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ABSTRACT

Off the eastern coast of New Zealand, warm, highly-saline, nutrient-poor Subtropical
Waters (STW) are demarcated from cool, less-saline, nutrient-rich Subantarctic Waters
(SAW) by the Subtropical Convergence (STC). The Chatham Rise, a submarine
mountain chain, limits latitudinal movement of the STC as well as mixture of STW and
SAW. Due to restriction of both horizontal and vertical mixing, this sector of the STC is
characterized by sharp gradients in temperature, macro- (nitrate, silicate, and phosphate)
and micro- (iron) nutrient concentrations. Shipboard incubations were conducted during
austral spring 2000 and 2001 to test the hypothesis that these gradients affect the
taxonomic composition and/or growth rates of phytoplankton on either side of and at the
STC. CHEMTAX analysis showed that during both years, STW phytoplankton were
dominated by diatoms (77% contribution to total chlorophyll a during austral spring
2000, 71% during austral spring 2001), whereas cryptophytes and prasinophytes
dominated STW assemblages (27% and 36% respectively during 2000; 63% and 17%
during 2001). SAW phytoplankton assemblage was dominated by cyanobacteria and
photosynthetic nanoflagellates during the austral spring 2000 cruise (23% cyanobacteria,
62% nanoflagellates), and by diatoms during the austral spring 2001 cruise (53%).
Growth rates of the phytoplankton assemblage (determined by '*C-pigment labeling of
chlorophyll @) during austral spring 2001 were low at all stations (0.30 to 0.57 d') when
compared to austral spring 2000 growth rates (0.10 to 1.18 d"').  This area of the STC
exhibits mesoscale spatial variability of pigment concentrations, dominant taxa, and
growth rates of phytoplankton assemblages during austral spring.
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INTRODUCTION

Food webs within oceanic ecosystems largely depend on fixation of carbon
dioxide (CO,) into organic matter by autotrophic organisms (phytoplankton). However,
the taxonomic composition of a phytoplankton assemblage varies both temporally and
spatially. At any one time and location, the taxonomic composition is determined by the
net growth rate, or the rate of growth (i) minus losses, of the individual phytoplankton
species (or functional groups such as size) that comprise the phytoplankton assemblage.
Thus accurate determination of phytoplankton biomass (C,) and growth rate are
necessary in order to characterize the flow of organic matter through a pelagic ecosystem.

Knowledge of phytoplankton assemblage composition is also essential to
completely characterize the biological pump. Phytoplankton are responsible for the
removal of CO, from seawater via photosynthesis; in locations where the removal rate is
substantial, a flux of atmospheric CO; into the ocean occurs. This process, known as the
biological pump (Longhurst and Harrison, 1989), is a critical component driving the
marine carbon cycle. Flux of organic matter to depth is another component of the
biological pump, and this export, being ultimately derived from autotrophic production, is
mediated by either passive sinking of cells or the production of fecal pellets and
aggregates.

Phytoplankton are extremely diverse with regard to taxonomic classification, size

(ranging from 0.5 um to greater than 2 mm in diameter), growth rates, and responses to
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environmental factors such as light and nutrients. Due to a large range of phytoplankton

cell sizes, they are available to many herbivores, from heterotrophic dinoflagellates and
microzooplankton (such as tintinnids) to copepods and salps (Banse, 1992).

We now know that major phytoplankton functional groups have vastly different
roles in the ocean, and that each functional group can have a varied impact on energy and
material cycles (Boyd and Newton, 1995). For example, diatoms have very rapid growth
rates and often are responsible for much of the flux of organic matter from the surface
layer (Bienfang, 1981; Passow, 1991). They tend to be large, and hence are considered to
be an excellent source of food for mesozooplankton (Parsons et al., 1984; Welschmeyer
et al., 1991; Banse, 1992; but see Tang et al., 2001). Additionally, diatoms contain silica
walls and therefore affect the concentration of silicate within the water column.
Coccolithophorids, by virtue of their calcium carbonate tests, exert a strong influence on
the alkalinity and carbon budgets of the water column. Cyanobacteria fix nitrogen, and
thus are a critical component of the nitrogen budget of the surface layer. In addition,
their size varies widely, ranging from extremely small forms (therefore contributing to
the microbial food web; Gaul and Antia, 2001) to cells in long filaments, which are
largely ungrazed. Hence, recent models have treated each functional group differently

(Armstrong, 1999).

Taxonomic Composition and Growth Rates of Phytoplankton Assemblages

Phytoplankton assemblages usually consist of a large number of species, each
interacting in a unique way with biotic and abiotic factors. Absolute growth rates are
controlled by environmental factors, such as irradiance, macronutrients or micronutrients.

Similarly, environmental controlling factors vary seasonally and often are linked with
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physical forcing of specific regions. Hence, assemblage structure varies with time, and in
some (often poorly understood) ways with environmental changes.

Phytoplankton assemblage structure may also be mediated by differences in
losses. Such losses are often directly attributed to selective grazing by micro- and
mesozooplankton (Thibault et al., 1999), but can also be due to taxon-specific
incorporation into aggregates and enhanced vertical flux rates from the euphotic zone
(Crocker and Passow, 1995). Variations in vertical sinking rates are also well known,
and often are a function of size and taxon (Boyd and Newton, 1995).

High (or low) phytoplankton biomass does not necessarily indicate high (or low)
phytoplankton growth rates. Low phytoplankton biomass can potentially be due to either
low relative rate of growth, or near maximal growth balanced by high rates of grazing
(Goericke, 1998; Banse, 1991). This is further complicated by the fact that different
species of phytoplankton have different sizes and growth rates and are exposed to
different grazing pressures. For example, microzooplankton remove certain species and
sizes of phytoplankton (generally the smaller sizes); therefore, grazing pressure by
microzooplankton will affect only their target species within the phytoplankton
assemblage (Verity, 1991; Jakobsen and Hansen, 1997). Furthermore, because
microzooplankton are similar in size to their phytoplankton prey, their growth rates are
similar (based simply on allometric relationships: Banse, 1994; Strom, 2000). Larger
zooplankton (e.g., copepods) tend to graze on larger phytoplankton such as diatoms
(Gamble, 1978; Harris, 1996; Meyer-Harms et al., 1999). However, life cycles of these
larger zooplankton do not allow them to immediately respond to increased biomass of

larger, faster growing phytoplankton such as diatoms. This can lead to a decoupling of



phytoplankton growth and zooplankton grazing, often resulting in a phytoplankton
“bloom” where the potential for carbon flux out of the euphotic zone to depth is

increased.

The HPLC Technique

Photosynthetic pigments have been used as indicators of marine phytoplankton
biomass for years. Chlorophyll a has been used as a biomarker of phytoplankton in the
presence of detritus, bacteria and zooplankton since the early 1950’s (Jeffrey et al.,
1997). Recently, the use of High Performance Liquid Chromatography (HPLC) has
facilitated the use of phytoplankton pigments in differentiating algal classes. Distribution
of accessory photosynthetic pigments (for example, fucoxanthin, 19-butanoyl-
oxyfucoxanthin, peridinin, etc.) within broad algal groups is relatively unique (Table 1),
and thus can be used qualitatively to identify the presence or absence of individual
phytoplankton groups as well as determine phytoplankton distribution. The HPLC
technique (in conjunction with microscopy and/or flow cytometry) is also helpful in
developing a more complete picture of the phytoplankton assemblage, as some
phytoplankton are sensitive to preservation techniques (i.e. cryptophytes; Gieskes and
Kraay, 1983, Jeffrey et al., 1997).

HPLC can also be used quantitatively by indirectly determining phytoplankton
biomass based on pigment concentration (Vidussi et al., 1996; Schluter and Havskum,
1997). The use of pigments as an indicator for biomass of phytoplankton assumes that
there is a consistent relationship between the biomass of the algal group and pigment

(Goericke, 1990). Thus, while photoprotective pigments such as diadinoxanthin may be
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less reliable as an estimate of biomass, light-harvesting pigments such as fucoxanthin can

be used (Strom and Welschmeyer, 1991).

The HPLC technique assumes a pigment is exclusively confined to a particular
group (e.g. taxon) of algae. However, quite often a pigment can be found in more than
one taxon (i.e., while fucoxanthin is primarily found in diatoms, it can also be present in
prymnesiophytes). The use of CHEMTAX Analysis Program allows us to account for
the presence of a diagnostic pigment in more than one taxon. CHEMTAX is a method
for calculating plankton class abundances using pigment concentrations (measured with
HPLC technique) and estimated class pigment composition. It uses factor analysis and a
steepest descent algorithm to find the best fit to the data based on an initial estimate of
the pigment ratios for the classes to be determined (Mackey et al., 1996, Mackey et al.,
1997a). Additionally, pigment ratios change in response to environmental factors such as
light and nutrients; thus, the HPLC method does not tell us about cell numbers (Goericke
and Montoya, 1998). However, the use of different pigment ratios based on nutrient

concentrations helps alleviate this problem (See Materials and Methods).

Phytoplankton Growth Rate Determinations

Previously, it has been difficult to measure carbon-specific growth rates and
carbon biomass due to our inability to isolate phytoplankton from other suspended
particulate matter such as bacteria and detritus (Redalje, 1993). Hence, calculated growth
rates that combine productivity measurements (bulk 14C-uptake measurements) with
particulate carbon determinations (Eppley, 1980; Smith et al., 1999) are overestimates of
actual growth rates. Other techniques also introduce errors into the estimate. For

example, the dilution technique assumes phytoplankton growth is the same in both



diluted and undiluted seawater (Landry and Hassett, 1982; Landry et al., 1995).
Knowledge of C/chl a or ATP ratios must be assumed in order to determine
phytoplankton biomass; phytoplankton growth rates calculated using these ratios can lead
to over- or underestimations (Redalje and Laws, 1981; Redalje, 1993). Microscopic cell
counts are inaccurate because the relationship between cell volume and carbon content
varies (Redalje and Laws, 1981). Tracer uptake methods give minimum growth rates
because POC, PON or BSi not associated with phytoplankton cells are included in total
measured biomass (Smith et al., 1999).

The HPLC pigment labeling technique allows us to better understand
phytoplankton growth rates. Seawater is incubated with inorganic H'*COj’, which is
predominantly fixed by autotrophic organisms (phytoplankton). As phytoplankton
undergo photosynthesis, inorganic carbon (including '*C) is assimilated and the newly
fixed carbon is incorporated into cellular components, including pigments. Therefore,
phytoplankton growth rates calculated using the '*C-pigment labeling technique are
restricted to phytoplankton; there is no significant interference of carbon from other
sources such as bacteria or detritus.

One of the assumptions of this technique is that a pigment’s specific activity is
equal to cellular carbon specific activity. Studies by Welschmeyer and Lorenzen (1984)
showed that net growth rates for POC and chlorophyll a were not statistically different,
indicating that total plant carbon and chlorophyll carbon became labeled at the same rate.
This is also true for carotenoids, assuming balanced growth, where specific rates of

change of all measures of biomass are equal (Eppley, 1980). The assumption of balanced



growth is at least partially met through the use of long (24 hours or more) incubations
(Goericke and Welschmeyer, 1993b; Eppley, 1981).

Grazing by zooplankton does not introduce errors with the pigment-labeling
technique because it is the ratio of specific activity of a pigment to the total biomass of
the pigment that determines the growth rate (Appendix I), not the absolute amount of
label retained after filtration. Grazing destroys pigments but does not change the specific
activity of pigments that remain after the incubation period (Goericke and Welschmeyer,
1993b). As long as labeled and unlabeled phytoplankton are grazed with the same
probability, the technique will provide an accurate assessment of pigment pool turnover

and phytoplankton growth rate.

The Subtropical Convergence East of New Zealand

The Subtropical Convergence (STC) at the sector east of New Zealand provides
an opportunity to study possible mesoscale changes in phytoplankton assemblage
composition and taxon-specific growth rates. The STC is comprised of two very
different water masses (Subtropical and Subantarctic) and their mixing within this sector
is constrained temporally and spatially by a bathymetric barrier.

