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ABSTRACT

The thesis was designed to address two themes: (1) sediment trap methods and technique
development; and (2) oceanic sediment fluxes within the Chatham Rise-Subtropical
Convergence ecosystem, east of New Zealand. Accordingly, the principal objectives of Theme
1 were to design, construct and deploy a sediment trap system for sampling sinking marine
particles and to evaluate hydrodynamic biases in sediment traps from field studies. Theme 2
focuses on biological and physical processes affecting modern particulate sedimentation in the
vicinity of the Subtropical Convergence Zone, and the magnitude and composition of

particulate fluxes within the Chatham Rise-Subtropical Convergence region.

An overall conservative strategy was adopted for the sediment trap design criteria since critical
aspects of the bio-physical environment of Chatham Rise-Subtropical Convergence were poorly
known. A multiple arrangement of 8 to 12 baffled cylindrical traps deployed at set water depths
on free-floating sediment trap arrays was the preferred design. Basal high density brines with
formalin as a poison/preservative were employed for deployments scheduled to last 2-3 days in
the winter and spring of 1993. Pilot studies in autumn 1992 and 1993 allowed practicalities of
sediment trap deployments to be evaluated. Field experiments in Evans Bay, Wellington
Harbour, showed that there were minimal hydrodynamic interactions between traps on the same
array. Furthermore, baffles did not significantly affect trapping efficiency, whereas brine
volume had a profound effect. In the latter case, traps filled completely with a high-density salt
brine collected 2-3 times less material than traps with basal brine thicknesses equal in height to

1- and 2.5-cylinder diameters.

The resultant free-floating sediment trap arrays were deployed as part of the multi-disciplinary
New Zealand Joint Global Ocean Flux Study (JGOFS) in winter and spring 1993. This study
was designed to determine the trophic pathways and transferal rates of carbon within pelagic
food webs in contrasting water masses (subantarctic and subtropical) on either side of the
Subtropical Convergence. The sediment trap work was undertaken to evaluate the efficiency of

the “biological pump” in removing particulate material from the surface layers of the ocean, as
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part of Theme 2 of the thesis. Despite substantial temporal and spatial differences in physical
and biological parameters measured in subantarctic, convergence and subtropical waters, total
mass and particulate phosphorus fluxes were not significantly different across the three water
types in winter or spring. High levels of variability between trap samples are attributed to
errors associated with subsampling procedures; a problem that appears to be widespread in
other, more exhaustive sediment trap experiments in oligotrophic environments. In order to
improve the statistical power of the experiments, more than two free-floating sediment trap
moorings are required in similar studies to discriminate between water type differences.
Particulate fluxes appeared to be decoupled from upper ocean primary production, and in the
case of deployments within the Subtropical Convergence, affected markedly by resuspension of
bottom sediments from the crest of Chatham Rise caused probably by strong tidal currents that
are known to operate across the Rise.

The presence of photosynthetic pigments in trap samples from 100 to 550 m depths suggests
that sinking material must be transported rapidly out of well lit surface waters, probably as
intact marine aggregates or mesozooplankton faecal pellets. The low concentrations of
phaeopigments, normally attributed to zooplankton grazing or algal senescence, suggest that
organic material has not been degraded in the upper ocean prior to sinking. This observation is
perhaps attributable to the aforementioned rapid sedimentation, or the occurrence of unbleached
pigments preserved in faecal pellets due to low conversion rates of chlorophyll a to
phaeopigments in zooplankton guts. Furthermore, low rates of pigment export as a function of
phytoplankton biomass and primary production (<5%) suggest that other processes were
operating in the upper water column to prevent pronounced sedimentation of organic material
out of surface layers. Microzooplankton grazing of organic material is likely to be important in
preferentially increasing particle residence times in the upper ocean. This mechanism may be
concomitant with other processes including bacterial decomposition, mesozooplankton foraging

activities and shallow surface stratification, especially in spring.

The Southwest Pacific Ocean is recognised as an important regional, probably biologically
mediated sink for atmospheric carbon dioxide. Sediment trap results from Chatham Rise-
Subtropical Convergence are statistically ambivalent in terms of assessing the efficiency of the
“biological pump” in removing carbon in organic material from the upper ocean by sinking

processes. However, the persistence of undegraded pigmented material at 550 m depth, the
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continental margin affinities suggested by relatively high mean mass fluxes, and the observation
that particulate carbon can comprise up to 40% of mass flux, all suggest that “biological pump”

efficiency is also enhanced in this region.

More work is required, however, to determine the temporal and spatial variability of particulate
fluxes in the Southwest Pacific Ocean in order to develop an understanding of how the
“biological pump” functions in this region. Future studies will have to overcome the statistical
design criteria suggested by the present study (i.e., three or more free-floating arrays to be
deployed at any one time), and should investigate the collection of longer time-series
measurements made possible by the use of deep ocean, bottom-moored, time-incremental
sediment traps. In order to fully understand sediment trap interpretations, contemporaneous
measurements of food web structure and processes must also be made in an oceanic region

largely devoid of extensive biological oceanographic data-sets.

In conclusion, despite the shortcomings of the sediment trap method (i.e., hydrodynamic biases,
zooplankton contamination, lack of independent calibration), traps remain the only technique
available to the oceanographic community that provides a quantifiable measurement of export
fluxes from the upper to deep ocean. Until modern technology develops a truly neutrally
buoyant sediment trap system with zooplankton exclusion devices, relatively simple sediment
trap arrays, as utilised by the present study, will continue to provide the best initial estimates of

oceanic particulate fluxes from previously uncharacterised regions of the global ocean.
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Chapter 1

INTRODUCTION

1.1. The oceanic carbon cycle and the biological pump
1.1.1. The global carbon cycle and relationships to oceanic processes

The oceanic reservoir of dissolved and particulate carbon is the most significant of the
global carbon reservoirs, comprising an estimated 40 000 Gt (where 1 Gt = IOISg) or
93.4% of the total global carbon pool (Siegenthaler & Sarmiento, 1993) (Fig. 1.1).
These values are compared with 600 Gt of CO, in the pre-industrial (<1750 A.D.)
atmosphere and 2170 Gt of carbon stored in terrestrial ecosystems. The effect of
deforestation and fossil fuel burning by humans since industrialisation has been to
increase the concentration of CO, in the atmosphere by 3.2 to 3.4 Gt C y™ (Siegenthaler
& Sarmiento, 1993; Sarmiento, 1995; Wallace, 1995). The oceans are thought to have
responded to this anthropogenic perturbation by absorbing approximately 2.0 Gt more
carbon on an annual basis (Siegenthaler & Sarmiento, 1993), which is about a third of
all global carbon emissions (Tans et al., 1990; Wallace, 1995). By taking into account
all of the important sinks and sources for CO,, there is an apparent deficit in the global
carbon cycle of about 1.8 Gt C y'l, which has been a topic of continued controversy as
to its actual size and location. Many carbon cycle modelers favour a large terrestrial
sink (e.g., Tans et al., 1990; Hesshaimer et al., 1994; Ciais et al., 1995; Denning et al.,
1995; Francey et al., 1995) whereas others have presented evidence for an oceanic sink
(e.g., Keeling & Heimann, 1986; Keeling et al., 1989; Broecker & Peng, 1992; Keeling
& Shertz, 1992; Sarmiento & Sundquist, 1992; Siegenthaler & Sarmiento, 1993).
Notwithstanding these uncertainities, the magnitude of the oceanic carbon pool
suggests that fluxes of various reduced and oxidised variants of carbon will affect

profoundly global biogeochemical cycles.



Up to 90% of oceanic carbon takes the form of the dissolved bicarbonate ion with most
of the balance made up in carbonate ions according to the following equilibrium

reactions (e.g., Baes et al., 1985; Millero, 1995):

CO, (g) = CO; (aq) [eqn. 1]
CO, (aq) + H,O = H,CO; (aq) [eqn. 2]
H,CO; (ag) =H' + HCOy [eqn. 3]
HCO; =H' +CO;> [eqn. 4]

The exchange rate of gaseous CO, in the atmosphere with the surface waters of the
ocean is rapid, with full equilibration of the global surface ocean occurring in
approximately one year (Broecker & Peng, 1982). The air-sea transfer of CO, is driven
by partial pressure differences between atmospheric and oceanic concentrations of CO,
(pCO,™ and pCO,™, respectively). The solubility of CO, in sea-water is affected
primarily by pressure, salinity and temperature (Baes et al., 1982; Millero, 1995), such
that at lower temperatures the capacity of sea-water to absorb higher concentrations of
atmospheric CO, is increased by 3-4% per °C of cooling (Sarmiento & Sundquist,
1992). The physical transfer of atmospheric CO, into the upper ocean is facilitated by
other factors, such as turbulence (and, hence, is dependent on wind speed; Tans et al.,
1990) and bubble formation by breaking waves (Woolf, 1993), and by biological

processes such as photosynthesis.
1.1.2. The biological pump and uptake of atmospheric CO, by the ocean

During biological fixation, CO, is converted from its dissolved states as inorganic (DIC
= [H,CO, ] + [HCO; ]+ [CO32' 1) and organic (DOC) carbon to reduced particulate
forms in the euphotic zone by biological uptake by marine plants (phytoplankton)
during photosynthesis. Particulate and dissolved carbon are then transformed by
processes of respiration and oxidation during the consumption of carbon in the upper
ocean by other components of the food web, namely microbial and zooplankton
elements. Volk & Hoffert (1985) conceptualised the processes involved in the so-

called “biological pump” as either “soft-tissue” or “carbonate” components, with the
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former associated with photosynthetic mechanisms and the latter with shell carbonate
formation by marine protozoa. Photosynthesis and carbonate formation can be

represented stoichiometrically by the following respective equations:

106CO, + 16NO;” + H,PO, + 17H" + 122H,0
— (CH,0),06(NH3);6(H;PO,4) + 1380, (g)  [eqn. 5]

Ca”" +2HCO; = CaCO; (s) + CO, + H,0 [eqn. 6]

These processes affect pCO,™ in opposite senses, with photosynthesis driving the
oceanic uptake of atmospheric CO, and carbonate precipitation having an ambiguous
effect on pCO,***, but generally leading to an increase in pCO, (e.g., Robertson &
Watson, 1993; Gattuso et al., 1995, and references therein) and a reduction in the total
alkalinity (TA) of surface waters (where TA = [HCO; | + 2[CO32' ]; Baes et al., 1985).

Ultimately, it is the complex balance between physical and biological processes in the
world’s oceans that determines the relative uptake of atmospheric CO,. Thus, regions
of the earth’s surface can be regarded as representing on average either CO, sources,
such as the equatorial zones, or CO, sinks, such as at mid- to high latitudinal areas (e.g.,
Takahashi & Azevedo, 1982; Baes et al., 1985) (Fig. 1.2A). Despite considerable
controversy regarding the magnitude of the oceans as a global sink for CO, (e.g.,
Keeling et al., 1989; Tans et al., 1990; Broecker & Peng, 1992; Sarmieto & Sundquist,
1992; Siegenthaler & Sarmiento, 1993; Hesshaimer et al., 1994; Ciais et al., 1995), a
“best-guess” estimate of 2.0+0.6 Gt y'l of carbon is transferred as CO, across the air-
sea interface on a global basis (Siegenthaler & Sarmiento, 1993). This figure has been
recently revised by Sarmiento (1995) to 1.5+£0.5 Gt y'l. Surface waters of the Southern
Ocean (>40°S) are a potential natural sink of atmospheric CO, on the basis of their
relatively cold temperatures, compared with waters in equatorial regions, and their
highly productive nature as suggested by a few primary production measurements (e.g.,
Bradford, 1980a, b; Knox, 1994) and by ocean colour satellite interpretations (e.g.,
Comiso et al., 1993; Sullivan et al., 1993). Studies by Takahashi & Azevedo (1982)
and Murphy et al. (1991) have highlighted the importance of the Southwest Pacific



Ocean as a regional sink for CO, with ApCO, deficits of less than -20 patm (where
ApCO, = pCO,™ - pCO,™) (Fig. 1.2). Similarly, Currie & Hunter (1997) show that
waters to the east of New Zealand are a weak to moderately strong sink (-10 to -110
patm) in spring, especially in the vicinity of the Subtropical Convergence (STC) at
about 43°S. Whether the observed ApCO, deficit in the Southwest Pacific Ocean is due
to physical solubility or biological effects has not been fully evaluated. Murphy et al.
(1991) concluded that the -10 to -40 patm deficit observed in autumn during their study
was more likely to have a biological origin as reflected by elevated surface ocean
pigment concentrations (from satellite imagery, e.g., Comiso et al., 1994) and enhanced
production within the STC (e.g., Bradford, 1980a, b, 1983). Strong seasonal and
interannual variability in the magnitude and sign of ApCO, are expected, however, from
similar studies conducted in the southwestern Indian sector of the Southern Ocean (e.g.,

Poisson et al., 1994).
1.1.3. The role of the Southern Ocean in air-sea fluxes of carbon

Despite favouring a northern hemisphere terrestrial, rather than oceanic, sink for CO,,
Tans et al. (1990) clearly show that the oceanic areas at southern latitudes (15°-50°S)
have the potential to absorb an estimated 1.1-2.3 Gt Cy" compared with other oceanic
sinks such as the North Atlantic and Pacific oceans (both less than 1.4 Gt C y'l; table 3,
p. 1435). Inversion studies using 2-dimensional atmospheric transport models also
predict a similar effect of elevated CO, uptake at southern latitudes which follows
expected seasonality trends related to the seasonal growth and decline of marine
phytoplankton (e.g., Enting & Mansbridge, 1989). Broecker & Peng (1992) proposed
that the pre-industrial south to north hemispherical transportation of atmospheric CO,
(e.g., Keeling & Heimann, 1986) would have been balanced by a counter flow of
carbon within the deep ocean circulation of the Atlantic Ocean. They estimated that
about 0.6 Gt C y'l was exported into the Southern Hemisphere, which Sarmiento &
Sundquist (1992) surmised would be effluxed into the atmosphere from the sea at high
southern latitudes. Sophisticated modelling using a zonally averaged global circulation
model led Stocker et al (1994) to conclude that 30% of excess anthropogenic carbon in

