda, Encargada de la Unidad de Normas, Superintendencia de Servicios
Sanitarios (SI1SS)

« Sra. Mesenia Atenas V., Jefa del Departamento de Conservacion y Proteccién de los recursos
Hidricos, Direccion General de Aguas (DGA)

¢ Sr. Juan Berasaluce, Capitdn de Navio Litoral, Direccion del Territoric Maritimo y Marina
Mercante {DIRECTEMAR)

= Sr. Fernando Baeriswyl Rada, Jefe Divisidn Proteccién Recursos Naturales Renovables,
Servicio Agricola y Ganadero (SAG)

«  Sr. Alexander Chechilnitzky, Director AIDIS CHILE

e Sr. Aldo Tamburrino T., Jefe de Divisién de Recursos Hidricos y Medio Ambiente del Dpto.
Ingenieria Civil de la Universidad de Chile

+« Sr. Jacobo Homsi, Consultora Kristal
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Elizabeth Echeverria, AIDIS

Maria Pia Mena, AIDIS

Ana Maria Sacha, Divisién de Recursos Hidricos y Medio Ambiente del Dpto. Ingenieria Civil
de la Universidad de Chile

Direccion Ejecutiva CONAMA

Archivo Departamento Control de la Contaminacion, CONAMA.

Expediente Norma DS 90
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Direccidn Ejecutiva

Departamento de Control de la Contaminacion
GOBIERNODECHILE

COMISION RACIONAL Area Control de la Contaminacién Hidrica

DEL MEDIO AMBIENTE

DOCUMENTO ENVIADO POR CORREQ ELECTRONICO
“Proceso de Revision DS 90”7

Enviado por : SISS- Nancy Cepeda

e-mail . ncepeda@siss.cl
Fecha . Viernes, 03 abril 2009
Hora : 16:54 hrs
DOCUMENTOS ANEXOS

Parametros Temperatura, SSED, Poder espumdgeno y Coliformes

Fecales
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De: Cepeda R. Nancy [mailto:ncepeda@siss.gob.cl]
Enviado el: Viernes, 03 de Abril de 2009 16:54
Para: Claudia Galleguillos
Asunto: RE: DS90
3
Claudia, esto es lo que entiendo sobre el tema de los parametros Témp, SSed, Poder
espumégeno y CF;

- EL DS 80 vigente considera como fuente emiscra (FE), cualquier descarga de residuos
llquidos que exceda los valores de la Tabla para los parametros con valor
caracteristico, independiente del caudal descargade.

- Enreunién del CA se planted que la calificacion como FE, para efectos de estos
parametros, se debe fundamentar en un volumen de descarga de aguas servidas para
100 habitantes, en forma similar a lo establecido para los demés parametros de la
Tabla de FE, cuyo limite esta en términos de carga contaminante media diaria. En este
contexto, se propuse que el volumen debiera ser 10 m3/dia, que corresponderia al
volumen de aguas servidas de 100 habitantes, considerando los consumos medios
pals al 2007 segun informacién SISS.

- Al respecto, lo que hemos analizado/conversado en el CO:

- Es necesario establecer una condicién adicional al lim. max. de los parametros con
valor caracteristico, para evitar que descargas muy pequefias califiquen como FE

- Si para establecer el volumen de descarga, se considera el criterio del volumen
equivalente de aguas servidas de 100 habitantes, para mantener la coherencia que
esta implicita en los valores de carga contaminante media diaria de los deméas
parametros de la Tabla, corresponderia considerar 16 ma/dia

- Se debe tener presente, que cualquier descarga inferior al volumen (m3/dia) que se
proponga en la norma, podria tener los parametros de valores caracteristicos
superiores a los limites de la Tabla y no calificaria como FE

- Se ha estimado prudente considerar un volumen inferior al equivalente a 100
habitantes, para lo que se ha propuesto § m3/dia

Saludos,




Comisién Nacional del Medio Ambiente
Divisién Juridica

Memorindum N°72
DE: Rodrigo Guzmdn Rosen

Jefe Division Juridica

A Hans Willumsen Alende
Jefe Departamento Control de la Contaminacién

MAT: ZPL

oG
Fecha B2 de abril de 2009

Se ha consultado a esta Divisién Juridica sobre la factibilidad juridica de la propuesta de
modificacién al D.S. N°90 relativa a la Zona de Proteccién Litoral, en particular la disposicién que
establece que dicha modificacién no afecta a las fuentes que cuentan con autorizacién para
descargar sus residuos liquidos conforme a la ley.

Al respecto, puedo informar a Ud. que no existe obstdculo legal para establecer respecto de
determinadas fue régimen diferenciado de aplicacién de las norma de emisidn, siempre y.
cuando dicha diferenciacién no implique una discriminacién arbitraria, es decir, que la distincién
sed razonable, que persiga una finalidad, y que las consecuencias derivadas de esa distincién sean
“adecuadas y proporcionalés a dicho fin. Bajo ese contexto [as fuentes exisientes generalmente son
““objeto de un mayor plazo para el cumplimiento de las normas o se les exime de tal exigencia, v el
fundamento de tal proceder normalmente esta asociado al impacto econémico y social de la medida.
En todo caso, las normas de emisién deben revisarse cada cinco afios, por lo que tal criterio podria
modificarse precisamente por existir nuevos antecedentes o circunstancias que exijan cambiarlo.

Sin perjuicio de lo anterior, hago presente a Ud., que una consideracién de tal tipo, no puede basarse
exclusivamente en que una fuente cuente con el otorgamiento de un permiso o autorizacién, pues el
criterio del impacto econémico y social de la medida exige que se trate de una fuente ya construida,
es decir de una fuente respecto de la cual se ha generado un gran costo econémico, que se considera
pertinente tomar en consideracién, por lo que se debe incluir tal criterio en la disposicién en
cuestion.

Sin otro particular, saluda atentamente a Ud.

51 en
sigh Jufidica

RAGV
CC.

Archivo



Direccion Ejecutiva

Departamento de Control de la Contaminacién .
GOBIERNODECHILE .

COMISION NACIONAL Area Control de la Contaminacion Hidrica

DEL MEDIO AMBIENTE

DOCUMENTO ENVIADO POR CORREO ELECTRONICO
“Proceso de Revision DS 90”

Enviado por : Grupo 2 Comité Ampliado- CORMA- Pedro Navarrete

e-mail . pnavarrete@celulosa.cmpc.cl
Fecha : Lunes, 06 de abril 2009
Hora 1 16:21 hrs
DOCUMENTOS ANEXOS

1 ] eiern oses brra " I o, las ales fuer -
enviadas por CORMA, a través de un correo electrénico con fecha lunes
23 de marzo 2009, a las 11:32 hrs.
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De: Pedro Navarrete { CMPC Celulosa G.Tecnica) [mailto:pnavarrete@celulosa.cmpe.cl]
Enviado el: Lunes, 06 de Abril de 2009 16:21

Para: Claudia Galleguillos

CC: Mariela Arevalo; Carlos Decourvieres G.; xrojas@salmonchile.cl; Carolina Vargas Gonzalez;
Ximena Molina; alfonse.guijon@poch.cl; claudio.perez@essbio.cl; cquilodr@labehile.cl; Cesar
Peredo L. (Esval S.A.); portiz@carozzi.cl; ¢_alex_quilodran@yahoo.es; JUAN LARENAS; Maria
Pia Mena; Gladys Vidal; olga.espinoza@sag.gob.cl; jeanine.hermansen@sag.gob.cl; Maria Pia
Mena

Asunto: RE: DS-90

Importancia: Alta

Estimada Claudia,

N¢ habia tenido un minuto para referirme a nuestra participacion en la Ultima reunién del
Ampliado. Este correo tiene esa finalidad.

1. Presentacion del GR2
Nuestros puntos fueron:

a) Ya "hemos hecho llegar comentarios a otras versiones del AP por lo que sélo nos referimos
al Borrador # 6

b) Consideramos que las aguas lluvia no pueden quedar incorporadas en el DS-90 por- ser de
naturaleza completamente distinta de los RL {esporadicas, dentro de una época precisa del
afio calendario); variables en cantidad. No nos oponemos a que su calidad deba ser regulada,
s la Autoridad lo estima; sin embargo creemos que esto es el resultado de un proceso
dedicado a ello, ajustado al procedimiento estipulado en la LBGMA.

¢) Nos preocupa que la metodologia para la determinacién del caudat de dilucién no haya
quedado formalmente referenciada, ya sea como estuvo en versiones anteriores del AP o bién
explicitando el documento que la contiene.

d) No estamos de acuerdo con que la actual versién solicite caracterizar los efluentes de todas
las fuentes emisoras porque ésto es algo que ya fue realizado por las fuentes que cuentan con
Resoluciones de Monitoreo de la SISS emitidas el el contexto de un proyecto sometido al SEIA.
Creemos que solamente deben caracterizar sus efluentes aquellas fuentes que no lo hayan
heche antes.

) Nada de lo que el Comité Ampliado en pleno comentd sobre la no pertinencia del concepto
contarminacion, contaminante y otras expresiones similares, en el AP. En la version # 6 sigue
apareciendo tal como antes def comentario y no hemos recibido ninguna comunicacion (ni
notas al margen) que nos indique las razones de su no consideracion 6 bien se indique el
estado de andlisis en que se encuetra dicha mocion.

f) Creemos que es necesario dedicar mas tiempo que una parte de una reunion al tema
econdémico.

g) Salicitamos se dejara constancia en el Acta de que el Comité Ampliado ha perdido 2
reunicnes (Enero y Febrero 09) para dialogar con las autoridades, recibir informacion y/o hacer
presente comentarios debido a la suspensién de dichas sesiones que nos fuera informada por
Conama.

Sobre el punto f), designamos a don Carlos Descourvieres nuestro representante en el Grupo
que se organizo en esta reunién del Ampliado, para integrarse al equipo de trabajo con el
consultor Kristal.

2. Fichas del GR-2 con comentarios al Borrador #6

Son las mismas que te envié con el correo adjunto sélo gue ahora representan ng soilo a
Corma sino que al Grupo completo.

Para evitar malos ententendidos, adjunto ias fichas que representan al Grupo 2.



Pedro Navarrete Ugarte

Superintendente de Gestién Ambiental

Gerencia de Medio Ambiente y Asuntos Plblicos
CMPC Celulosa S.A.

Fono: 56-43-403930 -3¢79
Fax: 58-43-403914
Mail: pnavarrete@celulosa.cmpe.cl
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Direccion Ejecutiva
Departamento Control de ila Contaminacién

GOBIERNO DE CHILE

LOMISION NACIONAL
DEL MEDID AMBIENTE

De

Mat.

MEMORANDUM N° 136/2009

HANS WILLUMSEN ALENDE
Jefe Departamento Control de la Contaminacion
Comision Nacional del Medio Ambiente

RODRIGO GUZMAN ROSEN
Jefe Division Juridica
Comisidn Nacional del Medio Ambiente

Solicita analisis juridico para el concepto “contaminante”, en el

marco del proceso de revision del DS. 90.

Fecha: 06 de abrif 2009

Por medio de la presente, solicito a usted, tenga a bien realizar un

analisis respecto a la factibilidad juridica de cambiar el concepto “contaminante”,

en el marco del proceso de revision del DS 90,

l.a consulta se realiza en el contexto de las observaciones recibidas

por parte de miembros del Comité Ampiiado (las cuales se deben responder

formalmente), quienes entregan los siguientes fundamentos:

No es etimolégicamente correcto identificar como “contaminante™ al pH, la
temperatura y ofros elementos quimicos y/ compuestos listados en las
distintas Tablas del Anteproyecto.

La Ley 19.300 define como Contaminante a todo elemento, compuesto,
sustancia, derivado quimico o biolégico, energia, radiacion, vibracién, ruido,
o una combinacién de ellos, cuya presencia en el ambiente, en ciertos
niveles, concentraciones ¢ perfodos de tiempo, pueda constituir un riesgo a
la salud de las personas, a la calidad de vida de la poblacion, a la

preservacion de la naturaleza o a la conservacién del patrimonio ambiental.

Teatinos 258, Santiago de Chile
Teléfono: (56 2) 240 58 00 - Fax: (b6 2) 240 57 82
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Por lo tanto, en estricto rigor la palabra “contaminante” implica que Ia
concentracion del elemento es superior a la que puede constituir un riesgo

para las personas o el medio ambiente.

— Desafortunadamente, la palabra ‘contaminante” conlleva un caracter

peyorativo en el lenguaje comun, que se asocia indefectiblemente a la
actividad regulada por el DS-90, lo que es injustificable toda vez que la
emisién en cantidades inferiores a los limites — que es la obligacion legal de

las fuentes emisoras — no tiene dicho caracter. -

—~ EI actual proceso de revision y mejoramiento del DS-90 ofrece Ila

oportunidad para rectificar este aspecto, que si bien no modifica los

objetivos de regulacidn requiere cambios en gran parte del documento.

La propuesta de cambio realizada por el Comite Ampliado de la

norma, es la siguiente:

1.

Reemplazar el titulo actual de la Norma por ‘Norma de Emisién para la
descarga de residuos liquidos a aguas marinas y continentales superficiales”
Reemplazar la palabra “Contaminante” por “Parametro”, "Compuesto”,
“Composicién” y “Propiedad Fisica” a lo largo del texto del AP, utilizando cada
una de estas palabras en consonancia con el sentido del articulo especifico
de que se trate.

Reemplazar primer parrafo del Articulo Primero por: “Establécese la siguiente
norma de emisién para la regulacion de descargas de residuos liguidos a
aguas marinas y continentales superficiales.”

Reemplazar OBJETIVO DE PROTECCION AMBIENTAL Y RESULTADOS
ESPERADOS por: “La presente norma tiene como objetivo de proteccién
ambiental prevenir la contaminacion de las aguas marinas y continentales
superficiales de ia Republica mediante el control de la calidad de los residuos
liquidos que se descargan a estos cuerpos receptores. Con lo anterior, se

logra proteger la calidad ambiental de estos ecosistemas marinos y terrestres,

Teatinos 258, Santiago de Chile
Teléfono: (56 2} 240 56 00 - Fax: (56 2) 240 57 82



de conformidad a lo establecido en la Constitucién y en la Ley de Bases

Generales del Medio Ambiente.”

5. Reemplazar DISPOSICIONES GENERALES por: “La norma establece los
limites de emisién a los que deben ajustarse los parametros, compuestos, la
composicion o propiedad fisica, de los residuos liquidos descargados por
fuentes emisoras fijas a los cuerpos de agua marinos y continentales

superficiales de la Republica de Chile.”

Esperando una pro pronunciamiento juridico frente a

pd [

Jefe Departamento Control de la Cgntaminacion

\ Comisidn Nacional de! Medio Ambiente
GWS@%&M

Distribucion:
- Archivo Departamento Control de ta Contaminacion.

c.C..
- Alejandra Precht R., Divisién Juridica, CONAMA

- Conrado Ravanal F., Divisién Juridica, CONAMA.

Teatinos 258, Santiago de Chile
Teléfono: (56 2) 240 56 00 - Fax: {56 2) 240 57 82
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) Direccion Ejecutiva
Departamento Control de la Contaminacion

GOBIERNO DECHILE

COMISION NACIONAL
DL MLDIO AMBIENTE

MEMORANDUM N° 136/2009

De HANS WILLUMSEN ALENDE
Jefe Departamento Confrol de la Contaminacion
Comision Nacional del Medio Ambiente

A : RODRIGO GUZMAN ROSEN
Jefe Division Juridica
Comisién Nacional del Medio Ambiente

Mat. Solicita anaiisis juridico para el concepto “contaminante”, en el

marco del proceso de revisidn del DS. 90.

Fecha: 06 de abril 2009

Por medio de la presente, solicito a usted, tenga a bien realizar un
analisis respecto a la factibilidad juridica de cambiar el concepto “contaminante”,
en el marco del proceso de revision del DS 90.

La consulta se realiza en el contexto de las observaciones recibidas
por parte de miembros del Comité Ampliado (las cuales se deben responder

formaimente), quienes entregan los siguientes fundamentos:

— No es etimoldgicamente correcto identificar como “contaminante” al pH, la
temperatura y otros elementos quimicos y/ compuestos listados en las
distintas Tablas del Anteproyecto.

- La Ltey 19.300 define como Contaminante a todo elemento, compuesto,
sustancia, derivado quimico o biolégico, energia, radiacion, vibracién, ruido,
o0 una combinacién de ellos, cuya presencia en el ambiente, en ciertos
niveles, concentraciones o periodos de tiempo, pueda constituir un riesgo a
la salud de las personas, a la calidad de vida de la poblaciéon, a la

preservacion de la naturaleza o a la conservacion del patrimonio ambiental.

Teatinos 258, Santiago de Chile
Teléfono: (56 2) 240 58 00 - Fax: (56 2) 240 57 82
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Por io tanto, en estricto rigor la palabra “contaminante” implica que Ia
concentracion del elemento es superior a la que puede constituir un riesgo
para las personas o €l medio ambiente.

—~ Desaforiunadamente, la palabra “contaminante” conlleva un cardcter
peyorativo en el lenguaje comun, que se asocia indefectiblemente a la
actividad regulada por el DS-90, lo que es injustificable toda vez que Ia
emision en cantidades inferiores a los limites — que es la obligacion legal de
las fuentes emisoras - no tiene dicho caracter.

— El actual proceso de revisibn y mejoramiento del DS-90 ofrece la
oportunidad para rectificar este aspecto, que si bien no modifica los

objetivos de regulacidén requiere cambios en gran parte del documento.

La propuesta de cambio realizada por el Comité Ampliado de la

norma, es la siguiente:

1. Reemplazar el titulo actual de la Norma por “Norma de Emisién para la
descarga de residuos liquidos a aguas marinas y continentales superficiales”

2. Reemplazar la palabra “Contaminante” por “Parametro”, “Compuesto’,
“Composicién” y “Propiedad Fisica” a lo largo del texto del AP, utilizando cada
una de estas palabras en consonancia con el sentido del articulo especifico
de que se tfrate.

3. Reemplazar primer parrafo del Articulo Primero por: “Establécese la siguiente
norma de emisidn para la regulacidn de descargas de residuos liquidos a
aguas marinas y continentales superficiales.”

4. Reemplazar OBJETIVO DE PROTECCION AMBIENTAL Y RESULTADOS
ESPERADOQS por: “La presente norma tiene como objetivo de proteccion
ambiental prevenir la contaminacion de las aguas marinas y continentales
superficiales de la Republica mediante el control de la calidad de los residuos
liquidos que se descargan a estos cuerpos receptores. Con lo anterior, se
logra proteger la calidad ambiental de estos ecosistemas marinos y terrestres,

Teatinos 258, Santiago de Chile
Teléfono: (56 2) 240 56 Q0 - Fax: (56 2) 240 57 82



de conformidad a lo establecido en la Constitucién y en la Ley; EéngéJéé
Generales del Medio Ambiente.”

5. Reemplazar DISPOSICIONES GENERALES por: “La norma establece los
limites de emisidn a los que deben ajustarse los parametros, compuestos, la
composicidn o propiedad fisica, de los residuos liquidos descargados por
fuentes emisoras fijas a los cuerpos de agua marinos y continentales

superficiales de la Republica de Chile.”

21 A

Jefe Departamento Control de ta Ogntaminacion

\ Comisidn Nacional del Medio Ambiente

Distribucién:
- Archivo Departamento Control de la Contaminacion.

C.C.
- Alejandra Precht R., Divisién Juridica, CONAMA

- Conrado Ravanal F., Division Juridica, CONAMA.

Teatinos 258, Santiago de Chile
Teléfono: (56 2} 240 56 00 - Fax: (56 2) 240 57 82



GOBIERNQDECHILE

COMISION NACIONAL
DEL MEDIO AMBIENTE

Direccién Ejecutiva
Departamento Prevencion y Control de la Contaminacion
Seccion Control Hidrico

Reunién EXTRAORDINARIA COMITE OPERATIVO

Fecha

Lugar

Hora

“Proceso de Revision DS 90”

: 07 abril 2009
: CONAMA CENTRAL, 4° piso
: 10:30 a 13:00 hrs

DOCUMENTOS DE REUNION

'Tabla de Reun _ —

Acta de reunidn aprobada

Presentacion DGA

Presentacién WWF

Presentacion RRNN CONAMA
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Lista de Asistencia
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Direccion Ejecutiva
Departamento Prevencion y Control de la Contaminacién

GOBIERNODECHILE
COMISION NACIONAL Seccion Control Hidrico

DEL MEDIO AMBIENTE

Reunién Comité Operativo

“Proceso de Revision DS 90”

Fecha . 07 abril 2009
Lugar : CONAMA CENTRAL, PISO 4
Hora : 10:30 a13:00 hrs

TABLA DE REUNION

HORA CONTENIDO RESPONSABLE

10:30 Bienvenida Claudia Galleguillos
CONAMA

10:40 Presentacion estudio para medir Fernando Aguirre

caudal de dilucion en estuarios DGA

11:00 Presentacidn estudio de Lagos Paula Moreno
WWF

12:00 Presentacién de otros antecedentes Ricardo Serrano

RRNN CONAMA

Claudia Galleguillos
CONAMA

12:45 Cierre
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GOBIERNO DE CHILE REU NION

Tema: COMITE OPERATIVO, PROCESQ DE REVISION DS 90/00

Fecha: 07 de abrii 2009
Horario: 10:30 hrs a las 13:00 hrs.

ACTAREUNION
“GRUPOQ E ARIOS” MITE OPE
p N D 0

Lugar: CONAMA CENTRAL, SALON DE REUNIONES 4° PISO

LISTA DE ASISTENCIA

NOMBRE INSTITUCION CORREO ELECTRONICO
Ricardo Serrano RRMN CONAMA rserran nama.cl
Alejandra Figueroa RRNN CONAMA afiguerca®conama.cl
Carmen Rivera EVYSA CONAMA rivera@conama.cl
Gabriel Zamorano SISS gzamorang@siss.cl
Verdnica Vergara SISS vvergara@siss.cl
Aldo Tarmburrino . Chile atamburr@ing.uchile.cl
Yarka Nifio U Chile ynino@ing_.uchile.cl
Fernando Aguirre DGA Fernando.aguirre@mop.qgov.cl
Paula Moreno WWF Paula,moreno@wwf.cl
Pedro Riveros MINSAL rive minsal.cl
Rossana Brantes COCHILCO rbrantes@cochilco.cl
Carolina Gornez CNE cgomez@cne.cl
Camila Vésquez CNE cvasquez@cne.cl
Claudia Galleguillos C. CONAMA caallequillos@conama.cl
. INASISTENTES .
INSTITUCION CORREO ELECTRONICO
Kristal jhomsi@kristal.cl
DIRECTEMAR nvillarreelr@directemar.cl

TABLA DE LA REUNION:

« Andlisis del tema estuarios en el DS 90

ESTUARIOS:

« DGA: Realiza presentacion respecto a los avances de la consultoria que se estd ejecutando para
medir caudal de dilucién en estuarios. La presentacion es realizada por el Sr. Fernando Aguirre de !a

DGA y el Sr. Yarko Nific de la Universidad de Chile.

LAGOS

« WWF: La Sra. Paula Morenc realiza presentacion respecto a estudio de la WWF denominado

“Salomonicultura en los lagos del sur de Chile”, Se adjunta presentacicn.

OTROS:

* RRNN CONAMA: Realiza presentacién respecto a otros antecedentes que se deben

considerar en el tema de lagos y estuarios. Se adjunta presentacion

COMPROMISOS ADOPTADOS:

1.

FECHA PROXIMA REUNION COMITE OPERATIVO:
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B ANALISIS METODOLOGICO
 PARA DETERMINAR
CAUDALES DE DILUCION
EN ZONAS ESTUARINAS

Direccién General de Aguas
Universidad de Chile

”’: Wt

] .

~

INTRODUCCION i

Como parte del proceso de revision del DS 90/2000, la
DGA requiere herramientas para evaluar las capacidades
de dilucidn en zonas de estuarios, CUyos procesos
bioldgicos son de caracteristicas de extrema sensibilidad
ambiental debido a su fragilidad ecoldgica, en tanto que
sus procesos hidrodindmicos revisten mayor complejidad
que lo estudiado en rios, por su interaccién con el océano,
y ello tiene un impacto también en la calidad de sus
aguas.

W ldmo

16/11/2009



EEESRFet ¥
IR e A ] .

.

OBJETIVOS W ffme

MR Gan SN A

Objetivo General

Desarrollar una metodologia para la determinacion de caudales
disponibles para dilucién en zonas estuarinas del territorio
chileno.

Objetivos Especificos
« Clasificar o caracterizar tipos de estuarios a nivel nacional.

» Desarrollar una metodologia para determinar caudales
disponibles para dilucion en estuarios del territorio nacional.

» Aplicar metodologia en estuarios piloto

» Definir modelo hidrodinamico para validar met. en 2da etapa

ALCANCES b

DR (4 A

Dotar a la DGA de metodologias claras y fundamentos
técnicos para la determinacién de caudales disponibles para
la dilucién en zonas estuariales, de manera simplificada, a
través de herramientas uniformes, proponiendo
recomendaciones que den coherencia a las politicas que
desarrollan los distintos servicios.

16/11/2009
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ETAPAS @

Diiwcos SurkOrn AT

Etapa 1: Recopilacion de antecedentes.

Etapa 2: Determinacién de metodologia para
determinar los caudales de dilucion, para cada tipo
de estuario identificado

Etapa 3: Campaifas de caracterizacién de
sistemas seleccionados y aplicacién piloto de
metodologia

Etapa 4: Definicion preliminar del modelo
hidrodindmico a utilizar para validacién en segunda
etapa.

Etapa 5: Conclusiones e Informe Final.

PRODUCTOS ?

M A G { e
Do Gore DN G

Como productos del presente estudio, se entregara:

« Una metodologia para la delimitacién de la zona
estuarina.

» Una metodologia para determinar caudales disponibles
para dilucién de acuerdo al tipo de estuario definido en la
clasificacién a nivel nacional.

« Una aplicacion de las metodelogias a casos piloto.

16/11/2009
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REVISION
CLASIFICACION DE
ESTUARIOS

ESTRATIFICACION

m Fuertemente estratific
Rio > marea

m Parcialmente estratific
Curvas isosalinidad inclinada:
Mayor efecto de la marea.

- Circulacién baroclinica. el

m Mezclado = : :
P . ’ oo - .

- Baja influencia del rio = s
] R= ApgQy, ’ :
LA 4

4 S




PROPUESTA DEL SHOA

"PRISMA DE MAREA: Variacién de
volumen del estuario asociado a la
mared

w Tipo 1: El agua dulce es mucho mayor que el prisma de
marea. Normalmente son estuarios profundos y de cufa
bien definida y pronunciada.

m Tipo 2: Prisma mayor que agua dulce. La cufia avanza
hasta la cabeza del estuario. El efecto de Coriolis es
importante y la interfaz se inclina hacia un costado del
estuario. Normalmente esto sucede en los fiordos.

m Tipo 3: Similar al 2, pero con menor agua dulce, por lo que
la cufia intercepta la superficie en un costado del estuario.
En este caso se dan gradientes laterales de salinidad.

» Tipo 4: Con barra o umbral en la Boca a veces no son ni de
tipo 1, 2 ni 3. En estos casos, difieren del resto, ya que los
procesos de mezcla se dan solo en la superficie.

