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ABSTRACT: The influence of wave-exposure on the growth and erosion rates of Macrocystis pyrifera
was determined in Paterson Inlet, Stewart Island, New Zealand, for each season of 2002. During
autumn, following a period of low seawater nitrogen, sites that received significant amounts of oscillatory flow from waves exhibited higher frond growth rates than at wave-sheltered sites. Blade and
stipe growth rates at wave-exposed sites were at a yearly maximum during this period, and were 4.3
and 1.6 times higher respectively than at wave-sheltered sites where growth was at a yearly minimum. During this time C:N ratios and nitrogen concentrations of blade tissues indicated that the
nitrogen status of frond apices, where the majority of growth occurs, was greater at wave-exposed
sites than at wave-sheltered sites. During periods when kelp tissue nitrogen levels are low, but some
inorganic nitrogen is available in the water column, oscillatory flow may enhance nutrient uptake by
M. pyrifera by increasing the flux of nutrients into kelp canopies and by reducing the size of diffusion
boundary layers at the kelp surface. Exposure to waves also modified the seasonal pattern of M.
pyrifera growth by ameliorating the negative effect of low seawater nitrogen concentrations during
summer and autumn. Blade and stipe growth was relatively steady at wave-exposed sites during the
study period, while wave-sheltered sites had distinct seasonal patterns with low growth during
summer and autumn, increasing through winter to spring maxima. In this system, water motion
influences the growth rates of M. pyrifera only at specific times of year; when tissue nitrogen levels
are low but some inorganic nitrogen is available in the water column.
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Patterns of macroalgal growth and productivity
are attributed to variations in light, nutrient supply
and temperature (e.g. Hanisak 1983, Davison 1991,
Franklin & Forster 1997). Of these factors, the role of
nutrient supply is, arguably, the most poorly understood because it requires knowledge of both nutrient
concentrations in the surrounding seawater and the
rate of transport of those nutrients to the seaweed surface. Water motion can have a strong influence on the

uptake of essential ions and dissolved gases by macroalgae (Wheeler 1980, Gerard 1982a, Hurd et al. 1996),
thereby affecting their photosynthesis (Wheeler 1980,
Koehl & Alberte 1988, Koch 1993, Stewart & Carpenter
2003) and perhaps their nutrient status, growth, and
productivity. The rate of delivery of nutrients to the
macroalgal surface is ultimately controlled by the
thickness of the diffusion boundary layer, a region that
resides within the viscous sublayer of the velocity
boundary layer, and within which the movement of
molecules is by molecular diffusion (Hurd 2000, San-
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ford & Crawford 2000). In slow mainstream flows (< 6 to
10 cm s–1), thicker diffusion boundary layers can lead
to slower nutrient fluxes, termed mass-transfer limitation (Hurd 2000). However, the rate of movement of
nutrients across the diffusion boundary layer is also
directly related to the concentration of the nutrient in
the seawater (Fick’s first law) and the metabolic
demand of the macroalga.
Mass-transfer limitation has been shown to have
important impacts on the nutrient acquisition and
metabolism of coral reef (Carpenter et al. 1991, Falter
et al. 2004) and seagrass (Thomas et al. 2000) communities. For marine macroalgae, it is well known from
laboratory experiments that increasing rates of mainstream seawater flow increases rates of uptake of
essential ions and dissolved gases (Wheeler 1980, Gerard 1982a, Hurd et al. 1996) thereby affecting photosynthesis (Wheeler 1980, Koehl & Alberte 1988, Koch
1993, Stewart & Carpenter 2003). Furthermore, rates of
macroalgal growth have been correlated to increasing
levels of water motion in laboratory experiments (e.g.
Parker 1982, Fujita & Goldman 1985). However, the
only in situ studies that have measured macroalgal
growth rates in different hydrodynamic habitats compared a wave-exposed and a wave-sheltered site and
found no clear influence of water motion on growth
(Gerard & Mann 1979, Sjøtun et al. 1998). Therefore,
at present there is no field evidence of mass-transfer
limited growth for macroalgae.
Our goal was to determine if there is any evidence of
mass-transfer limitation of seaweed populations in situ,
and if seasonal patterns of kelp growth and nitrogen
status can be modified by the fluid environment in
which they grow. We compared the growth rate of
the canopy-forming giant kelp Macrocystis pyrifera in
wave-exposed sites versus sites protected from significant oceanic wave action. M. pyrifera was selected for
this study for several reasons. Productive and diverse
M. pyrifera forests are often an important component
of hard-bottomed shallow subtidal areas of southern
New Zealand and many other temperate regions in
both the northern and southern hemispheres (reviewed in Dayton 1985, Foster & Schiel 1985, Steneck
et al. 2002). M. pyrifera also grows over a range of
hydrodynamic environments, from sheltered bays to
sites that are subject to strong tidal currents and moderate wave exposure, and it is a seasonal responder
showing patterns of growth closely correlated to the
combined effects of light and nitrogen (Kain 1989). The
majority of the biomass of M. pyrifera is distributed in
dense canopies at the water’s surface (Nyman et al.
1983), allowing the measurement of most important
growth parameters from aboard a small boat.
Evidence that the growth of Macrocystis pyrifera can
be limited by nitrogen has been observed throughout

