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Abstract This study investigates the reproductive peri-
odicity and reproductive output of the seagrass Zostera
novazelandica on two intertidal reefs. Peak numbers of
flowering shoots occurred during March (late summer) of
two years at both sites and no flowering shoots occurred
during the winter months of July to September. There
were greater numbers of flowering shoots in seagrass
patches in the low intertidal zone (up to an average of 55
per 0.1 m?) compared to the middle (up to 20 per 0.1 m2)
and upper (up to 9 per 0.1 m?) zones, and about three
times greater reproductive output in patches associated
with tidepools compared to those not bordering tide-
pools. The average number of inflorescences per shoot
was 3.1 (£0.25) at one site vs 1.2 (£0.08) at the other,
and showed a progressive decrease from the lower shore
to the upper shore. Patches associated with tidepools had
twice the number of inflorescences per shoot (2.8 £+ 0.24)
than patches not bordering tidepools (1.5 £+ 0.16). The
number of flowering shoots was highly correlated with
leaf width, leaf length, and ramet density, while the leaf-
area index decreased from the lower shore to the upper
shore. The reproductive effort of plants, as measured by
the percent biomass invested in flowering shoots during
peak reproduction, was significantly different between
sites, tidepool associations, and shore level. For all the
variables measured, there was considerable spatial vari-
ation, with significant interaction terms between most
factors investigated. In laboratory experiments, more
inflorescences were produced at light intensities of 30 and
300 pE m™2 s7! than at 100 pE m™2 s™'. At a salinity of
17%,, 1.5 x the number of flowers was produced than at
339, while none was formed at 709%,,. Plants cultured at
5 °C had about three times the number of inflorescences
than those at 15 °C, while none was formed at 25 °C.
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Introduction

The perennial endemic seagrass Zostera novazelandica
forms prominent patches throughout the lower to mid
intertidal zone on rocky platforms in southern New
Zealand, but despite its abundance there are no pub-
lished field-based studies on reproduction in this species.
Seagrasses, generally, rely on both vegetative and sexual
reproduction for the maintenance of existing beds and
colonization of new areas (Tomlinson 1974; Orth et al.
1994). Reproductive output tends to increase in habitats
that exert great physiological stress, particularly when
plants are distributed throughout a heterogeneous en-
vironment, both for seagrasses and for taxonomically
unrelated terrestrial plants (Kingsbury et al. 1976;
Grime 1979; Phillips et al. 1983; van Lent and Verschu-
ure 1994a).

Seagrasses that are exposed to high summer water-
temperatures and large fluctuations in salinity favour an
annual life history with plants growing during spring
and dying off during autumn (Harrison 1979; Keddy
1987). In these cases, recruitment is entirely by germi-
nation of seeds the following spring (Harrison 1982).
Annual seagrasses are composed entirely of flowering
shoots, and rhizomes rarely persist through winter
(Harrison 1979; Keddy 1987). Seagrass populations in
areas with high environmental stability allocate biomass
to the elongation of perennial rhizomes during summer,
following a winter die-back (Tomlinson 1974; Phillips
et al. 1983; Robertson and Mann 1984; van Lent and
Verschuure 1994b). In this case, seeds produced by pe-
rennial plants probably do not play an important role in
the year-to-year survival of the population (Hootsmans
et al. 1987).

