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Abstract 

Oxygen evolution and uptake by whole thalli of the large marine alga Laminaria longi- 

cruris de la Pylaie were measured for 24 h, once every 2 weeks for a year, using 
large chambers to incubate the plants on the sea bed. Diel rates of photosynthesis 
and respiration were calculated from these measurements and continuous light mea- 
surements were used to extrapolate the data between observation dates. The resulting 
estimates were combined with measurements of growth and carbon content to give an 
annual carbon budget for a typical mature plant. Annual net assimilation was 6.8 mgC 
per cm 2 of frond surface (71 cal cm-2). Approximately 45% of this appeared in the 
production of new frond tissue, and a further 12% was accounted for by storage of 
carbon in mature frond tissue. About 8% was needed for stipe growth, and the re- 
maining 35% was assumed to be lost as dissolved organic carbon. Diel net photosyn- 
thetic rates reached a maximum in June and July and were negative only in November, 
indicating an ability to produce a photosynthetic surplus throughout winter. In 
early winter the plants drew on stored reserves to supplement photosynthesis in 
providing carbon for growth, but from January onwards photosynthesis provided more 
than enough carbon for growth. 

Introduction 

Large marine algae in temperate waters 
often exhibit periods of rapid growth in 
winter and early spring, when both light 
and temperature are at low levels. Para- 
doxically, they grow less rapidly in 
summer. The phenomenon has been docu- 
mented in Desmarestia aculeata (Chapman and 
Burrows, 1971), sublittoral fucoids 
(Suto, 1951) as well as in the lami- 
narians studied by Black (1950), L~ning 
(1971), Mann (1972), and L~ning et al. 
(1973). L~ning and his co-workers showed 
for Laminaria hyperborea that carbon was 
stored in summer and was translocated to 
the meristematic region to provide mate- 
rials and energy for late winter growth. 
There was little or no photosynthetic 
surplus in winter. 

This study was designed to find out 
whether Laminaria ion~cruris has a photo- 
synthetic surplus in winter, and to re- 
late annual patterns of photosynthesis 
and growth to environmental conditions. 

Materials and Methods 

Field Measurements on Plants 

For reasons given in Hatcher (1977), the 
principal measurements of photosynthesis 
and respiration were made on whole 
plants, using specially designed large 
incubation chambers on the sea floor. 
The apparatus (Hatcher, 1977) consisted 
of a transparent and an opaque chamber, 
each 30 cm diameter x 110 cm high, and 
fitted with mechanisms for (i) passing 
the water through 0.45 ~m filters to re- 

Laminaria lon~cruris in Nova Scotia shows move phytoplankton and most bacteria, 
uninterrupted growth throughout the win- (ii) removing bubbles, (iii) stirring to 
ter, and tissue present in summer is break down diffusion gradients at the 
pushed to the tip of the blade and plant surface, (iv) reducing the oxygen 
eroded during the winter. Hence, the op- tension prior to incubation, to prevent 
portunities for storage and translocation supersaturation and (v) removing water 
seem more limited, samples during incubation. 
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Measurements of diel net photosyn- 
thesis and respiration were made once 
every 2 weeks for a year, starting May 
I, 1975. On each day, 3 to 5 consecutive 
incubations totalling 24 h were carried 
out in both the light and the dark cham- 
ber. In order to minimize the effects of 

between the first and last measurements. 
The ratio of thin peripheral tissue to 
central blade tissue was also obtained 
from measurements at this stage. 

The elongation of the tagged plants 
was monitored every 2 weeks as in Parke 
(1948) by measuring the advancement of 

nutrient limitation or possible bacterial I cm diameter holes punched in the 
activity, no incubation exceeded 6 h blades 10 cm above the junction of stipe 
during the day and 12 h during the night, to blade. The increase in length was 
Initial and final water samples from 
each incubation were brought to the sur- 
face by divers and fixed for later anal- 
ysis of dissolved oxygen by the Winkler 
method (Strickland and Parsons, 1972). 
The diel net photosynthetic rates thus 
measured were extrapolated to I week be- 
fore and I week after that date by ref- 
erence to continuously measured, in situ 
light levels. In this way, diel net 
photosynthesis was estimated for every 
day of the study year. 

