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Abstract

Considerable progress has been made over the last five years
toward development of genetic selection procedures for the kelp,
Laminaria, in a collaborative research program between the State
University of New York and the University of Connecticut. We
review here the current status of taxonomy and our investigations
into genetics and breeding of Laminaria. Growth and reproduction
characteristics of L. saccharina from Long Island and L. longicru-
ris from eastern Connecticut are compared. We emphasize appli-
cation of gradient plate studies to development and growth charac-
teristics from L. saccharina and L. longicruris populations in Long
Island Sound. Such studies have yielded important insights into
the possibility of selecting strains that are superior for given
combinations of light and temperature. Preliminary crossing
experiments between these local entities indicate a sex-linkage for
certain morphological characters.

t Deceased ‘
* Marine Sciences Research Center, State University of New York, Stony Brook NY 11794
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introduction

Geographic variation among seaweed populations has resulted
in considerable taxonomic confusion where morphological or
physiological characters have been used to delineate species
(Mathieson et al., 1981; Rice and Chapman, 1985). Certainly, the
definition of what constitutes a species lies at the heart of taxo-
nomic disputes. The classically accepted definition states that true
biological species are reproductively isolated. Where “species”
cannot be demonstrated due to a lack of sterility barriers, ecotypic
status is frequently assigned to the taxon. By definition, an eco-
type is the product of a genotypic response of a species to a par-
ticular environmental condition of a habitat, and it implies inter-
fertility with other members of the species (Turesson, 1922). Both
physiological and morphological ecotypes have been described for
various algae (e.g., Gerard and Mann, 1979; Yarish et al., 1979;
Mathieson et al., 1981; Russell and Fielding; 1981; Espinoza and
Chapman, 1983; Bolton, 1983; Innes, 1984; Gerard, 1988; Gerard
and Du Bois, 1988). The occurrence of ecotypic variation in
seaweeds has been taken for evidence of genetic differentiation
among populations, whose members are perhaps in the process of
speciation (Innes, 1984). It is this premise that facilitates efforts
directed at selection of strains with both morphologically and
physiologically desirable qualities. c

Taxonomic delineation in brown seaweeds has been conducted
mainly on the basis of phenotypic characters observed in the field
and in culture (Russell, 1978). The developmental state of plants
and their responses to environmental conditions have caused the
greatest consternation among brown algal taxonomists using phe-
notypic characters to delineate species. With the advent of com-
puters, hierarchical analysis in numerical taxonomy has been at-
tempted as a means of simplifying taxonomic criteria and identifi-
cation of species (e.g., Widdowson, 1971; Russell and Fletcher,
1975; Prud’homme van Reine, 1978; Pankhurst and Tittley, 1978,
Marsden er al., 1983; Rice and Chapman, 1985). These methods
have had limited success in natural groups, but have failed where
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phenotypic variability is poorly understood. Many of the criteria
used are based on gut feeling or intuitive weighting. Russell
(1978) cited numerous instances where the role of genotype has

been inadequately separated from phenotype in dictating morpho-

logical form. The influence of common environmental factors on
morphological characters of seaweeds has recently been reviewed
by Norton et al., (1981, 1982). Frequently, attempts to culture rep-
resentatives compound the problem since respenses in culture are
not analogous to responses to variable environmental conditions in
the field. The lack of appreciation of phenotypic vs. genotypic
variability makes attempts to describe phytogeographic distribution
difficult. It also hampers selection of new strains for use in maric-
ulture. To date, there has been only one attempt at using numerical
taxonomic methods in the study of laminarian populations, namely

 Alaria (Widdowson, 1971).

The genetic basis of population differentiation in the Laminari- .
ales has been inferred from observations after one or more genera-
tions reared under similar laboratory conditions, reciprocal trans-
plants between field sites, outplants of germlings to a common
“garden”, and reciprocal crosses between geographically separated
populations (Liining, 1975; Liining ez al., 1978; Bolton et al.,
1983; Espinoza and Chapman, 1983). The most extensive kelp
genetics experiments have been conducted by Chinese workers
(Fang et al., 1962a/b, 1963, 1965, 1966, 1978, 1979; Fang and Li
1963, 1965; Fang and Dai, 1980; Fang, 1984) in attempts to gener-
ate new strains with higher temperature tolerance and increased
iodine content. Only attempts at the latter were successful (see
Brinkhuis et al., 1987 for review).

- Crossing experiments offer a means of assessing differentiation
when correlated to specific environmental differences. However,
interpretation of such experiments is not straightforward. Genetic
differentiation may evolve without affecting compatibility, and
intersterility does not necessarily indicate accumulation of a large
number of genetic differences (Innes, 1984). Recent studies have
found that greater incompatibility is associated with greater geo-

- graphical separation (Rueness, 1973; Miiller, 1979; West et al.,

- 1978; Guiry and West, 1983), but there are numerous examples
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that have demonstrated genetic differentiation among populations
separated by only short distances (e.g., Russell and Morris, 1970;
DeSilva and Burrows, 1973; Espinoza and Chapman, 1983; Innes,
1983).

In this paper, we review aspects of morphological variation in
certain Laminaria species, variation that has complicated the
species concept in this genus. This variation also permits a basis
for selection protocols, as certain morphological attributes are
considered desirable for particular mariculture objectives. For
cxarhple, plants producing wider or longer blades might be re-
quired if the objective is to maximize biomass production. Simi-
larly, plants with longer stipes might be desirable if the objective is
to maximize biomass of stipe material that generally has higher
alginate content. Selection criteria also apply to determining the
most appropriate conditions for obtaining the best growing materi-
als. Our review, then, is followed by experiments we have con-
ducted following these guidelines.