One widely distributed intertidal species, Zostera
marina L., appears to have developed two life history
strategies in response to different environmental regimes.
In areas where both annual and perennial forms of the
eelgrass occur, the two types are clearly partitioned into
different habitats (Phillips et al. 1983; Keddy 1987).
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Annual plants dominate upper intertidal areas that are
drained at low tide and exposed to the air for several
hours during a tidal cycle, while perennial plants are
more abundant low in the intertidal zone and in creeks
and pools which are exposed only briefly at low tide, if at
all (Harrison 1979; Phillips et al. 1983; Keddy 1987).
Anthesis (the stage at which flowers open) and seed
production are two critical stages in the life cycle of
seagrasses, but although several Zostera species have
been intensively studied in recent years, there is little
quantitative information about the timing of sexual re-
production and the processes associated with flowering
(Jacobs and Pierson 1981; Silberhorn et al. 1983; Orth
et al. 1994). North American studies have documented
the onset of flowering as being late winter to early
summer, depending on the latitude of the study site
(Marmelstein et al. 1968; Harrison 1979; Silberhorn
et al. 1983; Larkum et al. 1984; Hootsmans et al. 1987;
Ferguson et al. 1993; Conacher et al. 1994). Tropical and
subtropical seagrass populations tend to flower early,
and have an extended flowering season of up to 8 mo
(Conacher et al. 1994), while seagrasses in higher lati-
tudes begin flowering in summer and continue briefly
into autumn (Hootsmans et al. 1987; Harrison 1979).
McMillan (1976) studied the effects of salinity, tem-
perature and photoperiod on the production of flowering
shoots in five seagrass genera under controlled laboratory
conditions. This and similar studies indicated that the
primary influence on reproduction is temperature, but
that salinity, day length and light intensity may also
contribute to the timing and intensity of reproduction at a
particular location (Setchell 1922; McMillan 1976; De
Cock 1981a, b; Larkum et al. 1984; Conacher et al. 1994).
Flowering has been recorded as only a rare occur-
rence for many seagrass species (McMillan 1980). The
discovery of reproductive shoots in patches at our study
sites provided an opportunity to examine reproductive
events in Zostera novazelandica. This is a widespread
species in New Zealand (Moore and Edgar 1970; Wilson
1994), is apparently confined to the intertidal zone
(Webb et al. 1990), and is monoecious. One habitat in-
habited by this species is rocky reefs along the east coast
of the South Island. The hard substratum is unsuitable
for root and rhizome growth but, once established in
cracks and tidepools, plants accumulate sand around
their roots and extend along tidal cracks to form discrete
patches, most of which are <1 m? in surface area.
Here we describe the timing of events in the flowering
process of Zostera novazelandica patches on intertidal
platforms, test for relationships between reproduction
and seagrass plant characteristics, and test whether re-
production is related to various physical factors.

Materials and methods

The study was carried out at two sites on the Kaikoura Peninsula,
on the central east coast of the South Island of New Zealand
(42°25’S; 173°42’E: Fig. 1), from March 1994 through March 1995

Kaikoura
Peninsula

Wairepo Flats

2 km Mudstone Bay

Fig. 1 Map of New Zealand, showing location of two study sites on
Kaikoura Peninsula

(further information about study sites and general characteristics of
the region can be found in Hickford and Schiel 1995 and Woods
and Schiel 1997). Wairepo Flats is a gently sloping mudstone reef
exposed to northeasterly swells, but protected from severe south-
erly storms. Mudstone Bay, ~3 km away on the opposite side of
the peninsula, is a mudstone reef exposed to a southwesterly swell
but protected by the peninsula from the full force of southerly
storms. The tidal range is 2.4 m. Patches of Zostera novazelandica
cover ~15% of the reef surface in the mid to low intertidal zone in
these sites and extend from ~0.3 to 1.3 m above chart datum
(Schiel unpublished data); the other major habitats are patches
dominated by the fucalean alga Hormosira banksii and bare ele-
vations dominated by limpets.

Flowering shoots appear seasonally amongst the vegetative
blades of Zostera novazelandica, and are easily recognised on close
examination of patches. A flowering shoot is comprised of one or
more branches which can have several inflorescences; each inflor-
escence is enveloped in a leaf sheath (spathe).

The reproductive status of seagrass patches and how it was
affected by position on the shore was determined through stratified
sampling. Thirteen monthly samples were taken, beginning in
March 1994. The positional strata were sites (n = 2), shore height
(n = 3), and association with tide pools (i.e. patches either with or
without a bordering tide pool). Shore height was determined by
distance from the low-water mark and the abundance of Hormosira
banksii, which extends from the low to the upper middle tidal zone.
The high-shore zone had no significant algal cover, the mid-shore
zone was distinguished as having up to 50% algal cover, and the
low-shore had virtually 100% cover of H. banksii and other fuca-
lean algae interspersed with Zostera novazelandica patches. The
number of flowering shoots, the number of inflorescences per
flowering shoot, and leaf-blade characteristics (width, length and
densitzy) of surrounding vegetative shoots were counted within
0.1 m~ quadrats (n = 15) randomly placed within patches in each
sampling stratum each month.