The site of the experiments was a 
moderately exposed kelp bed at Fox Point, 
on the western shore of St. Margaret's 
Bay, Nova Scotia, Canada, situated about 

multiplied by the mean blade width and 
the appropriate surface area correction 
factor to yield the total increase in 
surface area during a given period of 
time. In order to compare growth between 
different plants, the increase in area 
was expressed as a percentage of the 
mean total frond area between measuring 
dates: this is referred to as the nor- 
malized growth rate. Note that only one 
side of a frond was used in the compari- 
sons, even though both sides are photo- 
synthetically active. Table I is a 
sample of the growth measurements and 
calculated growth rates obtained for a 
representative plant. Values for other 

1OO m from shore and 10 m deep. Specimens plants used in the study were calculated 
of Laminaria longicruris de la Pylaie used 
for the experiments were tagged where 
they grew, within a radius of 10m of the 
incubation site. As needed, two plants 
were freed from the substrate and placed 
in the incubation chambers. When not in 
use they were anchored to lead weights 
by means of surgical tubing. In the 
course of the year, a total of 8 plants 
was used. At no time were experimental 
plants brought to the surface or removed 
from the water. 

On each day of field measurements the 
apparent frond area of each incubated 

in the same way. 

Measurement of Light and Temperature 

The in situ quantum irradiance between 
400 and 700 nm was monitored continuous- 
ly during the study year by a recording 
quanta meter installed on the sea bed 
(Chapman et al., 1976). Reliable data 
were obtained for 245 of the 366 days, 
with interruptions never exceeding 15 
days. Light levels at or below the 
plant's photosynthetic saturation value 

plant was measured under water by placing were integrated to yield daily quantum 
it between two flat sheets of Plexiglas 
and determining its length, and the 
width at 5 cm intervals along the longi- 
tudinal axis, using a measuring grid 
painted on the plastic. The apparent 
area was calculated by multiplying the 
mean blade width by the length. It was Extrapolation of Field Measurements of Photo- 
then corrected to "true" area as follows: synthesis 
when no longer needed, each of the ex- 
perimental plants was measured in the 
field as described, and was then taken 
to the laboratory and cut into small 
regular pieces which could be pressed 
flat and measured without any folds or 
creases. When summed, the resulting value 
for surface area was considerably greater 
than the apparent area measured in the 
field. The ratio between the two was 
used as a conversion factor in all sub- 
sequent calculations involving that 

irradiance in ~E m-2. ARyan model 12 
recording thermograph was used to monitor 
in situ temperature continuously during 
the study period. 

plant. This technique is considered valid measured in situ quantum irradiance up to 
because no single plant was used for a the saturation value determined on Day i, 
period of sufficient length that its Qf is the in situ quantum irradiance up 
morphology could change significantly to saturation value determined on the 

The photosynthetic production of kelp in 
the sea was estimated by extrapolation, 
using the recorded in situ light data in 
the following formula: 

Qi 

PNi = (PGf ef ) - Rf, 

where: PNi is the diel net photosynthetic 
rate on Day i, PGf is the calculated diel 
gross photosynthetic rate determined on 
the day of field measurements, Qi is the 
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Table i. Laminaria longicruris. Growth of experimental plant no. i. Asterisk indicates that a new 
hole was punched 

Measurement Mean Position Distance Mean Surface Net production of new tissue Normalized 
date (1975) frond of hole hole frond area Total for Daily rate daily rate 

area (cm) moved width correction period (cm 2) (em 2 day -l) (% increase) 
(cm 2) (cm) (cm) factor 

May i IO* 27.0 1.55 
May 14 4550 18 8 28.0 1.55 347 25 0.55 
May 28 51OO 31 13 29.0 1.55 584 42 0.82 
June 11 4950 44 13 26.0 1.55 523 37 0.76 
June 25 4550 54 iO 24.0 1.55 372 27 0.58 
July 9 4320 65 Ii 24.0 1.55 409 29 0.68 
July 23 4000 71 6 24.0 1.55 223 16 0.40 
Aug. 6 3760 77 i0" 6 24.0 1.55 223 16 0.42 
Aug. 20 3710 14 4 24.5 1.55 151 11 0.29 
Sept. 4 3470 20 6 24.0 1.55 223 15 0.43 
Sept. 18 3160 24 4 23.0 1.55 142 iO 0.32 
Oct. 2 2880 26 2 23.5 1.55 72 5 O.18 