16/11/2009
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CLASIFICACION GEOMORFOLOGICA
Valle inundado - Mayor aporte de ris que de marea
- Presencia de cufia salina
- Relativamente someros
- Normalmente amplios
De barrera - Mayor importancia de la marea
- Barra estacional 0 semisumergida
- La interaccitn se da a través de canales
- Bien mezelados, por bajas profundidades
- Alta salinidad
Laguna costera - Marcada cufia de sal
- Agua salina intercepta la superficie
- Gradientes laterales de salinidad {Coriolis)
Fiordo - Origen glacial
- Prefundos {B/h <10}
- Bordes pronunciados
- Suelo rocos —> bajos sedimentos
Origen tectinico - IX v X ragidn, generados por hundimiento costero
- Baja profundidad
[ .- { TIPO ' NOMBRE PEL BSTUARID | JUSTIFICACION i
ESTUARIO { TIPO TIEMPO AUTOLIMPIEZA EIMITES DE
{hrx) APLICACION
Donde boca lorite
hacis el rio
s Livarl 1 £/1 F000 :
Aconcogua 1 6.5 10CO H
Matpo 2 32.6 2000
Calzil 3 0.8 3000
Matusuito 2 66.7 TOOD
Mwnle Z 10.2 S000
Hlo-Blo 1 22.8 5000
Lebu . 3/1 4000
Imparial = 10.4 5000
|Queuls 5 S/1 +000
Lingus g 3/1 S000
Valdivia ] 1 S2.9 Completo
Manllin | 1 115.5 12000
[ Eeal ! ] 571 Tompleto
Pudeto 1 3/1 BCOD
Cuaroau 9 31 Completo
Palans 4 S/ SCoo
Gala 4 5/1 18000
Cisncs 4 1602 Comp.eto
Aysén 4 2508.5 Compeo
Baker 1 5/ 2000
Yandagain hid 5/ Compieo
. |denpuiy del terremoto dol ado 60 [
' Tipe 5 | Quenle '% Serzat despuda del terremote del
: ;ngue |$ formaé despudu drl terromoto de!1




PROPUESTA PARA ESTE PROYECTO

Diferenciar principalmente por procesos
hidrodinamicos:

ESTRATIFICACION, PROCESQS DE MEZCLA,
INTERCAMBIO DE MAREA; PRESENCIA DE BARRA

RIOS CON CUNA O SIN CUNA

RIOS CON O SIN BARRA 3

SISTEMAS GRANDES O PEQUENOS (FIORDOS O
SISTEMAS COMPLE)OS V/S RIOS)

SISTEMAS PROPUESTOS:

RIO LEBU
RIO TOLTEN

HUMEDAL TONGOY

16/11/2009
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DESARROLLO DE
METODOLOGIAS

DEFINICION DE ZONA ESTUARIAL

EFECTO DE MAREA:
Variacién de nivel o altura de escurrimiento

Variacion de caudal

INTRUSION SALINA:
Alcance cufia salina
Variacién de salinidad

INTERCAMBIO CON EL OCEANO

LONGITUD DE MEZCLA DEL RIQO AFLUENTE
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DEFINICION DE CAUDAL DE DILUCION

DETERMINACION DE VOLUMEN DISPONIBLE PARA DILUIR
APORTADQ POR EL QCEANO

DISTINGUIR CASOS CON ESTRATIFICACION FUERTE DE
LOS DEBILMENTE ESTRATIFICADOS

UTILIZAR MEDICIONES DE SALINIDAD PARA ESTIMAR
LOS VOLUMENES DISPONIBLES (CAPACIDAD DE MEZCLA)

DETERMINACION DE TIEMPOS DE LAVADO

16/11/2009
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SALMONICULTURA EN LOS LAGOS
DEL SUR DE CHILE

ECORREGION VALDIVIANA (35°S - 48°S)

Paula Moreno
Coordinadeora Programa Acuicultura
WWF Chile

@ Area de estudio

Cuencas lacustres de la Ecorregion Valdiviana en cuyos cuerpos de agua
se realiza salmonicultura

16/11/2009
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Visién integral de los impactos a nivel de cuenca

Intervenciones antrépicas

Variaciones medioambientales

L ]
(@3 Concesiones lacustres

1991 - 2007:

* Ley General de Pesca y Acuicultura (Ley 18.892)

* Reglamento de Acuicultura {D.S, 290/1993)

+ Sistema de Evaluacion de Impacto Ambiental (SEIA) {Ley 19300;
D.S. 95/2001)

+ Norma de Emisidn para la Regulacién de Contaminantes Asociados
a las Descargas de RlLes a Aguas Marinas y Continentales
Superficiales (D.S. 90/2000)

* Reglamento Ambiental para ta Acuicultura (0.8, 320/2001)

No se declaran Areas Apropiadas para el ejercicio de la
Acuicultura (AAA)

16/11/2009
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Tendencias productivas

| Arsucanos ! Araucanian

Producelan total /
Total production
{miles de toneladas /
thousand tons)

Ranco
Pryshue
Rupanco
Lianguinue
Zhapo

Prpetan
Tepuhueico
Cutau
Huillines
Tarahuln
Natri

San Antonio

Yelcho
Riesco

@ Isla de Chilog ! Chiloe Island

Froduccion por érea de superficie
Production by surface area
{tons/ha}

.y o

Sur-Fatagénicos / South Patagonian

Tendencias productivas

Year - Lake .-
1998 158
1999 75
2000 102
2001 91
2002 85
2003 96
2004 107
2005 T+

Millones de smolts

16/11/2009
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Impactos Ambientales

WWE Biodiversidad y salmonicultura

Esta ictiofauna se caracteriza por presentar pequefios tamafios
corporales y ser altamente sensibles a las alteraciones de su habitat
{Arrafia 1983, Vila ef al. 1999, Habit 2005; Habit, 2006)

Originalmente los ecosistemas dulceacuicolas y marino costeros de
Chile no exhibian la presencia de especies salmonideas (Sofo ef al,
1997)

En lagos y rios de la Ecorregién Valdiviana se han descrito la presencia
de 11 especies Icticas nativas y 7 exdticas, de las cuales 5
corresponden a salmonideas {Soto et al., 2008)

16/11/2009
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s Biodiversidad y salnmionicultura

La falta de informacién cientifica se constituye como uno de los
principales problemas tanto para peces como protozoos,
crustaceos e incluso mamiferos como la nutria de agua dulce o
Huillin (Habit et ai.,, 2006, Sielfeld & Castilla, 1999; Vilalobos,
2006; Woelfl, 2008).

El 93% de especies icticas nativas que ya han sido clasificadas
como amenazadas o en estado de vulnerabilidad, 6 al 40% que
se encuentra en peligro de extincion (OCDE & CEPAL, 2005;
Habit., et al., 2006; Vila et al., 2006)

& Salmonicultura, fuente puntual de nutrientes

El abastecimiento de nutrientes y su disponibilidad en la masa de
agua es un factor que puede explicar las variaciones tréficas de un
lago (Schindler & Fee, 1874).

La salmonicultura, es la principal actividad productiva realizada
directamente en los cuerpos de agua lacustres

Al conocer las caracteristicas de sus zonas de cultivo, las tasas de
conversion de sus peces y la cantidad de alimento proporcionado, es
particularmente [a Unica que tiene un impacto medible sobre Ila
columna de agua y el fondo circundante a sus instalaciones {Soto &
Norambuena, 2004)

16/11/2008



> Estudios de capacidad de carga (1995-1999)

WWF

Féatore f Phosphorus Nitrégens ( Nitregon

Ripanco B
Lianquibue - pecenmessrusoss BN
Chago " T i

Sa1 AN - ST
Matri - . . .
Poetan ot I

Cuag -
Huillinge
Tepunueco -
Targhuin

Yacho
Riesco

“ Lluvio Rarfall @8 Rios ¢ Rivers Salmonicullurs ¢ Salmon farm
@ Cros  Qthers ) No conmderados / Mol congidarad

Estudios realizados en la década de los 90's
Al afio 2009 estos balances se mantendran?

‘@," Estudios de capacidad de carga (1995-1999)

WWF

uCAnDe !
- Araucanian’

Ranco

Puyshue ) 5973 ) . .
Rupanco . 2268 4 I Tm,% 424 © Neincremenlar ! No incronse

Lianquihue 945,53 i 241, 142,87 + Sin recomandaciin
: H . Mg recommendanon

« 315 1on/afoyenr’

Popatin Mo incremantar f Na ncraase

Cucao H Na incremantar ! No ncraase
Tepuhused . No incremenlor / No ncraase
Hullliries : Mo incremantar / No imeronsea
Tarshuln ! No incremenlar ! Na incrense
Matri : . Ng ncremeniar / No meraase
Son Antanic : " Nom¢remantar / No incraase
Sur-P nlcoa ! r - ’
. South Py nlln"_| . . -
Yelcho i No incrgmantar © No incraase
i acitn ¢

Rigsco 1 i recom

Na recommandnticn
* Me pstudiadas £ Mot avaluales
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&@’i Estudios de capacidad de carga {(1995-1999)

WF

Aporte (P, %) Millones de amolts
Lagos Recomendacion Salmonicultura 1998 2003 2005
Aralcancs
Rupanco Neoincrementar 10 10,8 181 23,0
Ida de Chiloé
Fopetan No incrernentar as 0.8 1,3 1,7
Cucao Ng incrementar 3 22 0,0 0,0
Huillinco No incrernentar 25 14 6.9 4,7
Tepuhueico N incrementar 17 07 3,3 2,0
Tarahuin No incrementar 89 1,0 4.1 4,0
Natri N incramentar 83 16 14,1 11,0
Sur-Patagénicos
Yeicho Na incrementar 1 0,5 (1%] 0,0

-
g@i Conclusiones del estudio

- El actual uso de los lagos chilenos constituye un pasivo
ambiental para las empresas salmoneras

- Los impactos ambientales de este sector productivo pasaran a

ser, cada vez mas, una preocupacion de los mercados
mundiales

- No se debe trasladar la produccion de smolts desde los lagos a
otros ecosistemas acuaticos cuya respuesta a su impacto es

pobremente conocida

- Es posible evitar los actuales impactos medioambientales sin
mermar la actual produccién de smolts

16/11/2009
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Salmonicultura y DS 90

‘(‘f Situacion actual

La contaminacién organica de los lages, rios y aguas
marinas no esta siendo controlada efectivamente.

La aplicacién del DS 90 a las pisciculturas de flujo
abierto se hace cargo sélo de la concentracion de Py N
pero no de la carga total, ya que estas instalaciones
ocupan grandes volimenes de agua.

¢ Qué sucede con los productos quimicos usados para
el control de enfermedades?

No se aplica el DS 20 a cultivos en balsas jaulas por la

definiciéon de efluente.

16/11/2009
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| ¢Es posible aplicar la norma de emision
WwWF a la salmonicultura?

- Centro de cultivo como fuente emisora

- Se requiere una interpretacion apropiada de lo que la LBMA
define como efluente.

- El enriguecimiento orgéanico de los rios, lagos vy costas
generadas por la salmonicultura (fecas y alimento no consumido)
es un_hecho, hay que centrarse en cual es el objetivo ambiental
de la norma:

“prevenir la contaminacion de las aguas marinas
y continentales superficiales”

www.panda.org
www.wwf.cl

16/11/2009
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COBIERNO DE CHILE
CONAMA

Criterios a considerar para la
aplicacion de posibles descargas en
estuarios

Criterios fisicos

* Morfologia
— Caudal
— Ancho
— Delta

» Hidrodinamica (influencia marina/cuia
salina)

+ Geografico o localizacién (Chiloé al
norte o sur)

-
{
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Criterios ecoldgicos

Conectividad de habitat
Areas de reproduccion o alimentacién

Presencia de especies amenazadas,
clave y migratorias

Presencia de areas protegidas
Oportunidades de restauracion

Nivel de complejidad del ecosistema y/o
resiliencia

L ]

»

L 2
- ®

Criterios socioeconomicos

« Usos del suelo

* Presencia y cercania de asentamientos
humanos

Instrumentos de planificacién
Involucramiento local/capacidades
Oportunidades de monitoreo y GAL

o "J.l"i'("
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Referencias

Criteria for ldentifying and Prioritizing Habitat Protection
and Restoration Projects on the Lower Columbia River
and Estuary. Lower Columbia River Estuary Partnership
en: http://Mww.crep.org/pdfs/Criteria%202006.pdf

The New Hampshire Estuaries Project Technical
Advisory Commitiee

http://www . nhep.unh.edu/programs/nutrient. htm

Water quality criteria for marine and estuarine waters of
Western Australia

http://www.epa.wa.gov.au/docs/2676 bulletin103.pdf

Biclogical Criteria, Environmental Health and Estuarine
Macrobenthic Community Structure (1993), DM Dauer.

Marine Pollution Bulletin, Vol. 26, No. 5. pp. 249-257.
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COBIERNG DE CHILE
CONAMA

Criterios a considerar para la
aplicacion de posibles descargas en
estuarios

Criterios fisicos

» Morfologia
— Caudal
— Ancho
— Delta

« Hidrodinamica (influencia marina/cufa
salina)

» Geografico o localizacién (Chiloé al
norte o sur)

A e
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Criterios ecoldgicos

» Conectividad de habitat
» Areas de reproduccion o alimentacion

* Presencia de especies amenazadas,
clave y migratorias

« Presencia de areas protegidas
» Oportunidades de restauracion

» Nivel de complejidad del ecosistema y/o

resiliencia
L 2
L

Criterios socioeconomicos

» Usos del suelo

* Presencia y cercania de asentamientos
humanos

Instrumentos de planificacién
Involucramiento local/capacidades
Oportunidades de monitoreo y GAL

Y
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Referencias

Criteria for Identifying and Prioritizing Habitat Protection
and Restoration Projects on the Lower Columbia River
and Estuary. Lower Columbia River Estuary Partnership
en; http://www.|crep.org/pdfs/Criteria%202006.pdf

The New Hampshire Estuaries Project Technical
Advisory Committee
http://mww.nhep.unh.edu/programs/nutrient. htm

Water quality criteria for marine and estuarine waters of
Western Australia

http://www.epa.wa.gov.au/docs/2676 bulletin103.pdf
Biological Criteria, Environmental Health and Estuarine
Macrobenthic Community Structure (1993), DM Dauer.

Marine Pollution Bulletin, Vol. 26, No. 5. pp. 249-257. o
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Direccién Ejecutiva

Departamento de Control de la Contaminacion

GOBIERNODECHILE

COMISION NACIONAL
DEL MEDIO AMBIENTE

Area Control de la Contaminacién Hidrica

DOCUMENTO ENVIADO POR CORREO ELECTRONICO

Enviado por
e-mail
Fecha

Hora

“Proceso de Revision DS 90”
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Abstract

A new field methed for tar quantification was used at Coal Qil Point {COP}, California to study the mechanisms transporting oii/tar
from the nearby COP natural marine hydrocarbon seep field. This method segregates tar pieces into six size classes and assigns them an
average mass bascd on laboratory or direct field measurements. Tar accumulation on the 19,927 m® survey area was well resolved spa-
tially by recording tar mass along twelve transects segmented into 4-m? blocks and then integrating over the survey area. A seasonal
trend was apparent in total tar in which summer accumulations were an order of magnitude higher than winter accumulations. Based
on multiple regression analyses between environmental data and tar accumulation, 34% of tar variability is explained by a combination

of onshore advection via wind and low swell height inhibiting slick dispersion,

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Santa Barbara Channel; Tar: Seeps; Oil slick; Gil advection

1. Introduction

Most concern regarding oil pollution is focused on
anthropogenic sources — i.e., oil extraction, transportation,
and consumption. However, more than 60% of oil in North
American waters and 45% globally come from natural mar-
ine hydrocarbon seeps (NRC, 2003). Marine seepage is
hydrocarbon (gaseous and/or liquid phase) leakage from
subsurface strata inte the water column (Hunt, 1996).
Among the most visible manifestations of marine oil in
the environment is the formation and beach stranding of
tar, which is the physically and chemically weathered rem-
nant of an eil slick. Coastal tar accumulation is common
on many California beaches due to chronic oil emissions
from natural oil seeps in the petroliferous region (Mertz,
1959; Hartman and Hammond, 1981; Leifer ot al.,

" Corresponding author. Present address: Swiss Federal Institute of
Aquatic Science and Technology, Eawag, Seestrasse 79, CH-G047 Kasta-
nienbaum, Switzetland. Tel.: +41 41 349 2151; fax; +41 425 930 1902,

E-mail address: tdelsontro@gmail.com (T.S. Del Sontro).

0025-326X/5 - sce front matter @ 2007 Elsevier Ltd. All rights reserved,
doi:10.1016f. marpolbul 2007.04.022

2006a). Hydrocarbon seeps exist off the coast of California
from Santa Monica Bay through the Santa Barbara Chan-
nel te Point Conception and in Monterey Bay (Fischer,
1977 Henyey et al., 1977; Lorenson et al., 2002). Despite
relevance to the quality of coastal life and its environmen-
tal impact, few beach studies regarding tar accumulation
from natural seeps have been published.

Previous research has quantified beach tar accumulation
as a result of an oil spill or beach stranding of pelagic tar
(Iliffe and Knap, 1979; Romero et al., 1981; Golik, 1982;
Richardson et al., 1987; Asuquo, 1991; Corbin et al,
1993; Sen Gupta et al., 1993; Gabche et al., 1998; Owens
et al., 2002). Although some of these studies had high tem-
poral resolution, spatial resolutions generally were very low
and inconsistent. Most studies surveyed a few narrow tran-
sects at various beaches over a large stretch of coast or a
single line parallel to shore, while others surveyed random
transects, potentially introducing bias. Some beach tar
studies were conducted following an oil spill and thus, only
lasted the duration of high tar/oil stranding. Other studies
were conducted in coastal areas or on islands in proximity
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to shipping lanes or ports and recorded relatively low pela-
gic tar accumulations.

The majority of these studies used similar observational
methods, such as recording random tar piece diameters and
weight or estimating percent oil/tar cover in an area
(Owens et al., 2002). The shoreline cleanup assessment
team (SCAT) procedure was developed in order to stan-
dardize tar surveys for cleanup agencies {Owens, 1999).
This method involves surveying along random transects
parallel to shore and averaging the number and size of
tar pieces on transects. SCAT procedures provide useful
information regarding coastal tar accumulation for the
purposes of cleanup, but they do not systematically quan-
tify beach tar with high spatial resolution for the purposes
of understanding processes leading to tar accumulation.

Few field studies have addressed the processes by which
marine oil reaches the coast. Iliffe and Knap (1979), Shan-
nen et al. {1983), Otero et al. {(1987), and Corbin et al.
(1993) suggested that much of the variability in the spatial
tar distribution was due to the beach location and orienta-
tion relative to dominant current and wind patterns,
Another potentially important source of variability was
the presence and location of shipping lanes. Oil slick mod-
els, which largely are based on laboratory results, incorpo-
rate many of the physical, chemical, and biological
transport and weathering processes that act upon oil at
sea {(Reed et al., 1999). In general, currents, wind, and
waves or swell are the dominant processes in long distance
oil slick advection or transport, particularly offshore. Other
processes are important in coasta! zones, but generally are
not incorporated in oil slick models. For example, wave
breaking in the surf zone and wave-induced alongshore
currents affect shoreline stranding (Reed et al., 1999). Also,
tides may be important — Hartman and Hammond (1981)
observed that beach tar had a residence time of [-2 tidal
cycles; thus, tides can directly affect measurements of tar
mass and estimates of beach tar flux,

This paper describes a new and robust sampling proto-
col for quantifying beach tar accumulation. We used this
method to systematically measure tar accumulation
throughout 2005 at Coal Oil Point (COP), California,
which is adjacent to one of the largest natural marine
hydrocarbon seep fields in the world (Homnafius et al,,
1999}. The resulting tar accumulation time series was ana-
lyzed with respect to environmental parameters that could
potentially influence beach tar accumulation. Analysis
allowed better understanding of the causes of variability
in tar accumulation and identified some of the important
processes controlling oil transport in nearby coastal waters
to the study site,

i.1. Study area

The study area, COP beach, has the most heavily con-
centrated tar accumulation along the United States west
coast (Mertz, 1959). COP is a south-facing point in the
Santa Barbara Channel (SBC) adjacent to the COP seep

field (Fig. 1). Oil and gas escape to the ocean from the Mio-
cene Monterey Formation reserveir underlying the SBC.
The COP seep field is one of the most prolific {Landes,
1973) and extensively studied marine seepage areas in the
world. Studies over the past few decades provide much
insight into the temporal and spatial variations in seepage
distribution and flux (Allen et al., 1970; Fischer and Ste-
venson, 1973; Hornafius et al., 1999; Quigley et al., 1999;
Leifer and Boles, 2005, 2004; Washburn et al., 2005; Leifer
et al., 2006b). The current consensus is a range of
1-2 x 10° m* CH, dy~! from the COP seep field (Hornafius
et al., 1999). Oii emissions were estimated at a minimum of
100 barrels day'l, (Clester et al., 1996; Hornafius et al.,
1999}, although significant variability exists on a range of
time scales.

A few studies have geochemically characterized Califor-
nia beach tar in an effort to identify sources {Hartman and
Hammond, 1981; Kvenvolden et al., 2000; Hostettler et al.,
2004). Hartman and Hammond (1981} distinguished
between various natural seep oil sources of beach tar using
carbon and sulfur isotopes and estimated that 55% of
Santa Monica beach tar was from the COP seep field, over
250 km to the west. Tar primarily accumulated during the
spring, summer, and autumn months. They proposed that
during spring and summer COP seep oil exits the SBC to
the west and is transported south and east towards Santa
Monica Bay by the southerly California Current. They pro-
posed that during winter months the northerly Davidson
Current surfaces at the western boundary of the SBC and
transports COP seep oil north. Leifer et al. (2006a) looked
at physical advection and chemical evolution of oil slicks
within the seep field, but did not investigate transport to
beaches. In fact, no published studies have identified the
transport mechanisms by which COP seep oilftar reaches
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Fig. 1. Overview of the Coal Oil Point seep field, near University of
California, Santa Barbara (UUSCB). Gray regions are areas of high bubble
density as detected by sonar returns (Quigley et al., 1999), Informally
named oily sceps are noted. Length scales and key on figure. *Weak™ and
“Intense” are qualitative descriptors for flux. Markers represent seepage
areas containing multiple vents, not single vents, Inset shows scuthern
California with study arca indicated by small box in the Santa Barbara
Channel. SB is Santa Barbara and LA is Los Angeles.
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the shore and that influence its spatial or temporal
distribution.

Unlike beach tar accumulation studies associated with
oil spills or on beaches near heavy ship traffic, which gen-
erally have a transient source, natural seepage is a long-
term chronic oil spill, albeit with variability in emissions
on time scales from tidal {Leifer and Wilson, 2007) to
decadal {Boles et al., 2001). Very few studies have investi-
gated seep-related beach tar accumulation, although
NOAA - the National Oceanic and Atmospheric Adminis-
tration — listed this type of research as number one priority
in regards to long-term oil weathering research (Mearns
and Simecek-Beatty, 2003). A 2-vear long tar survey of
Santa Barbara County beaches (including COP) found
that COP regularly accumulated more tar than any other
studied beach by several orders of magnitude. They
determined that all tar pieces collected were from the Mon-
terey Formation oil and that concentrations were highest
during summer and autumn months (Lorenson et al,,
2004).

2. Methods

The experimental approach involved counting tar pieces
in six size classes, S(1-6), along a scrics of north-south
transect lines, X;—JX|;, perpendicular to the bluffs
(Fig. 2). Transect lines were evenly spaced 20-m apart at
the bluff with X centered on the point and covered a total
area of 19,927 m>. Tar pieces were counted in 2-m square
quadrats (4-m” area blocks) along each transect line,
extending from the bluff, ¥}, to the water line ¥,,. To ensure
repeatability of the location of transect lines, rebar was
hammered into the sand at the base of the bluffs. The rebar
defined Y, the top of each transect.

Tar mass was calculated from the tar counts using a
functional relationship between tar size and mass. Counted
tar mass was integrated over the survey area to yield total
accumulated tar mass, M, which accounted for the irregu-
lar grid shape. In order to understand how environmental

factors modify beach tar accumulation, the time series of
total tar mass throughout the study, M{¢} where ¢ is time,
was related to oceanographic and meteorological parame-
ters, including swell, currents, wind, and sea temperatures.

2.1. Tar guantification

Beach tar size classes were based on their surface area,
specifically the approximate diameter of the longest surface
dimension (Table 1; Fig. 2a). Typically, the surface cross-
sections of tar pieces were circular to elliptical, allowing
size classification within a set range of diameters. S(1-5)
had defined surface areas, while S(6) was a catch-all class
for tar pieces larger than S(35).

To convert tar size counts into tar size mass, nz,, 100 rep-
resentative tar pieces for S{1-4) were collected and the
mass of each was measured. Each tar piece was collected
on aluminum foil and weighed on a digital scale. Then,
each tar piece was dissolved through filter paper with
dichloromethane leaving sand grains and other debris,
which had been aggregated into the tar, stranded on the fil-
ter paper. The sand and debris were placed back on the ori-
ginal aluminum foil, weighed, and subtracted from
the initial mass measurement. The average tar mass for
S(1-4), {(mi-4), allowed calculation of total tar mass
observed for those size classes (Table 1).

5(3) and S(6) were treated differently. In the field, the
three dimensions of each tar piece were recorded (length,
width, and thickness) and the tar mass calculated based
on a box volume model] of tar shape and an assumed tar
density, p,, of I.OOgcm“s. Beach tar densities must be
within a narrow range, between that of COP seep oil
{0.9861-0.9953 g e~ Jokuty et al., 1999) and seawater
{1.025 g em™), else the asphalt would sink and thus not
float to the beach. As a result, actual tar densities should
be within 1-2% of 1.00 g em™>, which was far less than
the typical observed variability in M(#). The average mass
for S(5) was calculated from the mass of all S(5) tar pieces
cbserved in the field (Table 1). The average mass of S(6)

Fig. 2. (a) Tar balls were segregated into six size classes and counted along (b} twelve transects around Coal Qil Point (COP). Thick tines perpendicular to
shore are transect centers {X)_y2). These lines parallel to those ure transecting boundaries, Thin lines parallel to shore are the boundaries of transect

segments (34 segments for cach transect. Yy_ag).

2p e Tl By S NGl
N
2007):dor10:1016/jmma

. Bull? (2007)

P T A et




4 T.5. Def Sontro et al. | Marine Poffution Bulletin xxx (2007) xxx—xxx

Table 1

Propertics of tar ball size classes

Size class D fcm) m) (& {(hy (cm) {r} {cm) kY (emy) Count {%) Mass (Va)
S(1) 0.25 0.006 £ 0.004 122 0.125 0.182 53,38 4.27
S(2}) 0.50 0.022 40011 G112 0.250 0.280 33.23 9.75
S(3) 1.00 0.073 £ 0,037 0.093 0.500 0.418 9.60 9.35
S(4) 2.00 0.169 + 0.096 0.054 1L.O00 0.553 308 6.87
S(5) 3.00 5.960 + 7.444 (.405 1.500 1.327 0.54 31.31
S{6) >4.00 25.82 £ 5096 0.533 >2.00 2.220 0.21 48.45

St size class; Dn the approximate diameter; m,: tar ball mass per size class; & thickness; »: radius; k: characteristic length; {) denotes average.

was calculated in the same manner as §(5), but is not a
meaningful value because S(6) does not have a defined size
range.