Taxonomic characteristics of North Atlantic
Laminaria species

The genus Laminaria inhabits temperate and polar waters in
the northern and temperate waters in the southern hemispheres. It
is presently believed that the genus originated in the northern
Pacific (Liining, 1985). The Pacific is characterized by greater
numbers of genera and species of Laminariales than is the Atlantic.
This is probably due to repeated displacements of the marine flora
towards the south during the cold periods of the Pleistocene (Hoek,
1984; Yarish et al., 1984; Liining, 1985). Development of cold
water-resistant algae probably occurred during the Miocene, 21
million years ago. Cooling of the earth in the late Tertiary forced
the newly-formed cold water species in a circumpolar route along
the still ice-free coasts of the ‘Arctic into the North Atlantic (Sim-
mons, 1906; Liining, 1985). This paleo-history has been linked to
plate tectonic patterns occurring during the Tertiary (Liining,
1985).

The laminarian sporophyte is in three distinct parts: holdfast,
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stipe and lamina. The lamina, or blade, of Laminaria may be
simple and undivided (Section Simplices), or digitate (Section
Digitatae). The primary growth is intercalary, occurring in the
transition zone between stipe and lamina. Some morphological
characteristics used to distinguish species within the genus (muci-
lage duct anatomy, stipe anatomy and bullations in lamina) are
now known, or suspected to be highly variable and subject to
change in response to environmental differences (see Kain, 1979
for review). In the Section Digitatae from the North Atlantic, |
Sundene (1959, 1964) found that the taxa Laminaria stenophylla,
L. intermedia, L. platymeris, and L. cucullata were merely envi-
ronmentally induced forms of the highly variable L. digitaza.
Similarly, Wilce (1959) found L. cuneifolia and L. groenlandica in
the Section Simplices were identical. Qur detailed analysis of
pertinent Laminarig literature is described below.

Mucilage ducts as a taxonomic character

The presence or absence of mucilage ducts was proposed by
Fritsch (1945) as a character to delineate Laminaria groenlandica
Rosenv. (ducts in laminae and stipes), L. saccharina (L.) Lamour.
(ducts only in laminae) and L. agardhii Kjellm. (no ducts). Wilce
(1965) doubted the validity of mucilage ducts as a taxonomic char-
acter, particularly because of the tendency for duct occurrence and
size to increase with latitude (decreasing temperature). In contrast,
Burrows (1964) found that duct occurrence and size increased with
increasing temperature (implying decreasing latitude) after a com-
parative culture study of L. saccharina and L. agardhii from
Europe at 5 and 10°C. However, Wilce (1963) argued that the
ductless plants (L. agardhii) Burrows found at 5°C were, in fact, a
ductless form of L. saccharina, because Burrows' use of 5°C did
not approach the cold temperatures of Arctic waters, and because
the west and northwest coasts of Norway (Burrows obtained plants

‘from Spitzbergen) are still somewhat under the influence Gulf
Stream water, an environment no more severe than that of some’
areas of North America where L. saccharina (=L. agardhii) is
dominant.
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Thus, Laminaria saccharina has three ecotypes (Wilce, 1965)
based on mucilage duct anatomy. Wilce (1965) concluded that
there were only three species in the Section Simplices from the
North Atlantic. These are L. sofidungula J. Ag. (with a distinct
discoid holdfast, whereas all other species have haptera), L. sac-
charina and L. longicruris de la Pylaie. According to Wilce
(1965), Laminaria at its southern distribution should not have
ducts. We have recently determined that plants in Long Island
Sound may exhibit ducts at various times, but there is no apparent
relationship to taxonomic affinity (Levine, Collantes and
Brinkhuis, unpublished data).

Laminaria longicruris is characterized by being the only spe-
cies in the genus having a long and hollow stipe (Wilce, 1965).
This species was also described as having three ecotypes based on
duct anatomy: L. longicruris with ducts in laminae and stipes from
the Northwestern Atlantic, L. faeroensis Bgrgesen from the North-
eastern Atlantic with ducts only in laminae, and an unnamed
ecotype without ducts described from the Western Atlantic, Based
on the invalidity of duct anatomy as a taxonomic character, Kain
(1976) suggested that L. faeroensis be placed within L. longicruris.
Wilce (1965) proposed that all hollow-stiped plants be referred to
as L. longicruris and all solid-stiped as L. saccharina in his revi-
sion of the northern Atlantic Simplices section, since mucilage
ducts could be found in either species.

Chapman (1975) conducted crossing experiments with three
“species” and examined the mucilage duct heritability component
using materials from Nova Scotia (no mucilage ducts present)
and Newfoundland (both with and without ducts in blade or
stipes). Various combinations of ducts were present in stipes and
blades of Newfoundland populations. There were no discontinui-
ties in the series of biotypes. There was a large environmental
component in the expression of phenotypic variance, and there
were no internal reproductive barriers between any of the anatomi-
cal types. Thus, he concluded that this character does not conform
to the biological species concept. Nova Scotian plants never
exhibit mucilage ducts, and this character breeds true. These breed
freely with plants from Newfoundland showing canals, but the
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heritability component of the phenotypic variance was low. The
regression of offspring measurements on parental mean measure-
ments gives an estimate of heritability. Heritability is the ratio of
additive gene variance to total phenotypic variance- a low herita-
bility indicates high environmental component in phenotypic
variance observed. Chapman suggests that the two “species” be
given ecotypic status. An ecotype is the product arising as the
result of genotypic response of a species to its particular habitat
(Turesson, 1922) and this status implies interfertility. Recently,
Miiller er al., (1985) have found that pheromones in the Laminari-
aceae are identical, suggesting a possible mechanism for interfertil-
ity in Laminaria. Chapman concluded that L. longicruris, and L.
saccharina (=L. agardhii) are synonymous and should be placed
within the taxon L. saccharina. Interestingly, some workers from
Nova Scotia still refer to their local form as L. longicruris.

