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Abstract A field study of Lessonia variegata
growing in depths of 8-10 m on the south
coast of Wellington, New Zealand investigated
morphometric and biomass indices measured on
destructively harvested entire algae, rates of blade
elongation measured in situ using a blade hole
punch technique, and timing of fertility over a 2-
year period. Blade fertility was estimated using a
fertility score based on the visual appearance of the
reproductive tissue. Lessonia variegata attained a
maximum length of 154 cm, a density of 0.8 to 2.1
individuals m-2, and developed an areal biomass
ranging from 1700 to 6000 g fresh weight (FW)
m-2. The highest proportion of fertile blades (up to
100% of sampled blades) occurred during winter
and the end of the fertile period coincided with the
onset of the longer days and warmer temperatures
of summer. Blade elongation occurred more rapidly
in summer months (0.117cm day-1, SE = 0.015)

than winter months (0.041cm day-1, SE = 0.009).
The slower winter blade elongation rate meant that
growth could not overcome tip ablation and average
blade length reduced from 51.5cm (SE = 1.9) to
30.8 cm (SE = 1.7) between March and September
2003. Average blade length increased again over the
following summer months to 40.7cm (SE = 1.6).
Blade biomass dominated total fresh weight biomass
(average 64% of total). Two parameters that are
relatively easily measured on live macroalgae in situ,
holdfast diameter and girth of all stipes collectively,
predicted total biomass with an r2 = 0.91, suggesting
these could be useful tools for assessment of this
potentially harvestable resource on Wellington's
south coast.
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INTRODUCTION

Thick beds of the laminarian kelp Lessonia variegata
J. Agardh, endemic to New Zealand, are conspicuous
components of rocky reefs along some of the
country's most exposed shorelines (Choat & Schiel
1982). Lessonia variegata is found from the upper
subtidal zone to 15-20m depth, particularly from
the central North Island southward to Stewart Island
(Adams 1994). Laminariales are highly productive
in temperate waters (Lobban & Harrison 1994) and
provide structural habitat, allowing the settlement
and development of a range of invertebrates and
fish (Dayton 1985; Vasquez 1992; Lobban &
Harrison 1994). Through fragmentation of the distal
portions of the blades of living algae, most species
of Laminariales, including Lessonia spp. (Tala &
Edding 2005) provide a source of particulate and
dissolved organic material for consumption by
higher trophic levels (Mann 1988). Lessonia spp.
are engineer species in the ecosystem (after Jones et
al. 1994) supporting numerous associated species of
invertebrates and fish (Vasquez & Santelices 1984;
Villouta & Santelices 1984).
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Despite some kelp beds being dominated by L.
variegata (Schiel 1990), the exposed shorelines on
which it is usually found mean that there has been
little study effort on this complex habitat structuring
kelp in New Zealand. This is significant, as recently
there has been increased interest in New Zealand
in the commercial use of L. variegata for bioactive
compounds and to feed farmed Hallotls spp. (Nelson
2004). As a consequence, and despite the absence of
basic information on growth and biomass dynamics,
the macroalga is expected to be introduced into New
Zealand's quota management system for commercial
fisheries (Ministry of Fisheries 2004). In Chile,
Lessonia spp. are already extensively harvested as
beach cast and from natural beds (Edding & Tala
2003) and this, as well as population fluctuations
as a result of ENSO events (Martinez et al. 2003),
has resulted in attempts to develop management
techniques for over-harvested natural beds (Vasquez
& Tala 1995; Fonck et al. 1998).

The first goal of this investigation was to determine
whether consistent relationships between readily
measurable morphometrics and biomass could be
developed to allow population structure and resource
status to be assessed. Lessonia comprises three main
parts: a holdfast, stipes, and long strap-like blades
(Edding et al. 1994). Morphometric relationships
between parts have been devised to estimate biomass
of individuals from simply measured variables for
some kelp taxa (e.g., Choat & Schiel 1982; Gagne
& Mann 1987), including Lessonia trabeculata in
Chile (Villouta & Santelices 1986). However, Camus
& Oj eda (1992) noted that morphometric parameters
for L. trabeculata can change markedly between sites
and recommended against transferring relationships
from one location to another. Macroalgal abundance
can also vary greatly among localities along a
coastline (Schiel & Foster 1986; Buschmann et
al. 2004). Although abundance may appear to be
correlated with obvious local environmental factors,
the effects of small-scale habitat differences on
population structure are not so immediately obvious.
Currently we are not aware of any analyses from
New Zealand L. variegata populations for which
generalisations about morphometric relationships or
other scale-dependant characteristics can be made.

