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PREPARATION OF THIS SYNOPSIS

Laminaria hyperborea has been, for a long time, one of the seaweed species of greatest industrial
importance in Scotland and other parts of the northeastern Atlantic. Also, much of the pioneer work
on seaweed biology and chemistry was done on this species. Therefors, a review of the information
available on the species was considered %o be particularly valuable for all those ooncerned with sea=-
weed research and utilization.

This synopsisg has been edited by G. Michanek, of the Marine Biology and Environment Branoh,
Fishery Resources Division, FAO.

The author is extremely grateful to Dre Ae Jensen (Norway) who very kindly allowed her to use
his own drafis of the sections on harvesting, chemistry and utilization, thereby providing & more
authoritative basis and saving her much time,

Many people have been very helpful in providing information. For this the author is much
indebted in particular to Dr. K. Llining (Germany, FRG), Cand. real P, Svendsen (Norway), Mr. B. Booth,
Drs JoWoGe Lund and Mre HoT. Powell (UcK.), Dro A.H. Dizerbo {France), Professor J. Seoane-Camba
(spain), Dr. Y. Hasegawa and Dr. S. Kawashima (Japan), Dr. G, Michanek (Sweden) and Cand. real
3. Sivertsen (Norway o She is also very grateful to the following for permission to quote unpublished
datas Cand, real Ps Svendsen, Mr. A, Whittick (Canada), Dr. D.M, John (Ghanz) and Cand. real 0. Vahl
(Norway). For permission to reproduce published figures she is indebted to Dr. K. Liining, Cambridge
University Press, Professor B, Baardseth (Norwsy), the Norwegian Institute of Seawsed Research and the
Marine Biological Assooiation of the United Kingdome

In the text depthe are expressed in metres below the lowest astronomical tide (LAT) whioch is
defined as "the lowest level which can be predicted to occur under average meteorological conditiona
and under any combination of asironomical conditions® (U.K., Admiralty, 1963). Where necessary depth
data have been corrected, usuvally to the nearest metre, from the relevant tidal data.

Where possible, algal names have followed the latest British check-~list (Parke and Dixom, 1968)
and animal names have followed the Marine Fauna of the Isle of Man (Bruce e} ale, 1963).
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9 IDENTITY
1.1 Nomenclature
1211 Valid scientific name

Laminaria hyperborea (Gunnerus) Foslie.

This was described and figured by Gunnerus
(1766) as Fucus hyperboreug, but recombined as
Laminaria hyperborea by Foslie (1885).

112 Nomenclatural synonyms

M synonyms are given by TFoslie (1885),
De~Toni (1895), Du Rietz (1920, 1953) and
others, the most important being the following?

Fucus scoparius Stxgm, 1762

Fucus digitatus Mohr, 1786

Laminaria digitata Lyngbye, 1819
Leminaria phycodendron la Pylaie, 1824
Hafgygia digitata Kitzing, 1843
Laminaria cloustoni Edmondston, 1845
Hafgyeia cloustoni Areschougs 1883
Laminaria digitata fo typica Foslie 1884

The earlier name Fucus scoparius of
Strgm (1762) was invalid because, although it
clearly applied only to this speciesy, it was
published in a work not generally employing

binary nomenclature (Du Rietz, 1953)a

For many years there was confusion between
thie species and L. digitata (Huds»% LamouTe,
e.8. by Lyngbye (7819), and Harvey (1846-51) and
although Le Jolis (1855) clearly distingmished
the two species and listed their reliable
characters some confusion continued and even
Foslie (1884, 1885) misidentified some
specimens (Munda, 1965). He (Foslie, 1885) was
satisfied, however, that Gunnerus (1766) had
not included L. digitata in his description
because he examined Gunnerus! herbarium inclu=-
ding the type specimen. Unfortunately Le Jolis
(1855) had not been of this opinion and -thought
that Gunnerus® description was thus invalid,
and that Edmondston®s L. cloustoni was there-
fore the first valid names This synonym was
used for many years, particulerly in Britain
(esgo Newton, 1931)e

113 Vernacular names
Norways Trolltare, sbtortare, slolkkiare, palme-
tare, skrame, hestatare;, havitare;, kurviars,
stolpetare z(}rena,ger, 1953).

British Isles: Tangle, redware; ouvie,
ouvye

Germany: Palmentang.

France (Britteny)s Tali-penn, tali=ebrel.

Ohmi (1968) gives 22 names for the speoies,
most of which are in very local use if at all.

1.2 Taxonomy
121 Affinities
- Supragenerioc

Laminaria hyperbores (Cunn.) ¥osl. belongs
to the family Laminariaceae of the order
Laminariales of the division Phacophytso

- Generic

The genus Laminaria was set up by Lamouroux
(1813) with L. digitata as the type speciesa
The following is a diagnosis of the genus.

The sporophyte is in three distinct parts,
holdfast, stipe and frond (lamina or blade).
The holdfast may be a disc or more commonly
formed of branched haptera which in s few species
give rise to more than one stipe. The stips is
gimple (occasionally branched following damaga),
¥erete or flattened; and expanded into a smooth
frond which may be entire or split into segmentis
distally. The primary growbth region ig the tran—
gition zone between stipe and frond., The frond
has no midridb but may be elevabted or depressged
in different areas. It has no cryptostomata or
natural perforations. Mucilage ducts may be
absent from the plant or present in the frond
and mometimes also in the stipes, Unilocular
sporangia are borne in irregular dark-coloured
sori on the fronds The zoospores develop into-
microscopic sexual dioecious gametophytes, each
female unicellular or a simple or branched
filawenty, each male multicellular but varying
also in complexitye

The genus is wusually divided into two meoc~
tions, the Simplices with an undivided frond,
the Digitatae with the frond normally split into
pegments. Well over a hundred species of
Laminaria have been described but the majority
of these names are invalid, having been trans-
ferred to other genera or being synonyms of
valid specific names. There remains considerable
confusion about many of the specific names still
in usze This is mainly because many species are
morphnlogically plastic and only recently have
serious attempis been made %o define specific
boundaries by experimentation. There is confu~
gion both within small geographical @ -eas where
perhaps a few species show many forms 2rroneously
termed speciesm and between widely separated areas
where perhaps the same specific epithet is used
for differing entitiese In view of the taxonomic
chaos in which the genus must be considered te bey
the following list must be considered as a gulde
only. Much more research must precede a defini-
tive list of species, The Simplices smection is
dism)lezsed in more detail by Burrows {in prepars-
tion).
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Species of the gemus Laminaria are listed
below in approximate order of geographical dis-
tribution, starting with thome oceurring in the
Hortheast Atlantic and progressing westward,

Lo hyperborea (Cunne) Fosle Distinct species.
Northeast Atlantice

Lo digitata (Hudsa) Lamoure Distinct species
with several varieties or forms induced by
habitate Northeast and Northwest Atlanticy
Arctic»

Indistinet species of local
Worth Norwaye

Lo gEEEEIi Tosle

occurrences

Lo ochroleuca la Pylaie
Northeast Atlantice

Distinct speciese

Lo pallida (Greve) Jo Age Distinct speciese
Southeawst Atlantic, Southern Ocean.

Lo schinzii Fosle Somewhat doubiiful species,
of local ocourrence. South Africa.

Lo rodrigueszii Bornet. Disbinct epeciese

Hediterranean.

Lo saccharina (L.) Lamour. This and the next
two species are only disbtinguishable by the
presence or abgence of mucilage duois in
the stipe and fronde Wilce (1965)
aggregates them as L. saccharing bui as at
least one is genetically distinct
(Burrows, 1964) the species delimitation
is uncertain., Northeast and Northwest
Atlanticy Arcticy Northeast and possibly
Northwest Pacific,

L. groenlandica Rosenve, See notes on Lo
saccharina. Archbic, Northwest Atlantie,
Northeast Pacifice

Lo 2gardhii Kjellm. See notes on Lo saccharina.
Northwest Atlantice

L. atrofulva Jo Ag. Doubiful species of local
ocourrence, West Greenland.

Lo ni es Jo Age Thought to be disbinet by

some suthors but Wilee (1965) suggested

synonymy with L. digitets. Avchicy North-

west Abtlantice

Lo longlcruyis la Pylaiee Probably a disbinet
speoies though there has been doubt about
micilage ducise Northwest Atlentice

L. faeroensip Borgemen. Doubiful speoies because

its difference from L. longiorurip is

based on mucllage duets about which there

is wnoertainty. Horthenst Ablantice
Lo solidungula Jo Age Distinet species, North=
west Atlantioc.

cuneifolia Jo» Ags Doubtful speciese Accor—
ding to Wilce (1959) this name is invalid
and the plants attributed to it indistin-
guishable from L. enlandica (Wilce,
1965) but Druehl (19%@5 retains the species.
Northwest Atlantic, Northeast Pacifice

platymeris la Pylaie. Doubtful species.
This is variously regarded as digitate or
simple and included in L. groenlandica by
Druehl (1968) and in L. digitata by South
and Cardinal (1970). ~Northwest Atlantic,
Northeast and Northwest Paoifice

Doubtful species.

figeilis Jo Age Northeast

Pacifice

bongardiana Post. et Rupr. Doubtful specles.

Northeast Pacifice

sinclairii (Harve) Farle
Northeast Pacifice

Distinct species.

ephemera Selch. Distinot speciess Northe

east Pacifice

farlowii Setchell, Poseibly a distinct
species but of local occurrence. Northeast
Pacifice

complanata (Setche et Gardn.) Setchello
Probably a distinct species. Northeasd
Pacifice

setchellil Silva.
east Pacifice

Distinct speciese Nowth=

ruprechtii (Areschs) de Tonio Local ocomr=

rence., Alaskas

dentigera Kjellmo Possibly a distinct speoiese
Northeast and Northwest Pacifice

longipes Bory. Distinct species, Northeast
and Northwest Pacifice

Yeusoensis Miyabe. Variable speclese North-

east and Northwest Pacifice

snsiformie Jo Age Doubbful species of local
cccurrence, Noythwest Pacifiee

Japronica Arvemche This and the following
three species were shown by Tabu (1964) %o
te interfertile. Some are geographically
separated and may be ecads (Hasegawa, 1966)
However, as ‘ransplantation experimenis
have not been weported it is not kuown at
pregent whether they are genetically
distinet.

relipioss Miyabe, See notes on Lo Japonieca.
Vorthwest Paolfice
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L. ochotensis Miyabe. See notes on L. japonica.
Northwest Pacifica

L, digbolica Miyabe. See notes on L. japonica.
Northwest Pacifice

L. fragilis Miyabe. Doubiful species of local
occurrence, Japane

L. longipedalis Okam, Somewhat doubtful
species of local occurrence included in
L. diabolica by Miyabe and Nagai (1933)
and separated by Miyabe (1902, 1936).
Japanoe

L. cichorioides Miyabe. Distinct specieso
Northwest Pacifice

Lo angustata Kjellm. Distinct species. North-
west Pacifice

L. coriacea Miyabeo Distinct species. North-
west Pacifice

Lo sachalinensis Miyabe. Probably a distinct
species, Northwest Pacifice

L. sikotanensis Miyabe et Nagal, Iocal occur=
rence, Northwest Pacifice

L. yendoans Miyabe, Probably a distinct
species but of very local occurrence.
Japane

L. subgimplex Miyabe et Nagai. Doubtful
species included in Lo ouneifolia by
Setchell and Gardner (1925) but retained
by Nagai (1940). Northwest Pacifice

Lo taeniata Post. et Rupr, Doubtful speciese
Northwest Pacifice

L. palmaeformis Okam. Probably a distinct
species, Northwest Pacifice

Lo gurjenovae A, Zine Distinct species recently
described, Northwest Pacifice

= Specific
Gunnerus® herbarium is in Trondheim Museum

tut the type specimen of Laminaria hyperborea
appears ‘to be loste

Diagnosis of L. hyperboreas

Stipe terete, thicker near the base, rugose
except in young plants or new growth, rigid,
containing mcilage ducitss Very young stipes
of 1~20 em distinguishable from L. digitata by
a narrowing at the transition zone. Frond
developing from November onward separated from
old frond by a narrow collar after the first
years Sorus covering most of old frond for i=2
months between September and April. Tissue

positive to bensgidine test (Jensen and Haug, 1952),

Note on the benzidine test:

Two solutions are prepared; A. 5 g benzidine,
25 ml 25 percent HCly to 1 000 ml with H,0;
B, 10 g NaNOy, to 100 ml with HpOs Equal quanti-
ties of A and B are mixed five minutes before
use and used for up to two hours. Freshly cut
tissue of L. hyperbores (and of some other algae)
turns bright red immediately on application.
That of L. digitata changes to yellow-brown
slowly, .

CAUTIN: Users should be well protected from
bengidine because it is highly carcinogenic and
can pass through skin.

Specimens of L. erborea are depesited
at the British Museum (Natural History),
Cromwell Road, London SeWeTe

The following key hasz 4o rely largely on
4he presence or absence of mucilage canals as
disbinguishing characters, These may not be
very reliable and are often difficult to seeo
Many of the species of Laminaria mist be treated
with caution, as explained earlier. All the
very doubtful species and those of very local
occurrence are omittedo

1,  Frond nowmally digitate (splits may

fail to appear in very calm water) 2

Frond entire 11
2. Holdfast a disc

Holdfast formed of haptera 5

3o No mucilage ducts in frond
or stipe, sori elongated

Lo ephemera

Yucilage ducts in frond but not stipe 4

4o Stipe terete but thicker near
the basey, warbty oubtgrowths on
stipe and holdfast when old

Stipe flattened distally,
lamina deeply split

L. yezoensis

L. palmaeformisg

Se Stipe terete but thicker near the
base, tapering just above haptera,
with mecilage ducts 6

Stipe cylindrical at base; terete or
flattened distally, with or without
micilage ducts

6o Stipe rugose except when young.
rigid, mcilage ducts present
L. hyperborea
3tipe smooth T

Te Frond dark, oc¢curs in Pacific L

Stipe and frond light in
colour, occurs in Northwes}
Atlantie

dentigera

L. ochroleuen
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8,

9e

100

1o

12

13

140

156

160

170

18,

19

20,

Stipe 1light in colour, terete,

occurs in South Atlantic L. pallida
Stipe dark, may be flattened
distally, smooth or rugose 9

Stipe smooth and flexuose, devoid
of mucilage ducts which are

present in frond Lo digitata

Mucilage ducts present in stipe 10

Mucilage ducts near surface of
stipe, stipe nearly black, smooth
flattened distally Lo nigripes

Mucilage ducte in mid=cortex
of stipey, stipe smooth, flat-
tened distally Lo setchellii

Stipe hollow Lo longi cruris

Stipe solid i2
Holdfast & disc 13
Holdfast of haptera 15

No mucilage ducts in either fyond
or stipe; sori elongated L. ephemera

Mucilage ducts in frond 14

No mucilage ducts in shipey
stipe thicker near base,
Pacific

Mucilage ducts in stipey; sori o
rounded, Northwest Atlantic L. solidunguls

L. yezoensis

Haptera giving rise %o more
than one stipe (rhizomatous) 16

Single mtipe per holdfast 18

Huoilage ducts present in frond,

abgent from stipe Lo longipes

Mucilage ducts present in frond
and stipe 17

Stipe smoothy ocecurring in

Mediterranean Lo rodriguezii

Stipe mugose, ocourring in
Northeast Pacific Lo sinclairii
Stipe flat for distal two=

thirds of its length Lo complanata

Stipe mainly terete 19
Occurring in Atlanticy, Arcticy

Northeast Pacific or Bering Sea 20
Ocourring in Noxrthwest Pacific only 22

No mucilage ducte in either frond

or stipe L. agardhii
Mucilage ducts in frond 21

21, No mucilage ducts in stipe L. paccharina

Mucilage ducts present in
stipe L. groenlendica
22, 3tipe 2-3 mm in diameter,

micilage ducts in frond but

not stipe L. gurjanovae
Stipe 4 mm or more in diameter 23

23, Stipe of mature plant 300-600 mm
long; mucilage ducts in both
stipe and frond L. longipedalis

Stipe less than 300 mm long 24

24, MWedian fascia less than a
quarter of the width of the

frond L. angustata
Median fascia more than &
quarter of the width of the frond 25

25« Margins of the frond crispate
and waved throughout its length,
mcilage ducts in both stipe
and frond Lo cichordoides

Margins of the frond not crispate,
and not waved near the transition
zone 26

26, Median fascia more than three-
fifths of the width of the frond,
coriaceous and rigidy mucilage
ducts in frond but not stipe

Median fascia less than three-
fifths of the width of the frond 27

L. coriaces

27 Mucilage ducts in frond but not
stipe L.- saccharina

Fucilage ducts in both frond
end stipe 28

280 Iullae present on median fascia
except in very old fronds,

haptera verticillate L. sachalinensig

Bullae only present in very
young fronds Lo japonica group

1022 Subspecies

There are no subspecies of L. hyperbores.
However, two forms other than f. hyperborea
have been described., The first was by Foslie
(1885) and was L. hyperborea f. compressa
Foslice This was a renaming of his L. digitata
fo longifolia Foslie (Foslie, 1884)s The form
ige figured only as a ‘transverse section of the
stipey; which is flattened. As no specimen of
this form can be {raced in Foslie®s herbarium
and the strong possibility that this was a form
of Lo digitata cannot be eliminated, it would
seem prudent to'ignore the description at
presents
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The second forma is Le. hyperborea f.
cucullata Svendsen et Kain and is an ecad charac—
teristic of vory calm water (Svendsen and Kain,
1971)» It is found in very sheltered areas and
in comparatively deep water in slightly exposed
areas, mainly in Norway. It is distinguishable
from L. digitata f. cucullata Le Jolis which it
closely resembles by the taper near the base of
the stipe, the collar between the new and old
frond and the positive reaction to the benzidine
test.