-In crosses between European (with ducts) and Nova Scotian
(ductless) strains, Liining et al. (1978) found that hybrids all lacked
ducts. However, Bolton et al. (1983) reported that hybrids pro-
duced from crosses of ductless Nova Scotian and ducted Brittany
(France) plants exhibited ducts on two separate occasions, They
also reported that hybrids from crosses of Helgoland (Germany)
and Nova Scotia material exhibited ducts in 1980 experiments, but
~ notin 1981. They suggested that these latter inconsistencies may
have been due to differences in maturity of the plants, but came to
the same conclusion as Chapman (1975) that the presence or
absence of mucilage ducts is largely environmentally induced.
Which environmental variables effect exhibition of ducts and their
functional role is unknown (Liining et al., 1978).

Stipe anatomy as a taxonomic character

Stipe anatomy and morphology in kelps are important charac-
ters, not only for taxonomic criteria, but for commercial applica-
tions. For example, Chinese mariculturists have bred lines of
Laminaria japonica with shorter stipes to minimize stipe biomass
and increase blade production (they eat blade tissues, not the stipe).
On the other hand, the alginate content of stipes is roughly twice
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that of laminae on a dry weight basis (Brinkhuis and Pabst,
unpublished data) and use of Laminaria for the alginate industry
could exploit strains or species with longer or more solid stipes.
The increasing emphasis of Chinese kelp cultivation for the pro-
duction of alginates (1.6 million wet tons of kelp and 7,000 tons of
alginate were produced in 1986- Tseng, personal communication)
may redirect efforts to producing varieties with longer, more
valuable stipes.

The published distribution of hollow-stiped plants (in Kain,
1976) is from Cape Cod to Ellesmere Island (Taylor, 1957), west
Greenland (Lund, 1959), Iceland (Jonsson, 1912}, the Faeroes
(Bgrgesen, 1903-1908; Irvine, 1982; Price and Farnham, 1982;
Tittley et al., 1982) and the Shetland Isles (Irvine ef al., 1975).
However, Parke (1948) encountered plants with hollow stipes in
Argyll, Scotland. Kain (1976) noted Parke’s observation, but
Parke (1948) attributes the finding to the species Laminaria sac-
charina. Kain did not compare any of the features between popu-
lations at Devon (short, solid stipe) and Argyll (long hollow stipe):
Was Parke’s record L. longicruris? Tt appears so. Parke (1948)
concluded that the hollow stipe is produced in summer- or autumn-
developed plants because of rapid growth in length and thickness
during the first growth period and, as a result, the medullary
tissue does not keep pace with that of the cortical tissue so that
air pockets develop in the central portion of the stipe. If this is the
case, then why don’t L. saccharina plants produce long hollow
stipes? What other environmental conditions could induce this
phenomenon?

The use of the hollow stipe as a taxonomic character was first
questioned by Mann (1971), who had difficulty separating Lami-
naria longicruris from L. agardhii. Chapman (1973) shared
similar doubts when he found a clinal relationship of stipe length
and hollow condition with environmental conditions. According to
Chapman (1974), these two taxa are conspecific by the following
reasoning:

1. no discontinuities in the variation of phenotypic characters
previously used to separate the taxa;
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2. the two species are fully interfertile and produced fertile
hybrids; and

3. parents of each species produced at least some offspring
resembling the other.

However, our analysis of Chapman’s (1974) results found the
following causes for concern regarding his interpretations:

1. both stipe length and hollow diameter exhibit considerable
variation at both exposed and sheltered sites that would obscure
statistically significant differences. Some of the data also suggest
seasonal and substratum effects on stipe length;

2. there is a strong genetic component controlling stipe length ;
and hollowness, explaining the lack of change in specimens trans- ]
planted from exposed (normally short, solid stipes) to sheltered
(normally long, hollow stipes) locations;

3. no transplants or outplants of materials were conducted
before the critical stipe length increase period (spring);

4, six parents were selected from an exposed and seven from a
sheltered site resulting in production of 13 full-sibling families.
There is no indication as to how crosses were made (i.e., random
matings, self- crosses, or reciprocal male / female crosses);

5. pooling all 13 families showed that there was significant
among-family variation for the stipe length character. However,
there was also significant variation among families from the
sheltered and exposed sites. The latter means one can not deter-
mine the genetic component of variability;

6. stipe morphology and measurements were not presented.

Further, there is apparent confusion concerning short solid,
short hollow, and long hollow stipes in Chapman (1973, 1974),
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No short, hollow-stiped mature forms occur in the L. saccharina or
L. longicruris. Borgesen’s materials from the Faeroes did include
short (10-15 cm), hollow stipes in L. faeroensis. Xain (1976)
stated “inflation of the stipe is not solely the result of continued
growth in length and thus diameter, but a particular event which
occurs after the stipe is about 0.4 m long”. She also presents three
hypotheses with regard to stipe morphology:

1. L. saccharina and L. longicruris are distinct species;

2. hollow stipes are produced by sheltered conditions and low
temperatures, but similar conditions exist in the fjords of Norway
where the species has not been recorded; and

3. one species is involved as in (2) above, but there has been
an inflow of genes into the area resulting in long hollow stipes
under fairly sheltered conditions,

