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INTRODUCTION

Kelp forests rank among the most productive and
diverse ecosystems on earth and are found along
temperate and arctic coastlines of South America,
Australia, North America, South Africa and Europe

(Steneck et al. 2002). Laminaria is the most common
genus of kelp in Europe, and L. hyperborea is distrib-
uted from Portugal (Kain 1971) to the Murman coast
of the Barents Sea (Schoschina 1997). The Norwe-
gian population of L. hyperborea has been estimated
to cover an area of almost 6000 km2 (Gundersen et al.
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gated. The biomass and production of L. hyperborea doubled along the gradient from low- to
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tial recruitment increased more than mortality rate among recruits and young sub-canopy plants
as wave exposure increased, leading to a higher density of these small individuals at high-
 exposure sites. Despite their large numbers, recruits and sub-canopy plants were not important
for total biomass and production, and variations in those parameters with wave exposure were
largely driven by variations in the density and size of adult canopy plants. Canopy plants suffered
higher rates of mortality at low wave exposure, leading to shorter longevity and lower density
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50% with increasing wave exposure, explaining the higher biomass and productivity at high-
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remains unknown.
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2010). The Norwegian kelp forests are highly pro-
ductive, with an estimated annual production ex -
ceeding 2000 g dry weight (DW) m−2 (Sjøtun et al.
1995, Abdullah & Fredriksen 2004). The high pro-
duction of organic matter and the 3D structure cre-
ated by kelp supports a rich and diverse fauna,
including several economically important species
that use L. hyperborea forests as a habitat or as nurs-
ery grounds (Christie et al. 2003, Fredriksen 2003,
Norderhaug et al. 2005).

The distribution and performance of kelp are regu-
lated by a large number of environmental factors.
Rocky substrate is a prerequisite for the presence of
kelp. Water temperature, light and day length seem
important for the latitudinal (i.e. north to south) dis-
tribution and growth performance of Laminaria
hyperborea (Rinde & Sjøtun 2005), while the local
light climate, topography, water depth and some-
times salinity set the overall limits for the vertical
and areal distribution of kelp on a regional and local
scale (Lüning 1990). Wave exposure also affects the
vertical distribution (Kain 1971) and morphology
(Svendsen & Kain 1971, Sjøtun & Fredriksen 1995)
of L. hy per borea. Populations of L. hyperborea are
poorly developed or absent in areas with low expo-
sure (e.g. inner fjords and sheltered bays) but be -
come more dense and better developed as wave ex -
posure in creases (Kain 1971, Svendsen & Kain 1971).
A study by Bekkby et al. (2009) confirmed recently
that the local distribution of L. hyperborea is posi-
tively af fec ted by wave exposure and that wave
exposure is almost as important as water depth and
substrate type for predicting its presence. These
observations indicate that the population properties
(e.g. re cruitment, survival, biomass, productivity,
etc.) of L. hy per borea are positively affected by wave
ex posure, but no study has yet attempted to quantify
such effects of wave exposure. Moderate wave expo-
sure may affect submerged macrophytes positively
through a reduction of the stagnant boundary layer
around the leaves or the thallus, which may stimulate
the uptake of inorganic carbon and nutrients and,
thus, photosynthesis and growth (Hurd 2000). Water
movement may also stimulate the photosynthesis and
growth of plants in dense stands by moving them
back and forth so that light can reach individuals that
would otherwise suffer from shading. Strong wave
exposure may, in contrast, have an adverse effect on
submerged plants because plants, or plant parts, may
be torn from the substrate and removed from the
population. High wave exposure may also re-
 suspend sediments, increase turbidity and, thus,
affect the local light climate negatively. The net

effects of wave exposure on kelp biomass, productiv-
ity and population dynamics may therefore be posi-
tive or negative, depending on the level of water
movement, the plant species and the environmental
settings in question.

The aim of this work was to study how wave expo-
sure affects population properties of kelp, Laminaria
hyperborea. More specifically, we wanted to find out
how wave exposure influenced the population struc-
ture, population dynamics, growth and production of
the L. hyperborea. To answer these questions, we
performed extensive sampling and analyses of kelp
from 9 sites with 3 different levels of wave exposure.

MATERIALS AND METHODS

Study site and estimates of wave exposure

This study was carried out in the archipelago out-
side Molde (62° 50’ N, 6° 30’ E) on the west coast of
Norway (Fig. 1). The water depth in the area ranges
from 0 to 100 m, and the substrate is mainly rocky

Fig. 1. The study area in the Molde archipelago, western
Norway. (A) Norway and (B) the Molde archipelago with an
indication of the study area. (C) The 9 study sites situated
around and between the islands of Harøy, Finnøy and
Sandøy. Exposure sites: L1 to L3 = low, M1 to M3 = inter-

mediate and H1 to H3 = high wave exposure
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with sandy bottom in between the islands. The west-
ward coastlines of the islands (facing the Norwegian
Sea) are heavily exposed to waves and ocean swells,
while less-exposed sites are found on the eastern
sites of the islands. Laminaria hyperborea is abun-
dant in the sub-tidal zone, where it penetrates to ca.
20 m of depth. Small patches of Saccharina latissima
and Saccorhiza polyschides occur here, especially at
the lower depth range of L. hyperborea and in the
most sheltered locations.

Samples were collected from sites situated close to
small islands around the larger islands of Harøy and
Sandøy. A total of 9 sites were chosen to represent 3
levels of wave exposure (low, intermediate and high)
with 3 replicate sites in each level. Useable sites were
identified from GIS maps of relative wave exposure
(RWE) in the area. The RWE was mapped with a spa-
tial resolution of 10 m using a ‘simplified wave
model’ that uses fetch, wind speed and frequency in
16 compass directions as input data (Isæus 2004,
Bekkby et al. 2008):

(1)

where Fi is fetch (in meters), Wi is the average wind
speed (in m s−1), and fi is the wind frequency (relative
amount of time that wind came from a specific direc-
tion) in compass sector i. Data for wind speed and
direction were obtained from the Norwegian Meteo-
rological Institute and averaged over a 5 yr period.
Predicted wave exposure levels (Table 1) ranged
from ‘sheltered’ to ‘very exposed’ according to the
classes used by the EUNIS system for coastal habitat
classification in Europe (Davies & Moss 2003). The
model was originally validated in the Stockholm
archipelago (Isæus 2004) and has since been used to
predict wave exposure in the Norwegian mapping
program on marine biodiversity (e.g. Rinde et al.
2006).