Prior to 11 April 2005, data were collected only for tran-
sects X|_19. A consistent peak in mass was noted at the
eastern edge of the study area, Xy4. Consequently, two east-
em transects, X2, were added to the study area to
resolve the observed peak. The study area size was chosen
to allow survey completion in less than half a tidal cycle
(~3 h). For surveys prior to 11 April 2003, tar counts for
transects X7(,)» were extrapolated based on the ratio of
tar counts for those transects to the other 10 transects on
surveys subsequent to 11 April 2005. Extrapolation
allowed comparison of data before and after addition of
the two transects.

2.2. Survey area integration

In order to calculate M, total tar mass throughout the
study area, we integrated tar mass in each quadrat over
the full survey area, accounting for the irregular geometry
around Coal Qil Point. The conversion from a Cartesian
coordinate system (X is transect, ¥ is quadrat) to a geo-
graphical map was based on the Global Positioning System
(GPS) locations of the bluff and waterline ends of each
transect line (Fig. 2b). Each transect extended 68 m from
the bluff to the defined waterline. Data for each transect
was considered representative of the beach spanning half-
way between the two adjacent transects., Each transect
was subdivided into 2-m segments along the Y-axis forming

Table 2
Environmental data sources

34 segments, ¥y— Y34 The width of each segment was the
average of the distance to each adjacent transect. The area
of each segment was calculated in square decimal-minute
from half the determinant of the two triangles that form
the rectangular segments and then converted into meter-
squared using the meter distance between a minute latitude
and minute longitude at 34°N, 119°W.

2.3. Environmental forcing analysis

To identify transport processes related to variations in
tar accumulation, several environmental data were
acquired for the study pericd (see Table 2). Parameters
hypothesized as potential environmental forcing factors
were analyzed individually by comparing their temporal
trends with that of M{r) and calculating Pearson correla-
tion coefficients (Sckal and Rohlf, 1995). These factors
included the east-west component and north-south compo-
nent of surface currents (as measured by CODAR -
Coastal Ocean Dynamics Application Radar) and winds,
significant swell height and direction, sea bottom (SBT)
and sea surface temperatures {SST).

To examine patterns of association over a range of tem-
poral scales, we also conducted cross-correlations by lag-
ging the environmental records every 2h and up to 24 h
prior to the survey time, Lagged correlations were per-
formed on raw environmental data as preliminary analyses
showed a lack of correlation between tar accumutation and
data filtered over 12, 18, and 24 h with inconclusive results
for 6-hour filtered data. A Bonferroni correction (Sokal

Facter Source Location (34°, 1199) Dist. (km) Dircction Sampling time {min)
Wind SBCAPCD 24/557N, 52'43"W 0.9 NW 5
{http:/fwww.sbcaped.org/Default.him}

Swell/S5T CDIF {Buoy #107) 2°6"N, 812w 10 SE 36
{http/fedip.ucsd.edu/f

SBT SB LTER. Naples ADCP {16 m) 25'25"N, ST 1"W 7 W 20
(http:/fsbe.dternet.eduf)

Currents UCSB I0G {CODAR) 23'45"N, 53 14"W 1.8 S8wW 60

{hitp:/fwww.oceancurrentmaps.net/)

SBCAPCD: Santa Barbara county air pollution control district; SST: sea surface temperature; CDIP: coastal data information program; SBT: sea bottom
temperature; SB LTER: Santa Barbara long term ecological research; UCSB: University California, Santa Barbara; IQG: interdisciplinary oceanography
group; CODAR: coastal ocean dynamic application radar; Dist: distance from Ceal Qil Point; Direction: from Coal Oil Point.
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and Rohlf, 1995) was used to adjust the signilicance level
{x = 0.03) in muitiple comparisons. Finally, we combined
the observed maximal lagged correlations between individ-
ual environmental variables and tar mass in a multiple lin-
ear regression model in order to proposc a mechanistic
medel of environmental forcing of tar to COP. Corrclation
and regression analyses were perfermed on log{ Mir)).

3. Results
3.1, Tur size characteristivs and distribution

The average mass, {(m,), and variability in {m) increased
with tar size (Table 1). Because tar size segregation used
only surface area, tar thickness, 4, was a derived parameter.
For S(1-4}, h was estimated using the volume, ¥, equation
of an ideal cylinder (¥ = frr°h), where [ is the fraction to
which the surface area is equivalent and » is radius. In this
case,

h=V/frr = m/pfrr, (n

where m = (m,) when p, = 1.00 g cm~>. A comparison of A
to r shows that as tar pieces increase in surface area, they
become thinner (Table 1). This method of determining A
was unnecessary for S(5) and S${6) where A was directly
measured. An average A was computed from the individual
S(5) and $(6) thickness measurements and are significantly
higher than # for S(1-4) (Table I).

A characteristic length, %, also was calculated for the
size classes, where k is defined as FY* and V= {m,)/p,.
k is the dimension for an idealized ¢ubic tar piece and pro-
vides a single dimension for each size class. Mean & for S(35)
and S(6) was calculated from individual values of & based
on the measured tar piece dimensions. A linear fit of k to
r showed that tar thickness did not increase in proportion
with surface area (k= 1.0221r — 0.0856, r*=0.9169) -
t.e., tar piece surface area increased with size class at a
faster rate than tar thickness. Our defined tar size classes,
S{1-5), included over 99% of the tar pieces observed and
over 51% of tar mass observed (Table 1). S(6} tar provided
the remainder of mass observed but were much more rare
(0.21% of observed tar).

3.2, Observed tar accumulation

COP tar accumulation was surveyed on 57 days from
February through December 2005 (Fig. 3a) with 17, 14,
9, and 17 days during winter, spring, summer, and autuma,
respectively. Zero tar was observed on only two winter
days (24 February and 8§ March). Non-zero values of M
ranged from 0.10 kg (4 November) to 39.11 kg (27 Febru-
ary). For the entire study, mean M (steady state tar accu-
mulation) was 4.40 kg,

Except for 27 February 2005, which for several reasons
was unique (discussed in Section 4.2), tar accumulation
data showed an overall seasonal cycle with A deoubling
from winter to spring and then roughly doubling again into
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Fig. 3. (a) Total tar mass on 57 days during 2005. (b) Tar mass observed
in four smaflest size classes. (¢} Total tar mass with respect to transect and
survey (scason transition noted below figure). Contour mass values
indicated by color bar at right, Shaded region had no data; white areas
represent zero tar accumulation,

sumuner, followed by a sharp decrease in autumn to 3 val-
ues comparable to winter (Fig. 3a). Further, the variation
between seasons was much larger than the intra-season var-
iability. Mean summer M was about an order of magnitude
larger than mean winter Af (excluding 27 February 2005;
Table 3). Mean tar coverage for the study area varied from
0.052gm™? in winter (excluding 27 February) to
0.465 g m~? in summer {Table 3). With 27 February, winter
tar coverage was greater than autumn, but still lower than
spring and summer,

The inter-seasonal variability is readily apparent in the
spatial tar accumulation distribution of M{X,!) or mass
per transect per day (Fig. 3¢). Sharp transitions are clear
across the entire survey area at the winter/spring and sum-
mer/autumn boundaries. Another notable difference is the
many days during winter and autumn in which M(X,f) =
0 for some transects (white indicates zero tar in Fig. 3c).
In contrast, M(X,r} was always greater than zero during
spring and summer surveys. Generally, transects during
spring and summer had more than 500 g of tar, while win-
ter transects typically had less than 50 g. Over half the
autumnn transects contained less than 50 g of tar, but a
few transects had between 100 and 500 g and there were
fewer tar-free transects during autumn compared to
winter,
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Table 3
Summary of seasonal tar accumulation
Spring Winter* Winter® Summer Autumn

Days surveyed 14 17 16 9 17
(M) (kg) 5972305 327+£9.33 1.03 £ 1.38 9.27+422 1.66 £ 1.54
Mean coverage {g m~°) 0.300 0.164 0.052 0,465 0.083
(M) _s) tkg) 320 0.521 0.346 6.20 1.04
{Mi_a) (k) 202 0.209 0.102 4,00 0.467
{M}y: Mean tar accumulation (subscripts are tar size classes),

" With 27 February,

® without 27 February.
3.3, Environmental forcing of tar accumulation 1 to 60 cms™', and the direction was to the WNW over

Oceanographic (surface currents, swell height and direc-
tion, sea surface and sea bottom temperatures) and meteo-
rological {wind direction and speed) factors can affect M.
These factors were compared to M{¢) with particular atten-
tion to seasonal variations.

Although u,, the east-west compenent of the wind, was
more or less constant throughout the year, vy, the north-
south component of the wind, showed a seasonal pattern
{Fig, 4a). v,, was often positive (to the north) during spring
and summer and negative (to the south) during autumn
and winter.

Surface current speeds from the CODAR grid location
closest to the COP seep field ranged widely, from less than

Jan Fab Mar Apr May Jun J;.ll Avg Sep Oct Nov Dec
Julian day from January t, 2005

Aug Sep Oct Nov Dac
Julian day from January 1, 2005

w M

Jan Fab Mar Apr Moy Jun  Jut

May Jun Jul Awg Sep Oct Nov Dec
Julian day from January 1, 2045

Jln Fnh M.ur Apr

Fig. 4. (a) Daily mgan of 10 m north-south wind component, v, for 2005,
Heorizontal line at v, =0 marks boundary between winds to the north
{positive) and winds to the south (negative), {b) Significant swell height in
meters for 2005, Light gray and black lines are 30min and 5-day
resolutions, respectively. (c) Sea surface temperature {30 min resolution)
during 2005.

50% of the year. There was no apparent seasonal trend in
u,, the east-west current component, or v, the north-south
current component.

Swell height typically was less than 1m during late
spring, summer and early fall and ranged from | to 2m
during late fall and winter {Fig. 4b). Thus, swell height
trended inversely to M(¢). Swell direction was from the
west more than 90% of the year.

The SST time series (Fig. 4¢) appeared to follow M{(1),
except for a sudden decrease and subsequent increase of
temperature in April. SBT, recorded at 16 m of an 18-m
deep water column, were similar to SST, including the
mid-April decrease. SBT for the last 2 months of 2005 were
missing from the dataset.

We found several environmental factors correlated with
M(r). Swell height was inversely related to M(:) with no
temporal lag (r = —0.40, p = 0.002). v,, showed a maximal
positive correlation to M{:)} with a time lag of 14h
(r=0.35 p=0009). The maximal lagged correlation
between w,, and M({} was a positive one with a time lag
of 18 h {r =0.35, p = 0.007). A significant correlation was
found between AM{(r) and z, at a time lag of 12h
(r =0.24, p = 0.009). SBT was negatively and significantly
correlated with M(z) at all time lags (r = 0.44, p = 0.001).
No significant correlation was found between M{¢) and o,
or 88T for any time lag {p > 0.03).

We used swell height at zero lag, u, with an 18-hour
lag, and v, with 2 14 h lag in a multiple linear regression
model. We selected these variables because they were
orthogonal at those time lags — i.e., the variables were
not correlated to each other. We found that «, was signif-
icantly correlated with u,, and swell height. As CODAR
measurements in the area have limited onshore resolution,
we excluded them from the multiple regression model. In
the case of SBT, it was significantly correlated with o,
and the record lacked two months of data, thus we also
excluded SBT from the regression model. The multiple
regression model with the threc lagged, orthogonal and
unﬁltered environmental variables was highly significant
(R*=0.34, p<0.0001, F=8§.94, d.fe.=33} and all
regression cocfficients were significant (for swell height,
w-wind, and wo-wind, p=0.006, 0.0005, and 0.004,
respectively).
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4. Discussion
4.1. Tar size characterization

Estimating thickness, i, by the cylinder volume equation
for S(1-4) predicted a decreasing A with increasing surface
area, which clearly disagreed with visual observations. The
discrepancy probably lay in the assumption that tar piece
cross-sections were circular (f= 1), which clearly was sel-
dom true. Elliptical cross-sections were very common,
especially among S(3) and S(4) tar pieces. & for S{35) and
5(6) were measured directly and therefore fairly accurate.

The mass of S(3) and S(6), however, likely was overesti-
mated by assuming tar pieces were best described by & box
instead of a eylinder. For a circular cross-section tar piece,
the box volume equation overestimates the cylinder volume
value by 27%. Based on the contributions of S(%) and 5{6)
to the total mass {Table 1), this could have resulted in an
upper limit overestimate of M by 6% and 13.5%, respec-
tively, For most surveys, the overestimation likely was less
because the true shape of S(5) and S(6) tar was in between
these shapes. For the typical unequal length and width, the
box volume model generally was more accurate than the
cylindrical volume model.

Analysis of k£ showed that 4 increased with size class, but
not in proportion to surface area. Visual tar observations
during surveys confirmed this conclusion; A varied little
between S(1-6). This suggests that some physical pro-
cess(es) inhibited thickening of tar pieces relative to surface
area growth. Sun exposure is one possible process causing
this, As the sun warms tar, whether on the sea surface or
the beach, it becomes less viscous and tends to spread.

Overall, our tar size characterization method provided
highly accurate mass estimates and covered the size range
of tar pieces present on COP, such that each class con-
tained a statistically significant number of tar pieces and
the presence or absence of a S(6) tar piece did not measur-
ably affect total tar mass. Thus, this approach addressed a
significant preblem with lower spatial resolution surveys
wherein random variability in the largest tar pieces affects
the estimate of total beach tar. Moreover, a comparison
of tar accumulation with respect to transect showed similar
trends with and without S(6) tar pieces.

4.2. Temporal tar variation

The observed seasonal beach tar trend at COP (higher in
spring and summer) is similar to variations found in other
studies (Hartman and Hammond, 1981; Lorenson et al.,
2004). Importantly, this temporal variation was not solely
determined by the mass contributions from the largest size
classes, S{5-6}, where the statistics can be poor. The same
seasonal trend is apparent in M|_, tar accumulation for
S(1-4) pieces (Fig. 3b), as well as in (M ,_s} {Table 3). Feb-
ruary 27th also was exceptional in terms of winter {M,_4)

During the study, we estimated the tar residence time at
between one and two tidal cycles depending on the phase of
the lunar tidal cycle. Thus “bluff tar” could be counted
multiple times on consecutive day surveys. Blufl tar was
tar stranded at the top of the beach near the bluff following
the highest high tide of a diurnal cycle. However, removal
of bluff tar from the upper 8 m of each transect within the
dataset reduced M(s) by <10%, and M{(z) absent bluff tar
showed the same seasonal patterns. Therefore, we con-
cluded that bluff tar did not significantly affect the conclu-
sions of this study.

M for 27 February was unique for several reasons. Not
only was it the day of highest M during 2005, it also
occurred during the season with the lowest (M} (Table
3). In fact, 27 February significantly skewed the mean win-
ter mass by a factor of three. Inspection of the raw data
showed that the exceptionally high M observed that day
was real. We interpret this as an indication that the pro-
cesses responsible for tar mass accumulation on 27 Febru-
ary were unique compared to those responsible for typical
accumulation throughout the rest of the winter and possi-
bly the entire year.

4.3. Envirenmental forcing of tar accumulation

The correlation and multiple regression analyses do not
necessarily explain the seasonal wvariation in M(s), but
rather point out a set of environmental conditions that pro-
motes tar accurmnulation at COP any time of the year. The
analysis indicated that winds to the east 18 h pricr to sam-
pling, followed by winds to the north 4 h later (14 h lag),
were conducive to high beach tar accumulation if the swell
height was small at the time of sampling. As lagged corre-
lations were performed every two h, the intervals provide a
conservative approximation of the temporal window when
environmental conditions may have promoted tar
accumulation.

In addition, u, was significantly correlated to M(t) at
other time lags, and thus winds to the east were important
from 9 to 19h prior to sampling. This time range is
expected because environmental forcing is modulated by
the parameter integrated over the requisite oil/tar transport
time from the seep source to COP. Further, many environ-
mental variables show strong diurnal and/or tidal cycles,
such as winds and currents, respectively. Therefore, diurnal
factors likely played a role in COP oil/tar transport.

Based on the multiple regression model, the set of con-
ditions found that explains 34% of tar accumulation vari-
ability at COP during our study are consistent with the
oceanographic setting of the northern SBC and orientation
of COP relative to the oily seeps of the COP field. The
majority of oily seeps lie between 0.5 and 3 km to the south
of COP (Fig. 1). Other oily seeps are locaied further off-
shore to the southeast,

Surface currents act as a dominant oil advection mech-
anism, but tend to be more important in open water than
in coastal environments (Reed et al,, 1999). Generally,
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currents off COP flow to the west completing the cyclonic
gyre common to the SBC (Harms and Winant, 1998). Sur-
face water trajectories from CODAR showed that during
much of 2005 currents were to the WNW. Thus, when
winds are light or out of the east, oil slicks originating from
the seep field tend to travel west of COP (Fig. 5a).

The literature suggests that oil is advected at 3.5% of the
10-m wind speed plus the surface current velocity. Higher
wind speeds cause wave breaking, which disperses oil slicks
{Reed et al., 1999). In the coastal zone near COF, where
winds and currents often are not aligned, the role of wind
may be more significant than suggested. The multiple
regressien model suggests the following processes (as illus-
trated in Fig. 5 by a simplified schematic} are favorable for
tar accumulation and occur more commonly in summer.
First, currents advect oil westward and then a wind to
the east directs the slick back towards COP (Fig, 5b) with
subsequent winds to the north helping advect the slick
onshore {Fig. 5c}. Winds at COP generally were onshore
{to the north) during spring and summer, which would
increase beach tar accumulation, while the frequent off-
shore winds during winter and autumn would decrease
tar accumulation {Fig. 4a).

Finally, intense surf zone activity affects beach tar in two
manners, First, it disperses oil slicks into the water column,
thus less oil/tar reaches the beach. Second, alongshore cur-
rent induced by large swell would reduce the residence time
of tar on the beach. Thus, when swell height is small,
energy in the surf zone will be minimal and slicks will dis-
perse less, while also increasing beach residence time, Swell
height generally was smaller during spring and summer
implying a weaker alongshore current and less surf zone
activity,

These three conditions helped explain in part why tar
accumulates so heavily during one season and not much
during another. However, there was significant accumula-
tion variation within a season. This variability is in part
due to changes in the magnitude and direction of winds
and currents, As illustrated in Fig. 5, even small changes

Current

in u or v will change the angle that an oil slick travels,
and thus the slick’s impact upon the beach when it makes
landfall. Further, certain acute angles would deposit more
tar on one side of the point than the other, a close to per-
pendicular angle would deposit tar evenly along a wider
swath of beach, and still at other angles, most of the tar
would miss the survey area.

Another factor that is likely responsible for some of
the accumulation is the tidal cycle. The three conditions
and lag times selected for the multiple regression model
leave M{¥) unexplained in terms of environmental condi-
tions for ~12 h prior to sampling. During the 12 h prior
to sampling, the beach experiences a complete cycle of
one high and low tide. Observations showed that a flood-
ing tide pushes tar further up the beach and depending
on how much tar was left from the ebbing tide prior,
tar will be present in the swash zone and perhaps at
the top of the beach. An ebbing tide tends to remove
some tar from the beach, but an onshore wind and/or
a weak alengshore current will help strand tar on the
beach as the tide is falling. During both tidal phases,
some tar is most likely removed from the beach to open
water. Although it seems intuitive that flooding tides
bring in tar and ebbing tides remove it, the exact mech-
anism behind tar deposition and removal with respect to
tides remains unclear.

Finally, the variability not explained by the multiple
regression model and the observed intra-seasonal variabil-
ity likely are due to source variability (discussed below),
physical and chemical weathering processes, and additional
oil transport processes (such as Langmuir circulation, cur-
rent shears, etc.). These additional factors can change the
volume of an oil slick significantly and thus the amount
of tar that washes ashore. Mechanistically, some oil weath-
ering processes (i.e., spreading and evaporation) are tem-
perature dependant (Reed et al., 1999); thus, SST likely
alters weathering rates. Oil slick dispersion due to the thin-
ning of a slick, as a result of warmer temperatures increas-
ing the rate of spreading and evaporation, could ultimately

Current Currgnt

Fig. 5. Simplified schematic superimposed on acrial image of Ceal Point showing sequence of conditions faverable for tar accumulation. Black arrow
lengths represent surface speed and direction due to winds and currents. White arrows show oil slick transport direction, Black and gray ovals represent oil
slick’s current and former position, respectively. (a) Initially, currents near Coal Point (COP) transpert oil slicks originating from marine hydrocarbon
seeps (e.g., location *X') northwest for conditions of light wind. {(b) Winds to the East then transport the slick back towards COP. Absent a wind to the
north component (¢) the slick may miss COP,
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decrease beach tar accumulation (i.e., we would expect S8T
to be inversely related to tar accumulation).

4.4. Source stremgth variations

In addition to environmental factors, some of the vari-
ability in M likely arises from source emission variability.
It is known that seep gas emissions vary over a range of
time scales, from second to decadal {Boles et al., 2001;
Leifer and Boles, 2005). Few studies have locked at oil
emissions; however, Leifer and Wilson {2007) showed a
strong tidal influence on the oil emission from a seep with
higher emissions during lower water levels. It is unknown if
there is a seasonal variation in seep field oil emissions. One
potential mechanism for a seasonal emission variation is
vig ternperature-dependent oil viscosity changes in the shal-
low sediment near the seabed as a result of SBT changes.
Oil viscosity is inversely correlated with temperature; there-
fore, high sea bottom temperatures in summer may result
in greater oil emissions, and thus higher M. Qur analyses,
however, showed a significant negative correlation between
SBT and M(¢). This cannot be explained physically and
may be an artifact of an incomplete dataset. Other factors
that also could lead to variability in emissions include
aquifer pressure and earth tides, as well as geological
factors related to oil and gas migration within the subsur-
face ofl reservoir and aleng faults and fractures to the
seabed.

4.5, Implications of studies on tar from natural marine seeps

Locally, the study of COP tar accumulation is important
to the public whom regularly use COP beaches and to the
Coual Oil Point Reserve Snowy Plover Program, whom
monitors a dense nesting site for the threatened Western
Snowy Plover, Charadrius alexandrinus {Lafferty, 2001).
Our study has found a significant seasonal variation in
COP beach tar with ten times more tar in summer than
in winter, COP beaches are heavily used in summer and
the nesting season for Snowy Plovers is March through
September (Lafferty, 2001). Thus, better understanding of
seasonal trends and causes of high tar accumulation could
play a role in management plans for the endangered Snowy
Plover. Further, absent an understanding of seasonal
trends in tar accumulation near COP, an anthropogenic
oil spill (from nearby shipping lanes ¢r oil platforms) could
be masked by the high summer tar deposits. This study has
thus provided a method and a background value that can
help distinguish between natural and anthropogenic beach
tar accumulation at COP.

The complex oceanographic parameters influencing oil/
tar transport in the coastal zone are lacking in most oil spill
modeling programs. Our study used a natural and contin-
uous oil spill source in coastal waters and natural beach tar
accumulation to identify the coastal oceanographic param-
eters important for oil/tar transport and beach stranding.

with coastal parameters, but also inform oceanographers
about advective processes in the coastal zone.

5. Conclusions

This paper describes a new and robust sampling method
to quantify beach tar accumulation at one of the most
heavily tarred beaches in North America. We have highly
resolved beach tar mass repeatedly at COP using a tar size
segregation method that encompasses the tar piece size
range found in that area. Our method is standardized to
the size ranges found at COP on designated transects and
was designed to be repeated objectively by different survey-
ors, Our study found a seasenal variation in beach tar
accumulation with an order of magnitude more tar accu-
mulating on COP beaches during summer than during win-
ter. The collection of 57 tar mass data points was sufficient
to analyze tar accumulation with respect to environmental
factors, while the dense sampling grid and survey area inte-
gration assured that tar at COP was well quantified and not
dependant on a few very large tar pieces. :

Although natural seeps introduce complexities, their
long-term chronic nature and constrained geographic loca-
tion provides advantages, particularly for long-term stud-
ies, for identifying important environmental variables to
tar accumulation. The multiple regression analysis indi-
cated that winds and swell are important factors influenc-
ing tar accumulation at COP. The remaining variation
may be explained by other environmental factors not
addressed in our study or in the stochastic nature of oil
seep emissions,

Table of nomenclature

Variable Units Definition

D cm Diameter of tar piece surface area

f nla Fraction of a circle to which tar piece
surface area is equivalent

h cm Tar piece thickness

k cm Characteristic length of tar piece

M kg Total tar mass in survey area

m g Mass of individual tar pieces

r cm Radius of tar piece surface area

s nfa  Tar piece size class

t day Time

U ems™' East-west surface current component

e em s™' East-west wind component

14 ecm®  Volume

v cm s~' North-south surface current
component

Py em 5~! North-south wind component

X nfa  Transect

Y nfa  Quadrat along transect

o gcm™? Tar density

This type of study could not only help oil spill modelers
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Recruitment of intertidal invertebrates in the southeast Pacific: Interannual variability

and the 1997-1998 El Nifio
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Abstract

We evaluated interannual variability and the effect of the 19971998 El Nifio event on reeruitment of intertidal
mussels and barnacles along the coast of central Chile in the southeast Pacific. Monthly monitoring of recruitrnent
at b1 sites spread over 900 km (29-34°S) during the 19971998 El Nifio and over the same months in 1995-1999
and 1999-2000 allowed us to assess geographic patterns in interannual recruitment variation. The geographically
most consistent interannual trend was observed for the mussel Perumytilus purpuratus, which showed overall lower
recruitment rates during the 1997-1598 El Nifio year. However, the magnitude of the effect at any given site was
small. interannual variation in recruitment rates of the other two intertidal mussel species, as well as two chthamaleid
barnacles, were not consistent across the region, and overall, few sites exhibited significant differences among years.
Differences between two and three orders of magnitude in mean annual recruitment of mussels and barnacles were
observed among sites, yet the relative ranking of sites was fairly similar among years for most species. Contrary
to the large positive effect that the 1997-1998 El Nifio had on bamacle recruitment along the coast of ¢entral and
northern California, our results show that recruitment of dominant intertidal barnacles along central Chile were not
significantly altered by this strong oceanographic event. Lack of consistent trends among sites emphasizes the need
to study several sites when looking at large-scale oceanographic anomalies and shows that El Nifio effects on

interannual recruitment variation are not predictable.

