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Elk Kelp, Pelagophycus porra (Leman) Setchell, is commonly observed in deep (20–50 m) water along the
outer edge of Giant Kelp, Macrocystis pyrifera (C. Agardh), forests in southern California, USA and northern
Baja California, Mexico, but rarely occurs in shallower water or within the adjacent M. pyrifera beds. To
investigate the factors that limit P. porra from establishing populations within these shallower habitats,
juvenile P. porra sporophytes were transplanted from a deep (20 m) water P. porra zone to shallower (15 and
8 m) sites within and inside an adjacent M. pyrifera beds. Transplanted P. porra exhibited no differences in
survival or growth among depths, although reproductive maturity was observed only at the two shallower
sites. When P. porra propagules were experimentally introduced to areas under dense M. pyrifera canopies
and areas cleared of theM. pyrifera canopies within the shallowerM. pyrifera bed, P. porra still failed to recruit
even though this procedure resulted in a four-fold increase in recruitment in the natural P. porra zone.
Laboratory-based culturing of P. porra microscopic stages revealed that they grew and survived better under
low light conditions characteristic of the natural P. porra zone (2–4 μmol photons m−2 s−1) than under
higher light conditions characteristic of theM. pyrifera beds(18–20 μmol photons m−2 s−1). Pulse-amplitude
modulated (PAM) fluorometry indicated that while naturally-occurring P. porra's adult sporophytes were able
to photoacclimate to increasing irradiance as they grew from the benthos towards the surface, P. porra's
microscopic stages were unable to photoacclimate to increased irradiances, and subsequently exhibited 100%
mortality under these higher light conditions. Altogether, our study suggests that vulnerability of P. porra
microscopic stages to higher irradiances appears to be the primary factor inhibiting P. porra from establishing
populations in shallower water and stresses the importance of a multiple life-history approach when
investigating species distributions.
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1. Introduction

Patterns of biological zonation along vertical gradients are
ubiquitous in both terrestrial and marine environments (Menge and
Sutherland, 1976; Connell, 1989; Hemp, 2006), and have been widely
investigated in order to understand local to regional patterns of
organism distribution and abundance (Hutchins, 1947; Kang et al.,
2005; Denny, 2006). These zonation patterns often result from
coincident gradients in biological and physical factors that ultimately
result in species replacements as they reach their tolerance thresholds
along these gradients (e.g. Connell, 1961). Along the California coast,
USA there are conspicuous examples of algal zonation in both
intertidal and subtidal environments, with emersion time and
desiccation commonly responsible for patterns observed in the
intertidal (e.g. Nielsen et al., 2006) and irradiance and hydrodynamic
forces commonly responsible for patterns observed in the subtidal
(e.g. Shaughnessy et al., 1996; Vernon, 2000). In fact, assuming
adequate substrate availability, the depth limits of some subtidal kelps
(Laminariales) are often determined by minimum levels of irradiance
needed for growth and survival (e.g. Spalding et al., 2003), whereas
their shallow limits are set by excess irradiance and/or hydrodynamic
forces (e.g. Luning and Neushul, 1978; Deysher and Dean, 1986;
Graham, 1996, 1997; Toohey et al., 2004). However, the extent to
which different kelp species are impacted by environmental gradients
may be dependent on the life-history stage in question, with
microscopic life stages (i.e. gametophytes and embryonic sporo-
phytes) being more strongly impacted by certain adverse conditions
than the macroscopic adult sporophytes (reviewed in Carney and
Edwards, 2006). As a result, kelp microscopic life stages may be
integral to establishing limits to macroscopic biogeography along
both latitudinal and depth gradients (Swanson and Druehl, 2000;
Matson and Edwards, 2007; Wernberg et al., 2010), especially when
adult life stages appear capable of surviving and reproducing outside
these limits.
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The kelp communities along southern California, USA and
northern Baja California, Mexico are dominated by the giant kelp,
Macrocystis pyrifera and the Elk kelp, Pelagophycus porra, both of
which form surface canopies above rocky substrates and provide
habitat and shade for other species. However, while M. pyrifera
dominates these canopies from the shallow subtidal to ~20–30 m
depth, P. porra's cross-shore distribution (hereafter referred to as the
P. porra zone) is limited to deeper (20–50 m) areas offshore of the M.
pyrifera beds. In fact, except for a few rare individuals, P. porra appears
unable to establish populations within the adjacent M. pyrifera beds
throughout its latitudinal range which extends from Point Concep-
tion, California, USA to Isla San Benito, Baja California, Mexico (Abbot
and Hollenberg, 1976;Miller et al., 2000). Our goal was to determine if
this inability to establish populations within shallower water is due to
physiological limitations imposed on P. porra's macroscopic spor-
ophytes or one of its microscopic life stages.

