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Organisms occurring in environments subject to
severe disturbance and ⁄ or periods of poor envi-
ronmental quality that result in severe adult mor-
tality can survive these periods by relying on
alternate life stages that delay their development
in a resistant state until conditions improve. In
the northeast Pacific, the forest-forming giant kelp
Macrocystis pyrifera (L.) C. Agardh periodically
experiences widespread adult mortality during
extended periods of extremely low nutrients and
high temperatures, such as those associated with
El Niño. Recovery following these periods is
hypothesized to occur from microscopic life stages
that delay their development until the return of
favorable conditions. In the laboratory, we experi-
mentally examined the environmental conditions
responsible for regulating delayed development of
the microscopic stages of M. pyrifera from South-
ern California, USA. Nutrients controlled the delay
and resumption of gametophyte growth and repro-
duction, perhaps linked to the large fluctuations in
nutrients occurring seasonally and interannually in
this region. Although growth of gametophytes pro-
ceeded in the virtual absence of nitrate, both
nitrate and other trace nutrients were necessary
for gametogenesis. Upon exposure to elevated
nutrients, delayed gametophytes produced sporo-
phytes more quickly (5–20 d) and at smaller sizes
(10–200 lm) than gametophytes that had never
been delayed (18–80 d, 80–400 lm, respectively),
reducing negative density-dependent effects. This
finding demonstrates that delayed gametophytes of
M. pyrifera rapidly utilize increased resources to
consistently produce sporophytes. Further work is
needed to assess their potential role in population
recovery following periods of poor environmental
quality.
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Many organisms occur in environments that vary
both spatially and temporally in habitat quality and
experience periodic severe disturbances. These
organisms may survive these periods that often coin-
cide with severe to complete adult mortality by
delaying their development as a resistant ‘‘resting’’
stage and then resuming development when condi-
tions improve (Cohen 1966, Venable and Lawlor
1980, Levin et al. 1984, Philippi and Seger 1989,
Hairston and Cáceres 1996). Perhaps some of the
best-studied examples of delayed development come
from terrestrial plants that form long-lived seed or
seedling banks during unfavorable periods (e.g.,
rainfall and ⁄ or chemicals associated with fires in ter-
restrial plants; Keeley 1987) and resume develop-
ment when resources are renewed (Bewley and
Black 1994, Grime 2001, Makana and Thomas
2005). Although examples of delayed development
have been observed across numerous taxa (reviewed
by Carney and Edwards 2006), one commonality
among species that rely on them is that the delay is
generally initiated by the onset of unfavorable envi-
ronmental conditions. Marine copepods (Alldredge
et al. 1984) and microalgae (Hollibaugh et al. 1981)
produce dormant stages in response to food scarcity
and conditions limiting to growth, respectively, that
may persist for decades or until conditions become
sufficient for vegetative development and adult
survival (McQuoid et al. 2002). The environmental
conditions responsible for resuming development
have been identified for some species but remain
less understood for other organisms.

Delayed development is likely important for the
recruitment of several macroalgal species along tem-
perate coastlines in the eastern Pacific (Edwards
2000), and while evidence for banks of delayed
stages in seaweeds is growing (reviewed by
Hoffmann and Santelices 1991, Carney and Edwards
2006), the environmental conditions that regulate
delayed development in macroalgae remain unclear.
For example, many annual kelps (order Laminari-
ales) appear to rely on microscopic life stages to
delay their development during poor conditions
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(i.e., darkness and ⁄ or burial) associated with spe-
cific seasons (Klinger 1984, Blanchette 1996,
McConnico and Foster 2005). In the laboratory, the
gametophytes of some kelps delay development as
primary cells (<50 lm) in the absence of irradiance
and then resume growth and reproduction once
irradiance increases (Kain 1964, Lüning 1980,
Novaczek 1984). A similar response to nutrient limi-
tation has been observed where gametophytes may
eventually become multicellular even without nutri-
ents (Hoffmann and Santelices 1982, Hoffmann
et al. 1984), or they may persist as small stages for
long periods of time without reproduction (Hsiao
and Druehl 1973). The latter case suggests a type of
delayed state. This tendency is contrary to observa-
tions that kelp gametophytes remain small when
nutrients are available because they are investing in
reproduction instead of growth (Lüning 1980,
D. Reed personal communication).

Fluctuating nutrients are particularly important
in regulating the growth and development of the
important canopy-forming perennial kelp M. pyrifera
(Lüning and Neushul 1978). In Southern Califor-
nia, nitrate (NO3

)) concentrations often fluctuate
temporally below and above levels required for the
growth and survival of M. pyrifera (Jackson 1977,
Zimmerman and Robertson 1985), resulting in peri-
ods of successful and unsuccessful sporophyte
recruitment (Deysher and Dean 1986a). M. pyrifera
gametophytes can delay their development when
essential nutrients such as iron and nitrate are absent
(Kuwabara and North 1980, Lewis and Neushul
1994). However, in recent studies, M. pyrifera
gametophytes failed to resume reproduction when
nutrients became available, while the embryonic
sporophytes demonstrated some capacity for resum-
ing growth after 6 weeks of being in a state of
arrested development (Kinlan et al. 2003, Ladah
and Zertuche-González 2007). More work is needed
to assess the ability of M. pyrifera gametophytes to
resume growth and reproduction.