123 Genetic data

The chromosome number in young sporophytes,
unilocular sporangia and female gametophytes
has been counted by Fvans (1965). Because of
the small and mixed size of the chromosomes
the counts were variable btut he thought the
most likely mumbers to be 31 haploid and 62
diploida

Tn the north Furopean species of Laminaria
it seems that the species boundary coincides
with an interfertility barrier. This conclusion
is made from Schreiber's (1930) beautiful set
of experiments in which he failed to obtain
hybrids between L. hyperborea, L. digitala and
Lo saccharina. On ihe other hand, Sundene (1958)
and Svendsen and Xain (1971) obtained normal
sporophytes from crosses of gametophytes from
different forms or ecads of L. digitata and
L. hyperborea respectivelye

Chapman {1948) suggested that differences
in the vertical distributien of L. hyperborea
with latitude might be attributable $o different
strains of the speciess Kain {1969) grew plants
from spores from Norway and the Isle of Man at
different irradiances and temperatures and
observed almost identical growth., A more likely
explanation for Chapman®s observation is his
alternative suggestion that it is due $o dif=
ferences in ecological conditionse

1¢3 Morphclogy and anatomy

1037 External morphology

The mature plant is distinctive and well
differentiated (Fig. 1). The holdfast consists
of haptera which have grown out of the basc of
the stipe. The stipe base is in the shape of
an inverted coney; the lower tip being the
point of original attachment but which may not
still be in contact with the rock. Around this
position there is a ring of small hapitera amd
progressively more recent haptera produced
upward from here are arranged in about scven to
eight vertical rows; each of up to about ten
haptera. FEach hapteron is teretey, up to about
10 mm in diamectery; and is branched about four
timng, the branches decrecasing in diameters
The tipe of the haptera are cxpanded into small
dises adhering to the rock. When a holdfast is

attacked by the limpet Patina pellucida (L.} the
haptera produced nearest to the cavity formed
are clearly stimilated in their growth and
branching so there is a tendency for the cavity
to be covered up and extra attachment to the
rock formed.

The stipe is terete for the whole of itm
length, except where it flatiens suddenly into
the transition zone distally. It tapers slightly
over most of its length but mainly near the base
and apex. The mature stipe is sufficiently
rigid to bear the weight of the frond out of
water with little bending except near the tip
but can usually be forcibly bent into a complete
circle before snapping and showing a clean breake
Except when newly formed, the surface of the
stipe is rugose or papillate and is thus a
suitable substratum for many epiphytes.

At the transition zone the stipe expands
into the fronde. The frond is a flat and wvery
smooth blade normally divided into fingers. The
shape of the base depends on the habitat but is
usually truncate or slightly cordate.

The morphology of the plant is markedly
affected by water movement. Where there isg
strong wave action the holdfast is well developed
with thick, well branched haptera and a large
area of attachment, The stipe is fairly rigid
and more or less straight. The frond is
leathery, truncate at the bame, fan shaped and
divided into many segments, 30 fingers belng
common. The outer fingers of the new frond
(Fig. 1B) are released early {February) and the
old frond is offen lost in March. With decrea~
sing exposure the number .of fingers of the frond
decreases and the old frond remaine attached
until later, Where there is a strong current
but little wave action, the holdfast is also
well developed but the stipe probably more
flexible. The frond ie cuneate at the base and
fingered but much more elongated than the fan-
shaped wave action forme The plant im then
similar to L. digitata under similar conditions,
particularly in the shape of the fronde.

In conditions of shelter from both wave
action and water currents, the plant has a very
different appearance and is termed f. cucullata.
The holdfast is poorly develeoped with few and
weak haptera and weak adhesion to the rocke
The stipe is bent or tortuous and short, nor-
mally being less than 50 em., The frond is thin,
brittle and easily torny cordate at he base,
entire and broad, forming a draping "apron®
(Svendsen and Kain, 1971§m

The frond:stipe weight ratio at any given
age increases with shelter and with depth
(Kain, 1971a).

For the maximum size attained by this
species sece 4.12.
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1:32 Anntomy

Killian (1911) described +he anatomy of Le
digitata in detail and compared i% with that of
L. hyperborea.

The mature stipe is differentiated into a
number of different tissues. Some originate
from primery growth and some from secondarye.

The transition zone is responsible for primary
growth, The activity of this zone resulis in
elongation of the stipe below and production of
ihe frond above. The meristematic timsue is
said (eoge by Killian, 1911) to be confined to
the surface layer of cells but theme could not
by themselves account for all the growth in
length so 1t seems likely that the inner tissues
mist also divideo The surface meristemy or
meristoderm, conmisis of small cells containing
chromatophores and covered by & layer of mucilages
Radial rows of similar cells are cut off ceniri-
petally, Passing inward (Fig. 24) these
gradually become wider, elongated and paler in
the outer cortexs The cells have pointed ends
and are arranged less regnlarly. Cells of the
inner corfex, into which ‘these grade, are longer
5till, have blunt ends and walls thickened with
micilages Some of them have small tube-like
outgrowths. The cells of the inner and outer
cortex show up in different colours under a
polarization microscope (Baardmeth, 1964).
Passing inward the cell rows become more
separated from each other by muicilage but in
some cases are still joined horizontally by
their original pit connexions. In L. digitate
and Saccorhiza polyschides (Killian, 19713
Sauvageau, 1918), and therefore probably in

L. hyperborea, more numerous horizontal con=
nexions between these filaments are formed by &
process with ‘the partial zppearance of conju~
gation. Opposing papillose ouitgrowihs on
adjacent filaments grow toward each other and
join, with & breakdown of the smeparating walls
but no fusion of nuclei. Muring growth in length
the medullary cells appear only to be produced
successively from the inner cortex and they
consequently become siretcheds As the mepta of
the original longitudinal cells seem falrly
rigid the cell walls in these regions are pulled
into a txumpet shape. The swollen ends are
filled with granules. A% the same timey the
cross connexions lengthen and become mainly
oblique, In addition to these two types of
cells in the medulla, there are later formed the
so-called hyphae as outgrowths from cortical
celle {(Pigs 24)s These become very numerous

and grow mainly horizontally through the muci~
laginous spaces between the other, thicker
medullary elements, The medulla thus consists
of filiform ramified tubes entangled into a
felte

Mucilage ducis of the stipe ariss
below the transition zone as lenticular
spaces between the outermost cells in the outer
cortex (Guignard, 1892). As cell division

continuea on the outside, the spaces appear
deeper in the cortex and enlarged, with occa-
sional connexions to the meristoderms At the
inner margin, groups of small celle appear and
divide. They form en irregular layer on the
inner surface of the duct, have denme contents
and are secretory. Secretion of mucilage
appears to originate from the CGolgl vesicles
(Schnepf, 1963)s The epidermis of %he maturer
part of the stipe; well belew the traneiiion
zone, where the surface is rugome, consisis of
a brown, fairly thick, cork-like layer (Schultz-
Schultzenstein, 1853).

Secondary growth in thickness is accomplished
through & secondary meristem gituated in the
cortex inside the mucilage ducts (Fig. 24). How
the tissues external to the meristem are
replenished ag the circumference increases, is
not clear but the meristoderm may be responsible.
The secondary meristem produces cells of the
outer cortex only. The medulls of the stive
thus remains the same diameter as is formed hy
primary growth and is thus wider distally, but
the cortex increases annurlly, During the fast
growing season each year, an approximate cylinder
of cortical tissue im thus laid down outgide the
stipe tigsue of the previous year. During the
slow growing period few celliz are laid down and
these are darker in colour than fash grown cellse
This is apparent o the naked eye but hardly
distinguishable microscopically. It resulis in
annual growth rings (in transverse section) or
lines (in longitudinal section) (Kain, 1963)s.
The dark line for each year hzs the mame length
as the stipe at the time of the slow growing
season during which it was formed, Migure 3A
shows diagrammatically the slow growih lines of
a two-year old planty; the stipe of which was
100 mm long at the end of the firat season of
fast growth and 330 mm long at the end of the
seconde :

Haoplera are produced during the fasht growing
season, The external cell layers of the stipe
divide tangentially and produce a hump in which
there iB an apical meristem (Killian, 1911).
Growbth in length continues until the hapheron
reaches the rock surface when it expands into an
irregular disce. There i no medulla in a hap-
teron but the intermal cells are elongated.
Mucilage ducts are present., The epidermal cells
have few chromatophores at first, so the bap-
teron 18 pale;, but more later when the hapteron
darkense Numerous rhizoids grow out From the
disc and become attachedo If one ha cron ring
is formed during each fast growing period, then
each hapteron is separated from the next by a
slow growih line. Thus tracing each line to the
outside between the haptera demonstrates the
number of haptera rings formed each year, which
varies, The shape of the bage of the stipe
{Pig. 3B) as an inverted cone is explained by
the incresse in the thickness of the stipe with
each Year of secondary growth which extonds only
down to the last vring of haptera, leaving the
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stipe below only as thick as that of the
previous years

Plants can be aged by observation of the
slow growth lines (Kain, 1963). After removing
all but 2 few millimetres of each hapteron,
the base of the stipe is cut longitudinally
and centrally, pasging through a row of haptera.
A thick section is then taken. In Figure 3B,
which is diagrammatic-only, the primary tissue
ig shown black although in the plant the medulla
is more eagily distinguished in this region.
Wear the base the junction of the primary and
secondary tissues can appear slightly darker
and be confused with a slow growth line. If
this turms centripetally when followed down to
the base it is the primary/secondary tissue
junction, but if it turms outward over the firsi
attachment disc or haptera then it is a slow
growth line dating from when the plant was very
small. Later lines can be counted more easily
(Figo 3B), particularly if the separation by
haptera is notede A& count should be made on
both sides, If the plant is sampled during the
fast growing season from December Lo June, care
must be taken to determine that the last slow
growth line has been made apparent by the
current fas! growtho Ify as in Figure 3C, the
last apparent growth line was inside ‘the outer
ring of haptera which were clearly dark and
rugose and therefore a year old, then there mugh
be another slow growbth line not yet visible but
which should be counted. Ify on the other hamd,
as in FPlgure 3D, there are no hapiera on the
outer gide of the last line;, then secondary
thickening of the stipe has already started and
demonstrated the last line, though hapterad have
not yet developed. These can be geen Ho be
developing in Figure 3E, Finally, when new
haptera have developed, as in Figure 3F, the
line is again inside a hapteron ring but these
haptera can be easily distinguished from those
a year old because they are pale and smooth and
may not have expanded at their $ips. Infestation
by Patina pellucida makes age determination
difficult firstly because much of the tismsue is
removed and secondly because “interference® lines
and additional haptera are produced as a reachion
40 the infestation.

The frond is also produced by the activity
of the transition zone. Jt has basically the
same structure as the stipe (Fig. 2B), and the
meristem, cortex and medulla (but not the
micilage ducts) of the two structures are con—
tinuous with each others Just above the transi-
tion zone the lamina is thick but lateral
expansiony partly due to anticlinal division of
the meristoderm, results finally in a thin blade
with a thinner epidermal region than the stipe,
& limited number of cortical cell layers and a
confused network of medullary elements lacking
the mainly longitudinal arrangement of the stipe.
There are fewer hyphae than in the stipe. There
is some doubt as to whether the medulla cells
arise only from the transition zone or also from
cortical cells of the fronds The lateral stret—
ching results in the cross connexions in the
medulla becoming longer than in the stipe and
more cell walls forming across them. When the
frond expands and becomes thinner, hoth medulla
and cortex are reduced but the cortex is less
reduced than the medulla.

Mucilage ducts in the blade are produced
just above the transition zone (Cuignard, 1892)
and are positioned in the cortex as in the stipe
(Pigs 2B)e They are spresd out in an anastomo=
sing neétwork beneath each surface of the frond,
with no connexion between the two systems.

The splits in the frond of L. hyperborea
are not accidental tears tut are preformed by
the activity of the tissues (Killian, 1911).
Longitudinal farrows appear in the epidermis on
one or both sides of the frond, these deepean and
the internal tissues rupbure. The epidermis then
grows over the edge of the cortex and medullu.

Tn common with other Phaeophyta, L. hyper-

borea cells contain vesicles of fucosan; or

physodes, ' The appearance of these in the surface
cells and in the medullary elements is shown in
Figure 2C (Baardseth, 1958). The latter are
apparently more distinctive of the species.
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2 DISTRIBUTION, ECOLOGY AND METABOLISHM
2.1 Total area

L. erborea is confined to the northeast
Atlantic (Fig. 4)» It was reported absent from
Spitzbergen by Svendsen (1959) but more recently
Dizerbo ?1969 has reported it present from
specimens collected by Moign (1965)a. These have
not been checked with the benzidine test and are
not typical of L. hyperborea from further south.
There is little available informaiion on
Jan Mayen or Bear Island. Before Dizerbo's
Spitzbergen report the most northern kmown occur—
rence was the North Cape in Norway and the plant
extends westward along the north Norwegian coast
and a short distance into the UsSoSaRe ' ,
(Vozzhinskaya, personal commmnication)s It also
extends south along the rest of the Norwegian
coast and along the west coast of Sweden into
the Kattegat (Romenvinge and lund, 1947). Accor=
ding to Jénsson (1912) it occurs on most of the
coast of Teceland except part of the east, being
present only at the mouth of BerufjBrdur. How=
ever, Munda (1969) has reported it from
Reyé’arfjb’rahr, further north into this eastern
region affected by the Arctic current. It
occurs in the Faeroes (Edmondston, 1845), the
Orimeys (Spence, 1918), around most of the
British Isles (including the Scilly Isles,
Harvey, 1969) and around the Channel Islands .
(Kain, 1961). 1I# is present in Helgoland but
absent from the rest of Germanye. There iB none
on the Dutch coast (Hartog; 1959). It is
present on the coast of Normandy (Le Jolis, 1855)
and Brittany (Sauvageau, 1918) and southward
(Hamel, 1939; Hoek and Donze, 1967) -
but rare on the Basque {Feldmenn and Lami, 7941)
coasts of France. It reappears on the north
coagt of Spain where the temperature is lower
(Hoek and Donze, 1966) According to Seoane
Canba (19662 its southern limit is in Portugal
at about 40720 N,

262 lLocal vertical and horizontal distri=
bution

The upper limit of L. hyperborea is
usually just above LAT (Towest astronomical
tide) (Kitching, 1941; Xain, 1962) or depressed
below this under conditions of extreme exposure
to wave action (Kain, 1971a), by reduced
salinity (Sundene, 1953) or oscasional other
factorse The lower limit is mmch more variable
and depends on local factors. Light is the
most obvious of these and in very turbid water
such as the Menai Straits off North Wales,
the lower limit ig only 2.5 m below LAT
(Knight=Jones e} alag 1957? and in some polluted
areas the verbical range may be reduced to 1 m
(Bellamy et ale, in press)e In clear waber,
however, the species can be found at more than
30 m below LAT) e.go at 34 m in Norway (Xain,
1971a) and 36 m in southwest England (Whittick,
1969). Forster (1955) attributed variation on

the Devon (southwest Thgland) coast to turbidity,
the lower 1imit near Dartmouth being 5 %o 6 m
and that off Stoke Point, in clearer water, 17 mo
Another factor which can affect the lower 1imit
is grazing {Jones and Kain, 1967).

Near the upper 1imit in exposed mites the
plants are not normally the largest found in
the area; presumably because of removal by wave
action, The best developed forest is thus a few
metres below the wupper limit when the vertical
range allows. With increasing depth the density
decreases and the maximum size of the plants may
get smaller. In some areas; e.ge the Isle of
Man, the lower limit is determined by factors
{such as grazing) acting on the establishment
of the species rather than its later growth rate
(Kain, 1963). In this case, ihe deepest plants
are relatively large and grow only slightly more
glowly than shallow plantse. In other casesy
esgo in southwest Norway (Kain, 1971a), the
deepest plants grow very slowly and are much
smallero

203 Effects of ecological deberminants

This species is clearly unable to withe
stand prolonged exposure to the air. Its
penetration into the intertidal zone is nor—
mally confined to considerably less than a ver-
tical metre above LAT or to vock pools where it
is totally immersed. Kitching (1941) attributes
ite lack of success in the intertidal compared
with that of L. digitata to the greater exposure
of the frond to desiccation, being held up by a
gtiff erect mtipe. Ilining zunpublished) has .
observed mass mortality of L. hyperborea, with
Lo digitata surviving, affer unusually low sea
levelsy at Helgoland in winter. 'This may have
been due to a lack of low temperalure tolerances
The relatively inflexible stipe may also be
more vulnerable to damage by brealking waves and
cause more leverage on the holdfast than thatl

of L. digitata.

Lo hyperborea grows only on solid rock or
stones or boulders large enough not to be turned
over frequently by storms. On solid rock it
grows on horizontal or upward facing sloping
surfaces. It is vare on vertical faces oxr
glight overhangs and then confined to small
ledgess It is absent from completely downward
facing surfacese On large boulders with flat
topa and steep mides the edges foxm a more
favourable substrabum than the central top under
forest forming conditions because o less shade
ing there by other plantse. When no: 11ly gtable
boulders are turned over by unusually severe
ghorms, plants of L. hyperborea with their
gtipes horizontal may survive for some btime but
the stipes bend to the vertical during growih..

There is no direct information on the
temperature tolérance of mature plants of this
species though there is some information on the



2:2

FIFM/S87 laminaria hyperbares

30 W
/

20W
i

u)f‘w \_ 0 10)

20E

Fige 4 The geographioal distribution of L. hyperborea. The arrow

indicaten the uncertain Spltzbergen recorde



FIRM/S87 Laminaria hyperbores

233

early stagesos It is likely that the optimum
temperature (given adequate light) for gamew
tophyte and young sporophyte development extengds
from 10° to 17°C (Kain, 1964, 1965). Above 17°C,
the survival of gametophytes is progressively
reduced, few surviving at 20°C, while sporophytes
are produced up o 19° btut not at 20°C (Kain,
1964,-.1969)s However, sporophytes can grow at
20°C in the laboratory (Kain, 1965)e Tn
Portugaly, al the southern limit of the species,
the winter surface sea temperature during
sporing drops ‘o about 14°C 80 presumably young
stages could survive initially further southe
Howevery in this region the maximum summer
temperatureywhich has o be tolerated by later
gporophytes and mature plants, is 19° to 20°C
(p.s. Navy, Hydrographic Office, 1944). Tt thus
‘seem8 likely that later stages have an upper
temperature tolerance similar 4o the early stages.
Less i8 known about the tolerance %o low fem~
peratures, Youn§ sporophytes grow slightly

more slowly at 5° than 10°C (Xain, 1969) and

can thus presumably survive lower temperaturess
The surface sea temperature on the open coash.

in north Nc¢rway drops to about 3°C in winter
{Saelen, 1¢50)s On the west coast of Spitzbargen
in summer {(July 4o Seplember) the surface temw
perature records vary from 2° to 6°C (Hellands
Honsen and Nansgen, 1912; Nansen, 19153

Svendsen, 1959). It i® not clear whether the
northern limit of the species is determined by
winter temperature or the lack of light during
“the obligate winter sporing season.

