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Macrocystis pyrifera is a major habitat forming kelp
in coastal ecosystems of temperate regions of the
northern and  southern  hemispheres. We
investigated the seasonal occurrence of adult
sporophytes, morphological characteristics, and
reproductive phenology at two sites within a wave-
protected harbour and two wave-exposed sites in
southern New Zealand every 3-4 months between
2012 and 2013. Seasonality in reproduction was
assessed via the number of sporophylls, the
occurrence of sori on sporophylls, and non-
sporophyllous laminae (fertile pneumatocyst-bearing
blades and fertile apical scimitars), meiospore
release, and germination. We found that M. pyrifera
was present and reproductive year-round in three of
the four sites, and patterns were similar for the
wave-exposure conditions. Sori were found on
pneumatocyst-bearing blades and apical scimitars in
addition to the sporophylls, and viable meiospores
were released from all three types of laminae.
Morphological variations between sites with
different wave exposure indicate that sporophytes
from wave-protected sites have bigger blades and
holdfasts and are longer than those from wave-
exposed sites. We discuss the implications of these
biological variables for the ecology of M. pyrifera
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inhabiting different wave exposure environments in
southern New Zealand.

Key index words: hydrodynamics; population dynamic;
seasonality; sorus ripeness; sporogenesis; water motion

Abbreviations: MLR, multivariate linear regression

The subtidal and intertidal rocky shores of most
temperate regions are dominated by large kelps that
belong to the Order Laminariales (Steneck et al.
2002, Graham et al. 2007a, Flores-Moya 2012, Jay-
athilake and Costello 2020, 2021). Among them, the
forests formed by Macrocystis pyrifera, support pro-
ductive and diverse ecological communities by pro-
viding habitat for a wide variety of biota such as
marine mammals, fishes, molluscs, and other algae
(Mann 1973, Dayton 1985, Steneck et al. 2002,
Schiel and Foster 2015, Miller et al. 2018). The glo-
bal distribution of M. pyrifera covers the Pacific coast
of North and South America, South Africa, Aus-
tralasia, and sub-Antarctic islands (Barrales and Lob-
ban 1975, Womersley 1987, van Tussenbroek 1989,
Hay 1990, Hoffmann and Santelices 1997, Schiel
and Foster 2006, Graham et al. 2007b, Mora-Soto
et al. 2020).

Macrocystis pyrifera is a perennial kelp with pheno-
logical patterns that are strongly controlled by local
environmental conditions, particularly wave action
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(Graham et al. 2007b). Populations of this kelp have
striking differences in reproductive strategies
depending on local conditions, in both northern and
southern hemispheres (Reed et al. 1996, Buschmann
et al. 2004, 2006). In the northern hemisphere, in
California, M. pyrifera has a stable population that
reproduces throughout the year, independent of
wave exposure (Reed et al. 1996). Similarly, in the
southern hemisphere, in northern Chile, in both
wave-protected and wave-exposed locations, a stable
population of M. pyrifera is observed, but with a
clearly seasonal reproductive pattern in winter. In
contrast, in southern Chile, M. pyrifera in wave-
exposed populations has stable dynamics, with con-
tinuous reproduction similar to California; but in
wave-protected sites it has an annual pattern of abun-
dance with sporophytes being present during late
winter to summer, but absent in autumn-early winter,
and a reproductive season restricted to summer
(Buschmann et al. 2004, 2006). The difference
between northern and southern Chilean populations
has been related to seasonal conditions: M. pyrifera
from northern locations requires winter conditions
(e.g., lower temperatures to trigger reproduction)
whereas, in southern locations, M. pyrifera is subjected
to temperatures appropriate for reproduction
throughout the year, which allows them to produce
meiospores continuously (Buschmann et al. 2004).
Moreover, populations in northern Chile are sub-
jected to less intense storms that allow them to be
perennial compared to populations from southern
Chile (Buschmann et al. 2004).

Kelps display variable morphologies in response
to hydrodynamic conditions, to optimize physiologi-
cal processes and thrive locally (Hurd et al. 1996,
Stevens and Hurd 1997, Blanchette et al. 2002,
Wernberg and Thomsen 2005, Koehl et al. 2008,
Coppin et al. 2020). In wave-protected sites, kelps
typically have wide, thin, flat, and undulated blades
(Gerard and Mann 1979, Wernberg and Thomsen
2005, Fowler-Walker et al. 2006, Wing et al. 2007,
Hurd and Pilditch 2011). The undulated morphol-
ogy causes blades to ‘flap’ under slow flows, thereby
periodically stripping diffusion boundary layers and
increasing dissolved nutrient and carbon acquisition
(Koehl et al. 2008). This flapping also may generate
light flecks, preventing self-shading, and enhance
photosynthetic rates of blades below (Koehl and
Alberte 1988, Wing and Patterson 1993, Wing et al.
2007, Koehl et al. 2008, Raven and Hurd 2012).
Wave-exposed kelps have narrow and thick blades
with a corrugated surface or serrated edges (Gerard
and Mann 1979, Wernberg and Thomsen 2005,
Fowler-Walker et al. 2006, Wing et al. 2007, Hurd
and Pilditch 2011) that lessen drag forces, thereby
reducing mechanical tearing of blades and detach-
ment of the holdfast from the substrate (Cheshire
and Hallam 1988, Blanchette 1997, Hurd et al.
1997, Andrew and Viejo 1998, Koehl et al. 2008, de
Bettignies et al. 2013).