A number of studies have reported crossing Laminaria sac-
charina with L. longicruris (Liining et al., 1978; Bolton et al.,
1983). These crosses have been made between European and
Pacific representatives of L. saccharina and Canadian specimens
of L. longicruris using both male and female gametophytes of each
species for reciprocal crosses (Table 1). Liining ef al. (1978)
produced hybrids from L. saccharina (Helgoland, Isle of Man) X
L. longicruris (Nova Scotia) crosses, with the excepiion of a
female L. longicruris X male L. saccharina (Isle of Man) cross.
Maximum stipe lengths of all crosses conducted in the above
experiments were 10 cm. Bolton et al. (1983) produced successful
hybrids from L. longicruris X L. saccharina (Brittany and Helgo-
land) crosses with stipe lengths similar to those reported by Liining
et al. (1978). L. longicruris X L. longicruris also produced short
solid stipes. All of these experiments were conducted in holding
tanks or in the sea at Helgoland, Germany. Are conditions there
not conducive to stipe elongation and hollow development?
Liining (pers. comm.) suggested that perhaps the outplants were
too young to exhibit hollow or long stipes. Interestingly, no
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crosses between L. saccharina and L. longicruris from the western
Atlantic Ocean have been reported by Liining and Bolton.

Table 1, Origin of parent Lamingria saccharing (L.s.) and
L. Iongim;ris (L..1.) sporophytes.

Locality Species
Nova Scotia L.L
Helgoland L.s.
Isle of Man L.s.

' Brittany L.s.
Vancouver L.s.

Morphology

Bullate wide blade, long hol-
low stipe, no mucilage ducts

Smooth narrow blade, short solid
stipe, mucilage ducis in blade

Bullate narrow blade, solid short
stipe, mucilage ducts not examined

same as for Isle of Man

same as for Isle of Man

Chapiman (1974) indicates he made crosses between 3 hollow-
stiped and 3 solid-stiped plants, but states “plants with long,
hollow stipes and those with short, hollow stipes belong to the
same biological species”. No data from these crosses are pre-
sented. Furthermore, all of the crosses reported thus far have been
made with materials collected from near the middle of the latitu-
dinal distribution ranges for the genus. Liining (pers. comm.) has
urged that crosses between Laminaria longicruris and L. sacchar-
ina from the northwest Atlantic be performed to clear up the
picture for the eastern North America coast.

Chapman (1978) summarized a variety of hybridization studies
with kelps and suggested that crossability tests are an effective way
to evaluate genetic and taxonomic affinities of seaweeds. The
primary conclusion from these studies is that where species are
¢asily distinguished morphologically, there is usually reproductive
isolation while morphologically confused species are interfertile
(Mathieson et al., 1981). However, Bolton ef al. (1983) suggested
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that great care should be exercised in assessing the value of hy-
bridization experiments in the taxonomy of the Phacophyta. The
experiments of Liining er al. (1978) and Bolton et al. (1983) have
shown that isolates of Laminaria from different geographical
regions and different oceans hybridize both within and between
species, whereas a sterility barrier has been demonstrated between
some trans-Atlantic members of the Simplices (as noted above).
The fact that Laminariaceae share a common sex pheromone
(Miiller et al., 1985) is further reason to expect interfertility. San-
bonsuga and Neushul (1978) demonstrated interfertility in float-
bearing kelps between genera, resulting in intermediate morpho-
logical forms. Stace (1980) remarks “in a great many groups of
plants morphologically distinct species capable of hybridizing with
others are the usual situation, and cannot be considered in any way
abnormal”.

While Chapman (1978) suggests that crossability tests are ef-
fective, one must have some reservations about results reported in
Chapman (1974), Liining et al. (1978) and Bolton et al. (1983)
due to the failure of some crossability experiments, some of which
were not complete designs. Percent fertility of the offspring was
not assessed, F, generation crosses were not conducted, and no
backcrosses with parents were carried out.

While phenetic variation in stipe morphology has been docu-
mented in Laminaria longicruris by Chapman (1973), Bolton et al.
(1983) found no evidence that L. saccharina from the Isle of Man,
Brittany, Helgoland, or the northeast Pacific can be environmen-
tally induced to produce long hollow stipes. Thus, they concluded
that the ability to produce these characters under particular condi-
tions appears to be genetically determined. This is in contrast to
data in Gerard and Mann (1979) suggesting that stipe length 1s in-
versely related to exposure and water movement. However, the
relationship of stipe length to exposure is not discussed and is far
from clear. Druehl (1967) noted that L. groenlandica stipe length
was shorter in more exposed sites, and distinguishes this species
from L. saccharina in the Pacific. However, Wilce (1965) placed
the British Columbian L. groenlandica in synonymy with L.
saccharina. No one has reported crossing L. saccharina with this
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“L. groenlandica”, but Bolton et al. (1983) did use material from
the Pacific where the latter is presumed to occur, according to
Druehl (1967). Bolton et al. (1983) consider this species as syn-
onymous with L. saccharina, citing Wilce (1965). Wilce (pers.
comm,) doubts that the Vancouver L. groenlandica has any rela-
tionship to the material from the West Greenland area described by
Rosenvinge. The Vancouver material reportedly can produce a
digitate blade (not caused by physical ripping of the blade, Druehl
1967) and its taxonomic position still needs to be established
(Wilce, pers. comm.,). Setchell and Gardner (1925), unlike Druehl,
recognized that their L. cuneifolia were different from the Green-
land type-material. They state that L. cuneifolia from Greenland
seems to be a different species and is closely related to L. groen-
landica described by Rosenvinge. Recall that Wilce (1959) placed
L. groenlandica and L. cuneifolia from the Atlantic in synonymy,
and subsequently combined L. groenlandica and L. agardhii into
L. saccharina (Wilce, 1965).