P. porra is a perennial species whose sporophytes recruit in
monthly pulses and grow from the benthos to the surface in 3–
5 years (Fejtek unpublished data). Individuals can reach 27 m in
length and require 2–3 years to reach reproductive maturity (Abbot
and Hollenberg, 1976; Miller et al., 2000). Consequently, P. porra
experiences a broad range of irradiances as it grows through thewater
column,with embryonic and juvenile life stages experiencing low light
levels (b5 μmol photons m−2 s−1) near the benthos and the blades of
the adult sporophytes experiencing N1000 μmol photons m−2 s−1 at
or near the surface (Edwards and Kim, 2010). These differences in
irradiance are caused not only by the attenuation of light in the water
column, but also by shading from existing adult canopies which can
inhibit kelp recruitment (Dayton et al., 1984; Reed and Foster, 1984;
Clark et al., 2004). M. pyrifera may also diminish P. porra propagule
delivery within the kelp beds by reducing cross-shore current flow
(Jackson andWinant, 1983). Thus, an additional goal of this study was
to investigate if P. porra's inability to establish populations within the
M. pyrifera beds is due to shading by the dominant giant kelp canopies
and/or reduced propagule delivery to these shallower habitats.

2. Materials and methods

2.1. Study site

Field experiments were carried out within the Point Loma M.
pyrifera (C. Agardh) kelp forest in San Diego, California, USA (32°4′N,
117°7′W) from October 2006 to January 2008. This forest spans a
linear distance of 8–10 km, is 1 km wide, and is situated on a
mudstone–sandstone low-relief shelf (Tegner et al., 1995). The
inshore edge of the M. pyrifera bed occurs in 6–8 m depth while the
offshore edge occurs at approximately 20 m depth where it abuts a
dense P. porra (Leman) Setchell zone that extends offshore to
approximately 50 m depth. A 1-km long transect was established
perpendicular to shore through the center of the bed, beginning in the
offshore P. porra zone and running to the inshore edge of the M.
pyrifera bed. Along the transect, three permanent sites were selected;
a deep site within the P. porra zone (25 m), a middle site within theM.
pyrifera bed (15 m), and a shallow site just inshore of the M. pyrifera
bed (8 m).

2.2. Survival, growth and condition of P. porra juvenile and adult stages

In order to better understand the characteristics of the Point Loma
P. porra population the size, density and distribution of naturally-
occurring P. porra sporophytes were examined and compared with
experimental sporophytes (see later discussion). To estimate the size
and reproductive condition of naturally-occurring P. porra sporo-
phytes within the P. porra zone, 40 haphazardly-selected individuals
N1 m tall were collected, October 2007 through January 2008.
Sporophyte size was determined by measuring the length from the
holdfast to the base of the pneumatocyst, and reproductive condition
was assessed by examining the blades for the presence of sori. P. porra
density was also estimated within the P. porra zone by counting all
individuals in 20 randomly placed 1 m2 quadrats on each occasion. To
verify the absence of P. porra populations inshore of this zone, subtidal
visual surveys for P. porrawere done at 20 haphazardly-selected sites
within and just inshore of the expansive M. pyrifera beds, and above
water surveys for P. porra canopies were done weekly by driving our
research boat along the entire length of the M. pyrifera forest and
searching for P. porra's large conspicuous gas-filled pneumatocysts
that support the floating canopies.