To determine the relative proportions of plant biomass invested
in vegetative and reproductive material, cores of 80 mm diam and
15 cm deep (n = 3) were removed from randomly selected patches
within each sampling stratum at the peak flowering period. All
plant material was removed from the sediment using a sieve (1 mm
mesh) and divided into rhizomes, roots, leaves, and flowering
shoots. Each portion was then dried separately in an oven at
105 °C for 24 h, and weighed (Young and Kirkman 1975; Dawson
1976; Larkum et al. 1984; Vermaat et al. 1993). From this, “re-
productive effort” could be determined, calculated as the percent-
age of total plant biomass made up of reproductive shoots.

Laboratory-based experiments were done to test the effects of
light intensity, salinity and temperature on inflorescence formation.



Core samples of 80 mm diam and 10 to 12 cm in depth were re-
moved from a vegetative 9 m> seagrass patch in the mid-shore
height of Wairepo Flats and placed in 500 ml polyethylene pots
(12 cm diam, 12 cm deep). Blade density, rhizome biomass, and the
appearance of plants were similar in all cores. Fine sand from an
adjacent beach area was used to pack the cores firmly into the pots
before transportation to the laboratory. Only nine aquaria
(40 cm x 30 cm x 20 cm deep) were available for experiments.
Replicate cores (n = 6) were randomly assigned to each aquarium
and 8 litres of natural seawater (339, S) were added to achieve a
depth of 5 to 7 cm above the surface of the plants. Each aquarium
was randomly assigned to one of nine treatments encompas-
sing three experimental factors: light intensity (30, 100 and
300 uE m™2 s-1); salinity (17, 33 and 70%,) and temperature (5, 15
and 20 °C). Experiments were performed in temperature-controlled
rooms with cool-white fluorescent tubes as the light source. Light
intensity was varied using layers of shade cloth (0, 1 or 3 layers)
over the aquaria, 8 cm from the surface of the cores. Light intensity
was measured with a photometer at several points within each
aquarium, and a variation of <10% was found within each
aquarium and within treatments. Salinity was elevated in one sa-
linity treatment using natural sea salt and lowered in another
treatment by dilution with distilled water. Salinity was monitored
every 3 to 4 d using a refractometer and distilled water was added
as required to maintain original treatment salinities. Because of the
limited number of temperature-controlled rooms available, it was
not possible to test simultaneously for effects of photoperiod on
inflorescence formation or for interactive effects.

All aquaria were exposed to a summer (14 h light:10 h dark)
photoperiod (McMillan 1976); the light intensity in the salinity and
temperature treatments was held at 100 pE m™2 s™!, the tempera-
ture in the light intensity and salinity treatments was held at 15 °C,
and the salinity in the light intensity and temperature treatments
was 339,. Aquaria were maintained in these conditions for 28 d,

Fig. 2 Zostera novazelandica. a
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and at the end of this period the number of flowering shoots and
number of inflorescences per shoot were counted.

To replicate the treatment aquaria, the entire experiment was
done twice, from 15 December 1994 to 11 January 1995, and from 5
February to 4 March 1995, with time as a blocked factor. Results
from the two time periods were tested and found to be non-signi-
ficant (p > 0.25). Data were pooled to increase the number of
degrees of freedom for analysis of variance (Sokal and Rohlf 1995;
p. 284).

Results

Immature inflorescences were first observed during late
October in Zostera novazelandica patches in all parts of
the low intertidal zone and in patches in the mid inter-
tidal zone associated with tidepools. Six weeks later in
early December, flowering shoots began appearing in
patches higher on the shore. The quantitative sampling
at both sites showed that peak densities in patches ad-
jacent to tide pools occurred in March in both 1994 and
1995, while in patches not associated with pools peak
flowering was recorded from January through March
(Fig. 2). Mature embryos and seeds were seen from late
December to March, and seeds appeared to overwinter
and germinate the following spring (September). The
length of the flowering period varied between tidal
heights from 8 mo in the low intertidal zone in patches
adjacent to tidepools to only 3 mo in patches not asso-
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ciated with pools high on the shore at Wairepo Flats
(Fig. 2a, b). At Mudstone Bay, no reproductive shoots
were ever found in patches in the high intertidal zone
that were not associated with tidepools, while further
down on the reef patches were devoid of flowering
shoots for only the winter months of July to September
(Fig. 2c, d).