Bullations as a taxonomic character

Bullations are indentations that appear seasonally in some
species of Laminaria. Their physiological significance has been
suggested to be related to increasing lamina surface area for ab-
sorption of nutrients, aiding in the disruption of boundary layers to
enhance nutrient uptake under conditions of low water flow over
lamina. From a maricultural standpoint, production of increased
blade area through bullation formation means more biomass for
harvesting,

What conditions induce the development of bullations on the
laminae of some Simplices laminarians? Setchell (1900) wrote,
“In Laminaria agardhii and L. saccharina of the New England
coast, the writer has found that the summer form is usually ample,
with ruffles and rows of indentations fully developed; but in
August, a change takes place and this summer blade is replaced by
a winter blade which is perfectly plane and devoid of both these
features. Again, in the spring, this plane blade is replaced by the
ruffled and indented form™.
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This same phenomenon was noted by Liining et al. (1978) with
crosses involving Laminaria saccharina from Helgoland and L.
longicruris from Nova Scotia, and in hybrids (Bolton et al., 1983)
produced by crosses between L. saccharina from Vancouver and
Helgoland and between L. longicruris (Nova Scotia) and L. sac-
charina (Helgoland). In the latter studies, pure strains from Van-
couver and Nova Scotia produced bullations year-round. In
European L. saccharina, the presence or absence of bullations
appears to be a fixed genetic trait with the occurrence of this
character being dominant (Liining, 1975; Liining er al., 1978).
Bolton er al. (1983) point out that in other species of non-digitate
Laminaria the inheritance of this trait is more complicated than
that found in Europe. These authors all suggest the ability to
produce bullae seasonally is controlled by some environmental as-
pect. Our own work (Brinkhuis and Yarish, unpublished data)
further supports that contention. Bullae are initiated in December
and initiation ceases in late May.

Biogeography of Laminaria

To characterize potential genetic morphological differentiation
in Laminaria, we can first examine its biogeography over a large
scale (Egan and Yarish, 1988). We have synthesized the stipe
morphology observations and plotted the biogeographic distribu-
tion of L. saccharina (Fig. 1) and L. longicruris (Fig. 2) in the
North Atlantic and Arctic Oceans. The figures also include mean
sea surface temperature (°C) in February (F) and August (A). The
distribution data is based on the following sources: Batters (1889),
Bgrgesen (1903-08), Christensen and Thomsen (1974), Guiry
(1978), Hoek (1982a,b), Hylander (1928), Irvine (1974), Jonsson
(1912), Kain (1976), Kylin (1947), Lee (1980), Lund (1959), Liining
(1975, 1985), Liining et al (1978), Parke (1948), Parke and Dixon
(1976), Taylor (1957), and Turner (1802). Ocean isotherms were
derived from Sverdrup ez al. (1942). Wilce (1965) indicated that
the southern limit of Laminaria distribution in the western Atlantic
is Long Island, New York. However, Egan and Yarish (1988)
have recently reported discovery of a deep-water population of L.
saccharina off the coast of New Jersey.
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Figure 1. The reported distribution of Laminaria saccharina in the North
Allantic. Sources are those listed in Egan and Yarish (1988). Additional
sources are referenced in the text.
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Figure 2. The reporied disiribution of Laminaria longicruris in the North Allantic.
Sources are those listed in Egan and Yarish (1988} Additional sources are
referenced in the text,
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On a small scale, we can examine the distribution of Laminaria
in Long Island Sound. The importance of Long Island Sound to an
analysis of taxonomic variability is that it is the only documented
location where clearly identifiable and apparently segregated popu-
lations exist near each other. Qur observations on distribution of
these two entities in Long Island Sound, using stipe morphology,
are shown in Fig. 3. Two species of Laminaria are found on Long
Island, L. saccharina and L. digitata. L. digitata is found at Mon-
tauk Point only (see Fig. 3). L. saccharina is found primarily
along the north shore of the Island wherever cobble or rock depos-
ited during the last glaciation occur; it also occurs at Montauk
Point. Plants were found in 1969 by Yarish as far west on the
south shore as the jetty at Shinnecock Inlet (unpublished data);
Liddle (pers. comm.) reported its continued presence there in the
winter of 1985. Populations are rarely found at depths greater than
5 m along the north shore. All of the plants have stipe lengths and
morphology typical of L. saccharina. The period of maximum
stipe elongation is spring and stipes reach a mean length of 4.5 cm
by July (Lee and Brinkhuis, 1986). Occasionally, longer-stiped
plants can be found at Montauk Point, a more exposed environ-
ment than other north shore locations. Some plants with stipes up
to 60 cm long have been collected, but these have not been ob-
served to be hollow.

Figure 3 shows that Laminaria longicruris-type plants have
been observed as far west as the Thimble Islands (Branford, Con-
necticut) in water 5 m deep. L. digitata only penetrates as far west
as New Haven, CT, or, in depths of 7 m. Significant stands of L.
saccharina type plants occur as far west as Stamford, Connecticut,
in water depths rarely exceeding 4 m.

Physiological differentiation

Several studies have pointed out that physiological ecotypes of
Laminaria exist along the Atlantic coast of North America. Gagné
et al. (1982) reported that there are seasonal differences between
some kelp populations, i.e. ones from nutrient-poor and others
from nutrient-rich environments, If nitrate was available in high
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concentrations during winter and spring, maximum growth occurred
at that time of year. Findings of these workers suggested ecotypic
differentiation in nutrient/growth interactions for L. longicruris.
These authors reported that accumulation of large tissue nitrate
IESEIves was unnecessary in nitrate-rich environments.

Figure 3. The reported distribution of Laminaria saccharina (sofid
squares}, L. longicruris (open squares) and L. digitata (solid triangles) in
Long Island Sound. Sources are those listed in Egan and Yarish {1988).

