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INTRODUCCIÓN  

 Las olas de calor marinas son eventos que se caracterizan por la temperatura 

superficial del mar extremadamente alta, que puede afectar miles de kilómetros, cuya 

duración puede ser de días a meses (Frölicher et al. 2018, Smale et al. 2019) y se prevé 

que sean cada vez frecuentes e intensos bajo el efecto del cambio climático (Schär y 

Jendritzky 2004).  Los cambios en la temperatura, así como en la química del agua de 

mar, asociados con las olas de calor marino, están induciendo variaciones extendidas en 

sistemas biológicos, generando preocupación por el futuro de las comunidades biológicas 

costeras, tales como los mantos de macroalgas. Estos hábitats proveen, a escala mundial, 

funciones críticas,  tanto ecológicas como para el hombre (Hurd et al. 2014). Por esta 

razón es importante predecir su respuesta (tolerancia, resiliencia) ante el estrés térmico y 

el impacto en los patrones de distribución específicos según la especie. 

La exposición a temperaturas altas puede causar estrés disruptivo en las 

macroalgas, provocando daño metabólico (Davison y Pearson, 1996). Así mismo, pueden 

alterar la fisiología de los macrófitos marinos como se ha visto en observaciones in situ, 

asi como mediante aproximaciones experimentales (Bruhn y Gerard 1996, Short et al. 

2015, Marín-Guirao et al. 2017). El estrés térmico puede, a grandes rasgos, alterar los 

procesos enzimáticos y la composición de la membrana celular (Machalek et al. 1996, Los 

y Murata 2004), aumentar o reducir la fotosíntesis y el crecimiento, dependiendo de la 

duración e intensitad del estrés térmico y su interacción con otros factores ambientales 

como: luz, nutrientes, exposición a radiación UVB entre otros (Kübler y Davison 1993, 

Bruhn y Gerard 1996, Brown et al. 2014, Xiao et al. 2015, Mabin et al. 2019) y conducir a 

la fotoinhibición, aumento en la respiración y cambión en la composición pigmentaria 

(Kübler y Davison 1993, Bruhn y Gerard 1996, et al. 2007, Andersen et al. 2013). El estrés 

térmico también se ha correlacionado con la producción de especies reactivas del oxígeno 

y el incremento de la capacidad antioxidante de las macroalgas intermareales (Collen y 

Davison 1999, Cruces et al. 2012).  

 

La evidencia apunta a que los eventos cortos (días) de anomalías térmicas de alta 

intensidad pueden resulta más perjudiciales para la vegetación sumergida, que aquellos 



que son persistentes pero de menor intensidad (Thompson et al. 2013, Wilson et al. 2015, 

Guerrero-Meseguer et al. 2017). La exposición a temperaturas máximas cada vez 

mayores, la influencia de olas de calor marinas o de fenómenos naturales episódicos o 

estacionales, como El Niño, afectan a las macroalgas a escalas locales y regionales 

(Pacheco-Ruíz et al. 2003, Jordá et al. 2012, Schiel y Foster 2015). Aún si dichas 

exposiciones son breves, el patrón de distribución, crecimiento y reclutamiento de las 

macroalgas pueden alterarse (Andrews et al. 2014, Smale et al. 2019). En particular, los 

bosques de sargazos se han visto afectados en su abundancia y patrón biogeográfico 

(Krumhansl et al. 2016) y las poblaciones más cercanas al límite de su distribución han 

sido perjudicadas en forma más severa por estos procesos (Wernberg et al. 2011). 

 

Macrocystis pyrifera 

Generalidades 

El sargazo gigante, Macrocystis pyrifera es un alga parda, del orden de las laminariales. 

característica de mares templados, ubicada en un rango semi-continuo en el hemisferio 

Norte, formado por poblaciones aisladas en Alaska, Oregón y Washington y por 

poblaciones grandes desde el Norte de California hasta Baja California Sur. Crece en la 

zona submareal, con individuos en promedio de 30 m de longitud, que forman los bosques 

icónicos de sargazo (Abbott y Hollemberg, 1976) que son de importancia ecológica. A 

estos bosques están asociadas especies numerosas de otras algas, invertebrados, peces, 

aves y mamíferos marinos a quienes provee sustrato, refugio o alimento. M. pyrifera 

contribuye en el ciclo del carbono, debido a su alta producción de biomasa y tiempo de 

recambio (un año aproximadamente) se considera como un sumidero de carbono eficiente 

(Chung et al. 2018). También reduce la acidificación del océano en escala local (Chan et 

al. 2016). Comercialmente se ha explotado desde principios del siglo pasado, primero para 

la obtención de potasa (Cameron, 1913), posteriormente para la extracción de alginatos, 

un polisacárido usado extensamente en la industria farmacéutica y alimentaria FAO, 2002, 

Steinbüchel y Rhee, 2005). Sin embargo su uso principal hoy en día es como forraje de 



herbívoros marinos como el erizo o el abulón (Gordon y Cook, 2011, Zertuche et al., 

2014).  

 

Relación con factores abióticos 

El estado de los bosques de  Macrocystis pyrifera está estrechamente relacionada 

con las características abióticas del medio, entre las que destacan con las condiciones de 

temperatura, nitrato y luz adecuadas para el crecimiento, desarrollo y reproducción de los 

individuos. Los cambios extremos en estos factores pueden llevar incluso a la pérdida de 

poblaciones enteras. La costa de Baja California se considera particularmente vulnerable a 

las olas de calor marinas, debido a la prevalencia de M. pyrifera y otros sargazos en su 

límite de distribución. En la península de Baja California, la influencia de la corriente de 

California provee los requerimientos básicos para la el desarrollo de M. pyrifera. Por otro 

lado, los eventos episódicos en la región, como El Niño o las olas de calor marinas se han 

correlacionado con la reducción o desaparición de bosques enteros, probablemente 

correlacionadas con el alza de temperatura y otros factores ambientales, como el 

hundimiento de la termoclina y la reducción de nutrientes (North y Zimmerman 1984, 

Zimmerman y Robertson 1985, Ladah 2003, Schiel y Foster 2015, Arafeh-Dalmau et al. 

2019).  Esta situación se observó en Baja California Sur, donde desaparecieron algunas 

poblaciones en forma permanente, después de El Niño 1982-1983  (Hernández-Carmona 

et al. 2000). Más recientemente, la ola de calor de larga duración conocida como La 

Mancha (The Blob) provocó la pérdida de hasta un 50 % de los mantos de Baja California 

2014 y 2015, (Cavanaugh et al, 2019). Es común observar en M. pyrifera durante los 

meses de verano, reducción en su crecimiento, blanqueamiento y degradación tisular, 

mayor epifitación y muerte (North 1987) sin embargo esos efectos pueden aminorarse por 

el aporte de nitrato causado por el aporte de agua de abajo de la termoclina, generado por 

ondas internas y mezcla  (Zimmerman y Robertson 1985, Ladah et al. 2012).   

 

A pesar de que los efectos del estrés térmico en los mantos de Macrocystis pyrifera 

se han descrito ampliamente  (North 1987, Ladah et al. 1999, Cavanaugh et al. 2019), los 

mecanismos fisiológicos subyacentes tras su vulnerabilidad y/o resiliencia aún son 



limitados (Brown et al. 2014), principalmente aquellos enfocados en el estadio juvenil. Por 

otro lado, la historia de vida de M. pyrifera incluye la alternancia generacional de un estado 

macroscópico conspicuo a uno microscópico. Los estados tempranos (Gametofitos o 

esporofitos juveniles) pueden tener tolerancias diferentes ante estresores ambientales 

(Manley y North 1984, Dean y Jacobsen 1986, Muñoz et al. 2004, Ladah y Zertuche-

González  2007, Mabin et al. 2019)  que pueden resultar cruciales en la supervivencia de 

una población (Graham 1996, Clarke 2003) puesto que el metabolismo de M. pyrifera varía 

entre estados ontogénicos, por ejemplo en su fotosíntesis o requerimientos de luz (Dean y 

Jacobsen 1986, Xu et al. 2015). Así mismo, los esporofitos juveniles de M. pyrifera 

carecen de la complejidad estructural de los adultos y no cuentan con mecanismos como 

la translocación que les permita hacer frente a condiciones estresantes (Graham et al. 

2007). Por consiguiente se espera que las respuestas aclimatativas y la resistencia al 

estrés térmico sean diferentes entre adultos y juveniles.  

 

Otro factor de importancia en las respuestas fisiológicas de Macrocystis pyrifera ante 

el aumento de temepratura, es la concentración de nitrato en el medio, que puede causar 

en estrés (Dayton y Tegner, 1984, Ladah et al. 1999, Steneck et al. 2002, Ladah 2003). En 

las regiones templadas, la presencia de nitrato en las capas superficiales de la columna de 

agua tiene un patrón estacional marcado, que depende de las termoclinas estacionales 

(Roleda and Hurd, 2019). En el Pacífico Noroeste, la influencia del sistema de surgencias 

provoca que la concentración de nitrato tienda a ser menor en otoño y mayor en primavera 

(Zimmermann and Kremer, 1986). En estos sistemas, el agua proveniente de debajo de la 

termoclina, tica en nitrientes, emerge a la superficie favoreciendo la producción primaria 

(Jacox et al. 2015; Schiel and Foster 2015. En la península de Baja California, la influencia 

de la corriente de California provee los requerimientos básicos para la el desarrollo de M. 

pyrifera. Por otro lado, los eventos episódicos en la región, como El Niño o las olas de 

calor marinas se han correlacionado con la reducción o desaparición de bosques enteros, 

probablemente correlacionadas con el alza de temperatura y otros factores ambientales, 

como el hundimiento de la termoclina y la reducción de nutrientes (North y Zimmerman 

1984, Zimmerman y Robertson 1985, Ladah 2003, Schiel y Foster 2015, Arafeh-Dalmau et 

al. 2019).  Esta situación se observó en Baja California Sur, donde desaparecieron 



algunas poblaciones en forma permanente, después de El Niño 1982-1983  (Hernández-

Carmona et al. 2000). Más recientemente, la ola de calor de larga duración conocida como 

La Mancha (The Blob) provocó la pérdida de hasta un 50 % de los mantos de Baja 

California 2014 y 2015, (Cavanaugh et al, 2019). Es común observar en M. pyrifera 

durante los meses de verano, reducción en su crecimiento, blanqueamiento y degradación 

tisular, mayor epifitación y muerte (North 1987) sin embargo esos efectos pueden 

aminorarse por el aporte de nitrato causado por el aporte de agua proveniente por debajo 

de la termoclina, generado por ondas internas y mezcla  (Zimmerman y Robertson 1985, 

Ladah et al. 2012).   

 

Los ajustes fisiológicos que Macrocystis pyrifera lleva a cabo bajo condiciones de 

estrés térmico en combinación con la escasez de nitrato, están descritos ampliamente en 

la literatura, (Wheeler 1980; Wheeler y North 1980; Gerard 1982, 1986; Colombo-Pallotta 

et al. 2006; Edwards y Kim 2010; Kopczak et al, 1991; Stephens y Hepburn; 2016). M. 

pyrifera  puede aclimatarse a la exposición breve a un rango de temperaturas, ya sea con 

disponibilidad o ausencia de nutrientes, ajustando su composición de ácidos grasos 

(Schmid et al. 2020). Otros ajustes incluyen cambios en la fluorescencia de la clorofila a, 

composición pigmentaria, translocación de fotosintatos y cambios en la composición 

química del tejido (Fox, 2013; Schiel y Foster, 2015; Rothäusler et al. 2018). 

 

La diferencia en la interacción de juveniles o adultos con cambios ambientales que 

pueden ocurrir simultáneamente con el alza de temperatura, tal como la disponibilidad de 

luz o nitrato, que pueden representar otra fuente potencial de variación en la respuesta  

ante el estrés térmico. Por ejemplo la mayor turbidez del agua provocada por tormentas o 

incluso los florecimientos fitoplanctónicos pueden reducir drásticamente la luz incidente, 

hasta valores cercanos a cero, durante CUÑA A MP semanas en el bentos benthos (Dean 

y Jacobsen 1984, Dean 1985, Cabello-Pasini et al. 2002, Schiel y Foster 2015). El dosel 

formado en los bordes de los mantos de M. pyrifera, por macroalgas de crecimiento 

rápido, como las especies invasivas Sargassum horneri, Sargassum muticum y Undaria 

pinnatifida que han colonizado progresivamente áreas en las costas del Pacífico 



Norteamericano, puede disminuir la luz disponible para el reclutamiento desarrollo de los 

juveniles de M. pyrifera (Ambrose y Nelson 1982, Schiel y Foster 2015, South et al. 2017). 

El dosel de los mantos de  M. pyrifera y otros sargazos también pueden sombrear  a los 

juveniles de M. pyrifera. Mientras los adultos de M. pyrifera pueden contrarrestar la 

limitación por luz tanto por fotoaclimatación de las láminas presentes en las zonas más 

profundas, como por translocación de recursos desde las láminas más superficiales 

(Manley y North 1984, Colombo-Pallota et al. 2006), los juveniles menos desarrollados 

tienen que depender exclusivamente de su plasticidad fotosintética para sobrevivir. La 

escasez de luz trae como consecuencia  menor disponibilidad de  energía metabólica, 

necesaria para asimilar e incorporar carbono inorgánico, causando el decremento de la 

producción de fotosintatos.  (Hanlet y López-Figueroa 2012) debido a que la incorporación 

y asimilación de nitrógeno inorgánico necesita energía y esqueletos hidrocarbonados, la 

limitación por luz puede alterar el metabolismo del nitrógeno, incluyendo las tasas de 

incorporación (Hurd et al 2014). Para optimizar la captura de luz, cuando ésta es limitante, 

las macroalgas, incluida M. pyifera (Umanzor et al. 2019) pueden activar mecanismos de 

fotoaclimatación que incluyen el incremento de pigmentos y cambios en las propiedades 

bio-ópticas del tejido como la absorptancia. Sin embargo, el conocimiento de las 

estrategias fotoaclimatativas de M. pyrifera aún está en ciernes (Mabin et al.2019, 

Umanzor et al. 2019). 