All the main spatial factors (sites, tidal heights, pools)
were significant, as were the interactions among these
factors (Table 1). For example, Mudstone Bay had
about triple the number of flowering shoots per 0.1 m?
as Wairepo Flats in both tidepool treatments (Fig. 2).
However, the effects of tidal height varied among sites
and treatments. For example, the number of flowering
shoots per 0.1 m? were similar on the low shore and mid
shore at Wairepo Flats (— Tidepools: Fig. 2b), but the
mid- and high-shore levels were similar where patches

Table 1 Zostera novazelandica. ANOVA for mean number of
flowering shoots per 0.1 m* at peaks of two flowering seasons
(March 1994 and March 1995) at two sites (Wairepo Flats and
Mudstone Bay), three shore heights (low, mid and high), and for
patches either associated or not associated with tidepools. % var-
iance = treatment SS + total SS (Welden and Slauson 1986; Rai-
mondi 1990; Schiel 1990) (SS sum of squares)

were adjacent to tidepools (Fig. 2a). The number of
flowering shoots in the peak period did not vary sig-
nificantly between years, but the year X pool interaction
was significant because of a slight decrease in 1995 in
tidepools at Wairepo Flats, while there was a slight in-
crease where tidepools were absent. Overall, tidal height
and tidepools were the most important factors affecting
the number of flowering shoots. Tidal height alone ac-
counted for 23% of the total variation in numbers,
while tidepools alone accounted for 18% (Table 1).
Most of the variation in flowering shoots, therefore, was
accounted for by the spatial factors, rather than by
years.

Not only was the density of flowering shoots signifi-
cantly greater at Mudstone Bay than at Wairepo Flats at
all tidal heights, but the number of inflorescences per
shoot was also significantly greater at Mudstone Bay
(Fi16s = 204.1, p < 0.001; Fig. 3). For example, where
tidepools were associated with seagrass patches there
were six inflorescences per shoot at Mudstone Bay on
the low shore, while Wairepo Flats had only two per
shoot (Fig. 3a). There was a greater number of inflore-
scences in patches associated with tidepools (Fi 168 =
108.6, p < 0.001), but this effect varied between the two
sites (Fig. 2a, b; F5 165 = 40.8, p < 0.001). Wairepo
Flats had similar numbers of inflorescences per flower-
ing shoot among tidal heights, except on the high shore

Source (df) SS F p>F % . - : A ’
in patches not associated with tidepools (Fig. 3b);
g_ear(g) EB 11;;12.45141&}& 19%% 8-(1)(1)(3)% 13-;? patches at neither site reproduced on the high shore
ite . . . . : .
Height (H) Q) 19892600 16777 00001 2267 where tl'depools lwer'e ahbsent. ];Fher? was generally a
Pool (P) (1) 15471.111 260.96 0.0001 17.63 progressive decrease in the num 6.31' O. mﬂqresoences per
Year X site (1) 0.044 0.00 09782  0.00 shoot from the low shore to the high intertidal zone, but
Year X height 2 68.022 0.57 0.5640  0.08 this was most pronounced at Mudstone Bay. As for the
Year x pool (1) 313.600 529 0.0221 036 number of flowering shoots, there was a significant in-
Site x height () 7678956 6476 0.0001 875 the th i1 fact o tidal heioht
Site x pool (1) 4494400  75.81 0.0001  5.12 eraction among the three main factors (site, tidal height,
Height x pool ~ (2)  6554.756 5528  0.0001  7.47 tidepools; F> 165 = 7.9, p = 0.0005).
Y xSxP ) 0.044 0.00 09782  0.04 Overall, the density of flowering shoots was positively
zx IS_IX% (g) gg-ggg 8%2 8-12;2 8-(1)8 associated with the leaf-blade characteristics of width,
XX (2) ‘ : ' : length and density per patch (Fig. 4). Plants in patches
SXxHXxXP 2) 1728.600 14.58  0.0001 1.97 .
YxSxHxP (2) 23.022 0.19 08236  0.03 that produced large numbers of flowering shoots had
Residual (336) 19920267 2270 wider (Flg. 4a) and longer. (Flg. 4b) leaf blades thgn
those with fewer flowers. Sixty-six percent of the varia-
Fig. 3 Zostera novazelandica. 84 . 89 p
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Fig 4 Zostera novazelandica. a—¢ Relationships between number of
flowering shoots per 0.1 m*> and average leaf width, average leaf
length, and average ramet (blade) density, and regression equations
describing relationships; d relationship between leaf area index and
tidal height for patches at the two sites, with and without tidepool
associations