Sampling

Samples were collected between June and Sep-
tember 2006 after the establishment of recruits and
after the main growth period of Laminaria hyper-
borea. At each site, all of the plants seen by SCUBA
divers were collected within 6 to 8 frames with an
area of 1 m2 each. The frames were placed haphaz-
ardly within the forest by swimming above the forest
and dropping them randomly with a minimum dis-
tance of 10 to 20 m apart. All of the samples were
taken at 5 to 7 m depth and brought back to the field
station and processed immediately. The number of
plants in each sample was counted, and the length of
the stipe was measured for each individual. The
plants were subsequently divided into holdfast, stipe
and blade and weighed (blotted fresh weight). The
total biomass in each sample was estimated as the
sum of all individual weights. We aged all individuals
by counting the age rings in the lower part of the
stipe (Kain 1963). In total, 5920 plants were mea-
sured and aged.

Population analysis

Populations of Laminaria hyperborea can be con-
sidered to be composed of at least 3 distinct groups
(stages) of individuals: recruits, sub-canopy plants
and canopy individuals. Therefore, population para-
meters were estimated for each stage. Recruits were
defined as small individuals without age rings (i.e.
<1 yr old). Sub-canopy plants are older, but relatively
small individuals, that live beneath tall, canopy-
forming individuals. Sub-canopy plants can remain
alive for years, hardly growing (e.g. Sjøtun et al.
2006), but may initiate rapid growth if space (and
light) becomes available by the removal of canopy
individuals. Canopy plants are tall, older individuals

RWE = × ×
=
∑1

16 1

16

F W fi i
i

i

Table 1. Study sites, their location and estimated wave exposure levels

Exposure Stn Position Wave exposure (m2 s−1)
level On site Mean ± SD

Low S1 62° 47.987’ N, 6° 31.572’ E 2.5 × 105

S2 62° 48.873’ N, 6° 32.156’ E 0.7 × 105

S3 62° 49.133’ N, 6° 33.384’ E 0.7 × 105 1.3 × 105 ± 0.6 × 105

Intermediate M1 62° 48.941’ N, 6° 30.663’ E 4.7 × 105

M2 62° 49.028’ N, 6° 31.781’ E 4.7 × 105

M3 62° 49.398’ N, 6° 33.092’ E 5.0 × 105 4.8 × 105 ± 0.1 × 105

High E1 62° 48.427’ N, 6° 24.492’ E 9.3 × 105

E2 62° 48.495’ N, 6° 24.692’ E 9.0 × 105

E3 62° 48.554’ N, 6° 24.282’ E 11.6 × 105 9.7 × 105 ± 1.4 × 105
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that form a dense canopy layer. Because the morpho -
logy and growth patterns differ among the stages, we
chose to treat them separately when analyzing the
population dynamics.

Individuals were designated to one of the 3 stages
based on their age (recruits only; <1 yr old) or their
stipe length. Stipe growth is fast when sufficient
space and light are available but slows down and
stops when the plant reaches the canopy layer (Kain
1963, 1967). Mean stipe length in each age class
(Fig. 2) can therefore be used to separate sub-canopy
from canopy plants (Rinde & Sjøtun 2005). For all
data collected at a site, we plotted age-specific stipe
length (L) against age and fitted the Gompertz func-
tion (Eq. 2) to the data using non-linear, least-squares
regression:

L  =  L∞ exp{−exp[−k(x−M)]} (2)

where L∞ is the asymptotic stipe length (cm), k is a
growth constant describing the stipe growth rate
(yr−1), x is the mean age, and M is the mean age (yr)
at which maximum stipe growth occurs.

Sub-canopy plants were then defined as those hav-
ing a stipe shorter than the estimated mean length at
age M + 1 (in yr), whereas canopy plants were iden-
tified as those having a stipe equal to or longer than
the estimated mean length at age M + 1 (Rinde &
 Sjøtun 2005). The plant density (m−2), individual
 biomass (g fresh weight [FW] per individual) and
 biomass (g FW m−2) was finally estimated for re -
cruits, sub-canopy and canopy plants separately in
each sample from all 9 sites.

Population dynamics were studied using a ‘static’
life-table approach in which one census was used to
quantify the density of individuals belonging to dif-
ferent age classes (age-based catch curve). Such data
can be used to estimate the instantaneous mortality
rate (Z) of the population, assuming a stable age-
structure (Beverton & Holt 1957, 1959), by fitting a
logarithmic model to the right-hand descending part
of the catch curve:

(3)

where Z is the mortality rate, t is age (in yr), Nt is
the density of plants at age t, and N0 is the density
of plants at t = 0. When Eq. (3) is fitted to the catch
curve of sub-canopy plants, N0 may provide an
average estimate of the initial density of recruits.
This method integrates information of births and
deaths over the lifetime of the population, i.e. over
the preceding 6 yr for the sub-canopy plants and
11 yr prior to the sampling time in the case of the
canopy plants.