The second goal of this research was to provide
information on the seasonal aspects of growth of
Lessonia in New Zealand. The life cycle of the
Laminariales includes alternation of phases between
the macroscopic sporophyte and microscopic
gametophytes. In temperate and cold regions, timing
of growth and reproduction can occur at different

times of the year and at different intensities depending
on environmental conditions at each locality (Kain
1989; Santelices 1990). In New Zealand, sufficient
winter irradiance can support macroalgal growth
year round, throughout the country, depending on
nutrient availability (Brown et al. 1997) and other
laminarian taxa such as Ecklonia radiata (Novaczek
1984; Schiel 1988) have been shown to exhibit peak
fertility in winter.

In a recent study, the first to identify optimal
conditions for growth of L. variegata gametophytes
and early sporophyte development, Nelson (2004)
showed that L. variegata exhibited higher values
of gametogenesis at warmer (15°C) than colder
(10°C) temperatures and under longer (15h) than
shorter days (i.e., summer conditions), and were
able to respond rapidly to shifts in environmental
conditions at the end of winter, resulting in rapid
growth of sporophytes.

We report on a field study of L. variegata growing
within one depth stratum on the south coast of
Wellington, New Zealand that aimed to identify
morphometric indices for L. variegata to assist
with census of populations in situ. In addition, we
describe seasonal patterns in growth as measured by
blade elongation and seasonal patterns in fertility.

MATERIALS AND METHODS

Study site
The study was conducted over a 2-year period
between March 2003 and March 2005. All field work
was carried out on the south coast of Wellington, New
Zealand. Three replicate sites, each c. 2km apart,
were originally delineated: Red Rocks (41°21.430'S,
174°43.739'E); Quarry (41°21.098'S, 174°44.394'E),
and Island Bay (41°21.143'S, 174°46.307'E). All
sites were characterised by L. variegata as the
dominant canopy species, and were exposed to the
south. All sampling was carried out using SCUBA
at a water depth of 8-10 m.

Incident total daily radiation (MJ) was sourced
from Wallaceville weather station E1510G (NIWA
data), c. 40km north of the study sites, and a
continuous surface water temperature data set was
obtained from NIWA s Mahanga Bay facility within
Wellington Harbour.

Morphometry
At the start of the study in March 2003, two 5m x
5m plots immediately adjacent to each other were
delineated, using sub-surface marker buoys at each
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corner of the plot, at each of the three sites. A rope was
temporarily laid between the corner markers of one
plot at each site, and within this plot, all individuals
of L. varlegata were destructively harvested by
SCUBA divers removing the holdfast from the rock
with a metal lever. Algae were maintained damp,
and returned to the laboratory within 2h. In the
laboratory, each individual was weighed (+ 1.0 g)
to obtain total fresh weight (FW) and the maximum
length (+ 1.0 cm) from holdfast to longest blade
was measured.

After all algae had been measured, 20 individuals
from each plot were sub-sampled, aiming to
encompass the full range of sizes for analysis in
greater detail. On each of these, girth was measured
by firmly pulling a flexible measuring tape around all
stipes collectively and recording the circumference
(+ 1.0cm). This measurement was made midway
between the highest haptera and the blade meristems.
Each alga was then separated into holdfast, stipes
and blades, which were weighed separately to obtain
FW (+ 0.1 g). The basal diameter of the holdfast was
measured (+1.0 cm) and the total number of blades
on each alga counted. The length of five blades from
each alga (meristem to tip) was measured (+ 1.0cm)
and each of these blades was oven dried at 60°C to
constant weight to obtain a FW to dry weight (DW)
ratio. The morphometric sampling was repeated at
one new 5m x 5m plot delineated at one site (Red
Rocks), 1 year later in April 2004.