<

tion in flowering shoot density is explained by either leaf
width or leaf length. Reproduction was strongly density-
dependent, with 72% of the variation in the numbers of
flowering shoots being accounted for by the average
ramet (blade) density of patches (Fig. 4c). This effect
was independent of site, shore height, or tidepool asso-
ciation of plants. These plant characteristics were used
to calculate the leaf-area index, a dimensionless pa-
rameter representing the area of leaf surface over unit
area of ground. This was significantly lower in the upper
shore zone (Fp 451 = 889.0, p < 0.001); Fig. 4d), al-
though there was a significant interaction among all
factors (Fo4s = 11.3, p < 0.001).

The allocation of plant biomass among rhizomes and
roots, leaves, and reproductive shoots varied among
sites, shore heights, and tidepool association (Fig. Sa—d).
At Wairepo Flats, rhizomes and roots of patches asso-
ciated with tidepools averaged 165 g dry wt m™ in the
low tidal zone (Fig. 5a) compared to 135 g dry wt m™2
in patches not associated with pools (Fig. 5b). At
Mudstone Bay, rhizomes and roots of patches associated
with tidepools averaged 230 g dry wt m™> (Fig. 5¢)
compared to 200 g dry wt m~2 in patches not associated
with pools (Fig. 5d). Leaves accounted for around a
third of total patch biomass. The biomass for all plant
parts declined with increasing tidal height. Reproductive
effort was calculated as the percentage of the total plant
biomass per core made up of flowering shoots. This
generally decreased with increasing tidal height
(Fig. Se,f). This effect was more pronounced at Mud-
stone Bay than at Wairepo Flats (Fj,q = 14.7,
p < 0.001). Plants in patches associated with tidepools
allocated a significantly greater proportion of their total
biomass to reproduction than did plants not associated
with pools (Fj,4 = 1857.6, p < 0.001). However, all
effects varied spatially (site X height X pool interaction:
F2,24 = 657,p < 0001)

Zostera novazelandica plants produced flowers 2 to
3 wk after transplantation into laboratory aquaria.
Flowers were borne on short, erect peduncles, 6 to 8 cm
long, that produced a single inflorescence each (i.e. one
inflorescence per shoot). Light intensity had a significant
effect on the formation of reproductive shoots (£> 33 =
4.78, p = 0.02; Fig. 6a). The fewest inflorescences were
produced at 100 pE m > s™'. An a posteriori test of
means showed there was no significant difference be-
tween cores exposed to 30 and 300 pE m™ s™! or be-
tween cores at 100 and 300 pEm™2s™' (p <0.05,
Duncan’s multiple-range test). The only clear difference,
therefore, lay between the 30 and 100 pEm™s!
treatments.
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Fig. 5 Zostera novazelandica. 250 a Wairepo Flats +Tidepools 2501 b Wairepo Flats -Tidepools
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The number of inflorescences produced per core was
significantly different between each of the three salinity
regimes (Fig. 6b). Half-strength seawater (179, S) ap-
peared to promote the formation of flowers, while the
plants maintained in 70%, S failed to produce any re-
productive shoots and died after 14 to 18 d. Plants
growing in standard seawater (339, S) produced an in-
termediate number of inflorescences per core.