The delayed growth and ⁄ or reproduction of the
microscopic stages of M. pyrifera may contribute to
the recruitment of some populations, particularly
after El Niño Southern Oscillation (ENSO) events
(Dayton 1985, Ladah et al. 1999, Hernández-Carmo-
na et al. 2001). These events are often associated
with extended periods of extremely low nutrients
(usually measured as low nitrate) and high tempera-
tures that periodically result in widespread adult M.
pyrifera mortality in some regions of its range along
temperate coastlines in the northeast Pacific (Day-
ton and Tegner 1990, Hernández-Carmona et al.
2001, Edwards 2004). Recruitment from delayed
stages is likely less important in undisturbed kelp
forests where M. pyrifera recruitment occurs from
recently settled zoospores (Reed et al. 1997) and,
perhaps, occurs in addition to recruitment resulting
from deepwater refuge populations (Ladah and
Zertuche-González 2004).

Maintaining nonfilamentous and cryptic sizes in
the field may reduce the nutrient requirements of
gametophytes, possibly reducing competition
between neighboring gametophytes, which nega-
tively affects sporophyte production (Reed 1990,
Reed et al. 1991). These sizes (<1 mm) may also be
advantageous for avoiding grazers, similar to the
alternate stages of other seaweeds (Slocum 1980,
Klinger 1993). Thus, small gametophytes may be
able to persist at high densities and, once growth
and reproduction resume, produce sporophytes
before they become large enough to be affected by
their neighbors, conferring an escape in size. This
may serve solely to increase rates of sexual repro-
duction, increasing the initial genetic diversity of
the resulting cohort of juvenile sporophytes. How-
ever, these sporophytes will inevitably be subject to
density-dependent mortality as they attain larger
sizes (Dayton et al. 1984). Due to the small size of
kelp gametophytes, field-based tests of these
processes are logistically difficult if not impossible
(Dayton 1985), necessating laboratory-based experi-
ments. In this paper, we performed several labora-
tory investigations to (i) compare the relative
importance of irradiance, nitrate, and other trace
nutrients in resuming growth and inducing repro-
duction of nutrient-limited M. pyrifera gametophytes
and (ii) assess if these small gametophytes experi-
ence reduced density-dependent effects on their size
and fecundity.

MATERIALS AND METHODS

Characterization of in situ nitrate concentrations. To understand
the relationship between seawater nutrients and the timing of
M. pyrifera sporophyte recruitment, we characterized fluctua-
tions in nitrate availability in the Point Loma kelp forest, San
Diego, California, USA (32�42¢42.53¢¢ N, 117�15¢39.26¢¢ W) over
an� 2-year period. Because it is easy to measure, nitrate is often
used as a proxy for other seawater nutrients. We compared the
fluctuations in nitrate that we observed to published accounts of
when newly recruited sporophytes are observed. To characterize
fluctuations in nitrate, we collected three 20 mL seawater
samples from near the center of the forest at two depths,
0.3 m (surface) and 12–15 m (bottom), on 59 d between
September 30, 2006, and July 10, 2008. Samples were immedi-
ately fixed by adding 3 lL of 4.9 M sulfuric acid and storing on
dry ice. These were transported back to the laboratory where
they were filtered through 8 lm ashless filter paper (Whatman
International, Maidstone, England) into acid-washed glass vials
and analyzed using the automated cadmium reduction method
on a Lachat QuikChem FIA 8000 (Lachat Instruments, Milwau-
kee, WI, USA). The range of standards was normally run from 50
to 300 lg NO3

) Æ L)1.
General culture methods and media preparation. We collected

fertile sporophylls of M. pyrifera from near the center of the
Point Loma kelp forest using SCUBA on three occasions:
September 3, 2006; May 11, 2007; and January 19, 2006. During
each collection, 10–20 sporophylls were obtained from each of
five haphazardly selected M. pyrifera that were separated from
one another by at least 5 m to decrease the chances of selecting
siblings. Moist sporophylls were transported to the laboratory
and desiccated in the dark for 1–3 h. Zoospore release was
induced by immersing the desiccated sporophylls in filtered
seawater at 4�C. Petri dishes (25 mL volume) containing 12 mL
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of filtered seawater were then inoculated with aliquots of the
zoospore stock solution to obtain desired settlement densities
(� 5 gametophytes Æ mm)2). The petri dishes were held in the
dark overnight at 12�C to allow zoospore settlement, trans-
ferred to Percival 6EL incubators (Percival Scientific Inc.,
Perry, IA, USA), and maintained at 12�C, 12:12 light:dark
(L:D) photoperiod and irradiance levels specific to each
experiment. Irradiance was quantified as PAR at the start of
each experiment using a Li-COR LI-250 light meter (LI-COR
Inc., Lincoln, NE, USA). Gametophyte settlement density was
quantified within 2 weeks by averaging counts in three
haphazardly chosen fields of view (area of field of
view = 0.36 mm2).