Blade elongation
In March 2003, within the remaining plot at each site,
20 mature individuals with a minimum stipe girth of
13 cm (previously determined to equate to >1000g
FW) were haphazardly chosen and one blade on each
was tagged at the base of the stipe for identification.
A 5 mm diameter hole was made in the blade using
a hole punch, centrally and at a distance of 10 and
20 cm above the meristem to follow the growth of
blades using the method of Parke (1948).

On five further occasions over the following year
as many blades as possible were relocated at each site.
On each relocated blade the distance from meristem
to punched hole was re-measured. Although attempts
were made to maintain a sample size of 20 at each
site by tagging, measuring, and punching new blades,
unfavourable weather conditions and a persistent
swell meant that re-location of the marked blades
was often difficult, and some blades were lost during
storm events. The total blade length was not always
able to be recorded, precluding statistically robust
estimates of erosion rates from the distal ends of

the blade on a regular basis. To obtain a sufficient
sample size for calculating mean elongation rates, data
from all replicates from all three sites were pooled
for the final analysis. In addition, because of the
irregularity of our ability to access the sites for growth
measurements, at times the 20cm hole had been lost
through blade fragmentation at the distal end. All
elongation rates have therefore been based solely on
changes between the meristem and the 10 cm hole and
have been calculated over five time intervals between
17 March 2003 and 22 April 2004.

In accordance with Tala & Edding (2005),
meristematic growth expressed as elongation rate
(cm day"1) and representing the gross growth of the
blade, was calculated from the initial blade length +
hole displacement (cm) (for each individual blade)
to obtain expected length over the measurement
period (days) if no tissue damage occurred.

To transform gross growth in length units to
biomass units (g day"1) in year 2 (April 2004 -
March 2005) estimates of average blade biomass
were refined by measuring the distribution of weight
along blades (Mann & Kirkman 1981; Tala & Edding
2005). On four occasions (April and August 2004,
January and March 2005) a total of 20 replicate
blades were collected by SCUBA divers from at
least three algae, from each site. Each blade was
photographed using a digital camera (see fertility
estimates below) before being cut into 10-cm pieces
starting at the meristem, and dried at 60°C to constant
weight. DW distribution was visualised by plotting
the weights of the sections along the length of the
blade (Tala & Edding 2005).

Blade growth as biomass and therefore maximum
expected biomass accumulation in the absence of
tissue loss was estimated by multiplying elongation
rates in cm by the biomass in g cm"1 within the
zone in which the hole occurred (10-20 cm from
the meristem). The blades on which growth was
measured were not the same ones on which biomass
distribution were measured. Hence the value for
growth rate over each measurement interval was
factored by average biomass estimated from blades
collected in August 2004 for growth measurements
between April and September 2003 and blades
collected in March 2005 for growth measurements
made between October 2003 and April 2004.

Fertility
Approximately every 2 months over the 2-year
period, depending on the ability to access sites, one
mature blade from each of the first 10 L. variegata
individuals encountered within the 5m x 5m plot
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Fig. 1 Monthly mean (± SD) of
daily water temperatures (°C) from
Mahanga Bay, inside Wellington
Harbour, New Zealand and month-
ly mean (± SD) of daily solar radia-
tion (MS) from Wallaceville north
of Wellington, between January
2003 and March 2005.

at each site, was collected by SCUBA divers and
returned to the laboratory for scoring the degree
of fertility. Blade length and width were measured
and a fertility score was devised based on the visual
appearance of the reproductive tissue. The scores
ranged from 0 to 5 where 0 = infertile; 1 = light
colouring developing; 2 = able to see and feel shape
of fertile area; 3 = clear delineation of raised fertile
area; 4 = strong coloration of raised area; and 5 =
fully fertile, beginning to slough off.

In addition, in year 2, the digital images of the
photographed blades were examined using the image
analysis programme Image J (public domain Java
image processing program). If visibly fertile, the
outline of each blade and the fertile material was
delineated and their respective areas calculated.
The area of blade that was fertile was expressed as
a proportion of the total blade area.

Statistical analysis
All statistical analyses were carried out using
Statistica for Windows 5.1 (Statsoft, Inc, Tulsa, OK).
Morphometric data were examined for normality
using the distribution fitting function in Statistica.
The distributions of biomass and, to a lesser extent,
alga length were skewed towards small algae and
so significant differences among sites and between
years were determined using the non-parametric
Kruskal-Wallis ANOVA by ranks (Kruskal & Wallis
1952).