The STC is a circum-global oceanic front that occurs near 40-45°S and represents
the demarcation between Subtropical Waters (STW) and Subantarctic Waters (SAW)
(Heath, 1983; Nodder and Gall, 1998; Figure 1). The STC is delineated by the 15°C
(summer) and 10°C (winter) isotherms, and the 34.7-34.8 psu surface-salinity isohaline

(Gilmour and Cole, 1979; Heath, 1981; Bradford-Grieve et al., 1998).
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The Water Masses

Subtropical Waters north of the STC off the eastern coast of New Zealand are

characterized by the following:

Warm waters (summer >15°C, winter >10°C) (Figure 2);

High salinity waters (35.7-35.8 psu);

High algal biomass (20 to 50 mg m™? average chlorophyll a concentration,
integrated to 100 m);

Relatively high primary production (winter 150 mg C m™ d*, integrated to 1%
light level) (Figure 3);

Reduced nitrate, silicate, and phosphate concentrations;

Dissolved iron concentrations greater than 1 ng kg™';

Phytoplankton assemblage dominated by diatoms in spring and dinoflagellates
in winter; and

Lower levels of microzooplankton grazing.

In contrast, Subantarctic Waters south of the STC off the eastern coast of New Zealand

are characterized as:

Colder waters (summer <15°C, winter <10°C) (Figure 2);

Decreased salinity (34.5 psu);

Low algal biomass (12 to 14 mg m™ average chl a concentration, integrated to
100 m);

Low rates of primary production (winter 50 mg C m™ d”', integrated to 1% light
level) (Figure 3);

Increased nitrate, silicate, and phosphate concentrations;

Subnanomolar dissolved iron concentration;

Phytoplankton assemblage dominated by cyanobacteria; and

Heavy grazing by microzooplankton.

(Nodder, 1997; Bradford-Grieve et al., 1998; James and Hall, 1998; Nodder and

11

Alexander, 1998; Boyd et al., 1999). Thus, an increase in macronutrient (nitrate, silicate,

and phosphate) concentrations generally occurs when proceeding from subtropical to

subantarctic waters (Butler et al., 1992). However, iron levels are quite low in STW

relative to SAW.
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Recent in situ mesoscale iron-enrichment studies have shown that iron is a

micronutrient of great importance to phytoplankton (e.g., Coale et al., 1996; Boyd et al.,
2000; Ducklow et al., in press). IronEx II, an in situ enrichment study of the high-nitrate
low chlorophyll (HNLC) equatorial Pacific Ocean, showed iron supply controls rates of
phytoplankton metabolism and growth. Iron enrichment results in enhanced algal stocks
(with an 80-fold increase in diatom abundance; Coale et al., 1996; Landry et al., 1997),
and an associated macronutrient uptake and CO, drawdown (Watson et al., 1994).
SOIREE (Southern Ocean Iron RElease Experiment), a mesoscale iron-enrichment study
conducted in the Southern Ocean near 62°S, confirmed IronEx II’s findings that iron
controls phytoplankton processes. In addition, SOIREE showed that iron supply, in
conjunction with grazer dynamics, led to taxonomic shifts that resulted in a diatom-
dominated bloom (Boyd et al., 2000).

A similar spatial shift on a mesoscale level may occur at the STC east of New
Zealand. Chang and Gall (1998) found that in both winter and spring, phytoplankton
standing stocks were greatest at the STC, intermediate in STW, and smallest in SAW.
They observed differences in phytoplankton assemblages during austral spring, with
diatoms such as Lauderia annulata, Hemiaulus sp., and Nitzschia/Pseudo-nitzschia spp.
dominating the assemblage at the STC and in STW and small-celled nanoflagellates
(Cryptomonas sp., Distenphanus speculum, Dictyocha figula, pyramimonas sp.)
dominating in SAW. However, no data exist to assess the controlling mechanisms on
assemblage composition in this region.

Studies of zooplankton grazing in this sector of the STC have demonstrated that

mesozooplankton grazing does not appear to be a significant factor in regulating
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phytoplankton losses (Bradford-Grieve et al., 1998). Although the total biomass of

mesozooplankton was largest in spring in all water types, with heaviest grazing pressure
within the STC and STW, mesozooplankton grazing represented <1-4% of daily
integrated primary production. However, microzooplankton grazing is extremely
important, particularly in SAW where the phytoplankton assemblage is dominated by

picophytoplankton (James and Hall, 1998).

The Chatham Rise

There is little latitudinal movement of the STC at the Chatham Rise, as the Rise
“steers” the STC geographically by acting as a bathymetric barrier (Heath, 1981). The
STC passes from southwest of New Zealand northeastwards through the Snares
Depression (south of Stewart Island), along the east coast of New Zealand, through the
Mernoo Saddle (43°40°S), and then eastwards along the Chatham Rise (Figure 1). The
Chatham Rise is a submarine mountain chain that rapidly rises from a depth of 2700 to
approximately 300 meters, and it extends 1000 km out from Banks Peninsula on the
eastern coast of the South Island of New Zealand to the Chatham Islands (Figure 4). At
the Chatham Rise the STC is approximately 150 km wide; its width can extend up to 500
km elsewhere. Flow over the Chatham Rise consists of less dense, warm, salty STW
overriding the denser, cold, fresh SAW (Figure 2). Studies of the STC at the Chatham
Rise show high fine scale variability, with warm and cold plumes common in the frontal

area (Sutton, 2001).
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Importance of the Subtropical Convergence

The sector of the STC off the eastern coast of New Zealand is characterized by
enhanced primary production relative to the water masses on either side of it. The STC
may also act as a sink for atmospheric CO, in a manner similar to the STC of the entire
Pacific basin. New Zealand’s National Institute of Water and Atmospheric Research
(NIWA) has been studying this sector of the STC in order to further understand the
region’s energy flows and ecosystem functions. NIWA’s Ocean Fronts Box Program

addresses two broad questions:

. What are the physical, chemical and biological factors controlling
production at various trophic levels over the Chatham Rise?
. What is the fate of this production?

Mixing of water at the STC presumably has a strong influence on biological
productivity (Heath, 1983). The Coastal Zone Color Scanner (CZCS) is a satellite-based
instrument used to measure ocean color. A composite of the area of the Chatham Rise
showed increased levels of phytoplankton pigment concentration, particularly when
compared to the two water masses on either side of the Rise (Figure 5). Furthermore,
this enhancement of phytoplankton concentration along the Chatham Rise persists
regardless of season (Nodder and Alexander, 1998). The STC is considered a region of
elevated primary productivity (Nodder, 1997). Increased phytoplankton production at the
STC apparently sustains a higher biological production throughout the food web,
especially when compared to STW and SAW. Commercially important zones of marine
production lie in close proximity to the STC (Butler et al., 1992). The area of the STC at

the Chatham Rise supports a major nursery for hoki, a demersal fish species, and is a
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major deep-water fishery for other commercially important species such as orange
roughy.

Elevated primary productivity is expected to lead to high particulate carbon
export from surface waters (Buesseler, 1998; Nodder and Gall, 1998). Thus, the STC
may act as a sink for atmospheric CO; into the ocean. Based on the analysis of CO,
measurements in the atmosphere and the surface waters of the South Pacific Ocean,
Murphy et al. (1991) suggest the southwest Pacific Ocean as a whole acts as a sink for
CO; (Figure 6). However, this may be complicated by spatial and temporal variation. A
global synthesis by Takahashi and Azevedo (1982) and Takahashi et al. (2002) supports
this contention. Daly et al. (2001) showed that the Southern Ocean, including the STC, is
indeed a CO; sink during austral summer, although resolution for the region was coarse
(ca. 1° latitude). Work by Currie and Hunter (1998) at the STC east of New Zealand
showed that this area is a CO, sink in the austral spring. Furthermore, Currie and Hunter
(1998) suggest that biological drawdown of carbon via the biological pump is the major

factor influencing the PCO,*" change at the STC off the east coast of New Zealand.

Objectives of Thesis Study

In view of the importance of iron and the sharp gradient of iron and nutrients from
SAW, through the STC, and into STW (Table 2; Coale et al., 1996; Boyd et al., 2000), it
is expected that there may be concomitant changes in phytoplankton assemblage
taxonomic structure. The possibility of differences in phytoplankton growth rates also

exists. These spatial variations may have at least three possible explanations. First,
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Table 2. Nutrient concentrations within STW, the STC, and SAW during austral
spring (in bold italics) and fall. From Boyd et al. (1999). NA = no data available.

Subtropical
Subtropical Water Convergence Subantarctic Water
Station A Station Station Station F
Parameter (A1) B Station C Station D E (F1)
Nitrate, uM 0.65 1.34 341 9.12 9.74 17.81
4.55 4.48 7.19 557 11.7 11.7
Silicic acid,
uM 1.34 1.62 1.29 1.21 1.34 3.94
2.02 1.79 3.98 2.84 1.63 3.90
Phosphate,
uM NA 0.11 0.18 0.58 0.57 1.41
0.38 0.36 0.75 0.64 1.31 1.26
DFe,

nmol kg'! 3.0 1.5 1.2 0.2 1.2 0.6
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given the extreme chemical and hydrographic differences between the two water masses

that comprise the STC, we might expect different taxa of phytoplankton to arise in each
water mass as a result of the variations in chemistry. Second, the observed increased
concentration of phytoplankton may be due to increased growth rates in response to the
mixing of the two different water masses (either the entire assemblage or selected groups
within the assemblage), or to passive accumulation at the convergence zone (Franks,
1992; Yoder et al., 1994). Third, although mesozooplankton grazing pressure does not
appear to be a significant factor at this study site, microzooplankton grazing pressure may
be extremely important with grazing impact greater in SAW and on picophytoplankton
than on total phytoplankton (James and Hall, 1998). Therefore, differential rates of loss
of phytoplankton taxon may exist across this gradient.

This thesis addresses the following questions: First, does the phytoplankton
assemblage composition (identified using HPLC separation of pigments) change along a
north-south transect across the STC east of New Zealand? If so, can it be attributed to
nutrient (macro- and micronutrients) limitation or to other factors? Finally, is there a
change in phytoplankton growth rates along a north-south transect across the STC east of
New Zealand? In specific, this thesis addresses the following hypotheses:

Hol: There is no difference in phytoplankton community taxonomic composition

(identified using the HPLC separation of pigments) along a south-north transect

(at 178°30, east of New Zealand) from Subantarctic Waters, through the

Subtropical Convergence, and into Subtropical Waters.

Ho2: There is no difference in phytoplankton growth rates (measured using the e
pigment-labeling technique) along a south-north transect (at 178°30, east of New

Zealand) from Subantarctic Waters, through the Subtropical Convergence, and
into Subtropical Waters.



MATERIALS AND METHODS

Study Site

The STC east of New Zealand is an area of mixing between STW and SAW.
STW north of the STC are warmer and more saline (relative to SAW), with lower
macronutrient (nitrate, silicate, phosphate) concentrations (relative to SAW) and
dissolved iron concentrations greater than 1 ng kg™, In contrast, SAW are characterized
as colder and less saline (relative to STW), with increased macronutrient (nitrate, silicate,
and phosphate) concentrations (relative to STW), and subnanomolar levels of dissolved
iron concentration.

The STC east of New Zealand is latitudinally “locked” into position by a
submarine mountain chain known as the Chatham Rise. The presence of the Chatham
Rise also restricts the width of the STC; at the Rise, the STF is about 150 km wide (STC
can be up to 500 km elsewhere). Thus, the study site has sharp gradients in temperature,

salinity, macro- and micronutrients, and its latitude does not vary with season.

Sampling Methodology

During austral spring 2000 and 2001, taxonomic composition and growth rates of
phytoplankton assemblages along a north-south transect (178°30.00 E) east of New
Zealand between Cape Kidnappers and Southland were examined (Table 3, A and B).

Water was collected from four stations on each side of the Chatham Rise and on the Rise

22



Table 3. Sampling stations for A) Box Cruise (October 2000) and B) Twilight Cruise
(October 2001).

A) Box Cruise Sampling Stations

Station Latitude Longitude

STW I -3957.80 178 30.00
2 -41 00.00 178 30.00

3 -42 00.00 178 30.00

4 -42 40.00 178 30.00

5 -42 55.00 178 30.00

STC 6 -43 15.00 178 30.00
7 -43 35.00 178 30.00

8 -4 15.00 178 30.00

9 -44.40.00 178 30.00

SAW 10 -46.30.00 177 30.50

B) Twilight Cruise Sampling Stations

Station Latitude Longitude

STW 1 -4100.37 178 30.00
2 -41 15.05 178 30.00

3 -4249.19 178 30.00

4 -42 58.06 178 30.00

STC 5 -4326.07 178 30.00
6 -4349.58 178 30.00

7 -43.59.71 178 30.00

8 -4419.94 178 30.00

SAW 9 -46 38.50 178 30.00
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itself; water samples were taken at each station from a depth of ten to twenty meters

during predawn casts using a rosette fitted with twelve 10-liter Niskin bottles, CTD and
fluorometer. A sampling depth of ten to twenty meters was chosen as irradiance levels
were reasonably high at those depths, and the depth was well within the mixed layer.
Austral summer STC mixed layer depth is about 25 m; austral winter mixed layer depth
is about 300 m (Currie and Hunter, 1998; Boyd et al., 1999; J. Hall, pers. comm.).