Natural seawater was used for all culture media as is common
for laboratory investigations of kelp development (Lüning and
Neushul 1978, Hoffmann et al. 1984, Reed et al. 1991).
Seawater was collected from the surface of the Point Loma
kelp forest in 10 L batches, filtered through 10 lm mesh,
autoclaved, and stored at 4�C. Nitrate (NO3

)) concentrations
in all seawater media were measured weekly as described above
and were considered a proxy for macronutrient levels (Redfield
et al. 1963, Jackson 1983). Although artificial seawater is
commonly used for experiments that test the effect of specific
nutrients, unenriched sterilized surface seawater was used for
two reasons. First, surface seawater nitrate (NO3

)) was consis-
tently present in concentrations known to inhibit M. pyrifera
sporophyte production (£1 lmol Æ L)1; Deysher and Dean
1986a,b), and it is likely that concentrations of other nitrogen
sources were also low (Jackson 1977). Second, zoospores
released into this medium germinate into gametophytes and
maintain 1–2 cell sizes (<50 lm) for long periods, and thus
unenriched surface seawater was used as the nutrient-limited
medium (i.e., to induce delayed development) (Kuwabara and
North 1980, Hoffmann et al. 1984, L. T. Carney, unpublished
data). Nonlimiting nutrient conditions (i.e., used to promote
nondelayed development) were obtained by one of two
enrichment mixes depending on the experimental objectives.
To compare (i) the effects of irradiance and nutrients and (ii)
the response of delayed and nondelayed gametophytes to
increasing density, we used seawater enriched with f ⁄ 2 enrich-
ment (Sigma-Aldrich Corp., St. Louis, MO, USA). This enrich-
ment type is widely available, easy to make, and commonly used
to grow kelps. f ⁄ 2 (7 mL each of components A and B) was
added to 1 L surface seawater, then diluted by one-tenth to
attain the lowest concentration we observed to promote
sporophyte recruitment (corresponding to 70–100 lmol
NO3

) Æ L)1, L. T. Carney, unpublished data). To determine
the importance of NO3

) specifically, we used Provasoli (1968)
enriched seawater (PES), which allowed us to manipulate
nitrate concentrations independently of other micro and
macronutrients (see Table 1). Media in the petri dishes were
changed weekly, and new enriched media were made up each
month.

Control of delayed development by nutrients and irradiance. To
assess the relative importance of irradiance and nutrients in
controlling the resumption of development for delayed M.
pyrifera gametophytes, we compared the response of delayed
gametophytes after being switched to four orthogonal combi-
nations of irradiance and nutrients. Treatment levels were
known to either promote or limit M. pyrifera reproduction in
Southern California (sporophytes produced at >12 lmol
photons Æ m)2 Æ s)1, >1 lmol NO3

) Æ L)1, phosphate, trace
metals, and vitamins present; Deysher and Dean 1986a,b). In
September 2006, we inoculated 20 petri dishes with zoospores
(avg. settlement density: 5.69 ± 0.52 gametophytes Æ mm)2

[mean ± 1 SE]) and maintained the dishes in conditions we
had previously identified as inhibiting growth and reproduc-
tion (10 lmol photons Æ m)2 Æ s)1, <1 lmol NO3

) Æ L)1 and no
additional phosphate, trace metals, vitamins). After 95 d, five

dishes were transferred to each of four combinations of
irradiance and nutrients (PAR: 10 [flI] or 60 lmol photons Æ
m)2 Æ s)1 [›I]; nutrients: unenriched seawater [)N] or seawater
enriched with f ⁄ 2 [+N]). Female gametophyte length within
each dish was estimated 7 and 38 d after the transfer by
measuring the longest axis of the three individuals in three
haphazardly chosen fields of view using a Leica DC480 digital
camera (Leica Microsystems, Bannockburn, IL, USA) attached
to an inverted microscope (Leitz Wetzlar, McBain Instruments,
Simi Valley, CA, USA). Photographs were analyzed using Image
J software (Rasband, W.S., ImageJ, U.S. National Institutes of
Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/, 1997–
2007). Only female gametophytes were quantified because
females are larger and more heavily pigmented than males and
thus provide more reliable estimates (see Reed et al. 1988).

Data were analyzed using Systat version 12 (Systat Software
Inc., Chicago, IL, USA). Prior to analyses (see below), data
were examined for homogeneity of variances using Levene’s
test and for normality by graphical examination of residuals.
Data that did not meet these assumptions were corrected by
transformation and retested. Differences in gametophyte
length among the irradiance and nutrient treatments and
through time were examined using a three-way Model I analysis
of variance (ANOVA). Gametophyte length did not meet the
assumption of equal variance among treatments and was
log-transformed, which corrected the problem. Egg and spo-
rophyte production within each petri dish was estimated every
2–3 d in each dish at ·80 magnification. Time required for egg
production was compared between the two +N treatments
using a two-sample t-test. Parametric tests were problematic
because only two of five replicates in the +NflI treatment
produced sporophytes and did so on the same day, causing loss
of variance. Therefore, the time required for sporophyte
production was compared between the two +N treatments
using a randomization two-sample t-test with 1,000 iterations.

Gametophyte response to nitrate and other nutrients. In the
previous experiment, we determined that nutrients were more
important than irradiance in causing delayed gametophytes to
resume development (see Results). To determine the relative
importance of nitrate alone versus all macro- and micronutri-
ents combined for inducing a delay and resumption of
development, we inoculated 45 petri dishes with zoospores in
May 2007 (avg. settlement density: 3.8 ± 0.33 gametophytes Æ
mm)2 [mean ± 1 SE]). At least five replicate dishes were
maintained at one of three nitrate concentrations (<1, 10, or
90 lmol NO3

) Æ L)1) and one of two levels of all other PES
micro- and macronutrients (either virtually absent [)] or in
excess [+]; Tables 1 and 2a). The two lowest nitrate concen-
trations we used are common in Southern California kelp

Table 1. Micro- and macronutrients present in Provasoli
(1968) enriched seawater recipe (PES) used to compare
the effect of nitrate alone to the effect of nitrate with other
nutrients on Macrocystis pyrifera gametophyte development.
Nitrate was manipulated independently (see text).

