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The ability to survive long periods of unfavorable
environmental conditions and to recover following
severe disturbances is crucial to the persistence of popu-
lations occurring in temporally variable environments.
To compensate for this variability, many species have
developed life histories in which the adult life stages
become dormant or exhibit reduced metabolic activity
during unfavorable conditions and then re-establish
activity when conditions improve (Cohen 1966; Hinton
1968; Crowe 1971; Hochachka and Guppy 1987; Edwards
2000; Kortner and Geiser 2000). Alternatively, if adult
mortality is severe, some species can delay their develop-
ment as more resistant immature or alternate life stages
(Cohen 1966; Tauber and Tauber 1978; Venable and
Lawlor 1980; Grice and Marcus 1981; Hollibaugh et al.
1981; Maier 1990; Pake and Venable 1996). Such cases of
delayed development are often considered as temporal
dispersal strategies and a trade-off with spatial dispersal
strategies (Venable and Lawlor 1980; Levin et al. 1984;
Cohen and Levin 1987; Edwards 2000).

While examples of delayed development have been
observed across a wide array of taxa, the terminology
used to describe them varies considerably; e.g. “crypto-
biosis” for tardigrades (Nelson 2002), “dormancy” for
terrestrial plant seeds (Crocker 1916), “diapause” for
zooplankton (Hollibaugh et al. 1981), “resting states” for
microalgae (Rengefors et al. 2004), “delayed metamor-
phosis” for marine invertebrate larvae (Pechenik 1990),
“deceleration of vital activity” for microorganisms
(Feofilova 2003), and “banks of microscopic forms” for
marine macroalgae (Chapman 1986). Regardless of ter-
minology, delayed development in juvenile or alternate
life stages may be a crucial adaptation to surviving in
variable environments and in establishing spatial pat-
terns in adult stages (Swanson and Druehl 2000). In this
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review, we focus our attention on banks of microscopic
forms (hereafter “stages”) of marine macroalgae. We
specifically address the kelps (Laminariales) which
include the largest algae in the world, reaching up to 50
m in length (Van den Hoek et al. 1995), provide the pri-
mary habitat for a wide variety of species, and promote
biodiversity of commercially and ecologically important
fishes, invertebrates and mammals (Dayton 1985; Foster
and Schiel 1985). Understanding the factors that regulate
kelp forest persistence is fundamental to understanding
how temperate coastal marine ecosystems are regulated.
Our intent is not to provide a comprehensive review of
all known information on the subject, but rather to pro-
vide a brief history of advances in the field and to sug-
gest possible directions for future research.

Many species of marine macroalgae exhibit an alterna-
tion of heteromorphic generations in which one genera-
tion is more tolerant to unfavorable environmental con-
ditions. For example, some species of intertidal red algae
occur as diploid tetrasporic crusts during periods of
increased sand abrasion (Hawkes 1983) and grazer den-
sities (Slocum 1980), and produce upright fleshy haploid
gametic blades when these pressures are reduced.
Further, many marine macroalgae exhibit a time lag
between peak spore production and recruitment of new
juvenile stages, during which the adult life stages are
absent (Klinger 1984; Blanchette 1996; Edwards 2000).
For these species to persist from year to year, microscop-
ic (or unknown heteromorphic) stages must maintain
populations during periods when the macroscopic stages
are absent. While studies of delayed development in
alternate life stages are common for terrestrial plants,
aquatic invertebrates, and phytoplankton (see references
above), in situ studies for macroalgae are rare, at least in
part due to the difficulties associated with their micro-
scopic sizes (Dayton 1985). However, there has been
growing evidence that many species of marine macroal-
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gae rely on banks of microscopic stages to survive peri-
ods of environmental stress and produce new macro-
scopic stages when conditions improve (Kain 1964;
Dayton 1985; Hoffmann et al. 1984; Hoffmann and
Santelices 1991; Edwards 2000). As a result, these stages
have now been identified in a variety of habitats, from
subtidal kelp forests to intertidal boulder fields and the
number of investigations into their ecology is growing
(e.g. Chapman 1986; Hoffmann and Santelices 1991;
Edwards 2000).