Reproductive Effort (% +1 SE)

HIGH MID

HIGH
Shore Height

Temperature also had a significant effect on the
production of inflorescences at each of the three levels
tested (Fig. 6¢). Plants cultured at 5 °C produced almost
three times the number of inflorescences per core as
those at 15 °C, while those maintained at 25 °C ap-
peared to suffer heat rigor and did not produce any re-
productive or new vegetative shoots during either
experiment.
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Discussion

The flowering season of Zostera novazelandica lasts for
up to eight full months of the year, from October to
June, with peak flower production from January to
March. This pattern of reproducing from spring to late
autumn, with peak flower production in summer, is
typical of Zostera species at higher latitudes. Within the
genus there is an overall trend of peak reproduction
occurring later in the summer with increasing latitude in
both hemispheres (Fig. 7). This is particularly pro-
nounced in the northern hemisphere for Z. marina,
which spans a wide latitudinal range.

On the Kaikoura Peninsula, flowering of Zostera
novazelandica lasts longest in the low intertidal zone,
while high on the shore plants that are not associated
with tidepools are reproductive for only 3 mo at most.
The density of flowering shoots and the number of in-
florescences per shoot also vary along the intertidal
gradient. Many seagrass patches high on the shore do
not contain any sexually reproducing plants or else have
single inflorescences at very low densities. Large,
branching, reproductive shoots comprised of multiple
inflorescences were located only on the lower shore.

Plants associated with tidepools and tidal cracks ex-
hibit much higher reproductive output than those in
patches not associated with pools. Moore and Edgar
(1970) also observed that intertidal Zostera capricorni
plants in the North Island of New Zealand flowered
exclusively in pools left in hollows on the shore when the
tide was low. Anecdotal evidence also suggested that this
species usually flowers only when permanently sub-
merged (Webb et al. 1990). The affiliation of sexually
reproductive plants with water may be due to the re-
quirement for a liquid medium for pollen dispersal and
effective pollination. The filiform pollen strands of
Zostera species form a network over the surface of the
water (if exposed to air) which enables surface pollina-
tion to occur under suitable tidal conditions (McCon-
chie and Knox 1989).

The inverse correlation of leaf width and length, ra-
met density, leaf area index and biomass with tidal
height and the positive correlation with tidepools may
also correspond with the production of flowering shoots.
Patches low on the shore contain larger plants in terms

Fig. 7 Zostera spp. Timing of
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of both above-ground and below-ground biomass than
those in the high intertidal zone. This may be attribut-
able not only to increased submersion time but also to
the surrounding Hormosira banksii further down on the
reef which probably enhances water retention around
the patches and provides some relief from desiccation.
Plant growth is also stimulated when ramets remain
submerged in pools throughout the tidal cycle (Keller
and Harris 1966; Jacobs 1979).

Measures of reproductive success such as the num-
bers of flowers and fruit are typically correlated with
overall plant size (Sohn and Policansky 1977; Waller
1988). There may be a threshold size to produce flowers
or viable fruit and seeds, but this depends on the mor-
phology and physiology of plants (Waller 1988). The
correlation between plant size and the density of flow-
ering shoots of Zostera novazelandica indicates that the
best predictor of reproduction mode (i.e. sexual or
vegetative) may be plant biomass, possibly because nu-
trients can be transferred from the rhizomes during
flower development (Phillips 1972; Sohn and Policansky
1977; Harrison 1979). Rhizome biomass probably re-
flects a critical metabolic state in which limited resources
must be allocated between flower and rhizome produc-
tion (McNamara and Quinn 1977; Sohn and Policansky
1977; Silvertown 1987). The distribution of biomass
among organs involved in vegetative growth and sexual
reproduction in a species is not fixed, however, partic-
ularly in populations growing under different conditions
(Abrahamson 1975; Harrison 1982). For example, in
contrast to Z. novazelandica, populations of Phyllospa-
dix torreyi in California showed a decrease in the density
of flowering shoots, the number of inflorescences per
shoot, and reproductive biomass with decreasing tidal
height (Williams 1995). The reproductive characteristics
of plants were greatest at a subtidal depth of 1.5 m, and
declined with increasing water depth; Williams ascribed
this to light-limitation.