For the 20-alga subset from each site, all morpho-
metric data were In-transformed, to meet assumptions
of normality and homogeneity of variance, before
applying simple linear regression analysis to allow
quantitative allometric relationships between total

biomass and other metrics (corresponding biomass
of holdfast, stipes and blades, holdfast diameter, girth
just above the holdfast, stipe number, total length
(TL) and blade number) to be inferred. As weights
and lengths showed no significant variation between
sites in 2003 and overlapping distributions at the Red
Rocks site between years, all of the morphometric
data from the 20 sub-sampled individuals were
combined. This provided a sufficiently large data
set with which to examine biomass allocation to
different alga parts and how this varied with alga size
as well as relationships between biomass and other
morphometric variables. Estimates of exponents
(and SE) to allometric relationships were taken as
the slopes of ln-ln regressions, and their constants
were taken from the intercept after antilogging.
To determine the potential for combinations of
non-destructive measures to be used as a proxy of
biomass, we then used forward stepwise multiple
regression of In-transformed data (Neter et al. 1989),
with contributions considered significant at P < 0.05.
Differences in maximum blade width and blade area
among sampling times were analysed using a single
factor ANOVA. When a significant difference was
found, a Tukey's HSD post hoc test for unequal
n was applied (Spjotvoll & Stoline 1973). For all
tests, differences were considered significant at
P < 0.05.

RESULTS

Surface water temperatures at Mahanga Bay in
Wellington Harbour reached a winter minimum
of 11°C between July and September in both
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2003 and 2004 (Fig. 1). In summer 2003/04
temperatures peaked briefly at 18.5°C in January
whereas in 2004/05, temperatures continued to rise
to a maximum of 20.1°C throughout February. The
timing of maximum and minimum temperatures
lagged 1-2 months behind the longest and shortest
days, respectively. Daylength mirrored patterns in
monthly average incident solar radiation (Fig. 1).

In March 2003, density of L. varlegata ranged
from 0.8 individuals m~2 at Island Bay to 2.1m"2

at Red Rocks, equating to an average biomass
within the three 5m x 5m plots of 1700-6000g
FW m"2. Individual biomass ranged from 17 to
9100g (FW) for algae from all sites (Table 1).
The distribution of biomass was strongly skewed
towards small algae, with a median for all sites
of 2239 g, somewhat less than the mean of 2736 g
(Table 1). Although there were more large, heavier
individuals at Red Rocks, there were no significant
differences between the median biomass among
the three sites (Kruskal-Wallis test: H2 = 2.07, n
= 60, P = 0.35). The distributions of lengths were
much less skewed than biomass. Algae were, on
average, 95 + 5 cm tall in March 2003 (Table 1) with
a median length of 100 cm. There were no significant
differences between sites in 2003 (Kruskal-Wallis
test: H2 = 3.96, n = 11, P = 0.14). In April 2004, the
measurements were repeated at Red Rocks site, and
individual biomass and alga length showed similar
and overlapping distributions to that seen in 2003
(Table 1).

The proportions of biomass allocated to holdfast,
stipes, and blades from the 20 sub-sampled
individuals appeared to be independent of alga

size. Strong relationships between total biomass
and biomass of holdfast, stipes and blades were
established by regression of In-transformed variables.
Exponents of all relationships were close to 1 (Table
2), implying that a similar ratio by weight in the
three major compartments persisted throughout the
growth of the algae. Analysis of the residuals of
these relationships showed no significant effect of
individual size, though there was a tendency for
smaller algae to allocate more biomass to holdfasts
at the expense of stipes. Table 2 also indicates how
blades made up the greatest proportion of biomass
(constant =1.5 compared to 6.3 for holdfasts and
12.1 for stipes), typically 60-70% (average 64%).

To determine whether the increase in total blade
biomass as individuals increased in size was a result of
increased numbers or of larger blades, we determined
the relationships between total number and total
biomass of blades (Fig. 2). A linear relationship of
blade biomass = 2.61 x NB1 1 2 ± 0 0 4(r2= 0.93; d.f.
= 78, F = 1000, P < 0.0001) was established from
ln-ln regression, where NB is number of blades.
Again, the close proximity of the exponent in this
relationship to 1 (1.12 + 0.04) suggests that blades
tended to be of unit size, regardless of the size of
the alga, with a tendency for blades to get slightly
larger in bigger individuals.