Over the past few decades, benthic marine ecology has
made great advances in understanding the dynamics of spe-
cies interactions and their consequences for the rest of the
community. There is now general consensus, however, that
further development will only be achieved by improving our
understanding of the factors that produce variability in the
settlement and recruitment of benthic species (Gaines and
Roughgarden 1985). The specific processes and mechanisms
by which tarvae of benthic species return to the adult habitat
afler their pelagic life are still scarcely understood and, for
the most part, unexplored in all but a few places in the world.
Because larvae of invertebrates are small and cannot swim
long distances, it is generally accepted that physical pre-
cesses are largely responsible for larval transport and settle-
ment events on the shore {e.g., Roughgarden et al. 1988;
Shanks 1995). Large variability in recruitment is therefore
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expected to occur over broad temporal and spatial scales,
and association between recruitment variability and physical
processes has become a central focus of research {e.g.,
Shanks 1995; Wing et al. 1995). One aspect of this research
centers on identifying the specific mechanisms responsible
for larval transport and subsequent settlement events on the
shore (e.g., Wing et al. 1995). A complementary research
program focuses on evaluating the effects of variability in
oceanographic processes on recruitment to benthic popula-
tions over longer periods of time, which can have direct
consequences on population and community dynamics (e.g.,
Cury and Roy 1989; Connolly and Roughgarden 1999,
One of the main factors causing large interannual variation
in oceanographic conditions ts the El Nifio-Southern Qscil-
lation (ENSQ), which is considered to be the major ocean-
ographic and climate anomaly in the Pacific Ocean (Philan-
der 1989). During ENSO events, important climatic and
hydrographic changes occur in the Pacific ocean, such as
changes in sea level, surface temperature, the strength and
general pattern of circulation, the intensity of equatorward
winds, and the availability of nutrients and phytoplankton
productivity (Philander 1989). Therefore, it is expected that
El Nifio would cause major and clearly detectable changes
in patterns of recruitment of benthic and pelagic inverte-
brates and fish, Indeed, several studies have attributed in-
creased or decreased recruitment of different species to El
Nifio (Paine 1986, Ebert et al. 1994; Moreno et al. 1998;
Davis 2000). However, the strength of the evidence for El
Nifio effects on recruitment is limited by the temporal and
spatial scope of the studies; most studies are short in dura-
tion and limited to one or a few sites, Because the environ-
mental change produced by El Nifio is expected to have
geographically broad effects, sites spread over tens to hun-
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dreds of kilometers must show similar responses, and the
magnitude of the effect must be larger than the background
year-to-year recruitment variation (Connolly and Roughgar-
den 1999). Regardless of the specific mechanisms by which
El Niiio could increase, decrease, or prevent specific settle-
ment events of some species (Lundquist et al. 2000), dem-
onstration of overall enhancement or reduction of recruit-
ment during El Nifio is important, for it suggests that the
effects of this large-scale anomaly are essentially predict-
able.

In a recent study, Connolly and Roughgarden (1999)
showed that the strong 1997-1998 El Nifio had positive ef-
fects on barnacle recruitment across nine sites spread over
750 km along the coast of California. The similarity of the
interannual change across sites, as well as the magnitude of
the change, strongly suggested that observed recruitment
variation was due to El Nifio. Connolly and Roughgarden
(1999} attributed the increased barnacle recruitment to the
general depression of upwelling intensity during El Nifio
(Ramp et al. 1997). Indeed, an important cross-shelf trans-
port process on the coast of California is the shoreward
movement of larvae in upwelling fronts during relaxation of
equatorward winds {e.g., Wing et al. 1995; Morgan et al.
2000). Increased frequency of relaxation events during El
Nirfio should then lead to increased recruitment, rendering
the effects of El Nifio on barnacle recruitment predictable at
the regional level.

Here, we evaluated the magnitude of interannuzl variabil-
ity and the generality of El Nific effects on recruitment of
mussels and barnacles on the much less studied Pacific coast
of South America. As in the northern hemisphere, the region
is characterized by an offshore equatorward current (Hum-
boldt Current) and the presence of coastal upwelling, where
the more saline sub-superficial water, rich in nutrients, is
upwelled to the surface, particularly in spring and summer
months when equatorward winds are stronger (Kelly and
Blanco 1984; Strub et al. 1998). Similar to California, on-
shore movement of upwelling fronts following wind relax-
ation has been documented in central southern Chile (Peter-
son et al. 1988). The negative effects of El Nifto on primary
and secondary productivity have been well documented in
the past (Avaria and Mufioz 1987), but information about its
effects on nearshore currents are scarce. Observations in
northern Chile (ca. 20°S) show that the 1997-1998 El Nifio
was first detected as a pulse of warm water in March 1997,
with peaks in surface temperature and sea level in May and
September of the same year {Thomas et al. 2001; Ulloa et
al. 2001). The thermocline was depressed down from the
normal 40—60 m to 150-200 m deep, and strong poleward
flow was measured in the first 100 m (Blanco et al. 2001;
Thomas et al. 2001). A sharp decrease in nearshore chlore-
phyll & concentration was evident during El Nifio warming
(Gonzilez et al. 1998; Thomas et al. 2001). As with previous
El Niiio events, a period of colder than normal conditions,
or La Nifa, followed the strong 1997-1998 Ei Nifio event,
but the intensity of La Nifia was weak to moderate {Wolter
2001).

The only connection between El Nifio and invertebrate
recruitment in temperate latitudes along the coast of Chile
has been made at one site near 40°S. There, strong El Nifio

events and the associated predominance of poleward winds
were linked to failure in intertidal recruitment of the muricid
gastropod Concholepas concholepas (Moreno et al. 1993,
1998). General patterns of intertidal mussel and barnacle re-
cruitment have been documented at a few sites in central
and nerthern Chile (Navarrete and Castilla 1990; Camus and
Lagos 1994), but we have no information about the effects
of upwelling-relaxation or other transport processes on re-
cruitment events. Because larvae of mussels and barnacles
are planktotrophic, spend considerable time in the water col-
umn, and settle predominantly during spring and summer,
they can all be affected by the general decrease in phyto-
plankton biomass, increased surface temperature, and chang-
es in nearshore currents that presumably occur during El
Nifio events.

Materials and methods

In April 1997, we initiated menthly monitoring of recruit-
ment of intertidal mussels and barnacles at 11 sites along
the coast of central Chile covering 900 km of coastline (Fig.
1}. Three sites were spread over ~1 km of coast toward the
center of the region (ECIM-Norte, ECIM-Sur, Las Cruces;
Fig. 1). Recruitment of barnacles was quantified on 10 X 10
cm Plexiglas® plates covered with Safety-Walk (3M®), a
nonslip surface that provides substratum heterogeneity and
ensures homogeneity of conditions across plates and sites
(Menge et al. 1994), Five barnacle recruitment plates were
deployed over a 20-50 m transect at the upper intertidal
zone of wave-exposed benches at each study site. In 1997
we missed several months of barnacle recruitment at Quintay
because of [ost plates. Therefore, this site was not included
in analysis of barnacle recruitment. Recruitment of mussels
was quantified on 7-cm-diameter scrub pads {Tuffy®), which
emulate the complex microhabitat preferred by mussel lar-
vae (Navarrete and Castilla 1990; Menge et al. 1994), Five
Tuffy pads were deployed in the mid intertidal zone of the
same benches with barnacle plates. Plates and pads were
replaced every 25 to 70 d, depending mostly on weather
conditions and accessibility to the sites, then brought to the
laboratery and examined under dissecting scopes. In other
studies (S. Navarrete unpubl. data), we have determined that
five collectors per site do not capture the full within-site
variability, but they represent well the geographic trends and
ranking of sites across the region.

Two commen species of chthamaloid barnacles are found
in the upper intertidal zone at roughly similar abundances:
Jehlius cirratus and Notochthamalus scabrosus. They both
recruit and survive on the monitoring plates, but they cannot
safely be separated into species at smalt postmetamorphic
size (set). Thus, we pooled both species of bamacles in anal-
yses. Other barnacle species rarely settle in the upper inter-
tidal zone and they can be identified easily, All three mussel
species typically found in the intertidal zone of central
Chile—Perumytitus purpuratus, Semimytilus algosus, and
Brachidontes granulata—were observed in Tuffy pads and
identified to species level. On several occasions, all mussels
in the Tuffy pads were measured under the scope to evaluate
the potential for secondary settlement (Hunt and Scheibling



Invertebrate recruitment and El Nifio 793
74° 73° 720 T1*W
29030’8 l [ ] I L I [ ‘
Totoralillo (To) g
- Arrayin (Arr) ——
30°30" — Guanaqueros(Gua) ==
31°30° —
- Curaumilla* (Cur) \
32°30" — Quintay* {Qry}
s —
Quiseo® {Quid
— ECIM-North (EN)=>‘
ECIM-South (ES) =%
33°30" — Cruces* {Cru)
| Matanzas (Mat)
P. Lobos ( Plg)m—_—
4R
Fig. 1. Map of central Chile showing geographic position of study sites. Solid arrows indicate

sites where temperature loggers were placed, and a star next to the site name indicates the temper-
ature records used in calculation of SST for 33°S. Abbreviations of site names in parenthesis as

used in tables.

1998). [n all cases, judging by spat size and shape, we es-
timated that most settlers (>90%) corresponded to individ-
uals settling directly from the plankton over the past few
days to weeks (Ramorino and Campos 1979).

Larval duration and timing in the water column are im-
portant to determine susceptibility to El Nifie. The larval
phase of the mussel species varies from 17 to 20 d in the
case of P. purpuratus to >40 d in the case of B, granulara
{Campos and Ramorino 1979; Ramorino and Campos 1979).
Settlement occurs throughout the year in all species, with
major peaks in summer (December—February) and fall
(March-May) months in the case of P. purpuratus and B.
granulata and summer and, secondarily, winter months
(June—August) in the case of S. algosus (this study). Larvae
of the two chthamaloid barnacles reach competent cyprid
stage between 20 and 31 d from release (Venegas et al.
2000). Settlement of bamacles is more discrete than that of
mussels, occurring as one or a few pulses between spring
and summer months,

At all sites, recruitment time series encompassed the pe-
riod during the 1997-1998 El Nifi¢ and the following 2 yr,
when the warming event was no longer detectable along the
central coast of Chile and nearly neutral conditions prevailed
{see below). To evaluate the hypothesis of El Nifio effects
versus “normal” interannual variability, we compared re-
cruitment rates between July 1997 and May 1998 (1997
1998) versus those between July 1998 and May 1999 (1998-
1999) and between July 1999 and May 2000 (1999-2000).
The period was determined accerding te data from Gonzélez
et al. (1998) and Blanco et al. (2001) for northern Chile and
by in situ temperature loggers in central Chile (see also the

National Oceanic and Atmospheric Administration (NOAA)
altimeter and global coverage satellite observations, http://
www.cdc.noaa.gov/~kew/MEl/mei.html). Surface condi-
tions in the central eastern Pacific between 1998 and 2000
have been characterized as slightly cooler than normal (La
Nifia; Davis 2000; Wolter 2001}, but the effect was weak in
central Chile {Fig. 2). Therefore, the 2 yr following El Nifio
can be considered as nearly neutral or as weak La Nifa
conditions (Blance et al. 2001, Thomas et al. 2001).

In situ temperature loggers (“tidbits,” StowAway®) were de-
ployed 1-2 m deep at nine sites along the region (Fig. 1). Here,
we present means of surface temperature from four sites cen-
tered 1° around 33°S for which we have data for the [997-
2000 period. Monthly upwelling indices (offshore Ekman
transport, OET) spanning the latitudes of the present study
(30°S, 73°W; 33°S, 74°W; and 36°S, 74°W) from 1997 to 2000
were provided by Pacific Fisheries Environmental Laboratories,
a division of the NOAA National Marine Fisheries Service,
and are publicly available (http:/Awww.pfeg.noaa.gov). These
indices are calculated on quadrants of 3° X 3° of latitude by
longitude based on average wind fields and the Coriolis param-
eter for that latitude. Therefore, they did not provide site-spe-
cifte information about upwelling intensity but were used to
determine temporal trends. The OET index varies latitudinally,
but temporal trends were closely similar within the study region
between 33 and 36°S (see Results). As cstimates of the strength
of El Nirio (and La Nifia}, monthly values of the Scuthern
Oscillation index (SOOI} and the multivariate ENSQ index
(MEI) were obtained from the Bureau of Meteorology, Austra-
lia (http://www.bom gov.aw/climate/current/soi2.shtml) and the
Climate Diagnostic Center of NOAA (http://www.cde.noaa.
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Fig. 2. (a} Surface temperature anomaly at 33°S, Southern Os-
cillation index (SOI) and multivariate ENSO index {MEI) for the
period of the study. (b) Upwelling indices (offshore Ekman trans-
port, GET) at 74°W and 30, 33, and 36°S for the period of the
study.

gov/~kew/MEI/mei.himli), respectively. The SOI index is cal-
culated as the sea level pressure differential between Tahiti
{150°W) and Darwin, east Australia {150°E}. It represents the
general state of the tropical Pacific and does not vary latitu-
dinally. A negative SOI value, which occurs during El Nifio
events, reflects lower pressure over Tahiti and the movement
of warm west Pacific waters to the eastern Pacific. The MEI
index corresponds to the rotated first axis of a principal com-
ponents analysis (PCA) ordination of six main state variables
over the tropical Pacific: sea level pressure, zonal and meridi-
onal compenents of surface winds, SST, surface air tempera-
ture, and cloudiness (Wolter 2001). The MEI index does not
vary with latitude.

Two different statistical analyses were conducted to eval-
uate the hypothesis of El Nifio effects on recruitment. First,
monthly recruitment means for each period were compared
using a twe-way analysis of variance with Year and Site as
fixed and random factors, respectively. The means of five
plates or Tuffy pads for each month were used as replicates
(Connolly and Roughgarden 1999; Lundquist et al. 2000).
When a significant Site X Year interaction was found, Tu-
key’s multiple comparison tests were used to determine the
direction of among-year differences in each site. These anal-
yses included only sites where nonzero recruitment was ob-
served in all years, which allowed us to compare results with
data presented by Connolly and Roughgarden {1999} for in-
tertidal barnacles in California. Second, we calculated Pear-
son corretations between monthly recruitment of e¢ach spe-
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Table 1. (A) Yearly mean (=SE) upwelling indices {offshore
Ekman transport, m* s-' per 100 m coastline) for quadrants of 3°
X 3% of latitude by longitude along central Chile. (B} Results of
two-way ANOVA comparing upwelling indices among latitudes
and ycars. Boldface indicates significant differences at o = 0.05.
df, degrees of freedom: MS, mean square.

(A) Year
Latitude (*S) 1997 1998 1999
30 100.6(*182) 151.2(*x309) 108.2(+18.2)
33 712(+187)  118.1(=31.8)  72.2(+19.2)
36 49.1(+18.4) 91,2(x28.7) 62,3(x23.9)
(B
Source of variation df MS F P
Year 2 22.578.3 3.34 0.0395
Latitude 2 25,287.1 3.74 0.0271
Year X Latitude 4 276.55 0.04 0.9968
Residual 99 6,759.4

ctes and the values of OET, MEIL, and SOI for each study
site. Correlation analyses used the entire time series of re-
cruitment from July 1997 through April 2000,

Results

Hydrography—The sea surface temperature anomaly at
33°S, calculated as the average temperature at four sites
around 33°S minus the overall mean for the period 1997-
2000, showed clear warming between July 1997 and April-
May 1998, corresponding well with the period of negative
SOI and high (>1.6) MEI values (Fig. 2a). Indeed, SST at
33°S was negatively correlated to SOI (r = —048, P =
0.0034) and positively correlated to MEI (r = 045, P =
0.0063). Maximum El Nifio warming was observed between
November and December 1997 and then again between April
and May 1998 when water temperature was between 1.0 and
1.6°C above that observed on the same months the following
2 yr (Fig. 2a). After May 1998, monthly water temperature
was similar to the following 2 yr (within 1°C), with slightly
colder values in 19992000 than the previous year, sug-
gesting only a mild effect of La Nifia conditions on surface
water temperature at this latitude. Upwelling indices at 33°8
(estimated OET toward the center of the study region)
showed maximum values in austral spring and summer
months, reaching neatly neutral or slightly downwelling con-
ditions in winter months (Fig. 2b). Significant differences in
upwelling indices were observed among years (Table 1). Up-
welling indices in 1998—199% were significantly higher than
those in 1997-1998, whereas values in 1997-1998 were sim-
ilar to those in 1999-2000 (a posteriori Tukey tests, Fig. 2b).
The same temporal trend in OET was observed at 30, 33,
and 36°8 (Fig. 2b}, with a weak but significant latitudinal
trend to increasing mean upwelling indices to lower lati-
tudes, a geographic trend that was consistent among years
(Table 1). Mean upwelling indices were roughly comparable
in magnitude to those reported for the coast of California
(Connolly and Roughgarden 1999). Thus, it appears that up-
welling of water did occur during El Nifio in the austral
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Mean (£5E) yearly barnacle recruitment rates at study sites for 1997-1998, 19981999,

and 19%9-2000. Sites are ordercd north to south going from left to right and top to bottom panels,
Note the different y-axis scales among panels used to highlight among-year differences within each
site. The shaded panel on the right corresponds to yearly averages (=SE) across all sites, including
those with zero recruitment. Site abbreviaticns as in Fig. I.

spring-summer 1997—-1998, but the temperature of upwelled
water was warmer than in normal years {Gonzdlez et al.
1998; Blanco et al. 2001).

Recruitment—pcross the study region and in all years,
mean barnacle recruitment rates varied by almost two orders
of magnitude among sites (Fig. 3). The magnitude and the
direction of among-vear differences varied across sites, how-
ever, and a two-way analysis of variance showed a signifi-
cant Site X Year interaction (Table 2). Multiple contrasts for
each site showed significant among-year differences at only
3 of the 11 sites, and only one site, Matanzas, showed sig-
nificantly higher recruitment during El Nifio than the 2 yr
after (Table 2). Moreover, there was no detectable latitudinal
trend in the direction nor in the magnitude of the interannual
differences. Despite the significant differences in the pattern
of interannual variability across sites, the ranking of sites
was generally maintained between successive years; that is,
sites with high barnacle recruitment one year had high re-
cruitment the following vear (Table 3). This order broke,
however, when comparing recruitment rates between 1997-
1998 and those in 1999-2000, the two seasons with similar
upwelling indices (Fig. 2b).

Recruitment rates of the mussels P. purpurarus and S.
algosus varied by more than three orders of magnitude
across sites, with generally higher rates toward southern sites
within the region (except Totoralillo for S. algosus) (Figs. 4,
5). Both the magnitude and direction of interannual variation
changed between species and sites. The most geographically

consistent pattern was observed in P. purpuratus, for which
recruitment rates were generally higher in 1998-1999 or
1999-2000 than during the 1997-1998 El Nifio year at 9 of
the 11 sites (Fig. 4), rendering a significant year effect and
a nonsignificant Year X Site interaction (Table 4). A Tukey’s
multiple comparison test showed that, on average across all
sites, recruitment rates were significantly lower during 1997-
1998 than the 2 yr after. However, multiple comparisons
showed that conly three sites presented significant among-
year differences in recruitment (experimentwise a = 0.05).
In contrast to P. purpuratus, the pattern of interannual var-
iation in recruitment rates of S, algosus varied significantly
across sites (Fig. 5), rendering a significant Site X Year in-
teraction and highly significant main effects of Site (Table
4). Multiple contrasts for each site showed significantly
higher recruitment rates during 1997-1998% and 1999-2000
than 19981999 at one site, Guanaqueros, but significantly
lower rates in 1997-1998 and 1999-2000 than 1998-199%
at El Quisco. Recruitment rates at ECIM-Sur and Punta Lo-
bos were greatest during 1999-2000 (Table 4).

In agreement with the relative abundances of adults in the
field (Broitrnan et al. 2001), recruitment rates of B. granulata
were 10 to 100 times lower than those of P. purpuratus and
S. algosus across the region. Interannual variation in rectuit-
ment rates of B. granuiata also changed across sites (Fig. 6;
Table 4), producing a significant Site X Year interaction term
and highly significant main effects of Site. Multiple com-
parisons showed that interannual differcnces were statisti-
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Table 2. (A) Two-way ANOVA comparing barnacle recruitment
rates across sites and among years (1997-1998, 1998-1999, 1999—
2000), Year was considered as fixed and Site as a random factor,
Only the eight sites where recruitment was cbserved on each year
were considered in this analysis. Boldface indicates significant ¢f-
fect at & = 0.05. (B} Direction of statistically significant interannual
change in mean barnacle recruitment according to Tukey’s multiple
comparison tests. 97, period 1997-1998; 98, 1998-1999; and 99,
19992000 (experimentwise error rate « = (.03). Abbreviations for
sites as used in figures and tables. ns, non significant differences
among years; nd, no data available; ni, not included in statistical
analyses because there was no recruitment for an entire period; df,
degrees of freedom.

(A)

Source of variation df MS F P
Site 7 0.085 7.53 0.0001
Year 2 0.014 0.37 0.6963
Site X Year 14 0.041 3.68 0.0001
Residual 263 0.011
{B)

Site Direction
Totoralillo (Tot) ni
Arrayén (Arr) ns
Guanaqueros (Gua) 099<97=95
Curaumilla {Cur) ns
Quintay (Qty) nd
El Quisco {Qui) ni
ECIM Norte (EN} 9997
ECIM Sur {(ES) ns
Las Cruces (Cru) ns
Matanzas (Mat) 97>58=99
Punta Lobos (Plo) ns

cally significant at only three sites, with no consistent inter-
annual variability among these sites {Table 4).

Despite differences in the direction of interannual changes
in mussel recruitment rates across the region, the pattern of
among-site differences tended to be preserved from one year
to the next, including the 1997-1998 El Nifio year. The tem-
porally most robust among-site differences were observed in
P. purpuratus, for which the ranking of sites (and overall
rates) was tightly maintained (# > 0.86) from year to year
(Table 3). The most variable pattern of among-site differ-
ences was that of B. granulata, in which a similar pattern
of recruitment across sites was observed between 19971998
and 1999-2000 but was different when comparing other
years (Table 3), Moreover, there was no detectable latitudinal
trend in the direction nor the magnitude of interannual dif-
ferences for any of the mussel species.

Among-site variability in recruitment of mussel and bar-
nacle species was larger than among-year variation, as re-
vealed by coefficients of variation calculated across the 3 yr
and among all study sites {Table 5). The same trend was
observed in all species, but it was particularly striking for
barnacles and P. purpuratus, for which recruitment rates
were on average between 2 and 2.5 times more variable
among sites than among years. A complete analysis of spa-
tial and temporal variation in recruitment time series will be
presented elsewhere.

Table 3. Pearson correlation coefficients and significance {in pa-
rentheses) comparing mean recruitment rates per site from vear to
year. Significantly positive correlation indicates maintenance of
among-sites pattern. Boldface figures indicate significant correla-
tions at & = 0.05.

1997-1998  1998-1999 1997-1998
Vs, Vs, vs,
1998-199%  1999-2000 1999-2000
Chthamaloid barnacles 0.71 0.77 0.46
0.0067)  (0.0019)  (0.1366)
Perumytilus purpuratus 0.37 6.93 0.96
(0.0011) (.0001) {0.0001})
Semimytitus algosus 0.75 0.86 0.60
(0.0131) (0.0014) (0.0691)
Brachidontes granulara 0.17 -0.24 0.71
(0.6401) (0.5054) (0.0221)

The patterns of interannual variability described above for
mussels and barnacles were not affected by the specific
months included in the analyses. That is, similar trends {or
lack thereof) were observed when using our functional clas-
sification of years following the months of El Nific anomaly
in central Chile or whether the calendar year was used. Also,
selecting only the 4 months of maximum El Nido effect,
October—January, did not alter the conclusions.

Recruitment and ENSO indices—To look at the potential
association between El Nifio and OET indices versus re-
cruitment of barnacles and mussels across the entire region,
we rescaled recruitment at each site as the percentage of the
maximum recruitment observed throughout the time series
at that site. When expressing recruitment in this manner and
pooling all sites together, we found no pattern of association
between El Nifio or upwelling indices and barnacle recruit-
raent (Fig. 7a). For instance, the maximum barnacle recruit-
ment ever registered at some sites was observed during
months of intense El Nifio (e.g., negative SOV values), but
at many other sites, maximum recruitment was observed in
periods of nearly normal or La Nifia conditions (Fig. 7a).
Examining the association between recruitment and El Nifio
indices for each site using the entire time series of barnacle
recruitment (April 1997-May 2000), recruitment rates ap-
peared weakly but significantly correlated to the intensity of
El Nifio/La Nifia expressed by the MEI index only at two
close sites (ECIM-Norte: r = —0,36, P = 0.0293; ECIM-
Sur: r = —0.35, P = (.0343), but a Bonferroni correction
for multiple comparisons (corrected & = 0.005) rendered
these correlations nonsignificant. No other correlation with
MEI, S0OI, or QET was observed.

No associations with El Nifio or OET indices were ob-
served in recruitment of S. algosus or B. granulata when
pooling all sites across the region (Fig. 7c,d). Separate cor-
relations between recruitment of these mussel species and
501 and MEI indices for each site evidenced significant as-
sociation at six sites, but the direction of change (positive
or negative with respect to El Nifio intensity) was not con-
sistent among them. Only one, a negative correlation with
MEI values at ECIM Sur (ES) remained significant after
Bonferroni correction.
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Fig. 4. Mean (=1 3E) yearly recruitment rates of the mussel Perumytilus purpuratus at study
sites for 19971998, 1998-1999, and 1999-2000. Sites are ordered north to south going from
left to right and top to bottom panels. Note the different y-axis scales among panels used to
highlight ameng-year differences within each site. The shaded panel on the top right corresponds
to yearly averages (£5E) across all sites, including those with zero recruitment, Site abbreviations
as in Fig. 1,

Nifio, no site exhibited more than 60% of the maximum
recruilment observed under either normal or La Nifia con-
ditions. Correlations between monthly mussel recruitment
and monthly values of SOI, MEL, and QET for each site

In contrast to barnacle and other mussel species, the de-
pression caused by El Nifc on P. purpuratus recruitment
across all sites in the study region was apparent both with
SOI and MEI indices (Fig. 7b). During months of intense El

Table 4. (A} Two-way ANOVA comparing mussel recruitment rates across sites and among years (log-transformed data). A separate
analysis was conducted for each species. (B) Direction of interannual change at each study site from Tukey’s multiple comparison tests
{experimentwise error rate e = 0.05). Only sites with nonzero recruitment were considered, Abbreviations as in Table 2.

(A) Perumytifus Semimytifus Brachidontes
Source dfr MS F P df M3 F P df MS F P

Site 6 0.446 13.2 0.0001 9 0.377 258 0.0001 8 0.0009 4.6 0.0001
Year 2 0.374 9.4 0.0035 2 0.094 1.9 0.1687 62 0.0009 1.8 0.1907
Site X Year 14 0.04G 1.2 0.2970 18 0.054 3.7 0.0001 16 0.0005 23 0.0031
Residual 178 0.034 240 0.014 208 0.0002

(B)

Site Directicn Direction Direction

Tot ni ns ns
Arr ni ni ni

Guan ni 97=99>9§ 99>08=97
Cur ns ns ns
Oty ni ns ni
Qui 98=99>97 98>97=99 ns

EN 98 =99>97 ns ns

ES ns 99>97=98 97=99>-93

Cru ns ns 07=99>68

Mat ns ns ns

Plo 98=99>97 99:-97=068 ns
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Fig. 5. Mean (£1 SE) yearly recruitment rates of the mussel Semimytilus algosus at study
sites for 1997-1998, 1998-1999, and 1999-2000. Sites arc ordered north to south going from
left to right and top to bottom panels. Note the different y-axis scales among panels used to
highlight among-year differences within each site. The shaded panel on the top right corresponds
to yearly averages (£ SE) across ail sites, including those with zero recruitment, Site abbreviations
as in Fig. 1.

Brachidontes granulata
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Fig. 6. Mean (=1 SE) yearly recruitment rates of the mussel Brachidontes granulata at study
sites for 1997-1998, 1998-1999, and 1999-2000. Sites are ordered north to south going from
left to right and top to bhottom panels. Note the different y-axis scales among panels used to
highlight ameng-year differences within each site, The shaded panel on the top right corresponds
to yearly averages (X SE) across all sites, including those with zero recruitment. Site abbreviations
as in Fig. L.
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Table 5. Average among-site and among-year coefficients of
variation (mean C.V.} and %5% confidence intervals (95% C.I.) for
barnacle and mussel recruitment.