Additive Form
Concentration

(lmol Æ L)1 seawater)

Phosphate NaH2 PO4 64.11
Iron FeCl3 17.19
Boron H3BO3 2,071.96
Manganese MnSO4 43.69
Zinc ZnSO4 6.73
Cobalt CoSO4 1.63
Vitamin B12 C63H88CoN14O14P 0.002
Thiamine C12H17N4OS+ 0.38
Biotin C10H16N2O3S 0.004
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forests (Jackson 1977), and the highest exceeded the concen-
tration required for reproduction by M. pyrifera (Deysher and
Dean 1986a). To assess the growth and reproduction response
of delayed gametophytes to increasing nutrients, two to five
replicates in each above combination were then switched to
one of four nitrate and other nutrient combinations 20 d after
inoculation, resulting in 14 unique combinations (Table 2a).
Dishes were maintained at 20 lmol photons Æ m)2 Æ s)1 for the
duration of the experiment (34 d). Nonlimiting irradiance was
reduced from 60 lmol photons Æ m)2 Æ s)1 used in the previous
experiment to prevent low levels of pigment loss that had been
observed. Female gametophyte length was measured 20 and
34 d after inoculation as described above. Length measured
34 d after inoculation was compared among the 14 nonor-
thogonal combinations using a one-way ANOVA followed by
Tukey’s HSD post hoc comparisons (hereafter, THSD). Length
data satisfied the assumptions of normality and equality of
variances. Egg production was not investigated here because,
although eggs were observed in all studies, sporophytes were
more easily identified and thus provided a more reliable
estimate. Time required for sporophyte production was quan-
tified as described above. Because many dishes recruited at the
same time, there was a lack of variation within some treatments.
Therefore, the time required for sporophyte production was
compared among enrichment combinations based on 95%
confidence intervals (CI)

Effect of delay on gametophyte response to density. To assess the
potential for delayed development to ameliorate the negative
effects of density on gametophyte growth and reproduction, we
inoculated 10 petri dishes with one of four zoospore suspen-
sion concentrations (1 · 102, 1 · 103, 1 · 104, and 1 · 105

zoospores Æ mL)1) in January 2007. Gametophyte density was
quantified 8 and 88 d after inoculation. Initial average game-
tophyte densities were 1.4 (± 0.5), 13.1 (± 4.3), 66 (± 6.4), and
212 (± 15.3) gametophytes Æ mm)2 (±1 SE), respectively,
referred to as low (L), medium-low (ML), medium (M), and
high (H) hereafter. These included densities known to
negatively affect reproduction by nondelayed M. pyrifera
gametophytes (Reed et al. 1991). All 40 dishes were main-
tained at 40 lmol photons Æ m)2 Æ s)1. Five delayed dishes from

each of the four density treatments were maintained in
sterilized surface seawater ()N: <1 lmol NO3

) Æ L)1), and five
nondelayed dishes were maintained in f ⁄ 2 enriched seawater
(+N: 70–100 lmol NO3

) Æ L)1). Seventy-four days after inocu-
lation, the media in all –N dishes were replaced with f ⁄ 2
enriched (+N) seawater. Female gametophyte length was
measured 74, 88, and 104 d after inoculation (i.e., 0, 14, and
30 d after delayed gametophytes in –N dishes received nutri-
ents). The time required for sporophyte production was
determined as described above.

Gametophyte density and length data did not satisfy
assumptions of normality or equality of variances; thus, these
data were log-transformed, which corrected the problem. To
compare survival between delay treatments (i.e., change in
gametophyte density), we compared the rate of decrease in
density ([density 8 d – density 88 d] ⁄ density 8 d) between
nondelayed and delayed gametophytes and the three highest
density treatments using a two-way Model I ANOVA. The lowest
density was excluded from this analysis because density was
sparse and estimates of rates of decrease were likely inaccurate.
The effects of a delay period and increasing density through
time on gametophyte length were examined using a three-way
Model I ANOVA followed by THSD. Because sporophytes were
not produced by nondelayed gametophytes at the highest
density (see Results), gametophyte length at first sporophyte
production was compared between delayed and nondelayed
gametophytes for only the three lowest densities using a two-
way Model I ANOVA followed by THSD. Odds ratios were
generated using a logistic regression to compare presence or
absence of sporophytes among delayed and nondelayed
gametophytes at different densities. Time required for sporo-
phyte production was first compared between delayed and
nondelayed gametophytes for the three lowest densities using a
two-way Model I ANOVA. Then the time required for sporo-
phyte production was compared between all four densities for
delayed gametophytes using a one-way ANOVA. Maximum
percent sporophyte production was quantified by dividing the
number of sporophytes observed for 24 haphazardly sampled
gametophytes during five occasions between 96 and 150 d after
inoculation. The highest values for each dish from these five

Table 2. (a) Initial treatment combinations for assessing the response of gametophytes to nitrate (lmol Æ L)1) and other
micro- and macronutrients [PES = all seawater components, excluding nitrate, either absent ()) or present in concentra-
tions shown in Table 1 (+)] and for assessing conditions hypothesized to promote recruitment that were administered 20 d
after inoculation to some treatmentsa. (b) Female gametophyte length (lm, mean ± 1 SD) measured 20 and 34 d after inoc-
ulation and time in days required for sporophyte production (mean ± 1 SD) from the time gametophytes received nitrate
and PES simultaneously (day of inoculation for treatments 3 and 6; 20 d after inoculation for treatments 1, 4, 9, and 11).