day of field measurements, and Rf is the the residue was used in conjunction with 
diel respiration rate measured on the the alcohol-extracted dry weight to ob- 
day of field measurements. The extra- tain the dry weight of each sample. The 
polation is based on the observation ethanol-insoluble fraction was dried by 
that gross photosynthesis is proportional means of two extractions in 100% ethanol, 
to light intensity below saturation for two extractions in ether and then placed 
the plant. Gross photosynthesis was in vacuo over P205 . This dried tissue was 
estimated by summing the diel net photo- then ground and triplicate subsamples 
synthesis and respiration for each day were analysed in a Hewlett Packard model 
of field measurements. Saturating light 185-b CHN analyzer to determine the 
values were determined in the laboratory, percentage of carbon present. The carbon 
In the field, allowance was made for 18% measured at this stage is assumed to be 
light attenuation across the incubation predominantly laminaran (a storage prod- 
chamber wall. uct), alginate, and cellulose (structural 

For days on which the light meter was carbon). A detailed analysis of the sea- 
non-functional (33% of the experimental sonal variation of these substances 
year), in situ light levels were estimated throughout the whole plant is presented 
by calculating for each month of the 
year the linear regression of daily 
light recorded in situ on daily hours of 
bright sunshine recorded at a nearby 
(3 km) weather station. 

Carbon Analyses 

Once a month, 5 representative plants 
were taken from the study site for anal- 
ysis of organic carbon content. Five 
grams (fresh weight) of tissue was cut 
from the central blade tissue and 5 g 
from the thin peripheral tissue just 
above the meristematic region of each 
plant. These tissue fragments were 
boiled three times in 80% ethanol and a 
subsample of the ethanol-soluble frac- 
tion was then analysed spectrophoto- 
metrically for mannitol (the primary 
storage product) using the periodate 
method of Lambert and Neish (1950). The 
remainder of the ethanol-soluble frac- 
tion was evaporated and the weight of 

elsewhere (Chapman and Craigie, 1977). 
On each day of field measurements two 
representative plants were collected 
near the station and 13.65 cm 2 strips of 
tissue were cut from the same areas of 
the plant as used for the carbon analy- 
sis. These were taken to the laboratory 
and dried at 105~ for 24 h to determine 
the dry weight per unit surface area for 
each tissue type throughout the experi- 
mental year. 

The mean diel net production of frond 
tissue in terms of carbon is calculated 
for two representative field measure- 
ment days in Table 2. The carbon content 
per unit dry weight of the newly produced 
peripheral and central tissue was ob- 
tained by summing the two carbon mea- 
surements done on the monthly tissue 
samples. Applying the surface area to 
dry weight ratio derived from the 
13.65 cm -2 tissue samples collected on 
each field measurement day yielded the 
total carbon content per unit surface 
area for each tissue type. The weighted 
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Table 2. Laminaria longicruris. Sample calculation of carbon content of new frond tissue produced. Measurements in Columns 
4 to 9 made on 2plants on each occasion 

Extrapo 
polation 
period 

Mean carbon content 
Peripheral Central 
tissue (P) tissue (C) 
(UgC cm -2) (ugC cm -2) 

Ratio Weighed Surface Carbon Average Diel incre- Net production of 
P:C carbon area increment frond area ment in car- tissue-carbon: 

content increment during during bon content average of 2 plants 
(ugC cm -2) (cm-2day -I) period period per cm 2 to- in period (ugC 

(mg) (cm 2) tal frond cm-2day -I) 

area (ugC 
cm-2day-l) 

May I-7 a 869 578 2.32 781 25 19 4400 4.4 

2.13 776 20 16 4300 3.7 4.3 

0ct.io-23 b 3201 1153 3.00 2689 14 37 1890 19.6 

2.52 2619 12 32 2210 14.4 17.o 

aFirst week of measurements. Extrapolated to I week after field measurements, but not week before. 
bExtrapolated to i week before and I week after day of field measurements. 

average of these was then calculated 
using the ratio of peripheral to central 
tissue applicable to the particular ex- 
perimental plant. The resulting value 
represents the average carbon content 
per cm 2 of new tissue produced during 
each 2 week period. When multiplied by 
the appropriate daily surface area in- 
crement, the 24 h increment in carbon 
between sampling dates was obtained for 
each plant. The value was then divided 
by the average surface area of the plant 
during that 2 week period. The average 
of the 2 values obtained on each sample 
date was multiplied by the number of 
days in the extrapolation period and the 
products summed to yield the annual net 
production of tissue-carbon. 