Among-site Among-year

Mean 95% Mean  95%

Species C.V. ClL C.V. C.L
Chthamaloid barnacles 223.19 19672 87.08 63.18
Perumytifus purpuratus 157.50 91.97 7571 4198
Semimytilus algosus 180.92  180.62 84.67 63.02
Brachidontes granulata 139.35 25008 9208 51.87

were also more consistent for P. purpuratus than for any
other species. At two sites, recruitment of P. purpuratus ap-
peared significantly and positively associated to SOI values
(Punta Lobos: » = 0.43, P = 0.0093; Quisco: » = 048, P
= 0.0023} and at four sites negatively associated to MEI
{Las Cruces: r = —0.33, P = 0.0441; ES: r = —038, P =
0.0187, Punta Lobos: r = —0.55, P = 0.0006; Quisco: r =
—0.48, P = 0.0025), suggesting lower recruitment when El
Nifie conditions intensify. Three of these correlations were
significant after Bonferroni correction (corrected o = 0.003).

Discussion

Along the coast of central and northern California, Con-
nolly and Roughgarden (1999} and others (Roughgarden et
al. 1988; Ebert et al. 1994) have shown consistent patterns
of interannual variation in barnacle and sea urchin recruit-
ment produced, apparently, by El Nifio events (Ebert et al.
1994; Connolly and Roughgarden 1999; see also Roughgar-
den et al, 1988). Our results along the coast of central Chile
show that recruitment rates of two barnacles and two inter-
tidal mussel species were not significantly altered by the
strong 1997-1998 El Nific or by the weak La Nifia condi-
tions that ensued. Recruitment of the competitively dominant
intertidal mussel, P. purpuratus, exhibited significantly low-
er recruitment across the region in the 1997-1998 El Nifo
than during the same months the following 2 yr. We interpret
this result as a weak, but significantly negative, effect of El
Nifio on recruitment of this species. However, when exam-
ining individual sites, significant interannual changes were
ebserved at only three of seven sites, and although no re-
cruitment of P. purpurarus was observed in the three north-
ernmost sites in 1997-1998, recruitment rates at these sites
in subsequent years were among the lowest recorded for the
study region. Therefore, it appears that El Nifio did reduce
average recruitment rates of P. purpuratus across the entire
study region (Fig. 7b).

The main goal of this study was to evaluate whether an
El Nifio event produced a clear, and therefore geographically
and temporally predictable, signal in recruitment to benthic
populations. From this point of view, mean or total recruit-
ment measured over the entire recruitment season of the spe-
cies, as in this study, will be the most sensitive variable
determining dynamics of adult populations and communities
{Sutherland 1990}, As indicated earlier, our calculations of
mean recruitment encompassed the recruitment season of the
species, thus representing well the total recruitment for that

year. The relatively low frequency (ca. monthly) of our re-
cruitment time series compromises cur ability to resolve po-
tential El Nifio effects on individual settlement events, How-
ever, if such effects occurred, our results showed that
depression or enhancement of settlement events did not pro-
duce differences in recruitment at the end of the month in
all species studied, except P, purpuratus (Fig. 7). It must be
noted that monthly recruitment rates might not represent well
the addition of all settlement events occurring in the time
elapsed between successive samplings (replacement of col-
lectors), which probably also varies from species to species
because of differences in rates of mortality and gregarious
settlement. However, given the roughly similar sampling
times throughout the study period (1997-2000) and the con-
sistency of the settlement substrata across sites and years, it
seems unlikely that these effects could substantially alter the
tesults presented here.

Because one of the strongest and more general effects of
El Nifio in the southeastern Pacific is the reduction of phy-
toplankton biomass (Avaria and Mufioz 1987; Thomas et al.
2001), a distinct possibility is that low food availability pro-
duced unusually high larval mortality of P. purpuratus,
which in turn led to overall lower recruitment rates across
the region. Indeed, experiments conducted at five sites within
the same study region showed that the 1997-1998 El Nifio
had significantly negative effects on growth rates of intertid-
al adults of this mussel species {Finke, Navarrete, and Ve-
negas unpubl. data). Available data are insufficient to deter-
mine whether cross-shelf larval transport of P. purpuratus
was altered by El Nifo, However, lack of comrelation be-
tween monthly recruitment rates and either SST or upwelting
indices (OET) at any of the 11 sites studied suggests that
the upwelling-relaxation model {e.g., Wing et al. 1995; Con-
nolty and Roughgarden 1999} does not strongly determine
recruitment of this species in central Chile. Higher frequency
data and in situ measures of wind stress are needed to eval-
uate this proposition.

Less coherent patterns of interannual variation were ob-
served in the other two intertidal mussel species, for which
the direction of the few significant interannual changes var-
ied across sites. This suggests that the processes determining
year-to-year variation in recruitment of these species are site-
specific and not geographically coupled by the temporal
changes in larger scale oceanographic processes, such as El
Nifio.

Clearly, different patterns were found in the effects of EI
Nifie on intertidal barnacle recruitment in central Chile and
in those observed in central and northern California (Rough-
garden et al, 1988; Connolly and Roughgarden 1998), Using
basically the same methodology to that used here, and with
a geographically similar scope and intensity, Connolly and
Roughgarden (1999) showed that the 1997-1998 El Nifio
produced increased barnacle recruitment across northern and
central Califomia. The mechanism producing such changes
seems to be related to the weakening of upwelling-favorable
winds during El Nifio, which have been shown te increase
the frequency of recruitment pulses of barnacle and other
invertebrates (e.g., Wing et al. 1995; Morgan et al. 2000).
No such bamnacle recruitment pattern was observed in central
Chile. Upwelling indices for the study region were lower in
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Fig. 7. Scatter plots of monthly recruitment, ¢xpressed as the percentage (%) of the maximum

recruitment observed at a given sitc over the course of the study, versus Southern Oscillation index
(301}, multivariate ENSO index (MEI), and offshore Ekman transport (OET}) at 33°S. (a) Chtham-
aloid bamnacles, (b} Perumytilus purpuratus. (¢) Semimytitus algosus, and (d) Brachidontes granu-
fata. All sites were pooled to evaluate wends across the region.

1997 than 1998, but similar to those in 1999 and wind stress
in northern Chile (ca. 20°S) was not strongly reduced during
the 1997-1998 El Nifo (Blanco et al. 2001). Thus, it is not
clear that El Nifio significantly reduces wind forcing and
therefore increases the frequency of upwelling-relaxation
events along the coast of Chile. Significant among-year dif-
ferences in upwelling indices did occur (higher OET values
in 1998), but unlike the pattern shown by Lundguist et al.
(2000} for cancrid crab settlement, these differences were
not clearly associated with El Nifio and did not lead to

among-year differences in barnacle recruitment. Moreover,
lack of consistent trends between recruitment and OET or
SST suggests that barnacle settlement does not follow the
upwelling-relaxation model in a simple manner. Daily set-
tlement data at one site in central Chile (Las Cruces) also
failed to show correlations between settlement and locally
measured wind stress/relaxation and temperature (R. Vene-
gas and S. Navarrete unpubl. data). As suggested by Ebert
et al. (1994) for southern California, differences in meso-
scale alongshore circulation patterns among sites could

IR
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swamp the regional signal of El Nifio. Recent studies by
Lundquist et al. (2000) conducted at one site in ¢entral Cal-
ifornia, but at higher sampling frequency, also suggest that
the upwelling-relaxation model and its interaction with El
Nifio can be much more complex and less predictable than
originally envisioned on the coast of California. Antother in-
teresting difference between our study and that of Connolly
and Roughgarden (1999) is the generally lower interannual
variability observed in Chile in comparison to among-site
variation (Table 5). This pattern suggests marked spatial dif-
ferences in transport or retention processes along what ap-
pears to be a fairly hemogeneous coastline in central Chile.
These spatial differences are persistent over time, highlight-
ing the importance of coastal geomorphology. Much more
research is needed to determine the processes responsible for
regional and interhemispheric differences.

Our results suggest the existence of regional differences
in the way large-scale oceanographic anomalies interact with
local processes to determine patterns of recruitment of ben-
thic species. In general, the effects of El Nifio on recruitment
of intertidal species, if any, were not consistent across sites
and therefore are unpredictable. The broad similarities of the
physical environment along the Pacific coast of both hemi-
spheres (Longhurst 1998) makes such differences particu-
larly intriguing and they deserve further investigation. As
more biclogical and physical data become available, partic-
ularly in the southern hemisphere, we will be able to under-
stand the mechanisms behind such differences and regular-
ities.
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Scales of benthic—pelagic coupling and the intensity
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Large and usually unpredictable variation in species interaction
strength has been a major roadblock to applying local experimen-
tal results to large-scale management and conservation issues.
Recent studies explicitly considering benthic-pelagic coupling are
starting 1o shed light on, and find regularities in, the causes of such
large-scale variation in coastal ecosystems. Here, we evaluate the
effects of variation in wind-driven upwelling on community reg-
ulation along 900 km of coastline of the southeastern Pacific,
between 29°S and 35°% during 72 months. Variability in the
intensity of upwelling occurring over tens of km produced pre-
dictable variation in recruitment of intertidal mussels, but not
barnacdles, and did not affect patterns of community structure, In
contrast, sharp discontinuities in upwelling regimes produced
abrupt and persistent breaks in the dynamics of benthic and
pelagic communities over hundreds of km {regional) scales. Rates
of mussel and barnacle recruitment changed sharply at ~32°-33°%,
determining a geographic break in adult abundance of these
competitively dominant species, Analysis of satellite images dem-
onstrates that regional-scale discontinuities in oceanographic re-
gimes can couple benthic and pelagic systems, as evidenced by
coincident breaks in dynamics and concentration of offshore sur-
face chlcrophyll-a. Field experiments showed that the paradigm of
top-down control of intertidal benthic communities holds only
south of the discontinuity. To the north, populations seem recruit-
ment-limited, and predators have negligible effects, despite at-
taining similarly high abundances and potential predation effects
across the region. Thus, geographically discontinuous oceano-
graphic regimes set bounds to the strength of species interactions
and define distinct regions for the design and implementation of
sustainable management and conservation policies,

coastal ecosystems | upwelling | community regulation | Chile

Variation in the supply of new individuals to local populations
has long been recognized as a major factor controlling
species interactions and community regulation in marine eco-
systems (1-3). Recruitment variation has generally been thought
to add stochasticity to population and community dynamics;
however, recent studies using long-term and spatially extensive
databases are starting to find persistent regularities in the effect
of oceanographic processes on benthic communities. One of
these oceanagraphic processes is upwelling, which can influence
larval delivery to coastal habitats (4-7). During upwelling,
equaterward winds produce offshore Ekman transport (QET) of
surface waters along eastern oceanic boundaries, exporting
larvae of coastal organisms that are entrained in the moving
waters. Reversals or breakdown of winds bring offshore waters
and larvae back to the coastal zone (6-8). Regional gradients in
the intensity of wind-driven upwelling that determine the rate of
larval recruitment of dominant intertidal invertebrates have
been discovered along the south island of New Zealand and the
coasts of western North America and South Africa (9-12).
Because the rate of recruitment is a major factor controlling the
strength of species interactions {13, 14), atmospheric circulation

1804618051 | PNAS | December 13,2005 [ vol.102 | na.50

seems to determine the latitudinal variation in the strength of
species interactions over thousands of kilometers (9, 11, 12).
Upwelling can be modulated by meso-scale changes in coastal
topography (13, 16), and these land features have been associ-
ated with spatial patterns of population structure (17-19).
However, few experimental studies have directly examined which
scales of oceanographic changes are linked to variations in the
strength of species interactions (but see ref. 11).

Here, we cxamine the eflects of meso- and regional-scale
variation in upwelling along the scutheastern Pacific. The evi-
dence supports the hypothesis that abrupt regional-scaie discon-
tinnities in cceancgraphic regimes, but not meso-scale variation,
can couple the dynamics of benthic and pelagic systems and
regulate the strength and outcome of species interactions in
intertidal communities. These discontinuities set spatial limits to
ecological generalizations derived from field experiments,

Methods

Mussels, Perumytilus purpuratus, and chthamaloid barnacles are
dominant competitors for space in the mid and high intertidal
zones of southeastern Pacific shores, respectively, capable of
excluding other species from the primary substratum and thereby
affecting the entire intertidal community (20-22). These sessile
invertebrates have broadly dispersing pelagic larvae, whose
return te the adult habitat depends on cross-shelf transport
processes and is often highly variabie over space and time (17,
23). We characterized the patterns of recruitment of these
species at 14 sites spread >900 km of coastline in central Chile
between 29°8 and 35°S during 72 months (January 1998 10
December 2004), In addition, to evaluate in more detail the
effects of variation in upwelling intensity, between 2002 and
2003, we sampled four additional sites toward the center of the
study region (Fig. 1a). Thus, we had similar information for a
total of 18 sites across the region. Recruitment of mussels and
barnacles was quantified on larval collectors deployed over 20-
to 50-m transects ¢n wave-exposed benches at each study site at
the mid and high intertidal zones, respectively (23, 24), Barnacle
recruitment plates and mussel recruitment pads were replaced
every 25 to 70 days. Two common species of chthamaloid
barnacles are found in the upper intertidal zone at roughly
similar abundances, Jehlius cirratus and Notochthamaius scabro-
sus. They both recruit and survive on the recruitment collectors,
but they cannot accurately be identified to species at small
postmetamorphic size, Thus, we pooled both species of barnacles
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Fig. 1.

Spatic-temporal oceanographic and biclogical patterns across the region. {a} Selected AVHRR satellite image for the study region showing spatial

structure in 557 during November 1399 and the locations of study sites. Abbreviations of sites listed on the right as used in other figures. (b} Mean =+ SE difference
in 55T between pixels 2 km and 25 km offshore in front of each study site. Negative values indicate strong upwelling with water nearshore colder than offshore.
The line superimposed on the figure is the first empirical orthegenal function (principal compaonent) of chl-a congentration {mg/m?3) for the study region. Data
were B-day averages of SeaWiFs satellite images every 4 km alongshore between September 1997 and August 2001. {¢} Frequency of relaxation events {OET =
0) across the region based on 6-hourly observations for austral spring-summer 2000-2001 and 2001-2002.

in analyses. To characterize patterns of intertidal abundance
(cover) of mussels and barnacles, between spring and summer of
2001 and again in 2003, we sampled the low, mid, and high
intertidal zomes at each of the 18 study sites for which we had
recruitment data and five additional sites interspersed among the
former (Fig. la), which provided better spatial coverage. Be-
tween 7 and 12 50 X 50-cm quadrats with 81 intersection points
were sampled along 20- to 50-m-long transects at each of three
benches separated by 50-400 m.

We identified the main spatial scales of variation in hydro-
graphic conditions acress the region by using different types of
information. The spatial structure of sea-surface temperature
{88T) was obtained from 62 advanced very high resolution
radiometer (AVHRR, 1-km resolution) images. For each of the
23 sites, we calculated the mean difference in SST between a
station ca. 2 km offshore and that obscrved 25 and 50 km
olfshorc. Colder temperatures inshore are indicative ol strong
coastal upwelling whereas warmer temperatures reflect weak
upwelling conditions, and the latitudinal gradient in SST does
not affect the classification of sites (25). This classification of
sites as having strong or weak upwelling was contrasted with the
pattern of in situ measured temperature recorded by loggers
(StowAway Tidbit, Onset Computer Corporation, Bourne, MA,;
=0.01°C precision) deployed at a 1- to 2-m depth (# = 13 sites).
These loggers registered SST between 5- and 20-min intervals
from 1997 through 2004 and are well correlated with nearshore
AVHRR temperature (17). Monthly upwelling indices (OET)
spanning our study region from 1997 to 2000 are publicly
available from the National Marine Fisheries Service Pacific
Fisheries Environmental Laboratories of the National Oceanic
and Atmospheric Administration (NOAA, www.pfeg.noaa.gov).
In addition, we obtained 6-hourly QET indices during the spring
and summer months, when upwelling-favorable conditions are
maximal. The OET is calculated over quadrats of 3° X 3° {30°5,
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33°8, and 36°8) and is based on the average wind field and the
Coriolis parameter for that latitude. Time series of coastal
chlorophyll-a {chl-a) concentration (mg/m?) for the study re-
gion, from 1997 to 2001, were obtained from 8-day compasites
of the Sea-Viewing Wide Figld-of-View Sensor (SeaWiFS, 4-km
resolution) satellite (26).

To distinguish spatial correlation resulting from spatial trends
in recruitment and adult abundance (cover) across the entire
region, from those resulting from site-to-site variation, we
decomposed spatial variability inte its trend (i.e., variation
cemmon to several sites adjusted throughout the study region)
and the residual variation (site variation not accounted for by the
trend). A locally weighted scatterplot smoothing (LOWESS)
(27) was {it separately to the spatial patterns in recruitment and
cover of each specics as a function of the distance (km) to the
southernmost site (Fig. 1a) for the smoothing factor thal pro-
duced normal and symmetric LOWESS residuals and was inde-
pendent from geographic distance (Kolmogorov-Smirnov Tests,
P > 0.05) (28). We then calculated the correlations between
recruitment and cover based on the regional-scale trend (pre-
dicted LOWESS), site-variation (residuals from LOWESS), and
the raw data. A sequential Bonferroni correction (29) was
applied to adjust significance levels for multiple comparisons.
Because LOWESS smoothing will produce spatially autocorre-
lated data (regional trends}, the effective degrees of freedom for
significance tests of cross-correlations can be lower than the
standard tests (30, 31). Therefore, significance values close to
0.5 should be taken with caution. The effect of meso-scale
variation in upwelling intensity (strong versus weak) was evalu-
ated by using one-way ANOVA on the raw data and on the
residuals of LOWESS regression, using sites as replicates.

Two field experiments were conducted between 1999 and 2000
to quantify spatial variation in the strength of predator—prey
interactions. We concentrated in the predator-mussel interac-
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tion because its cutcome is critical for the entire intertidal
community (21, 22, 32). First, to evaluate whether regional
changes in adult mussel abundance were the result of variation
in predation intensity caused by changes in predator abundances
and/cr per capita predation rates, or by higher mussel mortality
due to abiotic conditions, we transplanted mussels from a
commoen source to different sites, Ten clumps of 100 juvenile
Perumytilus mussels each were transplanted to the mid-low
intertidal zone at each of four sites [Matanzas (MAZ), Marine
Reserve (ECIM), Las Cruces (LCRU), and El Quisco (ELQ);
Fig, 1] located south of 32°S, where mussel recruitment rates are
relatively high, and three sites [Temblador (TEM), Punta Talca
(PTAL), and Guanaqueros (GUA); Fig. 1] north of 32°§, where
mussel recruitment rates are relatively low. Plastic mesh was used
to hold mussels against the rock surface (o allow them to reattach
and to prevent predation. After two months, the mesh on five
randomly chosen clumps per site was removed, exposing half of
the mussel clumps to predators while the other half were
protected by dome-shaped mesh predator exclusion cages. Mus-
sel survival was monitored every 2 days for the first week and
every 15 days thereafter, We present mussel survival in the two
treatments after 50 days from the beginning of the experiment,
In such experiments, in which a fixed number of prey are
followed over time, mussel survival can be described by N, =
Noet=of + 7 where N, is the number of live mussels at time =
t, Ny is the initial number of mussels transplanted, o is the total
or population predator-prey interaction strength, and m is the
natural mussel mortality rate (33, 34). Calculating the slopes of
the regressions between Log.(M,/Ny) and time [or each replicate
under different treatments and using average predator density as
an estimate of P allow estimation of all mussel mortality terms
(35, 36).

The mussel transplant experiment evaluated whether there was
geographic variation in natural mussel mortality () or predation
intensity (o). To determine the role of these factors in the
regulation of mussel populations, a predator exclusion experiment
that allows mussels to seitle al natural rates must be conducled.
Therefore, we set up a series of replicated predator-exclusion
experiments at five sites with similar physical characteristics, Stain-
less-steel cages, control plots, and roofs (procedure controls) were
used to exclude predators, allow all predators to access experimen-
tal plots undisturbed, and control for cage artifacts, respectively,
Five replicates of cach treatment were deployed over short turfs of
the alga Gelidium chilense, which mediates mussel recruitment Lo
the intertidal zone. Experiments were conducted in 1999 and again
in 2000 at three sites south of 32°5 (ECIM, Las Cruces, and Ei
Quisco) and two to the north (Punta Talca and Guanaqueros). In
all cases, ne differences were observed between roofs and control
plots (P > 0.05). Thus, for simplicity, we present results for controls
and treatments.

Results and Discussion

Our analyses revealed two scales of variation in hydrographic
conditions associated directly or indirectly with variation in
upwelling activity across the region. First, coastal topography
and coastline orientation are associated with meso-scale spatial
structure in 88T, which is apparent in AVHRR satellite images
(Fig. 1a). Several studies in central Chile have shown that colder
inshore waters in the images correspond to areas of intensifica-
tion of wind-driven upwelling, whereas warmer waters corre-
spond to areas of weak upwelling or upwelling shadows, which
often occur <15 km away from upwelling centers (17, 37, 38).
Superimposed on this meso-scale variation in upwelling inten-
sity, which occurs irregularly across the entire region (Fig. 1),
there is a clear regional-scale discontinuity in oceancgraphic
regimes. Due to the seasonal migration of the Pacific anticyclone
and continental topography, upwelling-favorable winds are gen-
erally weaker, but more persistent throughout the year north of
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~32°§ (39-41). Indeed, OET is upwelling-favorable year-round
north of =~30°8-32°S, whereas they are downwelling-favorable
(OET = 0) during austral winter south of this latitude (39).
Analysis of high-frequency, 6-hourly upwelling indices during
spring and summer months, when upwelling and therefore
offshore transport are more intense, shows that there are fewer
episodes of upwelling relaxation to the north of 32°8 (Fig. 1¢).
Changes in upwelling intensity and oceanographic regimes can
have important effects on larval transport to the shore (15, 42).

Results from the long-term recruitment monitoring study
showed high among-site variation, but also a sharp, coincident
geographic discontinuity in average recruitment rates of mussels
and barnacles at about latitudes 32°5-33°S, with generally lower
recruitment to the north (Fig. 2 a and ). Regional trends in
barnacle and mussel recruitment were highly correlated,
whereas site residuals were not {Table 1}, suggesting that bar-
nacle and mussel recruitment are similarly affected by regional-
scale processes, but not by local, site-specific factors. Field
surveys of adult cover of these same sessile species showed that
the abrupt changes in recruitment rates were mirrored by
persistent breaks in intertidal community structure, Mussel
cover in the mid zone and, Lo a lesser extent, barnacle cover in
the high intertidal zone changed abruptly at =32°5-33°S (Fig. 2
¢ and d), with larger abundances 10 the south than to the north
of this latitude, Low mussel cover at the marine reserve of
ECIM, where mussel recruitment is high {Fig. 2), is attributable
to locally intensified predation by the commercially collected
gastropod Concholepas concholepas, which is protected in the
reserve (21). Barnacie and mussel cover were highly correlated
in terms of both their regional trends and site residvals (Table
1), suggesting that regional-scale processes as well as site-scale
postrecruitment factors affect adult cover of these species in
similar ways. Recruitment was highly correlated with adult cover
when we examined regional trends for mussels and barnacles,
presumably as a result of these groups sharing similar spatial
structure across the study region {Table 1). These strong corre-
lations indicate that, over scales of hundreds of kilometers,
recruitment limitation dominates the patterns of adult abun-
dance. In contrast, site residuals of recruitment and cover
showed no correlation (Table 1), suggesting again that postre-
cruitment processes that vary over scales of sites are the main
determinants of local adult abundance. Strong correlations
between recruitment and intertidal abundance are observed in
the region of low recruitment to the north of 32°8 (r = 0.91 and
0.80, for mussels and barnacles, respectively), suggesting that,
within this region, intertidal populations are recruitment-limited
(3, 43). To the south of this latitude, correlations are weak and
nonsignificant (r = 0.37 and 0.03, for mussels and barnacles,
respectively.

Although regional-scale discontinuities in upwelling regimes
had profound effects on mussel and barnacle recruitment,
apparenily leading to similar patterns of regional variation in
intertidal abundances, meso-scale variation in upwelling inten-
sity had only weak effects on these groups. Evaluating the effect
of upwelling intensity by using site residuals from LOWESS
regressions reduced the large variability observed across sites
within upwelling condition produced by the strong regional
rends (Fig. 2 Inserts). Analysis of these site anomalies showed
that recruitment and cover of mussels and barnacles were slightly
higher (lower) than expected at weak {(strong) upwelling sites, as
predicted by the upwelling-relaxation model (13). However,
these differences were small and significant only for mussel
recruitment (Fig. 2).

If discontinuous oceanographic regimes cause major breaks in
benthic community dynamics, one would expect to detact this signal
in the pelagic environment as well. A sharp change in chlg
concentration at ~32°S has been reported in nearshore walers (39,
44). Similarly, empirical orthogenal function analysis of SeaWiFS
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Fig. 2. Patterns of recruitment and adult abundance across the region. (a and b) Monthiy recruitment to collectors, standardized by days of exposure and

averaged from January 1938 through December 2004 at each study site for chthamaloid barnacles 4, cirratus and V. scabrosus in the high intertidal zone settling
on 10 % 10-cm Plexiglass plates coated with safety walk {a} and P. purpuratus mussels In the mid zone settling on plastic Tuffy pads (b} {23}, {c and &) The intertidal
adult abundance estimated from replicated transecis and 50 X 50-cm quadrats at the same sites and tidal heights for barnacles (¢} and mussels (o). The segmented
tines show location of the geographic discontinuity. The arrows indicate the position of Los Molles, the site located at 32°S. (fnserts} The average cover (a and
b) or recruitment (c and &} of barnacles and mussels at sites of strong (black bars) and weak (hatched bars} upwelling, after removing the regional trend in the
data by using LOWESS regression (residuals). Error bars in these panels represent variation across sites within upwelling-intensity condition.

chl-z time series showed a marked shift in the intensity of the annual
cycle of surface chl-u concentration around 32°S (Fig. 1), These
striking coincidences in spatial structure belween the benthic and
pelagic communities are indicative of strong coupling over regional
scales, The sharp spatial transition in phytoplankton biomass and
dynamics has not yet been explored in detail, but changes in
phytoplankton biomass assaciated with upwelling dynamics involve
changes in phytoplankton species composition and cell size spec-
trum, which in turn can have important effects on invertebrate
larval condition (45). Although our results suggest that adult
mussels grow and survive well at sites north of 32°8-33°5 (see
belowy), it is possible that the lower phytoplankton availability to the
north could lead to a decrease in adult reproductive output. Lower

reproductive output over such an extensive geographic region
would reduce total larval production, which in turn could be
responsible for low adult abundances.