CO, was absorbed by the surface waters of the Southern Ocean (>45°S), compared with
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only 10% in the North Atlantic; both observations were ascribed to the effect of deep
convection in these regions. On a global scale, however, the zonal partitioning of
atmospheric CO, using 8"C measurements suggests that, although the oceans between
30 and 90°S can be a prominent sink, accounting for 1.0-1.1 Gt C y'l, the most
significant sink was at northern hemisphere latitudes (30-90°N) in 1991-92 when fluxes
were in the order of 3-4 Gt C y~1 (Ciais et al., 1995). Since oceanic influences are
limited over this northern latitudinal range, the sink in 1991-92 was therefore probably

related to a temperate latitude terrestrial sink (e.g., Tans et al., 1990).
1.1.4. Role of particulate fluxes in global carbon cycle

The near-equilibrium situation that exists between the surface ocean and the
atmosphere (e.g., Baes et al., 1985) suggests that one of the important mechanisms in
the functioning of the oceanic carbon cycle is the rate at which dissolved and particulate
carbon is removed from surface waters and transported to the deep ocean. Intermediate
and deep ocean water masses form the most significant reservoir of carbon in the ocean
(approximately 38 000 Gt C, or 97% of the total pre-industrial carbon ocean pool,
Siegenthaler & Sarmiento, 1993) (Fig. 1.1), and the removal of carbon from surface
waters represents effectively a “loss” from the pool of carbon that may be exchanged
freely between the ocean and the atmosphere. Energy and metabolic requirements of
organisms below the euphotic zone (defined as the depth of the 1% level of light in the
ocean) and at the sea-floor are determined by the supply of dissolved and particulate
phases of carbon from the upper to the deep ocean. While surface waters equilibrate
rapidly with the atmosphere, the rate determining step in the dynamics of oceanic CO,
uptake is the rate at which dissolved CO, and its various reduced and oxidised forms
are transported vertically downwards into the deep ocean by diffusion, advection
(Toggweiler, 1989) and particulate matter transfer (Peterson, 1981) . The mechanisms
of diffusion and advection have equilibration time-scales with the atmosphere of about
1000 years (Siegenthaler & Sarmiento, 1993), whereas the transport of particles to the
deep ocean operates on scales of days to months. Mechanisms of particle formation in
sea-water are conceptualised in Fig. 1.3. Sinking of primary particles (e.g.,

phytoplankton, microzooplankton, inorganic material) may contribute directly to



particulate fluxes. It is generally perceived, however, that aggregation of these
particles, via physical coagulation mechanisms and consumption by other organisms,
enhances sinking rates of organic material from the upper ocean (e.g., McCave 1975,
1984b; Honjo, 1978, 1980; Knauer et al., 1979; Fowler & Knauer, 1986; Martin et al.,
1987; Karl et al., 1991a). Particle aggregation by consumption is characterised by the
formation of tests, carcasses, moults and faecal material by zooplankton. The multiple
sources and dynamic pathways by which particles may be transformed and modified
(Fig. 1.3) suggest that particulate transfer from the upper ocean to the deep sea is not a
simple process, but is the result of a combination of numerous, complex, interrelated

steps that characterise food web functioning and structure in the ocean.

As outlined by Longhurst’s (1991) summary of the “biological pump”, particulate
transfer processes in the world’s oceans include active vertical migration of
zooplankton (Angel, 1989) and phytoplankton (Villareal et al., 1993), and gravitational
settling of organic and inorganic matter (McCave, 1975, 1984b). The global
significance of diel zooplankton migration was evaluated by Longhurst (1991) who
proposed that this process may be capable of transporting up to 30% of sinking flux
across the thermocline, in addition to contributions made at mid-water depths by
excretion, respiration and over-wintering trends. In a subsequent paper, however,
Longhurst & Williams (1992) concluded that on a global scale this effect was probably as
small as 0.01-0.02 Gt C y'l, or about 0.1% of the total sedimentary flux of carbon. In
addition, it is apparent that considerable variability occurs at different oligotrophic sites
with Dam et al. (1995), for example, estimating that between 18-70% of exported carbon

could be accounted for by this mechanism in the Sargasso Sea.

Ultimately, therefore, it is the rapid downward vertical transport of particulate material at
daily sinking rates of higher than 100 m (Fowler & Knauer, 1986) that has the most
significant impact on the efficiency of the biological pump at removing particulate carbon
from the surface waters of the ocean. Peterson (1981) suggested an annual “baseline” or
“pre-anthropogenic” rate of only 2-3 Gt C, which he used to question the importance of
particulate transport in the global carbon cycle. More recent work, however, has indicated

that the magnitude of total particulate carbon export is poorly known with fluxes ranging
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from 2 to 20 Gt C y'l (Suess, 1980; Betzer et al.,1984; Martin et al., 1987, Siegenthaler
& Sarmiento, 1993, Iverson & Esaias, 1995; Karl et al., 1996). Steady-state scenarios
(on the order of months to years) have been used previously to relate sedimentary flux to
the amount of new production occurring in the world’s oceans (e.g., Eppley & Peterson,
1979; Knauer et al., 1979; Martin et al., 1987). New production is defined as the
proportion of primary autotrophic production available for export which is balanced by
the introduction of all sources of nitrogen (e.g., Dugdale & Goering, 1967; Eppley &
Peterson, 1979). Since nitrogen in marine particulate material is related
stoichiometrically to carbon in the form of the average Redfield ratio C:N:P = 106:16:1
(Fleming, 1940; Redfield et al., 1963; see eqn. 5), estimates of new production have been
made using sediment traps deployed below the euphotic zone or mixed-layer (references
above). In addition, the ratio of nitrate-based new production to total primary production
(termed the f-ratio, Eppley & Peterson, 1979) also provides insights into the balance
between the source of nutrients available for autotrophic production and the downward
flux of particulate material. The highest rates of degradation and dissolution of particulate
material occur in the uppermost 200 m of the water column (e.g., Knauer et al., 1979;
Martin et al., 1987) (Fig. 1.4) and are believed to be related empirically to water depth (z)
and primary productivity (PP) via various non-linear power functions that have been

devised over the last 15 years, including:

(1) C flux (z)= PP/0.0238z + 0.212 (*=0.79, Suess, 1980)

(2) C flux (z) =a.PP"*/z%® where log a = -0.388+0.585 (Betzer et al., 1984)
(3) C flux () = 3.5232°7*PP" % (:’=0.69; Pace et al., 1987)

(4) N flux (z) = 0.4322"*3PP"1? (12=(.76; Pace et al., 1987)

In oligotrophic waters, however, the f-ratio typically exhibits considerable variability,
with ranges of 0.03 to 0.84 reported by Platt & Harrison (1985). A recent study by
Knauer et al. (1990) indicated that while no obvious relationship existed between new
production and primary production, low f-ratios generally corresponded with times of
high total primary production and low export flux. In addition, existing paradigms
concerning the empirical relationship between the sedimentary flux of particulate organic

carbon out of the upper ocean and near-surface autotrophic primary production (e.g.,
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Eppley & Peterson, 1979; Suess, 1980; Hargrave, 1985; Pace et al., 1987) has been
challenged seriously by the recent presentation of time-series data collected at
oligotrophic sites near Hawaii and Bermuda since 1989 (e.g., Lohrenz et al., 1992; Kar] et
al., 1996; Michaels & Knap, 1996). At these sites over 5-6 years of monthly monitoring,
there was only a weak correlation between export and primary production of carbon (Fig.
1.5), despite close pelagic-benthic coupling observed at Bermuda in the first 2 years of the

sampling programme (Asper et al., 1992).
1.1.5. Fate of sinking particulate material

Between 1-3% of primary production and less than 10% of particulate organic carbon
exported from the upper surface waters of the ocean reaches the sea-floor where a
significant proportion of this material (approximately 66%) 1s consumed and oxidised
rapidly by benthic organisms (e.g., Berger et al., 1989; Siegenthaler & Sarmiento, 1993).
Thus, the distribution of benthic community biomass and structure (i.e., feeding
behaviour) is determined ultimately by the supply of organic material to the sea-floor
(e.g., Hinga et al., 1979; Rowe, 1983, Jumars & Wheatcroft, 1989) with the organic
supply exhibiting considerable heterogeneity on many temporal and spatial scales. Once
at the sea-floor, particulate material, generally in the form of biogenic opal, carbonate and
organic carbon (>80%; Dymond & Collier, 1988), is degraded or transformed by
biologically mediated processes, such as bacterial and protozoan metabolism (e.g.,
Gooday, 1988), benthic consumption (e.g., Pfannkuche & Lochte, 1993; Smith et al.,
1994) and bioturbation (e.g., Smith et al., 1994) or physical mechanisms, such as
resuspension (e.g., Lampitt, 1985) and geochemical transformations in early diagenesis
(e.g., Reimers, 1989). A recent summary of organic carbon distribution in bottom
sediments of the world’s oceans indicates that approximately 60-70% of particulate
organic carbon flux to the deep ocean occurs within 30° latitude of the equator and that
flux rates in the Atlantic and Pacific ocean basins are similar while highest rates occur in

the Indian Ocean (Jahnke, 1996).

The highest proportions of sedimentary organic carbon (generally <2.5% by weight) and

burial rates (up to 55 mmol C m™ v or 660 mg C m” y'l) are found along continental



margins (Jahnke, 1996), where it is estimated that up to 50% of organic carbon that is
exported to the adjacent open ocean may have an anthropogenic source (i.e., 0.4-0.5 x 10°
tons C y'1 of an estimated total of 10° tons C y™'; Walsh, 1989). Organic carbon input to
the global ocean from continental erosion is estimated to be about 0.4 Gt C y™! with 45%
of this amount in particulate form (Ludwig et al., 1996). The distribution of sedimentary
inorganic carbon in the form of calcium carbonate is also highest along the margins of
ocean basins, although the relatively low percentages in deep ocean sediments by weight
(<1%,; Jahnke, 1996) are a reflection of the pressure-related dissolution of calcite below
water depths of about 4500 m for the Atlantic, Pacific and Indian oceans (Broecker &
Peng, 1982). This simple relationship, however, is modified further by the effect of deep
ocean respiration, which is stronger in the Pacific compared with the Atlantic Ocean,
resulting in better preservation of deep-sea carbonates in the less acidified waters of the

Atlantic (Archer, 1996).

1.1.6. Summary of the potential role of the Southern Ocean and regional particulate

Sfluxes to the global carbon cycle

In summary, the waters of the Southern Ocean are believed to act as a significant
natural sink for atmospheric CO,, accounting for 1-2 Gt of carbon transported across
the air-sea interface on an annual basis. In addition, modelling work suggests that 30%
of excess anthropogenic atmospheric CO, could potentially be absorbed by the
Southern Ocean. Spatially and temporally, it is expected, however, that certain regions
of this vast oceanic province will act as both sources and sinks for atmospheric CO,.
One of the critical rate-determining steps in the global carbon cycle is the rate at which
carbon is removed from surface layers and transported to the deep ocean. An important
process in this step is the sinking and transformation of particles in the form of
inorganic and organic carbon (i.e., as carbonate and/or organic material). Since the
waters to the east of New Zealand exhibit pronounced deficits in ApCO, (i.e., the
oceans act as a sink for atmospheric CO,) at certain times of the year (e.g., Takahashi &
Azevedo, 1982; Murphy et al., 1991; Currie & Hunter, 1997), it is necessary to
investigate particulate fluxes in this region to determine whether the efficiency of the

“biological pump” in sequestering atmospheric CO, 1is similarly enhanced.
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Consideration of particulate fluxes in water masses either side of a globally important
ocean frontal zone, the Subtropical Convergence, may enable broad comparisons to be

drawn with other similar regions of the Southern Ocean.

1.2. Objectives of thesis and thesis format

Biological oceanographic studies within the New Zealand region in the past were
concerned primarily with descriptions of phytoplankton and zooplankton assemblages
and their spatial distributions as related to regional physical features (e.g., Heath &
Bradford, 1980; Bradford, 1983). Little information on the rate of organic matter
production and the subsequent fate of this material has been conducted, except in
waters off the west coast of South Island where primary production, nutrient
regeneration and uptake rates and microbial processes have been described. (e.g.,

Bradford & Chang, 1987; Hall et al., 1993; Chang et al., 1995).

In 1992, a scientific programme was developed at New Zealand Oceanographic
Institute (NZOI, now National Institute of Water & Atmospheric Research Limited
(NIWA)) to investigate the fluxes of carbon between the main components of pelagic
oligotrophic ecosystems in New Zealand waters, under the auspices of the New Zealand
Joint Global Ocean Flux Study (JGOFS). The principal objective of JGOFS is to
evaluate the effect of biological processes on carbon sequestration by the world’s
oceans. Major field work initiatives by JGOFS-affiliated scientists have been
undertaken in the North Atlantic (e.g., Lochte et al., 1993), Arabian Sea (e.g., Nair et
al., 1989), equatorial Pacific (e.g., Murray et al., 1995; Karl et al., 1996) and Sargasso
Sea (e..g., Michaels and Knap, 1996). Prior to 1992, no JGOFS work had been
undertaken in the Southern Ocean, with scientists affiliated to the United States of
America JGOFS programme not scheduled to conduct field work until 1996 to 2000.
The absence of any integrated information on pelagic food web dynamics and carbon
cycling in the Southwest Pacific Ocean sector of the Southern Ocean in 1992 provided
the main focus of the planned New Zealand JGOFS research voyages in 1993. Of
particular relevance to this thesis was a lack of data on the rates at which organic

material is exported from surface waters in the Southwest Pacific region, which
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necessitated the instigation of a sediment trap sampling programme upon which the

present study is based.