Photorespiration- Type Phenomena 

It was important to make a preliminary 
assessment of photorespiration-type 
phenomena, as the annual productivity 
calculations are based in part on esti- 
mates of gross photosynthesis. It is now 
agreed (Tolbert, 1974), that photorespi- 
ration is associated with a decrease in 
net photosynthesis in the presence of 
high ambient 02 levels. To check for the 
occurrence of the phenomenon, experi- 
ments were conducted in collaboration 
with Mr. J. Robbins. The apparatus he 
developed was described elsewhere (Rob- 
bins, 1976). Briefly, it consists of a 
3 1 transparent, closed chamber situated 
in a controlled temperature bath on a 
large magnetic stirrer; the whole sur- 
rounded by 4 banks of two 20 W cool 
white fluorescent lamps. A Radiometer 
model TT2 pH probe (• 0.25% full scale) 
and a YSI model 54 oxygen probe (• 1.O% 
full scale) protrude into the chamber 
and the oxygen probe is connected 
through its meter to a Heathkit model 
IR-18M chart recorder (• 2.0% full 
scale). A moveable piston allows a 60 ml 

sample to be withdrawn for micro-Winkler 
analysis of dissolved oxygen (as in Car- 
ritt and Carpenter, 1972), and analysis 
of total inorganic carbon by the method 
of Cooke (1972) using a Beckman Infrared 
Analyser and an Infotronics Model CRS- 
230 Integrating Digital Voltmeter. 

A series of six 2 h incubations were 
run at increasing levels of ambient oxy- 
gen concentration using small whole 
plants (ca. 250 cm 2) at 5~ in saturating 
light levels (180 bE m -2 sec-1). Net 
photosynthesis was measured in terms of 
the flux of dissolved oxygen and inor- 
ganic carbon. 

Relation between Photosynthesis and Light In- 
tensity 

Extrapolation of the photosynthesis data 
to I week before and I week after each 
day of field measurement required labora- 
tory investigations of the relationship 
between photosynthesis and light intensi- 
ty. These were made once a month, at two 
temperatures spanning the range of vari- 
ation measured in the field during that 
month. Pieces of mature peripheral tis- 
sue measuring 50 cm 2 were cut from rep- 
resentative plants at the study site and 
acclimated in the dark for at least 12 h. 
The segments were placed in transparent 
300 ml bottles with filtered (0.45 ~m) 
seawater and a Teflon-coated stirring 
bar. The bottles were placed on magnetic 
stirrers in a controlled temperature 
room with a 500 W incandescent light 
source attenuated with neutral density 
filters. Duplicate 2 h incubations were 
run consecutively at increasing light 
levels (as measured on a Lambda Instru- 
ments Li-185 light meter) until no in- 
crease in net photosynthesis (as deter- 
mined by dissolved oxygen evolution) oc- 
curred. Concurrent incubations were done 
in dark bottles to measure respiration 
and added to net photosynthesis values 
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to give gross photosynthetic rates. The 
resulting P versus I curve was based on 
at least 10 data points and from it the 
saturating light value was determined. 

R esu Its 

Photorespiration-Type Phenomena 

Table 3 shows the result of measuring 
photosynthesis in Laminaria longicruris by 
both 0 2 and CO2 methods, over a wide 
range of ambient oxygen concentrations. 
Between 2 and 108% oxygen saturation, 
the change in photosynthetic rate is 
less than 10%. This is taken to indicate 
that photorespiration-type phenomena are 
of a much lower magnitude than those 
reported in other algae (Warburg and 
Krippahl, 1960; Orth et al., 1966; Brown 
and Tregunna, 1967; Hess et al., 1967) 
and are thus of little significance in 
our calculations. 

Rate of Assimilation on the Day of a Field Ex- 
periment 

Changes in oxygen concentration in the 
opaque and transparent chambers during 
each experimental incubation were used 
to calculate the hourly rates of respi- 
ration and net photosynthesis in units 
of ug 02 cm-2 plant surface per hour. 
The appropriate hourly rates were extra- 

polated to each segment of the day rep- 
resented by one experimental incubation 
and summed to give the 24 h rates (Table 
4). 

