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In situ studies of growth and pigmentation of
the phacophycean Nereocystis luetkeana

M. ]J. Duncan

Simon Fraser University;
Burnaby, B. C., Canada

KURZFASSUNG: In-situ-Untersuchungen iiber Wachstum und Pigmentierung der Phaeo-
phycee Nereocystis Inetkeana. Nereocystis luetkeana erreicht wihrend einer Wachstumsperiode
cine Stiellinge von bis zu 25 m, wobei die durchschnittliche Verlingerungsrate 13 cm/Tag
betragen kann. Sobald die Sporophyten die Wasseroberfliche erreichen, endet das Lingen-
wachstum des Stieles, und es beginnt die Ausbildung des Sorus. Mit Hilfe von Feldunter-
suchungen sollte die Beziehung zwischen Wachstum und Umweltfaktoren geklirt werden.
Pflanzen, die vom Tiefen in das Flache versetzt wurden, wiesen eine geringere maximale Ver-
lingerungsrate und kurze Stiele auf. Allerdings entsprach die Stiellinge von Sporophyten, die
am Aufwirtswachsen gehindert wurden, mehr der Stiellinge von Pflanzen in groflerer als in
geringerer Tiefe. An Umweltfaktoren wurden Salzgehalt, Temperatur, Nitratgehalt des Was-
sers und Spektralverteilung des Lichtes gemessen. Der letzte Faktor diirfte flir das Stiel-
wachstum entscheidend sein, méglicherweise wegen des Quotienten Rot/Dunkelrot, der vom
Tiefen bis zur Wasseroberfliche hin abnimmt. Auflerdem wurde der Einflufl von kurzfristigen
Anderungen des natiirlichen Unterwasserlichtes auf die Pigmentkonzentration von N. luetkeana
untersucht. Wurden Sporophyten von 4 m Wassertiefe bis nahe unter die Wasseroberfliche
gebracht, so nahm der Gehalt an Chlorophyll 2 und ¢ ab. Bei Pflanzen, die von 2 m Wasser-
tiefe nach 4 m Wassertiefe verbracht wurden, zeigten sich allerdings nur geringfiigige An-

derungen des Chlorophyllgehaltes, Der Carotinoidgehalt blieb bei diesen Verpflanzungen un-
beeinflult.

INTRODUCTION

Neveocystis luetkeana (MerTENS) P. & R., the giant kelp, grows profusely along
the eastern Pacific Ocean rim, from the Aleutian Islands to central California (DrusHL
1970). One of the more remarkable features of this annual alga is its rapid elongation
rate, which can reach an average of 25 cm per day including stipe and blade (ForemaN
1970) and can produce stipes as long as 25 metres, depending on the water depth.
When N. luetkeana reaches the surface, stipe elongation is curtailed and spore pro-
duction begins. Early ecological studies related growth to habitat, particularly depth
and movement (FrRYe 1930, 1906, Hartee 1928, Hurp 1916, MacMiiLax 1899).
Hurp (1916) believed that light, rather than mechanical stretching in response to
waves and currents, is responsible for stipe elongation. She considered that intensity
rather than quality is the factor curtailing stipe growth and promoting spore pro-
duction.
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Nicrorson (1970), in a study of intertidal Nereocystis luetkeana, found that
stipe elongation ceased and blade elongation increased when the sporophytes reached
the surface. ForEmaN (1970), in an ecological investigation of subtidal N. luetkeana,
found that in the deeper water the rate of stipe elongation decreased, but did not stop
when the sporophytes reached the surface. Blade elongation also decreased but to a
lesser extent. He suggested that light quality and intensity influenced stipe elongation,
but did not experiment in this area.

The aim of this preliminary in situ study was to attempt to relate the growth
pattern of Nereocystis luetkeana to certain environmental parameters, i.e., salinity,
temperature, nutrients and particularly spectral irradiance, by comparing stipe elon-
gation rates of sporophytes transplanted to different depths. The possible physiological
effects caused by altered depth and attendant changes in radiation, brought about by
rapid upward growth and tidal movement were also examined. Field experiments
were conducted to learn if young sporophytes could respond physiologically to short-
term changes in depth by altering their pigment concentrations.