 

Las predicciones que indiquen como responderán los ecosistemas de los mantos de 

sargazo gigante, ante los efectos del cambio climático global y la incidencia de olas de 

calor marinas, más largas e intensas 

 

 

 

 

 

 



EFFECTS OF HEAT WAVES AND LIGHT DEPRIVATION ON GIANT KELP JUVENILES
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Due to climate change, the incidence of marine
heat waves (MHWs) has increased, yet their effects
on seaweeds are still not well understood. Adult
sporophytes of Macrocystis pyrifera, the species
forming the iconic giant kelp forests, can be
negatively affected by thermal stress and associated
environmental factors (e.g., nutrient depletion, light
deprivation); however, little is known about the
tolerance/vulnerability of juvenile sporophytes.
Simultaneously to MHWs, juveniles can be subjected
to light limitation for extended periods of time
(days–weeks) due to factors causing turbidity, or
even because of shading by understory canopy-
forming seaweeds. This study evaluated the effects
of a simulated MHW (24°C, 7 d) in combination (or
not) with light deprivation, on the photosynthetic
capacities, nutrient uptake, and tissue composition,
as well as oxidative stress descriptors of M. pyrifera
juvenile sporophytes (single blade stage, up to 20 cm
length). Maximum quantum yield (Fv/Fm) decreased
in juveniles under light at 24°C, likely reflecting some
damage on the photosynthetic apparatus or dynamic
photoinhibition; however, no other sign of
physiological alteration was found in this treatment
(i.e., pigments, nutrient reserves and uptake,
oxidative stress). Photosynthetic capacities were
maintained or even enhanced in plants under light
deprivation, likely supported by photoacclimation
(pigments increment); by contrast, nitrate uptake and
internal storage of carbohydrates were strongly
reduced, regardless of temperature. This study
indicated that light limitation can be more

detrimental to juvenile survival, and therefore
recruitment success of M. pyrifera forests, than
episodic thermal stress from MHWs.

Key index words: heat waves; Juveniles; Macrocystis
pyrifera; photoacclimation; physiology

Abbreviations: D, darkness; ETR, electron transport
rate; L, Light; MHW, marine heat wave; NPQ, non-
photochemical quenching; RLC, rapid light curve

In the framework of global climate change, a rise
of seawater temperature (up to 3–4°C) is predicted
by the end of this century (IPCC 2013), and thus,
there is an increasing concern about the effects of
thermal stress on coastal biological communities,
such as seaweed beds (Smale et al. 2019). Macroal-
gae-dominated habitats provide critical ecological
and human services worldwide (Hurd et al. 2014).
Therefore, it is important to predict their response
(tolerance, resilience) to thermal stress and the sub-
sequent impact on species-specific distribution pat-
terns (Andrews et al. 2014, Smale et al. 2019, Straub
et al. 2019).
Exposure to high temperatures can lead to “dis-

ruptive stress” in seaweeds, resulting from metabolic
damage (Davison and Pearson 1996). Both experi-
mental approaches and in situ observations have
shown that the physiology of marine macrophytes
can be altered by exposure to high temperatures
(Bruhn and Gerard 1996, Short et al. 2015, Mar�ın-
Guirao et al. 2017). Generally, thermal stress can (i)
alter enzymatic-mediated processes and cell mem-
brane composition (Machalek et al. 1996, Los and
Murata 2004), (ii) increase or decrease photosynthe-
sis and growth depending on the duration and
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intensity of heat stress and its interaction with other
environmental factors (e.g., light, nutrients, UVB
radiation; K€ubler and Davison 1993, Bruhn and Ger-
ard 1996, Brown et al. 2014, Xiao et al. 2015, Mabin
et al. 2019), and (iii) result in photoinhibition,
increased respiration, and changes in pigment com-
position (K€ubler and Davison 1993, Bruhn and Ger-
ard 1996, Koch et al. 2007, Andersen et al. 2013).
Heat stress has also been correlated with the pro-
duction of reactive oxygen species and increased
antioxidant capacity of intertidal seaweeds (Coll�en
and Davison 1999, Cruces et al. 2012). Populations
near their distribution boundaries will most likely
be more affected by thermal stress (Wernberg et al.
2011).

There is evidence that short-term (days) thermal
anomalies of high intensity can be more harmful
for submerged vegetation than persistent (but mod-
erate) warming (Thompson et al. 2013, Wilson et al.
2015, Guerrero-Meseguer et al. 2017). The exposure
to increasing annual maximum temperatures, the
influence of marine heat waves (MHWs), or even
the influence of episodic/seasonal natural events
(e.g., ENSO) strongly affect macroalgae at regional
and local scales (Pacheco-Ru�ız et al. 2003, Jord�a
et al. 2012, Schiel and Foster 2015). Even short-term
exposure to thermal stress may affect distribution
patterns, growth, and recruitment of seaweeds
(Andrews et al. 2014, Smale et al. 2019).

As a result of climate change, short-term periods
of extreme temperature anomalies, such as longer
and more severe summer MHWs, have increased
(Sch€ar and Jendritzky 2004, Perkins et al. 2012).
MHWs, often of short duration, can reduce repro-
duction and alter distribution of some seaweeds
(Andrews et al. 2014), and can promote mortality of
crustose coralline algae and local extinction of kelp
communities (Short et al. 2015, Thomsen et al.
2019). The impact of MHWs on kelp forests may
depend on the influence of latitudinal patterns of
genetic diversity, physiological versatility, and eco-
logical resilience (Wernberg et al. 2018). Although
understanding the effects of weather extremes (in-
cluding MHWs) on submerged vegetation has been
highlighted (Wernberg et al. 2012, 2016), seaweed
responses to thermal stress, such as physiological
plasticity, tolerance, and resilience, remain poorly
addressed to date in juvenile stages.

The giant kelp, Macrocystis pyrifera, is a large kelp
forming some of the biggest and most productive
temperate submerged vegetated ecosystems of the
world, with relevant ecological and economic values
(e.g., aquaculture, maintenance of water quality,
nursery and shelter for invertebrates, fishes, mam-
mals, and other algae; Reed and Brzezinski 2009,
Gordon and Cook 2013). The coastline of Baja Cali-
fornia, Mexico, is considered among the regions
particularly vulnerable to MHWs, due to the high
levels of biodiversity, the prevalence of important
kelp species at their warm boundaries (such as

M. pyrifera), and the influence of anthropogenic
impacts (Holbrook et al. 2019, Smale et al. 2019).
In Baja California, the influence of the California
Current and upwelling events provides the basic abi-
otic requirements (e.g., lower temperatures, nutri-
ents) for the development of M. pyrifera (Tegner
and Dayton 1987). Conversely, thermal anomalies as
a consequence of episodic events such as ENSO,
MHWs, or prolonged events such as the “Blob” (see
Hu et al. 2017) can be correlated with damage or
even complete disappearance of Giant Kelp forests,
likely due to the cross-correlation of temperature
and other environmental factors, such as the deep-
ening of the thermocline and associated reduction
of nutrients (North and Zimmerman 1984, Zimmer-
man and Robertson 1985, Ladah 2003, Schiel and
Foster 2015, Arafeh-Dalmau et al. 2019). Normal
summer warming causes reduced growth, bleaching
and softening of tissues, increased epiphytation and
death (North 1987); however, these effects can be
ameliorated by sub-thermocline nitrate influx fueled
by internal waves and mixing (Zimmerman and
Robertson 1985, Ladah et al. 2012). Ocean warming
and linked factors such as nutrient limitation can
restrict the distribution boundaries of kelp forests,
as particularly observed along the coastline of Baja
California Peninsula (Ladah et al. 1999, Graham
et al. 2007, Arafeh-Dalmau et al. 2019) and other
coastal systems.
Despite the well-described negative effects of ther-

mal stress on Macrocystis pyrifera forests (e.g., popula-
tion dynamics, loss of canopy; North 1987, Ladah
et al. 1999, Cavanaugh et al. 2019), knowledge
about the physiological mechanisms governing their
vulnerability and/or resilience is still limited (Brown
et al. 2014), particularly at the juvenile stages. More-
over, M. pyrifera has a complicated alternation of
generations in its life history, and juvenile stages
such as gametophytes and juvenile sporophytes may
exhibit different resistance to environmental stres-
sors (Manley and North 1984, Dean and Jacobsen
1986, Mu~noz et al. 2004, Ladah and Zertuche-
Gonz�alez 2007, Mabin et al. 2019). Differences in
the thermal tolerance of the various life history
stages of kelps can be decisive for the survival of a
population (Graham 1996, Clarke 2003). Metabo-
lism differs between the ontogenic stages of M. pyri-
fera (i.e., photosynthesis, light requirements; Dean
and Jacobsen 1986, Xu et al. 2015), similar to that
indicated for other seaweeds (Xu et al. 2017). Also,
juvenile sporophytes of M. pyrifera lack the structural
complexity of adults, and consequently, they cannot
rely on translocation of resources to cope with
stressful conditions (Graham et al. 2007). There-
fore, acclimation responses and resistance to ther-
mal stress would be expected to differ between
adults and juveniles.
The differential interaction of adults and juveniles

with changing environmental factors that can occur
simultaneously with thermal stress, such as light
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availability, can represent another potential source
of variation of the responses to heat stress. For
instance, increased turbidity due to storm waves,
coastal runoff, or even phytoplankton blooms can
dramatically reduce incident irradiance (near dark-
ness) for weeks on the benthos (Dean and Jacob-
sen 1984, Dean 1985, Cabello-Pasini et al. 2002,
Schiel and Foster 2015). Phytoplankton blooms
commonly resulted for the combination of rising
of seawater temperature and upwelled nutrients in
spring–summer, and can lead to drastic reductions
of irradiance during weeks (less than 0.5 mol pho-
tons � m�2 � d�1) in shallow bottoms near giant
kelp forests (Dean and Jacobsen 1984). Also over-
growth of canopy-forming seaweeds in later-spring/
early-summer at the edges of Macrocystis pyrifera
populations, like the invasive Sargassum horneri, Sar-
gassum muticum, and Undaria pinnatifida that have
colonized progressively new coastal areas on the
Pacific coast of North America, can comprise light
availability for the development of juvenile stages
and recruitment (Ambrose and Nelson 1982,
Schiel and Foster 2015, South et al. 2017). The
canopy of M. pyrifera adults and understory cano-
pies of other seaweeds (e.g., kelps species such as
Laminaria and Pterygophora) can also shade juve-
niles of M. pyrifera (North 1994). While adult
plants can counterbalance light limitation by both
photoacclimation of deeper blades and transloca-
tion of resources from apical parts of the fronds
reaching the sea surface (Manley and North 1984,
Colombo-Pallota et al. 2006), young juveniles must
depend on their photosynthetic plasticity to sur-
vive. Light deprivation results in lower availability
to metabolic energy needed to incorporate and
assimilate inorganic carbon, and thus, in a drop in
photosynthate production (Hanelt and Lopez-
Figueroa 2012). Since the assimilation of inorganic
nitrogen into organic compounds requires energy
and carbon skeletons from photoassimilates, light
limitation can lead to the alteration of the plant
N-metabolism, including N-uptake rates (Hurd
et al. 2014). Changes in the bio-optical properties
of photosynthetic tissues (e.g., absorptance) and
pigments content are among the photoacclimation
mechanisms which can be activated to optimize
light harvesting in seaweeds, including M. pyrifera
juveniles (Umanzor et al. 2019). Compared to
adult sporophytes, photoacclimation strategies of
juveniles are still poorly understood (Mabin et al.
2019, Umanzor et al. 2019).

The purpose of the present study was to evaluate
the combined effects of a simulated MHW and light
deprivation on juvenile sporophytes of Macrocystis
pyrifera. An orthogonal design was used, based on
the exposure of juveniles to two temperatures (16
and 24°C) and two light conditions (saturating irra-
diance ~180 lmol photons � m�2 � s�1, and a light
below compensation irradiance for photosynthesis,
5–10 lmol photons � m�2 � s�1). The main

hypothesis of this study was that MHWs and light
deprivation can induce physiological changes in
juvenile sporophytes, and the metabolic integration
of these responses can be decisive to their tolerance
and/or vulnerability to those combined stressors.
Photosynthesis, bio-optical properties, nutritional
status, oxidative stress descriptors, and nitrate
uptake rates were evaluated. As far as we know,
there is no background information about the inte-
gration of such physiological descriptors of M. pyri-
fera juveniles under the combination of disruptive
(heat) and limitation (light deprivation) stressful
conditions.

MATERIALS AND METHODS

Collection of juvenile sporophytes. In September 2017, juve-
nile sporophytes (single blade stage, up to 20 cm length)
were collected along the edges of a healthy and dense (~0.3
stipes � m�2) Macrocystis pyrifera forest growing at 7–10 m
depth in Bah�ıa Todos Santos, Baja California, Mexico
(35°54021.90″ N, 116°45012.05″ W). Surface seawater tempera-
ture in this region ranges between 12 and 20°C, although it
can increase up to 4°C above the long-term mean during
ENSO and MHWs (Hern�andez de la Torre et al. 2004, Leis-
ing et al. 2015).

During collection, algae were kept in black plastic bags to
avoid exposure to excessive sunlight. Within 2 h after collec-
tion, juveniles were transported in large coolers filled with
seawater to the Marine Botany Lab at the University of Baja
California. Juveniles were kept in 1-m3 outdoor tanks until
the beginning of the experiment, at averaged values of field
temperature and light, 16°C and 6.6 mol photons � m�2 �
d�1, respectively. Temperature was adjusted by using chillers,
while the tanks were covered with plastic meshes to adjust
light to field values. Temperature was recorded at the collec-
tion site during the previous weeks using HOBO MX2202
(ONSET, Bourne, MA, USA) data loggers. Light values were
obtained by using a spherical 4p underwater quantum sensor
attached to a data logger (LI-192 and LI-1500; LI-COR Bio-
sciences, Lincoln, NE, USA), and HOBO MX2202 data log-
gers calibrated against 2p quantum sensor LI-190R (LI-COR
Biosciences).