its geographic range (e.g. Zimmerman & Kremer 1984,
van Tussenbroek 1989, Brown et al. 1997), and like
many temperate regions, the coastal waters of southern New Zealand experience predictable periods of
low seawater nitrogen concentration during summer
(e.g. Brown et al. 1997, Hepburn & Hurd 2005). It was
hypothesized that M. pyrifera growth would be masstransfer limited in wave-sheltered sites only during
the summer period of low nitrogen, while outside this
period high nitrate concentrations would saturate its
growth requirements.
Sources of nutrients to macroalgae may also vary
with water motion and influence seaweed growth rates
under different hydrodynamic regimes (Hurd 2000).
Reduction in seaweed production due to diffusion
boundary layers in wave-sheltered sites may be offset
by a change in nutrient supply to the macroalgae that
cannot be detected simply by monitoring the seawater
nutrient concentration. For example, in slow flows, localized sources of nitrogen such as ammonium provided by marine invertebrates living on macroalgal surfaces (Gerard & Mann 1979, Taylor & Rees 1998) may
be a more important nitrogen-source to macroalgae
than nitrate. Similarly, carbon dioxide is considered the
primary carbon source in wave-exposed sites while bicarbonate may be more important in slow flows (France
& Holmquist 1997). Stable isotope ratios (13C:12C and
15
N:14N) can help determine sources of nitrogen and
carbon to macroalgae (Handley & Raven 1992, Raven
et al. 1995). In this study, stable isotope signatures of
Macrocystis pyrifera blade tissue were used to determine any changes in nutrient sources that occurred
between wave-exposed and wave-sheltered sites.

MATERIALS AND METHODS
Study sites. This study was conducted in shallow
subtidal environments around the entrance of Paterson
Inlet on the northeastern coast of Stewart Island, which
is situated off the south coast of the South Island of
New Zealand (Fig. 1). Four replicate sites exposed to
significant wave action from ocean swells (E1 to E4)
and 4 sites sheltered from wave action (S1 to S4), other
than wind chop generated within Paterson Inlet, were
selected. Sites had mean depths of 4 to 5 m at high tide
and were dominated by the giant kelp Macrocystis
pyrifera. Site selection was based on the position of the
site relative to prevailing swell. The bull kelp Durvillaea antarctica (Order Fucales), a species exclusively
found on wave-exposed shores, was also used as a
biological indicator to determine if sites received high
wave action.
Seawater nutrient concentrations. Seawater nitrate,
ammonium and phosphate concentrations were deter-
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Fig. 1. Stewart Island and Paterson Inlet with locations of (E1
to E4) wave-exposed and (S1 to S4) wave-sheltered study
sites