As a consequence, the organisation of the thesis is based around two primary themes:
(1) sediment trap methods and technique development (remainder of Chapter 1 and
Chapter 2); and (2) oceanic sediment fluxes east of New Zealand and relationships to
the Chatham Rise-Subtropical Convergence ecosystem (Chapters 3, 4, 5 and 6).

Accordingly, the main objectives of the thesis are:

(a) To design, construct, test and deploy a sediment trap system for sampling

sinking marine particles (Theme 1);

(b) to evaluate hydrodynamic biases in sediment traps from field studies (Theme 1);

(©) to assess biological and physical processes affecting modern particulate
sedimentation in the vicinity of the Subtropical Convergence, east of New

Zealand (Theme 2); and

(d) to characterise the nature and composition of particulate fluxes within the

Subtropical Convergence zone in the Southwest Pacific region (Theme 2).

The main study area is located in oceanic waters to the east of New Zealand in the
vicinity of the Subtropical Convergence (STC), a globally significant oceanic front that
is confined geographically in this region along the crest of the submarine ridge forming
the Chatham Rise (Fig. 1.6 & 1.7). The STC represents the mixing zone between warm,
saline, nutrient-depleted subtropical waters to the north and cold, nutrient-replete
subantarctic waters to the south. As part of thesis field work, pilot sediment trap studies
were conducted in April 1992 and May 1993 (austral autumn) in subtropical waters, and
were followed by two extensive research voyages in June-July (early winter) and October
(spring) 1993 that analysed trophic interactions and carbon fluxes within three open ocean
water types (subantarctic, STC and subtropical) east of New Zealand. Laboratory work

and a series of a posteriori experiments investigating sediment trapping efficiency were



Fig. 1.7

Locations of sediment trap experiments conducted in New Zealand marine
environments between 1993 and 1995. Studies in Cook Strait and Evans Bay are
discussed in Chapter 2; the work at open ocean sites to the east of New Zealand
in subtropical, Subtropical Convergence (approximate location shown by
diagonal lines) and subantarctic waters are presented variously in Chapters 4. 5
and 6. Bathymetric contours are in metres below sea-level.
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completed in 1994-95. The experiments in Evans Bay, Wellington Harbour, were
conducted after the main phase of field work due to observations of variable flux results
that were apparent from the 1993 JGOFS deployments. These variations could not be

explained adequately by contemporaneous biological and physical measurements

(Chapter 5).

The chronological sequence of field work and experimentation outlined above is not
followed by the organisation of this thesis, which first presents a brief overview of
sediment trap methods (remainder of Chapter 1). This chapter is followed by a section
outlining the design rationale used for the traps constructed at NZOI in 1992, in
association with results from two sediment trap pilot studies conducted in 1992 and 1993,
and from the a posteriori experiments undertaken in 1994-1995 (Chapter 2). A literature
review of the bio-physical environment of the STC region is then presented (Chapter 3)
which is followed by a chapter describing the methods and interpreted results from
biological and physical measurements made during the 1993 JGOFS field work in the
STC region (Chapter 4). Results from Chapter 3 and 4 provide background information
to subsequent chapters concerning aspects of sediment trap studies conducted in the STC
region. Specifically, the main aim of Chapter 5 is to determine whether observed
temporal and spatial variations in the physical environment and plankton community
(Chapter 4) affected the magnitude of particulate fluxes in water masses either side of and
within the STC. Potential sources in variability in sediment trap data are emphasised
further in Chapter 5. In order to investigate the influence of changes in planktonic
community structure and functioning on the composition of sinking particles, the fluxes
of photosynthetic pigments are used as process tracers and phytoplankton biomarkers in

Chapter 6.
1.3. Brief history of sediment trapping

Particle-collecting traps have been used in many physical environments as a technique
for evaluating the fate of falling or sinking material. For example, pollen collectors and
rain gauges are traps that are used to determine the amount of material falling out of the

atmosphere to the surface of the earth. The first recorded use of a sediment trap began
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with the pioneering work of Albert Heim at the turn of the century (1900, in Bloesch &
Burns, 1980). Since this time, sediment traps have been used in rivers to determine
bedload transport rates and in lakes to assess the impact of sinking phytoplankton and
zooplankton-derived particulate material on pelagic and benthic ecosystems. Similar
applications have been made in the marine environment where traps of varying designs
and modes of construction have been employed in a variety of settings, ranging from
the surf zone on beaches (e.g., Krause, 1987), to the deep ocean where research on
particle transport and transformations has provided insights into biological processes in
the upper ocean and at bathyal depths (e.g., Wiebe et al., 1976; Knauer et al., 1979,
Honjo et al., 1982a, b; 1995; Martin et al., 1987; 1993; Lohrenz et al., 1992; Karl et al.,
1995, 1996, and many others). The history of sediment trapping has been reviewed by
Bloesch & Burns (1980) and Blomqvist & Hékanson (1981). These two references
cover many of the applications of sediment traps in lacustrine and oceanic regimes prior

to the 1980’s, as does an annotated bibliography by Reynolds et al. (1981).

Sediment trap applications in oceanic settings have increased dramatically since the
1970s due to technological advances in methods and materials (e.g., Asper, 1987b; U.S.
GOFS Report 10, 1989). Traps have been used extensively in two modes: (1) free-
floating, surface-tethered arrays deployed for periods of hours to weeks; and (2)
bottom-anchored moorings that are recovered after periods ranging from weeks to years
(Fig. 1.8). Pioneering work by Staresinic et al. (1978), Knauer et al. (1979) and
Lorenzen et al. (1981) using drifting sediment trap arrays were precursory studies that
attempted to minimise the effects of ambient turbulence on trapping efficiency by using
traps as Lagrangian drifters. These early studies led to an upsurge of similar
Lagrangian applications in the 1980s until the present-day (e.g., Betzer et al., 1984;
Martin et al., 1987; 1993; Karl et al., 1991a, b; 1996; etc) (Fig. 1.8A, B). Similarly,
classic deep ocean studies by Wiebe et al. (1976) and Hinga et al. (1979), among others
(e.g., Honjo, 1978; 1980; Rowe & Gardner, 1979; Honjo et al., 1980; Dunbar & Berger,
1981; Dymond et al., 1981), using rudimentary traps that were anchored to the sea-
floor, were followed by investigations using more technologically advanced, time-
incremental sampling instruments (e.g., Zeitzschel et al., 1978; Jannasch et al., 1980;

Deuser et al., 1981; Baker & Milburn, 1983; Honjo & Doherty, 1988) (Fig. 1.8C, D).
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The modern-day analogues of these time-incremental traps have been employed in
particle transport studies throughout the ocean basins of the world (e.g., Honjo et al.,
1982a, b, 1995; Wefer et al., 1982, 1988; Deuser, 1986; Nair et al., 1989; Heussner et
al., 1990; Tsunogai & Noriki, 1991; Honjo & Manganini, 1993; Hargrave et al., 1994;
Honjo et al., 1995; etc.).

Despite acknowledged reservations regarding sediment trap methods and interpretations
(e.g., Asper, 1987b; U.S. GOFS Report 10, 1989), traps remain the best method for
determining the in situ flux of particulate material in marine environments, given
present-day technological constraints. Other sampling techniques that have also
provided useful information on the fate of sinking marine particles include large
volume filtration systems (e.g., Bishop et al., 1986) and ocean cameras (e.g., Honjo et

al., 1984; Asper, 1987a; Ratmeyer & Wefer, 1996; Diercks & Asper, 1997).

Data from sediment trap samples have been critical in improving our understanding of

many open ocean biogeochemical processes, including:

(1) the rapid rate of particle transport from the upper ocean to the deep ocean sea-floor
(e.g., Knauer et al., 1979; Martin et al., 1987) with implications for the transfer of
radio-nuclides, trace metals and other chemical compounds (e.g., Spencer et al.,
1978; Jickells et al., 1984; Kremling & Streu, 1993);

(2) the importance of bottom resuspension and mid-water flux maxima in continental
margin environments (e.g., Rowe & Gardner, 1979; Honjo et al., 1982a; Walsh &
Gardner, 1992; Gardner & Richardson, 1992)

(3) the significance of terrestrial particles to open ocean processes from material
deposited from the atmosphere (e.g., Jickells et al., 1991);

(4) coupling between upper ocean productivity cycles and organic material fluxes in
the deep ocean (e.g., Deuser et al., 1981; Asper et al., 1992), leading to development
of empirical relationships between primary production and export flux (e.g., Eppley
& Peterson, 1979; Suess, 1980, Hargrave, 1985; Martin et al., 1987; Pace et al.,
1987);
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(5) dissolution and degradation rates of organic material within the water column (e.g.,
Honjo et al., 1982b; Gardner et al., 1983) and preferential decomposition of organic
compounds (e.g., Wakeham et al., 1984; Wakeham & Lee, 1989, 1993) with
inferences regarding nutritional quality of sinking material to pelagic and benthic
organisms (e.g., Hinga et al., 1979; Billet et al., 1983; Lampitt, 1985);

(6) evidence of microbial transformations of sinking particles at meso- and bathy-
pelagic water depths (e.g., Karl & Knauer, 1984a, b; Turley & Mackie, 1994);

(7) imbalances in oceanic carbon cycle models on basis of input from measured
particulate carbon fluxes, leading to suggestions that significant amounts of organic
carbon could be transported in dissolved states (e.g., Toggweiler, 1989; Michaels et
al., 1994);

(8) seasonal and interannual variations in particulate fluxes related to fluctuations
during El Nifio periods (e.g., Honjo & Manganini, 1993; Karl et al., 1995, 1996) and
other physical forcing mechanisms, such as storm event frequency (e.g., Deuser et
al., 1995); and

(9) inferences regarding how changes in plankton community structure (e.g., Legendre,
1990; Passow & Peinert, 1993) and physical mechanisms, such as mixed-later
dynamics, can influence particle residence times in the upper ocean (e.g., Eppley et

al., 1983).
1.4. Principles of sediment trap dynamics

The hydrodynamics of sediment trapping have been addressed by earlier workers (e.g.,
Hargrave & Burns, 1979; Bloesch & Burns, 1980; Blomqvist & Hakanson, 1981).
Many of the field and laboratory studies in 1970-1980s were concerned primarily with
determining the most efficient sediment trap design, and recognised that differences
between trap shape and size could affect significantly the trapping efficiency (e.g., Lau,
1979; Gardner, 1980a, b) (Fig. 1.9). Subsequently, Butman (1986) and Butman et al.
(1986) identified three dimensionless parameters that were critical to sediment trapping

efficiency:
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from Baker et al. (1988), are modified from Butman (1986).



16

(1) Trap Reynold’s Number (R,) where:
R,=uD,/v u ={flow at height of trap mouth
D, = outside diameter of trap mouth
v = kinematic viscosity of the fluid medium [eqn. 7]
(2) Trap Aspect Ratio (AR) where:
AR=H/D; H =trap height
D, = inside diameter of trap mouth [eqn. 8]
(3) Ratio of flow speed to particle fall velocity (R,) where:
R,=wW W = gravitational sinking speed of particles [eqn. 9]

With respect to these parameters, Butman (1986) and Butman et al. (1986) showed that
trapping efficiency of unbaffled, straight-sided cylinders decreased over a range of
increasing R, and W (Fig. 1.10), as was later validated in field tests by Baker et al.
(1988) (Fig. 1.11). In addition, trapping efficiency increased with increased AR over a
specific range. The work of Butman and co-workers confirmed previous observations
that cylinders were on average the most efficient sediment trap over a range of current
speeds up to about 10 cm g (e.g., Lau, 1979; Hargrave & Burns, 1979; Bloesch &
Burns, 1980; Gardner, 1980a, b; Blomqvist & Héakanson, 1981; Blomqvist & Kofoed,
1981). Funneled traps tend to undercollect sinking material and bottle-like traps
perform as overcollectors (e.g., Gardner, 1980a) (Fig. 1.9). Staresinic et al. (1982)
observed higher fluxes and lower carbon-to-nitrogen ratios for cylindrical (AR=3)
traps, compared with conical traps (Zeitzschel et al., 1978), although this result was
attributed to differences in sample processing. Notwithstanding these observations,
field tests of various trap designs, ranging from cylinders and cones to boxes, indicate
no significant differences in moored trapping efficiency over periods of months
(Dymond et al., 1981; Honjo et al., 1992), highlighting the “smoothing” effect that

sampling times can have on trapping efficiency.

Limited work has been conducted to accurately test the effect of Reynold’s Number
(Ry on trapping efficiency. The most comprehensive studies were those of Hawley
(1988) and Baker et al. (1988). In Hawley’s (1988) flume study, progressive

destruction of the bottom tranquil layer by deepening eddy formation within traps
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occurred as R, increased, resulting in a reduction in net deposition within cylindrical
traps (AR ranging from 1 to 8) (Fig. 1.11C). For traps with AR=3, complete removal
of a bottom boundary layer occurred at R, > 6000 whereas for AR=>5, decay of the basal
tranquil layer (described as a logarithmic process by Lau, 1979) was observed as R,
exceeded 8500, and was not recorded even at R=20 000 for traps with AR=8. Baker et
al. (1988) extended these observations to the field and showed that moored cylindrical
traps (D;=20 cm) with a steep internal funnel experienced a decrease in trapping
efficiency of 20-25% in the velocity range of 12-30 cm s (R=24 000-60 000),
compared to the same trap design that was deployed as a drifting array in the same
environment at the same time (Fig. 1.11A, B). In addition to the absolute effects of R,
on overall trapping efficiency are the impact of changing R; on the composition and
size fanges of particulate material collected by traps. Baker et al. (1988) showed that
the mean size and density of trapped particles increased at current speeds greater than 12
cms” (Fig. 1.11B) and Gardner (1980b) has demonstrated that “over-efficient” traps tend

to collect preferentially fine (<63 pum) particles.