Experimental setup and design. After a 4 d acclimation per-
iod, Macrocystis pyrifera juveniles were transplanted to 10-L
plastic transparent containers (nine juveniles per container)
filled with filtered (1 lm) UV-irradiated seawater and aer-
ated. Each container was considered as an experimental unit
(EU), and all the EUs were placed within large incubators
(VWR, model 2015 2015-2), which allowed for the control of
light and temperature. Within the incubators, temperature
was adjusted to 16 and 24°C, corresponding to the averaged
field values at the collection site and maximum values
recorded during MHWs, respectively. A control light treat-
ment was also adjusted at 180 lmol photons � m�2 � s�1, pho-
toperiod 12:12 h light:dark; this light corresponded to the
averaged maximum irradiances measured at the collection
site at midday (from 90 to 300 lmol photons � m�2 � s�1),
and can be saturating for the photosynthesis of juvenile
sporophytes (Umanzor et al. 2019). Other juveniles were kept
in almost darkness (5–10 lmol photons � m�2 � s�1) by cover-
ing the EUs with black plastic mesh. This low light condition,
which is below compensation irradiance for photosynthesis
of juveniles (Umanzor et al. 2019), was selected following
Dean and Jacobsen (1984) and Cabello-Pasini et al.
(2002) who reported light values close to zero (0–0.5 mol

GIANT KELP UNDER HEAT WAVES AND LIGHT DEPRIVATION 3



photons � m�2 � d�1) near giant kelp forests in northern Baja
California and southern California during prolonged periods
(weeks) of phytoplanktonic blooms and storms. Four EUs
were used for each treatment (N = 4): 16L, 24L, 16D, 24D
(L = light treatment, D = darkness treatment). To adjust the
simulated MHW, temperature was gradually increased by 2°C
per day, which is within the increment rates measured during
these events in the northern Pacific of Baja California
(Arafeh-Dalmau et al. 2019). Seawater was replaced every day
in each container and water quality was checked by using a
submersible multiparameter probe (YSI Pro Plus, USA);
nitrate (1–2 lM), salinity (33.5), and pH (7.9–8.1) were main-
tained almost constant during the experiment. Juveniles were
kept under the experimental treatments for 7 d.

Physiological descriptors. All the physiological descriptors
were measured for two juveniles per EU (i.e., eight plants),
and values per container were averaged to obtain the true
experimental replication (n = 4). Reference field values of
physiological traits were also measured in juveniles of Macro-
cystis pyrifera (n = 6) prior to acclimation (Table 1).

Chlorophyll-a fluorescence. Chlorophyll-a fluorescence emis-
sion of PSII was measured using a Diving-PAM portable fluo-
rometer (Walz, Germany) following Schreiber (2004) and
Larkum et al. (2006). In order to standardize measurements
among juveniles, measurements were performed in the mid-
dle section of the blade, where maximum values of maximum
quantum yield, Fv/Fm, were found in previous trials. The
blade surface was carefully cleaned of epiphytes and blade tis-
sue was held in the fluorometer DCL-8 leaf clip holder to
assure a constant distance between the tissue and the fluo-
rometer fiber optics. Rapid Light Curves, RLCs, were
obtained from juveniles kept in darkness overnight. The
clipped segment was exposed to nine increasing actinic light
intensities during 30 s, ranging from 4 to 300 lmol photons �
m�2 � s�1. Saturating pulses (~5,000 lmol photons � m�2 �
s�1, 0.8 s) were applied at the beginning of the RLC and
after each actinic light intensity. Values of Fv/Fm corre-
sponded to the first quantum yield after the first saturating
pulse. Electron Transport Rate, ETR, Effective Quantum
Yields, ФPSII, and Non-Photochemical Quenching, NPQ, were
also calculated. Absolute ETR was calculated as

ETR ¼ UPSII � Ii � A � 0:5 ð1Þ

where Ii is each actinic light intensity, A is the blade absorp-
tance (see below), and 0.5 is a correction factor of 50:50 per-
centage distribution of absorbed photons between the two

photosystems (Schreiber 2004, Beer et al. 2014). Alpha (a)
was calculated as the initial linear slope of the ETR curve
(Saroussi and Beer 2007). Values of NPQ were calculated
using the equation

NPQ ¼ ðFm � Fm0 Þ=Fm0 ð2Þ

where Fm is the maximum fluorescence and Fm’ the fluores-
cence measured under each actinic light intensity.

Blade bio-optical properties. Blade spectral absorption in the
PAR range (400–700 nm) was determined by using a Taylor-
type integrating sphere (Li-Cor 1800-12, USA) attached via
fiber optic cable to a portable spectroradiometer (Fieldspec,
ASD, Boulder, CO, USA). A blade section of ~2 cm was
placed between two glass slides then attached to the sample
holder of the integrating sphere, covering the entire light
path. The spectroradiometer recorded Reflectance (R) and
Transmittance (T) at 1 nm intervals, by using barium sulfate
as the reference material. Absorptance was determined as 1-
T-R following Krause and Weis (1991). Absorption not
related to pigments was corrected by subtracting the averaged
absorbance between 725 and 750 nm.

Pigment content. Approximately 0.02 g of fresh tissue was
ground twice with 0.5 mL of 1% aqueous magnesium carbon-
ate, 4 mL of acetone, and 2 mL distilled water; volume was
completed with acetone up to 10 mL. Homogenates were
kept in the dark at �18°C for 24 h and centrifuged for 5 min
at 3,000 rpm. Supernatants were collected in a glass cuvette
(1 cm length) and the concentration of chlorophyll a, c and
total carotenoids was determined by spectrophotometry using
the equations described by Parsons et al. (1984) and Seely
et al. (1972).

Total soluble carbohydrates. Soluble carbohydrates were mea-
sured using the colorimetric phenol-sulfuric acid method
using glucose as standard (Dubois et al. 1956). Blade tissue
was dried, ground, and then digested with 2 mL of 0.2 M
HCl at 60°C during 3 h, and centrifuged for 5 min at 1,000g.
A mixture of 0.025 mL of supernatant, 1 mL of distilled
water, and 0.25 mL of 3% phenol was cooled in an ice bath;
then, 2.5 mL of concentrated sulfuric acid was added directly
into the solution and mixed vigorously. After 30 min, absor-
bance was read at 490 nm.

Total nitrogen content. Total nitrogen was quantified by ele-
mental analysis. Blade surfaces were rinsed with distilled
water and dried at 60°C for 72 h. Samples were then ground
into fine powder and encapsulated in tins. Analyses were
carried out at UC Davis Stable Isotope Facility using an ele-
mental analyzer (EA) interfaced to a continuous flow isotope
ratio mass spectrometer (IRMS).

Nitrate uptake rates. At the end of the experimental period,
juvenile sporophytes were incubated separately for 30 min
with 15 lM of labeled nitrate (K15NO3 at. % = 99, Cambridge
Isotope Laboratories) dissolved in artificial seawater with low
(<1 lM) nitrate concentration (Instant Ocean). Incubations
were carried out in 1-L Plexiglas transparent chambers,
under the experimental conditions of each treatment. Seawa-
ter was mixed continuously to reduce the blade boundary
layer, and to homogenize the tracer during the incubation.
Following previous trials, a plant biomass per seawater volume
of about 0.7 g DW. L�1 was selected to avoid substantial
changes in seawater nitrate concentration, as well as carbon
limitation. At the end of incubations, the entire plant was
removed from the chamber, rinsed with deionized water to
remove the remains of the tracer adsorbed to the tissue sur-
face, and dried at 60°C until constant weight. Samples were
ground to a fine powder for isotope analysis. Isotopic analyses
were carried out at UC Davis Stable Isotope Facility using an
EA interfaced to a continuous flow IRMS. Nitrate uptake

TABLE 1. Field reference values of physiological descrip-
tors measured in Macrocystis pyrifera juvenile sporophytes.

Mean (SE) Min–max

Photochemistry
Fv/Fm 0.763 (0.002) 0.757–0.769
ETRlmol photons � m�2 � s�1 7.5 (0.2) 7.0–8.2
ФPSII 0.150 (0.002) 0.140–0.163
NPQ 0.067 (0.004) 0.053–0.075
a 0.166 (0.003) 0.155-0.176

Bio-optical properties
A400-700 0.629 (0.017) 0.577–0.667
A680 0.779 (0.003) 0.768–0.785

Pigmentslg � g FW�1

Chl a 766 (22) 722–789
Chl c 139 (18) 106–168
Carotenoids 346 (41) 272–414

Soluble NSCs % DW 3.55 (0.18) 3.13–3.87
Nitrogen % DW 1.85 (0.09) 1.73–2.03
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rates (V, expressed as lmol N1 g DW1 1h�1; DW = dry
weight) were calculated as:

V ¼ ½ð15Nexp �1 5NbackÞ �Nc�=ðMN � tÞ ð3Þ

where the difference (15Nexp-
15Nback, at. %) is the 15N

enrichment relative to natural 15N sporophyte levels (i.e.,
background), Nc is the nitrogen content (g N � g DW�1), MN

is the molar mass of the labeled nitrogen (15 g � mol�1), and
t is the incubation period.

Lipid peroxidation. Lipid peroxidation was measured fol-
lowing the thiobarbituric acid reactive substances (TBARS)
assay described by Hodges et al. (1999) and Correia et al.
(2006). Ultrafrozen blade tissues were ground in liquid nitro-
gen using a mechanical grinder, and homogenized (dilution
1:10) in trichloroacetic acid (TCA, 20%). Tissue homoge-
nates were then centrifuged for 10 min (3,000g, 4°C) and
supernatants were mixed with a solution of TCA (20%) and
thiobarbituric acid (0.5% v/v). These solutions were heated
at 90°C for 30 min, and then centrifuged again (10,000g) for
10 min. The supernatants were extracted and their absor-
bances (440, 532, and 600 nm) were determined spectropho-
tometrically. Lipid peroxidation was expressed as equivalents
of malonil-dialdehyde (Eq MDA; molar extinction coefficient
155 � mM�1 � cm�1) using the equations in Hodges et al.
(1999).

Total phenolic content and antioxidant capacity. Dried and
ground blade tissue (0.03 g DW) was extracted in 0.75 mL
80% methanol in darkness for 24 h, and the extract was then
centrifuged at 10 rpm for 10 min. The phenolic compounds
and antioxidant capacity were quantified in the methanolic
supernatant. The phenolic compounds were measured with a
modification of the Folin–Ciocalteu assay using gallic acid as
standard (Singleton and Rossi 1965). A volume of 0.025 mL
of methanolic extract was diluted in 1 mL of distilled water.
Then, 0.1 mL of Folin–Ciocalteu reagent and 0.3 mL of dis-
tilled water saturated in NaCO3 were added. The mixture was
homogenized, heated (40°C for 3 min), and the absorbance
determined at 765 nm. The radical scavenging activity of the
same methanolic extracts was also determined (Farvin and
Jacobsen 2013); the reaction mixture was prepared with
0.1 mL of diluted extract (1:4 with 80% methanol) and 1 mL
of DPPH 30 lM dissolved in 90% methanol. Absorbance at
517 nm was measured after 30 min of DPPH addition. The
total antioxidant capacity of algal extract was expressed as
ascorbic acid equivalents.

Statistical analysis. Multivariate analyses were performed
with the normalized data of all biological variables, and a
ranked triangular similarity matrix was constructed using
Euclidean distances. Then, a two-way PERMANOVA crossed
design was performed (9999 permutations) to test the factors
of temperature, light, and their interactive effects on the
physiological status of juvenile sporophytes. Significant differ-
ences in the pairwise posteriori comparisons were checked
using Monte Carlo P-values, P (MC), due to the restricted
number of possible permutations. SIMPER analysis was
applied to explore similarities among treatments (average dis-
tance). These statistical procedures were implemented using
PRIMER 6 & PERMANOVA+ v.1.0.2 software package (Ander-
son et al. 2008). Principal components analysis (PCA) was
performed using PAST software (Hammer et al. 2001) to dis-
play multivariate patterns of treatments, and to explore their
relationship with the different biological descriptors.

A two-way analysis of variance (ANOVA) was used to test
the effect of temperature and light on each response vari-
able. A post hoc Student Newman–Keuls (SNK; Zar 1984) was
performed when significant differences were found
(P < 0.05). Prior to the analysis, Shapiro–Wilk and Levene

tests were used to check the assumptions of normality and
homocedasticity, and data were transformed when necessary.
A non-parametric Kruskal–Wallis test was applied if assump-
tions were not met. All analyses and graphs were done using
the statistical package STATISTICA (StatSoft INC, version
8.0).

RESULTS

The initial physiological status was similar in all
the studied plants (Table 1), therefore, physiologi-
cal changes observed at the end of the experimental
period were due to the treatment conditions.
The two-way PERMANOVA indicated that both

temperature and light had significant effects on
physiological traits of kelp juveniles after the 7 d
treatment, and that temperature effects differed
between light or dark conditions (i.e., significant
interaction Temp. 9 Light; Table 2). The two-
dimensional PCA plot (Fig. 1; Table S1 in the Sup-
porting Information) showed two clear eigenvectors:
the component 2, which explained the highest per-
centage of variance (45.4%) and mainly represented
differences due to the light treatments; and the sec-
ond component 1, which explained the variance of
17.4%, which separates both temperature treat-
ments. The component 2 was highly and positively
correlated (correlation coefficient ~0.8) with
ETRmax, effective quantum yield, NPQ, a, Fv/Fm,
and pigment (Chl a, Chl c, and carotenoids); on
the contrary, component 2 was negatively correlated
with nitrate uptake rates (�0.8) and soluble carbo-
hydrates content (�0.7), which diminished in juve-
nile sporophytes subjected to light deprivation.
Component 1 was positively correlated (0.85) with
absorptance values (A400-700 and A680). SIMPER
analysis (Table S2 in the Supporting Information)
also indicated that light treatments (16D, 24D vs.
16L, 24L) had higher dissimilarity (average dis-
tance = 42.9) and were more separately in the
biplot than temperature treatments (16D, 16L vs.
24L, 24D; average distance = 24.3). Moreover, the
change in temperature promoted more pronounced
changes on the biological traits of Macrocystis pyrifera
under light limitation (average distance = 28.5, 16D
vs. 24D) than light conditions (16L vs. 24L, average
distance = 20.5).
Electron transport rate (ETR), ФPSII, and a values

were 2- to 3-fold greater in juveniles exposed to the
16D treatment than control plants (16L; Fig. 2, A,
C, and D). Also, these values corresponded to the
maximum values measured among treatments. Juve-
niles at 24L and 24D also showed increased ETR
(two-way ANOVA, F1,12 = 9.78, P = 0.0087) and ФPSII

(two-way ANOVA, F1,12 = 3.5, P = 0.08) with respect
to 16L sporophytes, while higher maximum values
were found at 16D. Non-photochemical quenching
(NPQ) significantly increased with the increasing
temperature in dark conditions (two-way ANOVA,
F1,12 = 5.63, P = 0.035), 2-fold higher at 24D
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compared to 16L (Fig. 2E). Values of Fv/Fm were
slightly higher (but significant) in 16D plants with
respect to control (two-way ANOVA, F1,12 = 76.74,
P < 0.001), while Fv/Fm was reduced by 17% in juve-
niles exposed to the 24L treatment (Fig. 2E). In
general, all photochemical descriptors showed sig-
nificant effects caused independently by light and
temperature.