Results from the mussel transplant experiment showed that
transplanted mussels protected from predators survive well at all
sites across the entire region (Fig, 3a, cross-hatched bars), Natural
mortality of mussels in the absence of predators (1) was low and
similar across sites {P > 0.05), suggesting that abiotic factors do not
play a4 major role in the observed pattern of mussel abundance,
High mortality of transplanted mussels was observed in the pres-
ence of predators at all sites (Fig, 3a, filled bars), with the largest
interaction strengths (aP) inside the marine reserve of ECIM and
the management and exploitation area of El Quisco (ELQ), where

Table 1. Pearson correlation coefficients between recruitment and cover of barnacles and

mussels hased on raw data

Variables

Raw data

Regional trend Site residuals

Mussel recruitment vs. cover
Barnacle recruitment vs. cover
Recruitment of mussels vs. barnacles
Cover of mussels vs. barnacles

0.53 (0.0220)
0.31 (0.2736}
(.26 (0.3710)
0.67 {0.0025})

0.81 (0.0001}
0.67 (0.0081)
0.87 (0.0007)
0.79 (0.0001)

0.24 (0.3453)
—0.21 (0.4786)
~0.42 (0.1310)

0.53 (0.0240)

Regional trends fitted by LOWESS regressian. Significance of correlations in parentheses, 8old face indicates

significant correlations after Bonferroni adjustment.
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dural controls [roofs} are not presented,

harvesting of the carnivorous gastropod C. concholepas and other
invertebrates is excluded or regulated, respectively (46, 47). No
differences were observed between sites located north and south of
32°8. This result suggests that predation intensity can vary among
siles but is similar across the peographic discontinuity. Indeed,
predator abundance does not vary systematically across the region
(25). Probable causes for the lack of a geographic response in
abundance of the major mussel and barnacle predators are that
their larvae are not affected by the same oceanographic processes
influencing barnacle and mussel larvae and that they are generalists
that can switch to feeding on other prey and that their own
recruitment is not directly dependent on local prey consumption. In
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addition, seastars and gastropod predators are long-lived and could
withstand several years of low prey recruitment (48).

De discentinucus oceanographic regimes ultimately medify
the outcome of species interactions and the regulation of benthic
communities? In the predator-exclusion experiments, mussels
covered between 60% and 95% of the primary space within the
first 3 months of initiating the ¢xperiments at sites south of 32°S
(Fig. 3b) out-competing other invertebrate and algae species
from the rock. In contrast, at the two northern sites, neither
mussel nor barnacle cover increased in predator exclusion plots.
At the three sites south of 32°5, prey abundances in exclusions
differed from those in controls (P < 0.001), whereas ne differ-
ences were found at northern sites {P > 0.05). Thus, predators
play a major role in the regulation of intertidal communitics
south of =~32°8-33°5, but their role is negligible to the north, at
least up to around 28°S.

The paradigm of top-down control of intertidal communities
along the coast of Chile (20, 22, 32) was built on field experi-
ments conducted in a limited geographic range in central Chile,
at around 33°-34° and a few places in the south (49}, Similar
conclusions in other parts of the world are similarly based on
geopraphically restricted studies where logistic limitations have
constrained the geographic extent of ecological studies. The use
of the comparative experimental approach (24) and the recently
develeped availability of long-term, spatially extensive data sets
of recruitment and oceanographic conditions are starting to
reveal more persistent and regular patterns than many envi-
stoned a decade ago. With similar studies clsewhere (11, 12), our
results suggest that patterns of species interactions in benthic
communities can be bound by regional discontinuities in ocean-
ographic conditions. Discontinuons upwelling regimes also cause
major changes in the temporal dynamics of phytoplankten
biomass, which in turn can have far-reaching effects in the
pelagic food web. It is therefore not surprising that the anchovy
fisheries along the coast of Chile and Peru shows a sharp
decrease in total captures in an extensive region of the coast
north of ~32°8 (50). Considerations of the scale and geographic
location where oceancgraphic conditions produce major changes
in the pattern of species interactions, like those found here north
and south of 32°8, must be incorporated in designing policies for
the sustainable management of benthic and pelagic resources, as
well as in estublishing marine coastal reserves worldwide,
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Habitar temperature is often assumed to serve as an effective proxy for organism body temperature when making
predictions of species distributions under future climate change. However, the determinants of body temperature are
complex, and organisms in identical microhabirats can occupy radically different thermal niches. This can have major
implications of our understanding of how thermal stress modulates predator—prey relationships under field conditiens.
Using body remperature data from four differenr sites on Santa Cruz Island, California, we show that at two sites the
body temperatures of a keystone predator (the seastar Prsaster echracens) and ins prey (the mussel Myeitus californianus)
followed very different trajectorics, even though both animals occupied identical microhabitats, At the other two sites,
body temperatures of predatot and prey were closely coupled across a range of scales. The dynamical differences berween
predator and prey body temperarures depended on the location of pairs of sites, at the extremes of a petsistent landscape-
scale weather pattern observed across the island, Thus, the well understood predator-prey interaction between Prsaster
and Myeilus cannot be predicred based on habitat-level informatien alone, as is now commonly attempted with

landscape-level (‘climate envelope’) models.

The temperature of a plant or animal’s body can affect
vireually all of its physiological processes (Buckley er al.
2001, Somero 2005). These cellular and subcellylar-level
pracesses in wurn have cascading effects on the distribution
and sbundance of organisms and populations and the
functioning of ecosystems, and have been the focus of
ecological investigation for decades. Moreover, undersrand-
ing the role of body temperature in driving patterns of
organism distribution has taken on a new urgency in the
face of global climate change (IPCC 2007) and a pressing
nced to forecast the impacts of climate change on natural
ecosystems {Clark et al. 2001, Helmuch et al. 2006b). This
need has given rise to 2 number of both mechanistic and
statistically-based approaches, all with the common goal of
explicitly hindcasting and/or forecasting the impacts of
climate change on patterns of species distributions and
organism abundances {Stockwell and Perers 1999, Porter
et al. 2000, Hugall et al. 2002, Pearson and Dawson 2003,
Kearney and Porter 2004, Pértner and Knust 2007),

One of the most commonly used approaches (the
‘climate envelope’ method) relies on correlations between
environmental variables {parameters such as air or water
temperature} observed at the current edges of a species
range boundary te estimate a species fundamental niche
space (Hugall er al, 2002). By extrapolating to future
climatic conditions, these approaches predict future range

boundaries by assuming that the current range edge is set by
some aspect of climate. Even many individual-based
approaches still rely on habitat temperature (usually surface
or air temperature} as a starting point, and then predict
operative bady temperature based on correlation {(Buckley
et al, 2008, but sec Kearney and Porter 2004 for a more
mechanistic approach).

As cmphasized by Kearney (2006), such ‘cdlimate
envelope’ methods generally assume that aspscts of the
habitat (such as air or surface temperature) are equivalent to
axes of the organism’s fundamental niche space (such as
body temperature), thus ignoring any details of the
organism’s interaction with the surrounding environment.
In other words, not only is the organism’s realized niche
space assumed to equal its fundamental niche space, but no
consideration is give to the organism itself estimates of
organisms’ fitness are based solely on the characreristics of
current and fucure habitat conditions. It has long been
known that the body temperarures of ectothermic organ-
isms are driven by multiple, intcracting climatic parameters
and arc often quite different from the temperature of the
surtounding air or substrate (Porter and Gates 1969,
Stevenson 1985, Huey et al. 1989). The flux of heat to
and from an organism is affecred by its size, color,
morphology, and material properties, and two different
ectothermic species exposed to identical elimatic conditions
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can experience markedly different body temperatures
{Porter and Gates 1969, Helmuth 2002). As a result, not
only are measurements of habitat temperature {¢.g. air or
surface remperature) insufficient proxies of a species thermal
niche bue they also are highly unlikely to serve as effecrive
proxies for the current or future body temperature of more
than one species (Helmuch 2002, Firzhenry er al. 2004).
While methods that estimate body temperature based on
habitat temperature do allow different offsets for each
species. they nevertheless assume that organism body
temperature varies linearly wich habitar remperacure, and
that this offset is constant from site to site. In other words,
they are based on cerrelations with habitat temperature.

Recent studies have shown rthat predictions of the
impacts of weather and climate on organismal distributions
are fundamentally different when these predictions are
based on body temperature rather than on environmental
parameters (Halletr er al. 2004, Helmuth et al. 2006a,
2006b). Understanding the effects of weather and climare
in driving body temperature is particulatly important when
examining predator—prey interactions (Durant et al. 2007,
Pincebourde et al. 2008). While several recent studies have
made significant advances to mechanistically mode] the
effects of climate, and climate change, on the current and
future distribution of species ranges by including the direct
physiological effects of climate {Porter, et al. 2000, Kearney
and Porter 2004} we arc just beginning to understand some
of the indirect effects of climate on species interactions
{Sanford 1999, 2002, Pincebourde et al. 2008}. Specifically,
most predictions of the effects of climate change on species
distributions, and indeed most ccclogical studics, base
estimartes of climate-influenced predator—prey interactions
on measurements of habitat temperature. Here we show
that the relative difference in body temperature berween 2
predator and its prey varies significantdy — both quantita-
tively and qualitatively — berween sites despite exposure to
identical microhabitat conditions at each site. Importantly,
these patterns are unlikely to be predictable in space and
time¢ without a2 mechanistic understanding that includes
some prediction or direct measurement of their actual body
temperatures in the field. Our results highlight the
importance of considering the interzction of an organism’s
morphology and thermal properties with its surrounding
environment in determining body temperature, as well as
an organism's physiological response to temperature when
forecasting ccological responses to environmental stress,
Moreover, they uncover strong landscape-scale variability in
the degree to which predators and their prey are coupled in
their thermal responses to their ambient thermal environ-
ments.

Methods
Study site and organisms

The California mussel, Mytilus californianus (hereafter
Mytilus) forms dense beds in the mid-intertidal zones of
rocky shores from Alaska to Baja and is a pritnary prey
species for the predatory seastar, Pisaster ochraceus (hereafter
Pisaster) {(Paine 1974, Menge et al. 1994}, In the absence of
predation or disturbances 1o control its populadion size,
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Mpytilus has been shown to expand its distribution and out-
compete all plant and animal species from most of the
intertidal zone {Paine 1974, Robles et al. 1995). Unlike
Mytilus, which is sessile and cannot escape thermal stress,
Pisaster is mobile. Many intertidal predators show little or
no movement during low tide (Newell 1973), and Plsaster
in particular are inactive during low tide (Robles ct al.
1995). Robles et al. (1995) found that Piuasrer move
upshore with the incoming tide to feed and then move
downshore before the tide recedes again. They also found
that Prsaster can move >3 m vertically and > 10 m along
the rock surface during a single tide before returning to low
intertidal levels to rest during low tide. The potendial for
behavioral thermoeregulation in Pisaster could thus gready
tmpact the consumer—resource dynamics, 2 process that has
tecently been observed in the interaction berween grazing
limpets and scaweeds in other incertidal systems (Harley
2003).

We examined temporal and spatial patterns in the body
temperature of Piaster and Mytilus body temperatures at
four sites around Santa Cruz Island, Californiz. Santa Cruz
Island is the largest of the Northern California Channel
Islands and is located in a region of high oceanographic
variability in the Santa Barbara Channel on the northern
portion of the Southern California Bight (Fig. 1). A
petsistent thermal gradient exists along the channel where
higher sea surface temperatures in the southeastern portion
of the channel are associated with the influx of north-
flowing warm subtropical water. On the northwestern part
of the channel, equatorward, upwelling-favorable winds are
topographically intensified around Point Conception, and
much cooler ocean temperarures prevail duc to the intense
advection of cold water from the nearby Point Conception
and Point Arguello upwelling centers (Winant er al. 2003),
These oceanic characteristics produce persistent differences
in ocean temperature (~2°C) and fog formation between
the southeastern and northwestern sides of the island
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Figure 1. Location of the four study sites around Santaz Cruz
Island. The sites represent exrremcs along a steep gradienc in
oceanographic conditions observed along the island shores with
sites located on the western end of the island {Fraser and Trailer)
experiencing cooler ocean temperatures than the sires located on
the southwestern side (Valley and Willows), Detailed sea surface
temperacure satellite imagery highlighting the thermal gradient
can be found at Otere and Siegel (Otero and Sicgel 2004),



{Broitman et al. 2005, Fischer and Still 2007). We selected
four intertidal study sites that represent the extremes of this
environmental gradient (Fig. I, inset): two sites on the
notthwest shore of the island (Fraser and Trailer) and two
on the southeastern shore (Willows and Valley). The
number and locations of sites were limited by accessibility
and ether logistical constraints, and sites were selected to be
as similar as possible in terms of gecomorphology, wave
exposure, and habitat type.

Instrumentation

We recorded temperatures corresponding te the body
temperacures of Mytilus and Plsaster using pairs of biomi-
metic temperature loggers during the Boreal summer of
2006 (12 July te 10 October}. As is true for the temperature
of an organism’s body, the temperature recorded by a sensor
is significandly affected by the morphology, sutface coler,
wetness and thermal properties (thermal inertia) of the
instrument, and failure to match these charactetistics to
those of the intertidal animal of interest have been shown to
lead to errors of 14°C or more (Ficzhenry et 2. 2004). We
thus used sensors designed to match the thermal charactet-
istics of Mytilus and Pisaster. These instruments have
previously been shown to record temperatures that are
within 2-2.5 and 1°C of adjacent mussels and seastars,
respectively (Firzhenry et al. 2004, Szathmary et al. in
press). Loggers were located in the mid intertidal zone,
corresponding to the tidal clevations where maximal
densiries of each species are observed in the field (Blanchette
et al. 2006). Loggets recorded temperature every 30 min
and were serviced every ~40 days. In the case of seastar
biemimetic loggers, the microhabitat location of sensors
was intended to mimic the temperatures of animals acrially
exposed while they are feeding on mussels rather chan when
they are concealed in crevices (Pincebourde et al. 2008).
Thus, whenever possible, seastar loggers were deployed
directly adjacent to biomimetic sensors mimicking mussel
body temperatures so that cach sensor was exposed to
similar microhabitat conditions. In all, cases pairs of seastar
and mussel loggers were deployed within ~20 cm vertical
clevation of one another at each site. Biomimetic loggers
were sometimes lost haphazardly across sites and were
replaced during the next visit to the site.

Data analysis

The primary goal of our study was to determine if subile
variations in local weather affected body temperatures of
predator and prey differently at each of four different sites
on Santa Cruz Island. We werc not able to perform a
spectral analysis to establish the pattern of dynamieal
coupling berween both records using the cross-coherence
function because of repeated instrument loss and the short
study period (Bendat and Piersol 1986). Alternarively, we
examined the temporal cross-covariance between the body
temperatures of Mytilus relative to the body remperatures of
Pisgster at multiple temporal scales {i.e. frequencies). To
remove scrial correlation, we transformed all temperature

time series to anomalies through first-order differencing
before calculating statistics (Helmuth er al. 2006a). We
examined patterns of thermal covariance over different
remporal scales filtering the tme series from 0.5 to 24 h
using 2 30-min running-mean filter (48 scales) and
caleulating Kendall-Tau (R.) cross-correlations between
seastar and mussel body temperatures lagging the filtered
anomaly time series between +240 min (+4 h or 8 lags
back and forward in time plus lag-0, e.g. 17 lags). Negative
lags in the cross-correlation correspond to the scastar
temperature anomalies leading the correlation (e.g. the
seastars heating or cooling before the mussels), while
positive lags corresponded to the mussel temperature
anomalies leading the correlation. We computed R; by
sampling the time scries at the frequencies prescribed by the
filter lengths across all scales. Then, using Monte Carlo
simulations, we calculated significant cross-correlations
through the standard error disttibution of R, (Sokal and
Rohlf 1981)., We used a Bonferroni correction for the
multiple comparisons (48 time scales X 17 lags} to adjust
our significance levels accordingly (@ <0.05}. In this way,
we are estimating concordance (Kruskal 1958) berween the
wo signals at different lags and time scales, and using
simulations to establish their significance and accommodare
¢rror in their measurement.

Results

The body temperature of both mussels and seastars (as
recorded by biomimeric sensors) showed large amplitude
flucruations during the 40-day study period. However, the
body temperatures of scastars were consistently lower than
those of adjacent mussels, and their body temperature
fluctuations were of smaller amplitude. As expected for
intertidal ectotherms, temporal variation in body tempera-
ture was dominated by the daily eycle with ca 12 h
fluctuations between daily thermal extremes. The periodi-
city in the detrended temperature time series was uncotre-
lated to the fortnightly rdal cycle at all sites {results not
shown), For mussels, oscillations of approximarely 8°C
were observed at the beginning of the study period ar the
southeastern sites (Valley and Willows, Fig. 2A-B). The
mean body temperature of both mussels and seastars
followed a clear spatial gradicnt with the highest tempera-
tures observed at the southeastern sites and the lowest at the
northwestern sites, Both mean body temperature and
variance in body temperaturc was higher for mussels than
for seastars. For mussels, the largest variances were observed
at the sites with the lowest means (Table 1). Acr the
southeastern sites (Valley and Willows, Fig. 2A-B), daily
fluctuations in scastar body temperature were smaller than
those of theit mussel prey. In contrast, at northwestern sites,
where overall mean temperatures were lower {Trailer and
Fraser, Fig. 2C-D), daily fluctuations were greater berween
the two species.

The dynamical association berween temperature fluctua-
tions showed that at the scale of sites, mussel and seastar
body temperatures covary over a range of temporal scales
(Fig. 3}. Temporal decoupling was mote pronounced at the
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Figure 2. Temperature time series of the seastar Pisaster ochraceus (black lines) and the mussel Mytilus californianus (gray lines) during the
study period (July—August 2006) at the four study sites around Santa Cruz Island in southern California. (A) Valley, (B) Willows, (C)
Trailer and ([3). Fraser. Note the larger amplitude of the body temperature fluctuations in the mussel. Gaps in the record are due w

instrument loss.

northwestern sites, Trailer (Fig. 3C) and Fraser (Fig. 3D),
where body temperatures of Mysilus and Pisaster were not
correlated at scales smaller chan about 6 h, 2nd instead were
restricted to the daily temperature cycle of ~ 12 h. Predator
and prey body remperacures were more tightly coupled at
the southeastern sites, with highly significant correlations
between 1 and 24 h across 2 broad range of lags (Fig. 3A~
B). At all sites, the body temperature of Mpytifus led the
correlations (i.e. Mytilus warmed or cooled before Pisaseer),
more notably at the 12-h scale. The rapid response of
Myrifus body temperature was apparent through the
prevalence of significant corrclations at positive lags,
particularly in the northwestern sites where temperatures
were largely decoupled. The symmetrical pattern of lagged
correlation at the 12-h scale observed at the northwestern
sites suggested that body temperatures of Mytilus and
Pisaster became coupled only during the extremes of the
daily emperature cycle.

Table 1, Body temperature statistics of biomimetic sensors of {A) the
seastar Pisaster ochraceus and (B) the mussel Mytilus cafifornianus.
Note that zlthough the southeastern sites {Valley and Willows} are
warmer, variances are generally larger at the cocler sites (Trailer and
Fraser} for both seastars and mussels.

Valley  Willows  Trailer  Fraser

(A} Pisaster
Mean 19.053 18.444 18.007 17.209
Variance 2.964 2.948 3.462 2.208
Anomaly variance 0.156 0132 0.125 0.082

(B) Mytifus
tean 19.752 19.411 18.726 18.289
Variance 31.230 3.831 7.198 7.13%
Anomaly variance 0.167 0.174 0.529 1.210

4-EV

Discussion

Our results showed that the body temperature of two
ectotherms, a dominant intertidal mussel and its keystone
seastar predator, can have very different temporal patterns
of body temperature across sites, both in terms of maximum
temperature 2nd in level of dynamical coupling. Since we
used standardized biomimetic sensors to monitor the body
emperature of these two species, and controlled for
microhabitat characteristics, we attribute the contrasting
temperature dynamics to landscape—scale differences in
climate and the interaction of climate with the thermal
properties of Mytilus and Pisaster bodies. Importantly, it is
highly unlikely that chese impacts on predator and prey
could be predicted by parterns in habitat alone, which
appear to have a large impact on the prey species but only a
very subtle impact on the predator.

Differences in climate berween the southeast and north-
west of the island are associated with the gradient in ocean
temperature driven by the occanographic transition zone
around Point Conception (Winanr er al, 2003). The
gradient is particularly steep across Santa Cruz Island
(Broitman et al. 2005), and the two extremes of the island
experience different oceanic and atmospheric conditions,
with the northwestern excreme being dominated by fog
formation and much cooler temperatures, particularly
during summer insolation maxima {(Fischer and Still
2007). This landscape-level thermal and insolation gradient
causes the body temperatures of both ectotherms w be
tightly coupled at the warmer southeastern sites but not at
the cooler northwestern sites.

Climate is 2 defining characreristic of these habitats, and
it can be described withourt any reference to the organism.
However, the niche space that an organism occupies has
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Figure 3. Kendall correlation coefficients showing the dynamical
coupling berween time series of body remperature anomalies of
Mytilus and Plsaster at the four study sites. (A) Valley, (B)
Willows, (C} Trailer and {D) Fraser. Correlations were calculared
across a tange of lags and flters representing scales of emporal
integration. Correlations inside the black contour indicate
significant correlations and the greyscale contours, from black to
white, indicate the magnitude of significant corrclations (0.95,
0.75, 0.65 and < 0.63, respectively). Positive lags correspond to
Mytilus body temperature anomalies leading the correlation
(Myerher warming or cooling before), while negarive lags indicate
Pisaster leading, Significant correlations are always maximal
around lag 0 and lag 1 showing that the Mytilus time series
usually led the correlation. Highly significanr correlations extend
into positive and negarive lags at the 12 h filter scale indicating
that the body temperatures of both species are maximally coupled
during the extremes of the daily thermal eycle, The largest degree
of coupling is observed on temporal scales (filiers) above one hour
while in Fraser, the coolest site, temperatures are significanty
coupled zround the extremes of the daily cycle. Note the
contrasting partern of the overall dynamical coupling with the
southeastern (warmer) sites showing greater coupling between
predator and prey temperatures than the northwestern (cooler)
sites.

more dimensions than climate. For example, the ‘environ-
ment’ cannot be described without reference to a particular
organism (Kearney 2006). These two species occupy
basically the same habitat as suggested by their overlapping
biogeagraphic ranges and ccological characteristics, but
Pisaster predation regulates the abundance and vertical
distribution of Mytilus (Paine 1974, Menge et al. 1994),
Also, it is necessary to understand how morphology,
physielogy, and especially behavior, determine the kind of
environment an organism experiences when living in a
particular habitat to define its niche space, Pisaseer is mobile
and has the ability to behaviorally thermoregulate, and its
feeding activity can be modulated by both submerged and
aerial body temperature (Szathmary et al. in press),
Pinecbourde et al. (2008) showed that while Pisaster was

unlikely to experience body temperatures close to its lethal
limic (35°C) in the field (Fig. 2A), it regularly experienced
temperatures that reduced feeding. Chronic exposures { > 8
days) to body remperatures above 23°C resulted in a 30—
40% reduction in feeding rate on mussels and concomi-
tantly decreased races of growth! In conrrast acute exposure
caused increased feeding rates. These laboratory results were
supported by field measurements conducted at Bodega Bay,
CA, and at Swrawberry Hill, OR which showed that the
number of exposures to physiologically damaging tempera-
tures varied with tidal height (Petes et al. 2008). These
results suggest thac despite Piraster's ability to move, it
nevertheless is ¢xposed to varying cenditions in the field,
which may compromise its ability to feed (Pincebourde
et al. 2008). When mussels collected from the mainland
near Santa Cruz Island were exposed to z range of aerial
body temperatures, mortality rates of 100% were observed
for the following condition — body temperatures of 36°C
for periods of 2 h or more for 3 days (Mislan unpubl.).
Mussel biomimetic logger remperatures at Valley (Fig. 24)
approached 36°C once during this study suggesting that
mussels can experience harmful body temperatures at some
sites and not others on Santa Cruz Island which is in broad
agreement with the mosaic structure of body temperature
patterns of Myrilus along the coast of western north America
{Helmuth er al. 2002, 2006a).

Habitat alone does not determine the discriburion and
abundance of these two specics, and additional explicit
mechanisms related to more than one dimension of the
species’ niche may be required to understand the present
and future distribution of Myrifus and Pisaster. If the
predator~prey interaction is included in the caleulation of
the niche, onc can obtain better approximation of the
realized niche of cither species (Hutchinson 1957, Kearney
2006). We have shown thar the temporal dynamics of body
temperatures of an ectothermic predator—prey pair can
significantly depart under different climate scenarios.
Vertical distribution of AMyrilus may actually expand if
atmospheric temperatures in the furure are stressful enough
o decrease Pisasrer feeding rares but not high enough ro kill
Mytslus (Pincebourde er al. 2008). Alternatively, a milder
atmospheric temperature increase can positively affect
Pisaster feeding rates and contract Mynrilus vertical distribu-
ton. Since the vertical distribution of Mysifus can have
major community-level consequences (Paine 1974), a
statistical model describing associations berween the dis-
tributions of organisms across a landscape and bieclimaric
features can be considersd ar best as 2 ‘habitat model’
(Kearney 2006). Only when interspecific interactions and
their sensitivity to climate become part of the bioclimare
models we may be approaching functional trait-based
multispecics distribution models which are capable of
reliable ccological forecasting (Kearney and Porrer 2004,
Kearney 2006, McGill et al. 2006).
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MOSAIC PATTERNS OF THERMAL STRESS IN THE ROCKY INTERTIDAL
ZONE: IMPLICATIONS FOR CLIMATE CHANGE
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Ahstract.  We explicitly quantified spatial and temporal patterns in the body temperature
of an ecologically important specics of intertidal invertebrate, the mussel Mytifus californianus,
along the majority of its latitudinal range from Washington to southern California, USA.
Using long-term (five years), high-frequency temperature records recorded at multiple sites, we
tested the hypothesis that local “modifying factors” such as the timing of low tide in summer
can lead to large-scale geographic mosaics of body temperature. Qur results show that
patterns of body temperature during aerial exposure at low tide vary in physiologically
meaningful and often counterintuitive ways over large sections of this species’ geographic
range. We evaluated the spatial correlations among sites to explore how body temperatures
change along the latitudinal gradient, and these analyses show that “hot spots” and “celd
spots” exist where temperatures are hotter or colder than expected based con latitude. We
identified four major hot spots and four cold spots along the entire geographic gradient with at
least one hot spot and one cold spot in cach of the three regions e¢xamined (Wushington—
Oregon, Central California, and Southern California). Temporal autocorrelation analysis of
year-to-year consistency and temporal predictability in the musscl body temperatures revealed
that southern animals cxperience higher levels of predictability in thermal signals than
nerthern animals. We also explored the role of wave splash at a subset of sites and found that,
while average daily temperature extremes varied between sites with different levels of wave
splash, ycarly extreme temperatures were often similar, as were patteens of predictability. Qur
results suggest that regional patterns of tidal regime and local pattern of wave splash can
overwhelm those of large-scale climate in driving patterns of body temperature, leading to
complex thermal mosaics of temperature rather than simple latitudinal gradients. A narrow
locus on population changes only at range margins may overlook climatically forced local
extinctions and other population changes at sites well within a species range. Our results
emphasize the importance of quantitatively cxamining biogeographic patterns in environ-
mental variables at scales relevant to organisms, and in forecasting the impacts of changes in
climate across species ranges.

Key words:  Blogeography: cfimate change: imtertidal; mussel; Mytilus californianus; signal analysis;
temperature; thermal stress; U.S. Pacific Coasi.

INTRODUCTION processes are affected to at least some degree by the
temperature of an organism’s body. Recent technolog-
ical innovations at molecular and biochemical levels
have precipitated major advances in our understanding
of how temperature drives organismal physiclogy and
¢eology (e.g., Somero 2002, Dahlhoff 2004, Hofmann
20035). Exploring the role of organism temperature in
driving species distribution patterns has assumed a
further sense of urgency given changes in global climate
(Intergovernmental Panel on Climate Change 2001), the
cbservable impacts of these changes on ecological

The effects of temperature on the survival and
physiological performance of organisms, and the sub-
sequent influence of physiclogical temperature tolerance
on species distributions patterns, have becn major foci of
investigation for decades (Orton 1929, Hutching 1947,
Vernberg 1962, Somero 2005). Virtually all physiological
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patterns in nature (Root and Schneider 1995, Parmesan
and Yohe 2003, Root et al. 2003, Parmesan and
Galbraith 2004, Harley et al. 2006). and a pressing nced
to forecast the impacts of climate change on natural
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ecosystems (Clark et al. 2001, Halpin et al. 20045,
Gilman et al, 2006, Helmuth et al. 2006).