As shown above, aspect ratio (AR) is an important consideration in trap design and
early workers, such as Bloesch & Burns (1980), recommended that ARs of greater than
5 should be used in small lakes and ARs greater than 10 in more turbulent
environments, such as the open ocean (Hargrave & Burns, 1979). Subsequent
researchers have advocated that ratios of greater than 3 should be sufficient for most
oceanic sediment trap studies (e.g., Gardner, 1980a, b; U.S. GOFS Report 10, 1989),
particularly in environments where R; is less than 6000 (Hawley, 1988). As R,
increases then so should the AR of the trap to ensure effective collection of sinking
particles (Hawley, 1988). Gardner (1979; 1980b) also observed that cylinders with
ratios higher than 2-3 tended to overtrap material, resulting in overestimated flux

measurements.

The ratio of flow speed relative to particle fall velocity is perhaps more difficult to
account for in a priori trap experiments (e.g., Butman et al., 1986). In most instances,
however, where consideration is given to R,, assumptions have to be made concerning

the settling behaviour of sinking particles based upon theoretical approximations using
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Stoke’s Law. In this relationship W, the gravitational sinking speed of particles, is
proportional to particle diameter and the density differential between the particles and
the fluid medium through which the material is sinking. Basic assumptions for Stoke’s
Law include that all the particles are spherical and have the same density, both of which
are unlikely to be satisfied by actual sinking particle populations in the marine
environment which are typically heterogenous (e.g., McCave, 1975, 1984b).
Difficulties in obtaining accurate estimates of sinking speeds and the wide size range of
marine particles in the field suggest that the effect of R, on trapping efficiency remains
at best poorly known. There is a suggestion from work by Peck (1972, in Butman et
al., 1986) on pollen grains that trapping efficiency decreases with decreasing grain size,
suggesting that since particle flux is dominated by rare, large (>32 pum) particles that
sink relatively rapidly (McCave, 1975), trapping efficiency will not be compromised

significantly due to the preferential collection of such material by sediment traps. -
1.5. Other physical mechanisms in trap designs and methods

Other considerations in trap design include trap separation on multi-trap arrays and the
use of brines, baffles, screens, closure mechanisms, flow separation guides, gimbals and
vanes (e.g., U.S. GOFS Report 10, 1989). Butman (1984, ir U.S. GOFS Report 10,
1989) indicated that multiple traps deployed at the same water depth should have
effective separation of 3D, in an across-flow direction and 10D, in a down-stream
direction (where D, = outside trap diameter). In many sediment trap studies involving
multi-trap arrays (e.g., Knauer et al., 1979; Martin et al., 1987, 1993; Karl et al., 1995,
1996), often the criteria of trap separation is ignored and each trap is regarded as a
“replicate sample” which is incorrect given that they are best described as “pseudo- |

replicates”.

High-density salt brine solutions are used in traps to minimise sample and additive
wash-out from the tranquil layer present at the bottom of cylindrical traps (e.g.,
Gardner, 1980a, b). Despite observations that the presence of a basal brine changes the
AR of a trap by acting as an effective bottom (Gardner, 1979), and recommendations

that traps only require a brine volume equivalent to the depth of 1D, (U.S. GOFS
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Report 10, 1989), many experiments continue to utilise traps that are filled completely

with brine (e.g., Martin et al., 1987, 1993; Lohrenz et al., 1992; Karl et al., 1996).

Mechanisms designed to modify or mitigate the flow and turbulence regimes around
traps, such as baffles, screens, lids, lips, gimbals and vanes, have not been rigorously
investigated to determine the exact effects of using such design strategies (U.S. GOFS
Report 10, 1989). Baffles appear to improve the under-trapping efficiency of conical
traps (Gardner, 1980a), but have an apparent ambiguous effect on trapping
characteristics of cylinders. For example, Gardner (1980b) implied that increases in the
AR of baffles and the proportion of the trap that the baffles occupy results in increases
in flux measurements, whereas Martin et al. (unpublished data, in U.S. GOFS Report
10, 1989) showed that baffles reduced trapping efficiency over a range of cylinder
heights. Similarly, no consensus has been reached about the use of many other trap
modifications, in general because of insufficient laboratory and field testing. Closure
mechanisms were a common feature of early traps (e.g., Rowe & Gardner, 1979;
Lorenzen et al., 1981, 1983a, b), but more recently it has been recognised that “open
traps recovered vertically can retain their samples intact, especially if brines are used”
(U.S. GOFS Report 10, 1989, p.25). Examples of this successful open cylinder
technique include the VERTEX (Vertical Transport & Exchange), HOT (Hawaii Ocean
Time-series) and BATS (Bermuda Atlantic Time-series Study) programmes (e.g.,

Martin et al., 1987; Lohrenz et al., 1992; Karl et al., 1995, 1996).

In addition to concerns regarding actual trap designs, consideration has also been given
to the effects of mooring configurations on trapping efficiency. In general, in terms of
hydrodynamic effects, it is considered essential that flow is minimised relative to the
traps and that traps are maintained in a vertical orientation during the deployment
period (U.S. GOFS Report 10, 1989). Earlier work by Gardner (1985) also highlighted
the potential impact that simple mooring line “tilt” can have on trapping efficiency,
with tilted traps overcollecting by a maximum factor of 3 for tilt angles of up to 45°
(Fig. 1.12A). The passage of internal waves also creates an “effective tilt” effect ()

with floating traps experiencing higher ¢ angles, compared with moored traps,
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especially when internal wave amplitude is greater than 20 m, period is less than 4 h

and mean velocities are less than 20 cm s” (Gardner, 1985) (Fig. 1.12B).

For bottom-anchored traps, tilting and related hydrodynamic factors can be addressed
by monitoring the behaviour of vertical moorings using current meters and tilt and
pressure sensors, and by over-designing the buoyancy requirements of moorings in
areas of known strong bottom currents (e.g., Asper, 1987b). For floating traps, it is
essential that the traps are isolated from the effects of surface waves and that similar
instrumentation is used to monitor the performance of the drifting mooring over the
deployment period (U.S. JGOFS Report 10, 1989). Attempts to mitigate against the
effects of wave action have included the use of bungy cords and surface buoys and
drogues that are designed to reduce the drag of the floating array through the water
(e.g., Staresinic et al., 1978; Knauer et al., 1979; U.S. GOFS Report 10, 1989; JGOFS
Report 29, 1994). Staresinic et al. (1978) indicated that floating cylindrical traps
(D=40.6 cm, AR=3) collected up to 300% more material than similar moored traps,
whereas Baker et al. (1988) showed that relative trap efficiency in cylindrical traps
decreased by 20-25% in the velocity range of 12-30 cm s i (R, 24,000-60,000) for
moored traps compared with floating traps. Gust et al. (1992, 1994) have shown that,
even with precautions taken to minimise the effect of mooring line hydrodynamics on
trapping efficiency, vertical excursions of up to 80 m for traps deployed deeper than
400 m can be experienced by floating trap arrays. These severe motions were
associated with tether-line heaving at frequencies corresponding to surface wave energy
(0.1 Hz). Miniaturised flow sensors used by Gust et al. (1994) also indicated that
surface-tethered traps (cones and cylinders), deployed at depths ranging from 140 to
3200 m, experienced average water column approach velocities of up to 40 cm s'l,
irrespective of the array’s drift velocity. Trapping efficiency seemed to be
compromised by tether-line motions, with 2-6 times less material collected by a drifting
conical sediment trap array, compared with a similar bottom-anchored array deployed
just a few kilometres away. The bottom-moored trap did not experience the same
mooring line motions as the surface-tethered array, where the peak frequency of
motions (0.1 Hz) was directly related to wave action at the sea-surface (Gust et al.,

1994). The recent work by Gust et al. (1992, 1994) accentuates several factors that
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Fig. 1.13 (A) Effectiveness of different poisons and preservatives on microbial activity
and (B) weight of >850 pm material (mostly zooplankton “swimmers”),
highlighting the effect of different poisons and preservatives in sediment traps
deployed in Dabob Bay, Washington, U. S. A. (from Lee et al., 1992). Note that
bacterial activity is reduced severely in the presence of most poisons (A) and that,
while formalin is a very good preservative, it also seems to result in the collection
of higher amounts of “swimmers” preferentially (B). Northern hemisphere
sample season and depth of sediment traps are shown in A and B. In B, A3 and
Ad refer to sites in Dabob Bay
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were previously considered inconsequential to trap collection efficiency, and serves as a
warning to past and future sediment trap interpretations. Such hydrodynamic effects on
trapping efficiency may only be overcome truly in the future with the technological

development of neutrally buoyant sediment traps (e.g., Diercks & Asper, 1994).

1.6. Contamination effects - zooplankton swimmers, poisons and preservatives

The sediment trap method is subject to additional complexities in the form of sample
contamination by marine zooplankton that swim actively into traps (known as
“swimmers”) and by the use of poisons and preservatives, as discussed below (Fig.
1.13). Zooplankton swimmers may either consume sinking material that has collected
in sediment traps (e.g., Knauer et al., 1984; Lee et al., 1987) or contribute additional
organic matter, such as faecal pellets and dissolved compounds (e.g., Lee et al., 1988,
1992). Furthermore, zooplankton may herniate upon contact with hypersaline brines
(Harbison & Gilmer, 1986; Peterson & Dam, 1990) while some zooplankton, such as
gelatinous salps and larvaceans, are difficult to discern or disentangle from sinking
detrital material (Michaels et al., 1990; Silver & Gowing, 1991). Contamination by
zooplankton swimmers on reported carbon and nitrogen fluxes in the upper ocean has
been estimated at 50-100% (Karl & Knauer, 1989; Michaels et al., 1990) with the effect
reducing below 200 m (Michaels et al., 1990), although swimmers can continue to be a
contamination problem at water depths of up to 1500 m (Lee et al., 1988). Fluxes of
other organic compounds, such as amino acids, lipids, carbohydrates and pigments,
may be elevated by as much as 30% due to swimmer-related artefacts (Peterson &

Dam, 1990; Lee et al., 1992; Wakeham et al., 1993) (Fig. 1.13B).

Efforts to mitigate against swimmer effects have included the use of poisons, such as
chloroform, sodium azide, formalin and mercuric chloride, which kills the organisms
before they are able to enter the trap and graze on sinking organic material (e.g., Knauer
et al., 1979, 1984; Lee et al., 1992; Hedges et al., 1993; Wakeham et al., 1993) (Fig.
1.13A), the use of screens (e.g., Karl & Knauer, 1989; Karl et al., 1991b), careful
removal (or “picking”) of identifiable swimmers from flux samples (e.g., U.S. GOFS

Report 10, 1989) and the development of specially designed traps that attempt to
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exclude “swimmers” (e.g., traps with segregation chambers - “Labyrinth of Doom”,
Coale, 1990; Hansell & Newton, 1994; internally valved traps - “Indented Rotating
Sphere (IRS)”, Peterson et al., 1993). All of these techniques (with the possible
exception of “swimmer” exclusion methods) require compromises to be made in terms
of sample integrity. For example, certain poisons seem to increase preferentially the
numbers of specific zooplankton collected in traps (Lee et al., 1992), and the use of
screens may exclude larger sinking particles (Lee et al., 1988). The “picking” of
zooplankton swimmers is extremely subjective and requires expert judgment as to what
components should be regarded as part of the “true” flux. Silver & Gowing (1991)
indicated that an average of 35% (range 11-80%) of organisms removed as swimmers
during the VERTEX experiments (1980-1984) may have been participating in vertical
migratory activities as part of their life histories. Similarly, simple pre-screening of
trap samples to remove zooplankton swimmers (e.g., Karl et al., 1995) resulted in
particle fluxes that were 63+12% higher than those fluxes calculated from samples

where swimmers were removed manually (Michaels & Knap 1996).

Furthermore, in coastal environments, many live protozoans occupy micro-habitats
within sinking marine snow (Shanks & Edmondson, 1990) and micro-organisms such
as ciliates and dinoflagellates can form up to 17% of average particulate organic carbon
fluxes (Heiskanen, 1995). Such organisms can be extremely difficult to remove
successfully from trap samples due to their small size and involvement with larger
particles that can legitimately be regarded as components of “particle flux” (i.e., Silver
& Gowing, 1991). Larger “cryptic” zooplankton may also be a significant contaminant
in trap samples, particularly those organisms that produce mucous feeding structures
that entangle other particulates (Michaels et al., 1990). Despite the intuitive value of
zooplankton exclusion devices at reducing the swimmer effect, recent designs have
displayed variable results with Coale’s (1990) “Labyrinth of Doom” removing 25-70%
of swimmers based on amino acid content (Lee et al., 1988). Hansell & Newton’s
(1994) trap variant performed satisfactorily in coastal waters (>77% exclusion of
copepod swimmers), but only achieved 37-72% exclusion rates in open ocean

environments. The Indenting Rotating Sphere of Peterson et al. (1993) reduced the
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swimmer-induced flux of >850 um particles collected in cylindrical traps by 88% and

<850 um swimmer fluxes on average by 84% (range 59-97%).