MATERIAL AND METHODS
Growth studies

Exploratory dives began in January, 1969, in coastal waters of Vancouver Island
and the lower mainland of British Columbia (B. C.), Canada, to locate early sporo-
phytes of Nereocystis luetkeana. It should be noted that sporophytes of the kelps
which grow together in these waters cannot be distinguished by their gross morphology
when they are less than 2 cm long. At approximately this size Nereocystis luetkeana
may be identified by faint lines of subsequent splitting of the blade and a slight
thickening at the top of the stipe where the pneumatocyst forms.

Recognizable sporophytes of Nereocystis Iuetkeana were found in early March
about 75 m offshore in Departure Bay, B. C. Location and depth are given in Figure 1.
Small young plants were collected, using SCUBA, from the decper part of the bed
(4 m below mean low tide), measured and attached by their holdfasts to numbered
bricks with rubber bands, and moved to shallower water (2 m below mean low tide).
Additional plants of corresponding size were similarly attached to bricks and left at
their natural depth as controls. Stipe length, blade length and number of blades were
measured at weekly or biweekly intervals from 19 March to 9 May, at which time
storms destroyed all of the plants. Sporophytes which were lost during the first four
weeks were replaced with others of equivalent size.

Another experiment was conducted to compare the growth pattern of plants
prevented from reaching the surface with others placed nearer the surface and with
sporophytes left at their natural depth as controls. This study was carried out during
June and July in a kelp bed in Maynard Cove, B. C. (Fig. 2), 2 more protected area
than Departure Bay. Ten sporophytes of Nereocystis luetkeana, with stipes between 30
and 50 ecm long, were placed at three positions. In one situation the specimens were
attached to individual bricks by their holdfasts and their pneumatocysts were tied to
the bricks or nearby rocks with cod line (smooth cotton cord) thus preventing their
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Fig. 1: Site of transplant and pigment studies on Nereocystis luetkeana, at Departure Bay,
B. C., in encircled area east of Fisheries Research Board Biological Station. Figures are depth
in metres below mean low tide. (After Canadian Hydrographic Service Chart, No. 3509)

reaching the surface. The second group was placed one metre closer to the surface by
tying each holdfast to one end of a 1 m length of cod line, the other end of which was
tied to a brick placed on the bottom. The remaining ten specimens were left at their
natural depth as controls. The depth was 4.5 m below mean low ride. All sporophytes
were measured after four weeks, by which time spore production had started.

Pigment studies

These experiments were conducted at Departure Bay, B. C., in the kelp bed shown
in Figure 1. Small juvenile plants of approximately the same size were collected from
the deep (4 m) and shallow (2 m) regions of the kelp bed and attached by their stipes
with alligator clips at 45 cm and 4 m from the surface to lines which were suspended
from a pipe supported by two floats. The lines were weighted to keep them vertical.
The whole apparatus was anchored to the bottom and attached by a line to the boat.
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CADBORO BAY, B.C.

Fig. 2: Site of Nereocystis luetkeana transplant study at Maynard Cove, Cadboro Bay, B. C.

The X within the circle marks the area of the study, 4.5 m below mean low tide. The arrows

mark region of a rapid current across a reef at the mouth of the cove, and the figures are the
depths, in metres of adjacent waters

The algae were left at their respective positions for four hours, at which time a diver
covered them with aluminum foil and brought them to the boat, where they were
wrapped in damp towelling, iced and transported to the laboratory for pigment anal-
ysis. Pigments were also analyzed from additional plants collected at the end of the
four hours from deep (4 m) and shallow (2 m) water as controls. Five such experiments
were performed beginning in March and ending in June, 1970. Pigments from the first
2 cm of the meristematic region of blade tissue were extracted and analyzed according
to the method of SEELY et al. (1972).

Measurement of environmental parameters

Salinity and temperature were measured with an induction salinometer at the
surface and at different levels in the kelp bed at Departure Bay. Measurements were
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taken frequently during the rapid growth period of Nereocystis Inetkeana (March to
May) and at irregular intervals thereafter during 1969 and 1970. Water samples were
collected in polyethylene bottles and immediately frozen in dry ice for subsequent
nitrate analysis (Woop et al. 1967). Spectral irradiance, at various depths and on deck
was measured at 17 wavelengths from 400 nm to 729 nm, with a submersible portable
spectroradiometer designed for the purpose (Burr & Duncan 1972). A diver assisted
in positioning the underwater instruments, and readings were taken on board an out-
board motor boat, kindly loaned by the Fisheries Research Board of Canada Biological
Station, Nanaimo, B. C.