The growth and morphology of Macrocystis pyrifera
has been extensively described over the past
100 years (Brandt 1923, Neushul and Haxo 1963,
Lobban 1978, Brostoff 1988). Briefly, a macroscopic
sporophyte comprises a holdfast, with multiple
stipes, and each stipe has an apical scimitar which
produces elongated, corrugated blades with basal
pneumatocysts. Specialized reproductive laminae,
called sporophylls, grow and divide dichotomously
above the holdfast. On their surface, sporophylls
form sori which is the reproductive tissue that con-
tains haploid biflagellated meiospores (Neushul
1963, Bartsch et al. 2008, Kawai et al. 2013). Upon
ripening, meiospores are released to settle, germi-
nate and develop into microscopic male or female
gametophytes. After fertilization, the microscopic
zygote grows and develops into a new sporophyte
(Brandt 1923, Levyns 1933, Papenfuss 1942). The
occurrence of sori on non-sporophyllous laminae
such as, pneumatocyst-bearing blades and apical
scimitars has been reported (Brandt 1923, Neushul
1963, Lobban 1978, Graham et al. 2007b, Leal et al.
2014), where meiospores produced were equally
viable compared to those produced by the sporo-
phylls (Leal et al. 2014).

In New Zealand, Macrocystis pyrifera grows from
Fiordland in the southwest of South Island to Castle
Point in south-east of North Island and in Campbell
and Auckland Islands (Fig. 1). This kelp forms
extensive fringing beds in shallow waters (2-10 m
depth) in open coasts and protected harbours
where temperatures are <18°C and sufficient nutri-
ents (N and P) are present (Hay 1990). To date,
studies on New Zealand’s M. pyrifera population
include its biogeography (Hay 1990, Chin et al.
1991, Pirker 2002), sporophyte morphology and
growth (Moore 1942, Kain 1982, Nyman et al. 1990,
1993, Brown et al. 1997), physiology of early life his-
tory stages (Leal et al. 2014, 2016, 2017a,b, Leal and
Roleda 2018) and adults (Fernandez et al. 2014,
2015, 2016, 2017), and alginate chemistry (Mckee
et al. 1992). To our knowledge, there are no studies
on the reproductive phenology and seasonal occur-
rence of adult sporophytes of M. pyrifera from New
Zealand.

This study provides data on the reproductive phe-
nology of Macrocystis pyrifera from two sites within a
wave-protected harbour and two wave- exposed sites
in Otago, southern New Zealand. We hypothesized
that the reproductive pattern of M. pyrifera from
southern New Zealand will be different between
wave-exposure conditions, similar to the findings
reported for M. pyrifera from southern Chile (Busch-
mann et al. 2004, 2006). To monitor seasonality in
reproduction, sporophytes from each site were har-
vested and a range of parameters were measured:
the number of sporophylls, occurrence of sori in
sporophylls and non-sporophyllous laminae (i.e., fer-
tile pneumatocyst-bearing blades and fertile apical
scimitars), meiospore release and germination, and
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Fic. 1. Study sites in New Zealand’s South Island. Butterfly Bay and Shag Point are both exposed to the Pacific Ocean, while Hamilton
Bay and Macandrew Bay are inside the Otago Harbour. Gray lines indicate Macrocystis pyrifera distribution around the main islands of New

Zealand. Modified from Hay (1990).

morphological variability in the adult sporophyte.
This new information allows comparison with popu-
lation dynamics from different biogeographic
regions and habitats within those regions. Such
knowledge is becoming increasingly critical as the
abundance of kelp forests worldwide is declining
and under threat by local and global stressors (John-
son et al. 2011, Krumhansl et al. 2016, Filbee-Dexter
and Wernberg 2018) and for aquaculture where
information about reproduction and seasonality are
crucial for kelp cultivation (Camus et al. 2019, Kim
et al. 2019).

MATERIAL AND METHODS

Study sites and sample collection. This study was conducted
in four sites on the east coast of South Island, New Zealand.
The two wave-protected sites were Hamilton Bay (45°47" S;
170°38" E) and Macandrew Bay (45°51’ S; 170°35" E) that are
located inside Otago Harbour, sheltered from direct

exposure to wind-induced waves and swells. The two wave-
exposed sites were Butterfly Bay (45°38" S; 170°40" E) and
Shag Point (45°27' S; 170°48 E), directly exposed to waves
and swell in the windy Southern Ocean (Fig. 1). The mean
wave high reported for the Otago Harbour ranged between
1.5 and 2 m while in the North Otago Region, it was between
2 and >5 m (Hodgson 1966, Pickrill and Mitchell 1979, Sin-
gle et al. 2010). At the study sites, Macrocystis pyrifera forms
shallow and extensive populations at 2-3 m depth in wave-
protected sites and 2-6 m depth in wave-exposed sites (GPS
Nautical Charts 2020). Sampling was carried out between
November (Spring) 2012 and November 2013, when ten
entire adult sporophytes were randomly collected in the
upper sublittoral of each site during low tide at 1-2 m depth
(Table SI in the Supporting Information).

Fertile laminae and tissue ripeness stages. Fertile structures
were classified according to the presence of sori on different
types of laminae (Fig. 2). These were sporophylls, which are
specialized smooth lamina that grow just above the holdfast
and do not have a pneumatocyst; fertile pneumatocyst-
bearing blades (hereafter ‘fertile blades’) that have corru-
gated surface and grow on the stipes; and fertile apical
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scimitars (hereafter ‘fertile scimitars’) that are lamina with
unilateral divisions (Leal et al. 2014).