To examine if P. porra's inability to establish populations in
shallower water is due to physiological constraints imposed on its
macroscopic juvenile and/or adult sporophytes, randomly-selected
juvenile sporophytes ranging from 0.1 to 2.3 m in stipe length were
collected from the P. porra zone and transplanted to the middle of the
M. pyrifera bed (15 m depth), inshore of the M. pyrifera bed (8 m
depth), and back to the P. porra zone (25 m depth) on two occasions;
October 12, 2006 and April 28, 2007. Specifically, on each occasion 30
P. porra were collected using SCUBA, brought to the surface and
maintained in a dark flowing seawater bathwhile their holdfasts were
inserted through the braid of individual 25-cm length pieces of 1.9 cm
polypropylene rope. Ten of these were then transferred to each of the
aforementioned depths using SCUBA, and their ropes attached to the
substrate with masonry nails. Survival (presence/absence), growth
(increases in stipe length) and reproductive condition (presence of
sori) of the transplants were then monitored monthly for six months.
In addition, the sporophytes transplanted in October 2006 were
examined for photosynthetic stress at each depth after one month by
measuring the maximum (Fm) and minimum (Fo) fluorescence, and
the intrinsic potential quantum efficiency of PSII (Fv/Fm) using a
diving pulse amplitude modulated (diving-PAM) fluorometer (Walz
GmbH, Effeltrich, Germany). This was done in situ with the diving-
PAM by taking instantaneous measurements of fluorescence para-
meters without otherwise disturbing the blades.

Photoacclimation of naturally-occurring P. porra was measured
monthly from January to July 2007 in order to quantify the effects of
changing irradiance that P. porra individuals experience as they grow
from the benthos towards the surface. To do this, blade portions
adjacent to the pneumatocyst were collected from five naturally-
occurring individuals occurring at three depths; from juveniles near
the benthos (25 m), from sub-adults that had grown to the middle of
the water column (10–12 m), and from adults that had reached the
surface (b1 m). Blade samples were immediately transported to a
dark measuring chamber supplied with running seawater on-board
our research vessel RV Stillwater Cove and dark acclimated for 15 min
using leaf clips (Diving-LC, Walz). Following this, the maximum (Fm)
and minimum (Fo) fluorescence, and the intrinsic potential quantum
efficiency of PSII (Fv/Fm)were determined for all thalli at the site of the
leaf clip attachment. The potential quantum efficiency was deter-
mined as ΦPSII=ΔF /F′m=(F′m−F) /F′m following Genty et al. (1989);
where F is the steady-state fluorescence yield at a give irradiance and
F′m is the maximum fluorescence yield during a 0.8 s saturating light
period immediately following that irradiance. Relative electron
transport rates (rETRs) were calculated as rETR=ΦPSII×PPFD;
where ΦPSII is the quantum efficiency of PSII and PPFD is the
photosynthetic photon flux density of photosynthetically active
radiation (PAR).

2.3. Recruitment and light sensitivity of embryonic life stages

To investigate if P. porra's inability to recruit in shallower water
was due to the lack of P. porra zoospore dispersal to the M. pyrifera
bed, three sites were established in theM. pyrifera bed in March 2007
and again in August 2007. Zoospores were then artificially introduced
to these sites using mesh bags filled with sporogenic material
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(hereafter sori bags) to facilitate propagule presence according to the
methods of Dayton et al. (1984). Here, sori were collected from
mature P. porra sporophytes in the P. porra zone, placed into ten mesh
bags, and then transported to the sites where the bags were nailed to
the benthos under the M. pyrifera canopy at haphazardly-selected
locations. To examine if shading from the M. pyrifera canopy could
inhibit P. porra recruitment, ten sori bags were also nailed to the
substrate within an area where the M. pyrifera canopy had been
experimentally removed. To evaluatewhether this method resulted in
successful zoospore delivery to the benthos around each bag (i.e. a
procedural control), ten additional sori bags were nailed to the
benthos within the P. porra zone. P. porra sporophyte recruitment was
then assessed monthly within areas of 1 m and 2 m radius surround-
ing each bag, and in nearby “unseeded” locations using 1 m2 quadrats.
Further, the density of naturally-occurring P. porra recruits within the
P. porra zone was also estimated monthly within ten haphazardly
placed 1 m2 quadrats using SCUBA, and compared to the density of
recruits immediately adjacent to the sori bags placed within this zone.