Organic material in the ocean decomposes at rates varying from 0.1-1% d" in deep
ocean samples (Gardner et al., 1983) to less than 10% d" in floating trap (Iseki et al.,
1980; Lorenzen et al., 1981; Ducklow et al., 1985; Hansell & Newton, 1994) and
sediment studies (Iturriaga, 1979). To prevent decomposition of sinking organic
compounds collected in sediment traps, poisons and/or preservatives, such as formalin
and mercuric chloride, are commonly used, depending on deployment period, and often
in association with high density brines (e.g., Knauer et al., 1984; Lee et al., 1992;
Hedges et al., 1993; Wakeham et al., 1993). As documented in many of these studies,
the use of various poisons and preservatives can compromise sample integrity,
including increasing swimmer-related effects (as described above), enhancing the
dissolution of certain flux components, such as formalin on carbonates (up to 20%
reduction in CaCO; flux, e.g., Honjo et al., 1992; Khripounoff & Crassous, 1994) and
interfering with specific analyses, such as parameters that may indicate how significant
intra-trap degradation might have been over a deployment period (i.e., formalin and
DOC, mercuric chloride and mass flux, sodium azide and organics; Knauer et al., 1984;
Hedges et al., 1993; Khripounoff & Crassous, 1994). Since decomposition effects are
generally only a few percent per day, however, it has been recommended that for short-
term deployments (<1 day) poisons and/or preservatives should not be employed (e.g.,
Iseki et al., 1980) with formalin suggested as the preferred biocide for longer term
deployments of weeks to months (e.g., Knauer et al., 1984; U.S. GOFS Report 10,
1989; JGOFS Report 29, 1994). Formalin is the most effective poison at limiting
microbial activity, compared with other poisons, and because formalin also acts as a
preservative by solidifying the protein matrix of organisms, intracellular losses of
material are reduced and the quantifiable removal of swimmers from trap samples can
be achieved more successfully (e.g., Knauer et al., 1984; Lee et al., 1992). The use of
formalin in traps does, however, limit the measurement of DOC in trap samples
(Knauer et al., 1984), can decrease the apparent carbonate flux due to dissolution of

CaCO; components (Honjo et al., 1992; Khripounoff & Crassous, 1994) and seems to
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act as a preferential poison for euphausiids and calanoid copepods (Lee et al., 1992)

(Fig. 1.13).
1.7. Sediment trap calibration

Despite the pervasive use of sediment traps in many oceanic environments and the
plethora of associated hydrodynamic and sample integrity questions, traps in their
various guises remain one of the more critical oceanographic tools that have not
presently been calibrated by independent means. Early workers used comparisons
between production and sediment accumulation rates of natural radionuclides, such as
ZIOPb, 20Th and *'Pa, in oceanic environments and trap fluxes (e.g., Knauer et al.,
1979; Lorenzen et al., 1981; Moore & Dymond, 1988) to suggest that traps seemed to
perform adequately (i.e., within given measurement uncertainties of about 15%; Bacon,
1984; Bacon et al., 1985). Recent studies, based on mass balance modelling of
B4Th:*U disequilibria in dissolved and particulate states in the upper 70-200 m of the

“%Th depletion), have led to

water column (where particle scavenging results in
suggestions that traps may underestimate actual sinking fluxes by as much as 80% (e.g.,
Clegg & Whitfield, 1990, 1993; Buesseler, 1991; Buesseler et al., 1992; Cochran et al.,
1993; Michaels et al., 1994). Most recently, Murnane et al. (1996, p. 239) have
propqsed that a “33% trapping efficiency scenario produces results that are consistent
with the water column “*Th budget”, rather than a 100%.efficiency scenario that
sediment trap enthusiasts would expect. Martin et al. (1993) refuted previous assertions
by Buesseler et al. (1992) that trap fluxes in the upper 300 m were too low by factors of
4-7 on the basis of rapid regeneration and flux rates of organic material in the upper
ocean. Martin et al.’s (1993) argument, however, was based on an assumption that
suspended POC should be related to sinking POC, despite acknowledgments that
sediment traps collect preferentially generally larger and faster sinking particles (e.g.,
McCave, 1975, 1984b; Walsh & Gardner, 1992). Mass balance approaches using 24Th
budget estimates have also resulted in ambiguous interpretations, with Buesseler et al.
(1994) indicating that overtrapping occurs during periods of low productivity whereas

during times of high biological productivity undertrapping trends were observed. It is,

therefore, apparent that further studies are required to investigate the relationships
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between carbon and thorium isotopes in size-fractionated sinking and suspended
particulate matter samples before S4Th-derived trap calibrations can be determined
with accuracy. Furthermore, the errors involved in 2%Th modelling analyses can be
large (up to £1300% with error estimates for particulate fluxes of +60-157%; Cochran et
al., 1993; Buesseler et al., 1994).

Other calibration techniques that have been used with varying levels of success have
included oxygen mass balance studies (e.g., Spitzer & Jenkins, 1989; Emerson et al,,
1995) and comparisons of trap fluxes with sediment accumulation rates (e.g.,
Pennington, 1974; Soutar et al., 1977; Dymond et al., 1981; Moore & Dymond, 1988).
Carbon fluxes calculated from oxygen mass balance modelling at the Bermuda Atlantic
Time-series Study (BATS) site (Spitzer & Jenkins, 1989) were up to 300% higher than
those measured using sediment traps (Michaels et al., 1994), whereas at the Hawaiian
Ocean Time-series (HOT) station the mass balance calculations (Emerson et al., 1995)
agreed to within the errors of data accuracy with the trap-derived fluxes (Karl et al.,
1995, 1996). Neither of these studies, however, considered the effects of horizontal
advection on particle dynamics (e.g., Michaels et al., 1994; Toggweiler, 1994), or other
modes of carbon export such as vertically migrating zooplankton (Angel, 1989), which
can represent between 8-70% of trap carbon flux at BATS (Longhurst et al., 1989; Dam
et al., 1995), or downward transport of dissolved organic and inorganic carbon, which
can b’e of the same magnitude as trap-derived particle fluxes (e.g., Toggweiler, 1989;
Carlson et al., 1994; Michaels & Knap, 1996). The apparent carbon imbalance
observed at BATS has been attributed to undertapping by sediment traps (Michaels et
al., 1994) and/or pronounced horizontal advection into the region via the Gulf Stream

(Toggweiler, 1994).

Sediment trap fluxes have displayed reasonable correlation with long-term
sedimentation rates determined using radiogenic dating techniques (e.g., Soutar et al,
1977; Dymond et al., 1981), accumulation of sediment radionuclides (e.g., Moore et al.,
1981; Bacon et al., 1985; Colley et al., 1995), lithostratigraphic correlation (e.g.,
Pennington, 1974; Soutar et al., 1977) or fluxes of inert particulate components (e.g.,

Walsh & Gardner, 1992). For short-term trap deployments in the open ocean, however,
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such methods are not particularly useful as calibration tools since degradation rates of
sinking particulate material are orders of magnitude different from the inherent
accuracy of sediment accumulation measurements (i.e., rates of POC degradation - days
to weeks, compared with absolute resolution of decades for 1%} and 100-1000 y for
14C). High-resolution radiogenic chronostratigraphy in marine sediments using tracers
such as 'Cs are only valid in environments with sedimentation rates that are
sufficiently high so as to mitigate against the disruption of the radiogenic profile by
bioturbation. Thus, application of such technology to many open ocean sites would be
inappropriate given the typically relatively low rates of sedimentation in the world’s
ocean basins (<5 cm 1000 y'l). Furthermore, the use of inert constituent fluxes, such as
aluminium, are often compromised in continental margin environments where
relatively high sediment accumulation rates are expected, but resuspension and lateral
advection can exaggerate and contaminate near-bottom sediment trap fluxes (e.g.,

Honjo et al., 1982a; Gardner & Richardson, 1992; Walsh & Gardner, 1992).

1.8. Summary of Chapter 1

(1) To the east of New Zealand, the ocean occasionally acts as a pronounced sink for
atmogpheric CO,, but there is no information on how efficiently biologically fixed
particles are removed from surface waters, and hence from further exchange with the
atmosphere. Sinking of organic material is one of the important mechanisms by which

this sequestration of carbon by the ocean can occur.

(2) The New Zealand JGOFS programme was instigated in 1992 to investigate the
cycling of carbon within pelagic ecosystems in water masses across a globally
important ocean front, the Subtropical Convergence. This frontal zone marks the
northernmost boundary of the Southern Ocean, and separates cool, nutrient-rich
subantarctic waters in the south from warm, saline, nutrient-depleted subtropical waters
to the north. An integral component of the New Zealand JGOFS research initiative was

the initiation of a sediment trap study, which involved designing and constructing
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sediment traps to be deployed on free-drifting arrays for fieldwork scheduled in winter

and spring 1993.

(3) A detailed literature search indicated that ideally traps needed to be axially
symmetrical; cylinders with an aspect ratio of at least 3 have been recommended for use
in oceanic environments where currents are expected to be less than 10 cm s' (U.S.
GOFS Report 10, 1989). In regions where currents may exceed 10 cm s, such as
frontal zones, a higher aspect ratio should be used with 10 suggested for highly
turbulent environments. In the case of multiple traps to be deployed at the same depth a
separation distance of at least 3-trap diameters should be employed. A high-density
basal brine (about 1-trap diameter deep) should ensure that samples are recovered
relatively intact. For deployments lasting longer than 1 day, poisons and/or
preservatives need to be used; formalin is recommended as an effective biocide, and has
the added benefit of preserving sedimenting organic material and contaminants such as
zooplankton “swimmers”, that can be removed more easily than from solutions
containing other poisons (e.g., mercuric chloride, chloroform, sodium azide). The
effect of baffles on trapping efficiency of cylinders is poorly known, although baffles
reduce turbulence across the entrances of funnelled traps. Hydromechanical effects of
mooring line configuration on trapping efficiency have recently been identified as a
poteqtially significant factor in trap performance, but are difficult to fully assess
without state-of-the-art technology (e.g., minaturised pressure and velocity sensors).
Independent calibration of sediment traps is notoriously difficult, with suggestions from
new production measurements and modelling of thorium/uranium isotope tracers that
traps may underestimate actual particulate fluxes by up to 70%. Nevertheless, previous
studies have also indicated that there is often reasonable correlation between trap fluxes

and fluxes estimated from sedimentation rates in deep-sea cores.

The results of the literature search and conclusions of this chapter are used in Chapter 2
to guide the design and construction of a sediment trap system that was subsequently
used in particulate flux studies across the Subtropical Convergence region (Chapters 5

and 6).
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Fig.2.1 NZOI-NIWA sediment trap cylinders arranged on a cross-frame during
deployment (photograph), and a diagram outlining the mooring configuration
used in free-floating deployments in winter and spring 1993.



Chapter 2

DESIGNING AND TESTING SEDIMENT TRAPS: results of
pilot studies conducted 1992-95

2.1. NZOI-NIWA sediment trap design and rationale

A comprehensive literature search led to the author designing a NZOI-NIWA sediment
trap system on the basis of the practical and theoretical considerations described in
Sections 1.3-1.7 of Chapter 1. Since the sediment trap experiments were the first to be
conducted in New Zealand waters, the NZOI-NIWA traps were designed with an overall
conservative strategy in mind. Briefly, the traps were based upon previous studies
demonstrating that axially symmetrical cylindrical traps perform, on average, as unbiased
particle collectors (e.g., Lau, 1979; Hargrave & Burns, 1979; Bloesch & Burns, 1980;
Gardner, 1980a, b; Blomquist & Hékanson, 1981; Butman, 1986; Butman et al., 1986).
To maintain a degree of ruggedness the traps were constructed from 9 cm-diameter
polycarbonate tubing cut into 95 cm lengths for each individual trap. These trap
dimensions resulted in an aspect ratio (AR) of 10.6, in accordance with the
recommendations of Bloesch & Burns (1980) for turbulent open ocean sediment trap
studies. Although Gardner (1980a, b) suggested that ARs of 2-3 should be sufficient to
ensure equivalent trapping efficiency, it was decided to pursue the more conservative AR
of at least 10 (Bloesch & Burns, 1980). Baffles were constructed from polyvinyl chloride
with dimensions similar to those baffles used in the VERTEX programme (e.g., Knauer et
al., 1979; Martin et al., 1987), although the effect of baffles on trapping efficiency in
cylindrical sediment traps has proven to be equivocal (e.g., Gardner, 1980b; U.S. GOFS
Report 10, 1989).

Individual traps were held on a stainless cross-frame, capable of holding 8 or 12 cylinders,
using 2-3 jubilee clips, similar to the cruciform design of the VERTEX MULTI-TRAPS
(e.g., Knauer et al., 1979; Martin et al., 1987) (Fig. 2.1). A trap separation distance of at
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least 3D, (27 cm) was maintained on all cross-frames to minimise inter-trap hydrodynamic
biases (e.g., Butman, 1984, in U.S. GOFS Report 10, 1989). Prior to each deployment, trap
cylinders and baffles were washed in 1 M HCI, rinsed with distilled water and covered with

plastic bags.

Trap cross-frames could be suspended at various depths in the water column using pre-cut
mooring lines and shackles. In free-floating deployments, Taiyo-Musen radio-transmitter
buoys, transmitting on Very High Frequencies (1982-1989 Hz), were used for tracking the
mooring. A series of surface and near-surface Viny buoys reduced drag of the mooring
through the water (e.g., Asper, 1987b). A bungy cord was not installed to reduce potential
wave effects (e.g., Lohrenz et al., 1992; JGOFS Report 29, 1994; Karl et al., 1996)
because, even by employing such a device, wave heaving can still be a significant problem
(Gust et al., 1992, 1994). Uppermost traps were deployed below the depth of thg mixed-
layer to reduce turbulence effects (e.g., Gardner et al., 1995) on 11 mm-thick, braided
Dacron mooring line. White xenon strobe lights attached to radio-transmitter buoy aerials
facilitated night-time tracking and recovery of the drifting moorings. A 50 kg anchor at the
bottom of each drifting array was used to ensure that the entire array remained as taut as

possible during deployment and recovery.

Despite ongoing disagreement with regard the standardisation of poisons and/or
preservatives in sediment trap studies (e.g., U.S. GOFS Report 10, 1989; Lee et al., 1992;
Gardner, 1996), it was decided to use formalin in the NZOI-NIWA traps to ensure sample
integrity during the collection period. Following the protocols developed for the Hawaii
Ocean Time-series programme (HOT, Karl et al, 1990), 10 ml of concentrated
formaldehyde (100% formalin) was added to 1.0 1 of surface sea-water that had been
pressure-filtered through 1.0 and 0.45 pm cellulose membrane filters using a Sartorius
filtration system (<1 bar pressure). Fifty (50) g of ANALAR NaCl and a small amount (<5
ml) of dye were then added to this solution and dissolved prior to deployment. In general,
20.0 1 of 1% formalin-brine solution was produced for each sample depth. The traps were
assembled on the cross-frames and filtered sea-water added to a set height, and then the
formalin-brine solution was back-filled gravitationally into the base of each trap,

corresponding generally to brine heights of less than 1D, (U.S. GOFS Report 10, 1989).