Chlorophyll a (two-way ANOVA, F1,12 = 61.79,
P < 0.001) and total carotenoids (Kruskal–Wallis
ANOVA, H3,16 = 11.67; P = 0.087) increased 2-fold
in juveniles exposed to darkness relative to the con-
trols (Fig. 3, A and E), regardless of the tempera-
ture level. A slight (but significant) increase in Chl c
was detected in plants at 24D with respect to the
control treatment, and it was significantly reduced
in 24L plants (Fig. 3C; two-way ANOVA,
F1,12 = 29.79, P < 0.001). Blade absorptance (A400-

700, A680; Fig. 3, B, D, and F) increased by ~10% in
juveniles at 16D compared to the other treatments,
including the control; however, these differences
were only near significant for A680 (two-way ANOVA,
F1,12 = 4.91, P = 0.057).
Light condition (regardless of temperature) had

significant effects on soluble carbohydrates, nitro-
gen concentration, and nitrate uptake rates (Figs. 4
and 5). Soluble carbohydrates were about 40%
lower in juveniles growing under dark conditions
(16D, 24D; Fig. 4A; two-way ANOVA, F1,12 = 11.76,
P = 0.004), with the opposite pattern found for N
content (Fig. 4B; two-way ANOVA, F1,12 = 7.24,
P = 0.019). Similar to carbohydrate concentration,
nitrate uptake rates measured in juveniles from 16D
and 24D were up to 7.7 times lower than in

TABLE 2. Statistical two-way PERMANOVA results showing
the interactive effects of temperature (16 and 24°C) and
light treatments (L: saturating irradiance, D: light below
compensation irradiance) on physiological variables of
Macrocystis pyrifera. Bold numbers indicate significant dif-
ferences.

Main test SS MS Pseudo-F P (perm)

Temp. 22.489 22.489 2.9159 0.0161
Light 123.26 123.26 15.983 0.0001
Temp. 9 Light 31.698 31.698 4.11 0.0007

Pairwise (L) Light (D) Dark
t P (MC) t P (MC)

16 9 24 1.7677 0.0341 1.9535 0.03

Pairwise 16°C 24°C
t P (MC) t P (MC)

L 9 D 3.2902 0.0023 3.0442 0.0024

FIG. 1. Ordination diagram of principal component analysis (PCA) performed with physiological variables measured in Macrocystis pyri-
fera juveniles after the exposition to the experimental treatments of temperature (16°C, circles; 24°C, squares) and light (saturating irradi-
ance—open symbols; below compensation irradiance—filled symbols).
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illuminated juveniles (Fig. 5; two-way ANOVA,
F1,12 = 73.03, P < 0.001).

Changes in total phenolic content, antioxidant
capacity, and lipid peroxidation were not statistically
significant among treatments (Table 3); uniquely
the effect of light was close to significance (two-way
ANOVA, F1,12 = 3.82, P = 0.074) in the case of lipid
peroxidation.

The two-way ANOVA (Table 4) revealed that
effects of temperature significantly differed between
light and dark treatments for all photochemical
descriptors, except for NPQ.

DISCUSSION

Giant kelp populations can be negatively
impacted by thermal stress and/or its associated
environmental factors, for example, nutrient limita-
tion (North 1987). Both seasonal-dependent tem-
perature increments and thermal anomalies
associated with ENSO and MHWs can cause deterio-
ration and loss of populations (Edwards and Estes
2006, Graham et al. 2007). Available knowledge
about the effects of thermal stress, in combination
or not with other factors, is typically restricted to
adult sporophytes of Macrocystis pyrifera, while little

FIG. 2. Photochemical descriptors (mean � SE, N = 4) measured in Macrocystis pyrifera juveniles after the exposition to the experimen-
tal treatments of temperature (16 and 24°C) and light (L: saturating irradiance, white bars; D: light below compensation irradiance, gray
bars). (A) ETR = Electron transport rate; (B) NPQ = Non-photochemical quenching; (C) ΦPSII = Effective quantum yield; (D) a = photo-
synthetic efficiency; (E) Fv/Fm = Maximum quantum yield. Different letters denote significant differences between treatments.
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is known about the resistance/vulnerability of juve-
nile stages. This study represents one of the few
works (see Mabin et al. 2019) which assess the physi-
ological plasticity of juvenile sporophytes. Juvenile
stages, including microscopic phases, can be deci-
sive for the population resilience after extreme
events causing loss of kelp forest, such as MHWs
(Cavanaugh et al. 2019).

This study examined the responses of juvenile
sporophytes to a simulated MHW in the laboratory,
similar in duration and intensity (7 d, 24°C) to
those that occur in the Mexican North Pacific dur-
ing summer and early-autumn (Hern�andez de la
Torre et al. 2004, Leising et al. 2015, Arafeh-Dalmau
et al. 2019). These responses were compared to
plants maintained under control temperature
(16°C). Also, some sporophytes were also subjected

to light values below compensation irradiance for
photosynthesis (5–10 lmol photons � m�2 � s�1) to
explore potential interactive effects between the
experimental factors. Generally, our results indi-
cated that both high temperature and light depriva-
tion caused significant biological changes in
juvenile sporophytes (Fig. 1, Table 2). A notable
reduction in Fv/Fm (until values below 0.6) was
detected in juvenile sporophytes when exposed to a
high temperature and control saturating light
(180 lmol photons � m�2 � s�1; i.e., 24L treatment;
Fig. 2E), but no other evidence of physiological
damage associated with thermal stress was found.
Although juvenile sporophytes maintained photo-
synthetic functionality under light deprivation,
regardless the temperature level, this imposed
experimental condition induced stronger

FIG. 3. Pigment content and
bio-optical properties measured
in Macrocystis pyrifera juveniles
(mean � SE, N = 4) after the
exposition to the experimental
treatments of temperature (16
and 24°C) and light (L:
saturating irradiance, white bars;
D: light below compensation
irradiance, gray bars). (A)
chlorophyll a, (B) light
absorptance spectra in the visible
PAR range, (C) chlorophyll c,
(D) integrated absorptance in the
PAR range, (E) carotenoids, (F)
absorptance at 680 nm. Different
letters denote significant
differences between treatments.
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physiological changes than thermal stress, including
photoacclimation responses and nutrient physiology
alteration (Fig. 1, Table 2).

Maximum quantum yield (Fv/Fm) decreased dras-
tically in illuminated juveniles exposed to heat
stress. Recently, Mabin et al. (2019) documented a
similar reduction of Fv/Fm when juvenile sporo-
phytes of Macrocystis pyrifera were exposed to experi-
mental temperatures of 22°C, although the extent
depended on the combination of temperature with
light and nutrient (nitrate) availability. In addition,
thermal stress has been correlated with decreasing
Fv/Fm in other seaweeds, likely associated with the
enhancement of energy dissipation mechanisms
(e.g., NPQ) or the impairment of PSII and related

downstream metabolic processes (e.g., carbon fixa-
tion; Davison and Davison 1987, Sharkey 2005,
Fern�andez-Mar�ın et al. 2011, Pereira et al. 2015,
Mabin et al. 2019). In adult M. pyrifera sporophytes,
quantum efficiency was also shown to be negatively
affected by light overexposure in surface blades
(Cabello-Pasini et al. 2000, Colombo-Pallotta et al.
2006). Super-optimal temperature also appears to
enhance photoinhibition in Saccharina latissima
when exposed to saturating irradiances (Bruhn and
Gerard 1996). This effect might be responsible for
the decline in populations of this species along the
south coast of Norway during high temperatures
(Andersen et al. 2013). In our study, despite the

FIG. 4. (A) Total non-structural carbohydrates and (B) total
nitrogen content measured in Macrocystis pyrifera juveniles (mean
� SE, N = 4) after the exposition to the experimental treatments
of temperature (16 and 24°C) and light (L: saturating irradiance
—white bars, D: light below compensation irradiance—gray bars).
Different letters denote significant differences between treat-
ments.

FIG. 5. Nitrate uptake rate measured in Macrocystis pyrifera
juveniles (mean � SE, N = 3) after the exposition to the experi-
mental treatments of temperature (16 and 24°C) and light (L:
saturating irradiance, white bars; D: light below compensation
irradiance, gray bars). Different letters denote significant differ-
ences between treatments.

TABLE 3. Total phenolic compounds, total antioxidant
capacity, and lipid peroxidation measured in Macrocystis
pyrifera juveniles (mean [SE], N = 4) after the exposure to
the experimental treatments of temperature (16 and
24°C) and light (L: saturating irradiance; D: light below
compensation irradiance).

Experimental treatments

16L 24L 16D 24D

Total phenolic content
(Eq. mg GA � g
DW�1)

3.215
(0.936)

5.035
(0.441)

4.232
(0.783)

5.136
(0.832)

Antioxidant capacity
(Eq. mg AA � g DW�1)

0.778
(0.058)

0.878
(0.065)

0.946
(0.112)

0.909
(0.078)

Lipid peroxidation
(Eq. nmol MDA � g
FW�1)

21.22
(1.20)

17.48
(2.92)

16.99
(1.25)

16.35
(2.81)
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reduction in Fv/Fm, juveniles at 24L showed similar
or higher values of ETRmax, photosynthetic effi-
ciency-a, and ФPSII than juveniles growing at opti-
mum conditions of temperature and light, 16L.
Although these responses seem contradictory, these
might be explained by the activation of alternative
electron sinks which, under diminished photosyn-
thetic capacities, help to dissipate excess photons
and avoid over-reduction of electron transport carri-
ers (Niyogi 2000). One of these mechanisms is the
thermal dissipation of energy operated by the xan-
thophylls cycle, expressed as an increase in NPQ.
This photoprotective mechanism has been demon-
strated in adults and juveniles of M. pyrifera mainly
in the framework of light acclimation (Colombo-
Pallotta et al. 2006, Garc�ıa-Mendoza and Colombo-
Pallotta 2007, Umanzor et al. 2019). Because our
results did not show a significant increase in NPQ
in 24L juveniles, other mechanisms could likely act
as safety valves for photosynthesis (e.g., photoreduc-
tion of oxygen by PS I or the water–water cycle;
Niyogi 2000). Contrary to that found in 24L, Fv/Fm
was not reduced in juveniles maintained in dark-
ness and higher temperatures (i.e., 24D). Also, val-
ues of ETRmax, quantum yield, and a were greater
in 24D plants than those at optimum conditions
(16L). This indicated that light can critically con-
tribute to the damage of the photosynthetic appara-
tus in combination with temperature. Because of
the absence of photonic energy in 24D, photodam-
age cannot occur and costly photo repair processes
(e.g., D1 protein replacement) are unnecessary
(Demmig-Adams and Adams 2006, Raven 2011).
Previous works indicated that factors associated with

higher temperatures (such as nutrient depletion,
pathogenic biota, or epibionts), instead of thermal
stress itself, can be responsible for seaweed deterio-
ration. Moreover, M. pyrifera can maintain or even
enhance its physiological performance (e.g., photo-
synthesis, nutrient uptake) when exposed solely to
increasing temperatures (Clendenning 1971, Dean
and Jacobsen 1984, Arnold and Manley 1985, North
1994). The maximum values of ETRmax, a, and
ФPSII corresponded to juveniles exposed to 16°C
and darkness, and indicated the optimum status of
their photosynthetic machinery. Particularly, the
increase in photosynthetic efficiency, a, is a typical
photoacclimative response which helps to cope with
light scarcity in M. pyrifera and other seaweeds
(Fairhead and Chesire 2004, Sampath-Wiley et al.
2008). Higher a can reflect an increase in the num-
ber and/or size of photosynthetic units (Colombo-
Pallotta et al. 2006, Falkowski and Raven 2007).
Our results are also consistent with the general
increase in pigment concentration (Chl a, Chl c,
and carotenoids) in juveniles kept in darkness,
regardless of temperature, as a widely recognized
response within the photoacclimation strategies of
this and other seaweeds (Schiel and Foster 2015,
Mabin et al. 2019). This increase in blade pigmen-
tation was uniquely reflected in a slight rise in leaf
absorptance in 16D juveniles, but not in 24D, likely
due to a pigment packaging phenomenon
(Enr�ıquez et al. 1994). We did not find evidence of
pigment degradation in juveniles at 24L, which
reinforced the idea that tissue bleaching can be a
consequence of environmental factors related to
higher temperatures (e.g., nutrient depletion) than

TABLE 4. Two-way ANOVA analysis performed to test the interactive effects of temperature (T; 16 and 24°C) and light
treatments (L; saturating irradiance and light below compensation irradiance) on physiological variables of Macrocystis pyri-
fera. Bold numbers indicate significant differences. Cases in which a non-parametric Kruskal–Wallis was used (i.e., total car-
otenoids and photosynthetic efficiency) are shown as footnotes (a, b).