To examine whether higher irradiance observed in the shallower M.
pyrifera bed inhibited the survival and reproduction of P. porra
microscopic stages, laboratory experiments were conducted using
culturedgametophytes andembryonic sporophytes.Here, P. porrablades
containing sori were collected frommature adults in the P. porra zone in
June 2007. Bladeswere placed in a dry dark cooler and transported to the
laboratory where zoospores were obtained following the methods of
Reed (1990). Zoospore concentrations were estimated using a hemocy-
tometer and then diluted to a concentration of approximately
1×104zoospores ml−1 (Reed et al., 1991). Twenty Petri dishes
(60 mm×15 mm), each containing 15 ml Provasoli's enriched seawater
(Provasoli et al., 1968), were inoculated with this zoospore solution,
placed in a Percival 6EL growth chamber, and cultured at 12 °Cunder ~2–
4 μmol photons m−2 s−1, irradiances similar to levelsmeasured in the P.
porra zone (hereafter low irradiance), and a 14:10 L:D photoperiod. Five
additional dishes containing P. porra zoospores were placed under 18–
20 μmol photons m−2 s−1, irradiances similar to those found near the
benthos within the center of the M. pyrifera bed (hereafter high
irradiance). Growth media were changed every two weeks and the
density of gametophytes and embryonic sporophytes quantified weekly
within three haphazardly-selected fields of view per dish using an
inverted Leica microscope at 100×. To examine if susceptibility to higher
irradiance varied with the age and/or developmental status of the
microscopic stages as seen forM. pyrifera (e.g. Graham, 1996), five of the
twenty dishes were transferred from the low irradiance to the high
irradiance after 98 days, which was when embryonic sporophytes were
first observed in all dishes. Following this, five additional dishes were
transferred to the high irradiances each week for the following three
weeks (i.e. after 106, 113 and 120 days in culture) and held there for the
remainder of the experiment. Gametophyte and embryonic sporophyte
survival was then quantified weekly in each dish using the inverted
microscope.

To determine if newly settled P. porra and M. pyrifera microscopic
stages differed in their tolerance to higher irradiances, five Petri dishes
were inoculated with M. pyrifera microscopic stages and five dishes
inoculated with P. porra microscopic stages according to the methods
described earlier. All ten dishes were then cultured under 18–20 μmol
photons m−2 s−1 and a 14:10 L:D photoperiod. Dishes were monitored
weekly for survival of the microscopic stages, and their relative
photosynthetic characteristics were assessed using PAM fluorometry.
Because we were interested in photosynthetic parameters such as α, Ek
and rETRmax, whereα=photosynthetic efficiency under non-saturating
irradiances,Ek= the irradiance at theonset of saturation, and rETRmax=
the relative maximum rate of electron transfer to photosystem II under
saturation irradiances, as well as quantum efficiently, we generated
rapid light curves (RLCs) using a pre-installed software routine (Ralph
and Gademann, 2005). Here the dishes were first placed in the dark for
15 min to dark-adapt the microscopic stages. Following this, photosyn-
thetic photon flux density (PPFD) was increased in eight steps (plus
initial darkness measurement) over a 90 s period, and at each PPFD, a
saturating light pulsewas applied to determine chlorophyllfluorescence
parameters and to obtain F and F′m. To determine the photosynthetic
parametersα, Ek and rETRmax, empirical data fromtheRLCswerefitted to
an exponential model with the dynamic photoinhibition parameter
proposed by Platt et al. (1980), using the following Levenberg–
Marquardt regression algorithm:

P = Ps½1−expð−αE = PsÞ�expð−βE = PsÞ ð1Þ

where Ps is a scaling parameter defined as themaximum potential rETR;
α is the photosynthetic efficiencymeasured by the initial slope of the RLC
before the onset of saturation; E is the downwelling PPFD (wavelength
400–700 nm); β is the negative slope of the RLC for high irradiances. In
the absence of dynamic photoinhibition (β=0), the function becomes a
standard rectangular hyperbola, with an asymptotic maximum rETR
value (Harrison and Platt, 1986), and the equation loses exp(−βE/Ps).

The parameters rETRmax and Ek were then estimated using the
following equations:

rETRmax = Ps½α= ðα + βÞ�½β=ðα + βÞ�β=α ð2Þ

Ek = rETRmax =α: ð3Þ

2.4. Statistical analysis

All data were analyzed using SYSTAT (ver. 12). Prior to analysis,
data were examined for normality by graphical interpretation of
residuals, and for homoscedasticity with a Cochran's C test. Those
cases that did not meet the assumptions were transformed in order to
correct the problem (transformation type discussed on case-by-case
basis). Separate one-way ANOVAs were used to evaluate if the stipe
length of transplanted P. porra varied among depths for both
transplant experiments. However, data were heteroscedastic and
therefore log-transformed, which corrected the problem. The data for
transplant stipe length at onset of reproductive maturity were also
heteroscedastic and thus square-root transformed which corrected
the problem. Variation in stipe length at the time of maturity for the
transplants was compared among the two transplant depths (8 and
15 m) and with naturally-occurring individuals in the P. porra zone
(20 m) using a one-way ANOVA followed by Tukey's pairwise
comparisons. Data for P. porra recruitment 1 and 2 m around the
sori bags and in unseeded locations within the P. porra zone were
heteroscedastic and thus square-root transformed, which corrected
the problem. Variation in P. porra recruitment among locations 1 and
2 m around each sori bag and in haphazardly chosen locations
throughout the P. porra zone was assessed using a one-way ANOVA.