RESULTS

Average stipe elongation rates of the control specimens of Nereocystis luetkeana
at 4 m (below mean low tide) and the transplanted specimens at 2 m (below mean low
tide) are given in Table 1. At the end of the experiment the control specimens had
longer stipes than the transplants, and a significantly greater average maximum rate
of stipe elongation, i.e. 7.8 cm per day compared with 5.0 cm per day (P < 0.02). The
control plants all reached their maximum elongation rate in the week ending May 1.
The time of maximum elongation of stipes of the transplants was not so clearly defined,
as few survived to the final day of measurement. The fastest rate of stipe elongation
was 12 cm per day, measured for one control plant.

Table 1

Average stipe clongation rates of Nereocystis luetkeana sporophytes for last four weeks of
transplants from 4 m to 2 m, and last three weeks of control plants left at 4 m below mean
low tide level

Transplants Mean stipe elongation rates Mean final Range
and (cm/day) stipe length (cm)
controls April16 April23 May1l  May9 (cm)

Transplants 1.45 2.66 2.62 1.38 73.60 35.00-141.00
Standard error £ 051 X 072 + 084 —

No. of plants 10 8 5 3

Controls 2.69 7.79 3.47 118.60 67.50-178.00
Standard error + 030 % 110 —

No. of plants 10 10 3

The results of the study at Maynard Cove are given in Table 2. Sporophytes of
Nereocystis luetkeana placed 1 m closer to the surface (3.5 m below mean low tide)
had the shortest stipes and the greatest proportion of soral production. The control
plants, at their natural growth depth of 4.5 m below mean low tide had the longest
stipes, and the three longest specimens had sori. The four tied-down sporophytes which
survived produced no sori, and their average stipe length was intermediate, although
closer to the average stipe length of those placed 1 m nearer the surface. There was a
significant difference between the increase in stipe length of the control plants and of
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those nearer the surface (P <C 0.01) but not between the increase in stipe length of the
tied-down plants compared with either those of the controls or the sporophytes nearer
the surface.

Table 2

Effects of depth on stipe elongation and soral production of Nereocystis luetkeana over a

thirty-day period from June 12 to July 12, 1970, at Maynard Cove, B. C. (A) Plants I m

nearer surface (3.5 m below mean low tide); (B) Plants attached to bottom (4.5 m below mean

low tide); (C) Control plants — left at natural depth (4.5 m below mean low tide). The ten
plants at each position had initial stipe lengths between 30 and 50 cm

Final Mean final
: : Standard No. of plants
Series ;IO a noi, sup (eci:;x)lgth error with sori
(A) 10 170.10 +10.56 6
(B) 4 193.20 + 38.85 0
(C) 10 237.00 + 7.04 3

To learn the effect of decreased irradiance on mature sporophytes (i.e. with sori),
ten were tagged and stipe lengths were measured over a two-week period in August,
Five of the ten specimens were then tied to the bottom by their pneumatocysts, and
stipe lengths measured again at the end of the third week. Rates of blade elongation
were also calculated during the final week by punching holes in the blades, 10 cm from
the point of attachment to the pneumatocyst, and measuring the increase in distance
at the end of the week. There was a significant decrease (P < 0.01) in elongation rates

of both stipes and blades of the plants tied down, compared to their rates the previous
weeks (see Table 3).

Table 3

Effect of bottom depth (4 m below mean low tide) on elongation rates (cm/week) of stipes and

blades of mature Nereocystis luetkeana sporophytes, attached to bottom for one week. Stipe

lengths of ten tagged plants were measured for two weeks, at which time five were tied to the
bottom. Initial average stipe length was 343.0 cm. Below: Standard error

Control plants (10) Control plants (4)* Plants tied to bottom (5)
st week 2nd week 3rd week 3rd week
stipes stipes stipes blades stipes blades
17.20 17.20 13.25 14.30 9.20 8.98
t1.16 T 1.16 t256 +0.73 +1.25 + 1.25
* One plant was lost.