mined from each trip to Paterson Inlet. Five seawater
samples were collected from the surface and at a depth
of 4 m at all sites within a 1 h period to minimize the
influence of any temporal changes in nutrient concentration. Samples were filtered (Whatman™ GF/C filters) and then frozen for transport to the laboratory
where nitrate, ammonium, and phosphate concentrations were determined using a Lachat Quickchem®
8000 automated ion analyser.
Dissolution of gypsum blocks. The dissolution rates
of gypsum blocks (2 cm3) were used to estimate masstransfer rates at the surface of Macrocystis pyrifera
blades throughout kelp beds at each of the 8 sites. The
gypsum-dissolution technique is appropriate for determinations of mass-transfer rates in different flow environments (Porter et al. 2000). Dissolution rates were
determined on 3 separate occasions (in January,
March, and July 2002) and were conducted during relatively calm conditions, as it was difficult to work in
wave-exposed sites during high wind. Using fine copper wire, 5 blocks of a known weight were attached
flush to blade surfaces in the surface canopy at a depth
of 1 m and 5 blocks beneath the surface canopy 1 m
above the benthos. After 24 h, the blocks were collected and dried at 80°C and once their weights stabilized, these were recorded.
Macrocystis pyrifera blade morphology. Morphological characters of M. pyrifera blades and air bladders (pneumatocysts) can be modified by water motion
(Hurd et al. 1996) and can provide an estimate of the
characteristics of water motion at the blade surface
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over a scale of weeks to months. A range of blade morphological parameters were determined at all 8 sites
during January 2002 using the methods of Hurd et al.
(1996). Mature blades were collected by selecting the
10th free blade down the frond from the apical meristem of 10 haphazardly selected fronds from each site.
Blade and bladder width, length, and length:width
ratio were determined as well as blade thickness, number and height of corrugations, number of spines, and
the angle of the blade as it joined the bladder (from
here on termed base angle; see Hurd et al. 1996 for
further details).
Macrocystis pyrifera growth and erosion rates.
Growth rates were determined for M. pyrifera for 4
periods of 2002: 20 January to 9 February (summer), 6
February to 7 March (autumn), 2 June to 14 July (winter), 29 September to 4 November (spring). Twenty
M. pyrifera individuals were haphazardly selected at
each of the 8 study sites on each tagging date. A frond
was selected from each individual that was at the
water’s surface and had a healthy apical meristem.
The top sections of the fronds were pulled aboard a
small boat for tagging with labelled flagging tape.
Relative growth rates of the blade and stipe, blade
erosion, and production of new blades at the apical
meristem were determined using methods modified
from Hepburn & Hurd (2005). One tag (Tag 1) was
placed directly behind the apical meristem and used
to determine new blade production by the apical
meristem, and a second tag (Tag 2) was tied at the
base of the air bladder of the 5th blade down the
frond (Fig. 2). Blade growth was measured by cutting
a small circular hole (0.5 cm2) approximately 10 cm
from the bladder-blade junction using a leaf corer,
and the distance between the bladder-blade junction
and the inside of the punched hole was then measured to the nearest mm. Blade erosion was determined by measuring from the inside of the punched
hole to the blade tip. Stipe growth was determined by
measuring the distance between the junction of the
stipe and the bladder of the tagged blade to the first
bladder-stipe junction below tag one.
After approximately 1 mo (dependent on weather),
tagged fronds were cut below Tag 2 by divers, carefully untangled, and placed in large plastic bags for
transport to a field laboratory on Stewart Island. New
blades produced in front of Tag 1 directly behind the
apical scimitar were counted. Tagged blades and the
stipe were re-measured and daily relative growth rates
of the blades and stipe were determined (Hepburn &
Hurd 2005). Blade erosion was expressed in cm eroded
d–1, while new blade production by the apical meristem was expressed in the number of new blades d–1.
Macrocystis pyrifera carbon and nitrogen status
and isotopic composition. The 5th blade down the
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Fig. 2. Macrocystis pyrifera. Position of tags and growth measurements on each frond. Tags were tied loosely so as not to
restrict frond growth