An important condition for macroalgal microscopic
stages to survive when macroscopic forms are absent is
that microscopic stages tend to be more tolerant to unfa-
vorable light, temperature and nutrient conditions
(Chapman and Burrows 1971; Nakahara 1984; Wienke
and Dieck 1989, 1990; Hoffmann and Santelices 1991).
However, these stages are very sensitive to other factors
such as sedimentation (Devinny and Volse 1978; Deysher
and Dean 1984), invertebrate grazing (Dean et al. 1988;
Leonard 1994) and exposure to toxic effluents (Anderson
et al. 1990; Reed and Lewis 1994). As a consequence,
there has been some debate about how long these stages
can survive in the field and on their relative contribution
to recruitment of macroscopic stages following extended
periods. In laboratory cultures, gametophytes of the
giant kelp, Macrocystis pyrifera, survive for decades
(Druehl personal communication) while in the field they
may only survive for weeks to months (Deysher and
Dean 1984). In contrast, studies on other macroalgae, e.g.
Desmarestia ligulata, indicate their microscopic stages can
survive in the field for at least two years (Edwards 2000).
It is now widely hypothesized that microscopic stages of
at least some brown algae can persist extended periods
of adult absence and promote rapid recruitment once
resources have been renewed (Kain 1964; Dayton 1985;
Liining 1980; Foster 1982; Klinger 1984; Pierce and
Cowling 1991; Blanchette 1996; Ladah et al. 1999;
Edwards 2000). However, studies directed at assessing
the longevity of these stages and their contribution to
population persistence under a variety of environmental
conditions remains sorely needed to resolve these issues.

Although there is growing evidence for the occurrence
of banks of microscopic stages in marine macroalgae, in
situ development and survival of these stages has only
rarely been investigated (Hsiao and Druehl 1973;
Santelices et al. 1995; Edwards 2000; Worm et al. 2001)
and it is not fully understood which factors regulate it.
This has prevented a complete understanding of the full
macroalgal life history and the ecological importance of

their microscopic stages. Hoffmann and Santelices
(1991), however, identified several key concepts under-
stood for terrestrial systems that are necessary to investi-
gate for macroalgae, including 1) the environmental fac-
tors regulating the delay and resumption of microscopic
development 2) species-specific information on the rela-
tive longevity of microscopic and macroscopic stages 3)
if a bank of microscopic stages allows the exchange of
genetic material between plants of different ages and, 4)
how predation (pathogens, herbivores, bacteria and
fungi) affects the microscopic stages. Resolving these
concepts will greatly enhance our understanding of the
full macroalgal life history. In the following paragraphs
we explore what is known and unknown about these
four concepts.

Addressing the above questions has thus far provided
crucial information into the ecology of these stages and
the environmental cues that cause them to delay devel-
opment. For example, in various combinations that differ
by region and species, latitudinal and seasonal changes
in photoperiod, irradiance, temperature and nutrients
have been shown to induce delayed development in
macroalgae, with irradiance and photoperiod being the
most common environmental cues identified. Hsiao and
Druehl (1973) reported that in situ gametogenesis in
Laminaria saccharina is controlled by irradiance and day
length. Blue light in particular has been shown to be a
necessary factor for sexual reproduction in Laminaria
gametophytes, without which the gametophytes delay in
a vegetative state (Liining 1981). Hoffmann and
Santelices (1991) reviewed some early, and often acciden-
tal, accounts of delay (3-8 months duration) and resump-
tion of development in macroalgae largely due to chang-
ing levels of irradiance and temperature. Under laborato-
ry conditions, Santelices et al. (2002) tested the micro-
scopic stages of 15 algal species from the three primary
divisions of macroalgae (Chlorophyta, Phaeophyta and
Rhodophyta) from tide pools in central Chile and found
that most were able to delay development for at least 60
days and resume growth due to increasing irradiance
and day-length. Under laboratory conditions, Kinlan ef
al. (2003) reported that embryonic sporophytes of
Macrocystis delay development under conditions of limit-
ing irradiance (2-3 pmol photons m™2 s7!) and then
resume growth when switched to non-limiting irradi-
ance (30-70 umol photons m~2 s7!) and nitrate (9 tM)
levels. The only invasive kelp in California, Undaria pin-
natifida, delays gametophyte development when temper-
atures are high (Saito 1975) and recruits once tempera-