~ The. quantitative light requirements of the
early stages of L. hyperborea are lmown. Zoo-
spores can undergo their first development in
the dark and some can survive as early gametom
phytes in darkness for at least 80 days at
10°C (Kain, 1969). A minimum of about
2 pgo cal/em? sec (or 20 lux of daylight) is
necessary for the development of the gametophyies
whijch are light saturated at about 60 pge cal/
cm® mec at 10°C but higher at 17°C {Xain, 1963)s
Very early sporophytes have light requirements
similar to gametophytes (Kain, 1969) but both
the compensation and saturation levels increase
with increase in size, Below smaturation the
growth in light and dark periods is a produck
of the light }a)er:iod and the irradiancey, eogs
40 nge cal/cm gsec for 12 hours in 24 would
give the same growth rate az 20 pge ca’_l./cm2 sac
of tontinuous irradiance {Kain, 1964). The
requirements of intexmediate phases are not
known but in mature plants the compensation
point for photosynthesis is about 60 nge cal/
cm~ sec and saturation is at 300-500 ng. cal/
cm? Bec (L{ining, 1971)» The amount of light
reaching the habitat depends on surface
irradiancey transmittance through the water and
shading, Weasurements of underxwater light in
the Inle of Men (Kain; 1966, 1971b) have shown
that in mid-winter the irradiance at the depth
of the deepest normal lower limit of L. hyper—
borea at 15 m below LAT is probably of the same

order as the minimum requirement of gametophytes
and microscopic sporophytes. In fhe summery howw
ever, these mtages, bub not later sporophytes,
could well be saturated at this levels A%
shallower depths if there is no shading, all
prlanis could be saturated in summer down to 5 m
but almost all would be light limited in winter,
though growth would be possible except where
ghading is smevere. These estimates are supported
by observaltions of growth at different times of
year at these depths. Tn Helgoland (Ilning,
1971)y even at 2,1 m below LAT the irradiance
does nol rise above the compensation point for
fronds wniil April and only in June and July is
it above saturation. This is atiritmied mainly
to sembon stirred up by storms in winter. I% is
1likely ‘that off the southwesht coast of Norway
(Xain, 1971a) light penetration through the sea
is better in winter than off the Isle of Man,
Irradiance levels in deeper walber may thus be
higher, In addition to transmitbance through the
water shading is a very important factor. Small
algae, milt, elc. can cause severe shading on the
rock surface and must reduce considerably the
irradiance important for the growth of the very
early stages, even in a fairly open communitys
The leminaria forest itmelf, of course, is far
from being open znd alsoe causes congiderable
reduction in irrvadiance. Xitching (1941) found
that thick Le erborea forest in Scoiland cut
out 98.8 to 99.1 percent of the light. On the
other hand, in preliminary measurements in the
Isle.of Man (Kain, unpublished) it was found that
this species cub out only about 75 percent of the
irradiance,

Lo hyperborea thrivem in moderate water
movement. The stipe har enocugh flexibility to
bend to. and fro with the horizontal movement of
wave achtion on the bottom subitidally, It cannot
withstand gevere breaking waves, however., Iis
place at the top of the subtidal szone im then
taken by Alaria esculenta (Kain, 1971a). It
thrives also in sites expused to strong currents,
for example at the entrances $o sea lochs and
fjords, Where there is little or no water move~
ment the plants develop into feo oncullatas.

Little is Imown of the malinity tolerance
of ‘the species. In an experiment on the sarly
sbages, Hopkin (unpublished) observed very
occasional and slow sporophyte development
following gametophyte maturation at 16%03 but
not below thiss It is almost certain that its
absence from the Baltic iz determined by the
veduction in salinity. It occurs in the outer
part of the Oslofjord only from 8 to 25 my its
absence from the shallow subbidal being attrde
buied to reduced salinity {Sundene, 1953).
Moving southward along the west coast of Sweden,
the upper limit is progressively depressed
(Michanekv private commwmication) o 15 m ov
deeper, The planis are much smaller than usual
(Kylin, 1907; Levring, 1953)» The salinity at
the inner limit of the species is probably
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between 25 and 30%0S (Levring, 1953; Michanek,
private cormnunication)a In Loch Etive in
Scotland, the immer limit of the species coine-
cides with & salinity of about 260)2303 {Powell,
unpublished).

In the mites on the northeast coast of
Ingland studied by Bellamy et ale (in press) both
the productivity and the depth range of Le
hyperborea were found to be reduced in polluted
sitese In gites with turbid but unpolluted water
the depth range was reduced less but he produc-
tivity in shallow water was even lower, Reduc~

tion in productivity in both cases was attributed

o decreased light penetration. The difference
between the groups was atbbtributed either %o the,
more intermittent nature of the unpolluted tur=
bidity, due to weather conditions; or to some
relative stimulation of growth by nutrients in
polluted waters The latter explanation seems
unlikely if light is limiting growths There is
no evidence, in this area, of inhibition of the
growth of this species by pollubting substances:
other than 1hrough the reduction of light pene-
tration. This i3 supported by experiments on
the early slages (Hopkin and Kain, 1971) in which
there was nc inhibition by waber from the River
Tyne estuary provided that the salinity was
adjusteds Turther laboratory experiments (Hopkin
and Kain, 1971) have shown that a number of
household detergents are not boxic &t a level

likely to be found in the sea, though heavy metals

and a herbicide could bes After severe oil
pollution and subsequent detergent treatment on
the mouthwest coast of Fngland, no deleterious

effect on populations of Lo erborea could he
detected (Bellamy et ale, 1967)0

204 Nutrition and growth

2:.41 Assimilation

It is assumedy in view of the lack of
evidence to the contrary, that L. hyperborea is
autotrophic,

The photosynthetic rate shown by zoospores
or early gametophytes for the first two days
after release only just balances respiration
even in saturating irradiance (Kain, 1964). The
saturating irradiance for the growth of early
stages (see 2.3) is low compared with mosh
planktonic and many benthic algae so far studied.
There have been no measurements of the rate of
photosynthesis {in terms of carbon fized per
unit dry weight) of the early stages.

Lining (1971) measured the gross photo=
synthesis of new and old fronds at different
times of year in relation to irradisnce. He
found that the new frond was light saturated at
about 400 pg. cal/em® sec in March at 4°C, at
about 500 pg, cal/cm® sec in May at 8°C ang

Mgust at 16°C but at sbout 200 pgs cal/em® sec

in November at 10°Co The old frond {when & new one

wag present) was saturated at about 300 P& cal/
cm® gee in March and May. At the mame time the
light saturated gross photosynthetic rate .
ingreased in the new frond from about 1,.8 mi 05/
dm* hour in March to around 3 ml Op/dm” heur in
May and fngust and was reduced to about

163 ml Oy/dm™ hour by November. In the old frond
the level was around 1.8 ml 0,/dm® hour in March
and May, The increase in saluration level and
gross photosynthesis in the summer were probably
due to adaptation to increased irradiance in the

‘habitate Ilning {1971) also calculated net

photosynthesis at 100 and 400 ng. cal/ cm? sec at
the same times of years Ad the higher irradiance
there was an increase in the new frond from March
to May from about 1.5 Ho about 2.3 ml Oﬂdmz hour
and this remained the same until August end then
dropped o about 1.2 ml Q*_p/dm2 hour in November.
In the old frond the figures fog March and May =
were about 1,0 and 1.8 ml Oz/d.m hour respec-
tively. Thus, although respiration incresses
with higher ftemperatures in the summer (see 2.42)9
the high irradiance and adaptation of the frond
allows plenty of assimilatory surplus at this
time of year. The lower figurezs for the old
frond are athributed to ontogenebic change. At
the lower irradiance, however, the pummer res=
piration rates are relatively more importanty, so
‘the net photgsyn’bhesis falls from about

0.5 ml Op/dm* hour in March to about half this in
May and Mgust. Net photosynthesis of the old
frond g% the low irradiance is higher than the
new frond because of lower respiration rates.

In 2 series of neat experiments,' Liining
(1969b, 1970a) has demonstrated how growth of
the ~ew frond during the early months of the
yedr can take place not only as a result of its
own assimilation but using material from thr cld
frond and stipe. He first showed (Lining, 1969b)
that the new fronds on plants on frames in the
gea at 205 m developed the miximum area during
the fast growing season only if both old frond
and sbipe were present. Plants with either of
these amputated produced smaller new frondse
In whole plants kept in the dark the now fronds
grew apprecliably. He also found that amputation
of most of the frond in September affected the
gize of the new frond producede From these
observations he concluded that growth of the
new frond was partly at the expense of material
from both the stipe and the old frond. This he
took as an explanation for the observation that,
in young plants at leasty each annual frond is
normally larger than the last (see 2.44)o In
later experiments (L{ining, 19703,) on variously
amputated plants in complete darkness new fronds
grew only slightly when isolated from old frands,
with or without the stipe. With the old frond
present there was considerable growthy parti-
cularly without the stipe being present. Thus
it seems that in darkmess the stipe does not
supply storage material to the new frond but
may parasitize it, for the production of new
stipe and haptera. Ilning suggested that about
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30 percent of the new frond area produced during
rapid growth is due to storage material in the
old fronds I¥ning (1971) &lso showed that the
old frond could contribute to the new frond
growth through its own assimilation., He exposed
the old frond to labelled bicarbonate and light
and found a gradation {from the collar downward)
of activity in the new frond, whioh was isolated
from contamination. In further experiments on
translocation, Lining et al. {in press) placed
labelled bicarbonate in a small chamber glued to
part of the illuminated frond., They found that
transport took place almost exclusively basi-
petally and was confined to the large medullary
elements in a longitudinal strip corresponding
to the position of the chamber. When the latter
was on the old frond this active strip narrowed
at the collar and widened again in the new frond.
Transport was atill active 24 hours afier expo-
sure, but labelled material had mainly accum
lated near the $ransition zone after 48 hours.
The export of material outside the tissue exposed
to labelled bicarbonate (which was part of the
old frond wlen this was present) did not exceed
1.5 percent. but was much higher in April, during
the fastest growth of the new frond, %than in
January or October.

The general picture that emerges from these
experiments is as follows. At the start of the
fast growing season {see 3.31) in November or
Decembery, the irradiance in +the habitat may well
he below compensation (Lﬁningg 19715, Kain,g
1971b) and growih tekes place at +the expense of
storage material, mainly in the old frond. As
light conditions improve both old and mew frond
assimilate and this material is incorporated
into the new fronde The highest assimilatory
surplus is in the summer months {L¥ning, 1971)
and allows & larger frond than in the previous
year in young plants with stipes which are self~
supporting in terms of assimilation. Iilning
(1970a) suggests that, because old stipes are
heavily infested with epiphytes and epizoans,
assimilation may not be possible and these are
parasitic on the frondse. This could explain why
older plants do not produce successively larger
fronds each year.

2,42 Respiration

Ining (1971) measured respiration rates
of frends at different times of years Taken on
the basie of rate of oxygen production per unit
of frond area, there was a slight increase from
March to August. However, as the frond thickness
changed during this time quite different resulis
were obtained on the basis of dry welght, Then
the value fer the new frond increased from about
0.2 in March to about 0,7 ml 02/g hour in May and
dropped to about the March value in August and
Decembero. As storage materials increase during
the summer IUning also expressed thesc as volume
of oxygen per unit weight of crude protein. The
maximum was still in May, being 6.9 ml Op/g pro-
tein hour respectively., The old frond did not

show the high May rate; remaining at about 0.2
ml 02/g dry weight hour. High respiration was

+thus associated with fast growth and not with

temperature, suggesting adaptation to ambient
sea temperature.

Experiments on cell-free preparations of
Lo hyperborea (Johnston and Davies, 1969) have
indicated that many of the rempiratory enzymes
present in other plants and animals are present
in this alga, The actual biochemical pathways
could not yet be defined, howevera

2043 Nutrition

It is well known thal species of Laminaris
accumlate ions from sea water, some to uite
high concentration factors, tut there has been

little work on L. hyperborea.

Little iz known of the nutritional require-
ments of this speciess It iz normally assumed
that nitrate and phosphate are necessary addi-
tiong to sea water for lahoralory experiments
and there is little development of the early
stagee in stagnant sea water with no additions.
Harries (1932) added small quantities of
potassium nitrate and phosphate to L. hyperborea
cultures every 10 days and invesitigated the
effect of different jiodine additionss She
claimed that low concentrations of the latber
had a stimulatory éffect. There has been hno
further evidence that this species requires a
higher concentration of iodine than is present
in natural sea water. Growth of the early "
stages in the laboratery in Kain®s {1964) wmedium
of 1 viural sea water enriched with 1.0 il KNO3g
0.1 mM'KQHPO4, 0,005 mM FeCly and eleven vitamins
ip as fast ac has been recorded for laminariae

204—4 Growth

Under optimum conditions in the laboratory
the gametophytes mature and produce gametes in
about ten days from the releame of zoospores.

In the case of the female, this may not involve
cell division but only differentiation and
inerease in size. The male;, although smaller,
always becomes multicellular. Under sub~optimal
conditions maturation tazkes longer and there may
be vegetative growbth of the gametophyles prior
to gamete formation.

The Tirst two divisions of the zygote occur
in quick succession but afier this cell division
of the-sporophyte takes place about every 45
hours under optimum conditions and while the
plant is still monosiromatic. This results in
a plant of 1 000 cells in 20 days from spore
release (Kain, 1969). During this phase the
growth has been shown t0 be two-dimensional with
slight increase in cell size but very 1little
change in plant shape (Kain, 1965). There is
therefere a straight—-line relationship botween
the logarithms of sporophyte length and cell
number. The relationship is such that &
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sporophyte of 1 000 cells would be about 1 mwm
long {Kain, 1969). This species has not been
observed further in the laboratory but has been
measured attached to slideg in the sea (Kain,
1965)« The plants were fdlind to contimme
logarithmic growth in length at least up to

10 mme. The yate of growth in length was about
10 percent/day, half that obserwved under ophimum
conditions in the laboratory, but as the plant
was by this time mainly polystromatic, this must
have involved a similar rate of cell division.
A% this observed rate of growth, it would 4ake

a sporophyte of 1 wmm 25 days to reach 10 mm.

The total time from spore release would thus have
been 45 days. This rate of growth may rarely be
achieved in the mea.

There is less available information on the
rate of growth from this stage onwarde. It is
difficult to find the maximum rate of cleared
areas in the sea becanse of competition from
faster growing opportunisis such as Saccorhiza
and Desmarestia during -the first year». Kain
(unpublished) has observed growth on cleared
areas on th: submerged blocks of the ruined
breakwater .4t Port Frin, Isle of Man.. One block
was cleared in November in such a way that only
plants of lese than 10 mm could have remainede
From successive samplings fyrom the block, the
largest plant of L. hyperborea was measured.

The growih in length was roughly logarithmic for
about five months (after which competition was
serdous) and corresponded very approximately to
2 percent/daym As this was during the winter,
although in shallow water (1.7 m below LAT),
1ight was probably limiting so the potential
grvowth rate must be fagter, On another block
cleared in August, one plant showed 2 rate of af
least 3 percent/day during the first three monthse.
Thus, at the fastest rate observed mo far, it
would take a plant 145 days from spore release
to reach 200 mm, There is no doubt that this

rate could be faster under optimum conditiens,
possibly including weeding cut of competitors.

FPurther observations of these cleared
blocks will be published at a later dates
measurements can be mentioned now. Table I
shows the stipe and frond lengths of the largest
plant of L. hyperbores removed from a 0,5 x 0.5 m
quadrat after the first, second and third year
of growth on blocks cleared in November in three
successive years. It also shows the lengths of
the largest of 20 plants remaining on unsampled
parts of these blocks and measured in gitu. The
growth rate after the first year was probably
nearer to the maximum than during the first year
because there was little competition from other
species,

A few

Wining (1971) has followed the growth in
frond area and stipe length of plants initially
nearly two years old at a depth of 2,1 m below
LAT for two and a half years. Tigure 5, taken
directly from his paper, shows this. Increase
in a new frond area is apparent by February and
there is a rapid increase in April and May which
has ceased by July. During the slow growing
season z considerable area is lost from the fronde
The frond produced in each subsequent year is
larger than the previous one. When Wining
(1970a) grew second year plants on frames st
different depths, he found that the maxiwmum frond
area was reached in June at 2 m and not until
July at 6 me The July fromd area was +the same
at each depth but the stipes at 6 m were only a
third of the length of those at-2 ms The fronds
stipe ratio was therefore higher deepers The
situation was similar in third year plants.

« Jopn (1968) grew tramsplated "firmh yearh
(at the start) plants of L. hyperbores on frames
suspended iu the sea at 103y To4d and 13.5 m below
LAT for a’'period of five months covering most of

TABLE X

Stipe length + frond length in mm of largest plant in sample from
cleared blocks at 2 m below LAT at Port Erin, Isle of Man

Block cleared in

Novenbears 1 _year
1967 270 + 400
1968 90 + 350
1969 100 + 410

280

Longest stipe length of plants measured in situ:

2 years 3.years
340 + 760 740 + 860
340 + 800

580 740
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Fige 5 Records of the growth of frond amd stipe of L. hyperborea at
2 m below LAT in Helgoland (from Ilning, 1971).

the fast. growing period. As the old fronds were
cut off before the experiment, growth may not have
been maximale At 1.3 m

the stipe length about doubled, at Ted m it
inereased by about half and at 13,5 m there was
almost no stipe growth, The frond, howevery grew
at all depths, at 1.3 m to nearly 10 times its
original length, at 7«4 m to about five times
and at 13,5 m to about 2.5 timese. These figures
are very approximate because of individual
variation but the differences between the depths
are clear. The results agree with Lining's in
that there is more veduction in stipe than frond
growth with increasing depths

Growth of the frond of this speoies oan be
followed by observation of holes punched in it
at various distances from the transition zone, as
has been done in other members of the Laminariales
(Parke, 19483 Sundene, 1964; Norton end Burrows,

1969) o

The past growth of plants of a population
can be assessed at eny one bime by measurement of

the stipe and frond weighis and ageing of the
stipe base (mee 1432), This method has been used
by Bellamy et als (in press) in terms of dxy
weight and by Kain (1971a) ih terms of freesh
weighte. 4An incremen® is caleulated for each year
of life; remembering that the stipe is perennial
and the frond ammuale. Thus the stipe increment
is taken as the difference between the mean shipe
weight of an age group and that of the previous
age group and the frond increment as the mean
frond weight for that age group. The resulis
for each successive age group are then added
togethers The population should; of course, be
sampled at the end of the fast growing meamon
when fresh weight is used but later for dry
weighte Some cumlative fresh weights for
various populations caloulated by this method
are shown in Figure 6o The disadvantages of

the method are first that the errory %ooy is
cumlative and second that any one year may nod
be representative.
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3 LIFE HISTORY

3.1 Life cycle

3. 11 Alternation of generations -

L. hyperborea shows marked heteromorphioc
alternation of generations typical of the order.
The large habitat dominating sporopbyte alter—
nates with microseopic dioecious gametophytes
which have not yet been obsmerved in the field.