The results of the field experiments to determine effects of short-term alterations
in depth and radiation on pigment concentrations were analyzed according to a three-
way analysis of variance in which the main parameters were: (1) prehistory (4 m or
2 m natural depth); (2) treatment (plants from both depths placed at 0.5 m or 4 m
below the surface); (3) time (five testing days between March 26 and June 2, 1970).
The average concentrations of pigments in blade meristem at each situation and for
each day are given in Table 4.
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Table 4

Average of pigment concentrations (mg/g wet weight) from meristematic tissue of deep (4 m)
and shallow-growing (2 m) sporophytes of Nereocystis luetkeana, placed 0.5 m and 4 m below
surface for 4 hrs, and collected from natural depths as controls, on each of 5 days of field tests.
D = deep-growing plants (4 m) and S = shallow-growing (2 m) plants. S.E. = standard error

. Sample Chloro- Chloro- . Carot-
Position size phylla E. phylic S.E enoids SE.
March 25, 1970:
Dat.5m 3 29 .009 .04 .001 A3 .003
SatSm 4 .39 .001 .04 .0009 .18 .002
Dat 4m 3 .38 .03 .06 .004 17 01
Sat4m 5 51 .02 .07 .004 .25 004
D control 3 37 003 .04 .003 21 008
S control 3 32 .005 .05 003 A5 002
April 3, 1970:
Dat.5m 3 52 .008 .06 .001 22 004
S at 4m 3 A48 .002 .07 .003 21 001
Dat 4m 3 74 .06 A1 008 31 .02
Sat4m 3 A0 .02 .05 .002 16 006
D control 3 45 .008 .06 .002 .19 004
S control 3 46 004 06 003 19 03
April 22, 1970:
Dat.bm 3 27 01 .05 002 14 005
S at.5m 3 45 .004 .06 .0007 19 002
Dat 4m 3 .39 .003 .06 .001 .16 .002
S at 4m 3 40 .004 .06 .001 18 004
D control 3 A3 .009 .07 .001 17 003
S control 3 27 01 .06 .002 14 005
May 4, 1970:
Datb5m 3 52 .003 .07 .002 .24 0006
Sat.hm 3 42 .007 .06 .002 .18 002
Dat 4m 4 .60 .002 .08 .0005 24 .002
S at 4m 4 A3 .006 .05 .002 17 003
D control 3 A48 .009 .07 001 .20 003
S control 4 44 01 .05 001 17 004
June 2, 1970:
Datbm 3 27 007 .05 .004 A1 L1
Sat.5m 3 22 007 .03 001 .09 £02
Dat 4m 3 26 01 .05 .001 A1 003
S at 4m 3 22 .003 .04 .0008 .10 002
D control 3 25 .009 .04 .001 .10 .003
S control 3 24 .01 .04 .001 .09 004

Three-way analysis combining plants under all conditions indicated possible
synergism between the three parameters, contributing to differences in pigment con-
centrations. Further analyses were then made to segregate the factors involved by
comparing the components separately. The probabilities of significant differences for
all combinations of experimental conditions are presented in Table 5. The depth at
which sporophytes of Nereocystis luetkeana grew naturally, either at 4 mor 2m below
mean low tide, was the most important factor of those tested to affect pigment con-
centrations. The treatment of altering depth for four hours resulted in some changes
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in pigments of plants from 4 m depth, but had no effect on plants from 2 m. Changes
in pigment concentrations were evident from day to day, again with greater effects
seen in the plants collected from the deeper water. In Table 6 the various treatments
are compared between specimens from 4 m and 2 m depths.

Table 5

Three-way analysis of variance comparing experimental depth treatment for four hours on
pigments of Nereocystis luetkeana collected from 4 m and 2 m below mean low tide, separate-
ly and combined, tested on five days from March 26 to June 2, 1970. (* = significant at
P <0.05; ** = significant at P < 0.01; NS = not significant.) Pigment concentrations in
plants from 2 m did not show significant changes. chla = chlorophyll a; chlc = dhlorophyll ¢;
car == carotenoids. {A) prehistory (natural depths, 4 m or 2 m); (B) treatment {plants from
both depths at 0.5 m and 4 m for 4 hours); (C) time (5 field tests); ¢ control plants (collected
from 4 m and 2 m, no treatment)

o (A)
Test combinations 4m 4m&2m
05m vs ¢ vs 4m chlc** NS
B 05m vs 4m chla*; chlc™ chlct
(B) 0.5m vs ¢ NS NS
40m vs ¢ NS NS
05m vs c vs 4m NS chla/car**
(B) X (C) 05m vs 4m chla/chlc** chla/chlc*; chla/car**
05m vs ¢ chla® chla/car
40m vs ¢ chla/car** NS
0.5m vs ¢ vs 4m NS car*
05m vs 4m NS NS
(A4) X (B) X (©) 05m vs ¢ NS chla**; car™; chla/car®
40m vs ¢ NS car®
Table 6

Three way analysis of variance comparing Nereocysiis luetkeana sporophytes from 4 m and

2 m below mean low tide, placed at 0.5 m and 4 m, for 4 hours during five tests from March 26

to June 2, 1970. -+ significant at P <<0.05; + -+ significant at P <C0.01; NS not significant.