(a) Treatment conditions (TC)

New condition
Day 20a

(b) Gametophyte length

Days to 1st
sporophyte

Day 1 Day 20

Day 20 Day 34Nitrate PES Nitrate PES

1 90 ) 90 + PES 10 ± 0.1 161 ± 57.0 10 ± 0
2 90 ) 90 ) 10 ± 0.1 11 ± 2.4
3 90 + 90 + 140 ± 20.0 338 ± 46.0 17.6 ± 0.5
4 10 ) 10 + PES 10 ± 0.2 174 ± 26.0 10 ± 0
5 10 ) 10 ) 10 ± 0.2 10 ± 0.14
6 10 + 10 + 80 ± 30.0 270 ± 68.0 24 ± 0
7 <1 ) <1 + PES 10 ± 0.2 187 ± 24.0
8 <1 ) 90 ) 90N 9 ± 0.65
9 <1 ) 10 + PES + 10N 157 ± 33.0 10 ± 0

10 <1 ) <1 ) 10 ± 0.86
11 <1 ) 90 + PES + 90N 152 ± 43.0 10 ± 0
12 <1 + 90 ) 90N 200 ± 30.0 526 ± 101.0
13 <1 + <1 + 346 ± 59.0
14 <1 + 90 + 90N 200 ± 30.0 407 ± 12.0 5 ± 1.7

N, nitrate; PES, Provasoli’s enriched seawater; TC, treatment combination.
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occasions were compared between delayed and nondelayed
gametophytes for the three lowest densities using a two-way
Model I ANOVA. Maximum fecundity did not satisfy assump-
tions of normality or equality of variances; thus, these were
transformed (arcsin [squareroot (x)]), which corrected the
problem.

RESULTS

Characterization of in situ nitrate concentrations.
Nitrate concentrations in the Point Loma kelp forest
ranged from 0.23 to 19.3 lmol NO3

) Æ L)1 on the sur-
face and 0.17 to 25.5 lmol NO3

) Æ L)1 on the bottom
(Fig. 1). Out of the 59 d that measurements were
taken near the benthos, only 10% were at or below
1 lmol NO3

) Æ L)1, and these low concentrations
were only observed between November and January.
Large increases in nitrate >10 lmol NO3

) Æ L)1 were
observed on the bottom between March and Septem-
ber and between November and December. The sea-
sonal increases in nitrate coincided with periods of
maximum sporophyte recruitment commonly
reported in the literature as following periods of win-
ter storms (Fig. 1; e.g., Dayton 1985).

Control of delayed development by nutrients and irradi-
ance. After 95 d of subjecting gametophytes to
delay-inducing conditions, elevating all nutrients
together (i.e., nitrate, phosphate, trace metals, vita-
mins, etc.) resulted in higher rates of growth and
reproduction than resulted from elevating irradi-
ance (from 10 to 60 lmol photons Æ m)2 Æ s)1;
Fig. 2). Delayed gametophytes were significantly
longer through time after transfer to +N treatments
than after transfer to –N treatments (nutri-
ents · day: F1,31 = 26.56, P < 0.001, Table 3; Fig. 2a).
Irradiance had no significant effect on length
(F1,31 = 0.89, P = 0.354, Table 3; Fig. 2a). Regardless
of irradiance, eggs and sporophytes were observed
in both of the +N treatments (flI vs. ›I, P = 0.55

and P = 0.25, respectively) but were never observed
in the –N treatments (Fig. 2b).

Gametophyte response to nitrate and other nutrients. We
observed that nitrate and other micro- and
macronutrients (i.e., phosphate, trace metals, vita-
mins) played a role in regulating delayed develop-
ment. Although growth proceeded without nitrate,
all nutrients were required to initiate sporophyte
production (Table 2b). Gametophyte length 34 d
after inoculation was significantly different between
the 14 treatment combinations (TC; F13,30 = 34.16,
P < 0.001; Table 2b). Gametophytes that received
the PES-enriched medium (Table 1) during inocula-
tion or 20 d after inoculation were significantly

Fig. 1. Nitrate concentrations measured 12–15 m depth (d)
and 1 m depth (s) in the Point Loma kelp forest between Sep-
tember 2006 and July 2008. Note: error bars represent 1 standard
error. Shaded boxes represent period of maximum sporophyte
production reported to follow winter storms during some years
(Dayton et al. 1984).

Fig. 2. Regulation of delayed development by nutrients and
irradiance. (a) Female gametophyte length 7 and 38 d after being
switched to N ⁄ I treatment combinations (+N = 70–100 lmol
NO3

) Æ L)1; )N < 1 lmol NO3
) Æ L)1; flI = 10 lmol photons Æ

m)2 Æ s)1; ›I = 60 lmol photons Æ m)2 Æ s)1). (b) Time in days that
the first eggs (·) and sporophytes (d) were observed. Days
counted after replicates were transferred to nutrient and irradi-
ance combinations 95 d after inoculation. Note: error bars repre-
sent 1 standard error.