3.12 HNuoclear phases

Bvens (1965) showed that the gametophytes
were haploid with about 31 chromosomes and young
sporophytes, providing there had been fertili- .
zation, diploid with about 62 chromosomes.
Schreiber (1930), after separating gametopliytes,
showed that uwnfertilized egge could develop into
parthenogenetic sporophytes which survive for &
limited period. This has been confirmed
(Svendsen ¢nd Kain, 1971). Evans (1965) had
one count »f 36 chromogomes in a young E£poTO=.
phyte of this species. This could represent
the haploid number and be explained by partheno-
genetic development of that spoxophyte.

3.2 Reproduction

The zoospore is about 5p in diameter
(Sauvageau, 1918), and is pear shaped with two
lateral flagella and & curved chromatophore
(Williams, 1921)., Sauvegean {1918) found no eye-
spot though he did find one in Saccorhiza. Kanda
{1936, 1944) found none in several species of
Laminaria. However, Kuckmck (1912) showed an
eyespot in L. saccharina zoosSpores. As Saccor=
hiza zoospores are phototactic and those of north
Huropean species of Leminaria are not (Kain,
1969), it secems likely that Sauvageau was right.

- Liberated zoospores can remain motile for
up to & day in the laboratory and when motility
is lost they round off, form a cell wall and may
remein planikcbonic for some days, slowly sinking
(Kein, 1964). They are fairly sticky and adhere
to surfaces. After rounding off, the cell
extrudes o germination tube (Fig. 7) into which
most of the cytoplasm and the chrvomatophors,
divided into two, pass (Williems, 1921). The
tube swells at the end to at least the size of
the original spore; the nucleus divides and one
pagses into the enlargement with most of the
cytoplasm snd chromatophores end a wall forms
aoross the tube (Williams, 1921). The nucleus
and cytoplasm remaining in the original spors
degenerate. This is called the dumb-bell siage
and it can be achieved in the derk and while
still planktonic. :

From this stage onward the development of
the male and the female gamebophyte differs. In
the male the enlargement swells but scon divides
into several small cells in & cluster (Fig. T,
lef%). These divide further and under optimum

conditions in the laboratory there are at least
five pale cells by the time the gametophyte is
mature; within 10 days from spore liberation
(Fig. Ty left)s. Any cell can become an antheri~
dium, the apex of which swells and forms a cap,
bursts and releases a gingle antherozoid from
the gemetangium (Williams, 1921), Schreiber
(1930) found that male survival was favoured over
female in prolonged cultures, perhaps affected by
increasing salinity with evaporation.

For a while the effective cell of the female
gametophyte merely sweélls spherically. It may
then divide tut under optimum conditions usually
does not. It then elongates, to the shape shown
in Figure 7 (right). The tip of the process
thickens and chromatophores crowd into it
(Williams, 1921), A slit then appears in the +ip
and the contents of the cogonium pasgs out through
the gaping opening. The egg is spherical and
about 12 p in diameter. The end wall of the now
empty oogonium closes and forms 2 cup=shaped platb-
form on which the egg may rest. Williams (1921)
was the first to confirm fertilization though he
did not actually see it. He saw eggs surrounded
by active antherozoids and nuclel in warious -
phases of fusion. After fertilization by o male
gamete a wall forms round the zygote. The cone
tinued development of the sporophyte is showm in
Figure 8,

Althongh zygotes are formed within 10 days
in the laboratory under optimum conditiona,
gemetophytes can develop quite differently under
other conditions. Schreiber (1930) maintained
his cultures in sea water with only nitrate and
phosphate added in an unheated room in reduced
deylight, His cultures were unialgal and devoid
of protozoa; +this he achieved by careful washing
of individual early gameltophytes. His gameto-
phytes developed exbtensively vegebatively; eech
one eventually becoming a tengled mass of file~
ments (broader in the female than the mals)
several millimetres across and thus macroscoplo.
Kein (1964) found that similer filamentous
gemetophytes developed in unchenged medium
providing that the irradiance was low., TFigure 9
ghows these at an early stage in development. In
saturating irradiance the gametophytes become
mature before whatever factor that may canse
filamentous development in unchanged medium
becomes effective. Tilamentous gametophyies of
Schreiber's {$ype have been maintained for a few
vears in low light at 10°C (Svendsen and Kein,
1971). The conditions causing this vegetative
growth have yet to be defined.

Filamentous gametophytes may be entircly
vegetative, may have occaslonal gametangia or
under the right conditions may produce many
gametangia. There iB thus & far greater poten-
$ial in terms of gametes in this type of gameio-
phytes Under optimum laboratory conditions a
female produces only one egg end then dies, while
filamentous gametophytes can produce thoucands
over & period of years. The latter con also ba
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Flge 7

Drawings from culbture under optimum conditions of development from
zoospores (top) of male (Left) and female (right) gametophytes to
maturity, the production of & zygote (third row) and its initial
development as a sporophyte (fourth row).
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‘fra{gmented and the various parts continue
growth and reproduction.

The factors determining gamete formation in
filamentous gometophytes remain obsoure. In
several experiments Schreiber (1930) found that
gametes were formed in winter or in artificially
induced low temperatures of 2 4o 4°C but were
sterile at higher summer temperazbures. However,
in saturating irrsdiance, etes are freely
formed at 18°C (Kain, 1969) and filamentous
ganmetophytes become rapidly fertile at 10°C in
new medium in saturating irradiance (Svendsen
end Kain, 1971). Thus, there seems to be am
interaction of factors determining the onset of
fertility in L. hyperhorea gametophytes.

It is not ¥mown what type of gametophyte
exists in the field and how in situ conditions
affect the morphology. Sterlized stones left
at 2 m below LAT on Port Erin breakwater for
two months at different times of year aud then
examined wider a microscope bore L. hyperborsa
sporelings only during the sporing season, as
might be ozpected (Kain, unpublished). On the
edjacent ylock, however, which was scraped every
two montha, sporelings of this speoies arose all
through the year. This suggests that gameto-
phytes might have been present all the time but

500 Jm

the explanation wmight also be that minute sporo-
phytes were lying dormant until able to grow in
increased irradiance (due to the clearing).

The spherical zygote is considerably demser
than sea water and if it is not stuck to the
oogoniun neck it could fall away from & very
steep or overhanging surface. This may be why
the species is absent from overhangs, though the
behaviour of the zoospores could be responsible.
If the zygote is in the proximity of the oogonium
in culture when it produces its firat rhizoid
this)‘usually attaches-on o the neck (Sauvagesu,
1918).

The development of {the sporophyte from the
zygote has been followed in the early stages by
Sauvageaun (1918) and others. The zygote elon—
gates and the cross wall divides it into an
apical and a basal cell (Fig. T, bottom row).
The next divieion can be in either direction,
resulting in four cells in a row or in a oruciate
form. For some time cell divisions tend to bhe
pimaltaneous so that many groups of four or 16
cells can be seen to be aggregated (Fig. 8)e At
this stage the plant remains monostromatio. At
approximately the 30-cell stage a rhizoid is
formed from & basal cell and more develop laters
The shape of the plant is roughly elliptical

Fige 9 Drawings of filamentous male {left) and female (centre and right)
ganetophytes grown in culture in suboptimal light withoul change

of medium.
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(Pig. 8). As development proceeds, there is
periclinal as well as anticlinal division at
the base of the plant, resulting in a polystro~
matic region which will become the stipe.
Gradually the base of the 'frond also becomes
polystromatic %Fig. 9 p) and the stipe terete.
At some stege {at about two months in L.
digitata according to Killian, 1911) growth
becomes localized mainly in the itransition gzone
though also in the surface layers as more of
the frond becomes polystromaiic, being two, three
and four layered and leaving only a tip of the
original monostromatic tissue. A disc is formed
at the base of the stipe and this ie fixed to
the substratum by rhizoids on its lower surface.
Bventually medulla cells are formed from cOr=
tical cells in the stipe and frond in the way
already described (mee 1.32). ILater, the first
vhorl of small haptera grow out above the disc
and form further attachment.

Whether or not growth slows during the
first glow growing season depends on when a young
sporophyte arose and probably on conditionse

It can be seen from the developmental
stages in the figures that the frond:stipe ratio
is high in rery young sporophybes, even before
the shedding of the first frond.

In noxmal growth the sporophyte of L. ‘
hyperbores obligatorily has only one holdfast,
stipe and frond. New stipes cannot arise from
the holdfast as they can in some species in the
genus, There is thus no vegebative reproduction
of this phase., The region of paramount impor-
tance is the transition zone. If this gets
damaged in a particular way,a freak frond can
develop, and if it is split longitudinally into
two without too much other damege, the divided
stipe and frond cen continue growth in two paris.
If the zonme is cut transversely, losing the
frond, the sbipe can comiinue growih for & shork
while only (Kain, unpublished}, during the
growing season. If the transition zone is
destroyed, ‘then the plant is incapable of fur—
ther growth and dies.

The earliest age at which a sporophyte of

L. hyperbores has been observed 4o become fer—
%ile is about 15 monbths (Kain, wmpublished) but
this is wousual. Some have been observed at 18 |
months and almost all planis on cleared areas at
2 m below LAT which were two years old near the
- beginning of the sporing seasen have been
obgerved to spore. However, the malurity of the
sporophyte probebly depends on size as well as
age, so in a forest where growth is slower tham
on cleared areas, fertility may well be arrived
at later. This is supported by .the observation
that two-year olds on cleared arxsas in deeper
water (6 m), where growth is slower, did noi
become fertile during the Sporing season. Of
100 marked plants in virgin forest only T5 per—
oent of the four and five-yesr olds spored while
all those of Biz and over did (Kain, unpublished).

The sporing season has been recorded in
the Isle of Man by Kain (unpublished). The
earliest fertile fronds appear in the middle of
September and the latest disappear near the
middle of April. DBetween these dates there is
a steady incresse to sbout 40 pevcent of wmatuxe
plants sporing at the beginning of Janwary and
then a gteady decline. Labelled plants observed
at intervals spored for & mean of 6.5 weeks each
but there was considerable variation in the
duration. Out of 160 only four plants spored
over tWo sepavate periods and in each case the
pecond sorus to appear was small and on part of
the frond that had not previously boime
sporangis. Parke (unpublished) recorded the
gporing of labelled plants near low water in
Devon, southwest Ingland and found a later and
more intense peak o the sporing season in
February. Rees (1928) also recorded a later
geason, of February to Hay with a peak at the
end of March, in Wales. The 18le of lan obser—
vations have been made over a period of 12 years
and differ only slightly from year fo year so
the differences between these sets of obser—
vations must be due to the locality omy more
likely, %o the selection of populations in
Devon and Wales. Bven in the Isle of Man it
hasg been obaserved that a group of plants of
very similar age may show a closer timing in
their fertile periods than the general popule~
4iony; and the peak may be in a different monthe
It appears that near the north of its range too
this species produces spores in winber {Kain,
1971a).

Nothing is knowa of the time of day of
gpore emission.

Sori develop only on the old frond and in
mature plants cover all but the disital and
proximal parts (Fig. 104). The sorus on cach
finger of a digitate frond extends to ebout 2 mm
from %he laberal efige bub there may be 50 mm or
more of sbterile frond at the tip. Near the
transition zone, or afier the growih of the new
frond, the collar between the fronds, there is
an arc of sterile tissue. There i & sorus on
ench surface of the frond and these are nor-
mally exactly opposite each other. The coverage
of mature frond Burfaces devoid of epiphytes iB
73 percent (Kain, unpublished). In young fronds
gporing for the first time, the sori ayxe smaller
in relation to the froud and there is more of &
gap on the proximal part. It is here that a
second fertile area occasionally appears alSer
the first sori have disappeared.

Certain epizoids and epiphytes affect the
development of fertile tissue. Sori have been
observed extending only up to about 2 mm from
the active edge of Menbranipora. The other side
of the frond can apparently be affected by active
growth of this bryozoan. Sorus formation can
also be inhibited by small epiphytes. Howevery
spiphyies cam be found growing on the-surface of
a mature sorus {(Jaasund, 1965).



3:6

FIRM/587 Laminari a hyperborea

200mm .

-

Paraphyses

-30pm — Sporangia
Pigo 10 The sorus in L. hyperborea
Ao Drewing of fertile frond. Stippled B. Transverse section of sorus ghowing

areat sori on both surfaces, wnilooular sporangia and paraphyses.
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The soyus, which develops from the supei-
ficial cells of ths Trond; is a mizture of club
sheped paraphyses and unilowmelar sporsngla
{Fig. 10B), The parephyses have gelatinous
thickenings at their distsl ends which adhere
together and form o tough coverding to the
sporangia. The latter are shorter, ovel shaped
and can uweunally be seen in various stagez of
development. Whether theve are progressive
orops of these, an c¢laimed for L. saccherive
(Parke, 1948) im not kvown. Thers ove Kbous
7 300 sporsugie {inclnding developing ones) per
square millimedre of frond surfsce arez.
Schreiber {1930) found that of the 32 zoospores
produced in sach sporangium; helf wers pobential
male and haelf potsniisl female gametophybes.
Thus gex is genotypically delbsrmined. Schreibel
described sporangial dshiscsnce. The contants,
sarromded by a membrane, exit with a jerk from
the sporangium and move alowly owbward throungh
the pavephyses, probably pushed by their pres-
pure, leaving the empiy sporengium s4ill attached.
The ball of zocspores rpemsine inbect oviside the
paraphyees for some scoonds and then an opeaing
appears. and the moospores sulm oub.

3.3 Fhenclogy

3231 Seasonal veriation in exbewmnsl
appesrance and morphology

Becaure Lo hyperborsa is o porennial plant
the seazonal chenges are weinly in individual
morphology rether than in popunlalion numberse
These changes ere aszociated with the marked
variation in growth rgbs with season. The fast
growing season stayie in November when the
transition zone becomes paler snd a flabbened
swelling appesrs &bt the base of the fyond. The
onset is remsrkably smdden, a1l plents sterbing
within wesks of each other. This swelling, which
iz the new frond, gradinslly expande iunbe rowghiy
the shape of & thin disce, merging with the obipe
below and the old Frend sbove. When the oom-
nexion with the old frond im naryvwar Fhen the
new frond the zonme bebwsen them nen be oslled
the collar. Iis presence ip characterisdtic of
the specien grown wnder widely differing condie
tions. The new frond expends furtbher (Mg, 1B}
and becomes progresuively thinner. It ronsins
paler than the old fronde. Iy Harch, ander
turbulent conditions, longliudinal splite hawve
gppearsed in the frond and the ouler fingsrs may
have besn freed frow the ool {Fig. 1B}s By
April the new frond aspprosches the szize of the
eld. By July growib hag censed. This sequence
of events takes place somewhat later in deeper
water than in shallow {Mning, 1970s}. The time
of mepavation of +the old frond fyowm the new
depends on walter movemend. X% thms depends on
the degree of shelter of tha cowsstline, the depth
and the incidence of storma. 1t can thus vayy
considerably fyrom year to yeur at one site.
Under turbulent conditions the old frond can be
lost in early Harch while wery sheltered old
fronds of s gucnilets cma be relazined wniil

October {Svendsen and Xadn, 1971). Howewer,
most of the old fronde are venally lost in Harch
to May; al any one site those in shallow water
g before the desper emes {Ilning, 1970a). The
arrival on the heach of & mass of fronds is
often callad the "Moy camt¥.

Congurrantly with frond growih, the slipe
elongates through additien b¢ iis distal ond by
the transition zons. The new mtipe is pale and
smooth, 1% being zowe mouths before the papillas
on its surface appesr and these too are palew
thean the old ones. The new payt of the stipe is
devoid of eplpbytes loxr moms time.

The new growth of haplera;, in a ring sbove
the last, is mwore veriabls in its timing. The
first knobe mey appear in Javusry and the hap-
tera veach the bottom by Marchy or they may not
appear miil July., The esriler sppesrance may
bhe confined to yovager plants and some older
plants do net produce hoplers svory yesad.

After the shedding of the old frond, the
plant is weuslly fairly free of epiphytes and
epizoids from the trensiition sone wpward for &
while. The Laminaris forest in June ond July
thns has o velebtively “olsan® sppearence, with
moest of the smooth browm frounds mclnbiered by
obher orgeniams apart from Pabtlng pellucida.
The highly smeilsginous smopth surface ig not &
very hospitable subsbratom for wmost ovganlsmz,
Fragmently, however, many of the {ronds are
later colonized by the bryozosn Hembranipors .
membranaces snd it is clear that the murface of
this is mueh mowe favourable for the sebllement
of eoplphyies. Br the end of the suumer, parbie-
o erly in shallow waber, many of the fronds
‘hear- e considerable lore. Durdng the winter,
of course, mest of the fronds bear sord, sowe
before the new growbh sterts below them and
some afber. There may be fMmrbthedr colonizabion
by epiphybes, parbicularly on the parts thab
bad heen Ffertile., before the frond is logt.

3032 Seomunal varishion in total
Pregh smd dry welght

The Sokal Frosh weighh of any mature pland
waries considerably with the ssason becanse of
4he sumual developwent of the frond. The mawi-
yum moy be obbained sowmebime during the spring
Just befove the loge of the 014 frond or may be
im July when the mew frond is Pelly grovm. The
minimom may be in November, alter soms logsen o
4he frond by tesring ow grazing end Juet before
the growth of the new one ox in the spring just
after the lops of the old fronde Maximua dry
weight in Britein is from Seplember to Hovembey
(Whittick, 1969) whew the frond contsins a full
complement of storags meberiol. Whitiick found
Fhat the dry weight of inbach fronds in deep.
waber fell faster in the winter than those in
shallow wader, presumably hecmmss of greater usve
of reserve meberisl (wsee 2,41}, Hechenical log»
of fronds, however, must bo Insber in ahallow
wabers
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4 POFULATION
4.1 Structure
411 Age compo‘éition

The age composition of a population
obviously depends on the history of the popula~
tion and the envirommental factors. Types of
population can be broadly grouped in this res-—
pect. Figure 11 shows the age structure of
gome of the populations studied by Kain (1963
and unpublished). In the top line are populations
from shallow water exposed to considerable wave
action. They 21l show a predominance of young
plants, presumably made possible by the continual
removal of largexr plants by wave action. The
similarity of F2, collected samples from dif-
ferent sites in the Isle of Man at 2 m below
LAT made in 1959, and ME4, collected from a single
eite at T m in 1966, encourages a generaliszation
of this sort. In the second line are more
sheltered shallow water populations. Here one
would expect that without regular removal of -
large plan's, more intermittent factors might
allow the development of younger plants. Thus
verious ages dominate. In the third line are
deeper populations where conditions allow thick
forests to foyrm. This is the most stable situe~
tion because storm damage is minimized and a
broad age range made possible. This is showm
well in SE10 and in BH14 but not in ™. The
last was perhaps shallow enough for the mox-
tality to be affected by wave action. Finally,
in the bottom line, are populations from the
edge of the forest, not mmch affected by the
canopyy where the critical factor is oné affec—
ting the establishment of the species on the
. rock. Hers intermittent factors are all-
important and esiablishment is severely affected
by the conditions in a particular year. In
both 1962 (L2 apd L10) and 1966 (MEI4) there
.8eemed {o have been a good establishment year
four years previously.