Temperature Light T 9 L

df MS F P MS F P MS F P

Photochemistry
Fv/Fm 1 0.02 57.19 <0.001 0.03 76.74 <0.001 0.01 19.48 <0.001
ETR 1 7.21 9.79 0.009 36.92 50.15 <0.001 29.92 40.64 <0.001
ФPSII 1 0.0008 3.50 0.086 0.01 44.59 <0.001 0.01 28.74 <0.001
NPQ 1 0.0001 0.0001 0.998 0.01 5.64 0.035 0.00 0.31 0.586

Bio-optics
APAR 1 0.002 2.25 0.172 0.0004 0.39 0.550 0.005 4.38 0.070
A680 1 0.004 4.91 0.051 0.0004 0.43 0.53 0.001 1.11 0.32

Pigments
Chl a 1 2947.46 0.44 0.522 417958 61.79 <0.001 8535.64 1.26 0.283
Chl c 1 265.39 0.95 0.350 8366.58 29.79 <0.001 2642.52 9.41 0.010

Nutrient content
Soluble NSCs 1 0.44 1.03 0.331 5.05 11.76 0.005 0.75 1.75 0.211
Nitrogen 1 0.01 0.11 0.743 0.50 7.25 0.020 0.09 1.36 0.266

Nitrate uptake 1 0.57 1.64 0.225 25.40 73.03 0.0001 1.04 2.99 0.109
Lipid peroxidation 1 1176.52 1.13 0.310 3992.76 3.82 0.074 458.80 0.44 0.520
Total phenols 1 7.42 3.12 0.103 1.25 0.53 0.482 0.84 0.35 0.564
Antioxidant capacity 1 0.00 0.15 0.704 0.04 1.51 0.242 0.02 0.71 0.415

aTotal carotenoids (df = 3; H = 11.67; P = 0.087).
bPhotosynthetic efficiency-Alpha (df = 3; H = 12.79; P = 0.005).
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from thermal stress itself (Gerard 1984, North
1994, Schiel and Foster 2015).

Values of nitrogen and soluble non-structural car-
bohydrates content were similar to the levels
reported previously for juvenile and adults of Macro-
cystis pyrifera (North and Zimmerman 1984, Davison
and Davison 1987, Kopczak 1994). Also, experimen-
tal sporophytes showed values of N-content close
1.5% DW (or even higher) than the assumed critical
level of 1% DW known to represent N-limitation to
support plant growth (Gerard 1982, Zimmerman
and Kremer 1984). Internal concentration of nitro-
gen (free amino acids, proteins, internal nitrate)
and soluble sugars (e.g., mannitol) can vary among
M. pyrifera tissues and are strongly influenced by sea-
sonal-dependent factors, such as temperature, light,
and nutrient availability (Wheeler and Srivastava
1984, North 1994). In our study, carbohydrate con-
tent decayed in dark treatments (16D, 24D). Under
light limitation, the reduction of sugars is caused by
metabolic carbon imbalance reflecting both pho-
toassimilate synthesis reduction and/or their con-
sumption by respiratory processes (Hurd et al.
2014). An interesting example of a similar (but
much more extreme) condition can be observed in
Arctic kelps, which maintain growth during the Arc-
tic winter (i.e., 6 months of darkness) at the
expense of the use of carbohydrates previously accu-
mulated during the warmer season when sea ice
breaks up (Young et al. 2007). Nitrogen content
slightly increased in juveniles kept under light
deprivation, following the opposite pattern of sug-
ars. This inverse correlation has been documented
in M. pyrifera, primarily related to nitrate availability
and the use of internal carbon for its assimilation
(Zimmerman and Kremer 1986, North 1994).

Nitrate uptake rates measured in experimental
juveniles (1–3 lmol N � g DW�1 � h�1) were within
the range measured for adult blades of Macrocystis
pyrifera, both in situ and in the laboratory (Gerard
1982, Druehl 1984, Kopczak 1994). Kopczak (1994)
showed that rates can be near saturation (i.e., near
to Vmax) at the concentrations used in this study
(15 lM), which is similar to the nitrate measured in
kelp stands during upwelling (Reed et al. 2011).
Nitrate uptake rates were strongly reduced in juve-
niles subjected to light-limiting conditions, regard-
less of temperature, similar to that found for
carbohydrate content. There is contrasting literature
on the effect of light on nitrate uptake in M. pyri-
fera. For example, Gerard (1982) and Wheeler
(1982) reported that light limitation can suppress
nitrate uptake, while the opposite trend was
reported for this and other seaweeds (Wheeler and
Srivastava 1984, Philips and Hurd 2003, Young et al.
2007). Furthermore, Kopczak (1994) did not find
any correlation between irradiance and nitrate
uptake. In our study, the decrease of nitrate uptake
can be linked to the lack of metabolic energy and
carbon skeletons required to incorporate and

assimilate this nutrient, and the activity and/or syn-
thesis of involved enzymes (e.g., nitrate reductase;
Berges 1997, Hurd et al. 2014). Therefore, nutrition
of juvenile sporophytes can be comprised in nature
under limiting irradiance as nitrate is the nitrogen
form most acquired by giant kelp, although urea
and ammonium associated with biota excretion and
sediment efflux, respectively, can contribute to the
plant N budget (Brzezinski et al. 2013, Schiel and
Foster 2015). Besides light, the incorporation of
nitrate by M. pyrifera (and other species) can also be
modulated by both the surrounding environment
and internal physiological and morphological fac-
tors (e.g., tissue type, blade morphology, N-status;
North 1994).
Diminished nitrate uptake rates in juveniles under

darkness were not reflected in a decrease in tissue
N-content. This apparent discrepancy may be
explained by the metabolic decoupling between
nitrate incorporation and the consumption of inter-
nal non-structural N, due to a potential decrease in
plant growth. Nitrogen uptake and utilization can
be temporally uncoupled due to light availability, as
in the strategies developed by Arctic kelps among
seasons, or even other seaweeds during diurnal
cycles (Wiencke and Amsler 2012). There are other
examples of this temporal partitioning between N-
acquisition, internal N-metabolic processes, and
Macrocystis pyrifera growth. This species can maintain
growth for days to weeks at the expense of internal
non-structural N compounds (including nitrate)
accumulated during “luxury consumption” when N
concentration is high in the surrounding water
(Chapman and Craigie 1977, Schiel and Foster
2015).
Our results indicated that higher temperatures

did not trigger stimulation of non-enzymatic antiox-
idative capacities and oxidative damage (i.e., lipid
peroxidation) in juvenile sporophytes. This sug-
gested that the generation of reactive oxygen spe-
cies (ROS) was restricted by the activation of
photoprotective mechanism. For instance, the
decrease in Fv/Fm and Chl c in 24L sporophytes can
reflect a “dynamic photoinhibition” strategy, either
to reduce light harvesting or to induce photochemi-
cal quench (Franklin and Forster 1998). The pro-
duction of ROS is typically associated with disruptive
environmental stressors, including temperature and
light overexposure (Coll�en and Davison 1999, Bis-
chof and Rautenberger 2012, Cruces et al. 2012). In
intertidal seaweeds, for example, exposure to
extreme temperatures and light lead to the over-
energization (or over-reduction) of the photosyn-
thetic apparatus at the thylakoid level, and the pro-
duction of ROS by the activation of alternative
electron sinks (Niyogi 2000, Bischof and Rauten-
berger 2012). To avoid oxidative damage, seaweeds
are able to activate a variety of antioxidant mecha-
nisms to scavenge ROS species, including antioxi-
dant enzymes (e.g., catalase, superoxide dismutase)
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and compounds (e.g., amino acids, carotenoids,
phenols such as phlorotannins; Bischof and Rauten-
berger 2012, Cruces et al. 2012). However, and rein-
forcing the neutral response of antioxidant
response in our study, total phenols did not change
in plants subjected to thermal stress.

In conclusion, our results supported that light
limitation can be more harmful to juvenile sporo-
phytes of Macrocystis pyrifera than high tempera-
tures similar to that experienced by this species in
Baja California during MHWs. Although light
deprivation can induce some photoacclimation
responses, it can lead to severe reduction in plant
carbon balance and diminished capacities to
acquire nitrate from the surrounding seawater.
These effects can obviously comprise growth and
survival of juvenile sporophytes, and thus regenera-
tion and recruitment of giant kelp forest. Simulta-
neously to MHWs, several causes can lead to a
reduction of incident light on M. pyrifera juveniles,
including hydrodynamic forces causing resuspen-
sion and turbidity, phytoplanktonic blooms, and
the overgrowth of canopy-forming seaweeds. The
effects of light deprivation on juvenile stages (up
to 20 cm length) by the presence of invasive
canopy-forming species are particularly interesting,
because some introduced species are spreading
prolifically in coastal areas on the Pacific coast of
North America, including Baja California. For
instance, when the invasive brown algae Undaria
pinnatifida and Sargassum spp. reach their maxi-
mum size in spring–summer, they can overshadow
M. pyrifera juveniles growing at the external edges
of the understory (Schiel and Foster 2015, South
et al. 2017). The particular interaction between M.
pyrifera and invasive species is an issue of special
concern (Raffo et al. 2009, Schiel and Foster
2015), since warming trends of seawater (tropical-
ization of temperate systems) can promote the sur-
vival and spread of exotic seaweeds in temperate
regions (Bartsch et al. 2012). Finally, although
juveniles did not exhibit apparent vulnerability
under simulated MHWs in this study, it must be
highlighted that more specific research is needed
to explore the implication of other external (e.g.,
duration and intensity of heat stress, incidence of
fluctuating temperature) and internal (e.g., physio-
logical status, ecotypic/genotypic divergences) lim-
iting factors on their response.
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ABSTRACT 28 

The frequency of marine heat waves (MHWs) has is expected to increase due to climate 29 

change. Although seaweeds are resilient to some environmental change it is not clear how 30 

temperate seaweeds such as the kelp, Macrocystis pyrifera, will respond to extreme 31 

fluctuations in seawater temperature and nutrient availability. Moreover, little is known 32 

about the tolerance and vulnerability that juvenile sporophytes can show. Couple with 33 

MHWs, juvenile sporophytes can be subjected to limiting nutrient availability driven by the 34 

increase in seawater temperature. As such, sporophytes can be exposed to unfavorable 35 

environmental conditions for extended periods that can range from days to weeks. This 36 

study summarizes our finding on the ability of juvenile sporophytes of M. pyrifera to 37 

survive and recover from simulated MHW conditions (22°C, 5 d) in combination (or not) 38 

with nitrate limitation (<1 µM). We evaluated the photosynthetic capacities, nitrate uptake, 39 

tissue composition, bio-optical properties, in addition to oxidative stress descriptors of 40 

juvenile sporophytes with a single blade and not larger than 20 cm length. Results showed 41 

that that temperature, nitrate availability, and their interaction had significant effects on 42 

physiological status of juvenile sporophytes after the exposure and recovery phases. Results 43 

also showed that during the exposure phase, temperature was the main factor driving 44 

dissimilarities across sporophyte responses, contrarily to the recovery phase were nitrate 45 

availability was the main driver. Overall, our findings indicate that the photosynthetic 46 
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capacities of juvenile sporophytes decreased with increased temperatures and decreased in 47 

nitrate availability. On the contrary, stress responses increase on this scenario. Results 48 

highlighted that unfavorable temperature or nitrate availability did affect the performance 49 

of juvenile sporophytes. Measurements obtained after the recovery phase showed that 50 

sporophytes subject to 22 °C and limited nitrate increased their growth rate and reduced 51 

nitrate uptake rates, while those exposed to fertilized conditions showed higher nitrate 52 

content in their tissue. This study highlights that despite exposure to simulated MHW 53 

conditions with high temperature and low nitrate availability, juvenile sporophytes of M. 54 

pyrifera can recover within days if temperature and nutrient conditions return to a favorable 55 

state.  56 

 57 

 Key index words: electron transfer rate, heatwave, kelp, nitrate uptake, non-photochemical 58 

quenching, photosynthetic efficiency, pigment content. 59 

Abbreviations: α, photosynthetic efficiency; ФPSII, effective quantum yield; A, absorptance; 60 

Chl a, chlorophyll a; Chl c, chlorophyll c; DW, dry weight; Ec, compensation irradiance; 61 

Ek, saturating irradiance; ETR, electron transport rate; FW, fresh weight; Fv/Fm, maximum 62 

quantum yield; gross-Pmax, maximum gross photosynthesis; net-Pmax, maximum net 63 

photosynthesis; NPQ, non-photochemical quenching; P vs E curve, photosynthesis versus 64 

irradiance curve; Rf, reflectance; R, respiration; RLC, rapid light curve; SGR, specific 65 

growth rate; T, transmittance. 66 

 67 

INTRODUCTION 68 
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Marine heat waves (MHW) are global warming-driven events characterized by 69 

extreme warm sea surface temperatures, which can affect thousands of kilometers and 70 

persist from days to months (Frölicher et al. 2018, Smale et al. 2019). Changes in seawater 71 

temperature and ocean chemistry associated with the increasingly recurrent MHW are 72 

forcing widespread shifts in biological systems (Hollbrook et al. 2019, Oliver et al 2018, 73 

Straub et al 2019). It is known that exposure to elevated temperature beyond thermal 74 

tolerance can cause `disruptive stress´ in seaweeds, expressed at different biological levels 75 

(Davison and Pearson 1996, Koch et al. 2007, Hurd et al. 2014). Generally, thermal stress 76 

can alter enzymatic activity, cell-membrane composition, nutrient status and pigments 77 

content, as well as critical metabolic processes such as photosynthesis, respiration and 78 

antioxidant responses (Kübler and Davison 1993, Bruhn and Gerard 1996, Machalek 1996, 79 

Collén and Davison 1999, Los and Murata 2004, Cruces et al. 2012, Andersen et al. 2013). 80 

Consequently, seaweed growth, reproduction, and recruitment of juveniles may be severely 81 

affected (Andrews et al. 2014, Smale et al 2019). Though seaweeds are largely well 82 

adapted to their thermal environment, extreme changes can trigger disruptive stress in the 83 

form of cellular damage, hence influencing key vegetative and physiological processes 84 

(Wernberg et al. 2010; Harley et al. 2012; Mohring et al. 2013; Krumhansl et al. 2016 85 

Eggert, 2012). 86 

MHWs and ocean warming are already impacting seaweeds performance and their 87 

community-scale dynamics worldwide by breaking or redefining geographical boundaries 88 