(A) prehistory (natural depths, 4 m and 2 m); (B) treatment (plants from both depths placed

at 0.5 m and 4.0 for four hours); (C) time (five field tests); ¢ control plants (collected from
4 m and 2 m, no treatment)

Pigments 05mc, 40mO05m&40m 05 m 40 m
chlorophyll a (A) NS NS ++ NS
(A) X (C) + + ++ NS
chlorophyll ¢ (A) + 4 + NS +
(A) X (O NS§ + NS +
carotenoids (A) NS NS NS NS
(A) X (©) NS ++ ++ NS
chia/chic (A) + + NS + -+
(A) X (C) NS NS NS NS
chla/car (A) NS NS NS NS
(A) X (C) NS NS ++ NS
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Table 7

Solar radiation at Departure Bay, B. C., on the day preceding (P), the morning preceding
(M) and during experiments (E) to test effects of altered depth on pigment concentrations of
sporophytes of Nereocystis luetkeana

. Daily
Date Hours Ra(?;gt;ce total
' (lys.)
March 25 (P) 0700-1800 263 263
March 26 (M) 0700-1200 222 415
March 26 (E) 1200~1600 193
April 2 (P) 07001800 492 492
April 3 (M) 0700-1200 102} 180
April 3 (E) 1200-1600 78
April 21 (D) 0600-1900 461 461
April 22 (M) 06001200 114 261
April 22 (E) 12001600 147
May 3 (P 0600-1900 609 609
May 4 M) 0600-1200 88 224
May 4 (E) 1200-1600 136
June 1 (P) 0500-2000 704 704
June 2 (M) 0500-1200 361 624
June 2 (E) 1200-1600 263

Chlorophyll a: Concentrations of chlorophyll a were significantly different in
the 4 m sporophytes when placed at 0.5 m and 4 m from the surface, the former having
the lower concentrations. There was no significant difference in the 2 m plants. How-
ever there was a significant difference in concentrations of chlorophyll a between the
2 m and 4 m plants at both depths of the treatment.

Chlorophyll ¢: Concentrations of chlorophyll ¢ were on the average the same for
all the 2 m plants at either experimetnal position. Plants from 4 m showed an appre-
ciable difference in concentrations of chlorophyll ¢ between 0.5 m and 4 m, the latter
being higher. There was no differences in chlorophyll ¢ concentrations between the 4 m
and 2 m sporophytes at 0.5 m, but at 4 m the plants from the deeper water had higher
concentrations.

Total carotenoids: The treatment had no effect on carotenoid concentrations of
plants from either 4 m or 2 m depths. There were, however, differences in carotenoid
content between the two, when analyzed over the five days, the deeper-growing plants
having the higher concentration.

On average the ratio of chlorophyll a to chlorophyll ¢ was the same for all shal-
low plants, and for deep and shallow plants at 45 cm. There was a significant differ-
ence between deep and shallow plants at 4 m, with ratios higher for deep plants. The
ratio of chlorophyll a to total carotenoids did not change significantly in the deep or
shallow plants (4 m and 2 m) in response to light treatment, but there was a change
with time.

The differences in concentrations of all pigments from day to day appear to be
caused by the amount of solar radiation on the testing day rather than on the day
prior to testing. In Table 7 solar radiation values are given for the time period of the
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Table 8

Salinity and temperature of surface and bottom waters at Departure Bay study site, 1969 and

1970, and nitrate concentrations measured only in 1969. Salinity and temperature surface data,

from Pisheries Research Board (FRB) of Canada Biological Station, Departure Bay, are given

for the same days when available. Readings at study site were taken during the early afternoon,
and those at the the FRB dock at 0830 approximately

Salinity (%o) Temperature (°C) NOz-N/1 (ug/at)
Date sur- bot- FRB sur- bot- FRB sur- bot- Bottom
face tom face tom face tom depth (m)