tures decrease (Thornber ef al. 2004). Similarly, Edwards
(1998) found that the timing for recruitment of
Desmarestia in central California is closely tied to changes
in photoperiod and a dramatic decline in ocean tempera-
ture coincident with the onset of spring upwelling.
Laboratory studies on Desmarestia gametophytes indicate
they can delay growth under low light levels (< 4 umol
photons m2 s7!) and short day photoperiods (8:16 L:D),
but resume growth when transferred to higher light and
longer photoperiods (Edwards 2000). It is likely that the
temperature effect, reported above, is due to the strong
inverse correlation between temperature and nitrate lev-
els along large portions of the northeastern Pacific coast
(Hernédndez-Carmona et al. 2001, Edwards and Estes in
press).

Thallus abrasion may be another mechanism of induc-
ing sexual reproduction in kelp gametophytes and is
commonly used to induce gamete production in the lab-
oratory. It is possible that abrasion by natural process
like sand scour and grazing may have the same affect in
situ. Sand scour is a common phenomenon in kelp forest
ecosystems where hard bottom kelp forest communities
are intermixed with sandy patches. Microscopic and
juvenile sporophytes and zoospores, however, are detri-
mentally affected by abrasion (Devinny and Volse 1978;
Leonard 1994; Duggins et al. 2001) and any difference in
the response to abrasion between these stages may be
due to their different tissue regeneration abilities. A
small amount of work has been done concerning preda-
tion on the microscopic stages of algae by marine inver-
tebrates (e.g. Dean et al. 1988; Leonard 1994; Lotze et al.
1999; Lotze and Worm 2000; Sala and Graham 2002) but
none of these adequately tested the differential effects of
grazing on different life-history stages of the microscopic
forms (e.g. gametophytes and/or embryonic sporo-
phytes). Investigations are needed to determine if both
the delayed gametophyte and delayed sporophyte are
equally susceptible to abrasion damage.

In addition to environmental control over reproduc-
tion in the microscopic stages, biological control from
neighboring conspecifics may also be important. Just as
ethylene released by ripening fruit induces neighboring
fruit to mature in fruiting trees (Abeles et al. 1992), cues
from individuals may also induce neighboring micro-
scopic stages to resume development. For example,
though not limited to kelps, laboratory studies have
shown that female kelp gametophytes release the
pheromone Lamoxirene to induce sperm release from
mature antheridia on nearby male gametophytes

Carney & Edwards: Cryptic Processes in the Sea 163

(reviewed by Maier ef al. 2001). It is possible that a simi-
lar cue from developing neighbors may induce mature
but delayed gametophytes to begin gamete production.
Gametophytes, then, may potentially mate with younger
individuals once they have resumed development. This
could occur with either propagules from unrelated indi-
viduals which are given time to arrive near the delayed
stages or, because some adult kelps release propagules
over multiple years, with younger siblings. Raimondi et
al. (2004) showed that self-fertilization in Macrocystis
causes decreased sporophyte production and adult
fecundity and may help promote the oscillating kelp
abundance we have observed along our coastline. Since
out-crossing is generally advantageous over selfing
(Maynard Smith 1978), delayed gametophytes may
increase overall population success by surviving long
enough to encounter unrelated individuals or delaying
long enough to ensure increased genetic differentiation
between sibling cohorts.

Unlike the alternate life stages of many organisms that
are truly dormant, banks of microscopic stages for
marine algae likely remain physiologically active and
highly sensitive to changes in environmental quality.
Evidence from laboratory studies suggests that the
microscopic stages of some macroalgae remain sensitive
to environmental quality (e.g. Chapman and Burrows
1971; Nakahara 1984; Wienke and Dieck 1989, 1990;
Hoffmann and Santelices 1991; Edwards 2000), and may
be subject to strong competitive forces (Reed 1990). This
has important consequences for the recovery of popula-
tions following disturbances, especially if these micro-
scopic stages are also impacted by the disturbance (e.g.
Herndndez et al. 2001). Recovery may be further compli-
cated if these stages exhibit ecotypic variability in their
response to environmental stress (Swanson and Druehl
2000) as do some adult stages (e.g. Kpoczak et al 1991).