Table 3. Analysis of variance of the effects of nutrients,
irradiance, and days after transfer to orthogonal treat-
ments on female gametophyte length.

Source df MS F P

Nutrients 1 7.43 85.92 <0.001
Irradiance 1 0.08 0.89 0.354
Day sampled 1 9.07 104.82 <0.001
Nutrients · irradiance 1 0.03 0.40 0.534
Nutrients · day 1 2.30 26.56 <0.001
Irradiance · day 1 0.02 0.28 0.602
Nutrients · irradiance · day 1 0.02 0.20 0.662
Residual 31 0.09
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longer than those that never received PES (> 80 lm
vs. <20 lm; Table 2b; THSD: P < 0.001 for TC 2 < 3,
5 < 6, 10 < 13; THSD: P < 0.038 for TC 4 > 5,
7 > 10; P = 0.079 for TC 1 vs. 2). However, within
PES treatments () ⁄ +), length was not significantly
different among nitrate concentrations (Table 2b;
THSD: P > 0.6 for TC 3 vs. 6, 6 vs. 13, 2 vs. 5, 5 vs.
10). Gametophytes that did not receive nitrate or
PES until 20 d after inoculation required less time
to produce sporophytes once nutrients were added
than gametophytes that had received nitrate and
PES at the time of inoculation (Table 2b; )N Day 1,
95% CI: 0.7–9.3 d; )PES Day 1, 95% CI: 10 d; PES
plus 10 lmol NO3

) Æ L)1 Day 1, 95% CI: 24; PES
and 90 d lmol NO3

) Æ L)1, 95% CI: 16.9–18.3 d).
Confidence intervals did not overlap among treat-
ments.

Effect of delay on gametophyte response to density. The
development of gametophytes that had previously
experienced delayed reproduction was less affected
by increasing density than gametophytes that were
never delayed. Delayed gametophytes retained con-
sistently small sizes through time and across densi-
ties (12 ± 1 lm [± 1 SE] 74 d after inoculation),
while the size of nondelayed gametophytes signifi-
cantly decreased as density increased (ranged
45–583 lm; Fig. 3, a and b; Table 4: P < 0.001 for
both density · delay and delay · day sampled inter-
actions; THSD between densities: P < 0.026). Once
nutrients were added 74 d after inoculation,
gametophytes that had been delayed grew signifi-
cantly, ranging 37–121 lm 88 d after inoculation
(Fig. 3b; THSD for consecutive sample dates [74,
88, and 104 d]: <0.001). Gametophytes that had
previously been delayed (D) remained smaller than
gametophytes that had never been delayed (ND) for
all densities until 4 weeks after nutrient addition
(Fig. 3, a and b; day 104 length ranged 101–374 lm
for D and 60–550 lm for ND; THSD between delay
treatments: P = 0.795). Once development resumed,
gametophytes likely began investing their energy in

gametogenesis rather than in growth, producing
sporophytes consistently fast across densities (within
14–24 d of receiving nutrients; Fig. 4a; one-way
ANOVA: density, F3,12 = 22.81, P = 0.07). This rate
was four times faster than nondelayed gameto-
phytes, which produced sporophytes within 54–96 d
and faster at intermediate densities (Fig. 4a; two-way
ANOVA: density, F2,18 = 5.66, P = 0.01; nutrient
treatment, F1,18 = 92.4, P < 0.001; density · nutrient
treatment, F2,18 = 2.83, P = 0.09). The delay period
resulted in significantly smaller size at reproduction
(<100 lm) than gametophytes that had never been
delayed (ranged from > 100 to 400 lm), whose size
at reproduction significantly declined with increas-
ing density (Fig. 4, a and b; two-way ANOVA:
density, F2,18 = 22.44, P < 0.001; delay, F1,18 = 92.4,
P < 0.001; density · delay, F2,18 = 8.84, P = 0.002).
Although sporophytes were 19–92 times more likely
to occur in the three lowest densities than the high-
est density, delayed gametophytes were 11 times
more likely than nondelayed gametophytes to pro-
duce sporophytes once nutrients were added across
densities (Table 5). Sporophytes were not produced
by nondelayed gametophytes at the highest
density and were reduced by �95% for delayed
gametophytes (Fig. 4c). For the three lowest densi-

Fig. 3. Length of female gametophytes that (a) never experienced a delay and (b) had delayed 74 d for the four density treatments
74, 88, and 104 d after inoculation. Note: error bars represent 1 standard error.

Table 4. Analysis of variance of the effects on female
gametophyte length of delay status, settlement density,
and days after nutrients were added to delayed gameto-
phytes.