Water samples were collected at each station for HPLC determinations, growth
rate measurements, and acridine orange direct count (AODC) fluorescence microscopy.
Water was transferred from Niskin bottles using acid-cleaned and Milli-Q-water rinsed
silicone tubing into similarly cleaned 4L clear polycarbonate bottles. The seawater was
not screened to remove larger zooplankton as the 14C-pigment labeling technique is
independent of zooplankton grazing.

To determine phytoplankton taxonomic composition and taxon-specific growth
rates (u, time ™) of phytoplankton, replicate bottles of whole seawater were inoculated
with '“C-labeled bicarbonate and incubated in a deck-mounted, flow-through seawater
incubator at 50% of ambient light levels. Samples were incubated for at least 24 hours but
no longer than 36 hours to obtain sufficient '*C-labeling of pigments, as well as minimize
any effects of trace metal contamination. In addition, any transient stages of unbalanced
growth induced by sampling are largely removed by the longer incubation. Water was
collected during predawn casts and placed in incubators at dawn to minimize any
photoacclimation.

Incubated water was filtered in low light with low vacuum (<10 mm Hg) through

a 25 mm Whatman GF/F filter (GF/F filters retain >98% of Prochlorococcus: Goericke
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and Repeta, 1992). Filters containing samples were folded, wrapped in aluminum foil,

placed in a labeled cryotube and immediately flash-frozen and stored in liquid nitrogen.
Samples were returned to the Virginia Institute of Marine Science (VIMS) for analysis.
To supplement HPLC data on phytoplankton taxonomic distribution and
abundance, whole seawater samples were collected for epifluorescence microscopy at
each station. Whole water samples were preserved with gluteraldehyde (5 mL total
volume, 2% gluteraldehyde final concentration), placed in dark for 15 minutes, and flash-

frozen and stored in liquid nitrogen for transport to VIMS for analysis.

Laboratory Methods

HPLC Analysis

Filters were placed in 90% acetone in a 1.5 mL microcentrifuge tube, sonicated
with a Misonix sonicator for 15 minutes in an ice-water slurry, and allowed to extract in
the dark at -20°C for at least 24 hours. The pigment extract was transferred into a second
microcentrifuge tube using a sterile Pasteur pipette and centrifuged in an Eppendorf
Centrifuge 5415C for three minutes at 14,000 rpm to remove remaining glass fibers and
cell debris. Aliquots of the centrifuged acetone extract were diluted with Milli-Q water
for HPLC analysis.

Samples were analyzed for photosynthetic pigments and pigment-specific activity
using a Waters Spherisorb ODSU C-18 HPLC column and Waters HPLC unit (Waters
600 controller and pump with 1000 pL sample loop, Waters 474 scanning fluorometer
detector, and Waters 996 photodiode array detector) and a Hewlett-Packard S00TR Series
in-line flow scintillation analysis radiodetector (Pinckney et al., 1996). The separation

scheme utilized the following HPLC-grade solvents: Solvent A consisted of 85%
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methanol:15% ammonium acetate buffer (v/v; 0.5M ammonium acetate adjusted to pH

7.5); Solvent B was made up of 87.5% acetonitrile:12.5% Milli-Q water (v/v); Solvent 3
was 100% ethyl acetate. The following pump gradient was used: 0 minutes, 95%A,
5%B; 1 minute, 100%B, 11 minutes, 78%B, 22%C; 27.5 minutes, 10%B, 90%C; 29
minutes, 100%B; and 30-35 minutes, 95%A, 5%B. Solvent flow rate was kept at 1 mL
min™ (Jeffrey et al., 1997).

Pigments were separated when passed through the HPLC column due to
differences in polarity and size of the various pigment molecules. After separation, the
pigments were passed through a photodiode array detector (PDA) that determines
absorption spectra (from 380 to 680 nm wavelengths) of the separated pigments. This
process resulted in a chromatogram of mV (arbitrary units) of absorbance (at 440 nm)
over time (Figure 7A).

Phytoplankton pigment peaks were identified using Waters Millenium®>
Chromatography Manager software version 3.05.01 or Waters Empower Pro software by
comparing absorption spectra and elution time to pigments of known absorption spectra
and elution time (Jeffrey et al., 1997). Once a pigment was identified, the area under the
peak was integrated to give an arbitrary number (mV*sec). This arbitrary number was
converted to a concentration (ug L") based on HPLC column calibration with purified
pigments.

Certain pigments were unable to be completely resolved due to overlapping in
elution of pigment peaks (i.e., chlorophyllide a peak overlapped chlorophyll ¢3 peak; see
Table 4). This leads to a possible underestimation of these pigments, depending on the

degree of peak overlap. The pigments chlorophyll ¢l and chlorophyll c2 were
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Table 4. Photosynthetic pigments identified and/or calibrated in this study.

Possible Overlap/

Pigments Identified Quantified Contamination
Chlorophyllide a Y Y (chl c3)
Chlorophyll ¢3 Y Y (clide a)
Chlorophyll c1+c2 Y Y (chl cl and ¢2)
Peridinin Y N
Siphonoxanthin N N
19-Butanoyloxyfucoxanthin Y N
Fucoxanthin Y N
trans-Neoxanthin N N
9’-cis-Neoxanthin Y N
19-Hexanoyloxyfucoxanthin Y N
cis-Fucoxanthin N N
cis-19-Hexanoyloxyfucoxanthin N N
Prasinoxanthin Y Y (phide a)
Pheophorbide a N Y (prasino)
Violaxanthin Y N
Dinoxanthin Y N
cis-Prasinoxanthin N N
Diadinoxanthin Y N
Antheraxanthin Y N
Alloxanthin Y N
Monadoxanthin Y N
Diatoxanthin Y N
Lutein Y Y (zea)
Zeaxanthin Y Y (lut)
Siphonein N N
Chlorophyll b1+b2 Y Y (chl b1 and b2)
Chlorophyll al+a2 Y Y (chl al and a2)
Phytylated chlorophyll ¢ N N
Unknown carotenoid N N
Pheophytin b Y N
Pheophytin a Y N
By-Carotene N N
ge-Carotene N N
Be-Carotene Y Y (Bp-carotene)
Bp-Carotene Y Y (Be-carotene)
cis-Pe-Carotene N N
cis-PP-Carotene N N
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incompletely separated using this HPLC technique (only one peak was distinguishable),

so were considered as one peak (chlorophyll c1+¢2).

HPLC Column Calibrations

Two different Waters Spherisorb ODSU HPLC columns were used for calibration
and data collection. The two columns were intercalibrated by running known volumes of
the same sample on both columns and using area under pigment peaks to determine
conversion factors between HPLC columns (Appendix IT). The first column was
calibrated for photosynthetic pigments using the three-point calibration method; the
second column was calibrated using gradually increasing concentrations of pigment
within the range expected at the study site. Purified pigments were obtained from pure
cultures or mixed phytoplankton assemblages. HPLC-purified pigment concentrations
were determined using Perkin-Elmer Lambda 25 UV/VIS Spectrophotometer and

extinction coefficients listed in Appendix IIL.

Radiochemical Purity of Chlorophyll a

Aliquots of Twilight Cruise pigment extracts were checked for radiochemical
purity of chlorophyll a. Samples from the Box Cruise were not available for
radiochemical purity determinations. The samples were acidified with 0.1 N HCI for 1
minute, then neutralized with 0.5 M ammonium acetate solution (Goericke, 1992).
Pigments were separated using the HPLC and in-line flow scintillation analysis detector
technique described above. Phaeophytin a, the product of acidifying chlorophyll a, was

quantified. Calculations for growth rates were completed to determine if there was
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contamination of the chlorophyll a peak with other (non-chlorophyll) radiolabeled

molecules.

Determination of Growth Rates
Growth rates of phytoplankton assemblages were determined using the method
and equations described by Redalje (1993; Appendix I). Carbon-specific growth rates

can be calculated using Equation 1:

= (1/C,) ( dC,/dt)

Equation 1. Calculation of carbon-specific growth rates, where p =
growth rate, C, = carbon biomass at time t, and (dC,/dt) is the
photosynthetic rate, or rate of incorporation of '*C-labeled bicarbonate.

If an exponential rate of growth within the autotrophic community is assumed (Equation

2):
C,=C,’ e"

Equation 2. Exponential growth of phytoplankton, where C, = carbon
biomass at time t, C,,” = phytoplankton carbon biomass at t = 0, t = time,
and p = growth rate.

the growth rate (i) of phytoplankton can be calculated using Equation 3:

i (time™) = - (1/time) In(1 - [ 1.05R/I'])

Equation 3. Calculation of phytoplankton assemblage growth rate, where
i = growth rate per unit time, R = C-specific activity of the pigment peak,
and 1" = activity of '*C-added to the sample (dpm L) / measured
concentration of dissolved CO, (dpm L™). From Redalje, 1993.
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The incorporation of '*C-labeled bicarbonate into chlorophyll @ (and other cell

components and pigments) is generally rapid enough to reach equilibrium with the
growth rate within 24 hours. It is assumed that the specific activity of chlorophyll a
carbon is identical to the specific activity of the total phytoplankton carbon pool (i.e.,
balanced growth; Redalje and Laws, 1981). Therefore, the ratio of "*C-labeled to
unlabeled pigment can be used as a proxy for calculating phytoplankton growth rates.

After separation of pigments and determination of absorption spectra by the
photodiode array detector, samples were passed through a radiodetector. This resulted in
a chromatogram of disintegrations per minute (dpm) over time (in minutes) (Figure 7B).
The radiodetector chromatogram was analyzed using Flow-One Analysis software
program to determine the radioactivity incorporated into the pigments, that is, the number
of dpms within the pigment peak.

Using the mass of chlorophyll a (M in pg) determined with the HPLC technique
and the activity of the chlorophyll a (M4 in dpm) determined with the radiodetector, the
C-specific activity of the chlorophyll a peak (Re) can be calculated (Equation 1). This
R’ value, along with the amount of added "*C and the concentration of dissolved
inorganic carbon (DIC), can then be used in Equation 3 to calculate a growth rate based
on “C-labeled chlorophyll a. (See Appendix I for further details on growth rate
calculations). This "*C-pigment labeling technique for determining phytoplankton
growth rates can also be applied to accessory pigments such as fucoxanthin (Redalje,
1993; Goericke and Welschmeyer, 1993a; Gieskes and Kraay, 1989). However, it cannot
be used for peridinin or zeaxanthin, which are synthesized only with light, a violation of

the balanced growth assumption (Goericke, 1990). It should also be noted that the
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labeling technique determines growth rates using the difference between the signal of

pigment-incorporated '*C and background noise. Therefore, lack of growth data does not
necessarily mean zero growth rates; it may be the method is not sufficiently sensitive
enough to measure growth.

Because of the sharp gradient in temperature at the STC, and because temperature
constrains phytoplankton growth, growth rates of phytoplankton cannot be compared
directly (Eppley, 1972). Thus, growth rates were compared using specific growth rates,
where measured growth rates were expressed as a percentage of maximum growth rates
as calculated by Eppley’s (1972) equation. Because it is calculated for cultures grown
with constant light and an adequate supply of nutrients, Eppley’s maximum growth rate
equation represents a theoretical “maximum”. It is likely that maximum growth rate
scalculated with Eppley’s equation are higher than actual maximum growth rates
(Goericke and Welschmeyer, 1998). It may be that Eppley’s equation is inaccurate.
Other calculations for maximum growth rate based on temperature have been proposed

(Goldman and Carpenter, 1974).

Acridine Orange Direct Count Analysis

Whole seawater samples preserved with 2% final concentration gluteraldehyde
were examined using acridine orange staining and epifluorescence microscopy. Flow
cytometry analysis could not be used due to low cell concentrations within the samples.
Frozen water samples were thawed in lukewarm water, stained with acridine orange (2
mL of 0.02% acridine orange solution), and syringe-filtered onto a blackened 13 mm
diameter 1.0 um pore size Nucleopore filter. The filter was placed on a microscope slide

with oil and examined under oil-immersion (40x objective and 15x eye-piece) using an
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Axiophot epifluorescence microscope. Fluorescence was achieved using green excitation

(530-550 nm) and a 590 emission filter from a 200 Watt mercury lamp. Cells were
examined and the taxonomic categories were determined. The following categories were
delineated: diatoms (Bacillariophyta), dinoflagellates (Dinophyta), photosynthetic
prokaryotes (cyanobacteria and prochlorophytes), and photosynthetic nanoflagellates
(chlorophytes, chrysophytes, prymnesiophytes, prasinophytes, and cryptomonads)

(Jeffrey et al., 1997).