Unlike the resting stages of most organisms that delay
development as post-reproductive diploid zygotes, algal
resting stages delay development as either diploid (post-
sexual reproduction) or haploid (pre-sexual reproduc-
tion) stages. The identity of the particular life stage(s)
that make up these resting stages has recently come into
question for some large brown seaweeds such as kelps
and, in fact, may vary among species (e.g. Hsiao and
Druehl 1973; Klinger 1984; Kinlan et al. 2003). For the
kepls, the gametophyte is most often reported as the
delayed algal stage (Hsiao and Druehl 1973; Dayton
1985; Klinger 1984; Blanchette 1996; Ladah et al. 1999;
Edwards 2000), although some reports suggest that
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embryonic sporophytes may serve as the delayed stage
(Kinlan et al. 2003). If kelps delay as haploid gameto-
phytes instead of diploid sporophytes, once they resume
development they may potentially reproduce with unre-
lated individuals that accrue over time, thus decreasing
the chance of self-fertilization. In contrast, given that
male and female gametophytes must be in close proximi-
ty for sexual reproduction to occur (e.g. ~1 mm, Reed
1990; Reed et al. 1991), delaying development as diploid
sporophytes may increase the chance of successful
recruitment by removing the constraint that both sexual
stages must survive the extended periods or that the
stages must be reproductive when a new propagule
arrives. In addition, diploid stages may be more adapted
to a broader range of environmental conditions than
their haploid counterparts (reviewed by Thornber and
Gaines 2004).

Unlike terrestrial plant seed banks, which generally
reside under a sediment layer, macroalgal microscopic
stages reside on the rocky substrate below the adults,
which may facilitate our ability to find and study them in
the field (Edwards 1999). Exceptions to this have been
noted by Dube and Ball (1971), who found and were able
to produce sporophytes from Desmarestia viridis gameto-
phytes growing in the tissues of the sea pen Ptilosarcus
gurneyi, and Garbary ef al. (1999) who found several
species of kelp gametophytes growing endophytically in
the tissues of red algae along the northwest coast of the
Unites States. Hsiao and Druehl (1973) and Edwards
(1999) have applied fluorescent labeling techniques to
study the ecology of microscopic gametophytes in situ.
Here, microscopic stages can be labeled (e.g. with
Calcifluor White), outplanted to the field, and later
retrieved for examination with epifluorescent
microscopy. This can allow researchers to study growth
and development under natural field conditions.
Further, evaluation of the relative importance of these
stages to recruitment of macroscopic forms have largely
been done by collecting pieces of substrate (e.g. boul-
ders), placing them in sunlight to kill all algal forms,
transplanting them back in the field, and then monitor-
ing them for recruitment (Hoffmann and Santelices 1991;
Reed et al. 1997, Edwards 2000). Similar to soil steriliza-
tion techniques developed for terrestrial seed banks (e.g.
Bullock et al. 1994; Edwards and Crawley 1999; Rogers
and Hartnett 2001), Edwards (1999) developed a method
for chemically sterilizing (e.g. with bleach) the substrate
in situ using watertight tents, thereby allowing for the
study of microscopic stages on solid rocky reefs. While

these methods, coupled with laboratory experiments,
have increased our ability to study the ecology and
importance of banks of microscopic stages of marine
macroalgae to the persistence of macroscopic popula-
tions, they are still limiting in their ability to identify
and/or quantify these stages in situ. One solution may
be found using molecular techniques in which micro-
scopic stages are identified and quantified using micro-
bial genomics (Swanson and Druehl 2000). Integration of
all these approaches may yield our best opportunity to
finally comprehensively study the ecology of microscop-
ic life stages in the field.