Regres sion analysis of all In-transformed data from
20 sub-sampled individuals from each of the four
sites (n = 80) showed close correspondence between
total biomass and all morphological parameters
(Table 2). Although each of these individual metrics,
including both destructive and non-destructive,
provided reasonable estimates of biomass, with r2

Table 1 Maximum length (cm) and biomass (g fresh weight) of algae collected from three sites: Island Bay (IB); Red
Rocks (RR); Quarry (Q) off of the south coast of Wellington, New Zealand in March 2003 and from RR in April 2004.
Values from all sites combined for both years are also shown. Confidence limits (CL) not calculated for biomass.

Year

2003
2003
2003
2003
2004
2003/04
2003
2003
2003
2003
2004
2003/04

Metric

Length (IB)
Length (RR)
Length (Q)
Length (all sites)
Length (RR)
Length (all sites)
Biomass (IB)
Biomass (RR)
Biomass (Q)
Biomass (all sites)
Biomass (RR)
Biomass (all sites)

n

22
56
35
113
21
134
22
56
36
114
21
135

Mean
± 95% CL

87.3 ± 12
100.4 ±7

91±9
95 ± 5

72 ± 7.8
91.2 ± 5

1940
2954
2884
2736
2152
2641

Median
(inter quartile range)

91(64-108)
102 (87-117)
98 (83-108)
100(82-112)
74.5 (69-83)
95 (78-108)

1766(285-2726)
2550 (1030-4100)
2100 (723-5000)
2239 (846^4000)
1800(603-3100)
2200 (823-3827)

Min.

39.5
33
25
25
27
25
40
127
17
17
22
17

Max.

125
154
127
154
95
154

8100
9100
8000
9100
7200
9100
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Ln number of blades

Fig. 2 Number of blades per Lessonia variegata alga
versus biomass (g fresh weight (FW)) of all blades per
alga from three sites: Island Bay; Red Rocks; Quarry off
the south coast of Wellington, New Zealand in March 2003
and from Red Rocks in April 2004.

> 0.7 in each instance (Table 2), predictions using
non-destructive methods could be improved when
these were used in combination. Stepwise multiple
regression of these data found that stipe number was
the least useful metric for predicting whole plant
biomass, but showed that holdfast diameter and
girth, combined with total length and blade number
increased r2 to 0.98 (Table 2). However, during data
collection it was noted that counting the number
of blades was time consuming, so we undertook a

further multiple regression to determine the effect of
removing this measure on the relationship in Table
2. We found that a highly significant relationship
remained such that:

TB = 0.02 x TLL41±015 x GH°-98±013 x HD0f)2±016

(r2 = 0.97) (1)

where TB is total biomass, TL is total length, GH
is girth just above holdfast, and HD is holdfast
diameter. Finally, given that maximum length was
also difficult for a single diver to measure except
when seas were calm, we examined the effect of
removing this measure from the multiple regression.
We found that:

TB = 1.67 x GHL39±018 x HD°-87±0-22 (2)
(r2 = 0.93)

Blade elongation rates estimated from hole
punches decreased from 0.069 cm day"1 between
March and April 2003 (autumn) to 0.041 cm day"1

in September 2003 (Fig. 3). Between September and
January (spring/ summer) rates increased to 0.117 cm
day"1 and had decreased only marginally from this
value when the final measurements were made in
April 2004. In the first 6 months of measurements
over autumn and winter, average blade length reduced
from 51.5 cm (SE = 1.9) (expected length 56 cm) to
30.8cm (SE = 1.7) (expected length 37cm) (Fig. 3),
whereas over spring and summer, between October
2003 and April 2004, blade length increased again
from an average of 31.9cm to 40.7cm (Fig. 3).

Table 2 Relationships between total individual algal biomass (TB) and the
corresponding biomass of holdfast (HB), biomass of stipes (SB), biomass of
blades (BB), holdfast diameter (HD), girth just above the holdfast (GH), stipe
number (SN), total length (TL), and blade number (BN) derived from ln-ln
regression for 20 individual alga sub-sampled from each of three sites: Island
Bay; Red Rocks; Quarry, Wellington, New Zealand. Result of a forward stepwise
multiple regression using the non-destructive metrics (BN, TL, GH, HD) is
included. Data set used includes all three sites sampled in 2003 and the single
site sampled in 2004.