From each collected sporophyte, fertile and non-fertile
sporophylls, and fertile non-sporophyllous laminae (when
they were found) were separated, counted and photographed
(Table S2 in the Supporting Information). The sorus ripeness
was visually qualified into four different stages according to
Bartsch et al. (2013): Stage I, vegetative tissue with no visible
sorus (uniform light brown appearance); Stage II, pre-mature
sorus with slight darkening of fertile tissue; Stage III, mature
sorus with dark brown appearance (i.e., with visible sorus);
and Stage IV, empty sorus with tissue necrosis and marbled
appearance after spore release. The presence of each ripe-
ness stage on the surface of the photographed sporophylls,
fertile blades, and fertile scimitars were determined and mea-
sured using the image-analysis software Image] 1.47v and
expressed as percentage of the total lamina area.

Meiospore release and germination. Mature sori (Stage III)
from fertile sporophylls and fertile non-sporophyllous lami-
nae were used to determine seasonal patterns of meiospore
release and germination success. Meiospore release and culti-
vation were performed according to Leal et al. (2014).
Briefly, discs (1-2 cm?®) cut from fertile tissue were dried by
wrapping them in moist tissue paper and incubated overnight
at 4°C. Meiospore release was performed by rehydrating the
fertile tissue (35 +£2g) with 0.2 um-filtered seawater
(300 mL) for 15 min in darkness at 12°C. Thereafter, the sori
were removed, and the number of meiospores released dur-
ing the standardized 15-min period was determined using a
hemocytometer (0.1 mm depth, bright-line, Marienfeld, Ger-
many) and expressed as the amount of meiospores per unit
volume and unit area. For germination experiments and cul-
tivation purposes, meiospore densities were adjusted to
20,000-25,000 cells - mL™" and separately dispensed onto
each compartment of the six-well polystyrene tissue culture
vessels (Costar 3516, Corning Incorporated, Corning, NY,
USA). Meiospores were cultivated in natural 0.2 pm-filtered
seawater at 12°C under a 12:12 h light:dark photoperiod of
50 + 3 umol photons - m™2 - 57! of PAR (cool-white fluores-
cent, Philips, Eindhoven, the Netherlands). The number of
meiospores that germinated was determined after 3 d from
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Fic. 2. Sorus-bearing lamina in Macrocystis pyrifera. (a) Sporo-
phyll, (b) pneumatocyst-bearing blade, and (c) apical scimitar.
Corresponding line illustrations show the typical location where
sori (S) are found in each lamina-type. Not drawn to scale. Modi-
fied from Leal et al. (2014).

photographs  (video camera 5.1 M CMOS camera,
UCMOS0510KPA) of at least five randomly chosen visual
fields using a 10X objective of an inverted microscope (Olym-
pus CK2; Olympus Optical Co., Ltd., Tokyo, Japan). Pho-
tographs were viewed using the digital camera software
ToupView 3.5 where 350 meiospores were classified and
counted to measure germination percentage according to
Leal et al. (2014).

Morphological characteristics. From the ten collected sporo-
phytes, different morphological characters were recorded
(in situ measurements and from photographs): total
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FiG. 3. Annual variation in the number of (a) sporophylls, (b)
fertile pneumatocyst-bearing blades and (c) fertile apical scimitars
of Macrocystis pyrifera from the four study sites (Butterfly Bay, Shag
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stage IV.

sporophyte length, the number of stipes produced by each
holdfast, holdfast size (length and width), vegetative blade
size (length, width and basal angle), and pneumatocyst size
(Iength and width). Holdfast, vegetative blade and pneumato-
cyst morphology characters were measured from photographs
using the image-analysis software Image] 1.47v.

Nutrient concentration in seawater. Inorganic nutrient con-
centrations were measured from 10 mL—filtered seawater sam-
ples (0.2 um, Whatman™ Polycap = TC filter capsule; GE
Healthcare Life Sciences, Buckinghamshire, UK) taken in
replicates (n = 3) during each sample collection. In the labo-
ratory, seawater samples were frozen at —20°C until analysm
for NHJ, NO;, and PO3~ using a QuickChem 8500 series 2
Automated Ion Analyzer (Lachat Instrument, Loveland, CO,
USA).

Statistical analysis. A MLR analysis was used to determine
effects of the explanatory variables “Site”, “Season”, and
“Year” on the response variables (fertile laminae, ripeness
stage, meiospore release and germination, sporophyte length
and number of stipes, holdfast length and width, vegetative
blade length and width, pneumatocyst length and width, and
nutrient concentrations). Response variables were log or arc-
sine transformed when raw data did not meet the test
assumptions. The explanatory variable “exposure” (with two
levels: wave-exposed and wave-protected) was dropped from
the analysis due to high collinearity with “site”. “Site” was
included in the analysis because it provided more informa-
tion than “exposure”. Type III sum of squares (SS) were cal-
culated. Tukey HSD tests were applied for multiple pairwise
comparisons. Slgnlﬁcant effects were quantlﬁed by means of
partial eta-squared (pn®). See Tables $3-S9 in the Supporting
Information for details of statistical results for each variable.
All statistical analyses were conducted using IBM SPSS Statis-
tics (version 24).