Statistical Analyses

Environment data were analyzed using Principle Components Analysis (PCA)
(Gauch, 1982; McGarigal et al., 2000). Data from HPLC analysis and growth rate
calculations were analyzed using paired t-tests, one-factor ANalysis Of VAriance
(ANOVA) with Tukey Multiple Comparisons Test (Zar, 1999), COMbinatorial
Polythetic Agglomerative Hierarchical (COMPAH) Analysis (Gallagher, 1999), and

CHEMical TAXonomy (CHEMTAX) Analysis (Mackey et al., 1996).

Principal Components Analysis

PCA can identify factors that covary with taxonomic composition and growth rate
in this sector of the STC; these correlations can lead to hypotheses about causalities.
PCA assesses relationships within a single set of interdependent variables, regardless of
any relationships they may have to variables outside the set. It does not attempt to define
the relationship between a set of independent variables and one or more dependent
variables. Its purpose is to condense the original dimensions of the data set into principal

components. PCA extracts as much of the variation within a data set into the fewest
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possible dimensions. Each principal component is weighted such that the ecological

“meaning” of each component is reflected in its “weight”; the greater the weight, the
greater the component’s importance (McGarigal et al., 2000). In this study data on
macronutrients (nitrate, phosphate, and silicate), micronutrients (iron), and other
variables (temperature, salinity) were analyzed with PCA to determine which of these
variables might affect phytoplankton assemblage taxonomic composition and growth

rates.

Paired t-test analysis

Paired t-test was used to test for differences in pigment concentration and in
growth rates of phytoplankton. The low number of replicates requires the use of paired t-
test. This test examines differences in means of the populations; these values are
compared two-by-two. Thus, each datum in one sample is correlated with one, and only
one, datum in a second sample (Zar, 1999). In this case, the end-member of STW is
correlated with the end-member of SAW. The next closest station to the STW end-
member will then be correlated with the next-closest station to the SAW end-member,
etc. (Figure 8). This test will allow us to test if there is a difference in phytoplankton
pigment concentration (ng L") or growth rate (time™') with distance from the Chatham

Rise.

Multiple Comparisons Test (Tukey Test)
A Tukey multiple comparison test was performed in order to determine
differences in pigment concentrations at stations representative of the different types of

water at this sector of the STC. A Tukey’s test was performed using the STW
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end-member station (Station 1), the STC station (Station 6 for Box Cruise, Station 5 for

Twilight Cruise), and the SAW end-member station (Station 10 for Box Cruise, Station 9
for Twilight Cruise). This test allows us to determine whether the mean pigment
concentrations at each station are equal in a pairwise fashion, i.e. STW vs. STC, SAW vs.

STC, and STW vs. SAW (Figure 9).

COMPAH Analysis

COMPAH (COMbinatorial Polythetic Agglomerative Hierarchical Clustering) is
a program for clustering species (or stations, in this case) and generating tree diagrams
based on similarity/dissimilarity indices (Gallagher, 1999). Presence or absence of
photosynthetic pigments at each station is used to determine similarity/dissimilarity

between stations.

CHEMTAX Analysis

CHEMTAX is a numerical procedure for estimating class abundances from
chlorophyll and carotenoid pigments determined by HPLC analysis (Mackey et al., 1996;
Mackey et al., 1997; Wright and van den Enden, 2000). The procedure estimates the
contributions of different phytoplankton classes to the pigment concentrations within a
water sample. For instance, chlorophyll a is found in all phytoplankton taxa (Table 1).
CHEMTAX can be used to estimate the contribution of the different algal classes to total
chlorophyll a. It uses factor analysis and a steepest descent algorithm to find the best fit
to the data based on an initial estimate of the pigment ratios for the classes to be

determined.
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However, CHEMTAX analysis of all HPLC pigment data may be misleading.

CHEMTAX makes two main assumptions: (1) pigment ratios within any group are
constant over the domain encompassed by the data set, and (2) variations in the
abundance of different algal groups are not correlated (Goericke and Montoya, 1998).
One of the fundamental assumptions of this study is that environmental stresses,
specifically nutrient limitation, may be responsible for changes in taxonomic composition
and growth rates of phytoplankton assemblages over distance within this sector of the
STC. Studies show dependence of cellular concentrations of chlorophyll a in
phytoplankton on environmental and physiological parameters, such as irradiance,
growth rate, and nutritional state. Goericke and Montoya (1998) recommend using for
regression analysis only those accessory pigments whose concentrations covary tightly
with chlorophyll a (e.g. fucoxanthin, violaxanthin, peridinin). In addition, CHEMTAX
analysis was performed on subsets of the data set (SAW end-member to STC, and STC to
STW end-member) using the initial pigment ratios determined by DiTullio et al. (2003)

to account for the differences in environmental conditions.



RESULTS

Data analysis of the two cruise data sets revealed some similarities as well as a
number of differences between the two cruises. During both cruises there was a
difference in taxonomic dominance along the north-south transect. Taxa that contributed
to the assemblages varied on a temporal scale. However, growth rates showed no
statistical difference with distance from the Chatham Rise when analyzed by paired t-test,
except for alloxanthin (marker pigment for cryptophytes) growth rates during the
Twilight Cruise. These results indicate that this sector of the STC exhibits both spatial

and temporal variability.

Box Cruise, Austral Spring 2000

Environment and Nutrient Data

Environment data were within expected ranges for STW and SAW during austral
spring (Nodder, 1997; Bradford-Grieve et al., 1998; Nodder and Alexander, 1998; Boyd
et al., 1999). Water temperatures ranged from 14.2°C (STW, Station 1) to 8.9°C (SAW,
Station 10), and salinity values ranged from 35.3 (STW) to 34.3 psu (SAW) (Table 5).
Temperature and salinity values at the STC were intermediate between the two end-
member stations (temperature of 22.3°C, salinity of 34.81 psu). Ammonium, nitrate and
phosphate levels were higher in SAW than in STW. Fluorometric chlorophyll a values

were higher in STW (Table 5, Figure 10).
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Photosynthetic Pigments

Photosynthetic pigments can be used as a biomass indicator of various
phytoplankton taxa. Although a number of pigments were identified using absorption
spectra and elution time, only 24 photosynthetic pigments were identified and quantified
using HPLC analysis (Table 4). Pigment concentrations along the Box Cruise transect
varied spatially (Appendix IV, A-V). Paired t-test analysis of pigment concentrations
(ng L") showed no difference in pigment levels with distance from STC (two-tailed, n =
3, o = 0.05), with the exception of alloxanthin (t = 7.40, p = 0.0020), a marker pigment
for cryptophytes (Gibb et al., 2001) (Table 6).

Tukey Multiple Comparisons Test of pigment concentrations at Station 1 (STW),
Station 6 (STC), and Station 10 (SAW) (o = 0.05) showed pigment concentrations were
statistically different between station pairings STW end-member and STC, and/or STC
and SAW end-member, and/or STW and SAW end-members except for the following
pigments: pheophytin a and b, antheraxanthin, monadoxanthin, and peridinin (Table 7,
Appendix IV, A-V). Results were extremely variable. However, several patterns were
observed: 1) Low at STW, high at STC, and low at SAW (chlorophyll a, chlorophyll
cl+c2, BB-carotene, diadinoxanthin + diatoxanthin, and fucoxanthin); 2) High at STW,
low at STC and SAW (chlorophyll b, alloxanthin, Be-carotene, dinoxanthin, lutein, 9’-
cis-neoxanthin, prasinoxanthin, and violaxanthin), and 3) Low at STW and STC, and
high at SAW (19-hexanoyloxyfucoxanthin and zeaxanthin).

Chlorophyll a concentrations were significantly higher at the STC than at the
STW or SAW end-members (Tukey Test, a. = 0.05). Thus, there is more autotrophic

biomass at the STC when compared to either STW or SAW end-members. Diatom
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biomass (based on fucoxanthin concentrations) was highest at the STC and lowest at

SAW station (Appendix IV-N). This spatial trend is supported by higher chlorophyll
cl+c2 concentrations (also found in diatoms) in the STW to STC area.

Prasinoxanthin is a major taxonomic pigment for prasinophytes, which are mostly
small (2-30 um) flagellates that are ubiquitous components of marine phytoplankton
(Jeffrey et al., 1997). Prasinophyte biomass was significantly higher at the STW end-
member when compared to the STC (Tukey Test, a = 0.05; paired t-test, n = 3, p = 0.02,

o = 0.05).

CHEMTAX Analysis

CHEMical TAXonomy (CHEMTAX) analysis of pigment concentrations was

performed using the initial pigment ratios of DiTullio et al. (2003) (Appendix V-A and
Appendix V-B). Because of the sharp change of environmental parameters and nutrient
concentrations within this study, two separate CHEMTAX analyses were performed:
STW and STC stations using northern section initial pigment ratios (Appendix V-A), and

SAW and STC stations using southern section initial pigment ratios (Appendix V-B).

Subtropical Waters to Subtropical Convergence

CHEMTAX analysis of STW and STC stations (1-6) showed the contribution of
diatoms to total chlorophyll a tended to be fairly large (albeit variable) except for Station
1, where the diatom contribution was zero (Table 8, Figure 11). Diatom contribution at
the other stations ranged from 7 to 77%, with the highest contribution occurring at the
STC. Cryptophyte contribution to total chlorophyll a was fairly consistent (7 to 27.5%).

Dinoflagellate contribution increased with distance from the Rise. Although
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prymnesiophyte and prasinophyte contribution was variable, there was a general pattern

of increased contribution with distance from the Rise (Table 8, Figure 11).

Subantarctic Waters to Subtropical Convergence

Analysis of SAW and STC stations (6-10) showed diatom contribution decreased
rapidly with distance from the STC (70% at STC, 13% at Station 8), with no contribution
from diatoms at Stations 9 and 10 (Table 9, Figure 12). The contribution of
cryptophytes followed the same trend; cryptophyte contribution was 16-27% at Stations
6-8, but 0% at Station 10. Chrysophytes and chlorophytes contributed little to none of
the chlorophyll a at any of the stations. Contribution to chlorophyll a by dinoflagellates
and cyanobacteria increased with distance from STC. Prymnesiophyte, prasinophyte and
pelagophyte contribution also increased with distance from the STC (Table 9, Figure

12).

Subtropical Convergence Station and CHEMTAX Analysis

There was good agreement between the results of the two CHEMTAX analyses
using different initial pigment ratios (Appendix V-A and V-B, Figures 11 and 12).
Diatom contribution for both analyses was around 70%. However, dinoflagellates had no
contribution using northern pigment ratios, and about 5% using southern pigment ratios;
chrysophytes showed the opposite pattern. Regardless, these percentages are low when

compared to diatom chlorophyll.
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COMPAH Analysis

COMbinatorial Polythetic Agglomerative Hierarchical (COMPAH) analysis
which is based on presence or absence of photosynthetic pigments was performed on
pigment data from the Box Cruise. COMPAH analysis showed the STW and SAW
stations clustered closer to each other than to the STC station except for Station 7 (Figure
13). This indicates the photosynthetic pigment compositions (not concentrations) of the
STW and SAW stations were more similar to each other than to the pigment composition
at the STC, with the exception of the station closest to the STC on the SAW side of the

Chatham Rise.

Epifluorescence Microscopy

More diatoms were observed in samples from the STW side of the Chatham Rise
and at the STC (Figure 14A). AODC showed that there were high numbers of
photosynthetic nanoflagellates and prokaryotes (prochlorophytes and cyanobacteria).
Higher numbers of photosynthetic prokaryotic cells were seen in STW and SAW, and
lower numbers were seen at the Chatham Rise (Figure 14C). Photosynthetic
nanoflagellates were higher in STW (Figure 14D). When compared to the number of
nanoflagellates and prokaryotes, low numbers of diatoms were seen, but because these
were mostly large centric diatoms, the carbon biomass of this group was likely high. No

pattern could be seen with dinoflagellate abundance (Figure 14B).