4.12 Weight or size composition

The method of aging plants of L. hyperborea
instigated by Parke (unpublished) allows a
determination of the size/age relationship
within populations. For some time it was thought
(Kain, 1963) that the stipe, being peremnial, is
a good measure of the growth of the plant through—
out its life. However, it was later found {Kain,
1971a) that environmenial factors can have a
marked effect on the frond:stipe ratio so inter—
pretations mmst be made with care when certain
conditions differ. Table II shows the mean stipe
fresh weights (with haptera removed) with fidu-
cial-limits {p = 0.05) for different ages in
widely differing populations, teken from Kain
(1963, 1967 and wnpublished). Similarly Table
111 shows the frond fresh weights. Some of the
data published in 1967 involved an overestimate
of the plant age (Kain, 1971a). In only two

populations, MCed and BE33, were the smtipes
all significantly smaller than in other popula-
tions. In both this may have been because of
veduced light, the former being at 1 m below
LAT but at the immer limit of the species in a
cave, and the latter being at 33 m near the
depth limit. However, in the former case, the
type of water movement at this site, whioch
caused damege to the meristem, may have beem
responsible for the small size. Small plants
in deep water have been reported by Printz
(1926) in Trondheimfjord. The stipe and frond
weights of the plants in the Isle of Man sites
from 1 %o 6 m below LAT do not differ greaily.
Differences in one-year olds may only reflect
temporary conditions or the time of arising of
most of the group and as size distributionm is
unlikely to be mormal, fiducial limits cannot
be relied upon. The lower stipe weight of the
slightly more sheliered NS4, compared with
ME4, wmay possibly be explained by the frond:
gtipe rvatio being increesed in sheltered water.
This is shown much more clearly in BS4 (Lo
hyperborea f. cucullata) in which the stipes

were very much smaller and the fronds larger
+han other populations. The fact that down to
20 m or so in these populations there is little
reduction in stipe and frond weight is probably
explained by the interaction of demsity and
depth {see 4.22). The largest plants for their
age in these populations were those of BCul.5,
in a fast current near Bergen. It is likely
+that by some sccident the site had been cleared
of vegetation some years previously, becausé
the plants were all young, and that the envivon~
ment was favourable for fast growth. Recent
obvervations (Koin, unpublished) on cleared
arcas have indicated much faster growth rates
than in established foresits.

Tebles IV and V show dry weights found

by Whitbick (1969) of stipes and fronds res=

pectively, using the same method of aging as
Kain, at four sites in Britain. It is clear
from Tables II to V¥ that there is more variae~
tion in mize within an ares and thus with
local conditions than there is betwean the
widely differing latitudes observed.

Phis is also apparent from Grenager's
(1953, 1954, 1955, 1956, 1964) data. His
measurements were all on plants of L. hyper—
borea which were brought up whole by the spring
grab he used for surveys of quite large arcas
in Norway. The surveys were made after the
end of the fast growing season. The plants
came from a wide range of depths and sites in
each case; so each set of observations is more
collective than those by Kain. He counted the
number of "rings® in the stipe, This ie not
quite as reliable an estimate of age as & lon-
gitudinal section but may often glve the same
result. His data for the mean total froch
weight and total length in plants with dif-
ferent number of rings in a number of arcas
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Fige 11 Age sbructure of populations., Percentages of plants within
age-group8. See Tables IX end II for site positions and
depths. (From Kein, unpublished.)
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TABLE 11

Mean fresh weights of stipes at varioue ages in different populations sampled by
Kain (1963, 1971 and wnpublished). Fiduoial limits at 0.05 shown in brackets.
For latitudes and longitudes see Table IX.

Site Depth - Minimum age in years
m below LAT 1 2 3 4 5 .6 7 8 9
MCad 1 0,697 5032 6.47 7.68 644 14.7
(40.383) | (+2.07) | (2.43) | (£2.99) | (+1.67) |(+10.4)
ME4 1 1.89 17.4 45.3 125 236 355 424
(£0.75) | (+6.70) | (+10.8) | (457) | (x112) | (265) | (57)
54 1 0.906 T34 45.8 119 132 224 298 313 348
(£0.467)} (+2.60) | (+12.1) | (+14) | (+25) | (#45) | (x24) | (351) | (237)
P2 2 22.0 52,2 136 |- 21 425. 521 553 544
(£12.2) | (+14.7) | (248) | (261) | (£75) | (256) | (276} | (281)
5 5 9,62 30,9 61,0 227 722
(+3.67) | (£11.6) | (+18.0) (z104) (+203)
15 5 26.9 78,8 223 313 319 318 419
(45.8) (+25.4) | (+67) | (x46) | (267) | (260) | (+110)
110 10 21.2 3547 143
(24.5) | (25.4) (+57)
NE14 11 0.604 2041 27.8 T9a3 110 208
(£0.426)| (+0.83) | (+12.3) | (+9.8)} (+27) | (357)
MER2 19 2,61 - Te42 13.8
(£0.93) | (23.71) | (48.5)
35 3 33,8 | 46.9 |  86.6 225
(£11.0) | (£13.3) | (£17.2) (+69)
SES 3 181 263 | . 247
(+53) | (253) | (x116)
SE16 14 (;522)
BGD.OGB 0 3807 A 92«3 192
(x12.5) | (232.7) | (154)
BE4 3.5 0,290 3.60 529 133
(40.091)1 (+1.57) (£153) | (+105)
BS4 30 4.91 2402 32,3 61.7 | 1)
> | 53 (16.0) | (701 | (236.1) (+63)
BHI 14 0.821 5010 27.9 | 13.3 115 760 949
) (£1.44) | (+1.58) | (213.5) | (323.6)| (450) (x247) | (+91)
BS18 18 30 61.4 87.1
(213) | (218.4) | (£44.2)
BE 4046 4.56
3 B (+2.62) | (+3.87)
TE2 1 4061 18.2
(#3.22) | (16.2)
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TABLE III
Mean fresh weights of fronds &t various ages in different populations sampled
by Kain (1971 and unpublished). Fiducial limits at 0.05 shown in brackets.
For lotitudes and longitudes see Table IX
Minimum age in years
Site Depth -
m beleow LAT 1 2 3 4 5 6 7 8 9
Wiy 1 7.23 439 81.8 181 221 2887 | 320
(£2039) | (+15.1) | (+28.1) | (+74) | (483) | (+76) |(+132)
US4 | 5.09 25.5 67.3 203 287 277 ’ 421
(£2.31) | (27.3) | (234.2) | (240) | (x121) | (290) (+159)
ME14 11 4,74 10.3 5502 108 120 258
(#2.17) | (2501) | (+21.5) | (+15) | (#42) | (+111)
ME22 19 1541 2903 37.4 45.9
(2500) | (£109) | (£19.6)| (£13.4)
BCu.5 0 132 - 279 616
(£62) | (x144) | (+187)
BE4 3.5 2,32 12.0 546 133 546 796.
(£0.55) | (26.8) (£31.8) (494) | (+244) | (+194)
BS4 3.5 87.7 159 182 288
(+64.2) { (57.1) | (+61) | (297)
14 14 1044 33.4 541 92,0 119 431 605
(+2.8) | (+10.2) | (+15.2) | (+22.3) | (+32) (284) | (154)
B318 18 182 4 | 274
(+80) (£156) | (+108)
BE33 33 14,2 14.8
(+8.8) | (49.8)
TE2 3 1607 99,0
(£11.8) | (458.5)
are shown rveplotted in Figure 12. It seems that 150 ¢m. This difference could have been due %o

the fresh weight approximates o a straight

line rather than the more usval sigwoid curve
for plant size ageinst age. This may be due to
the mixed nature of the samples. Plands in deep
water grow more slowly end may not live as long
as those at an optimum depth. Their mean fresh
weight will thus reduce the mean for plants of
medium age but not the older, largest ones. A
gimilar effect may be produced by a dense canopye
Although CGrenager's surveys extended from south
Nowway to near the northeastern limit on the
mainland, there seemed no trend with latitude
of either total length or fresh weight, at given
age.

Black et al. (1959) collected a sample of
112 plants of L. hyperborea from aboui 24 km SSW
of Oban, western Scotland, measured the stipes
and observed rings. The mean stipe lengths with
7 to 10 rings ranged from 174 to 192 cm;, whereas
the mean stipe lengths with T to 10 rings in
five of Grenager's surveys ranged from 78 to

the Scottish sample being from a small (favour-
able) depth range, o particularly favourable
conditions at the site, to a difference in the
method of counting rings or to the relatively
small sample sige.

The maximum length attained varies to some
extent with latitude. Sauvagesu (1918) stated
that maximum stipe length in France was usually
about 1 m and the frond length rarely oxceeded
1 me This is tiue also of the Isle of Manj
few stipes have been found measuring more than
1 m (Kain, 1963, 1971). However, in Scotland
stipes of up to 2 m (Kain, unpubliched) or evem
3 m (Parke, unpublished) have been recorded.
Grenager measured plants from his sampling
gites (see Table IX) and the longest stipe
lengths, with whole plant length in brackets,
were as followss Kvitefy, 1.35 m (2.0); Karngy,
2,2 m (3.1); Tustna, 2.5 m {3.0); Nord-Fréya
2.0 m (3.2); S. Helgeland, 2.3 m (3.3); Helspy,
1.3 m (2.1); E. Finmaxk, 1.5 m {2.4).
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TABLE IV

Dry weights of stipes at various ages in different populations sampled by
Whittick (1969). For latitudes and longitudes see Table IX.

Depth Age in years
Site | m below '
LAT 1 2 3 4 5 6 7 8 9
Sennen 2 8.5 22 '45 46
Cove (+4.3) | (186) (+6) (+4)
6 2.4 1" 19 B | 51 76
(£1.2) | (+3) (+4) (+2) (+3) | (x14)
9 3o1 12 22 32 39 45
(+1.4) | (x2) | (22) | (+10) | (+14) | (213)
42 ‘ 1744 29 33 3
(15.8) | (43) (+D (+6)
Dunmanus 1 0.51 0.87 4 20.8 42,7 59,6 60.3
Bay (#0.18) |(20.68) | (#2) (£11.8) [(#12.8) | (+15) | (49.2)
4 0.4 2.8 10,6 |. 27 51 67
(+0.1) (20.4) | (25.3) | (22) | (+15) | (45.6)
11 : 21 25 49
(23) | (26) | (x10)
17 0.56 1.6 4.8 644 18
(10.24) | (£0.6) | (271.4) | (+1.3) (5)
Flambo 0.7 5.1 5.7 16.4 22 25.6
el (20.6) | (£1:3) | (26.0) | (x3) | (24.2)
4 3 To 42:3
(1) (i?-? | (7.6)
17 4.2 9.0 16.4 26.6
(#2) | (22.9) | (26.3) | (47.8)
Petticoe 0 0.5 2.0 | 8.9 21 | 45 61 64
Wick (20.2) | (+0.4) | (22.6) | (35.8) | (45) (26) (+6)
Bay 1 0.25 1.9 15 3.7 59 T1.6 89.6 | 101 | 105
(20.2) | (40.8) | (+2.8) | (+4.6) { (+4) | (24.2) | (26.0) | (218) | (40)
0.125 0.35 2.8 1449 i 96,3 |. 111 | 114
? (+0.03) | (+0.12) | (£0.53)| (+4.5) | (+10) | (310.3)| (211) ] (420)
9 0,022 0.62 8.8 22.9 41 60 - (g
(20.03) | (20.3) | (#2.2) [ (22.8) | (24) | (21 (6)
19 0.87 2.2 4o6 6.9 8.8 1403
(20.42) | (20.43)| (20045} (x1.1) | (£1.4) | (+0.8)
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TLBLE ¥V

Dry weights of fronds at the peak seascn at various ages in different populations
sampled by Whittick (1969). Fiducial limits at 0.05 shown in brackets.
For latitudes and longitudes see Table IX,

Depth Age in years
Site m below
LAT 9 2 3 P4 5 6 7
Sennen 2 16,5 37 98 103 107
Cove (+2.5) (+10) (+48) (+31) (+11)
6 22 82 100 142
(-+4) (-+4) (+4) (34)
9 5.6 125 23 © 56 92 117
(30.7) (+2.5) (#1) (+10) (+17) (+15)
12 ‘ 7.5 17.6 27.5 42 57
(+3.2) | (45.3) (49.5) (+17) (+17)
Tunmanis 1 107 85 i22 155
Bay (-+0.6) ! (19) (x10) (£55)
4 2,2 28 508
(+046) (+10) (+12)
11 33.3 76 99
(+3.3) (z11) (313}
17 0.8 1.2 42 10 172 .
(:£0.6) (20.8) (x4) (48) (£1.8)
Flamborough 0.7 e 1503 27 43 53.4
(+4) | (+4e5) (+8) (+8) (+4.7)
4 4.2 603 : 508
(+1.1) |- (%2.4) (:+7.9)
7 8.0 13.8 15 31
A (+37) (+4.7) (x11) (+8)
Petticoe 0 T.3 37 88 , 194 117
Wick (x1.6) § (310) (210) {+21) (+6)
Bay 1 6 s 1 w6 1 106 123 130
(1) ) | (26) (+11) (+10) (+5)
9 38.5 ' 64
{x10) (a11) (+5)
1 1.4 13.6 20 28 29 36
(0.8} (+4.2) (=10 (16) {+5) {+6)
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For site positions see Table IX. (Data replotted from Grenager, 1953,
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At Yitersiden (Baardseth, 1954) the lengihs
were 1.6 m (3.4). It seems likely that the
maximm length of this plant is reached only
between the latitudes of about 55°N and 65°N.
Kain (1967) concluded that southwest Noxway is
at about the optimum latitude for the mpecies.
As has been shown, there is little effect of
latitude on the size of the plant at any given
age and the greater maximum size at the optimum
latitude is mainly due to greater longevity
(Xain, 1963, 1967§“

In most cases, alihough the stipe varies in
appearance under different conditions it does not
vary in basic shape. There is 2 straight line
relationship between the logarithm of the stipe
weight and the logarithm of the stipe length which
is the same for most populations from very dif-
ferent habitats which include deep water and thus
low irradiance (Kain, 1971). TFigure 13A shows
this relationship and incorporates the data from
five populations. There seem to be; however,
occasional exceptions to this relationship. In
some sites, John (1968) found stipes which were
abnormally Jong for their weight. PFigure 13B shows
plots of age group means of ash-free dry welght
against length from a number of sites (John, 1968).
Some from polluted water squares) can be seen %o
be off the line to the right, particularly in
large plants. Here stipes 2 m long have the same
weight as stipes 1 m long from most other popula-
tions. However, two further populations showed
similarly long lengths at these weights; those
from off the island of Coll in the inner Hebrides
{triangles)s Here the water was clear end unpol=
luteds What causes thig effect is thus obscurs.
There is no cvidence that it is due to Yetiolabion"
as suggested by Bellamy and Whittick (1968)
‘because it is not shown in deep water (Kain,1971a).

4.13 Sporophyte—gametophyte and sex
conposition

Hothing is known of ‘the density of gameto=
phytes in the field but it is likely that they
normally far outnumber the sporophytes which im
turn are astronomically greater in biomass.

Schreiber (1930) isolated single uniloculsr
sporangia and found that equal nuwbers of malesm
and females developed from each, Unless their
survival is differentially affected, therefore,
the sex ratio of the gametophytes is 1:1.

4.2 Density

4021 Aversge densities of defined

areas

Most of the surveys of populations of L.
hyperborea have been made by the spring grab
technique. In this a2 grab is lowered from a
boat and when protruding feet touch the bottom
the jaws are closed by powerful springs; the
teeth of the jaws either cutiing stipes, usually
near the rock, or pulling holdfasts off, thus

grab or by diving, are shown in Table VI,

retrieving whole plants. The grab used by
Walker in Scotland sampled half a square yard
and that used by Grenager in Norway half a
square metre (100 x 50 em or 71 x 71 cm)e It is
clear that this method must miss some of the
biomass and some of the individuals. It may also
sample relatively blind. It may land on unsui=
table substrata. In expressing density or
standing crop from this method there is a choice
of averaging the results from all the samples or
only those which contained weed. The first
alternative would give an artificielly low

result on a mixed bottom if density on rook is

required, while the second alternative may give
a high result in deep water where density is low
even on suitable rock.

Densities; in terms of numbers of individual .
plants per square metre, obtained by various
authors, either through the use of the spring
It is
at once clear that the resulis obtained by diving
are congiderably higher than thoge obtained by
the spring grab. This would be expected from
the difference in technique. When all the young
plante can be collected by & diver the epparent
density must be more varisble and particularly
high when conditions have allowed a plentiful
growth of sporelings. The grab data, based on
many samples and including mainly mature plants,
are much more consistent.

Lining (19692) made use of a concept
initiated by higher plant ecologista, the leaf
area index (LAIL), or area of leaf per unit area
of substratum. He found an index of 4.1 on a
bottom at 2 m below mean low wabter springs,

2,3 t 3 mand 1.6 at 4 ms The last were thus
approaching an open commirdty where there is
little self shading. Drach (1949) gave figuvres
equivalent to 6 to 8 for populations in the
English Channel.

40,22 Veriation in density with
ecological and accidental fao-
tors

The most obvious factor affecting density
is depth. It is apparent from all the obser-
vations made at different depths in Table IV
that there is a progressive decrease in demsity
in deeper water. 'This is presumably due to
decreage in irradiance, and is more rapid in
$urbid water such as that around Helgoland.
Frast (1966) found that the total density of a
mixture of L. digitata, L. hyperborea and L.
ochroleuca in north Brittaeny decreased logaerith-
mically with depth. T+ han been suggested
(Lining, 1969a; Kain, 1971a) that the decrease
in density, ‘and thus in self-shading, with depth
partly counteracts the decrease in irradianoe
and this resulits in the ampunt of light reaching
the plants below the canopy being relatively
constant with depth; within limits. This could
explain the relatively small change in apparent
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7 , Marsden 54958'N, 1921'W; and Redear 55°38tH, 192w,
A, Coll 56°34'N, T°39'VW,
(Data from John, 1968.)
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Density, as number of plants of L. hyperborea per square metre at various depths
sampled by Walker (1), 1950, 1952, 1957;

TABLE VI

Grenager (3), 1953, 19545 1955, 1956, 1956

Johu (5), 1968;

Whittick (6), 1969;

Ilining

19643
T 196923

{

Walker and Richardson (2), 1955, 1957;

Bellany et al. (4), 19683

FLR/$87 Laminaria hvperbores

and Kain (8) unpublished.
For latitudes and longitudes see Table IX.