Relationship (± SE) r 2 d.f.

TB = 6.3 x HB098±002

TB = 12.1xSB087±002

TB = 1.5xBB100±001

TB = 0.08xHD 2 4 8 ± 0 n

TB = 3.38 x GH2 03±0 07

TB = 34.46 x SN161±0 n

TB = 0.0001 xTL3 6 6 ± 0 2 0

TB = 5.47 x BN114±003

TB = 0.12x BN°-49±006 x TL°-98±012 x GH°-23±005xHD036±012

0.98 73 1033

0.96
0.97
0.99

0.86
0.91
0.72
0.81
0.95

79
79
79

78
78
78
77
77

1857
2561
8838

474
803
209
331
1409

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
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Fig. 3 Mean (± SE) of blade
tissue elongation rates from the
meristem (open circles) measured
on mature Lessonia variegata in-
dividuals in situ between March
2003 - April 2004 (number of
blades recovered on each occa-
sion is shown in parentheses), and
blade length (closed circles) from
meristem to the tip of the blade
for algae collected either for fertil-
ity estimates or for blade biomass
measurements in the subsequent
year (August 2004 - March 2005,
n = 90). Data from all sites have
been pooled.
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(mean ± SE) along individual Les-
sonia variegata blades on four oc-
casions between April 2004 and
March 2005. Sixty blades were
sampled on each occasion.

o

Q
en

CD

o
CO

60-,

50-

40-

30-

20-

10-

-•- Apr 2004

-a— Aug 2004

-•— Jan 2005

x- Mar 2005

0-10 10-20 20-30 30-40 40-50

Distance (cm) from meristem

50-60

Individual blade biomass decreased progressively
along the blade with a maximum biomass occurring
within 20 cm of the meristem and a minimum
at the eroding tip of the blade (Fig. 4). Average
blade biomass was significantly different between
samplings (ANOVA, F=31.6, d.f. =3,236, P < 0.001)
with blades being on average heavier at the end of
summer (April 2004 and March 2005) compared to
winter and midsummer sampling (August 2004 and
January 2005). When blade elongation rates were
factored by biomass (10-20 cm from the meristem),
biomass gain per blade ranged from a minimum of
1.03 mg DW blade"1 day"1 (SE = 0.23) between May
and September 2003 to 5.4 mg DW blade"1 day"1

(SE = 0.53) between January and April 2004.

A consistent seasonal pattern in the timing and
degree of fertility was evident over the 2 years of the
study. The highest proportion of blades had a fertility
score of 3 or greater during winter months, between
April and September (Fig. 5). In September 2003
and August 2004, between 84 and 100% of blades
at each of the three sites had a fertility score of 5.
No fertile blades were collected at any of the three
sites in the months of January 2004, or January or
March 2005 (Fig. 5).

Maximum blade width ranged from an average of
2.70 to 3.57cm over the sampling period (Table 3)
and on average blades were slightly, but significantly,
narrower in January and March 2005 than in April
and August 2004 (ANOVA, F = 7.U, d.f. = 3, 298,
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Fig. 5 Percentage of fertile Les-
sonia variegata blades (score > 3,
n = 20) at each of the three study
sites between March 2003 and
March 2005.

Table 3 Mean (SD in parentheses) of blade width, blade area, and fertility area
estimates in April 2004 (n = 25), August 2004 (n = 15), January 2005 (n = 30),
and March 2005 (n = 30).