Phytoplankton Growth Rates
Phytoplankton growth rates were determined using the 'C pigment labeling

technique. The ability to determine growth rates using this technique is partly
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determined by the difference between the signal of pigment-incorporated *C and

background noise. Therefore, only the following growth rates based on this technique
could be determined: 19-butanoyloxyfucoxanthin, fucoxanthin, 19-hexanoyl-
oxyfucoxanthin, alloxanthin, diadinoxanthin, chlorophyll b, and chlorophyll a (Figures
15-20). However, diatoxanthin rapidly degrades to diadinoxanthin in the presence of
light (diadinoxanthin and diatoxanthin are photoprotective pigments). Thus, values used
in determining diadinoxanthin growth rates may be an overestimation and were not used
(Goericke, 1990; Strom and Welschmeyer, 1991, Jeffrey et al., 1997). A low number of
pairings (n = 3) was used in paired t-test analysis of specific growth rates, so results must
be interpreted with caution.

Absolute growth rates of the phytoplankton assemblage (based on chlorophyll @)
ranged from 0.10 d”! at Station 3 to 1.18 d™" at Station 6 (STC) (Figure 15). Growth rates
were highest at the STC (u=1.18 d"), low at the SAW (= 0.46 d'), and intermediate at
the STW (1 =0.86 d'). Absolute growth rates based on chlorophyll 4 ranged from
0.37 d"! at Station 3 to 1.72 d”' at the Chatham Rise (Figure 16). Chlorophyll b growth
rates at STW and SAW were about the same (0.5 d''); the same trend was seen for growth
rates based on alloxanthin (0.4 d™"), fucoxanthin (0.8 d™"), and 19-hexanoyl-
oxyfucoxanthin (0.4 d') (Figures 17, 19, and 20). Growth rates based on 19-butanoyl-
oxyfucoxanthin were highest at the Chatham Rise (1.4 d') and lowest at Station 3
(0.4 ). Growth rates at STW were 0.62 d”' and 0.82 d”' at SAW (Figure 18).

Growth rate data were corrected for effect of temperature before paired t-test
analysis. Maximum growth rates were lower in colder waters (i.e., SAW). Paired t-test

of all phytoplankton growth rates determined using pigment labeling technique and
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(October 2000). A) Growth rates calculated according to Redalje and Laws (1988).
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corrected for temperature using Eppley’s (1972) equation. ND = No data available.



1.5

T A
T~ {4 T
R
n A
= £
Y=
SU © 10 J
= 3 T T T
° g
TE l l
g 2
P l 1
3 2 T l
£ £ 05+ L
= &
E 2
2 &
w v— B
ND
OO T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10
Subtropical STC Subantarctic
100
B

0
(=]
]

T
N\
N\

:
N
A\
N

Specific growth rate based on
'*C-labeled 19-butanoyloxyfucoxanthin

and corrected for temperature (d'l)

7 7
w10 7
// ND /
0 T T T T T 1 T T T T
1 2 3 4 5 6 7 8 9 10
Subtropical STC Subantarctic

BOX CRUISE STATION

Figure 18. Growth rates based on 'C-labeling of 19-butanoyloxyfucoxanthin during
Box Cruise (October 2000). A) Growth rates calculated according to Redalje and Laws
(1988). B) Specific growth rates of phytoplankton based on '“C-labeling of 19-
butanoyloxyfucoxanthin and corrected for temperature using Eppley’s (1972) equation.
ND = No data available.
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Figure 19. Growth rates based on 14C-labeling of fucoxanthin during Box Cruise
(October 2000). A) Growth rates calculated according to Redalje and Laws (1988).
B) Specific growth rates of phytoplankton based on '*C-labeling of fucoxanthin and
corrected for temperature using Eppley’s (1972) equation. ND = No data available.
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Box Cruise (October 2000). A) Growth rates calculated according to Redalje and Laws
(1988). B) Specific growth rates of phytoplankton based on '4C-labeling of 19-
hexanoyloxyfucoxanthin and corrected for temperature using Eppley’s (1972) equation.
ND = No data available.
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corrected for the effect of temperature (Eppley, 1972) showed specific growth rates on

either side of the Rise (based on distance) were not statistically different from each other

(Table 10).

Principal Components Analysis

Principal Components Analysis was used to determine which variables might
affect taxonomic composition and growth rates. PCA looks at the total variance among
the variables; variables that are correlated with one another and independent of other
subsets of variables are combined into “components” (i.e., the data set is compressed into
fewer variables). Thus, the first component will contain variables that explain most of
the variability of the data set. The second component is independent of the first
component and contains those variables not included in the first component. This second
component explains most of the variability of the remaining data set, and so forth.

PCA was performed with the following independent variables: temperature (°C), salinity
(psu), ammonium (NH,", uM), nitrate (NO5", uM), silicate (Si(OH)s, pM), phosphate
(PO4>, uM), distance from the Chatham Rise (km), and iron (ng kg") (Iron data from
Boyd et al., 1999).

The first three components explained >96% of the variability of the data set. A
plot of the first two components showed that iron was important for stations within STW
(note that Station 2 of STW is plotted close to the iron, or Fe arrow). Silicate, phosphate,
and nitrate were important for stations on the SAW side of the Rise (Stations 7 to 10 are
plotted near silicate and phosphate; Figure 21A). These results were also seen in plots
of components 1 and 3 (Figure 21B) and components 2 and 3 (Figure 21C).

Additionally, there was indication that silicate played an important role at Station 7.



Table 10. Results of paired t-test of phytoplankton relative growth rates for Box Cruise,
October 2000 ( n =3, oo = 0.05). * = Statistically significant. NS = Not statistically
significant. Paired t-test means are determined by the difference between mean pigment
concentrations of the two stations of the pairing.

Pigment Mean SE t p Significance
chlorophyll a -2.21 9.30 -0.24 0.83 NS
chloropyll b -33.54 11.14 -3.01 0.09 NS
alloxanthin -21.83 12.35 -1.77 0.33 NS
19-butanoyloxyfucoxanthin -7.13 13.89 -0.51 0.66 NS
fucoxanthin -6.29 21.06 -0.30 0.79 NS

19-hexanoyloxyfucoxanthin -10.85 27.75 -0.39 0.73 NS
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Figure 21A. Plot of principal component 1 vs. component 2 for Box Cruise, October
2000.
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Figure 21B. Plot of principal component 1 vs. component 3 for Box Cruise, October
2000.
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Twilight Cruise, Austral Spring 2001

Environment and Nutrient Data

Environment data were within normal limits for austral spring (Nodder, 1997;
Bradford-Grieve et al., 1998; Nodder and Alexander, 1998; Boyd et al., 1999); however,
STW water temperatures were warmer than expected for this time of the year (>15°C
during austral summer). Water temperatures ranged from 14.6°C (STW, Station 1) to
9.3°C (SAW, Station 9); Station 2 water temperature was about 15°C. Salinity values
ranged from 35.4 psuin STW to 34.1 psu in SAW. Nitrate and phosphate values were
higher in SAW, lower in STW, and lowest at the STC. Silicate values were higher in

STW and SAW than at the STC (Table 11, Figure 22).

Photosynthetic Pigments

Pigment concentrations along the Twilight Cruise transect were spatially variable
(Appendix VI, A-X). Paired t-test analysis of photosynthetic pigment concentrations
(two-tailed, n = 4, o = 0.05) showed statistically significant differences in pigment
concentrations with distance from the STC for prasinoxanthin, violaxanthin, alloxanthin,
and chlorophyll 5 (Table 12); all these pigments had concentrations that were higher on
the STW side of the Rise.

Tukey Multiple Comparisons Test (o = 0.05) of pigment concentrations at Station
1 (STW), Station 5 (STC), and Station 9 (SAW) showed all pigment concentrations were
statistically different between STW and STC, and/or STC and SAW, and/or STW and
SAW except for monadoxanthin, 9’-cis-neoxanthin, and zeaxanthin (Table 7). Two

patterns were seen: 1) Low concentrations at the STW end-member, high at the STC,



Table 11. Twilight Cruise station locations and environmental data.

Sampling Salinity Temperature,

Station Experiment Depth (m)  (psu) °C
1 1 10 35.41 14.64
1 2 10 35.22 14.24
2 3 5 3543 15.03
3 4 10 35.22 1341
4 5 10 35.19 13.05
5 6 10 34.90 11.94
6 7 10 34.85 11.65
7 8 10 34.59 11.12
8 9 5 34.46 10.35
9 10 10 34.26 9.22
9 11 10 34.15 9.37
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Table 12. Results of paired t-tests of pigment concentrations during Twilight Cruise (n =
4, o= 0.05). * = statistically significant. NS = not statistically significant. Paired t-test
means are determined by the difference between mean pigment concentrations of the two
stations of the pairing.

Pigment Mean SE t P Significance
Chlorophyllide a 0.2019 0.3901 0.52 0.64 NS
Chlorophyll ¢3 0.1291 0.2303 0.56 0.6l NS
Chlorophyll c1+¢2 -0.0014 0.0204 0.07 0.95 NS
Peridinin -0.0111 0.0119 0.93 0.42 NS
19-Butanoyloxyfucoxanthin 0.0094 0.0041 2.27 0.11 NS
Fucoxanthin -0.1330 0.1068 -1.25 0.30 NS
19-Hexanoyloxyfucoxanthin 0.0510 0.0236 2.16 0.12 NS
Prasinoxanthin 0.0605 0.0108 5.59 0.01 *
Violaxanthin 0.0182 0.0052 3.50 0.04 *
Dinoxanthin 0.0022 0.0014 1.54 0.22 NS
Diadinoxanthin 0.0022 0.0113 0.20 0.86 NS
Antheraxanthin 0.0033 0.0013 2.66 0.08 NS
Alloxanthin 0.1861 0.0372 5.00 0.02 *
Diatoxanthin 0.0006 0.0026 0.24 0.83 NS
Lutein 0.0007 0.0005 1.41 0.25 NS
Zeaxanthin 0.0196 0.0070 2.78 0.07 NS
Chlorophyll b 0.0576 0.0136 4.23 0.02 *
Chlorophyll a -0.1935 0.4212 -0.46 0.68 NS
Be-Carotene -0.0018 0.0072 -0.24 0.82 NS

BB-Carotene 0.0057  0.0057 1.00 0.39 NS
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and low at the SAW end-member (chlorophyll a, chlorophyllide a, pheophytin a,
chlorophyll c1+c2, BB-carotene, diadinoxanthin + diatoxanthin, dinoxanthin, fucoxanthin,
lutein, and peridinin); and 2) high at the STW end-member, low at the STC and the SAW
end-member (chlorophyll b, chlorophyll ¢3, alloxanthin, antheraxanthin, 19-
butanoyloxyfucoxanthin, Be-carotene, 19-hexanoyloxyfucoxanthin, prasinoxanthin, and
violaxanthin). Tukey’s test showed that both SAW and STW end-member fucoxanthin
and peridinin concentrations were significantly lower than STC concentrations; this

pattern was also seen in chlorophyll a concentrations.

CHEMTAX Analysis
Subtropical Waters to Subtropical Convergence

Analysis of STW and STC stations (1-5) using CHEMTAX showed cryptophytes
were by far the largest component of phytoplankton standing stocks, and contributed
between 47 to 63% of total chlorophyll a at all stations (Figure 23). Diatoms were
important only in the area of the STC (none at Stations 1 and 2, minimal contribution at
Station 3, and approximately 30% at Stations 4 and 5). Prasinophyte and prymnesiophyte
contributions were fairly consistent at Stations 1 to 3, then decreased towards the STC.
Dinoflagellate chlorophylls increased from Station 1 to 5, but percentage of total
chlorophyll a was always low (1 to 4% at Stations 1 to 4, 14% at Station 5).
Contributions by chrysophytes, cyanobacteria, chlorophytes and pelagophytes were

minimal (less than 3%). (Figure 23, Table 13).
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Subantarctic Waters to Subtropical Convergence

CHEMTAX analysis of SAW and STC stations (5-9) showed that diatom
contribution was high (at least 53% of total chlorophyll a at Station 9, 85% at Station 7)
(Figure 24). Prymnesiophyte standing stocks increased with distance from the STC,
from 5% to a maximum of 24%. Dinoflagellate chlorophyll decreased with distance from
STC and was the opposite of the trend for prymnesiophytes. Prasinophyte chlorophyll
increased with distance from STC, but percentage of contribution was always low
(maximum of 3% at Station 9). Contributions due to chrysophytes, cryptophytes,
chlorophytes, cyanobacteria and pelagophytes were negligible (0 to 6%) (Figure 24,

Table 14).