Other types of differentiation in Laminaria have been reported
as well. Gerard and co-workers have described ecotypic differen-
tiation in light/photosynthesis interactions (Gerard, 1988) and pho-
tosynthesis/ temperature interactions (Gerard and Du Bois, 1988)
of sporophytes. Yarish and Egan (1987) compared growth of nine
microsporophytic strains at 15°C and noticed significant differ-
ences in growth rate after 43 days. Subsequently, Yarish and Egan
(1989) demonstrated that self-crosses from 15 additional gameto-
phytic isolates produced microsporophytes with significantly
different thermal tolerances. A thermal gradient was created by
utilizing temperature gradient plates (Yarish ef al., 1979; Yarish
and Edwards, 1982; Lee and Brinkhuis, 1988) at an irradiance
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optimal for microsporophyte production. Sporophyte growth was
optimal at 17°C for 12 strains and at 19°C for the remaining three
strains after 38 days. Liining et al. (1978) reported that there are
thermal differences among populations of L. saccharina.

Materials and Methods

A unique combination of culture facilities at the University of
Connecticut at Stamford (UCONN) and the State University of
New York at Stony Brook (SUSB) exists. At UCONN, several en-
vironmental growth chambers were used to conduct culture studies
of gametophytic and juvenile sporophytic plants. SUSB also has
growth chambers for gametophyte cultivation and a flow-through
marine greenhouse for maintaining large sporophytes (see
Brinkhuis and Hanisak, 1982).

Field observations on Laminaria populations have been con-
ducted for several years on the Connecticut and Long Island sides
of Long Island Sound. For the sake of brevity, the reader is re-
ferred to several recent publications that describe the approaches
taken to studying growth and reproduction in these populations
(Brinkhuis ez al., 1983, 1984; Lee and Brinkhuis, 1986; Yarish and
Egan, 1987; Egan and Yarish 1988; Yarish and Egan, 1989).

Gradient plate studies have been conducted on Laminaria sac-
charina (Lee and Brinkhuis, 1986, 1988) and on L. longicruris
(Yarish and Egan, 1988; Egan et al., 1989). For a review of meth-
ods, see Lee and Brinkhuis (1988) and Egan et al. (1989).

We also conducted reciprocal crossing experiments between
Laminaria saccharina from Long Island and L. longicruris from
Connecticut. Meiospores from a single isolate of each species
were raised to the immature gametophytic stage, at which time
cultures were placed under red light to inhibit sexual development
and reproduction. Gametophytes were then sexed and separated
for continued vegetative growth under red light, producing masses
of male and female gametophytes. In February (1988), these
masses were gently ground in a mortar and pestle, and crosses
between males and females from each species were placed under
white light, which stimulated reproductive development. When
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sporophytes became evident, cultures were transferred to 4-liter
glass jars and maintained in an incubator at 15°C until mid-March,
1988. At that time, sporophytes were transferred to the greenhouse
at SUSB. We recorded growth rates by measuring blade length
changes over two week intervals, as well as using the hole-punch
technique (Parke, 1948). Measurements of stipe length and blade
width were also recorded bi-weekly.

Resulis and Discussion

Field cultivation observations

Growth and reproduction of Laminaria saccharina has been
extensively studied at one site, Crane Neck, NY, over a several-
year period (Fig. 4a). The period of maximum blade elongation
occurs in April-May when water temperatures range from 10 -
15°C. Meristematic growth virtually ceases during July as water
temperatures reach 18 - 20°C. Severe distal erosion follows, and
most of the adult population disappears during August (Brinkhuis
et al., 1983, 1984; Lee and Brinkhuis, 1986). Warm summer sea-
water temperatures result in growth reduction before the plants ex-
haust internal nitrogen reserves (Brinkhuis and Charnon, unpub-
lished data), unlike further north where either limitin g irradiance or
nitrogen supply limits growth (e.g., Chapman and Craigie, 1977;
1978; Chapman and Lindley, 1980).

Laminaria saccharina on Long Island primarily behaves as an
annual plant. Reproductive activity in sporophytes is maximal in
autumn and April-July, when the greatest number of plants are
fertile (Fig. 5a). However, fertile plants may be found throughout
the year, except August and September when few adults are pres-
ent. There is some year-to-year variability in the proportion of the
population that becomes reproductive, but the pattern from one
year to another is similar. Meiospore release and reproductive
success are maximum in the spring (Lee and Brinkhuis, 1986).
During late September, small sporophytes may be found at Crane
Neck. Thus, Lee and Brinkhuis (1986) believed that the superior
reproductive activity period in April-May was responsible for the
major recruitment in the population. During the April-May period,
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 juvenile sporophytes resulting from earlier reproduction may be
found, but these don’t survive sumimer conditions. Thus, it was

believed that the population “over summers” in the gametophytic -

stage. Other workers have found that kelp gametophytes have

higher temperature survival limits than sporophytes {(e.g., Bolton
et al., 1983).

Recent studies (Lee and Brinkhuis, 1988) have shown, how-
ever, that the annual recruitment pattern does not involve an over-
summering phenomenon. The autumn sporulation results in the
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only offspring that survive the summer conditions as mature sporo-
phytes. While tissue erosion is significant and the majority of the
mature plants succumb to high water temperatures, some sporo-
phytes survive. These now small sporophytes (due to blade ero-
sion) have a small meristematic region that begins to grow again in
September when water temperatures fall. The blades that form
when growth initiates have a wide, short segment of new tissue, to
which are attached remnants of the old blades. These older tissues
rapidly become reproductive in early-October, perpetuating the
annual pattern. Interestingly, the superior characteristics of the
spring sporulation (fecundity, growth, etc.) are of little conse-
quence to the survival of the species in Long Island populations.