Many biotic and abiotic factors, including climate,
density, and disease, affect the amount of stored nutri-
ents available for flower and fruit production and rhi-
zome growth. Zostera novazelandica in patches low on
the shore or in tidepools may therefore have greater
reproductive activity because they have a biomass and
rhizome nutrient store more capable of supporting the
production of flowers and fruit. Correlations of repro-
ductive effort and reproductive shoot biomass with
vegetative biomass, shoot density and leaf size (width
and length) (Larkum et al. 1984; Conacher et al. 1994)
provide a foundation for this hypothesis. Among marine
angiosperms there is a general trend, in habitats ordered
along a disturbance continuum, for greater sexual re-
productive effort among plants in highly disturbed or
stressful habitats (Phillips et al. 1983; Keddy 1987
Harrison 1993; Conacher et al. 1994). Z. novazelandica
plants that are high on the shore or not adjacent to
permanent pools are presumably in a more stressful
environment, and therefore an increase in reproductive
effort relative to plants low on the shore might be ex-

pected. The lower biomass (and nutrient supply) of
plants in this upper zone may, however, inhibit their
ability to respond to stress by sexual reproduction
(Gallegos et al. 1992). Under these conditions, where
vegetative growth is favoured, the formation of flowers
and fruit requires a large energetic input (Gadgil and
Solbrig 1972; Sohn and Policansky 1977). Vegetative
growth is frequently associated with early succession or
with frequently disturbed habitats where it is important
for maintaining the survival of the plant as well as
providing a relatively fast, low-risk local expansion
(Salisbury 1942; Koller and Roth 1964; Schaffer 1974;
Abrahamson 1975; Lovett Doust 1981; Waller 1988).

In refining the R—C-S (ruderal, competitive, stress-
tolerant) life-history strategies proposed by Grime
(1974), Kautsky (1988) classified plants according to
habitat predictability (frequency of disturbance, par-
ticularly wave action and desiccation) and habitat
favourableness (degree of stress such as salinity and light-
limitation). Stress-tolerant plants were placed into two
groups: ‘“‘stunted strategists’”, which exploit high-stress
and high-disturbance conditions, and ‘““biomass storers”
such as Zostera marina, which occur under low-distur-
bance and high-stress conditions. An important differ-
ence between Z. marina and Z. novazelandica is the tidal
heights at which each occurs. Z. marina plants growing 3
to 10 m below mean water level are not subjected to
periodic disturbance by wave action, but the strictly in-
tertidal Z. novazelandica plants are. The higher stress and
higher disturbance conditions in the intertidal zone
would therefore put Z. novazelandica in an intermediate
position between being a biomass storer and a stunted
strategist. Z. novazelandica conforms to the specifications
of Kautsky in having an extensive root system, low
turnover rate, and little reliance on sexual reproduction.
Instead, there is mostly vegetative growth of rhizomes
with a large proportion of the biomass overwintering.

The formation of reproductive shoots and flowers in
seagrasses displays patterns that suggest strong envi-
ronmental controls. Laboratory experiments show that
the primary influence is temperature, and that salinity
and day length are contributing factors (McMillan 1976).
Setchell (1929) proposed that temperature alone deter-
mined periodicity in the reproductive cycle of Zostera
marina, and several other studies have supported the
hypothesis that temperatures >15 °C are required for
anthesis (Tutin 1938; Churchill and Riner 1978). There
is, however, contradictory evidence from Puget Sound,
where flowering occurs when water temperatures are
only 8 to 9 °C (Phillips 1974); Chesapeake Bay, where
inflorescences were obtained at the end of winter when
water temperatures were just 3 °C (Silberhorn et al.
1983); and the present study, where Z. novazelandica
cores maintained at 5 °C produced more inflorescences
than at 15 and 25 °C. It may be that the development of
reproductive shoots is not inhibited by temperatures
<15 °C as suggested by Setchell, but that maturation of
inflorescences and the timing of anthesis may be sup-
pressed in lower temperatures (De Cock 1981c).



For seagrass populations in the intertidal zone, the
effect of fluctuating temperatures on flowering is par-
ticularly important (De Cock 1981b). Temperature is
influenced by time of day and tidal height, so the tem-
perature regime depends on the timing of flood and ebb
events. Laboratory experiments have demonstrated that
the alternation of temperatures induces the formation of
more inflorescences than do periods with a stable low
temperature (De Cock 1981b).