(b) Shag Point, (c) Hamilton Bay, and (d) Macandrew Bay. Bars
05) showed statistical differences between seasons for stage I and

RESULTS

Fertile laminae. Fertile sporophylls were found at
Hamilton Bay, Macandrew Bay, and Butterfly Bay in
all seasons whereas at Shag Point fertile sporophylls
were found in all seasons except winter. The num-
ber of sporophylls per sporophyte ranged from 23
to 155 lamina (Fig. 3a) and varied between seasons
(MLR: Fs 174 = 3.04, P=0.0304, pn® = 0.050) with
the highest number observed in summer and spring
(Table S3). Fertile blades and fertile scimitars were
found in Hamilton Bay, Macandrew Bay, and Butter-
fly Bay but not found at Shag Point during any sea-
son (Fig. 3; Tables S1 and S2). The number of
fertile blades per sporophyte ranged from 0.3 to 1.0
lamina (Fig. 3b) and varied between 91tes and sea-
sons (MLR: F;99 = 6.457, P = 0.0024, pn = 0.123)
with the highest number observed in autumn, but
without a clear site pattern (Table S7). The number
of fertile scimitars per sporophytes ranged between
0.30 and 2.20 lamina (Fig. 3c) and varied between
51tes and seasons (MLR: F3 1099 = 14.153, P < 0.0001,
pn° = 0.298) with the highest number observed in
winter, but without a clear site pattern (Table S3).

Ripeness stages of fertile tissue. All four stages of
sorus ripeness were identified on the surface of the
sporophylls and non-sporophyllous laminae. Across
all lamina types, the surface area of Stage I ranged
from 21 to 90%, Stage II between 0 and 90%, Stage
III between 0 and 65%, and Stage IV between 0 and
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Fic. 7. Annual variation in meiospore release from fertile sporophylls, fertile pneumatocyst-bearing blades, and fertile apical scimitars
of Macrocystis pyrifera from (a) Butterfly Bay, (b) Shag Point, (c) Hamilton Bay, and (d) Macandrew Bay. Bars indicate mean £ SE (n = 6).
Tukey HSD (P < 0.05) showed statistical differences for meiospore release from sporophylls between sites and seasons, from fertile
pneumatocyst-bearing blades between seasons, and from fertile apical scimitars between seasons. Note the break and different scales in

the yaxes.

27% (Figs. 4-6). Stage III (mature sorus) was
observed at all sites and did not show a seasonal pat-
tern. On sporophylls, the surface area of Stage III
ranged from 0 to 58% (Fig. 4) and varied between
51tes and seasons (MLR: Fg 75 = 9.795, P < 0.0001,
pn = 0.312) with the highest percentage observed
in Hamilton Bay in autumn (Table S4). On fertile
blades, Stage III surface area ranged from 10 to
65% (Fig. 5) and did not differ between sites nor
seasons (Table S5). On fertile scimitars, Stage III
surface area ranged from 8.2 to 34% (Fig. 6) and
varied between sites and seasons (MLR:
Fy g5 = 3.562, P=0.0175, pn® = 0.112), but without
a clear pattern (Table S6).

Meiospore release. Meiospores were released from
Stage Ill-sori of sporophylls and non-sporophyllous
lamina in all seasons and at all sites, but there were
no seasonal patterns (Fig. 7). Densities of released
meiospores from fertile sporophylls during the 15-
min perlod ranged between 0.10 x 10* and
5.13 x 10* cells - mL™" - em™ (Fig. 7) and varied

between sites and seasons (MLR: F 39 = 37.899,
P =0.0002, pn’ = 0.492) with the highest meiospore
density observed in those from Shag Point in
autumn (Table S7). For the meiospores released by
fertile blades during the same 15-min period, densi-
ties ranged between 2.13 x 10* and
20.31 x 10* cells - mL™" - ? (Fig. 7) and varied
between seasons (MLR: Fg 19 = 15.641, P < 0.0001,
pn® = 0.711) with the highest density occurring on
spring (Table S7). Densities of meiospores released
by fertile samltar ran%ed between 2.13 x 10* and
95.68 x 10* cells - ? (Fig. 7) and varied
between seasons (MLR: I‘g 03 = 23.783, P < 0.0001,
pn® = 0.757) with the highest density occurring in
spring (Table S7).

Meiospore germination. After 3 d, germination of
meiopores released by sporophylls and non-
sporophyllous laminae was not significantly differ-
ent. Germination of meiospore released from fertile
sporophylls ranged from 38 to 86% (Fig. 8) and var-
ied between sites and seasons (MLR: F; 39 = 13.639,
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P < 0.0001, pn®=0.710) with the highest percent
germination observed in those collected from
Hamilton Bay and Shag Point in winter and spring
(Table S8). Germination of meiospores released by
fertile blades ranged from 39 to 85% (Fig. 8) and
varied between seasons (MLR: F5;6 = 10.148,
P =0.0006, pn® = 0.656) with the highest percent
germination during winter (Table S8). The germi-
nation of meiospores released by fertile scimitars
ranged from 49 to 87% (Fig. 8) and varied between
sites and seasons (MLR: F; 95 = 20.642, P < 0.0001,
pr]2 = 0.728), with the highest percentage during
winter and spring, but without a clear site pattern
(Table S8).