To examine if sporophytes transplanted on October 12, 2006
differed in photosynthetic stress among the three depths one month
after being transplanted, variation in intrinsic potential quantum
efficiency of PSII (Fv/Fm) among the three depths was evaluated using
a one-way ANOVA. To examine P. porra's ability to photoacclimate to
increasing irradiance as they grew from the benthos towards the
surface, intrinsic potential quantum efficiency of PSII of naturally-
occurring sporophytes was compared among depths using a two-
factor Model II ANOVA, with depth as a fixed factor and month as a
random factor, following a log(arcsine) transformation. Bonferroni
post hoc comparisons on the significant Depth×Month interaction
were used to determine significant differences among depths during
each month. However, because of the large number of comparisons
evaluated (n=18), uncorrected p-values are reported for each
pairwise comparison. Photosynthetic parameters and maximum
quantum yield of P. porra cultures moved from low to high light
were heteroscedastic and therefore SIN-transformed to correct the
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problem. Separate two sample t-tests were used to assess whether
there were significant differences in relative photosynthetic char-
acters of P. porra microscopic stages that were moved from low to
high light levels and between P. porra and M. pyrifera microscopic
stages that were initially grown and held under high light.
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Fig. 2. Mean (± SE) stipe length (m) of Pelagophycus porra transplanted inside the
Macrocystis pyrifera bed, inshore of the M. pyrifera bed and back to the P. porra zone for
two experiments initiated on October 12, 2006 and April 28, 2007. N=10 for each
experiment.
3. Results

3.1. Survival, growth and condition of P. porra juvenile and adult stages

Surveys of naturally-occurring P. porra sporophytes confirmed our
observation thatwhile P. porra is common (2.6 sporophytes m−2±0.34
SE) just offshore of the 11 km longM. pyrifera forest it is absent from the
study sites within and inshore of the M. pyrifera bed. In fact, our boat
surveys identified only two P. porra sporophytes within theM. pyrifera
bed during the two-year study. Additionally, by surveying the natural P.
porra populations we were able to gain a better understanding of the
characteristics of this population: The average stipe length of naturally-
occurring P. porra sporophytes within the P. porra zone measured
between October 2007 and January 2008 was 4.48 m±0.72 SE, with
22.5% being reproductively mature. Measurements of natural indivi-
duals were used to compare to individuals transplanted inshore of their
natural distribution (Fig. 1).

The average stipe length of the P. porra sporophytes that were
transplanted from the P. porra zone to the middle of theM. pyrifera bed
(15 m), inshore of theM. pyrifera bed (8 m), andback to the P. porra zone
(25 m) did not differ among the depths at the beginning of either
transplant experiment (ANOVA: df=2, 27, F=2.895, p=0.121 and
df=2, 27, F=0.538, p=0.591 for transplant experiments initiated on
October 12, 2006 and April 28, 2007 respectively). All transplanted
sporophytes survived and grew at each depth (Fig. 2). Although growth
did not differ significantly among depths during either experiment
(ANOVA: df=2, 27, F=0.063, p=0.939 and df=2, 27, F=1.703,
p=0.186 for experiments initiated on October 12, 2006 and April 28,
2007 respectively), a trend was observed in which individuals
transplanted to the sites within and inshore of the M. pyrifera bed in
April 2007 grew to larger stipe lengths than those transplanted back to
the deeper P. porra zone (Fig. 2). Sporophytes, however, did not differ in
their intrinsic potential quantumefficiency of PSII (Fv/Fm) amongdepths
(0.764±0.023, 0.782±0.013, and0.759±0.023means±SE for inshore,
within theM. pyrifera bed andwithin the P. porra zone respectively) one
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Fig. 1. Pelagophycus porra mean (± SE) stipe length of reproductively mature
individuals for both transplant experiments initiated October 2006 and April 2007 as
well naturally-occurring individuals. N=10.
month after being transplanted (ANOVA; df=2, 27, F=2.739,
p=0.088).