A rise in water temperature may be the cue for re-
production in many Zostera populations (Setchell 1929;
Jacobs and Pierson 1981; Phillips et al. 1983; Conacher
et al. 1994), but it is necessary to examine the other
environmental influences on flowering and the interac-
tions between different factors (McRoy 1970; Phillips
1974). It is unlikely that a single factor is responsible for
floral induction. A laboratory study on Thalassia
testudinum by Marmelstein et al. (1968) demonstrated
that the role of photoperiod is to initiate floral devel-
opment. There is a minimum day length required for
flowering to occur, and perhaps also a minimum night
length, as flowering was suppressed under constant il-
lumination (Marmelstein et al. 1968). This suggests that
shorter day lengths during the winter months could
inhibit flowering even under inductive salinity and
temperature conditions (McMillan 1976). In Z. nova-
zelandica, cores exposed to 5 °C and a 14 h light:10 h
dark photoperiod produced the greatest number of in-
florescences, indicating that although winter tempera-
tures around the Kaikoura Peninsula are unlikely to
suppress the formation of reproductive shoots, the
shorter day lengths may be inhibitory at this time.

It is difficult to separate the effects of light intensity
and temperature, because in intertidal and shallow-wa-
ter environments increased irradiance is usually accom-
panied by a rise in temperature (De Cock 1981c¢). In situ
shading experiments have shown that flowering is af-
fected by changes in irradiance, and the induction of
flowering is primarily correlated with increases in inso-
lation (Backman and Barilotti 1976; Jacobs 1979; Jacobs
and Pierson 1981; Dennison and Alberte 1985). The lack
of a clear trend in our light-intensity experiments could
be explained by the need for an interaction between light
intensity and temperature to generate a flowering re-
sponse. The only treatment to yield viable fruit was at
300 pE m™2 s7! (at 15 °C), suggesting that the combi-
nation of a higher temperature and the highest light
intensity was responsible for the formation of repro-
ductive shoots and anthesis.

The role of salinity in the flowering of several seagrass
species was investigated in the laboratory by Setchell
(1924), Bourn (1935), and Phillips (1960) who found that
flowering of Ruppia maritima was confined to lower sa-
linities, and viable seeds were produced only at a salinity
of <28%,. R. maritima plants maintained in salini-
ties >30%, do not flower, but those at lower salinities,
including tap water, produce reproductive shoots
(McMillan unpublished data, cited in McRoy and
McMillan 1977). Similarly, Halophila engelmanni and
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Thalassia testudinum flowered in experimental cultures
of 28 to 32%, S, and most seagrasses have a flowering
tolerance within this range (Marmelstein et al. 1968;
McMillan 1974; McRoy and McMillan 1977). Low sa-
linities enhance the flowering of Zostera novazelandica in
laboratory cultures, which could explain the abundance
of this species in brackish waters of estuaries. Vegetative
growth is also stimulated under conditions of low sali-
nity. On the intertidal platforms of the Kaikoura Pen-
insula the diluting action of intense rainfall and
freshwater runoff occurs mostly in winter, when plants
are not reproductive. Decreased salinity due to rainfall
in summer is only occasional, and its influence on
flowering is, therefore, probably minor.

The pattern of reproductive output of Zostera nova-
zelandica plants on the intertidal platforms of the
Kaikoura Peninsula does not conform to the traditional
model of stress-induced flowering (Phillips et al. 1983;
Keddy 1987; Harrison 1993). Plants high on the shore
do not adopt an annual life history, but rather exist as
perennial forms dependent on vegetative growth for the
survival and maintenance of patches. Plants in the low
intertidal zone and those associated with permanent
tidepools and creeks, respond to stimuli that induce the
formation of reproductive shoots and initiate flowering.
Differences in flowering intensity between shore heights
and tidepool treatments reflect limitations imposed by
plant size and morphological form (Gallegos et al. 1992;
Conacher et al. 1994). Overall, reproduction in Z. no-
vazelandica is a product of patch location along the
gently sloping intertidal platforms of the eastern South
Island.
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