stipe from the apical meristem (after collection of the
frond) was taken from each tagged M. pyrifera frond
for determinations of nitrogen and carbon status and
isotopic composition. Mature blades from 0.5 m above
the benthos were haphazardly selected from 10 separate M. pyrifera individuals in the tagging area. Sections of blade (25 cm2) were cut from the actively growing basal region of each blade, carefully washed and
placed in plastic centrifuge tubes before being frozen
for transport and storage before analysis. Samples
were then dried at 80°C and ground in a 10% HCl
washed mortar and pestle (washed with purified water
between samples) and placed in sealed eppendorf
(2 ml) tubes for storage prior to determinations of total
carbon and nitrogen, C:N ratio, δ13C, and δ15N of blade
tissue. Sub-samples of dried, ground M. pyrifera tissue
(1 to 2 mg) were combusted in a CE NA1500 Elemental Analyzer (Carlo-Erba® instruments) interfaced to a
Europa Scientific® 20-20 update continuous flow mass
spectrometer. Corrections for drift were made automatically every 5 samples from a standard (EDTA)
with a known isotopic ratio. Ratios of 15N:14N and
13
C:12C are expressed in standard δ notation. Blade tissue samples were collected during each tagging
period but analysis of tissue collected during February
was only conducted when clear differences in M. pyrifera growth were observed among sites.
Statistical analyses. Differences in Macrocystis
pyrifera frond growth and erosion rates among and
within the 4 tagging periods were determined using
2-way ANOVA (general linear model) with hydrodynamic regime and tagging date as independent
factors and growth/erosion parameters as dependent
factors. Two-way ANOVA (balanced design) was used

to determine differences in dissolution rates of gypsum
blocks between regimes (wave-exposed versus wavesheltered) and block depths (canopy versus subcanopy),
within sites as independent factors and dissolution
rates as a dependent factor. Differences between the
carbon and nitrogen status (% nitrogen and carbon,
C:N ratio) and composition (δ13C, δ15N) of M. pyrifera
fronds in wave-exposed and -sheltered and canopy
versus subcanopy blades during January were also
determined using 2-way ANOVA (balanced design).
Differences among means were determined using
Tukey’s honestly significantly different (HSD) post-hoc
test. Parametric t-tests were used to determine differences in blade morphology between environments.
Significance was set at the 5% level (α = 0.05). All
data fulfilled prerequisites of normality (KolmogorovSmirnov test with the Lilliefors correction) and equal
variance (Levene median test) for parametric tests. All
statistical analyses were carried out using the software
package SigmaStat® 2.03 (SPSS).

RESULTS
Seawater nutrients
Only seawater nitrate concentrations showed a clear
seasonal pattern, with low concentrations during summer (January to February) increasing to high concentrations during winter (June to July) (Fig. 3A). Seawater ammonium concentrations were quite variable
both within and among sites and there was no obvious
seasonal pattern (Fig. 3B). Phosphate concentrations
were consistent among sites and seasons, an exception
was observed during January (summer) when phosphate concentrations were higher, averaging 4 µmol l–1
(Fig. 3C). Seawater nutrient concentrations were similar between wave-exposed and wave-sheltered sites
particularly during the summer low nitrate period.
Seawater nutrient concentrations were also similar for
water samples taken at the surface and at 4 m.

Estimates of mass-transport rates
A consistent pattern of higher percentage weight loss
of dissolution blocks as an indicator of mass-transfer
rates at the surface of Macrocystis pyrifera blades was
observed at wave-exposed sites compared to wavesheltered sites (Fig. 4, Table 1). Dissolution rates were
approximately 30% higher at wave-exposed sites at
the surfaces of M. pyrifera blades for both canopy and
sub-canopy blades than at wave-sheltered sites over
all sampling periods. Rates of weight loss were also
significantly lower for dissolution blocks attached to
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blades within the canopy approximately 1 m from the
water’s surface than those for blocks 1 m from the benthos for both wave-exposed and wave-sheltered sites.
The only exception to this trend was during March
(autumn) when dissolution rates were not significantly
different between the canopy and the sub-canopy for
wave-sheltered sites.

Macrocystis pyrifera blade morphology
The only significant morphological difference observed between regimes was that blades from waveexposed sites exhibited greater base angles (118°) than
those from wave-sheltered sites (97°; t-test, t = –6.038,
p ≤ 0.001).