Estimates of population mortality rate and initial
density of recruits rely on the assumption of a stable
age-structure over the lifetime of the population. No
population has a 100% stable age-structure over
longer time-scales, but good fits of Eq. (3) to the catch
curves from each site indicate that the age-structure
has remained relatively stable over a time-scale
equal to the lifespan of the population. If not, some
cohorts would deviate substantially from the loga-
rithmic decline in numbers with increasing age, and
the fit would be poor. All of the fits (i.e. logarithmic
model fitted to catch curves) performed in this study
were highly significant (p < 0.001), and all but one
had R2 values >0.9, indicating that the age-structure
of the studied Laminaria populations remained
rather constant over longer time-scales (here, 6 to
11 yr). Although the ‘static’ life-table approach is
considered less accurate than the ‘dynamic’ life-table

N Nt
Z t= × − ×

0 e

Fig. 2. Laminaria hyperborea. Stipe length plotted against
age of the plants exposed to (A) low, (B) intermediate and
(C) high wave exposure. Overall means ± SD, each based on
the mean values from 3 replicate sites within each level of
exposure. Curves are fits of the Gompertz function (Eq. 2)
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approach, in which 1 cohort is followed through its
life and survival or mortality are estimated ‘continu-
ously’, this method is commonly used to study the
population dynamics of organisms with a long life -
span for which following one cohort over many suc-
cessive years is impractical.

The observed density of recruits was considered to
equal recruitment, but this may substantially under-
estimate true recruitment because initial recruit mor-
tality (in early spring) may be high and because it is
difficult to sample these small individuals efficiently
under water. Potential recruitment was instead esti-
mated for each site using the age-based catch curves
for sub-canopy plants and Eq. (3). Potential recruit-
ment was estimated for each site based on the pooled
data from all samples from that site to obtain proper
fits. All recruits are, by definition, either lost by mor-
tality or by transition of individuals into the sub-
canopy stage within 1 yr. The loss of recruits by tran-
sition to the sub-canopy stage was set as equal to the
absolute loss of sub-canopy plants on an annual
basis, assuming a constant density of sub-canopy
plants from year to year. The absolute mortality of
recruits (m−2 yr−1) was estimated as the difference
between recruitment and losses due to transition.

Input of recruits into the sub-canopy stage was, as
mentioned, assumed to equal the absolute loss of
sub-canopy plants, whereas the absolute loss of sub-
canopy plants through transition into the canopy
stage was assumed to be equal to the absolute annual
loss of canopy plants. Instantaneous mortality rates
were estimated separately for sub-canopy (ZSC) and
canopy plants (ZC) at each site, by fitting Eq. (3) to the
right-hand descending part of the age-based catch
curves (for sub-canopy and canopy plants, sepa-
rately). For sub-canopy plants, the mortality rate
(ZSC) includes both losses due to mortality and losses
due to transition (into the canopy stage). The ab so -
lute loss of sub-canopy plants through mortality was
estimated as the difference between the total ab -
solute losses (estimated from ZSC and the density of
canopy plants) and losses through transition. The
absolute mortality rate of canopy plants was esti-
mated from mortality rates (ZC) and the density of
canopy plants using Eq. (3).

Annual estimates of production were made for
entire populations (i.e. recruits, sub-canopy and
canopy plants together) at each site. Production was
estimated from age-specific biomass properties.
Annual blade production was simply estimated from
the total biomass of blades because Laminaria hyper-
borea plants discharge their blades every winter and
subsequently produce new blades that reach maxi-

mum size in late spring. The annual production
(g FW m−2 yr−1) of holdfasts and stipes, respectively,
was estimated as the difference between the age-
specific mean weights (across individuals) of hold-
fasts or stipes (g FW holdfast−1 or stipe−1) of succes-
sive age groups, multiplied by the density (m−2) of the
older of the 2 age groups and summed across all age
classes, i.e.:

(4)

where Bt and Bt+1 are the mean biomass of either the
holdfasts or stipes of individuals belonging to age
class t and age class t + 1, respectively, and Nt+1 is the
density of plants in the older of the 2 age classes (i.e.
age class t + 1). These estimates are conservative be-
cause plant density decreased substantially with age.
Total annual production (g FW m−2 yr−1) was finally
estimated for each site by summing up the separate
production estimates for holdfasts, stipes and blades.

Statistical analysis

Response parameters that could be quantified in
each sample (density, age, individual biomass and
total biomass per unit area) were compared across
levels of wave exposure using nested ANOVA (α =
0.05). The main factor (wave exposure) was regarded
a fixed factor, while ‘site’ was regarded a random fac-
tor nested within wave exposure. For the remaining
response parameters (potential number of recruits,
instantaneous mortality rates, absolute losses, mor-
tality, transition and total production), we had only
one number per site because these parameters were
obtained from fitting equations (Eqs. 3 & 4) to data
that were pooled across all of the samples within
each site to obtain proper fits. These response para-
meters were therefore compared across levels of
exposure with 1-factor ANOVA (α = 0.05) using the
derived values from each site as input (n = 3 for each
level of exposure). Tukey’s multiple comparison test
was used to compare individual means if the ANOVA
indicated significant differences between site means.
A Kolmogorov-Smirnov test was used to test if the
data were normally distributed, and Levene’s test
was used to test for homogeneity of variances prior to
analysis (Quinn & Keough 2002). The data were nat-
ural logarithm (ln)-transformed to obtain normality or
homogeneity of variances when necessary. Ratios
(i.e. data for the relative contribution of various plant
parts to the total individual biomass) were arcsine-
transformed before analysis.

Production = −( ) ×+ +
=
∑ B B Nt t t
t

n

1 1
1
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RESULTS

Stipe length and separation of sub-canopy 
and canopy individuals

Stipe length increased with age at all exposure lev-
els (Fig. 2) until the plants became 5 to 7 yr old.
Canopy plants were relatively short at low wave
exposure (mean length ca. 75 cm) but became signif-
icantly taller at intermediate and high wave expo-
sure (mean length 100 to 112 cm, Table 2). Stipe
length was used to separate plants into sub-canopy
and canopy individuals by fitting the Gompertz
growth function to the data in Fig. 2. Asymptotic
stipe length (L∞) increased with exposure and corre-
sponded well to the observed maximum lengths
(Table 2). Neither stipe growth rate (k) nor the age at
maximum stipe growth (M) changed significantly
with wave exposure. The mean stipe length for
plants at age M + 1 (age at maximum growth
plus 1 yr) was finally used as a cut-off point to sepa-
rate sub-canopy plants from canopy plants in each
data set.