Differences in reproductive condition for the sporophytes trans-
planted in April 2007 were observed among transplant depths. Only
individuals from the second transplant experiment (initiated April 28,
2007) were used to compare the stipe length at the onset of maturity
because only three individuals in the first experiment (initiated
October 12, 2006) reached maturity by the end of the experiment.
Individuals transplanted back to the P. porra zone never reached
maturity during the course of either experiment and therefore were
not included in the analyses. Therefore variation in stipe length at the
time of maturity for the transplants was compared among the two
transplant depths (8 and 15 m) and with naturally-occurring indivi-
duals in the P. porra zone (20 m). Transplants became reproductively
mature at smaller sizes than naturally-occurring sporophytes in the P.
porra zone (ANOVA, df=2, 27, F=11.649, p=0.001), likely due to cues
from increasing irradiance resulting from the site's shallower depth
(Fig. 1). Moreover, the sporophytes transplanted inshore of the M.
pyriferabedbecamereproductivelymature earlier (within fourmonths)
and at a smaller size (1.90 m±0.19 SE) than those transplanted to the
middle of the M. pyrifera bed (within six months; 3.31 m±0.45 SE
respectively) (Fig. 1).

Quantumefficiencyof naturally-occurringsporophytes in theP. porra
zone that had grown to different depths in the water column exhibited
significant variability among depths and sample months (Fig. 3). No
surface individualswere found inMay and thereforewere dropped from
the analysis. However, the interaction between these two factors was
significant (Depth×Month interaction: df=10, 60, F=6.853, pb0.001),
indicating that variability among depths was not consistent through
time. Specifically, P. porra sporophytes exhibited significantly lower
quantum efficiency near the surface than in the middle of the water
column on four of the six sample dates, and significantly lower quantum
efficiency near the surface than near the benthos on five of six sample
dates (Bonferroni uncorrected pb0.05 for each comparison; Table 1). In
contrast, quantum efficiency did not differ between sporophytes
occurring in the middle of the water column versus near the benthos
on any of the sample dates (Bonferroni pN0.05 for each comparison).
These differences among depths may be caused by ontogenetic shifts
since sporophytes at different depths maybe from different age groups
or developmental stages. Ultimately, the differences observed indicated
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anability to photoacclimate to increasing irradiances as the sporophytes
grew from the benthos towards the surface.
area was seeded or if the M. pyrifera canopy was removed or left intact. N=10 for each
treatment.
3.2. Recruitment and light sensitivity of embryonic life stages

The addition of P. porra propagules to the benthos within the P.
porra zone through the use of sori bags resulted in enhanced P. porra
sporophyte recruitment relative to nearby unseeded areas within four
months (ANOVA; df=2, 27, F=21.055, pb0.001). Specifically, P.
porra recruitment densities at both 1 m and 2 m from of the sori bags
were significantly greater than recruitment in unseeded areas (Fig. 4).
In contrast, the placement of sori bags within the middle of the M.
pyrifera bed did not result in any P. porra sporophyte recruitment in
either the areas under the dense M. pyrifera canopies or where the
canopies had been removed thus these sites were dropped from the
analysis (Fig. 4). These results suggest that a factor other than
propagule limitation or canopy shading was preventing P. porra from
recruiting there.

P. porra gametophytes and embryonic sporophytes grown in the
laboratory under high irradiance (18–20 μmol photons m−2 s−1)
exhibited significantly lower quantum yields of efficiency of PSII (Fv/
Fm=0.474±0.024 mean±SE) than those grown under low (2–4 μmol
photons m−2 s−1) irradiances (Fv/Fm=0.563±0.013 mean±SE; t-
test: t=3.972 df=8, p=0.018). However, when these microscopic
stages were moved from the low irradiances to the higher irradiances,
they exhibited a decrease in the rETR slope indicating a decrease in the
ability to photoacclimate to these higher light levels (Fig. 5A vs. B).
Following this, thesemicroscopic stages exhibited 100%mortalitywithin
one week of transfer (Fig. 6A and B). Embryonic gametophytes and
Table 1
Bonferroni uncorrected p-values (on the Depth×Month interaction) comparing
quantum efficiency of PSII (Fv/Fm) for Pelagophycus porra sporophyte blades occurring
near the benthos (Ben), in the middle of the water column (Mid), and at the surface
(Surf) on six sample dates. Bold-face type indicates significance for uncorrected
p-values (Pb0.05).