1969

March 11 28.9 289 277 7.8 7.8 6.1 18.06 13.86 3.5
April 5 249 256 — 7.8 7.8 — 18.90 9.66 35
April 9 267 278 258 8.9 8.9 8.3 9.24 9.24 55
April 16 255 269 250 10.0 8.9 9.4 10.50 7.56 7.0
April 23 262 268 250 8.9 8.9 8.3 14.28 10.08 50
May 4 268 @ —  — 100 — @ — 1.26 - —
May 9 257 262 232 12.8 i2.8 122 5.04 7.56 5.0
May 20 268 268 254 13.9 -~ 15.0 10.50 2,10 4.0
May 27 266 269 2538 11.1 10.0 117 15.12 19.74 4.0
June 11 222 230 224 17.8 12.2 183 0.42 0.84 5.0
June 17 19.2 203 126 20.0 20.0 20.6 — 0.84 3.0
July 8 255 26.0 — 17.8 17.2 — 2.30 — 4.0
July 23 21.2 — 239 18.9 -  20.6 0.84 0.84 4.0
July 28 255 270 242 - -— 194 1.68 1.68 5.0
Sept. 25 289 289 — 122 100 — 9.24 420 5.0
October 24 29.1 311 28.0 10.0 10.0 10.6 1554 2436 5.0
1970

January 28 295 295 282 6.0 6.6 6.6 6.0
Feb. 23 272 296 246 7.9 7.5 6.6 5.0
March 11 289 295 270 7.1 7.4 7.2 3.0
March 26 29.6 294 — 8.0 8.0 — 6.0
April 3 278 278 289 8.5 8.8 8.9 5.0
April 21 30.1 30.0 2838 102 102 10.0 4.0
May 4 293 300 27.8 12.0 9.0 122 5.0
June 2 289 289 273 16.5 12.0 18.3 5.5

experiments, the time prior to and including the experimental time, and the previous
day (MowrHLy Radiation Summary 1970). On June 2, when radiation was highest,
pigment concentrations were lowest. On April 3 and May 4 radiation was quite low
and pigment concentrations high, and radiation was high on the previous days, partic-
ularly May 3.

Salinity and temperature measured at the surface and various depths are given in
Table 8. The surface data are quite similar to measurements made on the same days at
the Fisheries Research Board (FRB) Biological Station, Departure Bay (HOLLISTER,
personal communication), also cited in Table 8. The daily FRB data may therefore be
considered as representative of surface conditions year-round at the project site.
Changes in salinity and temperature with depth were slight during the period of rapid
growth of Nereocystis luetkeana from March to May, with no more than a 3°C
difference in temperature and 19/ difference in salinity. Greater extremes were
encountered in June and July when most of the plants had reached the surface.

Nitrate determinations were made on fewer occasions and the data indicate that
concentrations at the surface and at depth fluctuate in a similar manner (Table 8).
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Table 9

Total irradiation at various depths over kelp bed on four days at Departure Bay, B. C. Percent

of total irradiation in the blue (420 nm—490 nm), green (490 nm-580 nm) and red (650 nm to

729 nm) is given and the ratio of red to far-red irradiation (660 nm/729 nm) for May 4, with
K values (diffuse attenuation functions [K]) for the two wavelengths

. Total /y maximum irradiation  Irradiance
Daltg/;éme Depth (m)  irradiation (per spectral band) 660 nm/
# watts cm”2 blue green red 729 nm
January 28 deck 9.9 X 102 23.6 314 23.0
1530-1555 1.80 49 X 102 28.1 354 14.7
3.70 3.6 X 102 26.2 40.6 103
February 23 deck 3.1 X 108 23.0 311 20.5
1400-1430 0.30 1.1 X 108 20.7 32.5 20.3
2.30 9.4 X 10? 27.0 35.9 13.1
4.60 8.0 X 102 20.7 41.8 9.9
April 3 deck 1.1 X 108 29.4 31.2 18.3
15001538 G.15 6.5 X 102 26.1 312 20.1
2.30 3.3 X 102 24.5 39.1 7.0
4.60 2.1 X 102 236 40.5 9.7
May 4 deck 6.1 X 108 27.0 30.6 20.1 1.1
1225-1300 1.00 3.1 X 108 17.7 35.6 16.5 4.7
2.00 1.7 X 108 12.7 36.8 16.0 9.3
3.00 1.5 X 102 10.6 449 11.2 15.5
4.00 1.2 X 108 9.0 43.2 9.5 15.0
5.00 6.2 X 10% 11.0 41.2 10.4 e
K(1/m) for 660 nm — 517
K(1/m) for 729 nm - .614

Irradiance measured at various depths and on deck, on four occasions, is presented
in Table 10, together with the percentage of total irradiance in the blue, green and red
wave bands. Irradiance at representative wavelengths are plotted against depth in
Figure 3. The submarine measurements have been corrected for the immersion factor
(SmrTH 1969) at each wavelength. The ratio of red to far-red irradiance (660 nm/
729 nm) calculated for one day, is also presented in Table 9, with diffuse attenuation
values (K) for the two wavelengths.