In many cases, however, our understanding of how the
physical environment, and in particular aspects of
climate. may limit the distribution of organisms is limited
by our rather poor understanding of how physiologically
relevant environmental factors vary in space and time
{Hallett ct al. 2004). 1n particular, we often know little of
how “climate™ is translated into patierns of body
temperature, especially at spatial and temporal scales
relevant to organisms {(Helmuth 2002). Thus, while we
have a general understanding of how large-scale climatic
indices change over large geographic gradients (Stenseth
et al. 2003}, we often are at a loss as to how 1o explicitly
test hypotheses relating to the influence of climate on
levels of physiological performance (Chown et al. 2004,
Hallelt et ad. 2004, Helmuth et al. 2003).

Mechanistically exploring the impacts of climate, and
climate change, on the distribution of organisms in
nature thus mandates a detailed knowledge of (I} how
physiologically relevant environmental faciors vary in
space and time (Hallett et al. 2004, Holtmeler and Broll
2005); (2) how organisms interact with and perceive
those environmental signals {Helmuth 2002, Helmuth et
al. 2003, Gilman et al. 2006); and (3) what the
physiological consequences of those varying signals are
to the organmism (Chown et al. 2004, Hofmann 2003,
Somero 2005), including how organisms may adapt and
physiologically acclimate to those signals (Clarke 2003,
Stillman 2003). While significant progress has been made
in all of these arenas, recent studics have emphasized that
the physical environment can vary on scales that are not
only highly complex bui often counterintuitive (Under-
wood and Chapman 1996, Helmuth and Hofmann 2001,
Helmuth and Denny 2003, Denny et al. 2004, Wright et
al. 2004). The body temperatures of cctothermic
organisms are often quite different from the temperature
of the surrounding air or substratum (Porter and Gates
1969, Stevenson 1985, Huey ¢t al. 1989). Subscquently,
two organisms expesed to identical climatic conditions
can experience markedly different body temperatures
and thus very different levels of physiological stress, even
when physiological responses to temperature are similar.
Thus, patterns of organism temperature ¢an vary over 4
wide range of temporal and spatial scales, even when
bread-scale ¢limatic patterns appear far simpler (Holt-
meier and Broll 2005, Gilman ct al. 2006), Morcover.
physiological responses to fluctuating temperatures are
often complex, and simple metrics such as average
temperature may not be a sufficient indicator of
physiological stress (Buckley et al. 2001, Halpin et al.
20044). Knowing how and when to look for the effects of
climale change, cither through direct empirical observa-
tion or through meodeling, therefore requires an explicit
understanding of how potentially limiting factors such as
body temperature vary over space und Lime, as well as
knowledge of how physiological tolerance to those
parameters varics along comparable scales (Halpin et
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al. 2002, 2004, Clarke 2003, Stiliman 2003, Tomangk
and Sanford 2003, Kearney and Porter 2004, Wright el |
al. 2004, Dethier et al. 2005, Stenseng et al. 2003).

The intertidal zone, the interfacc between marine and
werrestrial environments, has long served as @ model for
examining the effects of climate on species distributions
{Connell 1972) and may also prove an excellent model
for the effects of climate change on species distributions
{Hawkins ct al. 2003, Harley et al. 2006, Helmuth ¢t al.
2006). Here, we explicitly quantify spatial and temporal
patterns in the body temperature of an ecologically
important species of Intertidal invertcbrate, the mussel
Mytitus californianus, along the majority of its latitudi-
nal range from Washington to southern California,
USA. We present long-term (5-yr) temperature records
recorded at multiple sites along the west coast of the
United States. We show that patierns of body temper-
ature vary in potentially physiologically meaningful and
often counterintuitive patterns over large sections of this
species’ geographic range, We usc temporal autocorre-
lation to evaluate year-to-year consistency and temporal
predictability in the mussel body temperatures along this
large-scale gradient. Additionally, we¢ e¢valuate the
spatial corrclations among sites to expiore how body
temperatures change along the latitudinal gradient, and
explore the role of wave exposure at a subset of sites to
explore the relative importance of wave splash in driving
patterns of body temperature.

The rofes of aerial and aguatic body temperatures
in the intertidal zone

The upper zonation Iimits of many rocky intertidal
organisms are thought to be set by some aspect of
thermal or desiccation stress related to acrial cxposure at
low tide (Connell 1972). and organisms living in this
habitat have been shown to exist at or near the cdges of
their thermal tolerance limits {Davenport and Daven-
port 2005). The intertidal zone is & model ecosystem for
exploring the effects of climate, and climate change, on
natural communities (Fields et al. 1993, Southward et al.
1995, Sagarin et al. 1999, Helmuth ¢t al. 2006). The body
temperature of intertidal invertebrates and algae at low
tide is a crucial detenminant of organism survival and
performance (Somero 2002, 2003). Many studies have
documented that the production of heat shock proteins
(hsps) occurs after exposure to temperatures experienced
during low tide (Sanders ct al. 1991, Roberts ¢t al. 1897,
Hefmann 1999, Somero 2002, Tomanek 2002, Tomanek
and Sanford 2003, Dahlhoff 2004, Halpin et al. 2004,
Li and Brawley 2004, Snyder and Ross 2004) and that
the production of these proteins and their use in
chaperoning activity exerts @ mclabolic cost {Hecka-
thorn et al, 1996, Iwamu et al. 1998). Other studics have
shown physiologically significant impacts of acrial body
temperature on the heart function of intertidal inverte-
brates (Stillman 2003, Stenseng et al. 2003).

Water lemperature has also been shown to be an
important limiting environmental factor, affecting rates
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of feeding (Sanford 1999, 2002), larval mortality, and
reproductive success (Hoegh-Guldberg and Pearse
1995). It may also influence the body temperature of
intertidal organisms during low tide by setting the initial
temperature following emersion. and by influencing rock
temperature (Wethey 2002, Gilman et al. 2006). More-
over, it is an indicator of upwelling, another important
driver of geographic distributions (Broitman et al. 2001,
Leslic ¢t al. 2005, Blanchectte ct al. 2006). While the
relative importance of acrial and aguatic body temper-
atures lo organismal survival remains unresolved,
evidence suggests that both are likely important
determinants of the physiological function and geo-
graphic distribution of intertidal species. As 4 result, the
local and geographic responses ol interlidal orgunisms
arc expected to display strong responses to changes in
both terrestrial and aquatic climatic conditions (Lub-
chenco et al. 1993, Sunford 1999, Somero 2002, Harley
2003, Helmuth et al, 2006),

However, to date most studies have focused cxclu-
sively on the role of waler temperature in driving
temporal and spatial patterns of intertidal assemblages
(c.g., Barry et al. 1995, Schiel et al. 2004). Moreover,
physiclogical evidence suggests that not only the
magnitude of extremes in temperature, but also the
duration, frequency, and time history of these events
may be important determinants of survival (Buckley et
al. 2001, Crozier 2004, Halpin et al. 2004, Wright et al.
2004). Explicitly quantifying spatial and temporal
patterns in both aerial and aquatic body temperature
is thus a necessary first step in generating hypothesces
regarding the likely impacts of climatic variability on the
geographic distributions of intertidal invertebrates.

Recent studies suggest that patterns of aerial body
terperature may be more geographically complex than
anticipated in coastal communities {Helmuth el al. 2002).
Multiple factors interact to drive the body temperature of
an intertidal alga or invertebrate during aerial exposure.
The absolute tidal height of an organism on the shore, the
amount of wave splash that it receives, and the local tidal
cycle all interact to determine the timing und duration of
cxposure to terrestrial conditions at low tide. While
exposed, substratum ungle plays @ major role in
determining the amount ol solar radiation received
{Schoch and Dethier 1996, Helmuth and Hofmann
2001). Patterns of local climate such as fog can also have
a significant modifying effect. Many of these tactors
(such as the etfects of substratum aspect) can be very
localized (Helmuth und Hofmann 2001). Qther faclors,
such as regional differences in the timing of low lide
(Denny and Paine 1998), may be sufficiently extensive to
have biogeographic consequences for intertidal organ-
isms (Helmuth et al. 2002). Yet other modifying
influences, such as wave splash, may operate at
intermediate scales (Schoch and Dethier 1996). As a
result, while climatic conditions generally become
increasingly colder moving poleward along coastlines,
the occurrence of local “modifying factors” may theo-
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retically override the impacts of climatic gradients,
leading to mesaic patterns of temperature {Helmuth ct
al. 2006). as has been suggested for terresirial ecosystems
{Holtmeier and Broll 20035). This model suggests that the
impacts of climate change will be most effectively
detected by conducting investigations throughout specics
ranges rather than just at the margins of specics ranges
(Heimuth et al. 2002, Sagarin and Somcro 2006).
Specifically, this concept suggests that climale change
may exhibil disproportionately large impacts 4t a series
of *hoi” and "cold™ spots within species ranges (Helmuth
et al. 2006}, rather than causing simple latitudinal range
shifts. Helmuth et al. (2002) for ¢xample, showed that
because summnier-time low tides occur in the middle of the
day at northern latitudes, aerial body temperatures of
mussels at sites in Oregon were as hot as some sites in
Southern California, where summertime low tides
seldom occur midday. As a result, Helmuth et al
(2002) predicted that mortality and physiological stress
due to climate change would likely be detected not only at
range margins, but alse a1 hotl spots within the species
range. However, this study was conducted over only a
one year time period, and at a limited number of sites,

Here, we explore this concept in detail using long-
term, high-frequency measurements of temperatures
relevant to the body temperatures of intertidal musscls
(Mytilus californianus). We use this data set 1o test the
hypothesis that acrial thermal regimes do not decreasc
monotonically with increasing latitude, and that “het
spots” and “cold spots™ exist along the west coast of the
United States. We furthermore explore the role of local
patterns of wave splash in driving aerial thermal
regimes, and patterns of temporal variability to inves-
tigate the concept that there exist geographic patterns in
the predictability of thermal stress that may be
detectable by intertidal organisms.

METHODS

Temperature instrumentation

Like terrestrial ectotherms (Porter and Gates 1969).
the body temperatures of intertidal invertebrates during
low tide are driven by multiple. interacting climatic
factors such as solar radiation, wind speed. relative
humidity and air and ground temperatures (Johnson
1975, Helmuth 2002). Furthermore, the shape, colar,
and mass of the organism also affect body temperature.
Thus. two organisms cxposed to identical climatic
conditions can display very different temperatures
{Porter and Gates 1969, Etter 1988, Hclmuth 2002).
As a result, during acrial exposure the body temper-
atures of intertidal organisms are often quite different
from the temperature of the surrounding air, and can
vary from one another by more than 15°C, even over
scales of <20 em (Bertness 1989, Helmuth 1998,
Helmuth and Hofmann 20013,

As is the case for organisms, the shape, size 2nd color
of a data logger can influence the temperature that it
records while in air (Heath 1964), and ene type of logger
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is unlikely to serve as an effective proxy for all species at
a site (Fitzhenry et al. 2004). We therefore matched the
thermal characteristics of living mussels using a serics of
biomimetic sensors, Commercially available Tidbit
loggers (Onset Computer Corporation, Bourne, Massa-
chusetts, USA) were either encased in black-tinted epoxy
{Fitzhenry et al. 2004) or were placed in real mussel
shells that were filled with silicone (Helmuth and
Hofmann 2001). Fitzhenry et al. (2004) have previously
shown that this species does not appear 10 cool via the
evaporation of water even when forced to gape, and so
does not behaviorally thermoregulate, Qur loggers thus
recorded the body temperatures of living mussels to
within ~2-2.5°C during aerial exposure at low tide
{Helmuth and Hofmann 2001, Fitzhenry et al. 2004).

Deployment sites

The primary goal of this study was to explore the role
of the timing of low tide in driving Iatitudinal patterns in
body temperature, We attempted to hold other local
modifying factors such as wave splash, substratum
aspect, and relative tidal height constant. Loggers were
deployed at the scaward (wave-exposed) margins of 10
sites along the U.S. Pacific Coast (Fig. 1, Table 1}: one
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site in Washington (Tatoosh Island; see Plate 1); two
sites in Oregon (Boiler Bay and Strawberry Hill); and
seven sites in California {Hopkins, Piedras Blancas,
Cambria, Lompoc, Jalama, Alegria. and Coal Qil Point
[COP]). At three sites (Strawberry Hill, Boiler Bay, and
Hopkins), loggers were additionally deployed at wave-
protected (sheltered) areas adjacent to the wave-exposed
sites to explore the role of wave splash, It should be
noted, however, that the “wave protected” site at Boiler
Bay, a beneh landward of the wave-exposed bench, is
less sheltered than the Hopkins or Strawberry Hill sites
(Fitzhenry et al. 2004). All loggers were deployed on
approximately horizontal substraty, which was verified
using a Brunten inclinometer. Deployment durations
varied from site to site, and were interrupted by
instrument loss and damage. Qur longesi continuous
deployment was at Hopkins (Monterey Bay. California),
which was initiated in 1998 {Helmuth and Hofmann
2001} and is engoeing, while our shortest deployment was
431 days at Tatoosh Island. For some analyscs, we
grouped these sites into three regions: Washington—
Oregon (WaOr: Tatoosh, Boiler Bay, and Strawberry
Hill), Central California (CenCal: Hopkins. Piedras
Blancas, and Cambria), and Southern Calilornia (So-
Cal; Lompoc, Jalama, Alegria, and COP). Data from a
few additional sites were not included in the analysis
because of datu sparseness (short deployment or very
recent deployment) but are included in the Appendix for
cemparison {Bamficld [Seppings [sland]. British Colum-
bia; Cattle Point, Washington; Collins Cove, Wash-
ington; Bodega Bay, California; and Boa! House,
California).

fnstrument deployment

Previous results indicated that variability between
microsites at any given location was generally rather
low, as long as instruments were deployed in regions
with similar wave exposure, and on a uniform sub-
stratum angle {Helmuth et al. 2002, Haricy and Helmuth
2003, Fitzhenry et al. 2004). Wave splash was quantified
at each site using the method of Harley and Helmuth
(2003) which compares the timing of “effective shore
level™ (the tidal height at which loggers are cooled by the
returning tide) against the absolute tidal height (as
measured using a laser level or theodolite: Table 2). The
difference between the two leucs is estimated as the
daverage wave run—up {AWR), i.¢., the average distance
that waves “run up” the shore dbove the still tide line
after breaking. Loggers were affixed to the rock surface
using Z-spar epoxy putty {Splash Zone compound A-
788. Kop-Coat, Inc., Rockaway, New Jersey, USA)
oriented in approximate growth position (Helmuth et al,
2002). The number of loggers retrieved varied due to
instrument loss, ranging trom three to six (Table 2).
Euch logger recorded average temperature at an interval
of 10 or 15 min. Using the daily extremes of these high-
frequency observations ucross all loggers deployed at a
site, we calculated the average daily minima and
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TasLe ). Names and positions of all sites and locations discussed in the study, ordered from north
o south.

Alongshore Latitude Longitude
Region Location position (km} "Ny F W}
WaOr Tatoosh Island, WA 1660.1 48.39 124.74
WaOr Boiler Bay, OR 1260.7 44 83 124.05
WaOr Strawberry Hill, OR 1196 44,25 124.12
CenCal Hopking, CA 3270 36.62 121.90
CenCal Piedras Blancas, CA 208.11 35.66 121.28
CenCal Cambria, CA 185.66 35.54 121.10
SoCal Lompog, CA 84.175 472 120.61
SoCal Jalama, CA 51922 34.50 120.50
SoCal Alegria. CA 37.284 3447 120.28
SoCal Coal Oil Point {COP), CA 0 34.41 119.88

Notes: All coordinates were measured using the WGS84 system. State abbreviations: WA,

Wushington: OR. Oregon: CA. California.

maxima. Temperature observations during high tide
(estimated by comparing temperature records against
tide tables) were used to calculate average daily seawater
temperature. We then used these daily statistics to
culenlate the average daily maxima and minima for the
enlire period of rtecord for each site, a measure of
“chronic™ stress that incorporates both water and aerial
temperature {Helmuth and Hofmann 2001}, as daily
extremes over the time peried reflect extremes from both
environments. We also calculated the highest and lowest
temperatures recorded at each site for the period of
February 2002-February 2003 in order to compare
patterns of extreme or “acule™ temperatures (Helmuth
and Hofmann 2001). a reflection of aerial temperature
extremes (Table 3), This time period represents the
longest nearly continuous record available for most
sites, with the exception of 2001, which was discussed in
an carlier paper (Helmuth ct al. 2002).

From the daily statistics, we calculated monthly
summary statistics for each logger for every month with
at least 25 days of data. Data for all siies. when
available, are presented in the Appendix. For these long-
term cstimates, we applied 4 filter of 30 min as a
smoothing function, calculating the highest and lowest
temperature that occurred for a minimuom of 30 min/d
{the 87.9 and 2.1 percentile, respectively; Fitzhenry et al,
2004; Appendix).

Data analysis

Our hypothesis-testing framework was geared toward
dissecting the main spatial and temporal paticrns of
variation of daily extremes in mussel body temperature.
In order to examing spatial patterns, we relied on
standard regression techniques to test for a latitudinal
thermal gradient, Temporal patterns were examined
with two different analyses to characterize the thermal
regimes at ¢very site with suitable temporal records.
First, using temperature return times we cxamined the
cumulative risk of experiencing a physiologically critical
temperature. Second, we used temporal autocorrelation
to cxamine the time-varying predictability in temper-

ature extremes. These spatial and lemporal anaiyses are
detailed in the next two subsections.

Spatial patterns

We (ested for latitudinal gradients in daily maximum
and minimum mussel body temperature using a regres-
sion model of the alongshore distance between sites and
mussel bedy temperaiure statistics. This regression
analysis tested the hypothesis that mussel body temper-
ature extremes change wilth the large-scale (latitudinal)
gradient in solar radiation and air temperature, We used
the alongshore distance instead of latilude in order to
appropriately represent the two Santa Barbara Channel
sites (Alegria and COP), which are localed along the
same latitude (Table 1, Fig. 1), and preserve the spatial
relationship across sitcs. The use of this ¢riterion docs
not affect the general trend of decreasing temperature
with latitude as the Santa Barbara Channel sites
experience much warmer atmospheric and oceano-
graphic conditions than the open coast sites (Lompoc
and Jalama) located at approximately the same latitude
(Cudaback et al. 2005). In order (o examine the

Tane 2. Descriptions of cach wave-exposed site and of logger
deployments,
Average Tidal Tidal height
wave run-up - No. height  (proportion
Locution (cm) loggers (em) ol range)
Tutoosh Island 67.9 45 170 0.7
Boiler Bay 66.1 -6 112 0.48
Strawberry Hill 47 .4 3-5 157 .68
Hopkins 94.3 4 175 1.09
Picdras Blancas 8.8 & 162 1.0(
Cambria NA E! 139 0.87
Lompoc 58.2 3.4 133 0.84
Talama 50.0 4-6 114 0.72
Alegria 36.7 4 110 0.68
Coal Oil Point 3.0 3-4 8l 0.50

Notes: Loggers were deployed near the middles of mussel
beds at each site (reported as both height above mean lower low
water [MLLW] and scaled as proportion of diurnal tidal range).
Data are not shown for wave-protected subsites. Note that
absolute tidal range increases with latitude and is ~509% higher
at northern latitude sites than at southern sites.
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TanLk 3. Long-term means of daily statistics and cxtremes {or the period February 2002-February 2003 at all wave-cxposcd
locations. i
Intertidal mussel temperature (°C)

Daily average Yearly Month of

Location Average Minimum Maxinun maximumt maximumy
Tatoosh [sland 9.9604 8.0302 13.249 2544 = 4.36 May
Boiler Bay 11.465 8.6199 18.179 3472 = 222 July
Strawberry Hill 11.22 8.8817 16.621 27.08 = 7.00 July
Hopkins 13.903 11,178 19.518 3359 = 2.38 April
Picdras Blancas 13.234 10,539 19.794 33.64 = 3.59 April
Cambria 13.786 10.208 21.416 3530 * 086 April
Lompoc 13.871 11.134 19.461 JLIS £ 313 June
Jalama 14,995 11.645 22.4352 3546 + 143 Muy
Alegria 15.691 11.92 23.434 39.50 £ 383 June
Coal Oil Point 15.713 12.688 20.636 34.32 = | 89 June

+ Hottest temperature recorded for at least half an hour (mean * s for all loggers at each site).

1 Month in which the extreme high temperature was recorded,

hypothesis that hot-spots and cold-spots may exist
regardless of their latitudinal position we used a third-
order polynomial regression of alongshore position with
the long-term means of daily maximum and minimum
temperature and plotted the bivariate relationship
between residuals for each site using all datu. The
pelynomial fit was used to remove the large-scale spatial
structure in the data. Residuzls from the large-scale
model represent temperature variations due to local-
scale processes {Legendre and Legendre 1998). We
statistically tested the presence of cold and hot spots
by fitting the pelynomial regression across all sites
during the only period when all sites had concurrent
temperature measurements (13 Januvary-18 July 2001,
183 days) and using 4 one-tailed ¢ test to examine if the
daily deviations from the large-scale model at cvery site
were significantly smaller or greater than zero for
average daily minima and maxima, respectively.

To compare the magnitude of variation within and
among sites, we used variance components analysis to
quantify the magnitude of variation in average daily
maximum logger temperature among sites, replicate
loggers within sites, and replicate days of observations
within loggers. We independently tested for the influence
of wave splash on mussel temperature, by regressing the
residuals from the polynomial regression (L.¢.. deviations
from the expectations based on latitude) against the
average wave run-up (AWR) for cach site. We similarly
tested for the effects of logger intertidal height (both
absolute and as a percentage of tidal range, Table 2)
using lincar regression analysis.

Temporal patterns

Because high-temperature stress is known to affcot
mussel distribution and physiology, we examined the
distributions of daily maxima for all exposed sites for
which we had a concurrent, continuous data set. We
used a period from 12 January to 13 November 2001 at
all exposed sites except Cambria and COP, where data
were lacking. Previous data indicate that brief exposure

to temperatures ahove 30°C are sufficient to induce
production of hsps in M. californianus (Halpin et al.
2004a), so we used this temperature as a basis for
comparing the potential for thermal stress among
exposed sites. We calenlated 4 survival distribution
function (1 — F{x), where F(x) is thc cumulative
distribution function), from which we derived the
probability of observing a daily maximum above 30°C.

We used the daily statistics to study the dynamical
behavior of mussel body temperature by e¢xamining
patterns of lemporal autocorrelation using data from
January 2000 through December 2004, We examined
daily patterns of variation at shert but physiologically
relevant time scales with our maximal temporal scale
being 28 days. The raw daily time series showed a strong
scasonal cycle that can bias autocorrclation estimates
through serial correlation (i.c., inflate autocorrelation at
short time lags). Due to the limited number of years in
the record and temporal gaps in several of the time
series, it was not possible to remove the annual cycle
using harmonic regression. Thus, we removed scason-
ality by first-order differencing such that the first
dillerence, D, at time r and temperature Tis D = T(n
- T+ — 1), We then centered each time series by
subtracting the mean and dividing by the standard
deviation and calculated the unbiased 1emporal aute-
correlation of mussel body temperature (Bendat and
Piersol 1986, Denny et al. 2004), Wc¢ computed
conservative confidence intervals for autocorrelation
by calculating them for the time series with fewer
degrees of freedom at cach lag in the compuarisons by
regions {sec Resufts). Due to the limited length of the
lime scries, autocorrelation cstimates were calculated
using all available pairs of data at each time lag.

Wave exposure

To examine the role of wave splash, we separalely
compared the three sites where a suitable record of
different wave-splash regimes existed (Boiler Bay.
Oregon; Strawberry Hill, Oregon; and Hopkins, Cal-

gt
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Tatoosh
Boiler Bay

Strawberry Hill

Hopkins )
Piedras
Cambria
Lompoe
Jalama
Alegria

Coal Qil Point

Fra. 2.

40°C
35°C
430°C
25°C
. 20°C
15°C

10°C

Daily maximum imussel body temperature at ail sites from 1 Junuary 2000 to 31 December 2004. Sites are sorted

latitudinally from north (top) to south (bottom). The color bar on the right side of the figure is the key to the tempetatures shown in

the figure, which range from 67 to 42°C,

ifornia). Specifically, we tested the hypothesis that
mussels at wave-protected locations experience hotter
and less variable temperature than their wave-exposed
counterparts, In order to follow a hierarchical approach
to examine temperature variability, we compared mussel
body temperature extremcs through correlation and
examined their temporal dynamics through their aulo-
correlation functions at all threc pairs of sites, This
allowed us to examine temperature variations at the
regional and local scales, over a range of temporal
scales. Thus, we examined nested scales of variation,
exploring the effect of wave splash on emperature over
tens of meters and comparing differences in temperature
due to latitude over hundreds of kilometers. All analyses
were performed using Matlab 7.01 v.14 (Mathworks,
Natick, Massachusetts, USA) or SAS (SAS Institute,
Cary, North Carolina, USA).

REesuLts
Spatial patterns in extreme temperatures

In accordance with our previous results from 2001
(Heimuth et al, 2002), yearly extremes in maximum
body temperature from 2002 revealed a highly variable
thermal mosaic (Table 3, Fig. 2), with no clear
latitudinal pattern. The probability of exposure to a
temperature over 30°C, at which induction of the healt-

shock response is likely, also showed a complex spatial
pattern, with sites having a relatively high probability
interspersed with sites having a lower probability (Fig,
3). In contrast, the long-term averages of daily minimum
and daily high tde body temperature did show a fairly
strong latitudinal gradient {Table 3, Figs. 4 and 5).
Results of the ANOVA confirmed that belween-site
variability in logger temperature were greater than
within-site variability. Separate analysis on daily max-
ima and minima both showed greater variance among
sites than within sites (20% vs. 8% for maxima, 45% vs.
3% for minima). In both analyses, day-to-day variation
within loggers represented the greatest variance compo-
nent. The observation of greater variance among than
within sites suggests that microsite differences were
indeed quite low, and were unlikely to be driving site-
level temperature differences. The regression of residuals
VS, average wave run-up (@ measure of wave splash) and
logger beight showed that there were no relationships
between either maximum or minimum temperature for
both of these metrics, again confirming that the patterns
observed were not due to variability in logger placement.
The resuits of the polynomial regression of the daily
minimum and maximum temperatures aid in elucidating
the complex geographic pattern. Morcover, the analysis
provides a means of objectively identifying sites as hot
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Fii. 3. Distributions and survival function for duily maximum body temperature at all wave-exposed sites (except Cambria and
Coal Qil Point) ranging from northernmost Lo southernmost from top left panels to bottom right panels, for the period 12 January—
L3 November 2001, Temperatures are binned in 5° temperature bins, and histograms represent the proportional occurrences of
temperatures in these bins in the time period. The P{¢ = 30) in cach case represents the probability that any given temperaturs will

exceed 30°C.

and cold spots based on long term trends in daily
minima and maxima. The polynomial regression dem-
onstrates that while a simple spatial model can explain
some variation in long-term measurements in daily
maxima and minima {Fig. 6}, important deviations from
predicted temperatures remain, with sites having colder
daily minima and hotter daily maxima than expected.
The bivariate relationship between minimum and

maximum temperature residuals frem the polynomial
regression shows that departures from the latitudinal
model are not sorted geographically (Fig. 7, Table 4).
Here, we define a hot spot as a site with maximal daily
temperatures that are warmer than expected based on
the expectation of latitudinal gradient and a cold spot as
a site with daily minimal temperatures that are colder
than expected based on the latitudinal gradient. There



November 2006

MOSAIC PATTERNS OF THERMAL STRESS

SIRATLEY
- I

L A

469

PLaTE 1.