Jan Feb Mar Apr Jun Jul

Ben vs. Mid 0.909 0.997 0.557 0.927 0.259 0.645
Ben vs. Surf b0.001 0.007 b0.001 0.456 b0.001 b0.001
Mid vs. Surf b0.001 b0.001 0.178 0.535 b0.001 b0.001
sporophytes observed after the move to higher light levels were
bleached and did not continue to develop. Similarly, photosynthetic
efficiency at non-saturating irradiances (α) (t-test; t=3.872 df=3.680,
pb0.001) and quantum yield of efficiency (t-test: t=10.209, df=8.00,
pb0.001) were both significantly lower in P. porra's microscopic stages
grown continuously at higher irradiances than in M. pyrifera's
microscopic stages grown in those irradiances (Fig. 7A vs. B).

4. Discusion

Our results indicate that P. porra exists in dense stands in deeper
(N20 m) waters within the P. porra zone just offshore of the large M.
pyrifera beds in Point Loma, but does not establish populations within
the beds or in shallower water inshore of the beds. In fact, with the
exception of only two isolated individuals, P. porra sporophytes were
not observed anywhere within the expansive M. pyrifera beds during
our study. To understand the reasons behind this, we examined if P.
porra's shoreward limit was set by increased irradiance in shallower
water that negatively impacted either its macroscopic juvenile and
adult sporophytes (e.g. Ecklonia radiata; Toohey and Kendrick, 2007),
or its microscopic gametophytes and embryonic sporophytes as seen
in other kelps (e.g. M. pyrifera; Graham, 1997). Our primary findings
were that the juvenile and adult sporophytes were not negatively
impacted by the increased irradiance observed within the M. pyrifera
bed, but that P. porra's microscopic life stages were strongly
negatively impacted by the small increases in irradiance coincident
with moving from the P. porra zone to the M. pyrifera bed.

P. porra juvenile sporophytes transplanted from the P. porra zone
to the middle and inshore of the M. pyrifera bed exhibited no
difference in growth or survival among transplant depths, although a
trend was observed in which they grew better in the shallower sites
than in the P. porra zone. Further, these transplants became mature
earlier and at a smaller size at the two shallower sites than in their
deeper natural habitat. In fact, the P. porra sporophytes transplanted
to the shallowest depth (8 m) inshore of the M. pyrifera bed reached
maturity in only four months while those transplanted back to the P.



Fig. 5. Rapid light curves, mean (± SE) electron transport rate (rETR) vs. irradiance for
Pelagophycus porra gametophytes and embryonic sporophytes cultured under A) low
light conditions similar to the those observed in the P. porra zone and then B) moved to
higher light conditions similar to those within the Macrocystis pyrifera beds. N=5.
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Fig. 6. Pelagophycus porra mean (± SE) density of A) gametophytes and B) embryonic
sporophytes grown at low light levels and then moved to higher light levels at 98, 106,
113, and 120 days. N=5.
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porra zone (25 m) never reached maturity during the study. Miller et
al. (2000) noted that naturally-occurring P. porra require two to three
years to reach reproductive maturity, which is six to nine months
longer than required for the juveniles transplanted to shallower
water. Thus, we believe that the individuals transplanted to shallower
water reached maturity earlier given the fact that the surface was
closer to the benthos than it is in deeper water, and that the
sporophytes transplanted to deeper water simply did not have
sufficient time to reach maturity. Furthermore, the sporophytes
transplanted to the middle and inshore of the M. pyrifera bed did
not exhibit significant differences in their photosynthetic condition as
estimated by their quantum efficiency of PSII, indicating that
sporophytes that are able to recruit and reach at least 10 cm in length
can acclimate to the shallower environment and perform as well or
better than at the deeper depths. This was also supported by our
observations of naturally-occurring sporophytes that were able to
photoacclimate to increasing irradiance as they grew towards the
surface and into higher irradiances. Together, our results clearly show
that the inability of P. porra to establish populations in the shallowM.
pyrifera beds at Point Lomawas not due to reduced survival, growth or
photosynthetic ability in the adult and juvenile macroscopic
sporophytes.