Density

Total plant density (Fig. 3, Table 3) increased sig-
nificantly with wave exposure. All populations con-
sisted of many small recruits and sub-canopy plants
and a few large canopy individuals. Recruits and
sub-canopy plants were more abundant at higher
levels of exposure. The density of canopy plants
increased from 7 to 8 m−2 at low and intermediate
wave exposure to 12 m−2 at high wave exposure, but
the variation among replicate sites was high, and dif-

ferences were therefore only marginally significant.
Variations in total density across levels of exposure
were therefore mainly driven by variations in the
density of recruits and sub-canopy individuals.

Age-structure, recruitment and mortality

The age-structure of populations from sites with
different wave exposure differed slightly from each
other because populations from intermediate- and
high-exposure sites contained relatively more young
individuals than those from low-exposure sites
(Fig. 4). The age (mean ± SD) of sub-canopy plants
(excluding recruits) decreased from 2.82 ± 0.19 yr at
low exposure to 2.47 ± 0.16 yr at high exposure,
whereas the mean age of canopy plants tended to
increase with increasing exposure (4.68 ± 0.37 yr at
low exposure versus 5.39 ± 0.08 yr at high exposure).
None of these differences were, however, statistically
significant (p = 0.118). The oldest individuals (11 yr
old) were found at high-exposure sites.

The population dynamics varied across levels of
wave exposure (Table 4, Fig. 5). Potential recruit-
ment at high-exposure sites was 4-fold higher than
at sites with intermediate and low exposure, but
the variation among replicate sites was large, and
differences were therefore only marginally signifi-
cant. The instantaneous mortality rate of recruits
(ZR) was very high (3.21 to 3.36 ln units yr−1,
Table 4), leaving few survi vors for transition into
the sub-canopy fraction on an annual basis. The
mortality rate of recruits and, hen ce, the proportion
of recruits surviving and entering the sub-canopy
stage did not differ significantly with wave expo-
sure, but the absolute transition of recruits into

the sub-canopy stage increased with
wave exposure. The mortality rate of
sub-canopy plants (ZSC) was substan-
tially lower than that of recruits (1.07
to 1.37 ln units yr−1) and did not vary
with wave exposure. A larger ab so -
lute in put of individuals at high-
 exposure sites combined with con-
stant mortality rate across levels of
exposure resulted in a higher steady-
state density of sub-canopy plants
with increasing exposure.

The annual input of sub-canopy
plants into the canopy fraction and the
absolute mortality of canopy plants
were relatively low (4 to 5 plants m−2

yr−1) and similar across levels of expo-
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Table 2. Observed mean stipe length of canopy plants (L) and parameter esti-
mates of L∞ (asymptotic stem length), k (stem growth rate) and M (age at max-
imum stem growth) obtained from fitting the Gompertz growth function
(Eq. 2) to plots of mean stem length against age (Fig. 2). For each level of expo-
sure, values are overall means ±1 SD each based on 3 site means (i.e. n = 3).
ANOVA results (nested ANOVA in the case of L, 1-way ANOVA in the case of
L∞, k and M ) are given in the rightmost column. Different superscripts in 

brackets indicate heterogeneous groups according to Tukey’s test

Wave exposure ANOVA results 
Low Intermediate High F p

L (cm) 75.1 ± 8.8(a) 101.6 ± 11.5(b) 112.4 ± 5.1(c) FE;2,6 = 6.77 0.029
FS(E);6,54 = 7.41 0.024

L∞ (cm) 78.6 ± 6.7(a) 111.1 ± 19.5(b) 118.8 ± 11.4(b) F2,6 = 7.41 0.024
k (yr−1) 1.0 ± 0.4(a) 0.8 ± 0.2(a) 0.9 ± 0.0(a) F2,6 = 0.40 0.516
M (yr) 2.9 ± 0.2(a) 3.4 ± 0.4(a) 3.4 ± 0.2(a) F2,6 = 2.72 0.145



Pedersen et al.: Effects of wave exposure on kelp

sure. The instantaneous mortality rate of canopy
plants (ZC) was lower than that of recruits and sub-
canopy plants (0.53 to 0.80 ln units yr−1, Table 4) and
tended, in contrast to absolute mortality, to decrease
(by 30%) with increasing wave exposure. Constant
input of sub-canopy plants into the canopy across
levels of exposure combined with lower rates of
 mortality at high-exposure sites resulted in a higher
density of canopy plants at sites with high wave
exposure.

Individual plant biomass

Individual plant biomass increased with age, but
became more or less constant as the maximum stipe
length was reached (compare Figs. 2 & 6). The indi-
vidual biomass of canopy plants (Table 5) increased
from ca. 820 g FW at low-exposure sites to ca. 1250 g
FW per plant at intermediate- and high-exposure
sites. The changes in individual plant biomass of the
canopy plants were based on an increase in the mass

51

Fig. 3. Laminaria hyper-
borea. Observed density
of (A) recruits, (B) sub-
canopy and (C) canopy
plants, together with (D)
total density at low- (L1
to 3), intermediate- (M1
to 3) and high- (H1 to 3)
exposure sites. Means +
SE, each based on 6 to 8
replicates from each site

Table 3. Laminaria hyperborea. Results from nested ANOVA of the effect of wave exposure on the density of recruits, sub-
canopy plants, canopy plants and total plant density. SSIII: type III sum of squares, MS: mean square. Wave exposure: L = low, 

M = intermediate, H = high

Parameter Source of variation SSIII df MS F p Tukey

Recruits Exposure 74.77 2 37.39 15.546 0.004 M>H>S
Site(exp) 14.43 6 2.40 1.679 0.143
Error 81.65 57 1.43

Sub-canopy plants Exposure 15.71 2 7.85 9.608 0.013 H>M=L
Site(exp) 4.90 6 0.82 2.186 0.057
Error 21.32 57 0.37

Canopy plants Exposure 248.7 2 124.3 3.699 0.089 ns
Site(exp) 201.7 6 33.6 1.610 0.161
Error 1190.3 57 20.9

Total density Exposure 17.77 2 8.89 22.281 0.002 H=M>L
Site(exp) 2.39 6 0.40 1.628 0.156
Error 13.96 57 0.24
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of the holdfast, stipe and blade. Plants from high-
exposure sites tended to allocate a larger proportion
of their biomass to the holdfast and the stipe and less
to the blade, compared to plants at low wave expo-
sure (Table 5).