Note that the night respiration val- 
ues obtained from the transparent cham- 
ber were expressed as negative net photo- 
synthesis. Thus, the sum of the net 
photosynthesis during all periods (or 
the difference between daily net photo- 
synthesis and night respiration in the 
transparent chamber) was taken to be the 
diel net photosynthetic rate, i.e., the 

Table 3. Laminaria longicruris. Measurement of 
net photosynthesis in laboratory under a wide 
range of ambient oxygen conditions. On 3 occa- 
sions results obtained by the oxygen method were 
checked by monitoring CO 2 changes, nd: no data 

Ambient dis- Net photosynthesis Photosyn- 
solved 02 • standard deviation thetic 
ml/l % Satura- mol 02 mol CO 2 quotient 

tion ucm_2h_ I ucm_2h_ 1 

0.15 2.1 0.94• nd nd 

1.24 17.2 0.94• 0.78• 1.21 

5.82 80.8 0.88• 0.75• 1.17 

7.68 108.5 0.85• nd nd 

11.O3 153.1 0.80• 0.67• 1.19 

16.35 231.2 0.77• nd nd 

Table 4. Laminaria longicruris. Sample calculation of diel rates of respiration and net photosynthe- 
sis from in situ measurements made on May 14-15, 1975. Excess of respiration over photosynthesis in 
a light chamber is recorded as negative photosynthesis. Respiration rates in transparent chambers at 
night were used to calculate diel respiration, since plants in light chambers had a more natural 
photohistory. Note that Column 2 does not total 24 h on account of time needed to change water be- 
tween incubations. Calculated diel gross photosynthesis, 62.2 + 63.8 = 126.0 ugO2cm-2day-i 

Incuba- Hours of Time for which Chamber 
tion no. incuba- calculations 

tion made (hrs) 

Respiration 
Hourly rate Period 
(ugO2cm-2h-l) total 

(ugO2cm-2) 

Net photosynthesis 
Hourly rate Period 
(ugO2cm-2h-l) total 

(HgO2cm-2) 

1 4.0 16.30- 21.O0 Opaque 
Transparent 

2 9.5 21.OO - 06.30 Opaque 
Transparent 

3 4.0 O6.30- 11.OO Opaque 
Transparent 

4 5.0 11.00- 16.30 Opaque 
Transparent 

2.4 10.8 - - 

- - - 0 . 3  - 1 . 4  

1.0 - -  - -  - -  

0 . 9  8.6 -0.9 -8.6 

3.5 15.8 - - 

- 2.7 12.2 

4.9 27.0 - - 

- - 11.2 61.6 

Total 22.5 16.30-16.30 - 62.2 63.8 
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Table 5. Laminaria longicruris. Summary of temperature and light data, diel net photosyn- 
thesis, diel respiration, and diel gross photosynthesis calculations for days on which 
incubations were carried out in field. For method of calculating saturating light level, 
see text, nd: no data 

Measurement Tempera- Diel quantum Diel net Diel Diel gross 
date ture (~ irradiance be- photosynthetic rate respiration photosynthesis 
(1975-1976) low saturation In situ Laboratory (ugO2cm-2) (ugO2cm-2) 

(millions (ugO2cm-2) (ugO2cm-2) 
uE m-2day-l) 

May I-2 3.0 O.81 102 98 46 148 
May 14-15 4.0 O.86 64 nd 62 126 
May 28-29 8.7 0.65 137 nd 46 183 
June 11-12 9.2 1.39 113 249 41 154 
June 25-26 9.0 1.57 208 277 56 264 
July 9-10 12.5 0.90 134 173 72 207 
July 23-24 11.2 1.33 123 nd 52 175 

Aug. 6-7 9.0 0.85 35 157 38 73 
Aug. 20-21 ii.O 1.23 150 225 44 193 
Sept. 4-5 15.5 I.o1 107 185 53 160 