Subtropical Convergence CHEMTAX Results, Twilight Cruise

CHEMTAX analysis of the Twilight Cruise STC station (Station 5) using
northern section initial pigment ratios differed from results of analysis with southern
section initial pigment ratios. Contribution of diatoms was 28% using northern section
ratios, but analysis with southern pigment ratios suggested that diatoms contributed 53%
of the total chlorophyll. Cryptophyte contributions were 47% with northern section ratios
but 4% with southern pigment ratios. Prymnesiophytes contributed 5% when analyzed
with northern section ratios, and 24% with southern section ratios. This discrepancy may
be due to use of incorrect initial pigment ratios, or that one set of ratios is simply more

accurate (See Discussion).
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COMPAH Analysis

COMPAH analysis based on presence/absence of photosynthetic pigments
showed stations on the ST side of the STC clustered together. The STC station and the
stations closest to the STC clustered more closely with stations on the SA side of the STC
(Figure 25), indicating the STC phytoplankton assemblage was more similar to SAW

phytoplankton assemblages.

Epifluorescence Microscopy

Microscopic counts showed that there were more diatoms at the stations
immediately adjacent to the STC (Stations 4, 6 and 7) than at the end-members; however,
actual numbers were low (Figure 26A). No recognizable pattern was seen for
dinoflagellates (Figure 26B). The number of photosynthetic nanoflagellates was high;
there appeared to be more nanoflagellates at the SAW end-member (Figure 26C).
Photosynthetic prokaryotes were higher towards the STW and SAW end-member stations

(Figure 26D).

Phytoplankton Growth Rates

Because of the higher concentration of '“C-labeled bicarbonate used during
Twilight Cruise incubations, growth rates could be determined for chlorophyll a,
chlorophyllide a, chlorophyll b, chlorophyll ¢3, alloxanthin, 19-butanoyloxyfucoxanthin,
diadinoxanthin, fucoxanthin, 19-hexanoyloxyfucoxanthin, peridinin, and prasinoxanthin
(Figures 27-35). However, diadinoxanthin cannot be used due to degradation of
diatoxanthin to diadinoxanthin in the presence of light. Peridinin cannot be used as it is

synthesized only in the light, violating the assumption of balanced growth (Goericke and
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count and epifluorescence microscopy, Twilight Cruise, October 2001.
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Figure 26, C-D. Photosynthetic cell abundance determined using acridine orange direct
count and epifluorescence microscopy, Twilight Cruise, October 2001.
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Figure 27. Growth rates based on '*C-labeling of chlorophyll a during Twilight Cruise
(October 2001). A) Growth rates calculated according to Redalje and Laws (1988).

B) Specific growth rates of phytoplankton based on '*C-labeling of chlorophyll a and
corrected for temperature using Eppley’s (1972) equation.
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Cruise (October 2001). A) Growth rates calculated according to Redalje and Laws
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chlorophyllide @ and corrected for temperature using Eppley’s (1972) equation.
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(October 2001). A) Growth rates calculated according to Redalje and Laws (1988). B)
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Figure 30. Growth rates based on '“C-labeling of chlorophyll ¢3 during Twilight Cruise
(October 2001). A) Growth rates calculated according to Redalje and Laws (1988).

B) Specific growth rates of phytoplankton based on 1C-labeling of chlorophyll ¢3 and
corrected for temperature using Eppley’s (1972) equation.
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20

&
'__
——

(=]
o

Growth rate based on
C-labeled Fucoxanthin (d'l)
°

i

i

——

0.0 T T T T
1 2 3 4
Subtropical

STC

9
Subantarctic

100

[
(=)
1

(=2}
<
A

1

T

o

N

Specific growth rates based on '*C-labeled
S

fucoxanthin and corrected for temperature (d'l)

7

/JZ

i

B

/d

<o

1 2 3 4
Subtropical

TWILIGHT CRUISE STATION

5
STC

6

7

9
Subantarctic

Figure 33. Growth rates based on '4C-labeling of fucoxanthin during Twilight Cruise
(October 2001). A) Growth rates calculated according to Redalje and Laws (1988). B)
Specific growth rates of phytoplankton based on '*C-labeling of fucoxanthin and
corrected for temperature using Eppley’s (1972) equation.



2.0

o
I,__
|._

R

o[

P

0.5 1

HH

Growth rate based on '*C-labeled
19-hexanoyloxyfucoxanthin (d 1)

0.0

1 2 3 4 5 6 7 8 9
Subtropical STC Subantarctic
100

B

e
(=)
I

(=)
[=
!

_// 7 7

PN
o

Specific growth rate based on
“C-labeled 19-hexanoyloxyfucoxanthin

and corrected for temperature (d")
S
N

0 T f T T T f T

1 2 3 4 5 6 7 8 9
Subtropical STC Subantarctic

TWILIGHT CRUISE STATION

Figure 34. Growth rates based on 1C-labeling 19-hexanoyloxyfucoxanthin during
Twilight Cruise (October 2001). A) Growth rates calculated according to Redalje and
Laws (1988). B) Specific growth rates of phytoplankton based on 'C-labeling of 19-
hexanoyloxyfucoxanthin and corrected for temperature using Eppley’s (1972) equation.



20

1.5 A

1.0 4 J_

0.5 L [

7 N T ) N B A i

1 2 3 4 5 6 7 8 9
Subtropical STC Subantarctic

Growth rates based on
"C-labeled prasinoxanthin (d'l)

Hi
HH
‘__

100
B

80 1

40

) %
20 - // ) i
o L2 774 Uz 7 7 | %)

1 2 3 4 5 6 7 8 9
Subtropical STC Subantarctic

TWILIGHT CRUISE STATION

N

Growth rates based on *C-labeled
prasinoxanthin and corrected for temperature (d'l)
N

Figure 35. Growth rates based on 14C-Iabeling of prasinoxanthin during Twilight Cruise
(October 2001). A) Growth rates calculated according to Redalje and Laws (1988). B)
Specific growth rates of phytoplankton based on 1C-labeling of prasinoxanthin and
corrected for temperature using Eppley’s (1972) equation.



89

Welschmeyer, 1993b). Paired t-tests of temperature-corrected growth rates showed no
significant difference as distance increased from the STC (two-tailed, oo = 0.05, n = 4),
with the exception of alloxanthin (t = -5.23, p = 0.0136), a marker pigment for
cryptophytes (Table 15). Alloxanthin growth rates were higher in SAW.

Absolute growth rates for the phytoplankton assemblage (based on chlorophyll a)
were low along the entire transect, ranging from 0.29 to 0.57 d”' (Figure 27). Absolute
growth rates for diatoms (based on fucoxanthin) were low at the region of the STC (0.4 d°
1, and higher at the STW and SAW end-members (1.7 and 1.3 d”', respectively) (Figure
33). Alloxanthin absolute growth rates were low on the STW side of the Chatham Rise
(0.29t0 0.38 d"), and higher at the Chatham Rise and on the SAW side (1.1 d’' at the

Chatham Rise, and 0.57 to 1.09 d”! in SAW) (Figure 31).

Principal Components Analysis

The principal components data set analyzed for the Twilight Cruise consisted of
the following variables: temperature (T, °C), salinity (psu), nitrate (NO3', pM),
phosphate (PO,>, uM), silicate (Si(OHy), pM), and iron (Fe, ng kg'; iron data from Boyd
et al., 1999). The first three components accounted for >98% of the variability of the
data. Iron was important in STW; nitrate and phosphate were important in SAW (Figure
36A). Plot of principal component 1 vs. principal component 3 showed silicate was
influencing variability of the stations at and near the STC (Figure 36B). No real trend
was detected with the plot of principal component 2 vs. principal component 3 (Figure

36C).



Table 15. Results of paired t-test of phytoplankton growth rates for Twilight Cruise (n =
4, o= 0.05). * = Statistically significant. NS = Not statistically significant. Paired t-test
means are determined by the difference between mean pigment concentrations of the two
stations of the pairing.

Pigment mean SE t p S/NS
Chlorophyllide a 454 453 -1.00 039 NS
Chlorophyll ¢3 -10.70 13.16 081 048 NS
19-Butanoyloxyfucoxanthin ~ -19.68 19.40 -096 0.41 NS
Fucoxanthin 723 7.16 101 039 NS
19-Hexanoyloxyfucoxanthin ~ 11.30 11.10 1.02  0.38 NS
Prasinoxanthin 10.05 2222 045 0.68 NS
Alloxanthin -37.68 0.72 -523 0.01 *
Chlorophyll b 091 1252 -007 095 NS

Chlorophyll a -042 198 -021 0.85 NS
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DISCUSSION

Phytoplankton, by virtue of their abundance and role in the biological pump, are a
critical component of global carbon flux. Phytoplankton assemblage composition
influences CO, exchange flux in the oceans as well as the biological pump (Verity and
Smetacek, 1996; Boyd and Newton, 1995). Knowledge of the phytoplankton assemblage
composition, its growth and loss rates, as well as temporal and spatial variations are
important for a complete understanding of the processes influencing marine
biogeochemical cycles.

The HPLC technique allows us to look at chemotaxonomic groups based on
pigments and thus phytoplankton assemblage structure. Similarly, the pigment labeling
method gives us an idea of bulk assemblage and individual taxon phytoplankton growth
rates. The STC is a particularly good region to examine assemblage composition and
growth rates, since there is a large degree of environmental variability at a mesoscale
level that may seasonally influence phytoplankton species composition and growth rates.
Satellite pigment images of this sector of the STC showed increased chlorophyll a
concentration during austral spring of 1998 (Figure 37A) when concentrations reached
up to 3 pug L, particularly when compared to images from austral summer (Figure 37B).
Both images show that, while the entire STC area had increased chlorophyll a
concentrations, patchiness was evident at the mesoscale level.

Although few studies have been conducted in this area of the STC, substantial

variation between austral spring and autumn has been observed. At the STC, organic cell
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carbon and chlorophyll a levels were up to 6-fold greater than in winter. In STW,

dinoflagellates dominated during winter, but diatoms were dominant in spring. But in
SAW, small-celled nanoflagellates were dominant during both seasons (Chang and Gall,
1998). Primary productivity was highest in spring and lowest in winter, with STC and
STW more productive than SAW (Gall et al., 1999). James and Hall (1998) observed
microzooplankton abundance was similar in all water masses in winter, and abundance
was significantly higher in spring. Results of this study clearly demonstrate significant
mesoscale variation of phytoplankton assemblage composition and growth rates during

spring.

Box Cruise, Austral Spring 2000

Phytoplankton Assemblage Composition

Pigment concentrations showed spatial variability at the STC east of New Zealand
during austral spring 2000. Chlorophyll a concentrations were significantly greater at the
STC, indicating higher autotrophic biomass at the STC when compared to either STW or
SAW end-members (Appendix IV-A). However, it should be noted that overall total
chlorophyll a values during the Box Cruise were rather low (about 0.1 to 0.4 pug L.
The chlorophyll a concentration spatial pattern correlated with fucoxanthin (Appendix
IV-N), suggesting that diatoms (and perhaps cryptophytes; see below) were responsible
for most of the biomass at the STC. The spatial distribution of diatom biomass was
confirmed by higher chlorophyll c1+¢2 concentrations in the area of STW to STC
(Appendix IV-E). Chlorophyll c1+c2 is found in diatoms, and is also found in

prymnesiophytes, chrysophytes, and dinoflagellates, but only in trace amounts (Jeffrey et
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al., 1997). CHEMTAX analysis showed that from 27-84% of the chlorophyll a at

Stations 1-6 was due to diatoms and cryptophytes, further supporting the above
conclusion (Table 8). Diatom cell abundance using epifluorescence microscopy
strongly supported the high amount of diatoms in STW but only weakly supported the
pigment data at the STC (Figure 14A).

Cryptophyte biomass (based on alloxanthin concentrations) was significantly
higher on the STW side of the STC (Appendix IV-F). Cryptophytes are mostly
nanoplanktonic flagellates. Cryptophytes can also be found in endosymbiotic
association with other organisms (i.e. the dinoflagellate Gymnodinium acidotum, the red
ciliate Mesodinium rubrum). Cryptophytes are very fragile and cannot be preserved with
normal fixation techniques. Thus, AODC data could not be used to confirm pigment
data; however, the use of HPLC allows us to more effectively determine cryptophyte
distribution (Jeffrey et al., 1997; Gieskes and Kraay, 1983). The 1993 study (Chang and
Gall, 1998) suggests the same pattern was seen at that time. Microzooplankton grazing
or export seemed to be controlling the spatial pattern of cryptophyte biomass (see
Discussion, Box Cruise Growth Rates, below).

Prasinophyte biomass (based on prasinoxanthin concentrations) was higher at the
STW end-member when compared to STC (Appendix IV-T). Comparison of
prasinoxanthin concentrations to the 1993 study (Chang and Gall, 1998) was not possible,
as prasinoxanthin was not quantified at that time.