Areal biomass and production

The average biomass per unit area ranged from
9000 g FW m−2 at low exposure to 18 000 g FW m−2

(Fig. 7, Table 6) at high wave exposure. The variation
in total biomass per unit area across levels of expo-
sure was based on a parallel increase in the biomass
of holdfasts, stipes and blades. The annual produc-
tion by Laminaria hyperborea (Fig. 8, Table 6) fol-
lowed the same pattern as total biomass and
increased from 6867 g FW m−2 at low exposure to
12 449 g FW m−2 at high exposure. Wave exposure
had the largest effect on the production of stipes,

which was 2.5-fold higher at high exposure than at
low exposure. Production of blades formed ca. 60 to
70% of the total production, depending on exposure
level, whereas holdfasts and stipes together formed
the remaining 32 to 42% of the total production.

DISCUSSION

Water motion may stimulate littoral and sub-littoral
algae (Hurd 2000) and wave-exposed coastal com-
munities are therefore often highly productive (Leigh
et al. 1987). The presence of Laminaria hyperborea is
positively correlated to wave exposure (Bekkby et al.
2009), and the present study showed that the perfor-
mance of L. hyperborea is positively affected by
wave exposure; total plant biomass and production
per unit area doubled along the exposure gradient.
The annual production reached 7 to 12.5 kg FW m−2,
depending on exposure level, which corresponds to
1400 to 2500 g DW m−2 or 560 to 1000 g C m−2, rank-
ing these kelp forests among the most productive
systems on earth. The annual production measured
here corresponds to rates reported for L. hyperborea
in Scotland, England, Germany (Heligoland), Iceland
and Norway (800 to 4000 g DW m−2 yr−1; e.g. Lüning
1969, Jupp & Drew 1974, Gunnarsson 1991, Sjøtun et
al. 1995). Production of Laminaria is typically esti-
mated from the observed maximum biomass of
blades in summer (e.g. Borum et al. 2002) or from net
changes in individual biomass with age (e.g. Sjøtun &
Fredriksen 1995), but these methods may under-
 estimate true primary production. About 2 thirds of
the annual production of L. hyperborea consists of
the production of blades, but blades are eroded at
their distal edge throughout their lifetime. Blade ero-
sion has not been quantified in L. hyperborea, but
Tala & Edding (2005) showed that kelps Lessonia
nigrescens and L. trabeculata, which are morpholog-
ically similar to L. hyperborea, lost as much as 20%
and 50%, respectively, of their annual blade produc-
tion due to erosion. The methods used to quantify
production in the present study may further under -
estimate true primary production because they do
not include the loss of fixed carbon through exuda-
tion of DOC, which may amount to ca. 26% of the
carbon fixed by L. hyperborea on an annual basis
(Abdullah & Fredriksen 2004). The production that
we report for L. hyperborea may thus underestimate
true primary production by 25 to 50%.

The observed increase in biomass and production
of Laminaria hyperborea along the wave-exposure
gradient was driven by variations in both plant den-
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Fig. 4. Laminaria hyperborea. Age distributions of kelp pop-
ulations exposed to (A) low, (B) intermediate and (C) high
wave exposure, including recruits and sub-canopy plants
(light grey) and canopy individuals (dark grey). Overall
means ± SE, each based on the mean values from 3 replicate 

sites within each level of exposure
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Table 4. Laminaria hyperborea. Potential recruitment, inputs due to transition, absolute mortality and instantaneous mortality
rate (Z) of recruits, sub-canopy plants and canopy plants, respectively. Overall means ±1 SD for each level of exposure, each
based on 3 sites (n = 3). Note that the instantaneous mortality rate of sub-canopy plants includes the loss of individuals due to
transition. ANOVA results are based on 1-way ANOVA using derived values from each site as input data. Different super-

scripts in brackets indicate heterogeneous groups according to Tukey’s test

Wave exposure ANOVA 
Low Intermediate High F p

Recruits
Potential recruitment (m−2 yr−1) 438 ± 315 476 ± 55 1854 ± 1282 F2,6 = 3.36 0.105
Absolute mortality (m−2 yr−1) 423 ± 308 457 ± 52 1804 ± 1263 F2,6 = 3.30 0.108
Mortality rate (ln units yr−1) 3.25 ± 0.24 3.21 ± 0.10 3.36 ± 0.68 F2,6 = 0.11 0.900

Sub-canopy plants
Input from transition (m−2 yr−1) 15.5 ± 7.4(a) 19.4 ± 4.0(a) 50.2 ± 18.9(b) F2,6 = 7.48 0.023
Absolute mortality (m−2 yr−1) 10.9 ± 8.1(a) 15.4 ± 4.6(a) 44.9 ± 18.9(b) F2,6 = 6.87 0.028
Mortality rate (ln units yr−1) 1.07 ± 0.20 1.15 ± 0.17 1.37 ± 0.34 F2,6 = 1.22 0.359

Canopy plants
Input from transition (m−2 yr−1) 4.6 ± 0.7 4.0 ± 1.1 5.0 ± 0.1 F2,6 = 1.49 0.298
Absolute mortality (m−2 yr−1) 4.6 ± 0.7 4.0 ± 1.1 5.0 ± 0.1 F2,6 = 1.49 0.298
Mortality rate (ln units yr−1) 0.80 ± 0.26 0.72 ± 0.04 0.53 ± 0.03 F2,6 = 2.47 0.165