(Wernberg et al. 2010; Vergés et al. 2014; Sunday et al. 2015; Pecl et al. 2017). A recent 89 

global analysis of kelp abundance showed that kelp forests have changed in many regions 90 

of the world (Krumhansl et al., 2016), with populations near their distribution limit 91 
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resulting severely affected by thermal stress associated to the ongoing increase in sea 92 

surface temperature, as well as MHWs ( Merzouk and Johnson 2011, Wernberg et al. 2010, 93 

Mohring et al. 2013, Krumhansl et al. 2016). The impact of MHWs on kelp (and other 94 

seaweeds) communities may be conditioned by their genetic diversity and their eco-95 

physiological versatility and resilience (Wernberg et al. 2018, Gurgel et al. 2020, Schimd et 96 

al. 2020). Together with genetic and ecophysiological traits, MHWs properties such as with 97 

their duration, intensity, as well as other abiotic factors (e.g., light, nutrients, water motion, 98 

UVB radiation) can condition responses in kelp in different manners.  99 

Differential responses driven by the interaction of different factors, for example 100 

temperature and light, have been described for several intertidal, as well as subtidal species 101 

including kelp (Bruhn and Gerard 1996, Kübler and Davison 1993, Brown et al., 2014, 102 

Schiel and Foster 2015, Xiao et al. 2015). For instance, in M. pyrifera, increased sea 103 

surface temperature coupled with nutrient limitation results in severe physiological stress 104 

affecting the health and productivity of kelp forests (Dayton and Tegner, 1984, Ladah et al. 105 

1999, Steneck et al. 2002, Ladah 2003). In many temperate regions, seawater nitrate 106 

concentrations in the upper layers of the water column have a strong seasonal cycle driven 107 

by seasonal thermoclines (Roleda and Hurd, 2019). In the NW Pacific, influenced by 108 

upwelling systems, nitrate concentrations tend to decrease in fall compared to spring season 109 

(Zimmermann and Kremer, 1986). In these systems, surface winds drive deep, nutrient-rich 110 

water to the surface favoring primary productivity (Jacox et al. 2015; Schiel and Foster 111 

2015). Conversely, increased sea surface temperature enhances the stratification of the 112 

water column, inhibiting upwelling of deep water and reducing nutrient supply to the 113 

surface (Jacox et al. 2015).  114 
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Specifically, in the Baja California Peninsula (Mexico), warm and nutrient-depleted 115 

waters caused by the El Niño (1982-83 and 2014-15) and The Blob (2014-17; Bond et al. 116 

2015), lead to the disappearance of entire giant kelp forests, Macrocystis pyrifera (Ladah et 117 

al. 1999, Hernández-Carmona et al. 2000; Arafeh-Dalmau et al. 2019, Cavanaugh et al. 118 

2019). Although M. pyrifera has been able to recover in many of its distributional range, it 119 

was not able to recover at its extreme southernmost limit, resulting in a loss of ca. 28,000 120 

wet tons along a 50 km of coastline  in the peninsula (Hernández-Carmona et al. 2000). 121 

Accurate predictions on how giant kelp ecosystems will respond to the increasing effects of 122 

global warming and the incidence of MHWs will depend on understanding how M. pyrifera 123 

will respond to multifactor abiotic stressors including elevated sea surface temperatures and 124 

nutrient scarcity (Harley et al. 2006; Gouvêa et al., 2017). 125 

The physiological and morphological adjustments undergone by M. pyrifera are well 126 

described for adult sporophytes subjected to thermal stress, in combination (or not) with 127 

nitrate depletion (Wheeler 1980; Wheeler and North 1980; Gerard 1982, 1986; Colombo-128 

Pallotta et al. 2006; Edwards and Kim 2010; Kopczak et al, 1991; Stephens and Hepburn; 129 

2016). For instance, M. pyrifera can acclimate to short term exposure to a wide range of 130 

temperatures with either low to high nutrient availability by adjusting their fatty acid 131 

composition (Schmid et al. 2020). Other adjustments can include (but are not limited to) 132 

changes of variable Chla fluorescence, pigment composition (Chlc, fucoxanthin), de-133 

epoxidation state of the xanthophyll cycle pigments, translocation of photosynthates from 134 

one section of the fronds to another, and changes in the chemical composition of the tissue 135 

(Fox, 2013; Schiel and Foster, 2015; Rothäusler et al. 2018). 136 
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In contrast there is still a knowledge gap on how juvenile sporophytes may respond to 137 

multifactor stressors. Recently, Mabin et al. (2019) and Sánchez-Barredo et al. (2020) 138 

indicated that the effects of temperature on M. pyrifera juveniles can be conditioned to light 139 

and nitrate limitation. Different ontogenic stages of seaweeds, including M. pyrifera, can 140 

respond differently to changing environmental conditions (Dean and Jacobsen 1986, 141 

Muñoz et al. 2004, Ladah and Zertuche 2007, Xu et al. 2007). In addition to metabolic 142 

acclimation, integrative responses at vegetative level (e.g., translocation of resources 143 

between and within fronds) can be decisive in adult sporophytes of M. pyrifera to face 144 

stressful conditions (Fox 2014, 2016; Colombo-Pallota et al. 2006) Because of juvenile 145 

sporophytes lack the structural complexity of adults, they depend solely on their  146 

physiological plasticity (Umanzor et al. 2020). The susceptibility and resilience of juvenile 147 

individuals to thermal stress will ultimately affect the structure, abundance, and stability of 148 

M. pyrifera populations over time (Graham 1996; Gaillard et al. 2008), and hence the 149 

dynamics of associated ecosystem (O’Connor and Anderson 2010; Miller et al. 2018).   150 

 The stability of juvenile individuals is key to the persistence of populations and as 151 

such, we aim to contribute to the limited body of evidence examining the effect of 152 

increased sea surface temperature and its interaction with nutrient limitation on the 153 

performance of juvenile sporophytes of M. pyrifera. This study evaluated the stress 154 

responses and resilience capacity of juvenile individuals of M. pyrifera under simulated 155 

MHW and nitrate scarcity scenarios.  The physiological plasticity of juveniles was 156 

examined through a wide range of physiological descriptors, including those related to 157 

photobiological adjustments, nutrient content, oxidative stress, and nitrate acquisition 158 

capacities. Integrating knowledge of juvenile physiological ecology to what is known 159 
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currently about adult response to environmental stressful conditions provides novel insights 160 

into factors shaping individuals of M. pyrifera along their macroscopic phase. Such 161 

understanding may contribute to predicting the functioning of future populations of M. 162 

pyrifera. 163 

 164 

MATERIAL AND METHODS 165 

 166 

Collection of juvenile sporophytes  167 

Complete juvenile sporophytes of 10- 15 cm in length were collected in July 2018 by 168 

scuba-diving in a 10 m depth giant kelp bed (31°54'9.30" N, 116°44'55.83" W) in Bahía 169 

Todos Santos, Baja California (Mexico). One hundred and fourteen sporophytes were 170 

detached from the substrate, ensuring the collection of the entire holdfast and blade. Only 171 

healthy individuals, with a single blade, no pneumatophores, nor herbivory signals were 172 

collected.  Individuals were kept inside black bags during collection to prevent 173 

overexposure to sunlight at emersion. Subsequently, they were promptly stored in coolers 174 

(100 L) filled with ambient seawater and transported to the Marine Botany Laboratory at 175 

the University of Baja California (Ensenada, B.C.). Upon arrival, all individuals were 176 

transferred to twelve 60 L aquaria (six juveniles per aquaria), filled with filtered (1 µm) and 177 

UV irradiated seawater, and provided with aeration. Sporophytes were acclimated for three 178 

days to reference field values of temperature (16 °C) and light (130 µmol quanta m
-2

 s
-1

) 179 

with a 12:12 light-dark photoperiod. These parameters followed data of these variables 180 

monitored during previous weeks at the collection site using submersible sensors (HOBO 181 

MX2202; ONSET, Bourne, MA, USA). Submersible water pumps (Resun, SP980) ensured 182 
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continuous water circulation within aquarium. The initial physiological status of juvenile 183 

sporophytes was assessed by examining photobiological descriptors in six individuals 184 

randomly selected (Table 1). During acclimation, two nutrient enrichments were done by 185 

adding sodium nitrate (5 µM) to maintain sporophytes at an optimum nutritional state prior 186 

to applying the experimental treatments. 187 

 188 

Experimental design 189 

The treatments consisted of a combination of temperature (16.0 ± 0.5 °C or 22 ± 0.2 °C) 190 

and nitrate concentration (seawater fertilized with 15 µM nitrate or unfertilized <1 µM). 191 

Nitrate fertilization (hereafter 16N) resembled concentration of this nutrient in giant kelp 192 

forest during the influence of upwelling events in spring (Dayton et al. 1999; Hernandez-193 

Carmona et al. 2001). As such, this treatment is considered as the control throughout the 194 

experiment. Treatment including the temperature of 22.0 °C without seawater fertilization 195 

(hereafter 22) reflected abnormal warming conditions (MHWs) such as those during the El 196 

Niño-The Blob event from 2014 to 2017 (Arafeh-Dalmau et al. 2019, Cavanagh et al 2019). 197 

Sporophytes assigned to the 22 °C treatments (i.e. 22N and 22) were exposed to 2 °C daily 198 

increments until the temperature was reached to avoid potential stress associated with the 199 

sudden exposure of sporophytes to high temperature, and to reproduce the thermal 200 

increment rates during these events in the northern Pacific of Baja California (Arafeh-201 

Dalmau et al. 2019). Seawater for all aquaria was replaced every two days, with water 202 

quality checked daily using a submersible multi-parameter probe (YSI Pro Plus, USA). 203 

Salinity (33.5 ‰) and pH (7.9-8.1) were maintained constant during the experiment.  204 
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Each treatment, i.e., 16N, 16, 22N, and 22 considered three independent aquaria 205 

(n=3). Sporophytes remained subjected to their experimental treatment for five consecutive 206 

days. Immediately after this exposure period sporophytes were shifted to control conditions 207 

(hereafter recovery phase) where they remained for three consecutive days. In both 208 

experimental phases (i.e., exposure and recovery) all physiological descriptors were 209 

measured in two individuals per aquaria (i.e. six sporophytes per treatment), except P-E 210 

curves, which were obtained from one individual per treatment. Values per aquaria were 211 

averaged to obtain the true replicate (n = 3).  212 

 213 

Photosynthesis and Respiration (P vs. E curves)   214 

Photosynthetic and respiration rates were determined using a respirometer. The 215 

respirometer consisted of a 200 mL borosilicate jacketed chamber connected to a 216 

circulating bath with controlled temperature and surrounded by four light sources (LED 10 217 

W) automatically controlled by a customized software. Oxygen evolution was measured 218 

using optodes (dipping probe DP-PSt3, PreSens, Germany) connected to a fiber-optic 219 

oxygen meter (OXY4 SMA, PreSens, Germany) also controlled by a software 220 

(Measurement Studio 2, PreSens, Germany). A biomass/volume ratio of 0.04-0.07 g DW L
-

221 

1 
was used based on preliminary trials to ensure accurate measurements of photosynthetic 222 

rates, avoiding the underestimation of photosynthesis due to oxygen oversaturation and 223 

carbon limitation. Blade segments were first incubated in darkness for 15 min to determine 224 

dark respiration rates. Then, they were exposed to eleven increasing light intensities (E) of 225 

6, 22, 37, 51, 88, 119, 130, 156, 193, 251, and 327 µmol quanta m
-2

 s
-1

. Light intensities 226 

within the chamber were calibrated using a spherical (4π) quantum sensor (Biospherical 227 
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Instruments; California, USA). The maximum net photosynthesis rate (net-Pmax; µmol O2 g
-

228 

1
 DW h

-1
) was determined by averaging the maximum values above the saturating 229 

irradiance (Ek = net-Pmax/ α; µmol quanta m
-2

 s
-1

). Gross photosynthesis (gross-Pmax; µmol 230 

O2 g
-1

 DW h
-1

) was calculated as the sum of net-Pmax and R (respiration). Photosynthetic 231 

efficiency (α, µmol O2 g
-1

 DW h
-1

/µmol quanta m
-2

 s
-1

) was the slope of the regression line 232 

fitted to the initial linear section of the P-E curve. The compensation irradiance (Ec; µmol 233 

quanta m
-2

 s
-1

) was taken as the intercept of the initial linear part of the curve on the X-axis. 234 

A proxy of the seaweed carbon balance, P:R ratio, was calculated by dividing the net 235 

photosynthetic rate of P-E curves coinciding with the irradiance adjusted in the aquaria 236 

(~130 µmol quanta m
-2

 s
-1

) and dark respiration. 237 

 238 

Chlorophyll-a fluorescence 239 

Chlorophyll-a fluorescence emissions of PSII were measured using a portable 240 

fluorometer (Diving-PAM; Walz, Germany). Photochemistry measurements were acquired 241 

from the mid-section of each blade to standardize measurements among individuals, 242 

avoiding within-tissue variability. This section showed the maximum values of Fv/Fm 243 

(maximum quantum yield) in previous trials. Each blade segment was held to the 244 

fluorometer using DCL-8 leaf clip holders to assure a constant distance between the tissue 245 

and fiber optic.  246 

Rapid Light Curves, RLCs, were obtained from the blades after they remained in 247 

darkness overnight (Schreiber 2004, Larkum et al. 2006). The clipped segments of the 248 

blades were exposed for 30s each to eight increasing actinic light intensities, ranging from 249 

4 up to 300 µmol quanta m
-2

 s
-1

. After each irradiance, saturating pulses (~5000 µmol 250 
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quanta m
-2

 s
-1

, 0.8 s) were applied to calculate the ETRs (Electron Transport Rates), ФPSII 251 

(Effective Quantum Yields), and NPQ (Non-Photochemical Quenching). The Fv/Fm, 252 

corresponded to the yield values obtained by exposing dark-adapted blades to the first 253 

saturating pulse.  Absolute ETR were calculated as ETR = ФPSII x E x A x 0.5 (1) 254 

where ФPSII is the quantum yield of photosynthetic electron transfer through 255 

photosystem II, E corresponded to each actinic light intensity, A is the blade absorptance 256 