Source df MS F P

Density 3 6.48 79.77 <0.001
Delay 1 36.49 449.28 <0.001
Day sampled 2 25.47 313.62 <0.001
Density · day sampled 6 0.03 0.42 0.864
Density · delay 3 3.05 37.51 <0.001
Delay · day sampled 2 20.47 252.04 <0.001
Density · delay · day
sampled

6 0.14 1.68 0.135

Residual 96 0.08
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ties, fecundity was not significantly different
between delay treatments, but gametophytes that
had been previously delayed appeared to have more

consistent fecundity for these densities (Fig. 4c; two-
way ANOVA: density, F2,24 = 2.97, P = 0.070; delay
treatment, F1,24 = 0.425, P = 0.521; density · delay
treatment, F2,24 = 2.47, P = 0.110). Delayed growth
and reproduction resulted in decreased survivorship
irrespective of gametophyte density. For the three
highest densities, delayed gametophyte survivorship
decreased at a significantly higher rate than nonde-
layed gametophytes through time (Fig. 5; mean rate
for D: 0.76 ± 0.18 and ND: 0.52 ± 0.36 [± 1 SD];
two-way ANOVA: delay, F1,24 = 5.34, P = 0.03; den-
sity, F2,24 = 0.57, P = 0.573; delay · density, F2,24 =
1.58, P = 0.226). However, the 95% confidence
intervals for delayed and nondelayed gametophyte
densities overlapped for the highest density treat-
ment (D: 60–92 gametophytes Æ mm)2; ND: 28–186
gametophytes Æ mm)2). Therefore, the differences
we observed between delayed and nondelayed ga-
metophytes at the highest density were likely due to
delay status and not density.

DISCUSSION

Our results provide strong evidence that one- to
two-celled gametophytes of the giant kelp M. pyrifera
have the ability to delay vegetative growth and repro-
duction for several months during periods of poor
nutrient conditions. Nutrient limitation resulted in
delayed development and inhibition of reproduction
rather than slowed development and eventual repro-
duction, contrary to what has been reported for
other kelp species (Hoffmann and Santelices 1982).
These small gametophytes can then rapidly and con-
sistently produce sporophytes once nutrients
increase. Further work is needed to determine if ga-
metophytes respond similarly in the field and poten-
tially play a role in the recovery of M. pyrifera
populations after ENSO, suggested by Ladah et al.
(1999) and Hernández-Carmona et al. (2001).

The reduction of nitrate is a common limitation
to M. pyrifera growth and sporophyte production in
Southern California (Jackson 1977, Deysher and
Dean 1986a, North et al. 1986). Given this fact, the
role of nitrate in reproduction by gametophytes that
had been delayed was not surprising. However,
increased nitrate alone was insufficient to cause
delayed gametophytes to produce sporophytes and
was required along with other micro- and macronu-

Fig. 4. Effect of gametophyte density on delayed and nonde-
layed gametophytes. Settlement densities were low (L), medium-
low (ML), medium (M), and high (H) corresponding to 1.4
(±0.5), 13.1 (±4.3), 66 (±6.4), and 212 (±15.3) gametophytes Æ
mm)2 (±1 SE), respectively. (a) Time required for sporophyte
production from the time nutrients were added: the day of inocu-
lation (nondelayed gametophytes) or 74 d after inoculation
(delayed gametophytes). Note: missing error bars indicate sporo-
phytes were observed on the same day for all replicates. (b)
Female gametophyte length at the time sporophytes were pro-
duced for each replicate. Number of replicates with sporophytes
is shown above each bar. (c) Maximum percent fecundity (num-
ber of sporophytes per 24 gametophytes). Note: error bars repre-
sent 1 standard error.

Table 5. Results from main effects logistic regression for presence of sporophytes among nutrient and density treatments.
Reference factors were nondelayed treatment and highest density treatment. (Six iterations, log likelihood: )16.17; log
likelihood of constants only model = LL(0) = )15.90; 2*[LL(N) – LL(0)] = 19.46449 with 4 df chi-square P-value )0.0006;
McFadden’s rho-squared = 0.38.)

Parameter Estimate SE t-ratio P-value Odds ratio Upper Lower

CONSTANT –3.01 1.29 )2.34 0.02
Delayed 2.41 1.15 2.1 0.04 11.1 105.25 1.17
Low 4.52 1.62 2.8 0.01 92.28 2,197.91 3.87
Medium-low 3.62 1.44 2.52 0.01 37.24 620.87 2.23
Medium 2.96 1.34 2.2 0.03 19.28 268.83 1.38

95% bounds
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trients provided in the PES medium (e.g., iron, zinc,
or phosphate; Hsiao and Druehl 1973, Kuwabara
1981, Lewis and Neushul 1994). Gametophytes were
able to grow vegetatively in the absence of nitrate as
long as these other nutrients were present (Table 2).
Although nitrogen contamination was unlikely due
to our seawater processing methods, we cannot
be certain that the natural seawater we used was free
of other nitrogen sources. However, growth in
nitrate-depleted media, when phosphate is in
excess (>1 lM), has been reported for gametophytes
of other kelp species (Hsiao and Druehl 1973,
Hoffmann et al. 1984) and was likely due to some
other nitrogen source (e.g., from maternal nitrogen
passed onto the zoospore). While conditions of low
nitrate and high phosphate are unlikely to occur in
Southern California where they generally covary
(Jackson 1977), the low-nutrient conditions we iden-
tified as simultaneously inducing vegetative and
reproductive delays are common. We observed low
nitrate in the Point Loma kelp forest during the late
fall and winter months followed by rapid nutrient
increases during early spring when juvenile kelp
sporophytes are usually observed (see Fig. 1). Inter-
estingly, a peak in zoospore release may occur during
the early winter months (Anderson and North 1967,
Reed et al. 1996), and the coincidence of low nutri-
ents during these times may result in a significant
contribution to a bank of delayed gametophytes,
from which sporophytes can recruit once nutrients
increase and irradiance is nonlimiting.