Plants/n® in samples with weed

Mean—-sll depths

0.2

Rocality Yoot [ om | 2-6m | 6-10m 10-14m | 14-18m | 18-22n | AER | MY
Obtained by prabs
Girven (2) 1952 7.8
1953 | 8.6 | 7.0 545 2.4
1954 | 9.4 | 9.9 645
1955 1 9.1 | 8.3 5,2
Ailsa Craig (1) T-4 6.6
Dunbar (1) 1952 | 5.6 | 5.8 4e3 3.4 5.2
{2) 1954 | 9.1 To3 4e6 3.2
(2) 1955 | 8.8 | 7.7 6.1 | 4.6
HE Hay Island (1) 16.3 11005 9.0 8.0
Fraserburgh (2) 1952 | 4.8 | 6.2 6.0 4ol 3.2 5.6
1953 | 6.2 | 7o5 6.0 | 4.5 3.0
1954 7.0 | 6.8 6.2 .| 5.4 4.5
1955 T7-6. | 9.0 9.1 6.8 565
Kvitsdy (3) 903 8.6
Karndy (3) 9.6 8.8
Tustna (3) 8.3 7.9
Sula (3) 9.4 943
Frogyene (3) 8.4 7.8
S. Helgeland {3) ToT (5
Helzdy (3) 5.7 3.4
BE. Finmaxk (3) 601 2.7
Obtained by diving:
Sennen Cove (4) 27 38 42 12 .
Helgoland (7) 27 | 12
Flamborough (6) 16 10 5
Isle of Man (8) 27 39
Petticoe Wick Bay (5) 34 23
_ 20 | 23 17 3
Connel Sound (8) 1970 23 17
Muldoanich Is. (8) 1970 46 14
0ff Loch Boisdale (8) | 1970
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wih rate with depth under forest conditions
?:Ze 4:12).

Another factor affecting density may be
latitude. There is no general trend apparent
from Table IV but it is possible that densities
are lower near the northemn limit of the species,
particularly if all the samples and not just
those with weed are considered. This is suppor-
ted by Kain'e (1967) obsexrvation that apparently
suitable substrate are weakly colonized by L.
hyperborea in north Norway. One would expect
this of any plant near iis geographical limit
but it would be unwise at presen® to guess the
critical factor involved.

There i8 evidence that in some areas
grazing can affect the density of this species.
Jones and Kain (1967) regularly cleared Echinus
esculentus off an area of rock at 10 m below
LAT normally bhare of laminariane and an algal
population developed which after two yvears
included a rean density of L. hyperborea of 4.4
plants/squae metreo

4¢3 MYoxtality, wmorbidity

The maximim age of plants in the Isle of
Men so far found by Kain is fen years. In the
Norwegian populations studied by Kain (1971a)
the maximam age was 11 years but larger samples
conld have revealed older planis. Grenager
oertainly found plants with more rings though,
88 alreedy mentioned, these may wnot he very
reliable as indications of age. However, as
some of his plants were vexy large and his
samples numerous; it ie possible that all the
rings represented years. The highest was 18
in E. Finmerk (Grenager, 1956). He also
recorded 16 in Nord-Frdya, 15 in Jhesund
{Orenager, 1964), 15 in S. Helgeland (Grenager,
1955}, 14 in Tustna (Grenager, 1954), 13 in
Kamﬁfy and 12 in Kvitsﬁy (Grenager, 1953}

This perennial species ghows no obvious
mechanism for the decey of sny part of the indi-
vidual or for obvious senility of +the whole.

The old frond is shed after about o year but
+this iB probably a mechanical process rather
than a progressive degeneration as in some
species of the genus. Nor does the whole plant
cease its capability for growth after & limited
period as do some genera in the order. The
capacity for growth may be reduced after some
years but as long as the plant remains intact,
attached and the conditions remain suitable, new
tissue seems to be produced each growing Season.

Amongst outside factors the most obvious
cause of death is physical removal of a plant
from the substratum. The force causing this
removal is likely to be wave action or other
water movement, while that resisting it ie the
power of adhesion of the holdfast in relation
to the size of the plant., Although this adhesion

is greater where there is water movemant (see
1.31), and the size and extent of the holdfast
increases with the size of the plant, thers must
come a stage in the development of a plent
(except under very sholiered conditions) when

the attachment is inadequate to hold its bullk
againat the movement of the water. This explains
why planits at 1 m in the Isle of Man have a lower
longevity than those at 2 m or more, because wave
action ie mwost severe near the water surface.
Anything that decreases the efficiency of the
attachment mechanism muet increase mortality.
Kitching (1937) concluded that just sbove low
water springs attachment 4o bamacles instead

of rock surface subsequently led to bresking
away, but this is unlikely to be important in
deeper water becouse barnaocle ¢over is less
dense. In much of Britain & serious canse of
weskening of the holdfast is grazing by Patina
pellucide which eats cavities in the base of the
s8tipe and detaches it from many of the haptera.
The chances of infestation seem to vary from
place to place. In the Isle of Man they arve

~high, with all age groups above one-year olds

affected, and at 1 m below LAT the mean infee=-
tation of five ¢ seven-year olds was 54 percent
(Kain and Svendsen, 1969). 1In Berwick, soubh-
east Scotland, however, in & large sample from
0 to 5 m no two or three-year olds were infested
end the mean infestation in the same age range
was only 14 percent (Whittick, 1969). In boih
cages infestation increassed with age up. $o seven
years and then dropped, suggesting an effect on
mortality. Many exomples of broken holdfests.
without stipes with Patina cevities bave been -
seen in the Isle of Man., Iowever, although
Kit~wing (1937) found that 90 percent of the L.
byperbores planis washed up on the beach near
Plymouth {secuthwest Tagland) after storms had
been detached at the holdfast, only a few of
them were infested with Patins. This, therefore,
seems an area of lower risk than the Isle of Man.
John (1968) also found relatively low infeste-
tion levels in sites in northeast and southwest
Tnglend and west Scotland; with a mean of eight
percent in five to seven~year olds. However,
his date included all depths and sites. There

ie evidence that infestetbtion decrsaszes with

depth (Vahl, 1971). It i5 kvown that there ie
& change in behaviocur of the limpel with lati-
tude. In France {Sauvegeav, “19'1839 southwest
Megland (Graham and Fretter, 1947), the Iale of
Man (Kain, 1963; and southeast Scotland
{Wniteick, 1969) it penetrates the holdfast bub
it does not in parts of west Scotland (Kain,
unpublished) or Nomway (Xein and Svendsen, 1969).
This may partly explain the epparent greater
longevity of L. hyperborea in Norway than in the
Isle of Man.

Before the holdfast becomes inadequate to
hold & plant in the prevailing conditions some
other accident may have befallen it. Poszibly
the most likely is grazing by an ochinoid. Near
their area cleered of Echinus esculentus, Jones
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and Kain (1967) found that, slthough in July
sporelings of L. erbores had developed on
bouldera at 10 m up to a density of 20 plants/
square metre, by November almost a1l had disap~
peared except where clearauce continued. Thus
Ichinus was responsible for the destruction of
many sporelings of less than 100 mm. It is likely
also that Echinus can damage mature plants
irreparably. The animals are frequently %o be
seen grazing on the plants or their epiphytes,
and when this is extensive at the transition zone
recovery may be impossible. Patina may also
damage this vulnerable region (Kein and Svendsen,
1969). However, stipes are frequently found
broken further down and the reason for this is
not apparent though it cen be caused by the plant
becoming entangled and the stipe bent sharply for
& period. OCn fertile fronds Patina frequently
grazes on the msorus, destroying the sporangis.
Another grazer which may be important in Noxway
is Lacuna vincta (Vabl, wnpublished). Vahl found
considerably higher densities of this gastropod
then of Pati aa at Lyrrodane in Norway and the
holes it males are deeper.

It seets unlikely that fronds are regularly
grazed by fishe One sparse population of plants
was found in the Isle of Man with their fronde
partly .eaten (Kain,, unpublished). This was in
a region of fairly fast tidal sbream and sub-
sequent observation showed that in wmeny cases the
fish Labrus bergylia was stationed downstream of
each plant apparently using it as cover, The
fish snapped al food passing in the currendt and,
because the frond was waving about in front of
ity occasionally took & bite oubt of it. This
sort of damage is unlikely to be important in
mortality.

Diseased plants have sometimes been observed.
Fronds of the population BS4 in Nowxway (Kain,
1971a) were blackened at their %ips and were
decaying but the causative agent was not identi-
fleds

4o Total quantities {standing crop) of
defined areas

Surveys of the standing crop of L. hyperborea
have been made almost exclusively using the spring
grab (see 4.21). Unfortunately Walker always
used the term "density" for the fresh weight per
unit area instead of its more ususl use for the
number of individuals per unit area. Again there
is a choice of expressing the results using all
the samples or only those which contained weed.

In Table VII the data havebeen selected or recal~
culated from samples with weed, this being more
realistic in shallow water but perhaps less in
deeper water, The only samples in the table
obtained. by diving are those of LUning from
Helgoland., They are comparable to the grab sam—
ples instead of being much bigher as were his
density figures. A4s @ grab is more likely to

miss small plants than large, more difference
would be expected between the two methods in
terms of numbers than of weighis. However, when
Grenager (1956) end Baardseth (1954) cleaved
quadrats by hand they obtainsd 15 to 3 times
a8 much fresh weight in kg/m® as obtained by the
grab technique.

In most casen, as expected, there 15 a
decrease of standing crop with depth (Table VII)
end thus with irradiance. Walker (1954) stated
that this decrease was more the result of 2
reduction in density (individusls/unit area)
than of weight of individuwal plants. This was
confirmed by Lining (1969a). This does hot mean,
of coursze, that there is no decrease in plant
size with depth, because this has been shown %o
be the case in some inshances {Kain, 1963, 1967;
I¥ning, 1970a; John, 1968; Whittick, 1969) bui
this is unimportent from the point of view of
standing crop, compared with denmity decreapse

Considerable differences were found by
Walker when he repeated some surveys in arsas
in Scotland. In one casey, at Dunbar, this was
probebly due to accumilation of mand {Walker
and Richardson, 1955). Teking the surveys shown
in Table VII, which inciuded only L. hyperborea
and in addiftion further surveys and theiy ‘
repeats including aleo L. digitate and L. sac-
charina, Walker ?1956&) found thai there was a
general trend in standing crop from a peak in
1947 to a tvough in 1953, This he later cor-
related with sunspot activity (1956b). There
hag been no confirmation of this somewhatl
wnlikely poseibility.

The total mtanding crop of stretches of
coast where L. hyperborea was almost exclusively
dominant is shown in Table VIII. Chapmen's
(1948) figures were besed on & somewhat hurried
war-time survey using & grapnel gnd echo-sounder
from a boat and aerial photography. Walker and
Richardmon!s and Grenager's figures were the
result of surveys with the spring grab previously
mentioned. Boney {1965) compared Walker's and
Chapman's data for total Laminariacese and con-
cluded that more detailed mapping resulis in
higher estimates. In his surveys Wallker usually
applied the following foxrmla to his resulis and
obtained values for k and¥ according teo the
sites

ST
c

where d = fresh weight of weed per unit
area in all samples,

e ke Yf

C = ¢ samples containing weed,
f = depth.
(Walker and Richardson, 1955.)
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TABLE VII

Standing crop, as kilogramme of fresh weight of L. hyperborea per square metre at various
depths sampled by Walker (1), 1950, 1952, 1957; Walker and Richardson (2), 1957; Grenager
(3), 1953, 1954, 1955, 1956, 1958, 1964; Baardseth (4), 1954; and Uining (5), 1969a.

See Table IX for latitudes and longitudes.

kg/m? in samples with weed

Locality Year [ onm| 2-6m |6-10m |10-14m | 14~18m | 18-22m | 22-26m |26-30m

Obtained by grab:

Girvan (2) 1952 8.0| 7.0
1953} 6.2] 5.3
1954 | 53| 5.3
19551 551 5.0

Ailsa Craig (1) 1955 5.7] 3.5
Dunbar (1) 1949 6.7} 5.3 |-3.4 0.9
(2) 1952) 3.6 3.4 | 2.1 1019
(2) 19541 5.0] 3.6 | 2.0 1.0
(2) 19551 5,01 4.2} 1.8 1.0
NE May Island (1) 19561 5.5 2.9 | 1.7 0.9 | 0.8
Fraserburgh (2) 19521 3037 4.5 | 4.0 | 2.2 1.0 0.7

1953] 3.1] 3.61 2.9 1.6 0.9 0.8
19541 4e4] 403 | 303 2.7 1.8 2,0
19551 3.4| 3.8} 3.2 2,2 103 1.2
Holm Sound, Orkney (1) 19481 5.9| 5.6 | 404 3.4
Sanday Sound, Orkmey (1) 1947] 7.3| 7.0} 6.1 3.8
E. Senday, Oximey (1) 19481 To1| ToT{ To3 6.4
H. Sanday, Orkmey (1) 1948 T.1| 7.7

Kvitedy (3) 1952 8.8 | 5.2 3.6 34 1.0 0.2

Karmdy (3) 1952 7.6 9.8 | 7.8 42 42 0 0

Tustna (3) 1952-3] . 8.6| 9.0} 9.0 6,0 504 | 304 1.9 1.2
Sula (3) 1954 | 12,6 | 10.0 | 10.0 5.0

Frogeme (3) 1954 12.0| 9.2 | 6.8 4.8 1.2 0.6

S. Helgeland (3) 1952-3] 9.0} 9.0 | 8.2 404 4.2

Rést (4) 1952 6.9 | 4.3

Karlsdyveer (4) 1952| 54| 5.9.| 3.5 369 1o

Nordlandsflaket (4) 1952 502 | 2,0 3.6 2.2 2.0

Wo Moskenesdy (4) 1952| 6.8| T.8 | 704 304 2.7 1.6

E. Moskenesdy (4) 1952 6.1 6.8 | 5.2 3.5 2.4 1.7 0.6

Vitken (4) 1952 3.5 | 3.0 301 2.2 1.5

Helgfy (3) ‘ 1953 Tod | 6,0 | 4.8 | 3.6 1.9 1.7 | 0.2
. B, Finmark (3) 1953 ] 5016 | 738 | 6.1 3.88 2.4 2.4 0.2

Obtained by diving
Helgoland {5) 8.7 4o7
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TABLE VIIX

Estimated standing crop of weed on surveyed sections of coast dominated by L. hyperborea

at all depths. Data' from Chapmen (1) 1948;

Walker (2), 1950, 19525 Walker and Richardson

(3)s 19553 Crenager (4), 1953, 1954, 1955, 1958, 1964; end Beardseth (5), 1954.
See Table IX for latitudes and longitudes.

Locality A];:g"' sﬁ:ﬁﬁggtggp
- (Mg)
Berswick/Newbiggin (1) 119 600
Dunbar (2) 13.8 51 400
St. Andrews (1) ' 43 800
Balintore (1) 53 200
Halmedale (1) 60 600
Sound of Barra/W. Loch Tarbot (1) 682 000
Fragerburgh (3) 2.93 11 700
Holm Sound, Oxlmey {2) 503 19 800
Senday Sound, Orkney (2) 26,3 ‘ 107 200
E. Sanday, Orkney (2) 19.4 129 000
kvitsdy (4) 9.7 65 000
Karmdy (4) 10.6 76 000
Pustoa (4) 7.0 60 000
Sule (4) 25 250 000
Frogene (4) 20 140 000
S. Helgeland (4) 49.3 312 000
W, Moskeneady (5) 3404 14 000
I, Moskenesdy (5) 1.96 7 000
Vikten (5) 22,25 - 46 000
Helafy 100.6 284 000

4.5 Accompanying epecies

Over most of its geographical range L.
hyperborea is the longest lived dominant species.
This explains its success in competition with
faster growing examples of Laminariales. Once
it has become established the high canopy formed
by the fronds effectively excludes elmost all
serious competition. The species with which it
competes for establishment are all members of
the Laminariales, In sites with very severe
wave action Alaria esculenta is successful in
shallow water.

Just sbove low water springs where wave
action and exposure to air are noit oo severe,
it is L. digitata which succeeds in place of

L. hyperborea. Under sheltered conditions north -

of the English Chamnel L. saccharina may domi-
nate as it does also on unstable boulders which
may be turned over without damage to its
flexible stipe. Iyom the English Channel south-
ward L. ochroleuca is a serious competitor in
slightly sheltered sites. This species, similar
in habit to L. hyperborea, is co-dominant with
it in many places where their geographical
ranges overlap (John, 1969) and replaces it in
shallow water in Spain (Secaone Camba. private
commmnication). Finally, L. erborea com-
petes with opportunists in situations where the
substratum is ‘temporayrily denuded. The most
sucoessful of these south of Noywey is Saccor-
hiza polyschides., Other brown algae such as
Desmarestia viridis, D. acvleata and even Alaria
esculenta and Laminaria saccharine can act as
opportunists and dominate for & period in sites
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TABLE IX
Latitudes and longitudes of sites in previous tables
Site Latitude Longitude Site latitvde Longitude

Ailse Craig 55°16'N 5071y L10 54°3-5'K 4°46-1'4
Balintore 57°15tN %5500 Loch Boisdale 57°9N 7°15'W
BCUO. 5 60°19'N 5%16'E ¥ey Islend 56°12'N %3210
BE4 60%'N 5071 MCa4 54°7'N 44
BE33 60°9*N 5971E ME4 54°5'% 4°46'y
Berwick/ 55%47'N 2%% ME14 54°3'0 4°q1'w

Newbiggln 55° 12N 1°301w ME22 54°3% 4°a6u
. 60°10' 4°59'E M4 54°6'u 4°45"u
B34 60°10°K 5°E Muldoanich Island 56°55'N 7%26'%
5318 60°16'N 5°13'E Nordlandsfleket 67°45'N 12%45' %
Comnel Sound 56%28N 5%24'% ¥. Senday 59°181N 23004
Dumbar 55257”‘ 2%24'w Petticos Wick Bay 55%55 N 2%y
Dunmanue Bay 51°35'N 9°45°¥ Reine 68°0°N 13°%0'E
E. Finmark 70°21N 3°T'E Rést 67°30'N 12°10'E
B Moskenesfy 67958 N 13%10'E 3t. Andews 56%20m 2°18'H
Eo Sanday 59°16'N 2°30'w Senday Sound 59°12°N 2%40%
Espevaer 59%30'N 5% E SES 57°44H 547
Fz_ 54%4=~5"N 4°46~7'W SE10 57%44'N 52481y
F5 54°3-5'N 4246~T'W SE16 57°7'N 54814
Flasborough 54980 05w " Seunen Cove 5095°N 5%250u
Fraserburgh 57°42'N 2%4'w S. Heigoland 65°251N 11°45E
Frofyene 6402'N 8°54'E Sound of Berrs/ 5705'N 7925ty
Gizvan 55%10tN %57 W. Loch Tarbot 57°55N T
Helgoland 54°10'% 19551 & 585 55°42'N 4%57
Helgfy 70°12'N 18%50'E Sula '63%50°N 8%25'E
Helmsdale 58°7'N 3040'W TER 69°36~55N 18%1-43'F;
Holm Sound 58%521N 295219 Trondheinsfjord 63°30'N 10%30'E
Isle of Man 54%5t8 4°46%% Pastna 63°11'N 7°551E
Karlsgyvaer 67°33'N 14%50° B Vexdd 10°20'N 31%0E
Karmdy 59°16'N 5% 8 Vitken 68°58' N 13%158
x"itsﬁ‘y 5903'N 5025'1‘3 Wo Hoﬂkene&;‘y 67057'1\! 12055'1'}
L5 54°4-5'N 4%46-7"4
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where the climax vegetation is dominated by

L. hyperborea.

The alial opecies forming the undergrowth
to an L. hyperborea forest vary somewhat with
the latitudc. On the French coast of the English
Channel, the Chamnel and Scilly Isles, the fol-~
lowing species are common in the undergrowth
(Drach, 1949; Ernst, 1955; Kain, 1961; Norton,
1968)s  Callophyllis laciniats, Delesseria
sanguinea, Cryptopleura ramosa, Fhycodrys rubens,
Plocamium cartilagineum, Pierosiphonia parasiticas
Dictyota dichotoma, Phyllophora crispa, Kally—
menia reniformis, Dilsea carnosa, Heterosiphonia
plumosa, Halopteris filicina and Dictyopteris
membranacea. Though none of these species is )
absent from the Isle of HMen only the first eight
are common in the undergrowth there, but addi-

" tional common species are Cutleria multifida

- sporophyte, Odonthalis dentats and Desmarestia
aculcata (Kain, 1960)., All these species are
also common in west Scotland (McAllister et ale,
1967). Miseing from this list in Helgoland

are Callophrllis, Cryptopleura, Pherosiphonia,
Cutleria eni Odonthalia (Iiming, 1970b)e HOwW=
every; & numjer of other species are relatively
more common: Fhyllophors membranifolia,
Corallina orficinalis, Ulva 8p. In southwest
Noxway -the only absentee of the species common
in the Igle of Man is Cryptopleura. However,
neither Plocamium nor Pterosiphonisa are common
there (Breivik, 1958; ~Jorde, 1966). In north
Noxway most of these species are absent but
Phycodrys, Ptilota plumosa, Desmarestia aculeatbs
and De viridig are abundant (Jassund; 1965).
Delesseria and Odonthalis are also present.