Morphological characteristics. Morphological charac-
ters of adult sporophytes from each site are shown
in Figure 9. Sporophytes were found in Macandrew
Bay, Hamilton Bay and Butterfly Bay year-round,
but were absent in Shag Point during winter
(Fig. 10a; Table S1). The length of sporophytes

ranged between 1.1 and 5.7 m (Fig. 10a) with the
longest observed in Macandrew Bay and Hamilton
Bay, varying between sites and seasons (MLR:
Fy174 = 4.349, P < 0.0001, pn®=0.167), but with
no clear seasonal pattern (Table S3). The number
of stipes per adult sporophyte varied between 1.3
and 4.9 stipes (Fig. 10b) and did not differ
between sites and seasons (Table S3). Holdfast
length ranged between 12.5 and 32.7 cm (Fig. 11)
and varied between sites (MLR: F3174 = 12.889,
P<0.0001, pn®*=0.182) and seasons (MLR:
Fy174 = 6.243, P=0.0005, pn®=0.097) with the
longest holdfasts observed in Hamilton Bay in sum-
mer (Table S3). Holdfast width ranged between 13
and 27 cm (Figure S1 in the Supporting Informa-
tion) but this variable was removed from the statis-
tical analysis due to high collinearity with the
holdfast length.

Vegetative blade morphology. Morphological charac-
teristics of vegetative blades (basal angle, length and
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width) and pneumatocysts (length and width) are
shown in Figure 12. The basal angle of vegetative
blades ranged between 64° and 137° (Fig. 13a) and
varied between sites and seasons (MLR:
Fy174 = 2985, P=0.0037, pn®=0.121) with the
widest basal angle observed in Hamilton Bay, Butter-
fly Bay, and Macandrew Bay in summer (Table S3).
Length of vegetative blades ranged between 39 and
93 cm (Fig. 13b) and varied between sites and sea-
sons (MLR: Fs5174 = 13.081, P < 0.0001,
an = 0.376) with the longest vegetative blades
observed in Macandrew Bay in winter and spring
(Table S3). The width of vegetative blades ranged
between 4.6 and 12 cm (Figure S2 in the Support-
ing Information) but this variable was removed from
the statistical analysis due to high collinearity with
the vegetative blade length. Length of pneumato-
cysts ranged between 3.2 and 6.3 cm (Fig. 14) and
varied between sites and seasons (MLR:
Fy174 = 8.380, P <0.0001, pn®=0.278) with the
longest pneumatocysts observed in Macandrew Bay
(Table S3). Pneumatocyst width ranged between 1.1
and 2 cm (Figure S3 in the Supporting Informa-
tion) and varied between sites and seasons (MLR:
Fyy74 = 4.851, P <0.0001, pn®=0.182) with the
widest pneumatocysts observed in Shag Point and
Butterfly Bay, but there was no clear seasonal pat-
tern (Table S3).

Nutrient  concentrations. The concentration of
NH;, NO;, and PO?™ in seawater varied signifi-
cantly between seasons and sites (Table S9). Con-
centrations of NHj ranged between 0.51 and
4.38 uM NHj (Fig. 15a) and differed between sites
and seasons (MLR: [Fy43=2.64, P=0.0158,

pn® = 0.356) with the highest concentrations
observed in summer and autumn, although a clear
site-specific pattern was not observed (Table S9).
For NOj, concentrations ranged between 0.62 and
7.17 uM NO; (Fig. 15b) and differed between sites
and seasons (MLR: JFg43 =268, P=0.0145,
pn® = 0.360) with higher concentrations observed in
Shag Point and Butterfly Bay in autumn and winter
(Table S9). Concentrations of PO3~ ranged between
0.13 and 1.27 M POi’ (Fig. 15c¢) and differed
between sites and seasons (MLR: Fy43 = 9.537,
P < 0.0001, pn® = 0.666) with the highest concentra-
tions observed in summer and autumn, but there
was no clear site-specific pattern (Table S9).

DISCUSSION

In three of the four sites, sporophytes of Macrocys-
tis pyrifera were present and reproductive year-
round, indicating that those populations are peren-
nial. This result is similar to the phenological pat-
tern described for M. pyrifera populations from
California (Reed et al. 1996) and those from wave-
exposed areas in southern Chile (Buschmann et al.
2004, 2006). The exception was the wave-exposed
Shag Point where a discontinuous pattern of fertility
was observed: sori in the sporophylls did not mature
into Stage III in summer, and sporophytes were
absent in winter, likely due to their dislodgement as
a result of storm surge or seasonally strong wave-
exposure. The same was observed in central Califor-
nia where around 50% of M. pyrifera canopy was dis-
lodged after winter storm surges (Reed et al. 2008,
2011). Had the adult giant kelp sporophytes not
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Fi6. 10. Annual variation in (a) sporophyte length and (b)
number of stipes per sporophyte of Macrocystis pyrifera from the
four study sites (Butterfly Bay, Shag Point, Hamilton Bay, Macan-
drew Bay). Circles and triangle indicate wave exposure (wave-
exposed and wave-protected, respectively) and mean & SE
(n=10). Note the different scales in the yaxes. Tukey HSD
(P < 0.05) showed statistical differences for sporophyte length
between sites.

been lost in Shag Point, they could have been
reproductive. At our wave-protected sites, we neither
observed a seasonal pattern in adult occurrence nor
reproduction; this is comparable to the observation
for wave-protected sites in northern and southern
Chile (Buschmann et al. 2004, 2006).

