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Abstract 

Rates of NO;- uptake by individual blades of Macrocystis 
pyrifera (L.) C. Agardh were measured at different flow 
rates in the laboratory. Dissolution rates of hemispherical, 
plaster buttons attached to the blade surface provided a 
relative measure of flow rates over blades used in uptake 
experiments and also over intact blades of adult kelp 
plants in situ (Laguna Beach, California, USA; 1981). 
Laboratory results indicated that uptake was saturated at a 
flow rate equivalent to 2.5 cm s -1 current velocity. Flow 
rates over intact blades in situ always exceeded this uptake 
saturation level. Wave surge and movement of plant 
surfaces relative to the surrounding water provided suffi- 
cient flow to saturate uptake, even in a dense kelp canopy 
during low-current and calm sea-state conditions. 

Introduction 

Nutrient uptake by aquatic macrophytes is influenced by 
water motion. An increase in flow rate up to some 
saturation level enhances uptake rate by accelerating 
nutrient transport through the diffusion boundary layer 
adjacent to the plant surface (Whitford and Schumacher, 
1961, 1964; Schumacher and Whitford, 1965; Westlake, 
1967; Wheeler, 1978, 1980). Transport is faster through 
turbulent than through laminar boundary layers, and 
thallus morphology influences the flow rate at which this 
transition occurs (Wheeler, 1980; Anderson and Charters, 
in press). 

Water motion influences growth and production of 
marine macrophytes, especially when nutrient availability 
is low (Conover, 1968; Steever et al., 1976; Gerard and 
Mann, 1979). Uptake rates of nitrogen, various micronu- 
trients, and CO2 have been examined as potentially 
limiting to growth and production of Macrocystis pyrifera 
(L.) C. Agardh. Ambient NO;- and NH4 + concentrations 

are generally low along the southern California coast, and 
uptake rates predicted for adult sporophytes are just 
sufficient to support typical growth rates (Gerard, in 
press). Manganese uptake rates predicted for adult M. 
pyrifera are also only marginally sufficient (Manley, in 
press). These uptake predictions are based on the assump- 
tion that in situ water motion is always saturating. That 
assumption may be erroneous, according to results of pre- 
vious studies. NO;- and NH4 + uptake by M. pyrifera in the 
laboratory are saturated at current velocities of 3 to 
4 c m s  -1 (Wheeler, 1978). Current velocities in coastal 
kelp forests are often lower (Wheeler, 1980; Jackson and 
Winant, in preparation). Wheeler (1980) described a 
similar situation for carbon assimilation and predicted that 
productivity of M. pyrifera forests would be significantly 
enhanced by increased water flow. 

If current velocities determined within coastal forests 
accurately represent flow rates over kelp surfaces, low 
nutrient uptake rates due to slow boundary-layer transport 
probably are important in limiting kelp growth and 
production. Current measurements, however, do not 
record local water motion caused by wave surge or by 
movement of plant surfaces relative to the surrounding 
water. The purpose of this study was to provide a relative 
measure of in situ flow rates over intact blades on adult 
sporophytes of Macrocystis pyrifera under various sea-state 
conditions. These results were compared to similar flow- 
rate measurements made in the laboratory in conjunction 
with determinations of nutrient uptake by detached kelp 
blades. 

Materials and Methods 

I measured rates of NO;- uptake by individual, mature 
blades of Macrocystis pyrifera (L.) C. Agardh at various 
flow rates in a laboratory aquarium. Blades were collected 
at 2 to 3 m depth from canopy fronds of adult kelp plants 
located at 7 to 12m bottom depths (Laguna Beach, 
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Fig. 1. Macrocystis pyrifera. Detached blade positioned in ex- 
perimental aquarium during NO7 uptake experiment Direction 
of water flow is indicated by arrows 