Drach (1949) estimated that in an L.
hyperborea forest of a density of 20 plants per
square metrey; the area suitable for settlement,
provided by the rugome sitipes of this species,
could be 150 percent of the rvock surface. This
additional habitat is particularly favourable
to plants because they receive more light than
on the rock surface. Tokida {1960) lists
records of epiphytes on L. hyperborea stipes
and fronds totalling 71 species. Many of thess
are chance inhabitors and the main ocecupants of
the stipes are fairly constant in any one locar
lity. Marshall (1960) and Whittick (1969)
studied the epiphytes of L. hyperbores stipes
in Berwick, southeast Scotland and both found
that four species were of particulsr importance.
HBhodymenia palmatsa was confined to shallow

water and the distal part of the stipe while
Phycodrys rubens was more important in deep
water. Ptilota plumosa and Membranoptera alata
were mixed with or slightly distal to Fhycodrys.
On the other hand Iiining (unpublished) reports
that Polysiphonia urceolata and Hembranoptera

‘eleta are the only abundant stipe epiphytes in

Helgoland., Whittick (1969) found that the
epiphyte biomass was greatest at 1 m below LAT,
showed a seasonal peak in September and
increased with the age of the host up to five
years. Whittick (1969) also observed sites in
Yorkshire, southwest Ireland and extreme south-
west England. In all Ptilota was absent and
Fhodymenis extended deepers In southwest
England there were no epiphytes below 22 m
although L. erborea extended to 36 m.
Kitching (1941; found Delesserig sanguinea,
Odonthalia dentata and Cryptopleura ramosa
abundant on stipes in west Scotland and Marshall
(1960) also found that Plocamium cartilagineum
Pterosiphonia parasitica, Callophyllis laciniata,
Ptilothamnion plume and Plumaria elegans fairly
common in southeast Scotland. Ixcept for
Odonthalia, Cryptopleura, Ptilothamnion and
Plumaria all these species (in addition to
others) were found on stipes in Ndrd-Frdya
(64°N) in Noxway (Grenager, 1964). On the other
hand, Jaasund (1965) lists aB epiphytes only
Rhodymenia palmata, Polysiphonia urceolata,
Odonthalia dentata, Iuthora cristata (on hapiera),
Ectocarpus fasciculatus (on fronde) and
Phlocospora curta (Fosiie) Jaasund (on Ffronds),
Lo fasciculatus is also common on old fronds in
The 1sle of hen (BRussell, 1966), elong with
Giffordia hincksiae {Russell, private commmni=
cation) and Laminariocolax tomentosoides

{(Rar oll, 1964).

Sloane et al. (1957) investigated the
animals inhabiting ‘the fronds of L. hyperborea
near lough Ine in southwest Ireland. The
commonest was Patina pellucida, followed by
Hewbranipors membranacea and Obelia geniculata.
Also recorded were Hippothoa hyalina, Sertularia
operculata, Scruparia chslata, Hiatells arctica
and anomiids,

The holdfast of L. hyperborea forms a home
to a great many animals, far too numorous to
list. For example, Moore (19713) found 387
species in holdfasts colleected only from the
northeast coast of Britain from Berwick to
Yorkshire. Of 61 species of nematodes, five
were regularly abundant (Moore, 1971b).
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5 HARVESTING

5«1 Fquipment and methods of harvesting

The simplest method 6f harvesting, which
has been used for cenburies, is the collection
of cast weedo This is the only method used in
Britain now. Sickles have sometimes been used
to cut weed at low water.

Grapnels can be used from boats to haul in
plants of L. hyperborea. The normal boat grap~
nel with prongs curving inward from the end of
the shaft is less effective than a specially
designed instrument with prongs curving outward
from an acute angle (Chapman, 1944). Chapman
found that a diamond-shaped instrument was
better stille In Scotland, at what was later
called the Institute of Seaweed Researchy
ancther type was developed but found inadequate
for commercial harvesting (Jackson, 1942).

In further work at the Institute, the
continuous :rapnel (Hay, 1952), later called the
belt haryester (Jackson and Wolff, 1955;
Jackson, 1957) wes developed. This consisted of
a conveyor belt of flexible wire mesh and chains
at the edge3s with rows of hooks across ai inter-
vale. The weed was compacted by the mesh, torn
off by the hooks and carried up to the boat on
the belt. This gystem was tried out extensively
and seemed to be fairly satisfactory though its
depth range is clearly limited. It is not in
commercial use.

Another method on which the Institute
viorked congisted of using a cutting head
{Jackson and Melver, 1952) in the weed bed and
sucking it up to the boat in a flow of water
(Jackson and Macduff, 1952). They had difficulty
in controlling the entry of the weed into the
pipe and although this problem was solved in a
test tank (Jackson, 1957), the developed suction
method was never finally tried out in the sea
and is not used commercially.

The only apparatus in commercial use is the
“trawl”, This term is incorrect because the
apparatus has a rigid lower boundary to the mouth
and ghould thue be called a dredge (Davis, 1958).
One of the earliest of thesc was used by the
Institute of Seaweed Research to secure nearly
whole plants (Jackson, 1949). It consisted of
an open—ended rigid box with rows of triangular
knives at the mouth. It was used little because
the knives became clogped. Another dredge,
which was used commercially for some years in
Noxway, is described by Smdrholm (1964) and
Svendsen (in preparation). This also consisted
of an open-ended box 1.5 m long, its floor being
a plate of steel and the sides and roof of wire
mesh with & row of triangular kmives at the
lover edge of the mouth, It was set on runners
to raise the kmives off the tottom and had a
float on the wire case, It worked best between

0 and 5 m and had a capacity of 380 kg (fresh
weight). A much larger dredge ("trawl"), collec—
ting 1 000 kg, with a horizontal kmife, is now
in regular use in Norway.

A number of experimental approaches to the
problem of drying L. hyperborea have been made.
About half the water was found to be removable
without heating by Reid and Jackson (1956). The
mechanical metheds which they employed were
cenirifuging after hammer-milling, batch preg-
sing, squeeze rolling and screvw expelling.
Detailed investigations have been mede of ther—
mal through=circulation drying of the stipe
iGardner and Mitchell, 1953a; and $he frond

Gardner and litchell, 1953b). The material had
to be cut fairly fine for this method to be
economical. The design of through—circulation
dryers was summariged by Gardnsr and Mitchell
{1956). Vhat was claimed 4o be a more economical
method of drying this species was described by
Booth (1956). Milled fresh material is poured
between two parallel steam~-heated drumz rotating
in opposite directions in such & way that it is
squeezed into s thin layer as it woved downward
between the two drums,; adheres to each; is dried
quickly on the surfaces and is scraped off
before & full revolution of the drum takes place.

In practice L. hyperbores is ireated in
Britein as follows. Siipes cast up on the shore
are colleoted and air-dried locally in stacks.
Fronds are not used. The half~dried stipés are
sent to South Uist (Outer Hebrides, Scotland)
where they are further dried in batches on iron
tip~wagons in a heating chamber through which
hot air is circulated. The material is then
milled to & meal and sent to an alginate factory
in west Scotland.

In Norxway, on the other hand, this species
ia actively harvested in situ. Host of the
material is collected from fishing vessels or
from specially designed toats, using a dredge
("trawl") as already described. The weed is out
off above the holdfast by the kmife at the
leading lower edge and the plants pass into the
rigid box and accwmulate at the backe. When full
the dredge is hauled up and empiied into the
boat. Either the material is sent %o a factory
within hours or it is chopped, mixed with for-
malin and ecid and packed into a silo, of which
a2 number are distributed along the Norwegian
coast. The material is later transported to
the alginate factory in southwest Norway.

5.2 Harvesting seagons

In Britain, becouse only cast-up stipes
are used, hearvesting is mainly in +the wintoer
when there are mosi gales and thus strong wave
action removing plants from the rock.

In Norway dredging takes place throughout
the year but, again because of gtrong winds in
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winter (in this case unfavourable), the best
seagons are sSpring, summer and early sutuwme

5.3 Harvesting areas and depths

British supplies come from west Ireland
(Fiood, 1953}, the Ouier Hebrides, the Orimey
and the Shetland Islands. Presumably plenis
from all depths within i%s8 range of growth are
inoluded in the cast.

In Nomway hevvesting takes place on the
went coast between Jaren (ca 59”N) and Trondelag
{cn 65%0). Some hand collection %akes place
down to 1 m below low waber. A small dredge ig
used from 1 %0 5 m end the larger one from 5 to
15 e

5.4 Regrowth on harvested areas

The first direct observation on regrowhh
wag made by Kitching (1941). He owt forest with
shears and found that one year later the remai-
ning holdfasts had disappeared and there was a
dense growth of new plants of L. hyperbores with
8 total height of about 1 m.

Svendsen (wnopublished) has observed an avea
in Horway off Vevang (63%°N, 7°16°12VE) which had
been harvested at o depth of 2 $o 5 m with the
seaweed dredge (“trawl?, see 5.1); which leaves

holdfests and zmall plents intsot. The standing
orop (fresh weight) after 2. 3, 4, 6 and T years
was respechively: 6 4o 10é 12 to 23; 15 to 31,
25 to 38 and 22 %o 33 kg/m=. 4&s he observed
valne® of 20 o 50 kg/m® in virgin forest the
standing crop had returnsed +o its original level
in about five years. However; a maximm stipe
length of 2.44 m was observed in the forest and
a lengih of 1.4 %o 2.3 m was only attained after
gix years on the harvested areas. This rate of
growth was very fast under ithese ophimal condi-
+ions where competiiion from opportunisis seems
t0 be less than in the Isle of Man.

5.5 Total annual yields

Begause of the secrecy adopited by the
alginate producers precise deta on the total
quentities harvesbed are not aveilable. It is
probable that in Britsin and Norway together &
total of just wnder 4 000 tons of alginate ave
produced from L. hyperbores each yesr. 48 the
welght of alginate produced is about 6 percent
of the original Ffreamh weight of the algae, this
corresponds to a total amnual orop of about
60 000 tons of fresh L. hyperbores. GClearly
this varies from year o year, pariicularly in
Britain where it depends on the amount cast wpe
Based on Noxwegian prices in 1971, the total
value of thir orop &t firet hend corresponds to
about £200 GO0,
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6 PROTECTION AND MANAGIMENT

6.2 Control of physical factors

The only obvious way to coreate a habitat
emitable for L. hyperborea is to provide a sui-
table eolid subsiratum where none exigted befors.
An acoidental example of this is Port Erin break-
water in the Isle of Man. This was built in the
nineteenth century on sand at about 10 m below
LAT and was soon pushed over in & storm. It is
now en untidy sirip of conorste blocks and boul=-
ders 230 m long and 70 m wide, rising from 10 m
to about mid-tide. It forms an admirable msub-
gtratum for L. hyperborea over much of its ares,
where before there was only sand.

6.4 Control of biological features

6.41 Control of predation and
competition

One of the most serious predators of L.
hyperbores is Echimus., This can be removed oxr
destroyed by hand by divers but this is &
tedious and costly process. The method used for
sea urchin destruction in the programme to improve
the Maorocystis habitat is the dissemination of
quicklime, Ca0 (Leighton et &l.y 1966). It is
claimed that echinoids are the most sensitive
organismg to this substance. A concentration of
0.5 kg/m® is allowed to trickle from the stern
of a boat moving along a grid and the chemical
is distributed by the propeller turbulence. The
particles should be large so that they sink
quickly and make contact with the urchin before
the reaction with water ie completed.

There i8 at present no kmown method of
controlling predation by Patina pellucida.

6.5 Artificisl culture

In laboratory culiure work the emdssion of
zoospores from fertile fromds of L. hyperbores is
fairly easily induced. A fertile frond, prefer-
ably with some sign of dehieocence at the tipe
(greenish patcheta?nis removed from the sea,
drained and put straight into a polytheme bag
which is left overnight in a cool place. Suilte
able fertile parts of the frond are then out up
and placed in sea water. If emlimsion does not
ooour within 30 minutes it may be stimlated by
& rise in temperature but not abave 20°¢C,

) I¥ning has used two methods of {ransplanting
this species foyx experimental purposes. In one
(IMning, 1970a) he left polypropylene ropes
attached to iron frames mear L. hyperborea planis
in January. After some months sporophytes had
developed on the ropes which were cut into pleces
and attached to P.V.0. plates mounted on an irom
frame. The new haptera of the algae soon )
attached them to the plates. In another method
(Lning, 1969b) he carefully removed plants
already growing om the rock, placed them on
PoV.Co plates and held them there with a nylom
network and zubber bands. Outgrowths of the
existing haptera soon attached the plants and the
netwozk and bands could be removed before the
outgrowth of new haptera gbove them.

Svendsen and Kain (1971) algo $ransplanted
individuals from one site to another. The hold-
fast was removed from rock and lashed to a stone
with thin nylon ropes The stone was placed in &
bed of cement mixed with rapid hardener which had
been ‘taken underwater in & polythene bag.

John (1968) transplanted fivst year plants
on to underwater frames by enclosing their hold-
fasts in longitudinal slits in polythene tubing
and binding the tubing with thin polythene rope
as close to the holdfast as possible.
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1 CHIMICAL COMPOSITIUN

In common with oiher species of the genus,
L. hyperborea has & high content of carbohydrates
and mineral matter. There are appreciable dif-
ferences in chemical content between the stipe
end the frond. The stipe is fairly constant in
its chemical composition throughout the year,
while the frond undergoes marked seasonal vari-
ations.

Comprehensive studies on the chemical com-
position of L. hyperbores have been carried out
by the Institute of Seaweed Research in Scotland
and by the Norvwegian Instiiute of Seaweed
Research. Further references cam be gained fyom
the series of publications from each institute
and in Levring et al. (1969).

71 Water content

Because most chemical analyses of algae are
expressed in terms of percentage of dry weight,
the fresh weight has not ofiten been determined

at the same time so the dry welght as a percentage

of fresh weight, or inversely the water content,
has rarely been reported. Because of adhering

water; fresh weight can clearly be variable
according to the technique used to determine it
To avoid drying out of the plant, it should be
removed from sea water immediately prior to
weighing and shaken to eliminate as much as
possible of the surface water (Baardseth end
Heug, 1953).

In Figure 14a the dry weight as s percen-
tage of the fresh weighty or inversely the
percentage water content, is shown for the frond
as it varies with season (Black, 1948a; Black
and Dewar, 19493 Black, 1950a). There is
clearly & maximm water content of about 87 por-
cent in May and a minimum of about TO percent in
October. This maximim ocours near the end of
fagt growth when the frond has almost maximal
surface area and minimal storage materiasl, while
the minimum ocours at the end of the swwmer
aggimilatory period when reserves are highest.

As seen from Figure 14b, stipes are less
variable in water content, differing little
from 85 percent (15 percent dry matter) through-
out the year (Black, 1948a; 1950a)., Older
stipes tend to have more dyy matter than younger
stipes (Black et aley, 1959).
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Fig. 14 Total dry matter expressed as a percentage of fresh weight
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7.2 Inorgenic constituents

The total ash left after incimeration and
axpressed as a percentage of the dry matter is
ghown for the frond in Figure 15a and and stipe
in Figure 15b {Black and Dewsr, 19493 Black,
195023 Haug and Jensen, 19543 Jensen and Haug,
1956), Again there i® considerable seasmonal
variation in the frond (from sbout 15 percent
in awtunm to sbout 35 percent im spring) though
much less in the etipe (32 %o 40 percent)e
This percentage variation is mainly due, however,
to variations in the total dry watter and if
the total ash of the frond is expressed as &

ercentage of the fresh welght as in Flgure 142
?Jensen and Hemg, 1956), it is shown to be
remarkably constant.