In contrast to previous studies that have docu-
mented strong control of irradiance on the develop-
ment of M. pyrifera gametophytes grown in high
nitrate concentrations (Lüning and Neushul 1978,
Deysher and Dean 1984), we found no evidence for
significant effects of irradiance on sporophyte
production by delayed gametophytes grown under
low-nitrate conditions. Thus, we may not have
observed an irradiance effect simply because our

low ‘‘limiting’’ irradiance was just below the critical
requirement reported for M. pyrifera (Deysher and
Dean 1986a). However, we believe that our results
may indicate that irradiance has less of an effect
when nutrients are limited. The opposite situation
occurs in northern latitudes where nutrients remain
more or less nonlimiting, but severe shifts in day-
length and irradiance occur, which regulate a delay
and resumption of overwintering kelp gametophytes
(Lüning 1980).

Reed (1990) and Reed et al. (1991) reported that
egg production by nondelayed M. pyrifera gameto-
phytes is subject to strong intraspecific competition
due to nutrient limitation at higher densities. In
our study, reproduction by delayed M. pyrifera
gametophytes was not prevented at higher densities,
because they were able to reproduce 30% more rap-
idly than nondelayed gametophytes once nutrients
were added. Thus, delayed gametophytes may be
able to escape the effects of density by reproducing
before they are large enough to be inhibited, confer-
ring an escape in time. Although the resulting sporo-
phytes will be subjected to density-dependent
mortality as they attain larger sizes (Dayton et al.
1984), the increased rate of gametophyte reproduc-
tion may serve to increase the genetic diversity of the
initial cohort of juvenile sporophytes from which the
population is thinned. Delayed gametophytes also
reproduced at more consistent sizes across densities
than nondelayed gametophytes. Although some
researchers have reported smaller ranges of times
and sizes for reproductive M. pyrifera gametophytes
that have never delayed (Lüning and Neushul 1978,
Deysher and Dean 1984, Reed et al. 1991), high
unexplained variation in gametophyte survival and
development is common under similar laboratory
conditions (Kain 1964, T. Klinger and D. Reed, per-
sonal communication). Our results suggest that the
development of delayed gametophytes is less variable
than nondelayed gametophytes in the laboratory.

Consistently rapid sporophyte production by
delayed gametophytes may be particularly important
after events that result in widespread adult mortality
because the first individuals to develop will likely
escape grazing mortality and outcompete smaller
individuals for access to light (Dayton et al. 1984,
Dean et al. 1984, Reed 1990, Leonard 1994,
Edwards and Hernández-Carmona 2005). For
example, failure of M. pyrifera to recover immedi-
ately in some areas after the 1997–1998 ENSO was
attributed to the total loss of a bank of microscopic
stages and the subsequent competitive exclusion by
understory kelps (Ladah et al. 1999, Hernández-Car-
mona et al. 2001, Edwards and Hernández-Carmona
2005, Edwards and Estes 2006). Recovery mediated
by delayed gametophytes may be similar to postdis-
turbance processes in terrestrial forests where
delayed seeds and seedlings respond rapidly to
increased resources (e.g., irradiance) and outcom-
pete slower growing individuals, which are driven to

Fig. 5. Gametophyte density 8 and 88 d after inoculation for
gametophytes that experienced a delay (D) and gametophytes
that never experienced a delay (ND).
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local extinction or delay until the next disturbance
(Grime 2001, Kozlowski 2002, Makana and Thomas
2005). Nonetheless, the importance of delayed kelp
gametophytes is likely reduced when adults are pres-
ent and newly settled zoospores are plentiful (Reed
et al. 1997).

Kinlan et al. (2003) and Ladah and Zertuche-
González (2007) reported that M. pyrifera gameto-
phytes failed to resume development when they
were switched from limiting to nonlimiting nutri-
ents and irradiance, unlike the embryonic sporo-
phytes. The primary difference between our studies
was that delayed gametophytes used by Kinlan et al.
(2003) and Ladah and Zertuche-González (2007)
had previously experienced optimal conditions
before being delayed. In contrast, our results
address the fate of zoospores that are released
during low-nutrient conditions, likely common in
the field. Lastly, it is unclear if embryonic sporo-
phytes can remain viable in large enough numbers
to regulate recovery in the field (e.g., Ladah and
Zertuche-González reported <30% sporophyte recov-
ery from stress). However, gametophytes of some
species contribute to field recruitment after 2 years
(Edwards 2000), and female gametophytes may pro-
duce multiple sporophytes (Muñoz et al. 2004).

We have identified conditions that allow M. pyrif-
era gametophytes from Southern California to delay
reproduction and then resume their development,
rapidly and reliably producing diploid stages. Delay-
inducing low-nutrient conditions may occur season-
ally or interannually in Southern California and
alternate with high-nutrient conditions that could
induce resumed development. Field investigations
are needed to determine if kelp gametophytes
respond similarly in natural populations. If so, these
successional processes would be similar to terrestrial
forests where canopy gaps promote the rapid
growth of individuals persisting in the understory.
Thus, like other organisms, kelps potentially benefit
from delayed stages that allow populations to persist
in temporally heterogeneous environments.
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