Growth and reproduction of Laminaria longicruris has been in-
tensively studied at one site, Black Ledge (Groton, CT) over the
last two years (Fig. 4b). The period of maximum stipe elongation
is spring and stipes reach a mean length of 120 cm by June (Egan
and Yarish, 1988). These plants all exhibit hollow stipes by
spring, in an area of moderate exposure. The period of maximum
blade elongation is April-May when water temperatures range
from 8 to 12°C. Meristematic growth decreases during July when
water temperatures reach 16 - 17°C (Yarish and Egan, 1987). Spo-
rophyte reproductive activity is maximum in October, when the
greatest number of fertile plants are found; another peak occurs in
April-May (Fig. 5b). Meiospore release and subsequent reproduc-
tive success following gametogenesis also is maximum at this
time. Laminaria longicruris in eastern Connecticut (Black Ledge)
behaves as a perennial plant, whereas L, saccharina in westermn
Connecticut (Stamford) behaves as an annual in a manner similar
to that on Long Island (New York).

The annual patterns of growth and reproduction are very
similar for both Laminaria saccharina in New York and L.
longicruris in Connecticut. Seawater temperatures at the eastern
Connecticut site appear to be cooler, and this probably accounts for
the perennial life history of L. longicruris. Here, greater numbers
of adult sporophytes survive during summer (Yarish and Egan,
1989).
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Tank cultivation observations

At Stony Brook, we conducted experiments aimed at identify-
ing fast-growing individuals that could be used to establish new
strains. An extensive data base exists for measurements of Lami-
naria plants from many areas of the world, and this could be used
to make comparisons. However, size-dependent growth rates
complicate such comparisons. It is, therefore, essential that plants
which are growing fast relative to other members of their size class
be identified. Attempts to describe size-dependent growth rates
have resulted in several biomass-growth models for the Laminari-
ales (e.g. Mann and Mann, 1981; Gendron, 1985). A major as-
sumption of these models is that size-dependent growth remains
the same throughout the year. In other words, the size-growth rela-
ticnship for a given size class remains constant.

We maintained a population of 150 plants in a greenhouse and
monitored growth and morphology between December, 1984 and
April, 1985. The plants were harvested from a natural population
at Crane Neck, NY. Figure 6 depicts a time-series of growth rate
plotted against total blade length. During December, there is a
strong linearity of size-dependent growth rates. In January, the
relationship is still linear, but the slope has decreased dramatically.
Growth rate decreased uniformly across all sizes. At this time,
water temperature is near 0°C, while for December it was 6 - 10°C.
Irradiance also decreases to its yearly minimum in January. By
early February, the slope of the relationship had increased again.
Growth rate had reached a maximum at the end of April. These
data show that the size-dependent relationship is not constant over
time and the previous models are not applicable to Long Island
Sound populations. The examples shown provide some indication
of non-linear relationships between blade length and growth rate; a
point is reached beyond which increased size is not accompanied
by an increase in growth rate. Gendron's (1985) data also exhibit
non-linear relationships, but her treatment ignored this.

The relationship between blade length and width also is non-
linear. Figure 7 shows this relationship in December for blade
width 10 cm above the stipe and widest blade dimension. Note the
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line transecting the plot and that the x-axis is blade width at the
beginning of a growth interval and the y-axis is width at the end of
the interval. Here, the width at 10 cm provides an indication of
what happened during growth in the most recently laid down
tissue. This “unity” line indicates that in early January the popula-
tion was expanding in width in a uniformly linear fashion, i.e., as a
function of original blade width, During April, widths at 10 cm
seem to be decreasing,.

In summary, the previous growth models overestimate produc-
tion because they measured the relationship only during the period
of maximum growth rate and/or size and extrapolated this relation-
ship over the year. The types of plots depicted provide a tool for
selecting the consistently best-growing individuals whose spore
crop can be harvested for subsequent breeding experiments. Care-
ful record keeping is essential in assessing inconsistencies. For
example, we have noted the appearance of blade damage can
explain subsequent decreases in growth rate.

Gradient plate observations

The interaction of irradiance and temperature on meiospore
germination, gametophyte development and growth, and juvenile
sporophyte growth in Laminaria saccharina from New York was
recently reported by Lee and Brinkhuis (1988). That study utilized
crossed light:temperature gradient plates to examine seasonal dif-
ferences during 1985. Similar studies on L. longicruris were
conducted by the UCONN group (Egan et al., 1989). For compari-
son, we illustrate juvenile sporophyte growth in the two species
(Figs. 8 and 9).

Laminaria saccharina embryonic sporophyte growth was a
function of irradiance and temperature throughout the year (Fig. 8).
However, temperature was the single most important determining
factor. Most often, low irradiances were not conducive to juvenile
sporophyte growth, Sporophytes exhibited a much narrower range
of survival temperature than gametophytic stages (Lee and
Brinkhuis, 1988). Growth exhibited seasonal differences. From
November to March, the optimal temperature for growth was 11°C.
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From April to July, 14°C was the optimum growing temperature.
The best growth was observed in April at 14°C and 35 pE m? 57},
resulting in sporophytes 133.4 um long two weeks after meio-
spores were seeded. This possibly is an adaptation response to
seasonally increasing ambient temperatures. Temperatures of 17 -
20° C always totally suppressed sporophyte development and
growth, There appeared to be a case of adaptation to cold tempera-
tures in February, as this was the only month in which sporophyte
development and growth was seen at 4°C,

Seasonal growth responses of Laminaria longicruris to light
and temperature (Fig. 9) exhibit differences in comparison to L,
saccharina. The most rapid development and growth of L,
longicruris sporophytes occurred during December. At the time
of meiospore producticn, developing sporophytes exhibited a clear
response to light, as well as to temperature. Optimal growth was
seen at 15°C and 70 HE m* s, Poorest development and growth in
L. longicruris was seen in October and January.