30

The dye was used to monitor the efficiency of the back-filling procedure and to establish
the rate of diffusion of the formalin-brine solution into the overlying filtered sea-water
during the deployment period. During deployment, trap openings were covered with plastic
sheeting, held in place with dissolvable links (candy “Lifesaver” ring-rubber band; Knauer et
al., 1979). The disslovable links took 12-15 min to dissolve in sea-water regardless of

“Lifesaver” flavour.

Upon recovery, trap openings were covered immediately with clear plastic bags and sea-
water was siphoned within 2-3 hours to at least 5 cm above the brine/sea-water interface,
corresponding to the volume of recovered brine. Samples were processed for various
parameters, including total mass, particulate carbon, phosphorus, nitrogen and individual
pigmented compounds. Details of the methods used during specific flux determinations
are provided in Chapters 5 and 6. Zooplankton swimmers were removed manually by
screening (333 or 200 pwm) and microscope picking techniques (e.g., Lee et al., 1988; U.S.
GOFS Report 10, 1989; Michaels et al., 1990; Karl et al., 1996) after recovery. Each trap
cylinder was then rinsed with a portion of <200 or <335 pm filtrate to recover all sinking
particles. Material retained on the screen was rinsed into a 50 ml centrifuge tube, labelled
and topped up with 2.5% formalin and refrigerated at 4°C. Solubilisation effects were not
addressed as deployments were less than 72 h (e.g., Karl et al., 1996) and losses of organic
material due to solubilisation were expected to be less than 10% (Lorenzen et al., 1981;
Hansell & Newton, 1994). Furthermore, the use of high-density brines in the traps
probably would have resulted in the herniation of zooplankton (e.g., Peterson & Dam,
1990) which would have compromised any attempts to measure directly particle

solubilisation effects.

The next two sections in this chapter outline the methods employed and results obtained
during two pilot studies that were undertaken in austral autumn 1992 (Nodder, in press)
and 1993 to assess the practicality of sediment trap deployments using the sediment trap
system developed in-house at NZOI-NIWA (Section 2.1). The impact of the chosen trap
design on relative trapping efficiency was addressed subsequently in a series of small-scale
field experiments in which potential hydrodynamic biases introduced by inter-trap

interactions, baffles and brine volume were evaluated separately (Section 2.4). Errors
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associated with particle degradation over time (days to weeks), sample handling and

filtering were also assessed using simple laboratory tests.

2.2. North Chatham Rise sediment trap deployment

2.2.1. Methods

In austral autumn 1992 a research voyage (2-13 April) was undertaken to Chatham Rise
onboard R. V. Rapuhia (NZOI cruise 2053) to conduct a series of floating and bottom-
moored sediment trap experiments to measure fluxes of particulate material on either side of,
and within, the STC frontal zone (Fig. 2.2). Unfortunately, only one sediment trap mooring
could be deployed (NZOI station number U940) due to atrocious weather conditions. This
experiment was a free-floating deployment in subtropical waters, north of the Chatham Rise,
in water depths >1500 m. The 1992 pilot study is the subject of a note accepted for

publication in Limnology and Oceanography (Nodder, in press).

In the 1992 pilot study, prior to deployment, traps were washed with 1 M HCI and rinsed
with distilled water and capped with clear plastic bags. Traps were unbaffled and 0.6 | of
high density brine (50%0 NaCl and 1% formalin, e.g., Karl et al., 1990) was back-filled into
the bottom of each cylindrical trap. The volume of brine corresponded to a brine height
equivalent to one trap diameter, as recommended by U.S. GOFS Report 10 (1989). Stainless
steel cross-frames, each holding 12 traps, were deployed at 200, 300 and 500 m water depths,
with Brancker temperature loggers positioned just below mid-water and lowermost trap sets.
Prior to deployment, individual trap cylinders were covered with plastic sheeting, held in
place with dissolvable links (“Lifesaver” ~ a ring-shaped candy, and rubber band; Knauer et

al., 1979). The trap array was deployed for 72 h over the period 8-11 April 1992.

Upon recovery, water above the brine/sea-water interface was removed by opening drainage
holes located at set heights along each cylinder. Trap solutions were pre-screened through a
335 pm plankton mesh to remove zooplankton "swimmers" (e.g. Karl & Knauer 1989).
Approximately 0.5 1 aliquots of trap solution were filtered using a low vacuum pump system

(<20 cm Hg). From each depth, three cylinders were used for total mass (TM) flux
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Location of study area, showing relationship of Subtropical Convergence
(shaded) to subantarctic and subtropical water masses in New Zealand region (A
and B; after Heath 1985). Positions of CTD/nephelometer (U941- -U949) and
sediment trap (U940; S = start of drift deployment, F = finish) stations occupied
during cruise 2053 in austral autumn 1992 are shown in C. The approximate
location of the sediment trap station occupied in Cook Strait in March- -April 1993
is also shown in B, marked with a closed circle.
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determinations, six cylinders for particulate carbon/nitrogen (PC/PN) analyses, and the
remaining three cylinders for particulate phosphorus/nitrogen (PP/PN). Onshore, PC/PN
samples were analysed using a Perkin Elmer 2400 CHN analyser, while PP/PN samples were
acid-digested and analysed using a Technicon Autoanalyzer II (Nodder et al., 1994a, b;
Chapter 4). TM samples were desiccated under vacuum for 48 h to remove any water

particles and re-weighed.

Conductivity-Temperature-Depth (CTD) casts were made near the deployment site of the
free-floating sediment trap (Fig. 2.2) using a Guildline Model 8705 CTD. Independent
nephelometer casts were conducted with a Chelsea Aquatracka III nephelometer, coupled
with a 12 kHz ORE Model 265 HP pinger. Salinity (for CTD calibration purposes) and
particulate matter samples were collected from depths of 5 m, 300 m and "near-bottom"
(>1000 m depending on water depth). For total particulate matter analyses, approximately
3.0-5.0 1 of sea-water were filtered through pre-weighed, 0.45 pm pore size, 47 mm diameter
Nuclepore filters using an in-line Sartorius filtration system, connected directly to the taps of
5.0 1 Niskin bottles. Niskin bottles were gently agitated periodically over the course of
filtration to ensure that the majority of particles were recovered from each bottle (Gardner
1977). Particulate matter samples were washed with distilled water to remove sea-salts and
then frozen until filters could be dried under heat lamps and re-weighed in the onland

laboratory.
2.2.2. Results

The free-floating mooring was recovered in a water depth of 2390 m, approximately 50 km
northeast of it's initial release position (Fig. 2.2), indicating an overall drift speed of about
02 ms". The NE drift path was not correlated significantly with the 4-hourly dominant
wind directions (NW-NE) over the deployment period (Fig. 2.3), suggesting that the drifting
array was moved by relatively strong subsurface currents. Ekman depths (Dy) at the start
and end of the deployment period were 130-160 m (Fig. 2.3), based on the relationship
between wind speed (W) and latitude (F) (Pond & Pickard 1983):
Dg = 4.3W(sin%sFYs) ™
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Fig. 2.3 Brancker temperature logger records at 300 m and 500 m water depths over

sediment trap deployment period (1045 h, 8 April 1992 to 1518 h, 11 April
1992). Mean temperatures (+ 1 standard deviation, as depicted by shaded area)
are shown for the duration of each record. Four-hourly wind speeds and
directions and maximum wind speeds (solid line) are also depicted. Mixed-layer
depths (®) at selected CTD stations (U942-U949) are shown. Using the
equation in Pond & Pickard (1983, refer to text), Ekman depths of 131-157 m are
calculated for the starting and finishing latitudes of the sediment trap deployment,
which were 42°40.45'S and 42°22.43'S, respectively.
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Persistent winds from the NW quadrant would have generated a net NE-directed Ekman
transport due to the deflection of the Coriolis force to the left in the Southern Hemisphere
(Pond & Pickard, 1983). Such currents would explain partially the predominant NE drift
pattern of the mooring, possibly in association with observed semi-permanent oceanic

currents in the region (Fig. 2.2).

TM fluxes increased with water depth, although standard deviations were in the order of 10-
30% of the calculated mean flux for each depth (Fig. 2.4A). Average TM fluxes in the upper
200 m were approximately 1.5 and 2.5 times less than the fluxes measured at 300 and 500 m,
respectively. Mean PC and PP fluxes showed no systematic variation with depth, while
average PN fluxes decreased slightly with increasing depth (Fig. 2.4B-D). Correspondingly,
C:N ratios increased with depth, whereas N:P ratios exhibited a range of values from which
no obvious depth-related trends could be determined (Fig. 2.5A, C). C:P ratios were
variable, but increased slightly from 200-300 m to 500 m (Fig. 2.5B). Average PC fluxes
were typically between 20-50% of the total mass flux, and decreased in proportion with
depth. Average PN and PP fluxes also decreased in relative proportion with depth, ranging
from 2-6% and 0.2-0.6%, respectively, despite the observed increase in total mass flux over
the same depth range. Note that the PC fluxes presented here are estimates of total PC flux,

and do not distinguish between organic and inorganic (or carbonate) carbon.

Qualitative microscopic inspection (100x magnification) of filters from the three sediment
trap sample depths reveals subtle differences in the types of organic material collected by the
traps. At all depths, translucent and amorphous khaki- and yellow green organic masses are
ubiquitous, with diatoms and silicoflagellates prominent at 200 m, diatoms and foraminifera
at 300 m and numerous dark brown, ovoid faecal pellets (110-370 um in length and 40-80

pum in width) common at 500 m.

Fluctuations in subsurface temperature of up to 0.5°C were recorded at 300 m and 500 m on
the trap mooring (Fig. 2.3). Due to the relatively deep water depths of the loggers, there was
no correlation of these fluctuations with surface wind conditions (Fig. 2.3). The Brancker

temperature variations were similar, however, to the temperature gradients and ranges
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measured using the CTD (Fig. 2.6). The overall temperature range recorded by the
Brancker loggers indicated that the free-floating sediment trap array remained in subtropical

water (e.g. Heath, 1985), as corroborated by the CTD data.

Mixed-layer temperatures and salinities at stations U943-U949 ranged from 13.8-14.2°C and
34.80-34.89 psu, respectively (Fig. 2.6). At U942, lower near-surface temperatures (12.7°C)
and salinities (34.56-34.60 psu) were recorded, reflecting the location of the station within
the STC. Mixed-layer depths, based on the initiation point of rapid temperature and salinity
changes in the upper water column (e.g., Pond & Pickard, 1983; Gardner et al., 1995), varied
from 65 m on the crest (U942) and northern flank (U944) of the Chatham Rise to between
70-90 m at the other stations in deeper water (Fig. 2.6). Below the mixed-layer, over depths
< ¢a.800 m, temperature and salinity characteristics at all of the CTD stations were
remarkably similar, confirming a subtropical origin (Heath, 1981, 1985). A’ salinity
minimum of 34.46-34.48 psu at about 800-1100 m water depths on deeper casts (Fig. 2.6B)
suggests the probable influence of Antarctic Intermediate Water (AAIW) (Heath, 1981,
1985), consistent with previous observations of this water mass on the northern flank of the

Chatham Rise (e.g., Tomczak & Godfrey, 1994).

Water column total particulate concentrations varied from <0.05 to >0.5 mg I and, with the
exception of U942, concentration profiles decreased with increasing water depth (Fig. 2.7).
At U942, a mid-water minimum was identified at 100 m, and the highest total particulate
matter concentration (0.55 mg 1™) occurred within 20 m of the sea-floor. Over a 12-h period,
maxima in total particulate matter concentration at 5 m and 300 m at approximately 6-hourly
intervals (Fig. 2.8) suggest a possible tidal influence (see Chapter 5). Alternatively, the
temporal pattern in total particulate matter concentration may indicate horizontal advection
of material into the area due to meso-scale physical phenomena, such as those associated
with eddy formation (e.g., Barnes, 1985; Chiswell, 1994b). In contrast, there was no
detectable change in total particulate matter concentrations at near-bottom depths over the

same 12-hour sampling period (Fig. 2.8).

Since nephelometer casts were undertaken independent of the CTD, it was impossible to

calibrate accurately the nephelometer with total particulate matter concentrations. The
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nephelometer profiles, however, provide a qualitative indication of water column particulate
material distribution (Fig. 2.9). At U944 and U949, similar profiles were observed with
elevated concentrations of total particulate matter in the upper 80-130 m. a zone of lower
concentrations throughout most of the remaining water column, and a basal 200-300 m thick
region of slightly increased particulate matter concentration near to the sea-bed. In
comparison, the deepest cast (U943) recorded the existence of a 90 m-thick upper layer of
relatively high particulate matter concentrations and, except for a mid-water maximum at
400-450 m, a homogenous distribution of particles throughout the water column to the sea-
floor. The station on the crest of the Chatham Rise (U941) exhibited relatively higher
apparent concentrations in the top 60 m and bottom 165 m, compared with all of the other

casts (Fig. 2.9).
2.2.3. Discussion

Many of the particles in the upper zone of relatively high particle concentration (Fig. 2.9) are
likely to be dominantly biological in origin (e.g., Walsh & Gardner, 1992; Gardner et al.,
1993). The highest apparent particulate matter concentrations were on Chatham Rise crest
within the STC (stations U941/U942), a region of inferred high biological productivity
(Bradford, 1983; Murphy et al., 1991; Comiso et al., 1993).

Increases in near-bottom particulate matter concentrations within 300 m of the sea-floor (Fig.
2.9) are inferred to represent sediment resuspended from the sea-floor on Chatham Rise. The
resuspended material could then be advected horizontally, probably predominantly by tidal
currents (e.g., Chiswell, 1994a). Strong across-rise flows (up to 20 cm.s”, Chiswell, 1994a)
are inferred to be responsible for the observed mid-water increases in particle concentration
on nephelometer profiles (Fig. 2.9), and to have contributed to increases in mass flux with
depth (Fig. 2.4A). Meso-scale eddies could be an additional influence, particularly on the
northern flank of the Chatham Rise where the East Cape Current impinges onto the Rise
(e.g., Barnes, 1985; Chiswell, 1994a).