DISCUSSION

The results of the stipe elongation study in Departure Bay indicate that the
distance from the surface govern rates of rapid stipe elongation. The transplants in
this study, placed at 2m below mean low tide, had an overall stipe elongation rate
of approximately 1.6 cm per day, the same as the average rate calculated for intertidal
Nereocystis luetkeana control sporophytes from the data of Nicuorson (1970). The
maximum rate of stipe elongation for control plants at 4 m below mean low tide was
7.8 cm per day, considerably less than the maximum rate of 12.7 cm per day calculated
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for Nereocystis luetkeana growing in deeper water (5.5 m) in California (FOrREMAN
1970). At the time of measurement the California sporophytes were three times longer.

Age does not appear to be a major factor determining stipe elongation, assuming
that plants of similar size, growing at the same depth prior to transplanting, are the
same age. In this respect a large number of sporophytes cultured from spores in the
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Fig. 3: Log spectral irradiance at 6 wavelengths, May 4, 1970, Departure Bay, B. C. Measure-
ments were taken at 17 wavelengths from 1 m to 5 m, between 1200 h and 1300 h

laboratory and then placed in the sea would give more definitive results. Change in
pressure also does not seem to contribute to stipe elongation, as the stipes of specimens
tied to the bottom were quite similar in length at the final measurement to those placed
nearer the surface.

From the environmental parameters measured, it appears that spectral irradiation
would have the greatest effect on stipe elongation. It is not possible from the field
studies to separate the effects of irradiation from spectral distribution. The influence
of irradiation on sporophyte growth is most obvious in the initial stages. Recognizable
sporophytes of Nereocystis luetkeana were first observed at 4 m and lesser depths in
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the coastal waters of British Columbia in early March, when low spring tides first
occur in daylight hours (Canapian Tide and Current Charts 1971). The sporophytes
began to reach the surface in May from depths of approximately 4 m. Vapas (1972)
found that in the nearby San Juan Islands of Washington (USA), Nereocystis luet-
keana appeared at about the same time of vear. In culture studies he observed that
gametophytes and early sporophytes had relatively high saturating light intensity
(200 ff. ¢.) compared to other Laminariales, and suggests this requirement relates to
the time sporophyte growth starts in the field (Vapas 1972).

The intensity for the saturation of photosynthesis in older sporophytes of Nereo-
cystis Inetkeana is not known. However, for other Laminariales a saturating intensity
of 400 ugcal cm—2sec—! was measured by Linme (1971). Irradiation as high as this
was measured between 2 and 3 m in early May, as the sporophytes were nearing the
surface. In addition, Nereocystis [netkeana continues to increase its mass at a high
rate, after rapid stipe elongation ceases (Foreman 1970). It would therefore seem that
photosynthesis alone is not responsible for the pattern of stipe growth.

Hurp (1916) postulated that stipe elongation was favoured by the dim light of
deeper water, and that higher intensities at the surface inhibited stipe elongation.
However when sporophytes, both young and mature, were attached to the bottom, low
irradiation did not produce the maximum elongation rates. It is noteworthy that the
ratio of red to far-red irradiation (660 nm/729 nm) decreases quickly towards the
surface, in the depths where rapid elongation takes place. Considering the possibility
that the stipe growth pattern of Nereocystis luetkeana may be a phytochrome-like
response, the author attempted to extract such a pigment using the methods of
TavLor & Bonner (1967) who purified phytochrome from the green alga, Meso-
taenium and the liverwort, Sphaerocarpus. Typical optical density changes were
recorded in crude extracts of blade meristem tissue of Nereocystis luetkeana and in
whole tissue, after illumination with red and far-red wavelengths (Duncan 1971).