Sept. 18-19 16.O 0.92 172 172 152 324 
Oct. 2-3 16.O 0.64 32 109 74 105 
Oct. 16-17 13.O 0.63 41 107 71 112 
Oct. 30-31 13.O 0.32 -9 26 52 43 
Nov. 17-18 10.O O.41 0 55 68 68 
Nov. 27-28 9.5 O. iO -15 15 36 20 
Dec. 19-20 6.5 0.37 108 32 115 224 
Jan. 7-8 4.0 0.28 -8 23 40 32 
Jan. 22-23 2.5 0.33 66 28 52 118 
Feb. 5-6 2.0 0.24 45 19 39 84 
Feb. 19-20 2.0 O.41 61 36 36 98 
Mar. 4-5 2.0 0.39 15 40 26 41 
Mar. 19-20 1.2 0.66 IOO 31 31 130 
Apr. I-2 3.0 0.34 8 42 30 38 
Apr. 15-16 2.5 0.46 67 55 45 112 

net surplus or deficit of energy for and the conversion to equivalent carbon 
that 24 h period. This method of calcula- fixation. When summed for the year, net 
tion does not correct for heterotrophic photosynthesis amounted to 19.4 mg 02 
respiration by bacteria on the plant, cm,2 year-1 or 6.8 mg C cm -2 year-1. 
which could cause an error of under- Using the conversion factor of 10.481 
estimation. Table 5 summarizes data ob- kcal = I gC (Mann, 1971), this is equiva- 
tained on the 25 days of field measure- lent to 71 cal cm -2 year-1. 
ments. 

Results Based on Laboratory Measurements of 
Extrapolation from Field Measurements: The An- Photosynthesis 
nual Total 

The experiments that were used to deter- 
Daily light energy throughout the experi- mine the relationship between light and 
mental year is shown in Fig. I. These gross photosynthesis (p versus I) were 
values were used to extrapolate from the also used to make an independent estimate 
rates of photosynthesis measured in the of the diel net photosynthetic rate for 
field to estimated values for I week be- each day of the year. Each light record- 
fore and I week after. The mean diel ing point from the quantum irradiance 
rates for each 2-week period are shown meter was converted to a gross photo- 
in Fig. 2. Note that the method of extra- synthesis value from the P versus I curve 
polation involved the assumption that 
gross photosynthesis changes in propor- 
tion to daily light energy below satura- 
tion. Gross photosynthesis for this 
purpose was taken as the sum of diel net 
photosynthesis and respiration for each 
day of field measurements. It is recog- 
nized that true gross photosynthesis is 
almost impossible to measure, and no use 
is made of the values obtained, except 
as a step in the extrapolation of net 
photosynthetic values. Table 6 shows the 
mean diel rate for each 2-week period, 

for that month. Integration of these 
values for each day gave an estimate of 
daily gross photosynthesis. Subtraction 
of the laboratory respiration rate extra- 
polated to 24 h gives the diel net photo- 
synthetic gain or loss (Fig. 2). These 
laboratory estimates rarely agreed with 
those based on field measurements using 
whole plants; they were usually lower. 
This finding supports work described in 
Hatcher (1977). The differences are due 
to (i) the use of pieces of tissue, 
which are usually not representative of 
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Table 6. Laminaria longicruris, Data on net oxygen production extrapolated from day of measurement 
to i week before and [ week after, and conversion to equivalent carbon assimilation. Yearly total 
02 = 19.4 mg 02 cm-2; yearly total carbon = 6.8 mgC cm-2; net tissue-carbon = 3.1 mgC cm -2 

Period Extrapolated net Mean diel net Photosynthetic Equivalent diel Net produc- 
02 production 02 production quotient a net carbon as- tion of tis- 
(ugO 2 cm -2) (ugO 2 cm -2) similation sue-carbon: 

(ugC cm -2) average of 2 
plants in 
period (ugC 
cm-2day-1) 