California; 1981) and were exposed to air for less than 5 s 
during transfer to the experimental aquarium. During 
each uptake experiment, a blade was positioned above a 
shelf extending almost the length of the aquarium (Fig. 1). 
Water pumped over this shelf provided unidirectional flow 
rates averaging 0.4 to 6.3 cm s -1. The lowest flow rate 
provided adequate turnover of  water to maintain similar 
NO;- concentrations above and below the shelf during 
uptake experiments. Prior to each experiment, NaNO3 
was added to 11.5 liters of offshore surface water to give 
initial NO;- concentrations of approximately 5 or 25/xM. 
Actual NO;- concentrations before and after each experi- 
ment were determined according to the method of Strick- 
land and Parsons (1972). Incubations ran 1 h, a period 
shown to give accurate results during similar measure- 
ments made in situ (Gerard, in press). Temperature was 
maintained between 14 ~ and 17 ~ Light (190#E m -2 
s -1) was well above saturation levels for photosynthesis Results 
(S. Manley, personal communication) and NO;- uptake 
(Wheeler, 1978). At the end of the incubation period, the 
experimental blade was blotted and weighed. Lamina 
surface area was measured with a LI-COR area meter. For 
uptake rate computations, microbial uptake and diffusion 
into tissue-free space were assumed negligible (Gerard, in 
press). 

I used the dissolution rates of  plaster buttons attached 
to the surface of kelp blades to provide a relative measure 
of water motion by a method similar to that of  Doty 
(1971). The buttons consisted of 7 mm radius, plaster of  
Paris hemispheres, molded onto brass paper fasteners. 
Buttons reached a constant dry weight of 1.7 to 2.0 g after 
24 h at 60 ~ Preweighed buttons were fastened to kelp 
blades in aquaria or in situ for 24 h, then rinsed in fresh 
water, dried, and reweighed. In order to determine the 0.4 
diffusion factor as defined by Doty (1971), I divided mean 0.7 
dry weight loss of  experimental buttons by weight loss of  1.2 
buttons in still water at an appropriate temperature. Mean 2.5 

6.3 
weight losses of 6 buttons submerged in still seawater for 
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24 h showed a linear relationship to temperature between 
7 ~ and 18 ~ 

To determine diffusion factor as a function of flow rate, 
I fastened 8 buttons to a kelp blade and held them in the 
experimental aquarium for 24 h. Four buttons were placed 
on each surface of the blade: 3 cm from the pneumatocyst, 
in the center of  the lamina, 3 to 5 cm from the distal tip, 
and at the margin halfway along the lamina. One to four 
measurements were made at each flow rate used in the 
NO;- uptake experiments. 

To determine diffusion factors in situ, I fastened but- 
tons to intact blades on canopy fronds of adult kelp plants. 
The plants formed a dense stand at the 8 to 10 m depth 
contour within a larger kelp forest at Laguna Beach. 
Ambient temperature during exposure periods varied from 
14 ~ to 19~ To test replicability, I placed 18 pairs of 
buttons side by side on subcanopy blades (2 to 3 m depth). 
Deviation between paired buttons averaged 2% of mean 
weight loss. Diffusion factors were compared for proximal, 
central, and distal locations on subcanopy blades. For all 
other determinations, 12 to 20 replicate buttons were used, 
each fastened to the center of a different blade. Abrasion 
of  buttons by adjacent blades had no measurable effect on 
weight loss: diffusion factors were similar for plants with 
all blades intact (2=3.8, SE=0.1) and for plants from 
which all blades without buttons were removed (2 = 3.85, 
SE= 0.1). Diffusion factors were measured in the canopy, 
at subcanopy depths, and on basal blades, 1 to 2 m above 
the holdfast. Diffusion factors were determined under 
different sea-state conditions. Maximum wave height, 
wave period, and current velocity were estimated at the 
beginning and end of each 24 h exposure period. I 
disregarded determinations made during changing sea 
state conditions or when current velocity exceeded 
5 cm s - t  

NO;- uptake by detached Macrocystis pyrifera blades was 
saturated at a flow rate of  2.5 cm s -1 in the experimental 
aquarium (Table 1). Flow increases from 0.4 to 0.7 cm s -1 
and from 1.2 to 2.5 cms  -1 caused significant uptake 
enhancement at both low and high initial concentrations 
(Student's t-test, p<0.05).  A further increase up to 

Table 1. Macrocystis pyrifera. NO~ uptake rates (ng-at cm -2 h -1) 
by detached blades at various flow rates in experimental aquarium 
(2_+SE;n = 3 -4)  

Flow rate 
(cm s -1) 

Initial NO~-concentration: 

4 - 6 ~M 22 - 27 #M 

10-+ l 23_+4 
22_+ 1 38_+3 
21• 37_+1 
34_+2 49_+4 
35_+7 46_+4 
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Fig. 2. Macrocystis pyrifera. Relationship between flow rates in 
experimental aquarium and diffusion factors determined using 
plaster buttons (r---0.99, p<0.01). ~ and ~ indicate 2 and 3 
coinciding points, respectively 

6.3 cm s -1 had no measurable effect on uptake rate. The 
apparent lack of influence on uptake rate between flow 
rates of 0.7 and 1 .2cms- :  may have been due to 
coincidental effects of varying nutritional history. Occa- 
sional, brief upwelling events occurred during those ex- 
periments, and tissue preconditioning at high nutrient 
levels has been shown to affect uptake rates (Haines and 
Wheeler, 1978). 