Site

Red Rocks

Quarry

Island Bay

Month

April
August
January
March
April
August
January
March
April
August
January
March

Max. blade
width (cm)

3.57 (0.44)
3.25 (0.81)
2.88 (0.56)
3.37 (0.93)
3.41 (0.58)
3.12(0.69)
3.02 (0.63)
3.37 (0.63)
3.57(1.14)
3.35 (0.50)
2.99 (0.06)
2.70 (0.43)

Blade area
(cm2)

110.64(21.64)
98.06 (45.04)
119.62(37.25)
167.06 (42.20)
132.89 (51.47)
81.91 (30.66)
106.76 (35.99)
189.87 (50.98)
135.68 (60.97)
84.28 (26.20)
142.82 (30.03)
94.25 (43.60)

% blade
area fertile

12.18(6.95)
12.32 (8.02)
0
0
9.93(6.17)
14.27 (8.81)
0
0
8.29 (5.22)
16.01 (6.77)
0
0

P < 0.05). Blade area was significantly less in August
2004 than in the other months (ANOVA, F = 24.34,
d.f. = 3, 298, P < 0.05), coincident with the time
of maximum fertility. At that time up to 16% of the
blade area comprised fertile tissue (Table 3).

DISCUSSION

As with many of the Laminariales (Lobban 1987;
Kain 1989; van Tussenbroek 1989), growth and
fertility of L. variegata on Wellington's south coast
exhibited marked seasonal patterns over the period
of this study, with blade elongation being highest
in summer. Growth of L. variegata (as measured by
blade elongation) occurred more rapidly in summer
than winter months and this, coupled with greater
blade weight per unit area in summer and possibly
higher rates of tip erosion in winter (see estimates

below), combined to produce summer blade biomass
and length maxima. In contrast to patterns observed
for both L. nigrescens and L. trabeculata in Chile
(Tala & Edding 2005), there was no evidence for L.
variegata being a season anticipator and within the
resolution of our data, maximum elongation rates
appeared to be maintained throughout the summer
period. The time series of data collection was not
long enough to elucidate possible reasons for the
higher elongation rate in autumn 2004 compared
with autumn 2003, nor can the influence of pooling
data from the three sites, thereby possibly under-
representing the error estimates on each value (sensu
Hurlbert 1984), be discounted.

Elongation rates for blades of L. variegata
measured in this study were lower than the 0.17 to
0.65 cm day"1 measured for subtidal L. trabeculata
in Chile (Tala & Edding 2005) and the 2.0 cm
day"1 measured for Macrocystis pyrifera in New
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Zealand (Brown et al. 1997). Apart from likely
inherent differences between species, a multitude
of environmental factors that can limit kelp growth
rates (Hurd 2000) must be considered to begin to
explain such differences. We have not attempted to
isolate the influence of individual environmental
factors. Moreover our data may not be sufficiently
temporally resolved to be able to pick effects such
as summer reductions in elongation that may result
from, for example, nutrient limitation (Brown et al.
1997). Nevertheless, similar to the conclusion by
Brown et al. (1997) for M. pyrifera at the latitude
of Otago Harbour, it appears that environmental
conditions for L. variegata on the south coast of
Wellington were suitable for some growth, all year
round, and that elongation occurred faster in summer
than winter months.

Given the paucity of available data for L.
variegata in New Zealand, we have made an order
of magnitude estimation for the potential biomass
export as a result of erosion of the distal ends of the
blades over the study period. For each of the five
periods within which blade elongation was measured,
average final blade length was subtracted from the
average expected length (note there is no error value
on this estimate as final blade length measurements
were made on different blades to those measured
for growth). The difference between these values
was assumed to be the length of blade lost through
erosion and was estimated to range from a maximum
of 0.291cm day"1 between March and May 2003
to a minimum of 0.009 cm day"1 between October
2003 and January 2004. When factored by average
biomass within the distal 10 cm of the blade, 0.79 g
DW blade"1 was estimated to have been lost between
March 2003 and April 2004. According to biomass
gains per blade calculated earlier, this equates to a
loss of c. 60% of new biomass accumulated over the
same period. If net loss is factored by the median
number of blades per alga (128) and the maximum
measured density of L. variegata (2.1 individuals
m"2) the resultant value suggests that there is in the
order of 212g DW or 1090g FW of blade biomass
m"2 being supplied to the ecosystem by L. variegata
every year.