Farly data on the composition of the
minerals ia L. exbores were collected by
Vinogradov (1954,50 Hang and Jensen (1954) and
Jengen and Haug (1956) followed the seasenal

chapge in-lodine conceniration and in four
populations from different sites found a mean

minimun of 0s34 percent of total dry matter in
fronds and 0,48 percent in stipes and & mean
mazimm of C.77 percent in fronds and 0.86 per-
cent in stipes. The levels were rather variable
and the minima and waxima not confined to antumm
end springe larsen and Haug (1961) found that
peripheral and older stipe tissue were higher im
iodine. Typleal vonbents of some inorganioc
constituents of apring and subumm samples of
fronds and stipes are given in Table X (Jensen,
unpublished),

Some determinations of trace elements in
Lo hyperbores are shown in Teble XI, Those by
Bleok end Mitchell (1952) are means of three
measurements on material from fronds collected
in Jenuary and May. Thoes by Iunde (1970) of
fronds from Reine are means of eix determinations
at bwo-monthly intervalse. The only elements
showing regular variation with season were
argenioc, zinc and antimony, all lower {rom June
to Ochober than in the other months. There seem
{o be considerable differences in the levels
reported by the dwo separste eunthors.
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TABLE X

Inorganic constituents of L. hyperborea, in perceniage of dry matier

(Jenemen, unpublished)

Frond Stipe

Aurtumn Spring Juturan Spring
I 0.3 0.6 0.6 0,8
X - 8.4 - a1
Na - 3e2 = 1.6
Ca - Te4 - 17
Mg o= 0.8 - 0.6
Fa 0,03 0,028 0,018 0.01
804 - 4.6 - 267
PO4 - 0.6 - 0.5
C1 o 8.8 - 1.7
Br - 0.1 w 0o
Ca 0,001 0.002 0,002 -
Zn 0.012 0,02 0,012 -

TABLE XT

Trace elements found in L. hyperbores fronde, in mg;/kg of dyy matber

Black and Mitchell (1952):
Iande (1970):
Jensen (Table X)

Black and Mitchell (1952):
1ande (1970)3
Jensen (Table X)¢

Ag | As Ba Co Cr Cu Feo id M No
0.5 52 | 0:39 | 1.3 1% | 223 5 23 | 0033
63 0,14 i0 | 104 5 | 0.5

15
| Pb Ib Sb Se Sn S» Ti v Zn
1.7 | 16 | 190 1,0 | 2600 | 16 | 1.1 | 110
0,09 | 0.05 78
160
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7«3 Organic constituents
T+31 Carbohydrates

The main carbohydrstes of both fronds and
stipe of L. hyperbores are (in order of abundance)
alginie acid, laminaran, mannitol, cellulosge and
fucoidan.

The siwplest, mannitol, is a fairly early
photosynthetic product in Phasophyceae snd may
be the main respiratory substrate a8 hag been
shown to be likely im Fucus (Percival and
McDowell, 1967, p. 22). 1t is a storage carbo-
hydrate. The seasonal variation in mannitol as
percentage of dry matter in fronds and stipes
of L. hyperborea from several sites in Noxway ib
shown in Figure 16a and b (Haug and Jensen,
19543 Jensen and Heug, 1956). There is clearly
a marked seasonal change in fronds with a sudden
rige in responme to the best months for irre-
diance, and a slow decline in the winter when
respiration probably exceeds photosynthesis,

The seasonal variation in the stipes, where
mannitol levels are lower, is distinct but much
less pronounced. Black (1948b) was the firvet

%0 observe these seasonal variations and the
frond and stipe differences and his later results
(Black and Dewar, 1949; Black, 19503, 1955b,
Table II, Fig. 23 are in agreement with those in
Figure 16, though higher mannitol levels in
fronds were recorded, Methods for the isola-
tion of mannitol from dry or wet Laminaria are
described in Black, Dewar and Woodwaxd {1951)e

The polysaccharide leminaran (previously
called laminarin) is & hot water-soluble, mainly
19 3= =linked polyglucan. Its proparities and
constitution have been investigated by smeveral
authors (Connel et al. 1950; Black, Cornhill,
Dewrar and Woodward,1951; Black and Dewaw, 19543
Friedlaender ot al., 1954; Anderson gt al.,
1958; Annan et al., 19658, 1965b; Fleming eb
aloy 1966). There are two forms, the Winsoluble'
which precipitates spontaneocusly in cold water
and the "moluble” which dves not becanse of more
branches in the chains (Fleming end Manners,
1965). Laminaran from L. hyperbores is predomi=
nently insoluble, while that from L. digitaba
and L. saccharine is mainly soluble. Peat et
ale, (1958) showed that the insoluble form Con=
tained about two percent of mannitol, these
units being at the ends of the chains and also
that there were some 1,6~/ ~links between the
glucose units. Further work on the atructure of
laminaran is summarized by Percival and McDowell
(1967, pp. 55-65). Its synthetio paihway has
not been elucidated but there iB & suggestion
that mannitol and laminaran are readily inter
convertible (Percival and WeDowell, 1967, p. 20).
It is a reserve wmaterial common in Phasophyceae.
The seaponal variation in laminaran, in plante
from the same source as analysed for mannitol,
is shown for I'ronds and stipes respectively in

Figure 16b and c. Here the variation in the
fronds ig even more marked, though the summer
rige comes later than in mannitole Thus as a
resarve it is laid down later than mannitol and
probably depleted later. Black (1950c¢) found
that during the period that the laminaran con-
tent of the frond is high there is a decrease
in the amount of this substance with the depth
of occurrence of the plant. A& method to isolate
glucose from L. erborea has been described
by Black et al. (1953, 1955).

Fucoidan is composed of sulphated
fuocose units. In the Phacophyoeae it may be
agsociated with resistance to deslosation,
being highly hygroscopic, and is low in
Laminaria, being less than four percent of the
dry matter (Black, 1954a). Black found that
it was higher in the frond than in the stipe
and in both showed a seasonal wvaristion similaw
to that of mannitol, It may, therefors, be
another tut minor storage substance in L.
hyperboreas The isolation and purification
is desoribed by Peroival and Ross (7950)

I+ should be noted here that all the stor-
age compounds in this species show a similar,
though not identical; variation with season in
the frond., Where the new and old {ronds have
been separaited (Haug and Jensen, 1954, Fg. T).
mannitol and laminaran in the old frond decline
steadily to nearly zero between February and
June while the levels in the mew frond remain
gteady and olimb rapidly after June. Because
gtorage materials are at relatively low levels
in the stipe and vary little with seasony it
appears that this part of the plaunt does not
function as the main storage organ. Both these
observations fit well with Ikning's (1970a)
observationa that much of the early growth of
the new frond is dependent on the presence of
the old frond but not of the stipe (see 2041).
The old frond is thus the storage organ.

Alginio acid i8 a polyuronide peculiar to
the Phaeophyceas. It is composed of D-man-
puronic and Ie~guluronic acid units and Haug
(1964) showed that it is a mixture of hetero=
polymers of these, the proportions varying
between alginates from different sources, for
example the new mnd old frond of L. hyperborsa
(Haug et ale, 1969) and between stipes from
different sites. Ion exchange and acidie
properties were shown to depend on these pro—
portions (Haug, 1964). Quite & lot is lmown of
the synthetic pathway of this subsiance and
this is outlined by Percival and McDowell
(1967, pp. 17=19)s It is likely that the path-
way differs from that of mamnitol. Alginie
acid mainly occurs in intercellular spacsg but
is also present as a major component on cell
walls, being situated in the middle lamella and
the primary membrane, outside the celulooe
{Anderson, 1956). Anderson showed that the
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proportion of alginic acid increased toward the
centre of the tissue of Laminaria, the thick
walls of the medulls thus mainly consisting of
alginic acid rather than cellulose. Larson and
Havug (1961} also found an increase in alginate
toward the centre of the stipe.

.The levels of alginic acid found at dif-
ferent seasons in fronds and stipes in Noxway
from the same sites as analysed for mannitol and
laminaran are shown in Figure 16e and f. There
iB clearly e marked seasonal variation in the
frond, varying from around 20 percent of the dry
matter in autunm to 30 percent in spring. The
stipes, however, show no seasonal variation bui
a higher alginalte content of about 30 to 37 per—
cent of dry matter. Black and Dewar (1949) and
Black (1950a) observed much lower values for
alginic acid of 8 to 10 percent of dry matter
in the fronds and 19 to 23 percent in the stipes.
The seasonal variation in alginic acid shown by
the fronds can be considered as a reflection of
the seasonal variation in the storage compounds
mannitol aid laminaran becanse all are expressed
a8 a percentage of dry weight. When frond
alginic acid is expressed as a percentage of
fresh weight (Jensen and Haug, 1956, Fig. 13)
%his pattern disappears and alginic acid shows
a maximm in December and a minimam in June,
which may or may not be significant. As there
is little variation in storage compounds in the
stipe and their levels are low, slginic acid
varies little with season and i%s percentage is
correspondingly high. The viscosity of sodium
alginate from frond and stipe respectively and
after different treatments was investigated by
Black et al. (1952).

Cellulose, consimting of 1,4=/3=linked
glucose units and similar to the higher plant
substanoe (Peroival and Ross, 1949) is present
in the cell walla of L. hyperbores in much smaller
quantities than slginic acid. Black (1950b)
observed the seasonal variation in the frond
end stipe. It varied in the frond from about
four percent of the dry matter to nearly six
percent. In the stipe the levels wvaried from
eight to ten percent of dry matiers

Inzymes capable of decomposing insoluble
laminaran are produced by many micro—organisms
such as those of the microfloras of the bovine
rumen., The decomposition of alginates ig not ue
widespread & phenomenon. Laminarate and an
algir)xate bave been isolated (Chosters et ales
1956) .

7},32 Proteins

The protein content of brown algae is
generally quite low and that of L. hyperborea
is no exception. There is a seasonal variation
in the protein content of fronds from sbout
five percent of the dry weight around August %o

T3 to 15 percent around April, though 2uU percens
haz been recorded in new fronds-at that time
(Houg and Jensen, 1954; Jensen and Haug, 1956).
This seaponal variation (also reported by Black
and Dewar, 1949 and Black, 19502) is similar to
that of alginic acid and presumably aleso reflects
the variation in storapge polysaccharides making
up the bulk of the dry weight in late summer.
Thus, when expressed as a percentage of fresh
weighty frond protein varied from one percent in
June to0 two percent in December {Jensen and
Haug, 1956), a cycle similer to that of alginic
acid againe The protein content of the sgtipes
varies little with season and usually lies
between T and 12 percent of the dry matter
(Black, 1950a; Haug end Jensen, 19543 Jengen
and Haug, 1956).

Although most of the nitrogenous matter in

Lo hyperborea is in the form of proteins and
peptides, some free<L-amino acids have been
found; mainly slanine, aspartic and glutamic
acids (Channing and Young, 1953). The amino-acid
composition of isolated tulk proteins from L.

erborea fronds were analysed by Coulson {1955).
Coulson {1953) observed a seasonal variation in
cysteic acid content from nil in Sepiember to a
maximum between May and Auguste

7033 Fat

The ether-extractable matter (total fat) is
low in all Laminaria species, In the fronds of
L. hyperborea it varies from about 0.5 o 1.5
percent of the dry matter; usually being low in
fugust and high in the spring while in the stipesn
it differs little from 0.5 percent (Heug and
Jensen, 1954; Jensen and Haug, 1956).

To34 Pigmentu

The Phaeophyceae contain chlorophylls a
and cy fucoxanthin, viclaxenthin and @-carotene
(Jensen, 1966). Seybold and Egle (1938)
analysed Lo erbores and found 2 320 mg of
chlorophyll, %5 me B ~carotene, 469 mg fucoxan-
thin and 45 mg "xanthophyll®™ per kilogramme of
dry matter. Owen (1954) made determinations of
frond and stipe materialy, fresh or previously
driedy but all his figures are oonsiderably
lower than those of Seybold and Egle, His
values for L. digitata are similerly much lower
than those of both Seybold and Egle and of
Jensen (1966), who did not make determinations

on Lo erborege Jensen found a level for
violaxanthin in L. dipitata of 110 ng/kg dry
matters

T7+35 Other organic constliuents

A number of vitamins have been ghown %o .
ocour in L. hyperborea, Vitamin A which in this
case only occurs in the form of its pro-
vitamin @ ~carotens, is dealt with in the
provious wpection, Of the vitamin B group
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NEX|

the niacin content of thies species was inves-
tigated by Larsen (1958) over & period of six

years. There was a remarkably consistent seasonal

variation in the fronds from about 10 mg/kg dry

matter in October %o sbout 35 mg/kg in April and
a single year's observations on the levels in the

agtipe indicated & similar oycles A similer but

wmuch leas reguler seasonal varistion wes obmerved
in bthe biotin content of the fronds, varying from

about 0.3 to 0.5 mg/ks of dry matter (Larsen,

1961). Karlstrtm (1963) measured the vitamin Byp
content of L. hyperbores and found 0,04 mg/kg of
dry matter, but Ericeson (1953) found wp to 1 mg/

kg in L. saccharing. Ericson also found vita-
mins By Boy, folio and folinic acid in L. Bao~
charinge de and Lie (1938) found vitamin C
Tevels of 100-470 mg/kg wet weight of L. hyper-

borea which should correspond %o sbout 700 %o

3 400 mg/kg dry matters The moximum was in
fpril. Rdanersirvand (1943) found 70 mg/kg wet
welght in summer, corresponding to about 350 mg/
kg dry weight. Of the vitemin E group only

o ~tocopherol has been found; in small but con~
sistent quantities of 10 to 30 mg/kg of dry
matter (Brown, 19533 Jensen, 1969).

Fucosterol, the typical steroid of brown
algaey occurs in L. hyperbores am approximetely
0.1 percent of the dry matter (Black and Corn-
hill 1951),

Aoxine have been detected in this species,
in chromatogram spois close 10 but possibly not
identical with indolylacetic acid and indoly-
lacetonitrile (Mowat, 1964)»
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8 UTILI ZATION
8.1 Human food

Thie species is used very little as human
food. 1In the past, in times of starvation, the
frond has been eaten in Iceland (Hallsson, 1964).

8.2 Animal fodder

There is similarly 1ittle use for L.
hyperborea as animal food though eattle occa~
sionally eat cast plants on the shore.

There have been many experiments on the use
of dried peaweed meal as a supplement o the
Alet of domestic animals and although most of
the meal used for this is prepared from
Ascophyllum nodosum (see Baardseth, 1970) some
experimenis have included L. erborea meale.
For example, Hand (1953), Black (1954b) and
Hand and Tyler (1955) found that replacing
ten percent of the normal diet of egg-laying
hens with L. erborea meal (preferably pre—
pared from {ronds) had no harmful effect ?though
water consunption went up), but did not appear
40 have an advantage in an already balanced
diet. On the other hand, Hfle and Sandvik
(1956) ghowed thet L. hyperborea meal added %o
a diet not supplemented with yeast; gross meal
or cod liver oil stimnlated a marked improve=
ment in the growth and health of chicka,
Particularly good results were obtained from
meal prepared from young fronds. However, an
eddition of five percent L. grborea meal to
an alleround basal diet for chicke, althe
doing no harm, hed no beneficlial effect {Hple and
Savwnan, 1958). Ten or 15 percent additions were
in faot unfavourable. Similarly the addition of
ten percent L. hyperborea meal to the diel of
duiry cows had no effect on milk production
(Burt et al., 1954) Black and Woodward (1957),
fyvom theoretical considerations, concluded
that seaweed meal (including that from L. hyper-
borea), supplied as ten percent of the diet,
could provide enough NaCl and I,; in addition
to Cuy Co, Mn, Fe and other poseible trace
elements and vitaming for the normal reguirementis
of all farm livestook.

Sunde (1956) found that when leying hens
were given seven percent of their feed as L.
hyperborea meal the I, content of the eggs was
150 times that of thosde fed en the neual diet.

Although the uae of ssaweed meal im livesitook
feoding has wmeny sdvantages (Beardseth, 1970),
that from L. hyperbores has teoo high sun lodine
content to be of general wse and is not sold for
this purpse.

Preservation by ensiling has been studied
(Black 1955a).

8+3 Hanure

Seaweed has been used as manure by coastal
farmers for centuries. L. hyperborea is parti-
cularly useful in some aveas because large quan—
tities are washed ashore at times. It is still
uged occasionally in this way in Scotland and
other places though generally other forms of
fertilizer have taken ite place.

Seaweed meal or liguid fertiliszers have &
great many applications and advantageous side
effects (Booth, 1966) but again these are
prepared.mainly (in Burope) from Ascophyllum and
not L. hyperborez. Some liquid fertilizer is
manufactured from L. hyperbores fronds in
Britein, however. An example of an experiment
involving the use of this species as fertiliger
i8 that by Myklestad (1964)e It was found that,
as a supplement to bamic fertilizing of newly
cultivated ground, seaweed stimulated an increase
in tumnip production which was greater than
oould be attributed to the provision of N, K and
P. On soils in good condition, however, it had

“little effects

8.4 Indusirial products

The earliest industrial application for
this species wes in the production of “kelp¥,
This originally meant the ash from burnt geaweed,
This was used as & souvce of sodas, particularly
for the glass industry (Chapman, 1970),  Soon
after alismative sources were found for this,
eaxly in the ninebteenth century, the ash was
used instoad as & source of lodine snd this con-
tinued for sboult a cendury in Scotland. In
Prox o, however, it contimmed for longer (Peld-
wann, 7953) but ceased im 1958 (Chapman, 1970).

Howt .of the Lo hyperbores now colleoted for
commerclal purposes in Noywey and Britain is
uveed for the manmufacinre of slginatese This
speciss ig little used by slginate indusiries in
other countries. In Britein ebout one third of
the alginate produced oviginates from L. hyper-
bopes. The British industry (Alginate Indus—
tries Lide, London) uses slr-dried stipes while
the Nopwegian factory (Proten & Fagertun A4S,
Dyrammen) utilizes the whole plant, undried. The
alginic neid is extracted from the algal material
with base, precipitated as free acid end neutra-
lized 40 sodium alginabte which is the main
product. Alginic acid and its salts, the algl-
natesy, find very many applications in pharmp-
ceutical and food indumtries and in printing and
peper sizing processes (see Chapman, 1970).

There has been quite a lot of work on the
uge of the polysaccharide laminaran in mediocine,
The insoluble form can be most economically '

isolated from L. hyperbores fronds between
Jugust and December (Reid, 1956). It can act an
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an snti-cosgulant after being sulphated (Dewar,
1956)» With about 0.6 sulphate groups per
glucose molecule this laminaren can act a3 an
anti~lipsemic agent (Bestetman and Evens, 1957).
However, some laminsran sulphates have been found
to bave harwful effects (Adams and Thorpe, 19573

Adams et ale; 1958). Although laminaran hes
adventages as & taloum powder substitute, the
insoluble form (economioally produced from Lo
hyperbores only) was found to affect liver and
kidney tissue of test animals and its use wap
sbandoned (Blaine, 1951).
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NMFS/S79 Synopsis of biological data on Pacific Ocean perch, Sebastodes alutus December 1970
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1758) December 1971
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