Our laboratory experiments were designed to examine the effects
of increased irradiance on the survival and photosynthetic character
of P. porra's microscopic gametophytes and embryonic sporophytes.
The irradiance levels chosen were based on measurements made
within the P. porra zone andM. pyrifera bed and used to assess if the P.
porra's inability to recruit in shallower water was due to negative
impacts of the increased irradiance on these stages. Though
conducted in the laboratory, our results clearly show that P. porra's
microscopic life stages were negatively impacted by even the small
differences in irradiances that would be expected between the P. porra
zone and the M. pyrifera bed. Not only were measures of photosyn-
thetic ability reduced under irradiances observed within the M.
pyrifera beds, but when transferred from irradiances observed in the P.

image of Fig.�6


Fig. 7. Rapid light curves, mean (± SE) electron transport rate (rETR) vs. irradiance for
A) Pelagophycus porra gametophytes and embryonic sporophytes and B) Macrocystis
pyrifera gametophytes and embryonic sporophytes cultured under high light conditions
equivalent to levels found within the M. pyrifera beds. N=5.
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porra zone, where the microscopic stages were pigmented and
exhibited photosynthetic characters typical of healthy kelps (e.g.
Edwards and Kim, 2010), to irradiances observed in the M. pyrifera
beds, all the microscopic life stages either lost their pigmentation,
exhibited photosynthetic characteristics associated with stressed
kelps, or they died all together. To determine if this pattern was due
to experimental artifacts associated with our culture methods, we
compared photosynthetic characters between P. porra and M. pyrifera
microscopic life stages grown under higher irradiances similar to
those observed within the M. pyrifera beds. Our results show that
whileM. pyrifera gametophytes and embryonic sporophytes exhibited
photosynthetic characters expected in healthy individuals, P. porra
gametophytes and embryonic sporophytes exhibited photosynthetic
characters typical of stressed individuals. This provided us with strong
evidence that P. porra's microscopic life stages were unable to tolerate
the irradiances observed in shallower water and thus was the
determining factor preventing theP. porra fromestablishingpopulations
within theM. pyrifera beds. In fact, even when P. porra propagules were
experimentally added to areas under M. pyrifera canopies and in areas
clearedof these canopies (note: our initial experimentsweredesigned to
assess if competition fromM. pyriferawas excluding P. porra) no P. porra
recruits were ever observed within the M. pyrifera bed while the same
techniques significantly enhanced recruitment within the P. porra zone.
Oneobvious question arises:why doesn't P. porra recruit under denseM.
pyrifera canopies where irradiances are reduced by canopy shading?
While this is still unclear, we believe that this is most likely due to the
time it takes for P. porra gametophytes to produce sporophytes and then
grow to macroscopic size. In our experiments, we did not observed
embryonic sporophytes until a minimum of 98 days after spore
settlement. It is possible that given this long duration, temporal
fluctuations in benthic irradiance due to changes in canopy cover or its
ability to shademay result in short periods of increased irradiance at the
benthos (e.g. light flecking). In our experiments where we transferred
microscopic P. porra stages to higher irradiance, we observed 100%
mortality immediately (within less than one day) and no recovery even
when these were transferred back to low irradiances. Thus we believe
thatevenunder adense canopy, short pulses of increased irradiance than
canbe expected to occur during a three-month periodmaybe enough to
prevent P. porra sporophyte recruitment. Thus, it is possible that if
adequate spore dispersal can coincide with long enough periods of low
irradiance within the M. pyrifera beds, sporophyte recruitment may
occur in theM. pyrifera beds, though again we believe this is rare; in our
study only two were observed. No sporophytes were ever observed in
shore of theM.pyriferabedswherepersistentkelp canopies donot occur.

Identifying irradiance as the primary difference between the P. porra
zone and M. pyrifera beds provided the opportunity to understand the
effects of irradiance on the early life-history stages of P. porra. The
microscopic stages, proved to be sensitive to the small increase (as little
as 16–18 μmol photons m−2 s−1) in irradiance found between the M.
pyrifera bed and P. porra zone, resulting in 100%mortality whenmoved
from low light levels foundwithin the P. porra zone to higher light levels
found within the M. pyrifera beds. In contrast, M. pyrifera microscopic
stages exhibited greater survival, faster sporophyte production and
greater relative electron transport rates than P. porra under these higher
irradiances. This is not surprising given thatM. pyrifera is the dominant
kelp within the M. pyrifera forest. This supports a growing body of
literature that emphasizes the need for a multiple life-history approach
when studying species' distribution and abundance (Kinlan and Gaines,
2003; Zacherl et al., 2003), especially as they apply to patterns of kelp
biogeography (Graham, 1997; Matson and Edwards, 2007).
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