To better illustrate differences between the two species, the
months of March, May and July can be compared directly. Growth
of Laminaria saccharina juvenile sporophytes was independent of
light, and temperatures between 7 and 14° C supported growth
equally well (except at 120 uE m? s and 7°C). However, growth
~ in March was the poorest of all months. In contrast, growth of L.
longicruris sporophytes was quite good in March. Above 15 UE
m? s, growth was independent of light, and there is a clear rela-
tionship to temperature. Also, L. longicruris sporophytes grew at
a temperature of 20° C; this was never observed in L. saccharina.
Development and growth of L. longicruris in May was comparable
to that of L. saccharina, except that the former’s sporophytes grew
to a larger size, i.e. more quickly. Responses to light and tempera-
ture are quite similar. However, some growth at 5°C was seen in
L. longicruris sporophytes and growth was not observed in L. sac-
charina at 4°C. In July, L. longicruris sporophytes grew best at
irradiances above 15 nE m? s and the best growth was observed
at 15°C (except at 70 LE m2 s!). In the other hand, L. saccharina
sporophytes grew equally well at all irradiances and best at a
temperature of 11°C. Sporophytes in both species reached




ECONOMICALLY IMPORTANT MARINE PLANTS OF THE ATLANTIC

approximately the same lengths under their respective optimum
growth conditions.

We also examined differences between the two species in the
sex ratio of gametophytes with respect to incubation temperature
onthe gradient plate. The ratio of female:male gametophytes in L.
saccharina was the same at temperatures between 4 and 14°C
(Fig. 10a). At higher temperatures, males were more prevalent. In
contrast, male gametophytes in L. longicruris became more preva-
lent as temperature increased from 5 to 15°C (Fig. 10b). There
were significantly more female gametophytes at 5°C. At20°C,
the number of males and females was similar.

In summary, these data illustrate species differences in when to
obtain meiospore material for culture of gametophytic and sporo-
phytic material for seeding in mariculture. These differences are
probably due to ecotypic differentiation, as are other physiological
traits. It appears anomalous that the species that experiences a
warmer summer (Laminaria saccharina) does not exhibit survival
at warmer temperatures, i.e. 20°C, and that L. longicruris living in
cooler waters does. The gradient plate approach has not only
provided a means of selecting the best seed harvest time and the
optimal growth conditions, but also is a tool that can be used to
screen for ecotypic differentiation and selection of superior strains.

Crossing experiments and taxonomic resolutions

During the spring of 1985, we conducted preliminary experi-
ments in which juvenile sporophytes from Black Ledge, CT and
New York populations were grown side by side in the same green-
house culture tank. The range in blade lengths of measured plants
on June 24, 1985 was 17-74 cm for Laminaria saccharing and 18-
99 c¢m for L. longicruris. Thus, many size classes were sampled.
Stipe elongation was significantly greater in L. longicruris, but
blade elongation rates were statistically similar (Egan and Yarish,
1988).

Crossing experiments provided further insight into differences
in growth rates (Fig. 11), blade width (Fig. 12), and stipe length
(Fig. 13). Mean growth rates in March (n=54 for each cross) were
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plate studies.
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Figure 11. Mean growth rate (% day) of F, progenies from crosses of
Laminaria saccharina and L. longicruris in greenhouse culture. First species
code listed for each cross represents the female.

highest for the Laminaria longicruris self-cross and lowest for the
L. saccharina self-cross; this difference was significant. Growth
rates for interspecific crosses were intermediate, and the difference
between the male L. longicruris: female L. saccharina and the L.
longicruris self-cross was not significant. On the other hand,
growth rates of the alternate inter-cross were significantly different
from both self-crosses. Generally, these patterns were observed in
April and June measurement intervals as well. The data suggests
growth rate inheritance is linked to the L. longicruris plants.
Further, these data contradict the finding of Egan and Yarish
(1988) that growth rates of L. saccharina and L. longicruris are
similar.

Mean maximum blade widths recorded on 1 July, 1988 for
each of the crosses (Fig. 12) also indicate differences. Blade
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* plants. Data from 1 July, 1988, First species code listed for each cross rapresents

" the female. w

widths for sclf—'crosscd Laminaria saccharing were narrower than
those of the L. longicruris self-cross. The male L. longicruris:
female L. saccharina inter-cross exhibited blade widths similar to
. those of the L. longicruris self-cross, and the alternate inter-cross
blade widths were most similar to the L. saccharina self-cross.
The data suggest sex-linkage to the male gametophyte.

Mean stipe lengths shown for 1 July, 1988 (Fig. 13) indicate
self-crosses of Laminaria saccharina and L. longicruris were sig-
nificantly different; the range of stipe lengths for L. saccharina is
smaller, On the other hand, stipe lengths of reciprocal crosses
between male and female gametophytes of each species were
intermediate, with both exhibiting a wider range of lengths than
either self-cross. The data suggest stipe length is linked to the
female gametophyte.
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Conclusions

Laminaria longicruris and L. saccharina are dominant mem-
bers of productive subtidal communities in Long Island Sound and
throughout the western North Atlantic basin. Long Island Sound is
a unique area in which to study morphological and growth variabil-
ity in these two entities. This communication has reviewed the
taxonomic problems separating these species. Through an inte-
grated, experimental field and laboratory culture approach, our
preliminary crossing and morphometric studies of L. longicruris
and L. saccharina have enabled us to determine some degree of
genetic differentiation with respect to genotypic and phenotypic
characters. This study has illustrated how protocols should be de-
veloped to determine which morphological characters have a
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genetic basis and, therefore, hold promise for selection and use in
mariculture applications.
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