Diffusion factors showed a significant linear relation- 
ship with flow rates in the experimental aquarium (Fig. 2). 
The uptake saturating flow rate of  2.5 cms  -~ corre- 
sponded to a diffusion factor of 2.7. 

Diffusion factors measured in situ ranged from 3.6 to 
4.8 (Fig. 3), equivalent to flow rates of 4 to 6 cm s -t which 
exceed the minimum flow rate saturating N O ;  uptake. 
Diffusion factors measured at different locations on kelp 
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Fig. 3. Macrocystis pyrifera. Diffusion factors measured in situ for 
intact blades on canopy fronds of adult sporophytes. Sea-state 
conditions are indicated as maximum wave heights and mean wave 
periods. For each point, n = 12, SE-0.1. Line represents data for 
subcanopy blades only (r=O.99,p < 0.01) 

blades did not differ significantly. Buttons fastened 3 to 
5 cm from the pneumatocyst or from the distal tip of the 
lamina gave results similar to buttons fastened in the 
center of the same subcanopy blades (2 = 4.2, 4.0, and 4.1, 
respectively; SE = 0.1 for all means). 

Water motion over kelp blades in situ was influenced 
by sea-state conditions. Diffusion factors measured for 
subcanopy blades were significantly correlated with 
maximum wave heights (Fig. 3). Ranges of diffusion 
factors measured for subcanopy and basal blades were 
similar, but basal diffusion factors were disproportionately 
high when wave periods were long. Long-period waves 
produce greater horizontal water motion at near-bottom 
depths than short-period waves (Bascom, 1964). Diffusion 
factors measured for canopy blades had a smaller range 
than that for basal or subcanopy blades. Canopy blades 
had the highest diffusion factors of the three blade types 
during calm sea states and the lowest diffusion factors 
during rough conditions. Sea-state conditions during the 
in situ experiments were typical for this area of the 
Southern California Bight, a relatively protected section of 
the California coast. Daily sea-state observations 10 km 
north of  the study site showed that maximum wave 
heights less than 0.2 m occurred on only 1% and heights 
exceeding 1.2 m on 10% of the days in 1981 (data from the 
Newport Beach Marine Department). 

Discussion 

Overall, boundary-layer transport limits macronutrient 
uptake by Macrocystis pyrifera when flow rates over blade 
surfaces are less than 3 or 4 cm s -1. Results presented in 
this study (Table 1) and by Wheeler (1978) showed satura- 
tion of  NO~ uptake at 2.5 and 3 cm s -1, respectively. 
Saturating flow rates have been determined as 3 cm s -~ 
for NH4 + uptake, 4 c m s  -x for PO23 uptake, and 3 to 
4cm s -1 for CO2 uptake by M. pyrifera blade tissues 
(Wheeler, 1978, t980). When water motion exceeds these 
saturating levels, uptake rates are limited by enzymatic 
assimilation. 

Boundary-layer transport is probably not an important 
limiting factor to growth and production of Macrocystis 
pyrifera in southern California. Under all commonly 
encountered sea-state conditions, diffusion factors mea- 
sured for kelp blades in situ were equivalent to flow rates 
of 4 c m s  -~ or more. These data do not necessar i ly  
indicate that in situ current velocities always exceeded 
4 cm s-L On the contrary, current was usually imper- 
ceptible within the dense kelp stand, probably often as low 
as 1 cm s-L Such low current velocities occur frequently 
in coastal kelp forests of southern California (McFar- 
land and Prescott, 1959; Wheeler, 1980; Jackson and 
Winant, in preparation). Current, however, probably 
contributes less to in situ flow rates over kelp blades than 
wave surge. Wave-surge velocities measured within the 
kelp forest at Point Loma, California, were approximately 
five times greater than current velocities measured simul- 
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taneously (G. A. Jackson, unpublished data). Further- 
more, movement  of  kelp surfaces relative to the sur- 
rounding water enhances flow rates, particularly during 
calm sea-state conditions. This movement  is a function o f  
frond morphology. The length of  a canopy frond section 
held vertically in the water column by buoyant  pneu- 
matocysts changes with passing wave troughs and crests, 
resulting in horizontal movement  o f  the surface section of  
the frond through the water. Blades located along vertical 
frond sections are also affected by very slight swells. Each 
blade is attached by one end to a point fixed in relation to 
the substratum (the stipe, buoyed by pneumatocysts) and 
shows a flaglike movement  with passing waves. Current, 
wave surge, and blade movement  together provide suffi- 
cient flow over all blade surfaces to saturate nutrient 
uptake, even in a dense kelp stand during calm sea-state 
conditions. 