DrinNG (1971), using the data of Jerrov (1968) for type 7 coastal waters, calcu-
lated the ratio of red to far-red irradiation as quanta, and concluded that in many
subtidal regions there would be sufficient irradiation in the red region to trigger a
phytochrome reaction. Irradiation in red regions of the spectrum will vary from place
to place, depending on a number of factors, including the amount of chlorophyll in the
water, as demonstrated by TyLEr & SmutH (1967) who measured spectral irradiance
at 5 nm intervals from 350 nm to 750 nm in a variety of natural water types. The
waters of the kelp beds in this study fit type 7 of JErRLOV’s (1968) classification of
coastal waters (see Burr & Duncan 1972). For an alga such as Nereocystis luetkeana,
the amount of irradiation available in the red part of the spectrum is enhanced by its
upward growth, as well as by tidal movement.

The experiments to learn the effect of altered depth and irradiation on pigment
concentrations in Nereocystis luetkeana indicated that a period of four hours, chosen
as being less than a tidal period, was sufficient to cause a decrease in concentrations of
chlorophylls a and ¢, but is not long enough for a measurable increase. Specimens
collected from 4 m depth showed lower concentrations of chlorophylis after being
placed close to the surface, but specimens collected from 2 m did not alter their chloro-
phyll concentrations when placed at 4 m. YenTscu & Scacer (1958) obtained similar
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results in a diurnal study of pigments in a natural phytoplankton population consisting
primarily of diatoms. Plankton from greater depths showed high fluctuations in pig-
ment content from small changes in illumination, while the plankton in surface waters
underwent only small changes in pigment concentrations through wide changes in light
intensity. Chlorophyll ¢ concentrations decreased when chlorophyll a increased and
YentscH & ScaciL (1958) suggested chlorophyll ¢ may function as a precursor of
chlorophyll a. In Nereocystis lnetkeana chlorophyll ¢ shifted in the same direction as
chlorophyll a, and the quantities were somewhat too high and constant for a precursor.

Carotenoid concentrations did not alter during the experimental period of this
study, but there was a significant difference in concentrations between deep (4 m) and
shallow (2 m) specimens, when analyzed over the five testing days. Fucoxanthin, the
major carotenoid in brown algae and diatoms has been demonstrated to transfer
energy to chlorophyll a in diatoms (Tanapa 1951, Mann & Mygrs 1968) and its
function is considered to provide more efficient photosynthesis in the blue-green wave-
bands of fucoxanthin absorption, present at the greater depths of kelp growth. How-
ever, LuBIMENKO & TicHOVsKATA (1928), in an investigation of green, brown and red
algae from depths down to 50 m in the Black Sea, found that total quantity of pig-
ments determined an alga’s capability to photosynthesize with irradiation equivalent
to that found at 50 m. In red and brown algae the accessory pigments replaced chloro-
phyll in varying proportions, with greater concentrations in the algae growing below
10 m than in the same species from more shallow depths. Lusmmenko & TicCHOVSKATA
{(1928) concluded that the function of accessory pigments could not be attributed
exclusively to the utilization of available irradiation for photosynthesis and suggest
these pigments play a more complex role in the slower development of algae growing
in the lower light intensities and lower temperatures of deep water.

There was no evidence from this investigation of consistently greater concentra-
tions of fucoxanthin in specimens growing at 4 m. In Nereocystis Iuetheana fuco-
xanthin may be of greater significance in the development of gametophytes over the
winter, and in early sporophytes at depths greater than 4 m.

SUMMARY

1. Transplant studies of Nereocystis luetkeana indicate that the maximum rate of
stipe elongation is a function of depth.

2. Salinity, temperature, nitrate concentrations and spectral irradiance were measured
with depth and time, to learn which environmental factor or factors contributed
to the pattern of stipe growth. Spectral irradiance showed the greatest and most
consistent changes and is considered the principal factor affecting stipe elongation
of Nereocystis luetkeana.

3. The depths at which stipes of Nereocystis luetkeana lengthened at a maximum rate
corresponded to a decrease in the ratio of red to far-red wavelengths, suggesting
the pattern of stipe growth may be a phytochrome-like response.

4. Photosynthetic pigments appear to respond to diurnal radiation with changes in
concentration. Chlorophyll a and chlorophyll ¢ in specimens collected at 4 m altered
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when the plants were kept at different constant depths for four hours. The chloro-
phylls of specimens from 2 m did not alter their concentrations. Carotenoids in
Nereocystis Inetkeana from neither 4 m nor 2 m changed in concentration in re-
sponse to altered depths.
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