The observed increase in total mass fluxes with increasing water depth from 200 m to 500 m

(Fig. 2.4A) is contrary to the expected reduction in particle abundance with depth due to



dissolution, decomposition and remineralisation processes below the euphotic zone (e.g.,
Bruland et al., 1989). Anomalous increases in particle flux with depth have been attributed
to horizontal advective processes (Gardner et al,, 1985; Gardner & Richardson, 1992),
vertical migration and mid-water activities of mesopelagic zooplankton (Angel, 1989),
patchiness of near-surface biological processes (Siegel et al., 1990) and in sifu mid-water
microbial production (Karl & Knauer, 1984a). Without complementary data on the water
column distribution of phytoplankton, bacteria and zooplankton, it is impossible to suggest a
single explanation for the depth increases in north Chatham Rise total mass flux data.
Lateral advection, however, is likely to be an important process, given the observation of
bottom nepheloid layers on the crest and on the northern flanks of the Chatham Rise (Fig.
2.9). Detachment of bottom resuspended layers from the crest of the Rise (e.g., U941) may
have occurred to form the mid-water particulate matter concentration maxima at 400-450 m
at more northerly sites (e.g., U943) (Fig. 2.9). Currents on the Rise crést of up to‘ 20 cm.s™
(e.g., Chiswell, 1994a) are also sufficiently strong to erode and transport fine-grained sea-
floor material (e.g., Lampitt, 1985).

Organic fluxes (PC, PP, PN), relative to TM flux, decreased proportionally with depth as
more labile organic components are removed preferentially by dissolution and
decomposition processes (Fig. 2.4B-D). The increased presence of faecal pellets in trap
samples from 500 m confirms previous observations that such re-packaging processes are an
important mechanism by which organic material is transported from surficial waters to the

deep ocean (e.g., Bruland et al., 1989).

In comparison with the average C:N:P Redfield ratio of 106:16:1 proposed for marine
organic materials (phytoplankton and zooplankton; Fleming, 1940; Redfield et al., 1963),
trap samples in the present study have higher average ratios over most of the sampled depths
(155-287:17-22:1; Fig. 2.5). These observations imply that the trapped samples comprised
relatively refractory material, enriched in carbon, with nitrogen and phosphorus undergoing
preferential recycling within the euphotic zone. A higher contribution of terrigenous or
marine sediment material to the deeper trap, derived laterally from horizontal advective

processes, or from contributions from sedimenting carbonate particles or vertically sinking
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"marine snow" (Alldredge & Silver, 1988), may also explain the observed high C:N ratios (9
at 200 and 300 m; 14 at 500 m).

North Chatham Rise mass fluxes at 200 m are similar in magnitude to euphotic zone export
flux measurements conducted at other oligotrophic locations (e.g., Sargasso Sea - averages
range from 25-280 mg m? d" at 200 m, Lohrenz et al., 1992; central equatorial Pacific
Ocean - averages range from 20-125 mg m? d™! at 150 m, Karl et al., 1996) (refer to Table
5.5). Since fotal particulate carbon fluxes are reported by the present study, direct
comparisons of these measurements can only be made with data-sets collected at the Hawaii
time-series station ALOHA (Karl et al., 1996) and unpublished data obtained by the late J.
M. Martin during the North Atlantic Bloom Experiment in 1989. In comparison, PC values
at 200 m from north Chatham Rise fall within the range of mean fluxes measured from 1988-

1993 at 150 m near Hawaii (13-57 mgC m™ d") and close to the overall mean (29.0+11.0,
Karl et al., 1996). Significantly higher fluxes were observed during spring in north Atlantic
Ocean (124-174 mgC m”> d”, e.g., Martin et al., 1993) than have been measured at either
Hawaii or north Chatham Rise due to sedimentation of phytoplankton “bloom’ products in
the Atlantic Ocean. PP and PN fluxes out of the surface mixed-layer, north of Chatham
Rise, are comparable with values reported near Hawaii (Karl et al., 1996) and in northeast
Pacific Ocean (Knauer et al., 1979; Martin et al., 1987). In contrast, PN fluxes in Sargasso
Sea are substantially lower than those observed at all of these oligotropic locations, perhaps
reflecting the importance of dissolved organic nitrogen cycling in the oceanic waters near

Bermuda (e.g., Michaels & Knap, 1996).

There is only limited information on the magnitude of temporal and spatial variations of
particulate fluxes in the Chatham Rise region. In other studies, significant temporal
variations on both seasonal and annual time-scales have been observed at moored sediment
trap locations (e.g., Deuser et al., 1981; Deuser, 1986; Newton et al., 1994; Honjo et al.,
1995), as well as at time-series stations north of Hawaii (Karl et al., 1996) and near Bermuda
(Lohrenz et al., 1992). Therefore, questions remain as to whether the flux results presented
here are spatially or temporally representative of the Chatham Rise region. Subsequent
sediment trap work in the same region in 1993 has gone some way towards filling these

information gaps (Nodder & Alexander, 1997). The fluxes presented in Nodder (in press)
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are the first direct measurements of export flux from the Southwest Pacific Ocean, and

therefore provide a basis for future trap experiments in the region.

2.3. Sediment trap deployment in Cook Strait

2.3.1. Methods

In autumn 1993 a second pilot study was undertaken from 31 March-1 April in Cook Strait
during commissioning voyages onboard R. V. Akademik M. A. Lavrentyev (NZOI-NIWA
cruises 3004 & 3005) (Fig. 1.8 & 2.2). This study was designed to investigate the relative
flushing rates of traps and the effect of baffles on trapping efficiency over a short-term
deployment (1 day). A high-density brine was prepared prior to vessel departure using sea-
water collected from Evans Bay, Wellington Harbour, and filtered through 47 mm-diameter
Whatman GF/C glass-fibre filters (nominal pore size ~0.9 pm). Formalin (1%), NaCl (50%o)
and a Fuschin Acid (red) dye were added to the sea-water. Twelve trap cylinders were
deployed on one cross-frame set at 110 m in 250-300 m water depth in eastern Cook Strait.
Baffles were placed randomly in six of the twelve cylinders, based on previous experience
during April 1992 (Section 2.2), which indicated that a sample size of at least 4 was required
to ensure standard errors of mass flux measurements would not exceed a “tolerable error” in
order to assess the effect of baffles. An estimate of this "tolerable error" was calculated
(Bhattacharyya & Johnson, 1978) based on the standard deviation of previous mass fluxes at
200 m water depth, north of Chatham Rise, in 1992 (section 2.2). Prior to deployment in
eastern Cook Strait, cylinders were filled completely with dyed high-density brine solution
and covered with plastic sheeting, held in place with dissolvable links, as described
previously. The deployment commenced at 1007 hours on 31 March 1993, but was aborted
due to severe weather and sea conditions at 1455 hours on 1 April 1993. No other ancillary

data were collected during this pilot study.

Upon recovery, sea-water overlying dyed brine was siphoned off, traps capped with plastic
bags and, once onshore, sample aliquots (250 and 500 ml) were extracted in triplicate from
each cylinder using measuring cylinders. Subsamples were analysed for total mass, as

described previously, except that filtered samples were oven-dried at 60 °C for successive



Table 2.1 Brine volume (%) recovered from traps deployed during storm conditions in
Cook Strait pilot study, March-April 1993.

Trap Numbert  Height of brine  Volume of brine % brine solution % brine solution

upon recovery upon recovery retained lost
(m) (m”)
1 0.62 0.0040 66 34
2 0.60 0.0038 63 37
3 0.59 0.0038 63 37
4 Sample lost - - -
5 0.56 0.0036 60 40
6 0.63* 0.0040 66 34
7 0.57 0.0037 61 39
8 0.56 0.0036 60 40
9 Sample lost - - -
10 0.625* 0.0040 66 34
11 0.565 0.0036 60 40
12 0.60* 0.0038 63 37
x 62.8% 37.2%
s 2.5 2.5
T Number corrsponds to position of trap cylinder on trap cross-frame.
x Volume actually equates to total brine recovered (i.c., the dyed portion), plus a small volume of ambient

sea-water (< 0.0001 m®, <2% total trap volume) not aspirated off.
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24-h periods until they reached constant weight (within +0.0050 mg of their original weight,
Karl et al., 1990). Processing of some samples did not actually begin until between 40-70
days of trap recovery, in part due to the lengthy periods of time it took to filter some samples
(i.e., up to 21 h). Blank samples were also filtered from a blank solution prepared 2 months
after the voyage using identical methods to those used for preparation of the original brine
solution,; filtering times for the blank solution ranged from between 2 and 9 h for aliquots of
250 or 500 ml. Samples were rinsed with three 5 ml aliquots of ammonium formate, and
stored frozen until filters could be weighed to constant weight using the drying-cooling cycle

outlined by Karl et al. (1990).
2.3.2. Results

During the deployment, the array drifted approximately north under the influence of gale-
force southerly winds to be recovered in a water depth of approximately 300 m. A total
distance of about 3.6 km was covered at a drift rate of 0.2 km h” or 5 km d™. Upon
recovery, the brine-filled traps were found to have lost on average 37% of their original brine
volume, presumably due to flushing and wash-out of brine solution during deployment
and/or retrieval (Table 2.1). Two samples were lost due to leakage out of previously drilled
drainage holes in the sides of the traps (see methods used in Section 2.2). In general, an
overall average total flux of about 30 g m? d" is indicated by the trap data (Table 2.2),
excluding the obvious spurious data from cylinder 11, together with results from cylinders 1
and 12, which were all improperly subsampled and, consequently, did not recover all filtered

material.

There appears to be little difference in the mass fluxes calculated using different filtration
aliquots of trap solution (Table 2.2). Similarly, the reasonable correlations between replicate
subsamples (standard deviation:mean ratio 0.01-0.12) suggests that the simple subsampling
technique used in this study can be reproduced with moderate accuracy (generally better than
10%). Several data gaps are apparent in the subsampling results with two complete samples
lost and various replicate subsamples discounted due to poor recovery of filtered material,
including all the samples collected from cylinders 1, 11 and 12. Incomplete recovery of

subsamples arose mainly from excessive filtration times which led to material drying onto



Table 2.2 Mass fluxes measured in Cook Strait pilot study, March-April 1993. Two
different aliquots of trap sample solution (250 and 500 ml) were taken from each
cylinder. Note that there were no substantial differences between fluxes
calculated from filtering 250 ml rather than 500 ml of trap solution.

Trap Approximate Average mass flux + Total average Baffled (B) or
number  volume filtered ls(g m™ d'l) mass flux+ 1 s not baffled
M) (gm”d")

1 0.50 21.35 (n=1) 21.35 (n=1)

2 0.25 30.05+1.10 (n=2) 28.31£2.03
0.50 27.15£1.63 (n=3) (n=35)

3 0.25 30.29+3.62 (n=3) 29.33+3.52
0.50 26.47 (n=1) (n=4)

4 0.25 Sample lost -
0.50

5 0.25 35.98+1.89 (n=3) 35.63+5.21
0.50 29.06 (n=1) (n=4)

6 0.25 27.1240.20 (n=3) 28.21+1.55
0.50 29.30+1.54 (n=3) (n=6)

7 0.25 33.75£1.68 (n=3) 33.87+2.65
0.50 33.99+3.84 (n=3) (n=6)

8 0.25 32.81+1.56 (n=3) 32.81+1.56

(n=3)

9 0.25 Sample lost -
0.50

10 0.25 25.84+1.70 (n=3) 28.01+2.92
0.50 30.19+£2.09 (n=3) (n=6)

11 0.25 6.61£1.68 (n=3) 7.03%1.32
0.50 7.66+0.25 (n=2) (n=3)

12 0.50 29.43x1.11 (n=2) 29.43+1.11

(n=2)
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the base and sides of the filter funnels and/or loss of material during the weighing of the
filtered samples to constant weight. These samples were, therefore, excluded from the final
data analysis, although similar problems were encountered to some degree for most of the
samples, suggesting that the fluxes presented in Table 2.2 are likely to be underestimates of
the actual flux. The loss of these samples meant that the effect of baffles on trapping
efficiency could not be tested statistically, although there is an indication that baffles might
increase trapping efficiency since higher total average fluxes were measured in baffled traps,
compared to those traps without baffles (Table 2.2). There seems to be minimal effect of
inter-trap hydrodynamic interactions on trapping efficiency, although the aforementioned
problems of sample integrity and retention suggested that further experimental work was
required to evaluate fully these effects; a posteriori experiments conducted subsequently in

Evans Bay in 1993-1995 were designed to address these effects (Section 2.4).
2.3.3. Discussion

The magnitude of the Cook Strait fluxes warrants further discussion since the measured
fluxes are generally about two orders of magnitude higher than mass fluxes measured at mid-
water column depths in continental shelf environments elsewhere (e.g., northwest
Mediterranean Sea, 0.03-0.70, upto 1.3 g m> d”!, Monaco et al., 1990; southern California,
0.2-0.8 g m” d”', Landry et al., 1992). The Cook Strait fluxes are similar in magnitude to
those measured in both very shallow coastal environments (<30 m, e.g., Monaco et al., 1990;
Lund-Hansen et al,, 1994) and in continental slope settings where lateral transport of
sediments may be enhanced by seasonal variations in meteorological and oceanographic
physical features (e.g., Monaco et al., 1990). Monaco et al. (1990) observed mass fluxes at
600 m on the NW Mediterranean continental margin ranging from 8-21 g m? d'. The
highest fluxes occurred in winter months, with the seasonality in fluxes attributed to the
increased occurrence of storms, higher river discharges and the intensification of regional

circulation patterns in winter (Monaco et al., 1990).