The pattern of maximum growth in spring-
summer and maximum reproduction in autumn-
winter for L. variegata on Wellington's south coast
concurs with Tala et al.'s (2004) observation that
patterns observed in morphological and reproductive
characteristics of L. trabeculata in Chile were similar
to a seasonal pattern of cold temperate algae (Kain
1989; Liming 1990). In contrast to L. trabeculata, L.

variegata blades did not exhibit reproductive tissue
throughout the year, and in the months of December
and January (mid summer) no fertile blades were
noted in the samples. The timing of maximum
reproductive capacity of the Chilean species was,
however, similar, with the highest number of fertile
blades being recorded in autumn months (Tala et
al. 2004). The occurrence of maximum fertility in
winter for L. variegata is consistent with sporulation
occurring in spring/early summer and with Nelson's
(2004) findings of a rapid growth of sporophytes
being favoured after the end of winter, coincident
with an increase in ambient water temperatures. The
combination of warmer temperatures and longer
days occurring between November and April (Fig.
1), immediately followed the timing of peak fertility
(Fig. 5).

In this study, blade biomass dominated total
biomass and was in turn largely determined by the
number of blades per individual. Morphometric
analysis was only undertaken in summer, when the
blades were heaviest, therefore the relationships
developed are unlikely to apply equally well in
winter. Nevertheless, girth and holdfast diameter
both provided reasonable estimates of biomass and
a combination of the two provided an even better
estimate. This suggests that once a maximum length
of 154 cm was attained, further increases in biomass
were determined by increases in the number of
blades, and owing to the bifurcating branching habit
of L. variegata, so both number and size of stipes
(and hence girth). Likewise, increasing number of
blades will lead to an increase in drag (Denny et al.
1997) and an increase in area of holdfast to increase
strength of attachment follows (e.g., Duggins et al.
2003), although this may not necessarily be a 1:1
relationship (Wernberg 2005).

Camus & Ojeda (1992) found that for individuals
of L. trabeculata taken from two different zones
along the Chilean coast, biomass and holdfast
diameter also showed a strong relationship. In their
study, the relative importance of holdfast diameter
and the number of stipes in explaining variance for
biomass predictions varied according to site; algal
biomass was better predicted by holdfast diameter in
central Chile but by number of stipes in the south.

In setting up this research programme we were
mindful that L. variegata is likely to become an
exploited resource. Ensuring sustainable harvesting
necessitates being able to quantify the resource in the
first instance (Kirkman & Kendrick 1997) as well as
understanding key controls on the population structure
and development. The goals that we put forward at
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the beginning of this paper related to identifying the
seasonally of growth and establishing methods for
stock assessment using non-destructive methods. To
this end we have shown that L. varlegata shows very
similar seasonal growth and fertility patterns to most
other laminarians, and we have developed simple
relationships for estimating biomass from holdfast
diameter, girth or maximum alga length, either
individually or collectively. These metrics need to
be combined with estimates of density to ascertain
areal biomass and we acknowledge that at a larger
spatial scale (100's km) the same relationships may
not hold, for example when L. variegata occurs in
mixed taxa stands, under different nutrient regimes,
or at locations with different water motion, depth, or
temperature (Dayton 1985; Schiel & Foster 1986).
However, we suggest that, in common with the
conclusion of Camus & Ojeda (1992) and following
Schiel & Foster's (1986) approach, stands from a
given geographical area, in this instance a depth
zone of 8-10m on Wellington's south coast, have
a recognisable growth pattern and morphology
according to the physical and biological factors of
that region of coastline.

On the basis of this study the total number of blades
provided a good proxy for biomass of a L. variegata
individual at these sites and could potentially be
used for non-destructive stock assessment. However,
counting blades in situ is time consuming and we
suggest that holdfast diameter, alga length and
girth can be used as proxies for biomass estimates
of populations in defined spatial areas, once the
location-specific relationships between these metrics
and biomass are established (e.g., Equation 1).
In the development of a harvesting management
plan, further consideration needs to be given to the
practicality of measuring each of these metrics on
large numbers of alga in situ and we note that the
simplest of measures provided good estimates of
total plant biomass. Holdfast diameter is likely to
be the quickest and most accurate measurement to
make in situ and this metric alone could account for
86% of the variability in total alga biomass (Table
2), while in combination with stipe girth this could
be increased to 93% (Equation 2). A more complete
understanding of the relative importance of physical
and biological factors determining L. variegata
individual and areal biomass, consideration of
how much of the alga to physically remove during
harvest (Vasquez & Santelices 1990), and timing of
harvesting in relation to peak fertility, will be crucial
to sound management as a harvestable species.
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