Recent declines in north Pacific kelp forests have been
linked to large-scale oceanographic disturbances (Dayton
and Tegner 1990; Edwards 2004), changes in grazing
intensity, and changes in the abundance and distribution
of species reliant on kelp forest habitat (Dayton and
Tegner 1990; Anderson 1994; Carr 1994; Edwards 2004).
Recovery of Macrocystis from large-scale disturbances
such as El Nino has been geographically variable
(Edwards 2004; Edwards and Estes in press), with some
locations (e.g. near their southern range limit in Baja
California, México), delayed for years to decades
(Hernandez et al. 2001). One mechanism for this delayed
recovery has been the rapid recruitment of subsurface
kelps that competitively exclude the otherwise dominant
Macrocystis (Dayton et al. 1992; Edwards and Hernandez
2005). Consequently, the timing of recruitment may play
an integral role in determining which species recover fol-
lowing disturbances and thus persist year to year. Ladah
et al. (1999) suggested that rapid recovery of Macrocystis
at one location along Baja California, México came from
a bank of microscopic stages that survived the El Nifo,
while Hernandez et al. (2001) suggested that a complete
mortality of the miocroscopic stages ~70 km to the south
completely prevented Macrocystis recovery. Further,
reliance on a ‘seed bank’ may differ within a kelp forest
between edge and interior where zoospore dispersal is
largely constrained by dampened water motion (Graham
2003), but this has yet to be studied. Thus, it appears that
the importance of delayed development in kelp micro-
scopic stages to population persistence may be both con-
text and scale dependent.

Populations in regions where adult disappearance and
prolonged absences are common would benefit from
having long-lived stages. It may be that when environ-
mental variability is seasonally predictable, delaying
development of immature life stages allows a population
to exhibit an annual life history (Tauber and Tauber



1978;Venable and Lawlor 1980; Klinger 1984; Edwards
2000), but when environmental variability is stochastic
and/or seasonally unpredictable, delaying development
of immature stages may promote opportunistic life histo-
ries and allow populations to rapidly recruit following
resource-renewing disturbances (Keeley 1987; Ladah et
al. 1999; Edwards 2000). Alternatively, Reed et al. (1997)
reported that newly settled zoospores dispersed from
distant populations are the primary contributors to
recovery in some California, USA Macrocystis forests fol-
lowing losses of the adults. It is possible that kelp popu-
lations in environments that regularly maintain a portion
of reproductive adults during disturbance events may
invest less in seed bank development than do popula-
tions where total regional loss of reproductive adults is
more common. This may not apply to purely annual
algae like Desmarestia ligulata, Postelsia palmaeformis, and
Nereocystis luetkeana in central California, USA, or Alaria
fistulosa in Alaska, USA which recruit in the spring fol-
lowing several months of adult sporophyte absence. It
has been well established for terrestrial plant communi-
ties that annual species tend to invest more energy in
seed bank formation and have longer-lived seeds than
perennial species do (Grime 1979; Venable and Brown
1993; Rees 1996). Similar questions have recently been
investigated for annual and perennial algae, but so far
results have been mixed and suggest variable reliance
between annuals and perennials (Hoffmann and
Santelices 1991; Worm et al. 2001; Santelices et al. 2002).
Recognizing the entire life-cycle of marine organisms
is critical to both understanding their ecology (e.g. Lotze
et al. 1999; Morgan 2001) and implementing efficient
management practices. The majority of theory on the
decoupling of adult reproduction and juvenile recruit-
ment in marine environments has been developed using
fishes and invertebrates (e.g. Hixon et al. 2002) that dis-
perse their larvae away from the site of release via cur-
rents. This understanding has revolutionized the way we
think about designing reserves and marine protected
areas and has proven invaluable to resource managers.
Such recognition for many marine plants, which are key
habitat providers, requires approaches that look beyond
macroscopic stages and focus on how the microscopic
stages may serve to decouple adult reproduction and
juvenile recruitment through the process of delayed
development. A population’s reliance on a propagule
bank rather than long distance dispersal for recovery
would dictate that kelp populations be managed as sepa-
rate patch populations instead of a meta-population for
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which regional persistence depends on high colonization
rates via dispersal. Much as our developed understand-
ing of certain factors which break terrestrial seed bank
dormancy is integral to agriculture and natural lands
management practices, our understanding of microscop-
ic macroalgal development is critical. Indeed successful
maintenance of existing kelp forests, as well as currently
mandated restoration efforts for those that have
declined, requires this critical understanding.
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