Macrocystis pyrifera growth and erosion rates
Macrocystis pyrifera frond growth rates were significantly higher at wave-exposed than at wave-sheltered
sites during autumn for all parameters measured
A
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Fig. 4. Dissolution rates of gypsum blocks, as an indicator
of mass-transfer rates at the blade surfaces of Macrocystis
pyrifera, at wave-sheltered and wave-exposed sites in Paterson Inlet, Stewart Island at 1 m depth in the surface canopy
and approximately 1 m above the benthos. Dissolution was
determined over 3 separate 24 h periods: January (summer),
March (autumn), July (winter) 2002. Values represent means
± 1 SE (n = 4). *Significant differences between wave-exposed
and wave-sheltered sites within canopy groups (Tukey’s test
p = 0.05)

(Fig. 5, Table 2). During autumn, blade growth
reached levels 4.3 times higher at wave-exposed sites
than at wave-sheltered sites; stipe growth was 1.6
times higher. Significantly higher stipe growth rates
were also observed during the summer. During the
winter and spring tagging period blade and stipe
growth was similar at wave-sheltered sites and waveexposed sites. New blade production rates did not follow a consistent pattern between wave-exposed and
wave-sheltered sites over the study period (Fig. 5C,
Table 2). New blade production rates were similar
between wave-exposed and wave-sheltered sites during summer and spring. During autumn significantly
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Table 1. Two-way ANOVA for dissolution rates of gypsum
blocks attached to the surface of Macrocystis pyrifera blades
at wave-exposed and wave-sheltered sites at 2 depths
(canopy, subcanopy) over 24 h during January (summer),
March (autumn), and July (winter) 2002
Factor

F

df

p

25.76
11.93
0.02

1, 12
1, 12
1, 15

< 0.001
0.005
0.90

9.06
3.97
1.38

1, 12
1, 12
1, 15

0.011
0.070
0.26

17.88
4.89
0.98

1, 12
1, 12
1, 15

< 0.001
0.047
0.760

3
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0
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Month
Fig. 3. (A) Nitrate, (B) ammonium, and (C) phosphate concentrations of seawater taken at surface and at 4 m depth from
8 sites within and near the entrance of Paterson Inlet, Stewart
Island. Values represent means ± 1 SE for n = 4. Ammonium
concentrations from November are not included due to
contamination

January
Regime
Depth
Regime × Depth
March
Regime
Depth
Regime × Depth
July
Regime
Depth
Regime × Depth
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higher new blade production rates were observed at
wave-exposed sites, however, this trend was reversed
during winter. There was a significant interaction
between season and water motion regime for all
A

0.07

Sheltered
Exposed

y

Blade RGR (d–1)

0.06

b

*

0.05

z

0.04
z
0.03

a

z
a

a

0.02

a

0.01
B

0
0.07

Stipe RGR (d–1)

0.06

*

*

b
b

0.05
0.04

a

a

0.03
0.02
0.01

C

0
0.6

b

y
0.5
New blades (d–1)

growth parameters measured (Table 2). Only during
autumn was a significant difference observed within a
particular tagging period for blade erosion between
wave-exposed and sheltered sites (Fig. 5D, Table 2).
Blade erosion was over 2 times higher at waveexposed sites during this time, coinciding with a period
of maximum blade growth.
Seasonal patterns of Macrocystis pyrifera blade and
stipe growth strongly differed between wave-exposed
and wave-sheltered sites (Fig. 5A,B). Wave-sheltered
sites exhibited low blade and stipe growth during the
summer and autumn that increased through winter to
maxima during spring. In contrast, the summer and
autumn depression in blade and stipe growth was not
observed for wave-exposed sites and growth over
different seasons was more consistent. In fact, maximal blade and stipe growth was observed in autumn
for wave-exposed sites, a time when blade and stipe
growth was at its lowest point for the year at wavesheltered sites. Seasonal patterns of blade erosion and
new blade production were similar between wavesheltered and exposed sites (Fig. 5C,D).
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A pattern of higher blade nitrogen status indicated
by higher percentage nitrogen and low C:N ratio was
observed for canopy blades at wave-exposed sites
compared to canopy blades at wave-sheltered sites
(Fig. 6A,B, Table 3). Canopy blades had significantly
higher nitrogen levels than subcanopy blades within
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Table 2. Two-way ANOVA for growth and erosion parameters
of Macrocystis pyrifera at wave-exposed and wave-sheltered
sites at Paterson Inlet during the 4 seasons of 2002