Acknowledgements. Thanks go to the Marine Biomass 
Project staff at Kerckhoff  Marine Laboratory,  especially A. 
Long, for technical assistance. Drs. D. Garrison, J. List, S. 
Manley, and W. North  reviewed the manuscript. Financial 
support was provided by the Gas Research Institute. 

Literature Cited 

Anderson, S. M. and A. C. Charters: A fluid dynamics study of 
seawater flow through the bushy algal macrophyte, Gelidium 
nudifrons. Limnol. Oceanogr. (In press) 

Bascom, W.: Waves and beaches, 267 pp. New York: Anchor 
Books 1964 

Conover, J. T.: The importance of natural diffusion gradients and 
transport of substances related to benthic marine plant metab- 
olism. Botanica mar. 11, 1-9 (1968) 

Doty, M. S.: Antecedent event influence on benthic marine algal 
standing crops in Hawaii. J. exp. mar. Biol. Ecol. 6, 161-166 
(1971) 

Gerard, V. A.: In situ rates of nitrate uptake by giant kelp 
(Macrocystis pyrifera (L.) C. Agardh): tissue differences, 

environmental effects, and predictions of nitrogen-limited 
growth. J. exp. mar. Biol. Ecol. (In press) 

Gerard, V. A. and K. H. Mann: Growth and production of 
Laminaria longicruris (Phaeophyta) populations exposed to 
different intensities of water movement. J. Phycol. 15, 33-41 
(1979) 

Haines, K. C. and P. A. Wheeler: Ammonium and nitrate uptake 
by the marine macrophytes Hypnea musciformis (Rhodophyta) 
and Macrocystis pyrifera (Phaeophyta). J. Phycol. 14, 319-324 
(1978) 

Jackson, G. A. and C. D. Winant: Effect of a kelp forest on 
coastal currents. (In preparation) 

Manley, S. L.: Micronutrient uptake and translocation in Macro- 
cystispyrifera (Phaeophyceae). J. Phycol. (In press) 

McFarland, W. N. and J. Prescott: Standing crop, chlorophyll 
content, and in situ metabolism of a giant kelp community in 
Southern California. Contr. mar. Sci. Univ. Tex. 6, 109-132 
(1959) 

Schumacher, G. J. and L. A. Whitford: Respiration and p32 
uptake in various species of freshwater algae as affected by a 
current. J. Phycol. 1, 78-80 (1965) 

Steever, E. Z., R. S. Warren and W. A. Niering: Tidal energy 
subsidy and standing crop production of Spartina alterniJ7ora. 
Estuar. cstl mar. Sci. 4, 473-478 (1976) 

Strickland, J. D. H. and T. R. Parsons: A practical handbook of 
seawater analysis, 2nd ed. Bull. Fish. Res. Bd Can. 167, 1-310 
(1972) 

Westlake, D. F.: Some effects of low-velocity currents on the 
metabolism of aquatic macrophytes. J. exp. Bot. 18, 187-205 
(1967) 

Wheeler, W. N.: Ecophysiological studies on the giant kelp, 
Macrocystis, 179 pp. Ph.D. thesis, University of California at 
Santa Barbara 1978 

Wheeler, W. N.: Effect of boundary layer transport on the 
fixation of carbon by the giant kelp Macrocystis pyrifera. Mar. 
Biol. 56, 103-110 (1980) 

Whitford, L. A. and G. J. Schumacber: Effect of current on 
mineral uptake and respiration by a freshwater alga. Limnol. 
Oceanogr. 6, 423-425 (1961) 

Whitford, L. A. and G. J. Schumacher: Effect of current on 
respiration and mineral uptake in Spirogyra and Oedogonium. 
Ecology 45, 168-170 (1964) 

Date of final manuscript acceptance: April 26, 1982. 
Communicated by N. D. Holland, La Jolla 