Fig. 5. Laminaria hyperborea. Con-
ceptual model summarizing the an-
nual population dynamics at low,
intermediate and high wave expo-
sure. Rates (arrows) are in units of
ind. m−2 yr−1, while numbers in
ellip ses (stages) are densities (ind.
m−2). Horizontal arrows represent
recruitment (in the case of recruits)
or transitions from one stage to the
next, while downward vertical ar-
rows represent mortality. Arrows
looping back to the same stage rep-
resent the number of individuals
that remain within a stage within
1 yr. Mean values ± 1 SD based on 3
replicate stations within each level 

of wave exposure
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sity and individual plant size. The processes that
affect these parameters are thus driving the changes
in biomass and production. Plant density increased
significantly with exposure, but most of this change
was caused by a significant increase in the number of
recruits and sub-canopy individuals. These small
individuals have little importance for total biomass
and production, but they are important for the persis-
tence of the population because they represent an
‘inactive’ reserve that can be mobilized to replace
canopy plants that are lost (e.g. Sjøtun et al. 1998).

Plant density at any point in time reflects the bal-
ance between recruitment (or mobilization through
transition) and losses due to mortality or to transition
of individuals into the next stage. Recruitment is
important for the persistence of populations, and
higher recruitment leads to a high density of individ-
uals unless mortality rate increases proportionally
more than recruitment. The observed density of

recruits increased with wave exposure but was lower
than the recruitment predicted from the age-
 structure of sub-canopy plants, indicating that post-
settlement mortality of recruits is high and that it
occurs shortly after establishment. The low density of
recruits could also indicate that we were unable to
collect these small individuals efficiently. Kelp re -
cruits suffer typically high rates of mortality (e.g.
Reed & Forester 1984, Dean et al. 1989, Reed 1990,
Creed et al. 1998), and our numbers indicate that
only a small percentage of the recruits would survive
long enough to enter the sub-canopy stage. The esti-
mated mortality rate of recruits was high but similar
across levels of exposure, so variations in recruitment
must have caused the observed differences in recruit
density. Recruitment potential depends on spore pro-
duction and, thus, on the density of sexually mature
canopy plants. The entire study area is inhabited by
kelp in the 3 to 20 m depth interval (Bekkby et al.
2009), and the production of spores by Laminaria
hyperborea is magnificent: ca. 3 × 1012 spores are
produced annually in stands with 10 to 12 mature
canopy plants per m2 (Kain 1975). Kelp spores can
potentially disperse at the scale of several hundred
meters to kilometers, depending on water motion
(Fredriksen et al. 1995, Gaylord et al. 2002, Reed et
al. 2004), but the majority of these spores may still
settle relatively close to the spore-producing plants
(Gaylord et al. 2006). In other words, recruit density
should partially correlate to the density of reproduc-
ing canopy plants, which may explain why we found
higher recruitment and density of recruits with
increasing wave exposure. We finally stress that the
potential recruitment presented here was estimated
from the age-structures of sub-canopy plants and,
thus, represents the average (over years) recruitment
needed to obtain the observed age-structure and
density. This method cannot capture inter-annual
variations in recruitment that may vary considerably
from year to year in other kelp species (e.g. Macro-
cystis pyrifera, Graham et al. 1997) and most likely
also in L. hyperborea.

The absolute number of recruits that survived and
moved into the sub-canopy stage per year repre-
sented only a very small fraction of the observed and
potential number of recruits. The annual input of
recruits into the sub-canopy stage increased with
wave exposure, although the relative survival rate of
recruits remained more or less constant across levels
of exposure. As for recruits, the relative loss rates of
sub-canopy plants (due to mortality and transition)
remained basically constant across levels of expo-
sure. The high density of sub-canopy plants found at

54

Fig. 6. Laminaria hyperborea. Individual biomass (g FW
ind.−1) of the holdfast (black bars), stipe (light grey bars) and
blade (dark grey bars) of plants with different age at (A) low,
(B) intermediate and (C) high wave exposure. Overall
means + SD, each based on the mean values from 3 replicate 

sites within each level of exposure



Pedersen et al.: Effects of wave exposure on kelp

high exposure was, in other words, caused by a
higher absolute input (i.e. transition) of new individ-
uals and not by variations in mortality rate across lev-
els of exposure.

High mortality rates of sub-canopy individuals
(here, 67 to 75% of all individuals annually) has been
attributed to intra-specific competition for light
between sub-canopy and canopy individuals be -

cause very little light penetrates the
canopy layer in most kelp species (e.g.
Norton et al. 1977, Gerard 1984, Reed
& Foster 1984, Dean 1985). Other fac-
tors, such as intra-specific competition
among juveniles, inter-specific com-
petition with other (sub-canopy) algal
species and grazing have, however,
also been shown to cause low survival
among juvenile kelp (e.g. Reed & Fos-
ter 1984, Dean et al. 1989, Reed 1990,
Creed et al. 1998, Sjøtun et al. 2006).