*

Factor
z
z

Summer
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z
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Fig. 5. Macrocystis pyrifera. Growth and erosion rates of fronds
from wave-exposed and wave-sheltered sites at Paterson Inlet,
Stewart Island, during summer, autumn, winter, and spring
2002. (A) Blade and (B) stipe relative growth rates (TGR).
(C) Rate of production of new blades by the apical meristem.
(D) Blade erosion rates. Bars represent means ± 1 SE (n = 4).
*Significant differences between the growth/erosion rates of
sites within sampling dates (post hoc Tukey’s tests p = 0.05). (a,
b, y, z) Significant differences within sites among sampling dates

Blade growth
Regime
Season
Season × Regime
Stipe growth
Regime
Season
Season × Regime
New blades (d–1)
Regime
Season
Season × Regime
Erosion (cm d–1)
Regime
Season
Season × Regime

F

df

p

10.25
5.69
8.34

1, 23
3, 23
3, 30

0.004
0.005
< 0.001

28.81
3.61
4.36

1, 23
3, 23
3, 30

< 0.001
0.029
0.011

0.82
24.08
5.81

1, 23
3, 23
3, 30

0.366
< 0.001
< 0.001

6.90
6.26
2.06

1, 23
3, 23
3, 30

0.015
0.003
0.133
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Fig. 6. Macrocystis pyrifera. Nitrogen status and nitrogen and
carbon stable isotope signatures of blades collected from the
surface canopy and from mature blades approximately 1 m
above the benthos during January 2002. Values represent
means ± 1 SE (n = 4). *Significant differences between sites
within canopy and subcanopy groups (Tukey’s test p = 0.05)

Table 3. Macrocystis pyrifera. Two-way ANOVA for nitrogen
and carbon status and composition of canopy and subcanopy
blades at wave-exposed and wave-sheltered sites at Paterson
Inlet during January 2002
Factor
%N
Regime
Blade position (Depth)
Regime × Blade position
C:N
Regime
Blade position (Depth)
Regime × Blade position
δ13C
Regime
Blade position (Depth)
Regime × Blade position
δ15N
Regime
Blade position (Depth)
Regime × Blade position