It may be that macro- or micronutrient limitation is relieved at the STC where the
two water masses meet and diatoms (larger cells) are able to grow faster (Figure 33; sece

also Box Cruise Growth Rates, below). Nutrient molar ratios at a depth of 5-10 meters
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during Box Cruise showed phosphate was potentially limiting at Station 1, nitrogen was

potentially limiting at Stations 4 and 7, and silicate was potentially limiting at all other
stations (Stations 2, 3, 5, 6, 8-10) (Figure 38). The possibility of light limitation and iron
limitation also exist; however those data were not available for analysis.

The pattern of all other pigment concentrations with distance from the Rise was
not statistically different. However, the pattern was variable (high at the Rise, low at
both or one of the end-members, or low at the Rise and high at both or one of the end-
members), indicating high spatial variability of pigment concentrations at the study site
(Appendix IV, A-V, Table 7). Again, this may be due to macro- or micronutrient
limitation in both STW and SAW, with mixing at the STC relieving the limitation.

While cyanobacterial (zeaxanthin) biomass was low on the STW side of the
Chatham Rise (Appendix IV-V), CHEMTAX analysis showed increasing contribution
by cyanobacteria to chlorophyll a with distance from the STC (from 1% of total
chlorophyll a at STC to 23% at SAW end-member) (Table 14). This is confirmed by cell
abundance data (Figure 14D). Zeaxanthin concentrations may be due to
prochlorophytes, but this study was unable to consistently resolve and identify its marker
(divinyl chlorophyll @) to confirm prochlorophyte presence and concentration.
Prochlorococcus is ubiquitous in the world’s oceans; it often dominates phytoplankton
cell numbers in subtropical and tropical oceans. It can contribute
significantly to total pigment-biomass and can have high relative growth rates in the
Sargasso Sea (Goericke and Welschmeyer, 1993). Cyanobacteria are also ubiquitous,

and are most commonly found in tropical and subtropical waters (Jeffrey et al., 1997).



7 30
x @ N:Si
6 - —& - NP 4
\ - 25

A * o
o . N
R S e S .
N AN

°. A
.,\L o / pve o —~—— .
2 - — A / Lo
T Ao \ ......................... ................................. -5
0 T T | I T T T T T T 0
1 2 3 4 5 6 7 8 9 10
Subtropical STC Subantarctic
BOX CRUISE STATION

Figure 38. Nutrient molar ratios during Box Cruise, October 2000. Dotted line:

Redfield ratio for N:Si (1). Dashed line: Redfield ratio for N:P (16).

N:P ratio



99

DiTullio et al. (2003) found that the dominant algae at the STF (along 170°W)
during austral summer 1996 were haptophytes, i.e. chrysophytes (19-butanoyl-
oxyfucoxanthin and fucoxanthin) and prymnesiophytes (19-hexanolyoxyfucoxanthin),
pelagophytes (19-butanoyloxyfucoxanthin), and prasinophytes (prasinoxanthin).
Dominant algae at SAW included pelagophytes, haptophytes, and prasinophytes. These
phytoplankton assemblage compositions are different from those observed during this

study, but this is likely due to the different seasons.

Phytoplankton Growth Rates

Chlorophyll 5 (chlorophytes and prasinophytes) based growth rates appeared to be
higher on the SAW side of the STC (Figure 16). However, CHEMTAX analysis showed
chlorophytes contributed minimal amounts to chlorophyll a concentration, but
prasinophytes contributed 1-36% of chlorophyll a (Tables 8 and 9). Thus, prasinophytes
represented an overwhelming majority of the growth as measured by incorporation of
14C-label into chlorophyll . Chlorophyll b and prasinoxanthin concentrations showed
prasinophyte biomass was higher in STW (Appendix IV, C and T), but chlorophyll b
growth rates were higher in SAW (Figure 16). It is likely the SAW prasinophyte
biomass was growing faster, but their accumulation was precluded due to grazing and/or
export.

James and Hall (1998) concluded there was close coupling between
microzooplankton and phytoplankton during winter in this area of the STC, with

phytoplankton cells <20 pm being the primary food source. Grazing pressure was lower

during spring, but was greater on picophytoplankton (0.2 to 2 um fraction; 13-75% of
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picophytoplankton standing stock in 1993) when compared to total phytoplankton. In

STW, total phytoplankton growth was greater than grazing pressure, but grazing was
greater than picophytoplankton growth. Thus, it is likely that microzooplankton grazing
is controlling the biomass of the smaller sized fraction of the phytoplankton assemblage
(prasinophytes and prymnesiophytes in particular) in SAW.

Absolute growth rates based on alloxanthin (cryptophytes) were low in STW but
relatively higher on the SAW side of the Chatham Rise (Figure 17). However,
cryptophyte biomass was higher in STW (Appendix I'V-F), and CHEMTAX analysis
showed cryptophytes dominated on the STW side. As with prasinophytes (see above),
grazing and/or export mechanisms were probably important in controlling cryptophyte
biomass in SAW.

Growth rates based on fucoxanthin (diatoms) were relatively high across the
entire transect, but fucoxanthin concentrations were high at the STC and decreased at
both the STW and SAW end-members. CHEMTAX analysis shows diatoms co-
dominate (with prymnesiophytes) at the STC. It seems diatoms were being grazed and/or
exported at the end-members, but not at the STC. In addition, physical factors such as
stratification, may have been facilitating accumulation of diatoms at the STC.

The 19-hexanoyloxyfucoxanthin (prymnesiophytes) based absolute growth rates
were relatively high at all stations along the transect (Figure 20). However,
prymnesiophyte biomass was high at the STW side, reduced at the STC, and elevated
again on the SAW side (Appendix IV-0O). CHEMTAX analysis showed that

prymnesiophytes co-dominated at the STC, and dominated in SAW. Again, grazing
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and/or export are likely important in determining prymnesiophyte biomass at the STC at

the time of this cruise.

Box Cruise Conclusions

In summary, there were substantial spatial variations in pigment concentrations
during austral Spring 2000. Chlorophyll @ concentrations were higher at the STC when
compared to SAW or STW end-member stations, likely due to diatoms (weakly
supported by AODC data). There was a spatial shift in taxonomic dominance along the
north-south transect during this period. Prasinophytes and cryptophytes were prominent
in STW (supported by AODC photosynthetic nanoflagellate abundance counts), diatoms
and cryptophytes (larger cells) co-dominated at the STC, and cyanobacteria dominated in
SAW (weakly supported by AODC data). Thus, it appears that photosynthetic
picoplankton played an important role in this area of the STC. However, grazing
pressure and/or export flux may have affected the spatial distribution of prasinophytes,

prymnesiophytes, diatoms, and cryptophytes.

Twilight Cruise, Austral Spring 2001

Phytoplankton Assemblage Composition

There was a high degree of spatial variability of photosynthetic pigments east of
New Zealand during austral spring 2001 (Appendix VI, A-X). Prasinoxanthin
(prasinophytes), violaxanthin (chlorophytes and prasinophytes), alloxanthin
(cryptophytes), and chlorophyll b (chlorophytes, prasinophytes) were more concentrated
on the STW side of the Rise. However, CHEMTAX analysis of Twilight Cruise pigment

concentrations showed that the contribution to chlorophyll a by chlorophytes was always
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less than 1%. Thus the spatial pattern was likely due to prasinophyte and cryptophyte

biomass.

Much of the autotrophic biomass at and near the STC was due to diatoms.
CHEMTAX analysis of Twilight Cruise pigment concentrations showed the contribution
of diatoms to total chlorophyll @ was lower at the stations closer to STW and SAW end-
members, and much higher at the STC as well as the stations closest to the STC (up to
85% at Station 7). This pattern was reflected in fucoxanthin concentrations (Appendix
VI-P). AODC cell abundances also showed diatom abundance was high at stations
closest to the STC (Stations 4, 6 and 7) (Figure 26A). CHEMTAX analysis also showed
there was spatial change in taxonomic dominance of the phytoplankton assemblage along
the transect: prasinophytes and cryptophytes co-dominated on the STW side, and
diatoms dominated at the STC and in SAW. While they did not contribute a large
percentage to chlorophyll a, prymnesiophytes increased in importance towards the SAW
and the STW end-members.

The discrepancy in CHEMTAX results for the STC station using different
pigment ratios (northern vs. southern sections: Figures 17 and 18; Tables 13 and 14)
may be due to rapid temporal changes in phytoplankton assemblage composition, or to
the use of improper initial pigment ratios for CHEMTAX analysis. Nutrient data suggest
that phytoplankton were experiencing nitrate limitation at the area of the STC, since
ambient concentrations were less than reported half-saturation constants (<0.1 to 3 pM:
Chang and Gall, 1998). However, fucoxanthin concentrations indicate diatom biomass
was high at the STC. PCA showed that silicate concentrations were influencing the

variability of the STC station as well as the stations adjacent to it (Figure 21, A-C).
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COMPAH analysis showed the STC station assemblage composition was more similar to

those of SAW (COMPAH analysis was based on presence or absence of pigments at each
station). Therefore, at the time of the Twilight Cruise, CHEMTAX analysis using
southern pigment ratios for analysis of STC pigment concentrations may be more
accurate. In contrast, CHEMTAX analysis for the Box Cruise showed good agreement
between the two different results for the STC station, and COMPAH analysis showed
STW and SAW stations were more similar to each other than to the STC station. This
shift in assemblage composition is likely due to the high spatial and temporal availability

in this region of the STC.

Phytoplankton Growth Rates

Growth rates based on chlorophyll @ were low and showed little variability along
the cruise transect (Figure 27). However, growth rates based on fucoxanthin were low at
the Rise and high in both STW and SAW end-members (Figure 33). Pigment
concentration data suggest that chlorophyll a concentrations were dominated by
contributions from diatoms; AODC data show diatom abundance was higher at the STC
(Figure 26A). N:Si molar ratios were approaching 1:1 at stations 4-6, and there was
potential for silicate stress from Stations 2-4, 6 and 7 (average K; for silicate uptake by
diatoms is 2.3 pM; Chang and Gall, 1998) (Figure 39).

A paired t-test of temperature-corrected growth rates based on alloxanthin
(cryptophytes) was statistically significant (Table 15), with cryptophyte growth rates
significantly higher in SAW. However, cryptophyte biomass was higher in STW
(Appendix VI-H) (AODC data cannot be used to support these data; see Box Cruise,

Phytoplankton Assemblage Composition, above). While growth rates based on
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chlorophyll b (chlorophytes and prasinophytes) did not vary along the transect,

concentrations were higher on the STW side of the Chatham Rise. CHEMTAX analysis
showed the contribution of chlorophytes to chlorophyll a was very low (0-1%) at all
stations; therefore, chlorophytes were not contributing significantly to chlorophyll b
concentrations or growth rates. This is supported by prasinoxanthin data, which showed
growth rates were relatively constant along the entire transect, but pigment concentrations
were higher on the STW side. This same pattern was seen in growth rates based on 19-
butanoyloxyfucoxanthin (chrysophytes and prymnesiophytes). Again, CHEMTAX
analysis showed chrysophyte contribution to chlorophyll a was very low (0-1%), so this
pattern resulted from prymnesiophytes. Chlorophyll ¢3 (marker for prymnesiophytes)
concentrations reinforce this conclusion. Thus, grazing and/or export of cryptophytes,
prasinophytes, and prymnesiophytes are important in SAW in limiting biomass
accumulations.

Growth rates of the phytoplankton assemblage (based on chlorophyll a) were low,
and diatom growth rates were high at the STW and SAW end-members but low at the
Rise. There may have been nutrient (nitrogen) limitation at the Rise, and diatoms may
have been under silicate limitation stress. Nutrient molar ratios (depth of 10-20 meters)
during the Twilight Cruise suggested that silicate was limiting at all stations (Figure 39),
which in turn suggests that the diatom bloom may have entered senescence. Ratios of
chlorophyllide a to chlorophyll a also showed this may very well be the case (Figure 40).
Ratios were high at and near the STC station (1.6 at station 4, 1.2 at station 5).
Chlorophyllide « is found in senescent tissue (Jeffrey et al., 1997) and is a precursor

molecule for chlorophyll a (Meeks, 1974). Other studies (AESOPS) also have found
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significant levels of chlorophyllide a that seemed to increase with time after the

chlorophyll maximum (Bidigare, unpubl.)