1975 

May 1 - May 7 311 

May 8 - May 21 845 

May 22 - June 4 491 

June 5-June 18 i19i 

June 19 - July 2 2506 

July 3 -July 16 3155 

July 17 - July 30 1892 

July 31- Aug. 13 I000 

Aug. 14 - Aug. 27 1132 

Aug. 28 - Sept. Ii 957 

Sept. 12- Sept. 25 717 

Sept. 26 - Oct. 9 344 

Oct. 10-Oct. 23 250 

Oct. 24-Nov. 7 62 

Nov. 8-Nov. 21 -122 

Nov. 22-Dec. 7 55 

Dec. 8 - Dec. 28 92 

Dec. 29 - Jan. 14 62 

1976 

Jan. 15 - Jan. 28 987 

Jan. 29 - Feb. 11 568 

Feb. 12 - Feb. 25 370 

Feb. 26 - Mar. 11 457 

Mar. 12 - Mar. 25 853 

Mar. 26 -Apr. 8 266 

Apr. 9 -Apr. 30 889 

42 i .03 17 4.3 

60 1.33 17 6.4 

35 1.33 iO 5.2 

85 [ .03 31 5.6 

179 1.O3 65 6.2 

225 0.86 93 9.5 

135 1.29 39 7.5 

71 1.50 17 7.5 

81 1.11 25 11.4 

68 1.14 23 IO. 2 

51 I ,17 17 8.3 

25 i. Ii 8 5.9 

18 i .O4 6 17 .O 

4 O.98 2 15.6 

-9 O.91 -3 13.5 

3 1.23 i 6.8 

4 1.57 i 9.4 

4 i .O5 I 6.9 

7O i .05 25 9.0 

41 O.77 18 8.8 

26 1.06 9 9.2 

30 1 ,O4 1 1 8.1 

61 1.01 23 6.3 

19 0.84 8 7.0 

40 O.67 19 4.2 

aunpublished data supplied by Dr. A.R.O, Chapman. 

the whole plant, (ii) the long period of 
adaptation in the dark, which may affect 
natural metabolic rhythms, (iii) the 
degree of stirring, which may differ 
from that in the in situ experiments and 
(iv) the extrapolation of a short-term 
laboratory respiration measurement to 
14 days. 

Growth and Carbon Content 

The normalized growth rates of the ex- 
perimental plants used throughout the 
year and the bi-monthly averages are 
plotted in Fig. 3. The annual pattern of 
growth is similar to that observed for 

Annual Carbon Budget 

On an annual basis, the average kelp 
plant showed a net assimilation of 
slightly more than twice as much carbon 
as was present in newly produced frond 
tissue. Much of the fixation took place 
in the summer months, when it far ex- 
ceeded the carbon content of new growth 
(Fig. 4). For 3 months during the fall 
and winter (October-December), the car- 
bon produced in the form of new frond 
tissue exceeded that which was fixed. 
Assimilation was negative for I month 
during the winter (November) and only 
slightly positive in December. 

Based on this budget, the annual net 
this species by Mann (1972) and Chapman production of a mature Laminaria longicruris 
and Craigie (1977). Growth rate decreases of 0.42 m 2 frond area (average size of 
through the summer and early fall, and 
increases rapidly through the winter and 
early spring. The annual net production 
of tissue-carbon based on growth and 
carbon content analysis was found to be 
3.1 mg C cm -2 year-1 (32 calories cm -2 
year-l) or 8 ~g C cm -2 day -I (0.09 cal- 
ories cm-2 day-l) (see Table 6, Column 
6). 

the 8 experimental plants) in 10 m of 
water at Fox Point is 28.5 g C year -1 or 
300 kcal year -I. If for the purpose of 
comparison with other studies it is as- 
sumed that a kelp bed has 5 to 15 such 
plants per m 2, the annual production 
would be 143 to 428 g C m-2 year-1 or 
1,495 to 4,485 kca! m -2 year-1. This is 
a minimum estimate as it does not ac- 
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Fig. 4. Laminaria longicruris. Mean diel net assimilation by whole plant, and carbon content of new 
tissue, calculated for 2-week intervals 

count for the contribution of younger, 
more rapidly growing plants. 

Discussion 

Carbon Budget 

It appears that most of the carbon and 
energy required by Laminaria longicruris 
for winter growth is obtained by photo- 
synthesis during that period, rather 

than by drawing on stored reserves. Fig. 
4 shows the carbon content of new tissue 
to be in excess of diel net assimilation 
from October to early January. Note that 
the measurement of carbon in new tissue 
will include both structural carbon re- 
quired for new growth and any stored 
carbon which is in the process of being 
translocated through the tissue. It is 
possible that, during October, photo- 
synthesis supplies the needs for new 
structural carbon. From January onwards, 



94 B.G. Hatcher et al. : A Carbon Budget for Laminaria 

m% 

= 

2o 

c~  

io 

..J 

i !?i i 
!i~ii!!! 
i!i# 

o 
MAY JULY SEPT NOV' 