F

df

p

2.32
0.48
11.67

1, 12
1, 12
1, 15

0.153
0.500
0.005

4.13
0.00
17.26

1, 12
1, 12
1, 15

0.065
0.952
0.001

7.74
3.98
0.57

1, 12
1, 12
1, 15

0.017
0.069
0.463

0.84
2.65
0.01

1, 12
1, 12
1, 15

0.376
0.130
0.939

wave-exposed sites. At wave-sheltered sites this trend
was reversed and higher nitrogen concentrations were
observed in subcanopy blades, however these differences were only significant for C:N ratios.
δ15N of Macrocystis pyrifera blade tissue was lower
at wave-exposed compared to wave-sheltered sites
(Fig. 6C) but no difference was observed between
hydrodynamic regimes within canopy blades. δ13C did
not differ between wave-exposed and wave-sheltered
sites or between canopy and subcanopy blades (Fig. 6D,
Table 3).
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DISCUSSION
Clear evidence of enhanced Macrocystis pyrifera
growth was observed at wave-exposed sites for all
growth parameters measured during the autumn.
Oscillatory flow resulting from wave action enhanced
nitrogen status and growth of M. pyrifera by reducing
the thickness of diffusion boundary layers surrounding
kelp thalli and by increasing the flux of nitrogen into
dense surface kelp canopies. After a period of very low
seawater nitrogen concentration and reduced frond
growth during the summer, seawater nitrogen concentrations began to rise. Low tissue nitrogen concentrations at this time would have resulted in heightened
nitrogen uptake affinities and metabolic demand
for M. pyrifera during autumn (Hepburn et al. 2006).
Increased flux of nitrogen to blade surfaces due to
oscillatory flow most likely resulted in increased frond
growth and nitrogen status at wave-exposed sites at
a lower threshold of seawater nitrogen concentration
than occurred in wave-sheltered sites as seawater
nitrogen increased.
Evidence shows that Macrocystis pyrifera was nitrogen limited at the beginning of autumn as indicated by
low growth rates and the C:N ratios of blade tissue
being well above the threshold ratio of 15 thought to
indicate nitrogen limitation in macroalgae (Hanisak
1983). Nitrogen limitation was, however, less severe at
wave-exposed sites. The average C:N ratios of canopy
blade tissue, where the majority of growth occurs (Kain
1982) was lower at these sites (C:N = 24), indicating
less severe nitrogen limitation, than at wave-sheltered
sites (C:N = 33). The nitrogen concentration of canopy
blade tissue from wave-sheltered sites (1.1%) was at
the critical value representing nitrogen exhaustion in
M. pyrifera (Gerard 1982b), while nitrogen levels at
wave-exposed sites (1.5%) were well above this level.
Dissolution rates of gypsum blocks, an accurate estimate of diffusion boundary layer thickness and mass
transfer rates in a range of hydrodynamic regimes
(Porter 2000), were higher at the surfaces of Macrocystis pyrifera blades at wave-exposed sites. This supports
the conclusion that diffusion boundary layers were significantly thinner, and as a result mass-transfer rates
were greater, at wave-exposed compared to wavesheltered sites. Blades at wave-exposed sites exhibited
greater blade base angles (i.e. a more ‘streamlined’
shape) than at wave-sheltered sites: an indication of
long term (weeks to months) differences in hydrodynamic environment, and most likely a greater exposure to oscillatory flow (Hurd et al. 1996, Stevens et
al. 2003).
Macrocystis pyrifera growth was most strongly affected by hydrodynamic regime during the autumn
when blade tissue nitrogen was exhausted and sea-
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water nitrogen concentrations were at moderate levels.
Some enhanced growth was observed during the summer when nitrogen concentrations were very low but
these differences were only significant for the stipe.
This could be a result of the very low seawater nitrogen concentrations observed at this time being unable
to support high levels of growth, thus making rates of
nutrient transport to the blade surface less important.
Growth was similar in wave-exposed and wavesheltered sites during winter, a predictable result, as
during this time high seawater nitrate concentrations
probably saturated M. pyrifera nitrogen pools and
growth was likely limited by light (Hepburn & Hurd
2005). There was no evidence of increased light transmission through dense M. pyrifera canopies as a result
of waves (Wing et al. 1993) enhancing growth during
the winter. This could be a due to the lack of strong
light limitation (growth remained relatively high during winter), as a result of the consistent high level of
water clarity observed in Paterson Inlet during this
study (C. D. Hepburn & J. D. Holborow pers. obs.). The
lack of enhanced growth at wave-exposed sites during
spring is also understandable as growth at this time is
strongly correlated with increasing light and growth is
likely to be supported by tissue nitrogen pools accumulated during winter (Hepburn & Hurd 2005).
Increased flux of nitrogen to Macrocystis pyrifera at
wave-exposed sites could occur at the scale of the
blade, frond, individual, canopy, or stand. At waveexposed sites rapid changes of flow direction cause
flapping and reorientation of the blades, and provides
turbulence at the macroalgal surface that can efficiently replenish nutrient depleted boundary layers at
blade surfaces (Stevens & Hurd 1997). Some wavesheltered sites in Paterson Inlet were subject to strong
tidal flow without significant enhancement of growth
compared to low flow and wave-exposed sites. Recent
research using artificial canopies shows that velocities
and mass-transfer rates are higher as a result of oscillatory flow compared to unidirectional flow (similar to
that provided by tidal flow) of a similar magnitude
without considering canopy movement (Lowe et al.
2005). M. pyrifera fronds are more static in unidirectional flows than in oscillatory flows, and blades, the
major site for nutrient uptake (Gerard 1982c), are often
streamlined behind the stipe and gas-filled bladders
(C. D. Hepburn pers. obs.). Although flapping of seaweeds has been shown to occur in laminar flow rates as
low as 6 cm s–1 (Koehl & Alberte 1988, Hurd & Stevens
1997) the amplitude of flapping is likely to be much
lower than that observed for oscillatory flow. Clumping
of fronds and reduced flow within closely packed frond
bundles is also more likely to occur in relatively static
M. pyrifera stands at wave-sheltered sites. For example, in low-flow environments, canopy compression at