Measurements of intertidal heights were conducted at most sites with a laser level, using a reference point obtained by

observing still tidal height on multiple days. The site shown here is Strawberry Draw, Tatoosh Island, Washington, USA. Photo

credit; B, Helmuth,

were at least four major hot spots among the locations
examined: Boiler Bay (WaQr), Cambria {CenCal). and
Alegria and Jalama (SoCal). The long-term average of
the average daily maximum temperatures at these sites
was around a full degree Celsius hotter than predicted
by the geographic structure, with Alegria being 1.73°C
hotter. Although departures from the latitudinal model
were smaller in the case of average daily minima, the
analysis identified four sites as cold-spots during the
period of time examined: Boiler Bay (WaOr}, Cambria
(CenCal), and Alegria and Jalama (SoCal; Table 4).
Strikingly, three sites appeared as both a hot and cold
spot suggesting they experienced extreme thermal
variability with respect to the rest of the sites used as
the latitudinal sample. The one-tailed ¢ test for the
residuals of the daily latitudinal model supported the
conclusions reached by examining only the residuals of
the long-term means (Table 4}.

Temporal patterns

In order to examine the dynamical behavior of
extremes in mussel body temperature, we calculated
the temporal autocorrelation at all exposed locations
within each region. In the SoCal region, the dominant
signal related to tidal forcing as evidenced by the
positive autocorrclation estimates around 14- and 28-d
lags (Fig. 8E and 8F), Similarly, negative autocorrela-
tien is evident around opposite phases of the tidal cycle
(f.e., 7- und 14-d lags). The tidal signal is more

pronounced in the autocorrelation of maximum body
temperatures. Although the strength of the tidal signal is
still evident in the autocorrelation of maximum and
minimum daily mussel body temperature in the CenCal
region (Fig. 8C and 8D), the tidal pattern is completely
absent in the WaOr region (Fig. 8A and 8B). One of the
most prominent features of the autocorrelation function
is the large negative autocorrelation observed at short
time lags. The pattern of temporal variability over short
time lags is in striking coniraslt with the tidal signal, with
the WaOr region showing the largest and maore
persistent negative autocorrelation estimates at short
time lags (1-3 d) in thc three regions, In the CenCal
region, negative autecorrelation at shert time lags was
largely confined to 1-d lags and to the opposite phases of
the tidal cyele. The SoCal region showed a moderate
day-to-day variation in maximum body tempecratures
with marginally significant negative autocorrelation
observed 1-d lags in maximum body temperaturcs, but
with a persistent negative autocorrelation pattern over
}- to 10-d lags in minimum body temperatures.

Contrasts berween exposed and procecied locations

Daily maximum and minimum russel body temper-
atures were always correlated between cxposed and
protected locations within sites (Fig. 9. Table 5). Tighter
correlations were observed with measures of minimum
lemperatures at exposed and protected sites, and the
linear trends tended to closcly follow a 1:1 relationship

2



470

BRIAN HELMUTH ET AL.

P

P Fud

Ecological Monagraphs
Vol. 76, MNo. 4

Tatoosh
Boiler Bay
Strawberry Hill
Hopkins |-t '
Piedras
Cambria
Lompoc
Jalama
Alagria

Coal Oil Point

20°C
18°C
16°C
14°C
12°C

g 10°C

6°C

4°C

2°C

0°C

2001

Fu:. 4. Time series of daily minimum mussel body temperature at all sites from | January 2000 to 31 December 2004. Sites are
sorted latitudinally from north (top) to south (bottom). Temperatures range from —1* 1o 21°C,

(Fig. 9A, C, and E:; Table 5). In agrecment with the
correlation patterns, we did not find differences in
minimum daily mussel body temperatures within any
site (¢ test; Hopkins, P=1; Strawbcrry Hill, P= 1; Boiler
Bay, P = {32643, Table 35). Protected locations were
hotter (on average) than their exposed countcrparts
when we compared maximum daily mussel body
temperatures {¢ test; all locations, 2 < 0.0001, Table
5). It was apparent that at higher daily minimum
temperatures, the temperatures at the exposed and
prolected locations converged (Fig. 9E} perhaps because
the minima on those days reflect water temperature at
high tide, when both protected and exposed locations
are submerged. In contrast, at higher average daily
maximum temperatures, exposed locations tended to
stay cooler than protected locations, probably indicating
the amelioration of high temperatures in exposed area
by wave splash (Fig. 9F).

We found that patterns of autocorrelation in extreme
temperatures at exposed and protected at any given site
showed almost identical pattcrns. The autocorrelation
function of minimum temperatures is strikingly similar
at any given site regardless of wave exposure (Fig, 10A,
C. and E). An interesting feature was the presence of a
small-scale {1-2-d lags) negative autocorrelation indicat-
ing that minimum temperatures were cxtremely variable

from day to day. A similar picture was cvident in the
autocorrelation of maximum temperatures where ex-
posed and protected locations behaved similarly across
exposed and protected locations at all sites (Fig, 108, D,
and F). As we had delected before for all exposed
locations. the tidal signal became stronger with decreas-
ing latitude (Fig. 7) for both exposed and protected
locations at all three sites. The magnitude of the negative
autocorrelation at 1-d lag at the protected location in
Strawberry Hill was the largest detected in the present
study (Fig. 10D, r =—0.36058).

Dhscussion
The significance of latitude

Geographic patterns of environmental variables play
an impertant role in the ecology and evolution of
broadly distributed species. Because abiotic factors such
as solar radiation, day length, wave height, upwelling,
the timing of low tide, and air and water temperature can
all vary with latitude, physiological stress, and organ-
ismal performance are expected to change with latitude
as well, but often in nonintuitive ways. Here, we show
that the latitudinal patterns in the aerial body temper-
atures of Myrifus californiqnuy are complex, and that
patterns vary depending on whether one jooks at water
temperature. long-term averages of daily maxima and

o
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Fic. 5. Time serics of daily mussel body temperature during high tide at all sites from | January 2000 to 31 December 2004,
Sites are sorted latitudinally from north (top} to south (botom), Temperatures range from 5° to 22°C.
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Fig. 6. Third-order polynomial regression of the alongshore position of all sites and their jong-term meuns of maximum (open
circles) and minimum (solid circles) mussel body temperatures. The solid line is the least-squares polynomial fit of alongshore
position and maximum temperatures (- = 0.8604, Fa = 12.326, P < 0.001} while the segmented line corresponds to the least-
squares fit of the minimum temperatures (7 = 0,90963, Fi, = 20132, P < 0.001),
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Fig. 7.

Bivariate relationship between residuals from the polynomial regression of alongshore position and long-term daily

maximum and minimum mussel body temperature for all exposed (exp) locations. Locations lying above the horizontal line show
average daily maxima that are hotter than expected by their geographic position, while locations falling below (he horizontal
exhibit maxima that arc less hot than expected. The vertical line depicts the same relationship for average daily minima, with sites
lying on the lefl being colder and sites on the right being less coid than predicted by the latitudinal gradient. Sites are grouped by
geographic region. with solid circles corresponding to the southern California locations, open squares te the central California
locations, and solid diamonds to the Qregon-Washington locations.

minima (chronic stress), patterns of predictability, or at
yearly extremes (acute stress), Specifically, latitudinal
variation in average temperaturg increases with decreas-
ing latitude. This 1s not surprising. since this metric is in
part driven by water temperature, which shows a ¢lear

TasLr 4. Results of one-tailed ¢ test for differences between
anomalics rom the latitudinal model or maximal and
minimaul daily temperature values,

Maximum daily Minimum daily

temperatures temperatures

Location f P t P
Coal Oil Point =17.125 1 13.512 1
Alegria 14424 =000 —1.0371 0.1505
Jalama 14.941 <0.001 ~9.0401  <0.001
Lompog —19.267 1 1.5765 0.9416
Cambria 7.9847 <0.001 —-13.472 <0001
Piedras 2.0411 0.0213 —52718  <0.001
Hopkins —5.6733 1 15.389 1
Strawberry Hill  —-14,567 | 4.5958 ]
Boiler Bay 14983 <0.001 —8.2764  <0.0Mm
Tatoosh —14.697 1 16.666 1

Notes: The alternative hypothesis is that the anomaly is
greater (for maximal temperatures) or smalier (for minimal
temperatures) than 0. Boldlace P values indicate rejection of the
null hypothesis with P < 0.01 {all di = 184),

decrease with increasing latitude (Fig. 5). In contrast,
while loeng-term averages of daily maxima and minima
show a general trend with latitude over large scales
(which likewise is not unexpected since daily maxima
and minima during neap tidal cycles are reflective of
body temperature during submersion), large deviations
from this model occur in the daily maxima and minima
at specific locations (hot and cold spots; Figs, 6 and 7)
likely due 1o the impact of medifying factors such as the
timing of low tides and local microclimates,

The complexity of the latitudinal pattern is even more
apparent when examining values of yearly extremes
(Table 3}, which reflect only the influence of aerial body
temperatures, For cxample, the maximum temperatures
experienced at Boiler Bay (WaOr) in 2002 differ more
from the neighboring site at Strawberry Hill, 60 km
away, than they do from Hopkins (CenCal), even though
the latter is 900 km south (Table 2) and loggers at the
latter site were higher in the intertidal (Table 2). (It
should be noted, however, that, in other years,
Strawberry Hill and Boiler Bay displayed very similar
high temperature extremes; Appendix.} Similarly, frecze
events were recorded at Boiler Bay (November 2003),
Hopkins (December 1998), and Lompoc (November
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FiG. 8. Autocorrelation functions of daily mininmum (A, C, and E) and maximum (B, I, and F) mussel body temperatures af all
sites. Horizontal lines are Bonferroni-corrected (x = 0.035) confidence intervals for significant autocorrelation. Notice the weakening
of the tidal signal toward high-latitude sites, particularly for the autocorrelation of maximum daily temperatures and the presence
of strong negative autocorrelation in bath maximum and minimum temperatures at one- und two-day lags for all high-latitude sites.
Autocorrelation trends show that the tidul signal is significanty negative at lags (distance in time) cquivalent to half of a tidal cycle
{~7d) and is positive around a full tidal cycle (~ 14 d). This paticrn is more evident in the maximal tlemperatures al lower latitudes
(F): the hurmonic characteristics of the signal are less evident at higher latitudes (panels D and B). To illustrate the decay in the
tidal signal. sites are sorted latitudinally, from higher latitudes (top pancls, WaQOr region) loward lower latitudes (CenCal, mid

panels, and SoCal. lower panels).

2003), but not at any of the other outer-coast sites (but
see dala for Puget Sound sites in Appendix).

As discussed by Helmuth el al. (2002). the daily
pattern of immersion and emersion, as determined by
tides and wave splash, interacts with the local terrestrial
climatic regime to determine an intertidal organism's
acrial thermal regime. Generally organisms with body
temperatures driven largely by solar radiution experi-
ence maximum body temperatures in mid-day and early
afternoon hours. especially during summer when levels
of solar radiation arc greatest. But, depending on the
tides, intertidal organisms may be submerged and thus
avoid exposure to solar radiation during this part of the
day. Such is the case in southern California where low
tides seldom occur midday in summer months (Helmuth
ct al. 2002). While many of the physical forcing fuctors

controlling body temperature cxhibit strongly cyclical
variation (e.g., solar radiation and wave heights on an
annual cycle, tidal immersion on a 14-d cycle embedded
in an 18.6-yr cycle [Denny and Paine 1998)), variability
within these forcing mechanisms and the combination of
their signals contribute to the thermal mosaic observed.
The importance of the tidal ¢ycle in driving geographic
patterns of temperature is confirmed by our chservation
that peak temperatures al southern California sites
typically occur in April and May, while those at
northern sites occur in June and July (Table 3).
Latitudinal variation in wave cxposure may also
contribute to observed patterns in temperature, espe-
cially at sites south of Point Conception where levels of
wave splash are typically very low. In southern
California, where low tides in summer seldom occur in
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Fig. 9. Scatter plots between cxposed and protected locations for minimum (A, C, and E) and maximum (B, D, and F) daily
mussel bady temperutures in the three sites with paired locations: Boiler Bay (A and B}, Strawberry Hill (C and D), and Hopkins (E
and F). All correlations are highly significant (sce Table 2 for stausties). The solid line is the least-squares fit to the data, while the
dotied line shows the 1:1 retationship,

TasLe 5. Statistics for the correlation between exposed and protected locations at all three sites where the comparison was
possible for average daily minimum temperatures and average daily maximum emperatures.

Average daily minimuem temperatures Average daily maximum lemperatures
Location r ! df P r ' df P
Hopkins 0.90901 10.958 3t | 0.87063 =21.458 an <0.001
Strawberry Hill 0.89441 6.1634 2060 | 0.86023 —7.1008 2060 <0.001
Bodier Bay 0.97806 —0.4499 1128 0.32643 0.92838 —56.3482 1128 <0.001

Notex; Values of r in boldface indicate significant cerrclations (P < 0.001): ¢ is the ¢ statistic after testing the alternative
hypothesis that the mean of the protected location is greater than the mean of the exposed location with « = 0.05: P is the
probability that the null hypothesis is true; and rejections are shown in boldface type.



November 2006

Minimum temperatures

MOSAIC PATTERNS OF THERMAL STRESS

475

Maximurn temperatures

1.0 T T T T T

T T T T Y

Autocorrelation

1.0 " T

05

Lag (d)

15
Lag (d)

20 25

Fig. 10.  Autocorrelation functions of daily minimuin (A, C, and E} and maximum (B, D, and F) mussel body temperatures at
cxposed and protected locations at Beiler Bay (A and B), Strawberry Hill (C and D). and Hopkins (E and F). Horizontal lines are
Bonferroni-corrected (o = 0.05) confidence intervals for significant autocorrelation. Solid cireles are protected locatiens, and open
squares are exposed locations. Note the extreme similarity in the autocorrelation functions und the presence of large and significant
niggative autocorrelation over 1-2 d lags in the high-latitude sites (A-D).

the middle of the day, the risk of extreme body
temperaturcs may typicaily be fairly low, especially in
wave-exposed areas, even when terrestrial climatic
conditions are hot (Helmuth ct al. 2002). Thus yearly
lemperature extremes at Jalama (SeCal) were very
similar to Lthose at Boiler Bay (WaOr; Table 3).

At northern sites, thermal conditions at wave-exposed
and wave-protected sites can be quite similar during
periods of calm waves at extreme low tide (Fitzhenry ct
al. 2004; Appendix). For c¢xample. yearly maximum
temperatures recorded at Strawberry Hill wave-exposed
and wave-protected sites during the course of this study
were very similar in magnitude, ¢ven though values of
average daily maximum temperatures were higher in the
wave-protected site (Fitzhenry et al. 2004; Appendix).
Consequently, because animals may be less acclimated
to clevated temperatures, they may be more at risk for

physiological stress in these wave-exposed areas than at
wave-protected areas,

Physiological implications of spatial variation
in thermal stress

We observed clear differences among regions in the
frequency and magnitude of extreme events, as well as
the thermal history of these cvents, which may have
important physiological and biogeographic consequen-
ces. I[nterpreting the importance of these patterns
requires a better understanding of the relative impor-
tance of submerged temperature, acrial body temper-
ature, and thermal history on the physiology of M.
californionus, Mussels living in southern California
experience predictable cyeles of thermal stress over a
lunar tidal cycle. Because of this environmental predict-
ability at relatively shori time scales, mussels may be
able to acclimate to stresstul thermal conditions (Weber
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1992, Dahlgaard et al. 1998, Horowitz 2002). At higher
latitudes, tidal rhythms in thermal stress are absent, and
negative autocorrelations suggest that day-to-day ther-
mal variability is highly unpredictable. In this context,
organisms may be more vulnerable to damage from
temperature maxima after periods of lower temper-
atures, and conversely, organisms at low-latitude sites
may be less vulnerahie, even when the absclute
magnitude of the temperature maxima are the same,
The interplay of the duration and magnitude of heat
stress on an individeal's subsequent acclimation Lo
thermal stress is complex and poorly undersiood,
although the process of “thermal hardening” is thought
to be important (Krebs and Feder 1998). Clearly, more
information on the time course of thermal acclimation
will be of use in predicting organismal response to
environmental variation. Interpreting the biological
consequences of these complicated thermal will require
that information about the physiological performance
and Lolerance of the organisms living along the North
American west coast be collected on concomitant spatial
scales (Hofmann 2005).

Implications for climate change

The mosaic of hot and cold spots across the
distribution of M. cafifornianus suggests a number of
hypotheses regarding the geographic response of this
species to future climate change. Latitudinal range shifts
arc commonly predicted consequences of climate change
{c.g.. Fields et al. 1993, Barry ¢t al. 1995) and have been
observed empirically in many systems (Parmesan et al.
1999, Walther et al. 2002). Local hot-spots may lacilitate
such peleward cxpansions by providing lootholds for
advancing populations, as has been hypothesized for
some invasive populations (Ruiz ct al. 1999). Alier-
natively, cold spots may function as thermal refugia as
the ranges of colder water specics contract to higher
latitudes. If hot spots become sufficiently large, or occur
adjacent to regions of unsuitable habitat, they could
instead serve as burriers to dispersal, in effect creating
disjunct populations (Helmuth et al. 2006). Because
complex tidal regimes where latitudinal vartability in the
timing of low tide in summer and winter may be
commonplace, the potential for hot spots and cold spots
to be a worldwide phenomenon is very rcal. As a resull,
If thermal mosaics are a pervasive feature of many
species’ latitudinal ranges, a narrow focus on population
changes only at the margins may overlook climatically
forced local extinctions and other population changes at
sites well within a species range. Our results therefore
stress the impertance of quantitatively examining
patterns in environmental variables at scales relevant
to organisms, and in forecasting the impacts of changes
in climate across specics range distributions,

Latitudinal trends in the temporal predictability of

thermal stress also have implications for population
responses Lo climate change. The temporal unpredict-
ability (i.e.. the low autocorrelation) of more northern
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intertidal sites renders the organisms within them
vulncrable to unsystematic deviations from the local
mear. The true physiological impact of this prediction
for a potential climate change scenario remains untested
as far as we know. The level of iemperature variability
also influences the abilities of organisms to survive
extreme temperature events {Kelty and Lee 2001) thus
mussels at sites such as Cambria, which appeared as
both a hot and a cold spot, may be betier suited for rare
climatic extremes than those from sites such as Tatoosh
which exhibit more thermal stability.

Ultimately, however, the ecological and geographic
responses of M. californignus to climatic change will
depend nol only on the direct physiclogical effects of
temperature change on mussels, but also on ecological
interactions with other species. For example, wherever
the upper distributional limit of M. californianus shifts
lower into the intertidal due to increases in acrial
climatic stress, but that of its primary predators
{ Pisuster ochraceons) remains unaffected or shifts
upward due to warming seawater temperatures (Sanford
1999), the prey will be “squeezed”™ out of the intertidal
leading 1o local extinction (Harley 2003). ln contrast,
wherever the upper limits of both predator and prey are
shifted downward by climatic stress, there will be no net
effect of climate change on mussel beds, Moreover, all
specics are likely to be affected not only by shifts in
aerial and aquatic climate, but by changes assoclated
with sea level rise and wave height (Harley et al. 2006),
both of which will determine emersion time.

Additional considerations

In sum, our resuits suggest that local patterns of wave
splash and tidal regime can overwhelm larger-scale
climatic gradients in driving patterns of body temper-
ature (Helmuth et al. 2006), akin to what has been
suggested for terrestrial ecosystems (Holtmeier and Broll
2005). Understanding the ccological relevance of these
patterns, however, requires at least two other important
areas of infermation not included in this study. First, the
ability of organisms to evolve or physiologically
acclimate (o thermal stress must be considered (Clarke
2003, Chown et al. 2004) when determining when and
where thermal extremes will cause mortality events.
Second, if mertality events are to matter, then they must
be of sutficient magnitude that larval supply is unzble to
repair or span the damage that occurs (Sotka et al.
2004). In other words, the spatial extent of the mortality
must exceed the maximum dispersal of the larva (o
reinvade or traverse the hot spot or cold spot. Such an
event may be particularly likely when a hot spot occurs
adjacent to a region of unsuitable habital.

[mportantly, some of the patterns we describe here
may be specific to the intertidal height at which they
were measured. For example, organisms that live higher
on the shore than Mytilus californianus may not
experience predictable, two-week variation in thermal
stress because daylight emersion occurs throughout the
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fortnightly tidal cycle. Conversely, organisms that live
very low in the intertidal will only be exposed by the low
“spring tides” that coincide with new and [ull mooas,
and those at southern sites will almost never be exposed
in the summer. Thus, tidal height can modulate the
regional patterns observed in this study and our results
may not apply to other species in this habitat, Thus the
hot spots for mussels found in this study may not be hot
spots for other groups living. for instance, in the high
intertidal (Sotka et al. 2004). We strongly stress that the
thermal environment in the intertidal zone must be
considerad from the perspective of the organism's
interaction with the physical environment, as well as
the physiological response of the organism to that
environment,

Conclusions

In agreement with previous studics, we found a
complicated pattern of organismal body temperatures
along a large latitudinal gradient (Helmuth et al. 2002).
The four major hot spots and cold spots identified here
are spread along the entire geographic gradient with at
least one hot spot and one cold spot in cach of the three
regions (WaOr, CenCal, and SoCal). Interestingly three
sites, ong in each region, appeured as both hot and cold
spots, suggesting extreme thermal vartability. These
results suggest that extreme care must be exercised when
choosing sites to scrve as represcntatives of range edges
and range centers, and are consistent with recent
findings that several specics do not display an “abundant
center™ distribution along the west coast of the United
States (Sagarin and Gaines 2002z, b, Sagarin and
Somero 2006). We also showed that considerably more
information is present in the thermal signal when
analyses of thermal data move beyond mean temper-
atures and water temperature. Investigations of the
physiological or ecological effects of climate on organ-
isms miust carefully consider what metrics arec most
relevant (Gilman et al, 2006). Depending on the
organism and the question, it will be cssential to
understand temporal patterns of thermal wvariability
and predictability within sites, as well as differences in
means and extremes among sites, With so many
variables, ecologists must be careful to explicitly record
environmental conditions relevant 10 organismal phys-
iology and not rely on simple proxies, such as air or
wiler temperature. Obviously, this complicates the work
of the investigator, especially when choosing sites for
comparison through space or time. However, without
this degree of detail. ecologists and physiologists may
miss crucial featurcs of the physical environment that
determine individual fitness, population and community
dynamics, biogeosraphic patterns, and ccological re-
sponses to climate change.
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De: Julio de la Fuente (Papeles) {Jdelafuente@papeles.cmpe.cl)
Enviado el: Lunes, 13 de Abril de 2009 17:08

Para: Claudia Galleguillos

CC: Pedro Navarrete ( CMPC Celulosa G.Tecnica)

Asunto: Abatimiento de boro

Marca de seguimiento: Seguimiento
Estado de marca: Puarpura

Estimada Claudia

Hemos revisado con nuestros asesores los antecedentes sobre tecnologias para el abatimiento de boro que nos
enviaste, nuestros comentarios al respecto son los siguientes:

Reparos de extrapolar al tratamiento industrial los proyectos ASITEC Ltda./Universidad de Tarapaca y ABAR/Fundacion

Chile
sobre sistemas de tratamiento de aguas con contendidos de boro.

1. Ambos proyectos estan desarrollados solo a nivel experimental, y no dan cuenta de ninguna experiencia aplicada en

2.

Atte

su respaldo, ni en Chile ni en el exterior,

El objetivo principal de ambas iniciativas no es el tratamiento industrial (aunque el proyecto ASITEC Ltda/UTA
indique, sin mayor fundamento, que puede configurarse para este fin). Son aplicaciones especificas para regadio en
Zonas del norte de Chile donde se supera la norma de riego (NCh.1333).

Por definicion los parametros de calidad del agua para riego son mas estrictos que los de una norma de emision
como el D.5.90. : -

Esos proyectos experimentales tampoco son extrapolables al resto del pais, por falta de evidencia empirica suficiente
y porque los periodos de déficit hidrico, que son los que justifican la necesidad de riego, son muy inferiores a los del
norte de Chile, lo que diferencia notablemente el efecto sobre los cultivos.

Una norma de emision de boro debe considerar las peculiaridades de las distintas regiones agro-climéticas en lo
relativo a tipo de cultivos, disponibilidad hidrica, niveles naturales de cursos de agua y caudales de dilucién.

Las tecnologias existentes a nivel mundial para abatimiento de boro, se relacionan con la osmosis inversa y con el
intercambio idnico.

Existe un ejemplo de planta de tratamiento en base a osmosis inversa para grandes caudales, pero para fines de
desalinizacién de agua de mar para agua potable. Se trata de la Planta Ashkelon de Israel (Ia mas grande del
mundo, construida el afio 2006} que, con un costo de US$ 250 millones, tiene capacidad para tratar 320.000 m3 al
dia de agua de mar, produciendo alrededor del 13% del agua potable consumida a nivel domiciliario en Israel. Esta
planta ocupa una superficie de 75.000 m2 (7,5 Ha) y cuenta, entre otras instalaciones, con unidades desalinizadoras,
lineas de bombeo desde el mar, caminos y una planta termoeléctrica especialmente dedicada a su operacién. Es
decir, tiene una envergadura fisica y de inversion que tampoco permite extrapolarla para fines de tratamiento
industrial.

Una norma de emision de boro debe balancear los niveles deseados y la factibilidad del tratamiento necesario para
alcanzarlos (tecnologias y costos actualmente disponibles — BAT=). Para ello no basta una revision solamente a nivel
de investigacién y desarrollo,

Julio De la Fuente Ibar
CORMA,

20-04-2009



De: Claudia Galleguillos [mailto:cgalleguillos@conama.cl]
Enviado el: Lunes, 13 de Abril de 2009 18:00

Para: Julic de la Fuente (Papeles)

CC: Pedro Navarrete ( CMPC Celulosa G.Tecnica); Mariela Arevalo
Asunto: RE: Abatimiento de boro

Estimado Sr. Julio de la Fuente, agradecemos la informacién enviada y acusamos recibo de la
misma, sin embargo, al hacer una exhaustiva revision, hemos constatado que no contiene lo
solicitado en conversacion sostenida el dia 27.03.09, respecto a analizar las diversas
tecnologias disponibles para abatir boro, ver cuales se ajustan a las necesidades de la
empresa, cuanto es el porcentaje de remocién {propuesta de nuevo valor con tecnologia de
abatimiento) y cuales son sus costos de implementacién y operacién.

Saluda atentamente,

Claudia Galleguillos C.

Area Control de la Contaminacién Hidrica

Dpto. Control de la Contaminacién

Comision Nacional del Medio Amblante (CONAMA)

Teatinos N°258, pise 5, Santiage Centro, Chile.
Tel: 56-2-2405706

Fax: 56-2-2405782

Correo electronico; cgalleguilios@eoonama.cl

Pagina Web: www.conama.cl
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