Twilight Cruise Conclusions

High spatial variability in pigment concentrations was observed during austral
spring 2001, with all statistically different pigment concentrations (prasinoxanthin,
violaxanthin, alloxanthin, and chlorophyll b) higher in STW. There was a shift in
taxonomic dominance of the phytoplankton assemblage along the north-south transect of
this section of the STC: prasinophytes and cryptophytes dominated on the STW side,
diatoms were most common in the STC, and cyanobacteria dominated on the SAW side.
Although cryptophyte biomass was higher in STW, relative growth rates of cryptophytes
were greater (after correction for temperature) in SAW, indicating control of cryptophyte
biomass by grazing and/or export flux. Again, chlorophyll a biomass appeared to be
heavily influenced by diatoms. Nutrient limitation, high diatom biomass, and high
concentrations of chlorophyllide a at STC were indicative of a phytoplankton bloom in

its senescent phase.

Comparison of Box and Twilight Cruises

Environmental factors varied substantially between the two cruises. For example,
while nitrate values were about the same at the STC during both cruises, values at STW
and SAW stations during the Box Cruise were about the same as those during the
Twilight Cruise. Nutrient concentrations during austral spring 1993 (Chang and Gall,

1998) were higher than those during the Box (October 2000) and Twilight (October
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2001) Cruises, with the exception of silicate. Silicate concentrations were lower at the

STC during Spring 1993 (Table 16).

Pigment Concentrations

Pigment concentrations during both cruises showed spatial variation across the
transect. Box Cruise alloxanthin was the only pigment with statistically different
concentrations based on distance from the Rise. However, Tukey’s Multiple
Comparisons Test showed most quantified pigment concentrations of STW and SAW
end-members differed when compared to the STC station (STW vs. STC, SAW vs. STC),
as well as when compared to each other (STW vs. SAW) (Appendix IV, A-V).
Increased spatial variation of pigment concentrations was also observed during the
Twilight Cruise. Paired t-test analysis for pigment concentrations (n = 4, o = 0.05) was
significantly different based on distance from the Rise for prasinoxanthin, violaxanthin,
alloxanthin, and chlorophyll b, with concentrations higher on the STW side of the STC
(p <0.05).

There were differences on a temporal scale as well. Chlorophyll a concentrations
were much higher during the Twilight Cruise (Box Cruise was approximately 0.4 ug L
at the Chatham Rise, and Twilight Cruise was about 4.5 ng L™ at the Rise) (Figure 41).
Chlorophyll a concentrations were higher on the STW side during the Box Cruise, but
higher at the STC and on the SAW side during the Twilight Cruise. In addition,
fucoxanthin concentrations showed the same pattern (fucoxanthin contribution to
chlorophyll @ was higher during the Twilight Cruise) (Figure 42).

While no real trend is seen in peridinin (marker for dinoflagellates) concentrations

during the Box Cruise, concentrations were higher at the STC when compared to STW or



Table 16. Nutrient concentrations during austral spring 1993 (Chang and Gall, 1998),
2000 (Box Cruise), and 2001 (Twilight Cruise).

NITRATE, uyM PHOSPHATE, uM SILICATE, pkM
Spring  Spring  Spring Spring  Spring  Spring Spring Spring Spring
STATION 1993 2000 2001 1993 2000 2001 1993 2000 2001
ST 2.96 0.60 0.81 0.35 0.03 0.18 205 046 0381
STC 5.14 1.23 0.33 0.50 0.16 0.19 0.08 030 054

SA 16.71 2.85 2.81 1.30 0.31 0.34 3.20 1.13  0.88
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SAW during the Twilight Cruise (Figure 43). This same trend was also seen in

dinoxanthin (minor pigment in dinoflagellates). Dinoxanthin concentrations were low or
below detectible limits at the STC during the Box Cruise; however, higher concentrations
of dinoxanthin were seen at the STC when compared to STW or SAW during the
Twilight Cruise (Figure 44). AODC data weakly support this pattern (Figure 14B and
Figure 20B); however, this may simply be due to the lower numbers of dinoflagellates
(10%to 10° cells L), low sample volume, and random selection of counting fields. It is
possible that a shift from diatoms (in senescence phase of bloom during Twilight Cruise)
to dinoflagellates due to nutrient limitation was occurring at the STC during the Twilight
Cruise.

Dinoflagellate contribution to chlorophyll @ also varied on a temporal scale.
During the Box Cruise dinoflagellate contribution was higher at stations towards the end-
members; during the Twilight Cruise, contribution was higher at the Chatham Rise.
Again, this may have been due to a possible shift in taxonomic composition during the
Twilight Cruise (diatoms in senescent phase of bloom, shifting to dinoflagellates due to
nutrient limitation).

Differences in CHEMTAX results between cruises included a higher contribution
to chlorophyll @ in SAW by diatoms during Twilight Cruise when compared to the Box
Cruise. Cryptophyte contribution during the Box Cruise was about 20% at all stations.
However, cryptophyte contribution during Twilight Cruise was variable; at least 47% of
chlorophyll a was contributed by cryptophytes in STW, but low in SAW (about 20%).

Similarities between the two cruises were also observed. Paired t-tests for

alloxanthin concentrations were statistically different for both cruises, with
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Figure 43. Peridinin concentrations during both cruises.
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Figure 44. Dinoxanthin concentrations during both cruises.
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concentrations higher on the STW side. Alloxanthin concentrations (i.e., cryptophyte

biomass) were higher in STW during both cruises, probably due to grazing and/or export
flux.

Both cruises exhibited a shift in taxonomic dominance along the transect,
although the dominant taxa varied temporally. During the Box Cruise prasinophytes
were prominent in STW. There was a shift to diatoms/cryptophytes (larger cells) at the
STC, then to cyanobacteria in SAW. During the Twilight Cruise there was a shift in
taxonomic dominance of the phytoplankton assemblage from prasinophytes and
cryptophytes on the STW side to diatoms in the STC and SAW.

A previous study of the phytoplankton assemblage during austral spring 1993
(Chang and Gall, 1998) showed differences in pigment concentrations when compared to
the Box and Twilight cruises. During the 1993 study, chlorophyll » was higher in STC
and STW (0.11 and 0.065 pg L™, respectively; SAW concentration was 0.01 pg L.
Fucoxanthin was highest at STC and lowest in SAW (0.505 and 0.02 pg L', STW was
intermediate at 0.2 pg L"), and peridinin was highest in STW and lowest in SAW (0.05
and <0.01 pg L™ respectively; STC was intermediate at 0.01 pg LY. There is good
agreement between the spring 1993 findings and those of this study regarding the
contribution of diatoms and prymnesiophytes. However, peridinin concentrations were
higher at the STC when compared to STW or SAW during austral spring 2001 (Twilight
Cruise). In this study prasinophytes contributed between 8-36% of the chlorophyll a
concentration in STW during austral spring 2000, and between 2-20% in STW during
austral spring 2001. Prasinophytes were not quantified during the austral spring 1993

study.
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Phytoplankton Growth Rates

Phytoplankton assemblage growth rates (based on chlorophyll a) showed
temporal variation between the two cruises (Figure 45), and spatial variation only during
the Box Cruise. The Box Cruise phytoplankton absolute growth rates ranged from 0.1 d”
(station 3) to 1.18 d”! (near maximum growth rate at STC), but Twilight Cruise
phytoplankton absolute growth rates were less variable and low in comparison (0.3 to
0.57 d™"). The same trend is evident in the temperature corrected data. While no real
pattern was seen in diatom growth rates during Box Cruise (0.17 to 1.2 d™'), Twilight
Cruise diatom growth rates were much lower in the area of the STC (0.4 d™), particularly
when compared to either STW or SAW (1.7 and 1.3 d”', respectively). Twilight Cruise
fucoxanthin growth rates appeared to be limited by macronutrients (silicate), as their
growth rates were quite low at the time of this cruise (Figure 46). Again, this may be
indicative of senescence phase of a phytoplankton bloom during the Twilight Cruise.

Dilution experiments performed by James and Hall (1998) at this sector of the
STC were used to measure phytoplankton growth rates during Spring 1993. In STW
growth rates for the total phytoplankton assemblage were higher (0.59-1.02 d') when
compared to SAW (0.61 d™") or STC (0.14 to 0.85 d"). While growth rates for total
phytoplankton were high at the STC during the Box Cruise (austral spring 2000), they
were low during the Twilight Cruise (austral spring 2001). These data indicate there is

temporal variability of growth rates at this sector of the STC.
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Figure 45. Growth rates based on '*C labeling of chlorophyll a during both cruises.
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SUMMARY AND OVERALL CONCLUSIONS

It appears this region of the STC is highly dynamic, with pigment concentrations,
phytoplankton assemblage structure, dominant taxa, and growth rates fluctuating even
during spring. Specifically, photosynthetic picoplankton play an important role in this
sector of the STC. These mesoscale changes are a function of the temporal and spatial
variability of the region during austral spring. The dynamic nature of this sector of the
STC may be due to the two very different water masses mixing within a very short
distance (150 km) because of the bathymetry of the Chatham Rise. STW has lower levels
of macronutrients (nitrate, silicate, phosphate) and higher levels of micronutrients (iron),
but SAW have high levels of macronutrients and low levels of iron. The area “is a region
of stirring with warm and cold plumes of frontally modified water intertwining”, with
stirring strongest at the surface (Sutton, 2001). Phytoplankton growth rates may be
dependent upon availability of nutrients, which is determined in part by the intensity and
spatial variability of stirring. However, for the most part growth rates of various
phytoplankton taxa were not different with distance from the Chatham Rise. There is
high variability on temporal and spatial scales in this sector of the STC; thus, finer

resolution of both is needed to better characterize this area of the STC.
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Appendix I. Equations for Calculation of Growth Rates and Photoautotrophic Biomass
(Redalje 1993).

Variables required for calculation of photoautotrophic p and Cp:
e DIC, the concentration of dissolved CO, (ug L™); 24,000 mg C m™ for seawater
S’ the activity of '*C added to the sample (dpm L)
A" the particulate '*C for the experiment (dpm L)
Mchi, the mass of HPLC chlorophyll a peak (p1g)
M e, the blank corrected activity of the HPLC chlorophyll a peak (dpm)
t, the length of the incubation (h)

Calculation of I*:

I' (dpm pg C)=S"/DIC

Calculation of the C-Specific Activity of chlorophyll a:
R” (dpm pg C') = M’en / (0.74)(Men)

where 0.74 is the fraction of the molecular weight of chlorophyll a contributed by C.

Calculation of Photoautotrophic Community p:

p (time™) = - (1/t) In(1 - [1.05 R"/T'])

where 1.05 is a correction for the '*C-isotope discrimination effect.

Calculation of the Photoautotrophic Biomass at the End of the Incubation (C,) and
at the Beginning of the Incubation (C,,):

To calculate C,:

Co(ugC LY=A"/R'q

Since C,, can be related to C, by the equation:

Cp=Cpo e

rearrangement of this formula can be used to determine Cp :

Cpo (g CL) =1In" (In C, — [ut])
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Appendix II. Conversion factors from old column to new column.

molecular
Conversion factor, weight of

Pigment old to new column pigment %C
Chlorophyll al 1.5668 893.50 0.74
Chlorophyll a2 1.2287 891.48 0.74
Chlorophyll 51 0.6403 907.49 0.73
Chlorophyllide al 0.7470 614.97 0.68
Chlorophyllide a at 505 nm 0.7470 614.97 0.68
Chlorophyll c1+¢2 1.7242 0.69
Chlorophyll ¢3 at 440 nm 0.9098 652.95 0.66
Chlorophyll ¢3 at 454 nm 0.9098 652.95 0.66
Chlorophyll 3 at 505 nm 0.9098 652.95 0.66
Pheophytin al 0.7593 871.21 0.76
Pheophytin a2 0.7500 869.00 0.76
Pheophytin b1 0.7500 885.20 0.75
Alloxanthin 0.8880 564.85 0.85
Antheraxanthin 0.7984 584.88 0.82
19-Butanoyloxyfucoxanthin 0.6743 745.01 0.74
Bp-Carotene 0.5189 536.88 0.89
Be-Carotene 0.3140 536.88 0.89
Canthaxanthin 0.7500 564.85 0.85
Diadinoxanthin 0.4874 582.86 0.82
Diatoxanthin 0.6004 566.87 0.85
Dinoxanthin 0.3716 642.92 0.78
Fucoxanthin 0.5833 658.92 0.76
19-Hexanoyloxyfucoxanthin 0.7365 773.06 0.75
Lutein 0.3347 568.88 0.84
Monadoxanthin 0.7500 566.87 0.85
9'-cis-Neoxanthin 0.7500 600.88 0.80
Peridinin 1.6163 630.82 0.74
Prasinoxanthin 0.7500 600.88 0.80
Violaxanthin 0.6877 600.88 0.80

Zeaxanthin 0.9991 568.88 0.84
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