low tide may reduce nutrient uptake in Macrocystis
spp. stands by as much as 50% (Stevens et al. 2003).
Reduction in mass-transfer rates due to thallus compression as a result of high seawater velocities has
been proposed to explain reduced carbon uptake and
photosynthesis for bladed macroalgae in a strong unidirectional flow (Koehl & Alberte 1988, Stewart & Carpenter 2003). At the canopy or stand scale, wave action
results in a dynamic stand structure with movement of
M. pyrifera fronds on and off the seabed that may
allow greater mixing between water within and outside the kelp canopy, and a greater flux of nutrients to
M. pyrifera blade surfaces than in more static wavesheltered stands. Compression of the M. pyrifera stand
as a whole can also occur in very strong currents when
drag overcomes the buoyancy of fronds (Kain 1982,
Gaylord et al. 2004), a process that was observed at
some sites during the current study. As a result, skimming flows can develop above the canopy reducing
mixing between water within the canopy and the rest
of the water column (Koch & Gust 1999, Gaylord et
al. 2004). With reduced mixing, seawater within the
canopy could be quickly stripped of nutrients due to
the compression of a large amount of kelp tissue with
high nutrient uptake capabilities into a small volume.
There was no evidence to suggest that the higher
growth and nitrogen status of Macrocystis pyrifera
during the summer and autumn were due to higher
seawater nitrogen concentrations specific to waveexposed sites. Water samples were, however, taken
only once or twice during a tagging period and short
term pulses of high nitrate and ammonium, that are
common in near shore environments (Zimmerman &
Kremer 1984), may not have been detected. δ15N of M.
pyrifera apical blade tissue was similar between waveexposed and wave-sheltered sites (<1 ‰ difference)
during the period of low seawater nitrogen, suggesting
that M. pyrifera at wave-exposed sites did not have
access to exclusive nitrogen sources with distinct δ15N
values. These results suggest that localized nitrogensources were unlikely to have caused the enhanced
growth observed during the summer and autumn and
that increased nitrogen flux at the blade surface and
into the canopy at wave-exposed sites is the most
plausible explanation.
In contrast to canopy blades, nitrogen contents of
subcanopy blades were lower at wave-exposed sites
than those observed at wave-sheltered sites. Masstransfer rates were significantly higher at the base of
fronds, probably a result of the lower density of kelp
tissue below the surface canopy (Nyman et al. 1993)
allowing increased flow rates. This may have allowed
nitrogen flux to subcanopy blades to reach a critical
level at wave-sheltered habitats resulting in increased
blade nitrogen uptake and status at these sites.
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Exposure to waves also had a strong impact on the
seasonal patterns of Macrocystis pyrifera growth. Low
growth rates typical of M. pyrifera and other macroalgae during the summer low nitrogen period were not
observed in areas exposed to wave action. M. pyrifera
is known as a seasonal responder (Kain 1989) and its
growth is often closely correlated to light and seawater
nitrogen concentrations, particularly at higher latitudes (van Tussenbroek 1989, Hepburn & Hurd 2005).
This study provides evidence that wave action can
modify this relationship primarily by ameliorating the
effects of nitrogen limitation. The more consistent
growth of M. pyrifera in wave-exposed sites could
have important implications for secondary consumers
reliant on kelp production. These results further
emphasize the highly plastic nature of the seasonal
growth patterns of M. pyrifera. Localized environmental factors such as light due to aspect, turbidity or
weather patterns, or, as proposed by this study, nitrogen flux as a result of differences in the characteristics
of water motion, can strongly modify seasonal growth
patterns of M. pyrifera.
More research is warranted to determine if a consistent pattern of enhanced growth and/or production
occurs in temperate macroalgal-based communities in
response to exposure to waves during or following
nitrogen limitation. Information is also required on the
relative importance of different scales of water motion
and macroalgal movement on the transmission of
nutrients to macroalgal surfaces in different flow environments and nutrient concentrations.
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