(see below), and 0.5 is a correction factor used because absorption of quanta per 257 

photosystem (Schreiber and Neubauer 1990, Beer et al. 2014). Values of NPQ were 258 

calculated as 259 

 NPQ = (Fm - Fm’) / Fm’ (2)  260 

where Fm is the maximum fluorescence and Fm’ the fluorescence measured when 261 

blades were exposed to each intensity of actinic light. 262 

 263 

Blade bio-optical properties 264 

Blade spectral absorption in the PAR range (400-700 nm) was determined using a 265 

Taylor-type integrating-sphere (Li-Cor 1800-12, USA) attached to a portable 266 

spectroradiometer (Fieldspec, ASD, Boulder, Colorado, USA) with a fiber optic cable. A 267 

blade segment of ~2 cm was placed between two microscope glass slides then attached to 268 

the sample holder of the integrating sphere covering the entire light path. The 269 

spectroradiometer recorded both Reflectance (Rf) and Transmittance (T) at 1 nm intervals 270 

using barium sulfate as the reference material. Absorptance (A) was determined as 1-T-Rf 271 

following Krause and Weis (1991). Absorption not related to pigments was corrected by 272 

subtracting the averaged absorbance between 725-750 nm.  273 
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 274 

Pigment content  275 

Blade tissue was processed following the method described by Seely et al. (1972) and 276 

modified by Wheeler (1980). About 0.02 g of fresh blade tissue were placed into a tube 277 

containing dimethyl sulfoxide (DMSO). The solution of DMSO with extracted fucoxanthin 278 

(but also other pigments, including Chl a and Chl c) was diluted at a 4:1 ratio with distilled 279 

water, while the tissue was removed and stored at 4 °C. Pigments content from the dilution 280 

was measured using a spectrophotometer (Shimadzu UV-1800; Kyoto, Japan). The 281 

absorbance was calculated at wavelengths of 665, 631, 582 and 480 nm and using the 282 

equations and specific molar extinction coefficients from Seely et al. (1972). A second 283 

pigment extraction was conducted by placing the stored blade tissue in a tube with 100% 284 

acetone for 24 h at 4 °C. This solution was diluted at a 3:1:1 ratio with methanol and 285 

distilled water. Pigment content in the dilution was calculated by measuring the absorbance 286 

at wavelengths of 470, 581, 631, and 664 nm and using the same equations and specific 287 

molar extinction coefficients mentioned above. Final pigment content (Chl a, Chl c and 288 

Fucoxanthin) was calculated as the sum of all pigments obtained from both sequential 289 

extractions.  290 

Specific growth rate 291 

Two individuals per aquaria were randomly selected and marked by attaching a string 292 

to their stipe. Each of these individuals was measured from the apex to the distal-most 293 

section of the holdfast to obtain their total length at the beginning and end of each 294 

experimental period (i.e. exposure and recovery). Specific growth rates (SRG) were 295 

calculated as  296 
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SGR = [(ln (Lf) – In (Li))/t] × 100 (3) 297 

where Lf is the final length, Li is initial length and t is the duration of either the 298 

exposure or the recovery period in days. 299 

Soluble carbohydrates 300 

Soluble carbohydrates were measured using the colorimetric phenol-sulphuric acid 301 

method, using glucose as standard (Dubois et al. 1956). Blade tissue was dried, ground, and 302 

then digested with 2 mL of 0.2 M HCl at 60 °C for 3 h. After, each sample was centrifuged 303 

for 5 min at 1000 x g. A mixture of 1 mL of distilled water, 0.025 mL of supernatant, and 304 

0.25 mL of 3% phenol was cooled in an ice bath. Then 2.5 mL of concentrated sulphuric 305 

acid were added directly into the mix and vortexed vigorously. After 30 min, absorbance 306 

was measured at 490 nm. 307 

Nitrate uptake and total nitrogen content  308 

Entire juvenile sporophytes were incubated for 30 min in 1 L plexiglas transparent 309 

chambers filled with artificial seawater (Instant Ocean®) enriched with 15 µM of labeled 310 

nitrate K
15

NO3 (99 atoms % 
15

N, Cambridge Isotope Laboratories). Preliminary trials 311 

indicated that using a biomass: incubation volume ratio of 0.7 g DW L
-1

 prevented 312 

substantial changes in the nitrate concentration of seawater, which could lead to 313 

underestimation of uptake rates. During the incubations the chambers were submersed into 314 

the experimental aquaria to maintain the temperature and light conditions of each treatment. 315 

Chambers were agitated to ensure that seawater was mixed continuously to reduce the 316 

boundary layer around the blades (Cornelisen and Thomas, 2004) and to homogenize the 317 

tracer during incubation. Following the incubation period, sporophytes were rinsed with 318 
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deionized water to remove nutrients from the surface of the tissue and dried at 60 °C until 319 

constant weight. Samples were ground to a fine powder for isotope enrichment analyses. 320 

Isotopic determinations were carried out at UC-Davis Stable Isotope Facility using an 321 

elemental analyzer (EA) interfaced to a continuous flow isotope ratio mass spectrometer 322 

(IRMS). Nitrate uptake rates (V, expressed as μmol N g
−1

 DW h
−1

; DW = dry weight) 323 

were calculated as: 324 

V = [(
15

Nexp-
15

Nback) x Nc] / (MN x t) (4)  325 

where the difference (
15

Nexp-
15

Nback, at. %) is the 
15

N enrichment relative to natural 
15

N 326 

sporophyte levels (i.e., background), Nc is the nitrogen content (g N g
−1

 DW), MN is the 327 

molar mass of the labeled nitrogen (15 g mol
−1

), and t is the incubation period in hours. 328 

Total nitrogen content was measured in juveniles not exposed to the tracer. 329 

 330 

Lipid peroxidation 331 

Membrane lipid peroxidation was measured following the thiobarbituric acid-332 

reactive-substances assay, TBARS, described by Hodges et al. (1999) and Correia et al. 333 

(2006). Ultra-frozen blade tissues were ground in liquid nitrogen using a mechanical 334 

grinder and homogenized (dilution 1:10) in trichloroacetic acid (TCA, 20 %). Tissue 335 

homogenates were then centrifuged 10 min (3000 x g, 4°C) and supernatants were mixed 336 

with a solution of TCA (20 %) and TBA (thiobarbituric acid, 0.5 %). These solutions were 337 

heated at 90°C for 30 min and then centrifuged again (10000 x g) for 10 min. The 338 

supernatants were extracted, and their absorbances (440, 532 and 600nm) were measured 339 

by spectrophotometer. Equivalents of malonyl dialdehyde (Eq MDA; molar extinction 340 

coefficient 155 mM
-1

 cm
-1

) was calculated following the equations in Hodges et al. (1999).  341 
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 342 

Total phenolic content and antioxidant capacity 343 

Approximately 0.03 g DW of dried and ground up blade tissue were mixed with 0.75 344 

mL 80% methanol in left darkness for 24 h. The extract was then centrifuged at 10 rpm for 345 

10 min. The phenolic compound content was measured from the supernatant following a 346 

modified Folin–Ciocalteu assay with gallic acid as reference (Singleton and Rossi 1965). In 347 

brief, an aliquot of the methanolic extract was diluted in 1 mL distilled water. Then, 0.1 mL 348 

of Folin–Ciocalteu reagent and 0.3 mL of saturated NaCO3 were added, homogenized, and 349 

heated at 40 °C for 3 min. Finally, absorbance was read at 765 nm using a 350 

spectrophotometer. For its part, the radical scavenging activity of the same methanolic 351 

extracts was determined over the stable free radical, DPPH, using ascorbic acid as standard 352 

(Farvin and Jacobsen 2013). The reactive solution was prepared by mixing 0.1 mL of 353 

diluted extract (1:4 with aqueous methanol at 80 %) and 1 mL of 30 µM DPPH freshly 354 

prepared in aqueous methanol at 90 %. Exactly 30 min after, the DPPH was added, and the 355 

absorbance was measured at 517 nm. The absorbance was also measured to the same 356 

proportions of DPPH and aqueous methanol but without the algal extract. This solution was 357 

used as blank control.  358 

 359 

Statistical analysis  360 

Multivariate analyses were performed using normalized values for all biological 361 

variables to construct similarity matrices based on Euclidean distances for both the 362 

exposure and recovery phases. Principal coordinates analyses (PCO) were used to identify 363 

differential patterns of the ecophysiological responses by the juvenile sporophytes as a 364 
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function of temperature (16 and 22 °C) and nitrate availability (with or without 365 

fertilization)  after both the exposure and recovery phases. SIMPER analyses were used to 366 

explore the percentage of dissimilarity between sporophytes across treatments. Two-way 367 

PERMANOVAs with crossed designs were performed applying 9999 permutations to test 368 

the factors of temperature, nitrate availability, and their interactive effects on the 369 

physiological status of juvenile sporophytes after both phases.  370 

Furthermore, individual physiological responses sporophytes during the exposure and 371 

recovery phases were explored separately using temperature and nitrate availability as 372 

categorical and independent factors. The interactive effect of the two categorical factors on 373 

all physiological descriptors was analyzed using two-way ANOVA by least mean squares 374 

at an alpha value of 0.1. When significant differences were found, Student-Newman-Keuls 375 

tests were used as post hoc pairwise comparison. The non-parametric Kruskal-Wallis test 376 

was used to conduct comparisons when assumptions of homogeneity and homoscedasticity 377 

were not met despite data transformation. All statistical procedures were implemented 378 

using PRIMER 6 & PERMANOVA+ v.1.0.2 software package (Anderson et al. 2008), 379 

Statistica (StatSoft INC, v 8.0), and SigmaPLot (Systat, Inc). 380 

 381 

RESULTS  382 

Photobiological descriptors obtained from juveniles immediately after field collection 383 

showed low variability (Table 1), indicating that juvenile sporophytes started the 384 

experiment with a similar physiological status. As such, differences among treatments are 385 

considered to have resulted from the experimental treatments applied. Also, values of the 386 

photobiological descriptors obtained from the experimental sporophytes in the control 387 
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treatment (16N) throughout the experiment (i.e., exposure and recovery periods) were 388 

generally within range of those obtained in field reference sporophytes. This indicated that 389 

the experimental system and conditions did not lead to physiological stress in juvenile 390 

sporophytes, which could potentially overlap their responses to the treatments proposed.   391 

The two-dimensional PCO plot for the exposure phase showed two eigenvectors (Fig. 1) 392 

explaining approximately 56 % of the total variance. Component 1 explained the highest 393 

percentage of variance (40.8 %) and represented differences mainly as a function of 394 

temperature treatments (Fig. 1A). The two-dimensional PCO plot for the recovery phase 395 

(Fig. 2) also showed that the first two eigenvectors explained 51 % of the total variance. 396 

Component 1, which also explained the highest percentage of variance (32 %) also 397 

separated both temperature (Fig. 2A), in addition to fertilization treatments to some extent 398 

(Fig. 2B) 399 

In general, the two-way PERMANOVA indicated that temperature, nitrate availability and 400 

their interaction had significant effects on physiological status of juvenile sporophytes after 401 

the exposure and recovery phases (Table 2). The SIMPER analyses for the exposure phase 402 

indicated that the temperature treatments (16N, 16 vs. 22N, 22) had higher dissimilarity 403 

(average squared distance = 46.77) than the fertilization treatments (16N, 22N vs. 16, 22; 404 

average squared distance = 35.47). On the contrary, in the exposure phase, temperature 405 

treatments showed a lower dissimilarity (average squared distance = 37.63) than that of 406 

fertilization treatments (average squared distance = 40.39). 407 

Photosynthetic rates (gross-P, net-P) decreased significantly (~by 15%) in sporophytes at 408 

the temperature of 22 °C without nitrate fertilization (Fig. 3A, B; Table S1). After recovery, 409 

differences among treatments were much more extreme, being maximum and minimum 410 
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values those corresponded to plants from 16N (i.e., control) and 22, respectively.  (P ≤ 411 

0.001; Table S2). During the exposure phase, sporophytes at 22 °C showed ~50% higher 412 

respiration rates, R, than those at 16 °C (two-way ANOVA; F1,8 = 20.70, P ˂ 0.05), 413 

regardless of the nitrate treatment (Fig 3C; Table S1). Although this trend persisted after 414 

recovery, differences among treatments were no longer significant. Similar to R, 415 

compensation irradiance(Ec) also significantly increased  by ~90%as a function of 416 

temperature after the exposure phase (Fig.3E, Table S1; two-way ANOVA, F1,8 = 12.68, P 417 

˂ 0.05) ; Ec values remained higher in recovered juveniles, although not significant 418 

differences were detected. Values of P:R ratio (as a proxy of carbon balance) were 419 

significantly lower in sporophytes exposed to heat stress after the exposure phase, 420 

regardless nitrate availability (Fig. 3D, Table S1; two-way ANOVA, F1,8 = 10.87, P ˂ 0.05). 421 

Recovered sporophytes showed remarkable differences as a function of the previously 422 

applied treatments of temperature (Table S2; two-way ANOVA, F1,8 = 19.75, P ˂ 0.05), 423 

nitrate (two-way ANOVA; F1,8 = 24.32, P = 0.001), and their interaction (two-way 424 

ANOVA, F1,8 = 10.87, P ˂ 0.1) , following the pattern described by net-P and gross-P. 425 

Photosynthetic efficiency, α, did not change significantly after the exposure period, but 426 

decreased in sporophytes recovered from the treatment with the temperature of 22°C and no 427 

nitrate (Fig. 3F; Non-parametric Kruskal-Wallis test, H3,12 = 7.51, P =0.057).  428 

Blade absorptance (A400-700, A680; Fig. 2A-C) decreased in juveniles from all the treatments 429 

respect to control plants (16N), but these differences were statistically undetectable (Table 430 

S1). Similar to A, higher pigment content (Chla, Chlc, Fx) was found in control juveniles, 431 

and it significantly decreased in the rest of the treatments after exposure to heat stress and 432 

and nitrate scarcity.   (Fig. 4D-F, Table S1 and S2). Generally, Chla and Fx decreased in 433 
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juveniles exposed the higher temperature, but this reduction was higher with the lack of 434 

nitrate (Fig. 4D, F; Table S1; two-way ANOVA, P ˂ 0.05). For its part, content in Chlc was 435 

uniquely affected by the factor temperature, and it was reduced by ~60% at 22 °C (Fig. 4E, 436 