In wave-protected sites, we found more fertile
non-sporophyllous laminae than in wave-exposed
sites. The importance of sorus production on the
distal non-sporophyllous lamina for dispersal and
recruitment has not been investigated. However,
Leal et al. (2014) hypothesized that, in wave-
protected sites, sori produced on pneumatocyst-
bearing blades and scimitars located in apical blades
of the sporophyte may enhance short-distance dis-
persal during low tide when fronds of Macrocystis pyr-
ifera lie prostate and close to the benthos, releasing
meiospores some meters away from those released
by the basal sporophylls. The reduced number of
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Fic. 11. Annual variation in holdfast length width of Macrocys-
tis pyrifera from the four study sites (Butterfly Bay, Shag Point,
Hamilton Bay, Macandrew Bay). Circles and triangle indicate
wave exposure (wave-exposed and wave-protected, respectively)
and mean £ SE (n = 10). Tukey HSD (P < 0.05) showed statisti-
cal differences for holdfast length between sites and season. Note
the break and different scales in the y-axes.

fertile non-sporophyllous laminae found at wave-
exposed sites is likely due to mechanical tearing of
the mid to apical portions of the sporophytes. In
extreme cases, the whole sporophyte may be dis-
lodged from the substrate during seasonally strong
water movement and storm surge (Reed et al. 2008,
2011, Roleda and Dethleff 2011). The removal of
apical vegetative tissue from M. pyrifera can reduce
sporophyll production by 90% (Reed 1987) and
stop sporogenesis 9 d after vegetative tissue removal
(Graham 2002), indicating that reproduction
depends on energy allocation from the upper part
of the sporophyte. Considering that reproduction is
energetically expensive, allocation of reproductive
effort in specialized tissues or basal parts of the thal-
lus that have a lower risk of getting damaged or lost
(e.g., basal sporophylls, basal stipe and holdfast;
Kawai et al. 2013, Akita et al. 2016, Liu et al. 2017)
may be selected to avoid wasting resources when
strong wave action breaks away the distal and/or
apical parts of the frond that bears fertile blades
and/or fertile scimitars. These hypotheses need to
be tested to understand the role of producing sori
on distal pneumatocyst-bearing blades and scimitars,
against localizing reproduction in specialized tissues
or other basal parts of the sporophyte.

Individuals of Macrocystis pyrifera from Shag Point
were absent in winter but present in the following
spring. At this site, M. pyrifera may have a strategy to
ensure a fast recovery after individuals disappear in
winter storms, including the release of a high and
constant density of meiospores during previous sea-
sons. These meiospores may create a “seed bank” of
dormant microscopic stages (Chapman 1987,
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Santelices et al. 1995) in crevices, under rocks,
under the canopy of other seaweeds that may sur-
vive during periods of low irradiance and low tem-
peratures such as winter conditions to recover the
population in spring (Ladah et al. 1999, Buschmann
et al. 2004, Mohring et al. 2013, Schoenrock et al.
2021). For example, Kinlan et al. (2003) proposed
that microscopic sporophytes of M. pyrifera from Cal-
ifornia might be a source of delayed recruitment in
natural forests because they tolerate low light condi-
tions for 1 month in laboratory experiments. Fur-
thermore, gametophytes and/or microscopic
sporophytes of the kelps Alaria marginata and Nereo-
cystis luetkeana were found, using molecular tools,
long after (>1 month) meiospore release, suggest-
ing the existence of seed banks of these kelps in
California (Schoenrock et al. 2021). Understanding
the developmental processes of early life stages of
M. pyrifera and the formation of seed banks might
help to answer why this kelp species has perennial
and annual biological patterns in environments with
different exposure to wave action (Buschmann et al.
2004, Schoenrock et al. 2021).

Macroalgae have been categorized as seasonal
responders or anticipators (Kain 1989) or Type I
and II responders (Liining and tom Dieck 1989),
depending on annual patterns of growth and
reproduction. Seasonal responders grow and repro-
duce when environmental conditions are favorable
without clearly defined periods, while seasonal
anticipators grow and reproduce according to

endogenous regulation and not as a response to
suitable environmental conditions (Kain 1989).
Macrocystis pyrifera is thought to be a season respon-
der (Kain 1989) because its growth rate is directly
influenced by variations in nitrogen concentrations
(<0.5— ~18 uM) through the year in southern Cali-
fornia (North and Zimmerman 1984, Zimmerman
and Kremer 1984). Similarly, M. pyrifera from Por-
tobello, Otago Harbour was categorized as a sea-
sonal responder because local environmental
conditions (i.e., irradiance and nutrients) are ade-
quate to support a constant growth throughout the
year (Brown et al. 1997). Although growth was not
measured here, we found continuous abundance
and reproduction of this kelp and nitrogen avail-
ability in the seawater throughout the year, also
supporting the idea that M. pyrifera from southern
New Zealand is a seasonal responder. However, the
necessary experiments to verify that M. pyrifera is a
responder species have not been performed (Agra-
wal 2012). To date, the study of factors that con-
trol sporogenesis have been mainly studied for
anticipator species such as Laminaria spp. and Sac-
charina spp. (Bartsch et al. 2008), where daylength
(i.e., photoperiod) is considered the main abiotic
factor that controls reproduction (Wiencke et al.
2009).

We observed that Macrocystis  pyrifera  from
south-eastern New Zealand exhibited morphological
variation related to wave-exposure similar to previ-
ous reports for kelps (Koehl 1986, Hurd 2000,
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Fic. 13. Annual variation in the (a) basal angle and (b) length
of vegetative blades of Macrocystis pyrifera from the four study sites
(Butterfly Bay, Shag Point, Hamilton Bay, Macandrew Bay). Cir-
cles and triangle indicate wave exposure (wave-exposed and wave-
protected, respectively) and mean 4 SE (7 = 10). Tukey HSD
(P < 0.05) showed statistical differences for the basal angle
between sites and season, and for length of vegetative blades, sites
and season. Note the break and different scales in the yaxes.