The blade biomass of canopy plants
per unit area increased almost 2-fold
with wave exposure. We therefore ini-
tially expected that less light would
pene trate the canopy and that sub-
canopy plants would suffer higher
mortality rates at sites with high expo-
sure. As mentioned, the mortality rate
of recruits and sub-canopy plants did
not vary significantly across levels of
wave exposure and was related nei-
ther to the density of canopy plants
(R = −0.117, p = 0.765) nor to the bio-
mass of their blades (R = 0.081, p =
0.836) when tested across all sites.
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Table 5. Laminaria hyperborea. Biomass of individual plant parts in canopy
plants and the proportion of total biomass that is allocated to the holdfast, stipe
and blade at low, medium and high wave exposure, respectively. Overall
means ± 1 SD for each level of exposure, each based on 3 site means (n = 3).
FW = freshweight. Nested ANOVA results are given in the rightmost column.
Different superscripts in brackets indicate heterogeneous groups according to 

Tukey’s test

Wave exposure ANOVA
Low Intermediate High F p

Biomass of individual plant parts (g FW per individual)
Holdfast 86 ± 8(a) 131 ± 16(b) 169 ± 19(b) FE;2,6 = 13.84 0.003

FS(E);6,54 = 1.19 0.324

Stipe 334 ± 144(a) 541 ± 173(b) 599 ± 122(b) FE;2,6 = 6.64 0.030
FS(E);6,54 = 3.94 0.002

Blade 398 ± 39(a) 583 ± 89(b) 472 ± 48(a) FE;2,6 = 6.92 0.028
FS(E);6,54 = 1.47 0.207

Whole 818 ± 179(a) 1262 ± 264(b) 1237 ± 187(b) FE;2,6 = 7.95 0.021
plant FS(E);6,54 = 2.37 0.042

Relative biomass of plant parts (% of total plant weight)

Holdfast 11.3 ± 1.1(a) 10.5 ± 1.2(a) 13.4 ± 0.1(b) FE;2,6 = 9.14 0.015 
FS(E);6,54 = 0.56 0.760

Stipe 37.2 ± 6.5 42.1 ± 5.4 48.3 ± 1.3 FE;2,6 = 4.79 0.057
FS(E);6,54 = 2.47 0.035

Blade 51.6 ± 5.5(a) 46.9 ± 3.4(a) 38.5 ± 1.2(b) FE;2,6 = 10.36 0.011
FS(E);6,54 = 1.97 0.086

Fig. 7. Laminaria hyper-
borea. Biomass (fresh-
weight, FW) of (A) hold-
fasts, (B) stipes, (C) blades
and (D) total biomass at
low (L1 to L3), intermedi-
ate (M1 to M3) and high
(H1 to H3) wave expo-
sure. Means + SE of 6 to 8
samples from each of 3
replicate stations within 

each level of exposure
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The mortality rate of sub-canopy plants was, in con-
trast, strongly correlated to the density of sub-canopy
plants (R = 0.779, p = 0.013), suggesting that intra-
specific competition among these individuals is
important. The reason why the mortality of sub-
canopy plants did not increase with increasing blade
biomass of canopy plants may be that integrated light
levels below the canopy were almost identical across
levels of exposure due to a more frequent movement
of the blades at high wave exposure (Wing et al.
1993). Light measurements within kelp populations
at low- and high-exposure sites were carried out for
other purposes in June 2006, and these data showed
that only 2 to 3% of the surface light penetrated
through the canopy but, more importantly, that the
average light intensity 15 cm above the seafloor did
not differ among sites with low and high wave expo-
sure (2.7 ± 0.6% of incident surface insolation at low
exposure versus 2.3 ± 0.2% at high-exposure sites,
M. F. Pedersen unpubl. data). Dense canopy layers
may thus restrict light availability at the bottom and
cause low survival among small Laminaria hyper-
borea, but changes in the blade biomass and shading
regime may not be large enough to cause variations
in recruit and sub-canopy mortality along the expo-
sure gradient.

Few herbivores graze directly on kelp, and grazing
is typically of marginal importance outside areas with

a high abundance of sea urchins (Bartsch et al. 2008).
Grazing by sea urchins can, however, reduce the sur-
vival of juvenile kelp in some cases (e.g. Dean et al.
1989, Sjøtun et al. 2006). The density and grazing
pressure of sea urchins is inversely related to wave
exposure (e.g. Sivertsen 1997), so grazer- mediated
mortality should be most important at low-exposure
sites, which could have masked the expected varia-
tions in juvenile mortality along the exposure gradi-
ent. The density of sea urchins (Echinus esculentus)
in the study area was, however, extremely low (typi-
cally <0.01 m−2) and did not vary visibly among study
sites, so we find it unlikely that grazing substantially
affected juvenile mortality rates.

The mobilization and transition of sub-canopy
plants into the canopy stage is driven by the loss of
canopy plants that free space for new, large indi -
viduals (Sjøtun et al. 2006). The absolute loss of
canopy plants was similar (4 to 5 plants m−2 yr−1)
across levels of exposure, but the mortality rate
tended to decrease with increasing wave exposure.
This resulted in a higher steady-state density of
canopy plants exposed to high wave energy. The low
mortality rate among canopy plants at high wave
exposure may therefore help explain the observed
increase in biomass and production with increasing
wave exposure. It is un clear why canopy plants
should suffer higher rates of mortality at low wave

56

Table 6. Laminaria hyperborea. ANOVA testing the effect of wave exposure on the biomass (g FW m−2; nested ANOVA) and
production (g FW m−2 yr−1; 1-way ANOVA) of holdfasts, stipes, blades and total biomass and production (wave exposure: L = 

low, M = intermediate, H = high)

Parameter Source of variation SSIII df MS F p Tukey

Biomass (tested using nested ANOVA)
Holdfast Exposure 8.65 2 4.33 9.405 0.014 L=M<H

Site(exp) 2.76 6 0.46 1.912 0.094
Error 13.71 57 0.24

Stipe Exposure 3.32 × 108 2 1.66 × 108 10.860 0.010 L=M<H
Site(exp) 9.16 × 107 6 1.53 × 107 2.633 0.025
Error 3.31 × 108 57 5.80 × 106

Blade Exposure 6.60 × 107 2 3.30 × 107 4.564 0.062 ns
Site(exp) 4.34 × 107 6 7.23 × 106 1.220 0.310
Error 3.38 × 108 57 5.93 × 106

Total Exposure 8.35 × 108 2 4.18 × 108 6.661 0.030 L=M<H
Site(exp) 3.76 × 108 6 6.27 × 107 1.969 0.085
Error 1.82 × 109 57 3.18 × 107