Table S1; two-way ANOVA, F1,8 = 11.31, P ˂ 0.05). Pigments content were similar among 437 

recovered sporophytes (Fig 4D-F, Table S2).  438 

The maximum electron transport rate, ETR, showed significant differences, particularly as 439 

a function of nitrate availability (Table S1; F1,8 = 19.32, P ˂ 0.1), with unfertilized 440 

sporophytes having lower rates (Fig. 5C). Values of Fv/Fm, NPQ, and ФPSII (Fig. 5) did not 441 

show significant differences as a result of the exposure phase (Table S1). A similar trend 442 

was observed after the recovery phase, except for ETR and NPQ, which showed significant 443 

differences also as a function of nitrate availability (Table S2). However, significance for 444 

this group was no confirmed by the post-hoc analysis.   445 

Specific growth rates of sporophytes at the temperature of 16 °C were approximately 2.5-446 

fold greater compared to those at 22 °C (Fig. 6A, Table S1; F1,8 = 8.56, P ˂ 0.05). After the 447 

recovery phase, sporophytes previously exposed to the temperature of 22 °C increased their 448 

growth rate and differences in growth across treatments were reduced. Significant 449 

differences were no longer detected (Fig. 6A; Table S2). Total carbohydrate content 450 

measured after the exposure phase differed as a function of nitrate availability (Figure 6B, 451 

Table S1; F1,8 = 7.22, P ˂ 0.05) and the interaction of temperature and nitrate (Figure 6B, 452 

Table S1; F1,8 = 3.69, P ˂ 0.1)  On the other hand, after the recovery phase, carbohydrate 453 

content differed significantly as a function of temperature only  (Figure 4B, Table S2; F1,8 = 454 

20.10, P ˂ 0.05).   455 
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Nitrate uptake rates showed significant differences as a function of temperature treatments 456 

and after recovery phase only (Fig. 7A, Table S2; F1,8 = 20.10, P ˂ 0.05), with sporophytes 457 

at the temperature of  22 °C  showing  ~40% reduction (Table Fig. 7A). The total nitrogen 458 

content in sporophytes after the exposure phase was significantly higher (28-34%) in those 459 

growing in fertilized vs. unfertilized conditions (Fig. 7B, F1,8 = 22.03, P ˂ 0.05). 460 

Temperature also showed a non- interactive significant effect (Table S1; F1,8 = 6.32, P ˂ 461 

0.1). In general, nitrogen content in sporophyte tissue increased significantly after de 462 

recovery phase due to the interactive effect of temperature and nitrate (Fig. 7B, Table S1, 463 

F1,8 = 28.10, P ˂ 0.05). 464 

Changes in total phenolic content, antioxidant capacity, and lipid peroxidation after the 465 

exposure period were statistically significant among treatments (Table S1), with 466 

temperature or the interaction of temperature and nitrate as driving factor. Differences were 467 

no longer detectable after the recovery phase (Table S1). 468 

 469 

 470 

DISCUSSION 471 

This study found that that juveniles sporophytes of M. pyrifera exposed to the unfavorable 472 

temperature of 22 °C with or without nitrate availability show significant acclimation 473 

responses in a variety of physiological parameters. Contrarily to Mariana Cap -1, which 474 

showed that temperature has a secondary role in contrast to light availability of juvenile 475 

sporophytes, here PERMANOVA outcomes indicate that temperature was the main factor 476 

promoting physiological alterations on juvenile sporophytes. Nitrate deprivation also 477 

showed to influence sporophytes only in an interactive effect with temperature. These 478 
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contrasting results highlight that the physiological responses of juvenile sporophytes driven 479 

by ocean warming events such as heatwaves may vary when there is a simultaneous change 480 

in other environmental factors such as light or nitrate in this study.  481 

 482 

Juvenile sporophytes exposed to 22 °C without nitrate appeared to show lower 483 

photosynthetic rates with significant differences detected only after the recovery period. 484 

This outcome could suggest that photosynthetic processes of these sporophytes were 485 

affected negatively during the exposure period and these effects may be irreversible or 486 

require a longer recovery period.   487 

 488 

Experiments assessing the effect of nitrogen availability in growth rates and thermal 489 

tolerance of adult sporophytes of Macrocystis and the sugar kelp Saccharina show that 490 

growth rates decline in the absence of an adequate source of N (Wheeler and North, 1980), 491 

while an optimal N supply can still support positive photosynthetic outcomes even when 492 

sporophytes are subject to unfavorable temperature conditions (Gerard, 1997). 493 

Metabolic processes such as respiration typically increases with temperature (Tait and 494 

Shield, 2013). In this experiment, sporophytes growing at 22 °C showed significant 495 

differences in respiration rates compared to those at 16°C, regardless of nitrate availability. 496 

Although other processes such as photosynthesis could also be affected by temperature 497 

changes, respiration rates often respond at a faster rate (Tait and shield, Wernberg, de 498 

bettignies 2016 ). As in other primary producers, dark respiration is key for growth and 499 

survival of macroalgae by modulating their carbon balance (Dinghui et al 2011). 500 

Increments in respiration rates with respect to gross photosynthesis reflect a decrease the 501 
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ratio of respiration to photosynthesis (P:R) of sporophytes exposed to the temperature of  502 

22 °C.  This C imbalance on both sporophytes at 22 and 22N coincides with the low SGR 503 

observed in these sporophytes during the exposure period. Sporophytes at 22 °C also 504 

showed a significant reduction in their photosynthetic efficiency, alpha, after the recovery 505 

period, coinciding with the low pigment content and high NPQ values measured of these 506 

sporophytes, particularly in sporophytes at 22. Moreover, increments in R during the 507 

exposure period of sporophytes at 22 °C, without any further adjustments in alpha, are 508 

responsible for the sudden increase observed in their Ec, particularly in sporophytes at 22. 509 

During the recovery period, the lower values of P:R were those of sporophytes previously 510 

at 22, coinciding with the reduction of gross- P observed in these sporophytes.  511 

 512 

Pigment content in the experimental juvenile sporophytes decreased with increasing 513 

temperatures after the exposure period, regardless of nitrate availability. This highlights 514 

that temperature alone or the interaction between another factor rather than nitrate 515 

availability may be key drivers of tissue degradation or lack of pigment production and 516 

thus, bleaching of juvenile sporophytes of M. pyrifera. In adult sporophytes of M. pyrifera, 517 

pigments, particularly Chl-a, have shown temperature-dependent, with sporophytes in 518 

warm-water treatments showing significantly lower Chl-a content than sporophytes kept in 519 

the cool-water treatments (Rothausler et al, 2011). In general, primary producer exposed to 520 

unfavorable environmental conditions including heat can modify their pigment content to 521 

adjust their capacity to absorb and harvesting light (Lintenthaler et al. 2000; Camejo et al. 522 

2005). However, in this study, the reduction in pigment content did not seem to cause a 523 

reduction in blade absorptance, A, perhaps because pigments could have had a less compact 524 
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package arrangement. The packaging effect, typical of primary producers, describes the 525 

decreased absorption by cell pigments compared with the potential absorption for the same 526 

amount of pigment in solution (Kirk,1994; Stuart, 1998). A lower packaging effect could 527 

have permitted a more flattened distribution of pigments, thus allowing blades to maximize 528 

light absorption despite the low pigment content. Nonetheless, lack of proper data to 529 

calculate the specific coefficient of absorption, a*, precludes further testing of this 530 

statement.  531 

Regardless of the differences in the exposure treatments, the maximum quantum yield, 532 

Fv/Fm of sporophytes showed no significant differences, which may indicate absence of 533 

damage in the photosystem II activity of thylakoid membranes within sporophytes exposed 534 

to 22. Moreover, although not significant, sporophytes exposed to unfertilized conditions 535 

regardless of the temperature show a lower non-photochemical quenching, NPQ, and 536 

electron transfer rate, ETR, and effective quantum yield, symbol, than those exposed to 537 

fertilized conditions regardless of the temperature. This lack of significance may result 538 

from the limited number of replicates and therefore, differences should not be overlooked. 539 

A study assessing the photosynthetic responses and recovery dynamics in prasinophytes 540 

(i.e. class of unicellular green algae) and diatoms exposed to nitrogen starvation showed 541 

that comparable to our results, individuals exposed to N-depleted conditions tend to reduce 542 

their  ETR activity and effective quantum yield (liefer et al 2018). Another study measuring 543 

the effect of nitrate concentration on the relationship between photosynthetic oxygen 544 

evolution and electron transport rate in Ulva rigida also shows that ETR increases with 545 

nitrate concentration. Contrarily to the expected, in our study NPQ, which is typically 546 
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elevated under photosynthetic stress conditions (Harper, Mendoza-Garca) did not increase 547 

following nitrate deprivation, but did after the recovery period. Porqué baja el NPQ? 548 

discutir algo de los efectos de falta de N a estos niveles de metabolismo (p.e., ausencia de N 549 

provoca desaceleración en producción de proteínas/enzimas clave en estos procesos?). 550 

relacionar con que las menores tasas de fotosíntesis (y eficiencia y pigmentos) en 551 

recuperación se encuentran en esos juveniles; es como si, ante unas mermadas capacidades 552 

fotosintéticas a nivel de metabolismo de C (no en tilacoides), las plantas quisieran aliviar la 553 

presión fotónica/electrónica en los tilacoides para evitar fotodaño….ya sabéis de lo que va 554 

la historia porque hemos discutido estas cosas en diferentes ocasiones.  555 

 556 

Despite results showing a C unbalance in sporophytes at 22, they did not show a reduction 557 

in the carbohydrates mencionar algo breve al respecto.. 558 

 559 

As expected, total nitrogen content was lower in sporophytes exposed to unfertilized 560 

conditions, showing values slightly higher than the assumed critical level of 1% DW 561 

indicative of severe N-depletion to support growth (Gerard, 1982; Hernandez Carmona, 562 

2001). After the recovery period, total N-content in these sporophytes increased to 1.5 % 563 

DW or higher. This pattern of increase and decrease in total N-content based on 564 

environmental availability is well documented for adult sporophytes of M. pyrifera forming 565 

forests off Baja California. In 1997-98, El Niño caused sea surface temperature to reach 566 

25.3 °C (i.e. + 5.7 °C anomaly) and nutrient levels to be below < 1.0 mM. During this 567 

warming event, N-content of sporophytes were depleted rapidly, reducing from 2.29% in 568 
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April to 1.45% in August, until all kelp forests at the southern end of the distribution 569 

disappeared (Hernandez carmona 2001). 570 

 571 

Nitrate uptake rates measured in all sporophytes showed higher values than the reported 572 

(~3 µmol N g
-1

 DW h
-1

) for adult sporophytes of M. pyrifera  (Haines and Wheeler 1978, 573 

Gerard 1982. Although no significant differences were detected after the exposure period, 574 

sporophytes as 22 °C did show a lower uptake rate after the recovery period. esto además es 575 

significativo estadísticamente y hay que discutirlo porque es algo muy muy interesante. 576 

 577 

Juvenile sporophytes exposed to 22 showed higher MDA and antioxidant activity 578 

indicating a high production of reactive oxygen species, ROS. The generation of ROS in 579 

primary producers is triggered by a variety of environmental stresses, such as high 580 

irradiance, high or low temperatures, and nutrient deficiency (Tripathy, Dring 1995, Collen 581 

and Davison 1999, another Collen and Davidson, 1999). Oxygen is continuously produced 582 

inside the chloroplast due to photosynthetic electron transport and simultaneously removed 583 

by reduction and assimilation. The reduction of this and other oxygen produces ROS, 584 

which if imbalance (i.e. generation vs. detoxification) generates oxidative stress (Tripathy, 585 

otras). A laboratory experiment assessing the effect of temperature on juvenile sporophytes 586 

of M. pyrifera showed that only 3h after a + 3 °C exposure individuals presented elevated 587 

values of MDA indicative of damage caused by excess of ROS (Cruces et al. 2012). High 588 

levels of ROS can result in irreparable damages that can, in turn, impede the proper 589 

functioning of PSII. The increased levels phenols resemble those of the antioxidant activity 590 

exhibited by the sporophytes exposed to 22. Seaweeds have several antioxidants including 591 
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a variety of phenols that are essential in preventing lipid peroxidation caused by ROS 592 

(ramnadi 2007, wang et al 2007).  Although not significant, the lower values of 593 

photosynthesis were recorded in sporophytes at the temperature of 22 °C indicating a lower 594 

capacity to transfer electrons. It is possible that these sporophytes also limited the 595 

adquisicion of light by reducing their pigment content to limit the production of ROS. The 596 

lack of significant differences in the Pmax and Fv/Fm values may suggest that regulatory 597 

mechanisms against ROS were still effective after five days of exposure to the combined 598 

temperature and nitrate stress treatment 599 

M. pyrifera exhibits wide phenotypic plasticity that allows individuals to acclimate to a 600 

range of shifting environmental conditions such as temperature, nutrient, and light 601 

(Rothäusler et al. 2011; Buschmann et al. 2014). Here, we found that juvenile sporophytes 602 

modify a variety of physiological processes that allowed them to survive short-term 603 

simulated heatwave conditions. Nonetheless, despite the physiological adjustments, 604 

sporophytes still showed stress signals. In a recent study, Cavanagh et al. (2019) indicate 605 

that the resistance of M. pyrifera to heatwave events relates directly to a temperature 606 

exceeding an absolute threshold more than to the magnitude of relative changes in 607 

temperature. They also showed that resilience is spatially variable with local-scale 608 

environmental and biotic processes playing a key role in determining the recovery of kelp 609 

exposed to particular, extreme warming events. As such, the survival and recovery of these 610 

populations will largely depend on the mechanisms of survival (i.e. protection and 611 

acclimation) and recruitment of juvenile sporophytes (Edwards and Hernández-Carmona 612 

2005).  Our study suggests that juvenile sporophytes of M. pyrifera, at least from northern 613 

Baja California, could recover after short-term heatwave conditions showing temperatures 614 
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of up to 22 °C with little to no nitrate availability. Nonetheless, they could still exhibit 615 

negative responses across several physiological processes and other stressors such as 616 

increased grazing, wave action because by storms or the joint effect all may drive juvenile 617 

sporophytes beyond their capacity for recovery.  618 
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