Fowler-Walker et al. 2006, Koehl et al. 2008, Coppin
et al. 2020). These differences in morphology are
attributed to the influence of local environmental
conditions (e.g., hydrodynamic forces that differ
with wave-exposure) on the phenotypic plasticity of
kelps (Hurd 2000, Koehl et al. 2008, Camus et al.
2018). For example, bigger vegetative blades (basal
angle, width, and length) in individuals from wave-
protected sites increase the surface area for light
harvesting, nutrients, and gas exchange in slow
water motion conditions while narrow vegetative
blades in wave-exposed areas reduce drag forces
under rapid flow conditions (Cheshire and Hallam
1988, Blanchette 1997, Hurd et al. 1997, Andrew
and Viejo 1998, Koehl et al. 2008). Another notice-
able morphological difference between individuals
from wave-protected and wave-exposed sites was the
holdfast dimension. This may be related to the
depth and substratum to which M. pyrifera is
attached. For example, Demes et al. (2009) indi-
cated that the height of the holdfast increase from
the intertidal to the subtidal at a single study site.
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Fi. 14. Annual variation in the length of pneumatocysts of
Macrocystis pyrifera from the four study sites (Butterfly Bay, Shag
Point, Hamilton Bay, Macandrew Bay). Circles and triangle indi-
cate wave exposure (wave-exposed and wave-protected, respec-
tively) and mean & SE (n = 10). Tukey HSD (P < 0.05) showed
statistical differences for the length of pneumatocysts between
sites. Note the break and different scales in the y-axes.

At sites inside Otago Harbour, the substrate is a
mixture of loose rocks and shells on coarse sand
(Paavo and Probert 2008) while, in the wave-
exposed sites, the substrate is rocky boulders on
bedrock (P. Leal pers. obs.). Thus, holdfasts in the
wave-protected sites are wider to enable attachment
to an unstable substrate than holdfasts from wave-
exposed sites that can firmly attach to stable boul-
ders and bedrocks (P. P. Leal, pers. obs.). Both
cases indicate that holdfast morphology in M. pyri-
Jera can vary through plasticity as a strategy to sur-
vive in local conditions of water turbulence and
substrate landscape (North 1987, Demes et al. 2009,
Camus et al. 2018).

In conclusion, sporogenesis in Macrocystis pyrifera
from Southern New Zealand was not different
between wave-exposure conditions and observed all
year round in three of the four study sites, with the
exception being the wave-exposed Shag Point in
winter. In contrast, sporophyte morphology varied
between sites with different wave exposure. Seasonal
occurrence and physiological regulation of sporoge-
nesis in sporophyllous and non-sporophyllous lami-
nae and reproductive effort in M. pyrifera are still
not well understood. We hypothesize that the ener-
getic costs associated with reproduction and growth
throughout the year are satisfied by constant favour-
able conditions of abiotic factors such as nutrients,
light, and temperature. Moreover, sporogenesis on
blades and apical scimitars in addition to sporo-
phylls requires more investigation to describe its
role in short and/or long-distance dispersal of M.
pyrifera. The fundamental knowledge of the repro-
ductive biology of M. pyrifera provides a baseline
from which to measure how both climate change
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Fic. 15. Annual variation in seawater (a) NHJ, (b) NOj, and
(c) PO~ concentrations in the four study sites (Butterfly Bay,
Shag Point, Hamilton Bay, Macandrew Bay). Circles and triangle
indicate wave exposure (wave-exposed and wave-protected, respec-
tively) and mean + SE (n = 3). Tukey HSD (P < 0.05) showed
statistical differences for NH] between seasons, for NOj between
sites and seasons, and for PO}~ between seasons. Note the break
and different scales in the y-axes.

(e.g., ocean warming and acidification) will affect
reproductive phenology, meiospore viability and,
thereby, the resistance of natural kelp populations
(Hollarsmith et al. 2020).
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Supporting Information

Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:

Figure S1. Annual variation in holdfast (b)
width of Macrocystis pyrifera from the four study
sites (Butterfly Bay, Shag Point, Hamilton Bay,
MacAndrew Bay). Circles and triangle indicate
wave exposure (wave-exposed and wave-protected,
respectively) and mean £ SE (n = 10). Note the
break and different scales in the y-axes.

Figure S2. Annual variation in the width of veg-
etative blades of Macrocystis pyrifera from the four
study sites (Butterfly Bay, Shag Point, Hamilton
Bay, MacAndrew Bay). Circles and triangle indi-
cate wave exposure (wave-exposed and wave-pro-
tected, respectively) and mean £ SE (n = 10).
Note the break and different scales in the y-axes.

Figure S3. Annual variation in the width of
pneumatocysts of Macrocystis pyrifera from the four
study sites (Butterfly Bay, Shag Point, Hamilton
Bay, MacAndrew Bay). Circles and triangle indi-
cate wave exposure (wave-exposed and wave-pro-
tected, respectively) and mean £ SE (n = 10).
Note the break and different scales in the y-axes.

Table S1. Sites and dates of seasonal sampling
of Macrocystis pyrifera populations. In addition, it is
indicated when populations of M. pyrifera popula-
tion were found (f.) or not found (n.f.) and when
the respective variable was measured (m.) or not
measured (n.m.).