1975 

1o% 

3~ 

1,5~ 

JAN MAR 

]976 

Fig. 5. Laminaria longicruris. Net photosynthe- 
sis determined in laboratory at saturating light 
levels and monthly average water temperatures 
in St. Margaret's Bay 

Table 7. Laminaria longicruris. Summary of 
multiple-regression analysis of effect of irra- 
diance and temperature on metabolic rates, nd: 
no data 

Variable % Variance accounted for by: 
Irradiance Temperature Both 

Diel net photo- 
synthesis in 
field 

61"* 6 ns 63** 

Diel net photo- 
synthesis in 
laboratory 

94** 30** 95** 

Light-saturated nd 56* nd 
photosynthesis 

Diel respiration 2 ns 27** 28* 

** = significant, P <O.O1; * = significant, P 
<0.05; ns = not significant. 

photosynthesis clearly supplies the car- 
bon needed for new tissue. 

Of the 300 kcal fixed annually by an 
average plant of the type studied, only 
135 kcal (45%) appeared in the new tis- 
sue that was routinely sampled. Chapman 
and Craigie (1977) analysed seasonal 
variation in the carbon content of other 
parts of the frond and showed that on 
average these contained 25% more carbon 
(primarily laminaran) than the meriste- 
matic region. This would account for an- 
other 35 kcal in a year. The remaining 
130 kcal are not accounted for. Allowing 
25 kcal for stipe growth (Mann, 1972; 
Chapman and Craigie, 1977) there is 105 
kcal (35%) which we suggest may have 
been excreted as dissolved organic mat- 
ter. In the period between May and 
August, assimilation far exceeds growth 
and storage, and we have no better sug- 

levels, it builds up internal reserves 
of nitrogen. At the spring bloom of 
phytoplankton, nitrate in sea water is 
reduced to low levels, and L. lon~cruris 
grows at a decelerating rate while using 
its internal reserves. During summer, it 
builds up carbon reserves. 

It is now possible to relate the car- 
bon budget to the nitrogen budget and 
reveal a seasonal strategy of growth. 
Rapid winter growth is an adaptation to 
the availability of nitrate in the sea. 
Growth accelerates between November and 
January, and reaches its peak in late 
winter and early spring. In the November 
to January period growth exceeds assimi- 
lation, the carbon reserves are drawn 
upon, and in fact are reduced to low 
levels by February (Chapman and Craigie, 
1977). From February onwards, growth is 
sustained entirely by an assimilatory 

gestion to offer than the idea (Sieburth, surplus. 
1969, discussed further in Moebus and 
Johnson, 1974) that at this time there 
would be copious production of dissolved 
organic matter. This is the time of year 
when light is abundant but nitrate is in 
very low concentrations. It seems prob- 
able that photosynthetic fixation pro- 
ceeds rapidly but that lack of nutrients 
prevents cell division and growth. 

strategy of Growth 

Chapman and Craigie (1977) have shown 
that Laminaria longicruris at our study 
site suffers nitrogen limitation during 
summer months, and that during winter 
months, when ambient nitrate is at high 

Laminaria lon~cruris differs from L. 
hyperborea in that growth rates in the 
latter species start to increase in Jan- 
uary, reach a maximum in April-May and 
are very low for the remainder of the 
year (LOning, 1971; Larkum, 1972). In L. 
longicruris growth is more nearly contin- 
uous. The thallus shows no distinct an- 
nual segments and the plant exhibits a 
longer term of rapid growth beginning as 
early as October, peaking in January- 
February, and extending into June. These 
differences are related to the source of 
energy used for winter growth. L. hyper- 
borea relies primarily on stored reserves. 
Even at 2.5 m depth off Helgoiand, light 
levels are consistently below the com- 
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pensation point of tissue segments from 
October to March inclusive (LHning, 
1971). Hence growth in L. hyperborea is 
probably energy-limited at least until 
April. However, as can be inferred from 
the diel net photosynthesis curve (Fig. 
2), light levels at 10 m depth in St. 
Margaret's Bay are below the compensa- 
tion point of whole L. longicruris plants 
only in November. Hence, the alga is 
able to show a net assimilation through- 
out much of the winter and relies less 
on stored reserves which are not as 
plentiful as in L. hyperborea. Rather 
than being energy-limited, growth in L. 
lon~cruris would seem to be primarily 
nitrogen-limited. 
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