Production (tested using 1-way ANOVA)
Holdfast Exposure 6.99 × 105 2 3.50 × 105 22.644 0.002 L=M<H

Error 9.26 × 104 6 1.54 × 104

Stipe Exposure 8.98 × 106 2 4.49 × 106 10.980 0.010 L=M<H
Error 2.45 × 106 6 4.09 × 105

Blade Exposure 9.64 × 106 2 4.82 × 106 6.301 0.034 L=M<H
Error 4.59 × 106 6 7.65 × 105

Total Exposure 4.80 × 107 2 2.40 × 107 11.880 0.008 L=M<H
Error 1.21 × 107 6 2.08 × 106
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exposure, but slow water motion may impede the
acquisition of dissolved inorganic carbon and nutri-
ents to an extent where it can affect growth and
development (Hurd 2000). Most kelp species are,
however, slow growing and therefore have low nutri-
ent requirements per unit biomass and time, which
reduces the risk of severe nutrient limitation (Peder-
sen & Borum 1996, 1997, Pedersen et al. 2010).
Another possibility is that the high mortality at low
exposure was caused by epiphytes on the blades.
The blades of canopy plants at low-exposure sites
were heavily covered by epiphytes (mainly filamen-
tous species, such as Ceramium virgatum and Polysi-
phonia elongata) in summer, a covering that was
never seen on plants from the high-exposure sites.
Epiphyte samples collected for other purposes
showed that the epiphytic load (on blades of canopy
plants) at low-exposure sites averaged 90 ± 75 g FW
per blade (ca. 0.2 g FW g−1 FW blade) but only 4 ± 3 g
FW per blade (or 0.006 g FW g−1 FW blade) at high-
exposure sites (M. F. Pedersen unpubl. data). The
high density of epiphytes on blades of canopy plants
exposed to low wave exposure may interfere with the
exchange of gasses, uptake of nutrients and light ab -
sorption and may, maybe more importantly, increase
the surface and, thus, the drag imposed on these

plants when subjected to water movement (Gaylord
et al. 1994, Denny & Gaylord 2002).

Plant density was affected by wave exposure, and
plant size (and individual biomass) also increased
with increasing exposure. Canopy plants from high-
exposure sites were almost 50% taller and ca. 75%
heavier than those at low wave exposure. The
change in plant size along the exposure gradient was
caused by an increase in the biomass of the holdfast,
stipe and blade. Morphology is affected by wave
exposure in many kelp species (e.g. Kawamata 2001,
Duggins et al. 2003, Roberson & Coyer 2004, Wern-
berg & Thomsen 2005). Adaptations typically include
a proportionally larger holdfast and a thicker and
sometimes shorter stipe, which reduces the chance of
dislodgement, and smaller, slender and more stream-
lined blades that reduce the area exposed to the
forces of moving water (Gaylord et al. 1994, Denny &
Gaylord 2002). Morphological adaptations to wave
exposure in Laminaria hy per borea differ somewhat
from this pattern because the plant tends to become
taller and develop a larger biomass of the entire plant
(including the blade), thus increasing the exposure to
water motion rather than avoiding it (Svendsen &
Kain 1971, Sjøtun & Fredriksen 1995, Sjøtun et al.
1998, present study).
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Fig. 8. Laminaria hyper-
borea. Annual production
(freshweight, FW) of (A)
holdfasts, (B) stipes, (C)
blades and (D) total produc-
tion at low (L), intermediate
(M) and high (H) wave ex-
posure. Means + SD of 3
replicate stations within 

each level of exposure
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The reason why canopy plants become larger with
increasing wave exposure remains unknown. It is
tempting to explain the larger vigor of plants at high
exposure by reduced boundary layers and faster
acquisition of inorganic nutrients, but as discussed
above, it seems unlikely that Laminaria hyperborea
would suffer severe nutrient limitation under most
conditions. Taller plants may instead result from
intensified competition for light. The blade area of
the canopy plants was ~0.5 to 0.8 m2 so the leaf area
index (LAI) would range from ca. 5 at low exposure to
ca. 7 m2 m−2 at high wave exposure (assuming an
area to FW ratio of ca. 1 m2 kg−1 FW; Sjøtun et al.
1998), which corresponds to values reported for other
populations of L. hyperborea (4.1 to 12.8 m2 m−2;
Jupp & Drew 1974). Increasing blade biomass (and
thus LAI) leads to a higher degree of self-shading
within the canopy layer, so increasing the stipe
length may simply be an etiolation effect, i.e. an
attempt to escape the intense competition for light
within the canopy layer. Sjøtun et al. (1998) showed
that stipe growth was positively correlated to canopy
biomass in young L. hyperborea (2 and 3 yr old) but
not in 4 yr old plants that had reached the canopy.
Stipe growth in these plants was instead correlated to
wave exposure. Stipe length thus seems to be deter-
mined by a complex interaction between light condi-
tions and wave exposure.

Larger blades combined with a higher plant density
should, theoretically, intensify competition for light
within the canopy layer. The largest possible blade
biomass in the canopy layer is determined by the bal-
ance between benefits obtained by increasing light
capture (through higher blade biomass) and the costs
paid in terms of higher respiratory demands related
to the larger biomass and increasing self-shading.
Water motion, however, causes the blades to sway
back and forth, which may reduce self- shading and
allow a larger proportion of the canopy to be exposed
to light on a daily basis. Frequent movement of the
blades may therefore allow more exposed popu -
lations to maintain a larger canopy biomass, which
may explain the higher density and size of plants as
wave exposure increases. At low exposure, fouling by
epiphytes and accumulation of silt on the blades may
worsen the situation because both may substantially
reduce the amount of light reaching the blades (Nor-
ton et al. 1977, Sand-Jensen et al. 1985). This could
lower the diurnal carbon gain and thus, reduce plant
fitness. Such plants would thus be even more
sensitive to self-shading caused by high blade bio-
mass, which may explain the lower density and
smaller blades of canopy plants at low-exposure sites.
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