Table S2. Total of laminae (and number of
sampled sporophylls between square brackets) of
each type of fertile lamina (i.e., sporophyll,
blades, scimitar) of Macrocystis pyrifera from the
four study sites used to prepare Figures 4-6. It is
also indicated when fertile laminae were not
found (n.f.).

Table S3. Statistical summary of univariate lin-
ear regressions to determine effects and interac-
tions for each of explanatory variables (Site,
Season, Year) on each of the different response
variables. Exposure excluded as outlined in the

main text. Most response variables were log-trans-
formed in order to better meet test assumptions.
Only the Site X Season interaction term was
included in models; other interaction terms did
not yield meaningful information. Type III sum
of squares (SS) were calculated. Tukey HSD tests
were applied for multiple pairwise comparisons;
group differences are indicated by lowercase let-
ters (a>b > c>d). Significant effects were
quantified by means of pn®. Vegetative Blade
Width and Holdfast Width were not analysed due
to high collinearity with Vegetative Blade Length
and Holdfast Length, respectively.

Table S4. Statistical summary of univariate lin-
ear regressions to determine effects and interac-
tions for each of explanatory variables (Site,
Season, Year) on each of the different response
variables. Exposure excluded as outlined in the
main text. Responses were measured on sporo-
phyll from the same sporophyte; medians were
calculated from these repeated measures and
were considered replicates. Medians of response
variables were arcsine-transformed in order to bet-
ter meet test assumptions. Only the Site X Season
interaction term was included in models; other
interaction terms did not yield meaningful infor-
mation. Type III sum of squares (SS) were calcu-
lated. Tukey HSD tests were applied for multiple
pairwise comparisons; group differences are indi-
cated by lowercase letters (a > b > c). Significant
effects were quantified by means of an. Ripeness
Stage II (pre-mature) was not analysed due a
large fraction of zeros (75% of all observations).

Table S5. Statistical summary of univariate lin-
ear regressions to determine effects and interac-
tions for each of explanatory variables (Site,
Season, Year) on each of the different response
variables. Exposure excluded as outlined in the
main text. Response variables were arcsine-trans-
formed in order to better meet test assumptions.
Only the Site X Season interaction term was
included in models; other interaction terms did
not yield meaningful information. Type III sum
of squares (SS) were calculated. Tukey HSD tests
were applied for multiple pairwise comparisons;
group differences are indicated by lowercase let-
ters (a > b). Significant effects were quantified by
means of py”. Stage II (pre-mature) was not anal-
ysed due a large fraction of zeros (73% of all
observations).

Table S6. Statistical summary of univariate lin-
ear regressions to determine effects and interac-
tions for each of explanatory variables (Site,
Season, Year) on each of the different response
variables. Exposure excluded as outlined in the
main text. Response variables were arcsine-trans-
formed in order to better meet test assumptions.




PHENOLOGY OF MACROCYSTIS PYRIFERA FROM NEW ZEALAND 17

Only the Site X Season” interaction term was
included in models; other interaction terms did
not yield meaningful information. Type III sum
of squares (SS) were calculated. Tukey HSD tests
were applied for multiple pairwise comparisons;
group differences are indicated by lowercase let-
ters (a > b). Significant effects were quantified by
means of pn2. Stage II (pre-mature) was not ana-
lyzed due a large fraction of zeros (60% of all
observations).

Table S7. Statistical summary of univariate lin-
ear regressions to determine effects and interac-
tions for each of explanatory variables (Site,
Season, Year) on each of the different response
variables. Exposure excluded as outlined in the
main text. Responses were measured on sporo-
phylls of individual sporophytes; medians of these
repeated measures were considered replicates.
Response variables were analysed after reciprocal
transformation to better meet test assumptions.
Only the Site X Season interaction term was
included in models; other interaction terms did
not yield meaningful information. Type III sum
of squares (SS) were calculated. Tukey HSD tests
were applied for multiple pairwise comparisons;
group differences are indicated by lowercase let-
ters (a > b > c). Significant effects were quanti-
fied by means of pr]?.

Table S8. Statistical summary of univariate lin-
ear regressions to determine effects and interac-
tions for each of explanatory variables (Site,
Season, Year) on each of the different response

variables. Exposure excluded as outlined in the
main text. Responses were measured on sporo-
phylls of individual sporophytes; medians of these
repeated measures were considered replicates.
Response variables were analysed after arcsine
transformation to better meet test assumptions.
Only the Site X Season interaction term was
included in models; other interaction terms did
not yield meaningful information. Type III sum
of squares (SS) were calculated. Tukey HSD tests
were applied for multiple pairwise comparisons;
group differences are indicated by lowercase let-
ters (a>b > c). Significant effects were quanti-
fied by means of pn®.

Table S9. Statistical summary of univariate lin-
ear regressions to determine effects and interac-
tions for each of explanatory variables (Site,
Season, Year) on each of the response variables
(NHI,NO;,PO?{). Exposure excluded as out-
lined in the main text. Response variables were
log-transformed. Only the Site X Season interac-
tion term was included in models; other interac-
tion terms did not yield meaningful information.
Type III sum of squares (SS) were calculated.
Tukey HSD tests were applied for multiple pair-
wise comparisons; group differences are indicated
by lowercase letters (a > b). Significant effects
were quantified by means of partial eta-squared

(pn°).