Cook Strait is recognised as a site of active sediment transport (e.g., Black, 1986; Carter et
al., 1991) with recorded near-bottom tidal currents of >1 m s™ down to 300 m water depth

(e.g., Gilmour, 1960; Heath, 1986; Harris, 1990). The deployment of the traps during storm
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conditions, coupled with calculated high suspended sediment transport rates (Black, 1986)
and the meterologically forced nature of circulation in the strait (Heath, 1986), suggests that
the seemingly extreme fluxes of 20-35 g m™ d”', measured in this short-term (<1 day), single
trap deployment, should not be discounted entirely. Bottom sediments in Cook Strait are
characterised by marked spatial heterogeneity (e.g., Carter, 1992), and suggest that a major
source of particulate material, as collected by the sediment traps, may be the two major rivers
in northeastern South Island, the Awatere and Wairau Rivers (e.g., Griffiths & Glasby,
1985). These rivers have been responsible for the formation of an extensive Holocene sandy
and muddy sand wedge, east of Cloudy Bay (Carter, 1992). Suspended sediment loads from
these two rivers dominate river discharges on the NE coast of South Island, north of Cape
Campbell, with annual suspended loads of 1.5 and 4.7 x 10° tonnes, respectively (Griffiths &
Glasby, 1985). Southerly swell in Cloudy bay has sufficient force to resuspend sediments to
most shelf depths. Using a threshold for fine sand of 19-22 cm s (Pickrill & Currie, 1983),
and applying linear wave theory, it is estimated that 5-7 m high and 11-16 s long waves
observed during the trap deployment would be capable of stirring fine sand down to depths
of 160 m. Carter & Lewis (1995) reached similar conclusions for the swell reaching the
south Wellington coast on the other side of Cook Strait to Cloudy Bay.

In addition, significant transport of suspended sediment through central Cook Strait has been
well documented by Black (1986) and Carter (1992). Total particulate matter data (L.
Carter, pers. comm., 1995) from the Narrows area in northern Cook Strait indicates strong
apparent coupling between suspension of bottom sediments and tides with increases in near-
bottom suspended solid concentrations at low tide, decreasing to concentrations of between
1-2mg I at high tide (Fig. 2.10). Higher tidal current speeds and, hence, enhanced sediment
transport potential at low tide are expected from modelling results where surface flows in the
order of 20-60 cm s™ to the southeast are implied, compared with variable flows of less than
10 cm.s™ only an hour before high tide (e.g., Bowman et al., 1980). Tidal streams are
anticipated to reverse and flow strongly to the north in eastern Cook Strait a mere two hours
after high tide (Bowman et al., 1980). Alternatively, vessel drift may have contributed to the
apparent higher near-bottom fluxes since the highest SPM concentration of 4.3 mg It is
observed at the shallowest sampling site (Fig. 2.10) where resuspension may be anticipated

to be a prominent process. Total particulate matter concentrations were generally consistent
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throughout the water column (270-330 m) with values of 0.5-1.0 mg I and maximum
concentrations of 1-4 mg 1" at near-bottom sampling depths (Fig. 2.10). Thus, suspended
sediment swept by tides through central Cook Strait is likely to be another major source of

material collected by the NZOI-NIWA sediment traps deployed in autumn 1993.

The traps were also deployed in a region characterised by predicted moderately low
stratification (S~2-2.5, Bowman et al., 1980; 1983a, b), with shelf fronts also a feature of the
area (Bowman et al., 1980). Southern Cook Strait is noted as the location of the confluence
of waters associated with the northwards-flowing Southland Current, the eastward-directed
D'Urville Current and the southwards-flowing East Cape Current (e.g., Heath, 1971;
Bowman et al., 1983a, b; Barnes, 1985; Murdoch et al., 1990) (Fig. 1.7 & 2.2). This region
may, therefore, be regarded as an area of significant tide-, wind- and/or upwelling-induced
mixing, resulting in moderately low stratification indices, nutrient enrichment of surface
waters (Bowman et al., 1983a, b), and possibly may contribute to the observed accumulation
of spawning hoki (Macruronus novaezelandiae) in Cook Strait (Murdoch et al., 1990). In
addition, propagating internal waves may suspend sediment through wave breaking at the
sea-floor (L. Carter, pers. comm., 1997). Unfortunately, there are no other data that can be
used usefully to verify the flux information; in particular, seasonal and interannual variations

of particulate fluxes in Cook Strait remain unknown.

2.4. Factors affecting sediment trap efficiency: a posteriori sediment trap experiments in

Evans Bay, Wellington Harbour

A series of five a posteriori experiments (I-V) were conducted in the shallow (<20 m) inner
harbour waters of Evans Bay, Wellington Harbour (41°18.25°S 178°48.44°E) between 1993
and 1995 to evaluate trapping efficiency of the NZOI-NIWA traps (Fig. 1.8 and 2.1). The
first experiment (I) was designed to gain an understanding of possible effects of brine
volume and baffles on trapping efficiency, but could not be validated statistically, so that
three specific studies were conducted subsequently to investigate: (a) inter-trap
hydrodynamic interactions between trap cylinders placed in different positions on a cross-

frame (Experiment II); (b) the effect of baffles (III); and (c) the effect of brine volume on
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trapping efficiency (IV). In addition, a 2-week dissolution experiment (V) was undertaken

to evaluate the effectiveness of formalin as a preservative.

In each experiment, single sediment trap cross-frames, each holding twelve cylindrical
traps, were bottom moored at depths of 4 m above the sea-floor using 30-50 kg anchors
and 40 kg of buoyancy provided by two Viny buoys. Traps and baffles were washed using
1 M HC], rinsed with distilled water and capped with plastic bags, prior to deployment.
Brine solutions were prepared 1-2 days in advance from inner harbour sea-water that was
pressure-filtered through 0.45 and 1.0 pm membrane filters, and mixed with 50 g
ANALAR NaCl and 100 ml formalin for every litre of dyed filtered sea-water (e.g., Karl et
al., 1990). Traps were typically deployed and recovered from a small boat (Tara-iti or
Matuku), and traps were closed and opened by SCUBA divers using plastic bags and
rubber bands. Spatial relationships between individual trap moorings were meastired with
ground-lines, and bearings taken by divers along the lines from a central permanent NZOI-
NIWA test-stand to the traps, and vice versa (Fig. 2.11). Upon recovery, after
deployments ranging from 1-6 days, sea-water overlying the basal brine was aspirated off
and trap contents were pre-screened through a 200 mm mesh to remove zooplankton
"swimmers" and poured into a 10 1 Nalgene container from whence aliquots of trap

solution were removed into measuring cylinders. Material retained on the mesh was

3 of sodium metahexaphosphate added and the sample

transferred to a plastic flask, 30 cm
shaken on a mechanical shaker for 15 min to breakdown completely any organic material.
This solution was then combined with the originally sieved trap contents by being passed
back through the 200 um mesh; the >200 pum fraction was preserved in 2.5% pH-buffered
formalin and stored in a refrigerator. Three aliquots of about 100 ml trap solution from
each cylinder were then filtered through pre-weighed 25 mm diameter, 0.2 pm Nuclepore

filters, and average mass fluxes for each cylinder calculated.

Ambient current flow characteristics over the course of each experiment were measured
using a RDI Broad Band Acoustic Doppler Current Profiler (ADCP) with a frequency of 600
kHz (Abraham, 1997) (Experiment I) or an Aanderaa rotary current meter (Experiments II-

IV). The current meter was moored 4 m above the sea-floor on the permanent NZOI-NIWA
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test-stand located in Evans Bay (Fig. 2.11), whereas the ADCP was bottom-moored in

upward-viewing mode 10 m away from the test-stand.

2.4.1. Experiment I: Initial evaluation

In the initial experiment, in conjunction with the ADCP, the sediment trap array was
moored approximately 10 m due east of the permanent mooring in a water depth of about
15 m for a period of 6 days from 18-24 November 1993. Six cylinders were filled
completely with brine; the remaining six cylinders were back-filled with 1.5 1 of brine
beneath approximately 4.5 1 of filtered sea-water. In each of these two preparations, three

traps were baffled and three were unbaffled.

In addition, total particulate matter concentrations were determined from sea-water samples
pumped from a depth of 15 m in the vicinity of the permanent NZOI-NIWA mooring site
over a 24-h period from 0930 h 23 November to 1630 h 24 November 1993. Duplicate 2.0 1
samples were collected every two hours and filtered onto pre-weighed 47 mm diameter, 0.45
pm Nuclepore filters under low vacuum (<8 mm Hg). Samples were rinsed completely with
distilled water to remove sea-salts and stored frozen until re-weighing, following drying of
the frozen filtered sample using a heat lamp. Total particulate matter samples were also
collected from discrete water depths using a 1.5 1 Nansen bottle on a hydro-line with a

messenger at midday on 25 November from a small row-boat.

Absolute mass fluxes from Experiment I varied from 13 to 43 g m?>d’ (Fig. 2.12), with high
amounts of variation between replicate subsamples due in part to excessive losses of
collected sample material during the drying-to-constant-weight procedure. The loss of
material from filters contributed to the complete disregard given to subsamples from cylinder
3, as well as several samples from other traps (Table 2.3). This initial experiment was
unreplicated, in that, the sampling only represented one site at one location. In addition, the
attempt to investigate the effect of several parameters on trapping efficiency (e.g., baffles,
brine volume) without an understanding of how such parameters may themselves be
influenced by other factors, such as trap hydrodynamic interactions, indicated that the

experiment was flawed. Thus, although the results provided an initial appreciation of the



Table2.3  Mass fluxes and %brine recovered from traps filled completely with high-

density brine solution deployed 3 m above the sea-floor in 16.5 m water depth in
Evans Bay, Wellington Harbour, November 1993 (Experiment I).

Trap Total average mass  Initial brine Recovered %obrine  %brine  Code*
numberT flux+1s (g.rn'z.d']) volume (I)  brine volume  recovered lost
@
1 29.41(n=1) 1.50 2.18 - - B.o
2 36.42+5.45 (n=3) 6.04 2.27 37.6 62.4 F,m
3 Sample lost 6.04 2.34 38.7 61.3 F,i
4 27.44+0.23 (n=2) 1.50 1.28 - - U, 1
5 29.54+2.29 (n=2) 6.04 2.30 38.1 61.9 B/F, m
6 24.18+7.12 (n=2) 1.50 2.34 - - B,o
7 36.95+1.83 (n=2) 1.50 275 - - U,o
8 38.62+1.29 (n=2) 1.50 2.69 - - U,m
g 25.12+11.40 (n=3) 6.04 272 37.6 62.4 B/F, i
10 36.72+2.89 (n=3) 6.04 2.05 33.9 66.1 B/F, i
A 32.7443.95 (n=2) 1.50 2.11 - - B,m
12 26.60+10.15 (n=3) 6.04 2.18 36.0 64.0 F.o
+ Number corresponds to position of trap cylinder on trap cross-frame.
* B=baffled with 1.5 | brine, F=brine-filled, unbaffled, U=1.5 | brine, unbaffled, B/F=baffled and brine-

filled; o=outer position on trap cross-frame, m=middle, i=inner.
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Fig. 2.14  Average suspended particulate matter concentrations (+ 1 standard deviation)
measured at Evans Bay over a 24 hour period in November 1993 (Experiment I).
Along x-axis, H = high tide, L = low tide.
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magnitude of fluxes in an inner harbour environment, the data could not provide a clear

indication as to whether baffles and/or brine volume affected trapping efficiency (Fig. 2.11).

In the initial experiment, cylindrical traps completely filled with brine solution consistently
lost 63% of this solution (Table 2.3). In comparison, only 37% was lost from traps deployed
during storm conditions in Cook Strait (Table 2.1). The more energetic wave environment is
likely to have led to highly turbulent conditions that resulted in greater washout from the
NZOI-NIWA traps deployed in Evans Bay, particularly as the traps were fixed in position in
the harbour. Current speeds of between 5-10 cm s were measured by the ADCP over the
depth range of the moored traps (Fig. 2.13B). In contrast, in Cook Strait, the traps were
deployed on a free-floating array which is expected to reduce turbulence at trap mouths (e.g.,
Staresinic et al., 1978, although refer to recent work by Gust et al., 1992, 1994; see Section
1.5). Nonetheless, the mass fluxes measured in these two depositional environments are of
the same order of magnitude with an overall average flux from the moored Evans Bay
experiment of 31.32+7.3 g m? d’ (=1 s, n=25) and from Cook Strait, 30.60+3.96 (%1 s,
n=34, excluding cylinders 1, 11 & 12) (Section 2.2).

Total suspended particulate matter (SPM) samples collected over the first 8 h of Experiment
I exhibited marked variability, possibly reflecting initial problems with the pumping system
and contamination by nekton, such as fish (Notolabrus celidotus, New Zealand spotty) that
were subsampled inadvertently by the pump. SPM concentrations of the early samples
seemed to be higher (2-6 mg l'_l) and exhibited considerably more variablity, compared with
the samples collected after 8 hours which occupied a relatively narrow band of
concentrations, ranging from 1-2 mg I (Fig. 2.14). The highly variable and relatively high
SPM concentrations observed over the first 8 h may be attributed to additional material that
had entered Wellington Harbour as a turbid estuarine layer arising from simultaneous
flooding of the Hutt River (Fig. 2.13C). One may have, however, expected these trends to
have persisted into the 24 November when the plume entered fully into Evans Bay. At this
time the 2-3 m thick turbid layer endured in the bay until at least midday on 25 November
near to the mooring site (Fig. 2.15). These observations are consistent with previous
descriptions of the shallow vertical structure of such plumes in Wellington Harbour (i.e., <5

m thick; Booth, 1975; Heath, 1977). It is difficult to determine whether or not tides play a
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Fig. 2.15 Suspended particulate matter concentrations measured in upper 5 m of water
column in Evans Bay on 25 November 1993 (Experiment I).
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significant role in the advection of suspended material within Evans Bay, particularly since
tidal currents in the inner harbour are often less than the currents generated by wind-forcing,
such as seiching (e.g., Heath, 1977; Abraham, 1997). Intense seiches were observed on 20
and 22 November, closely associated with periods during which wind speeds were greater
than 10 m s™ (Abraham, 1997) (Fig. 2.13A). There is no obvious relationship between SPM
concentration fluctuations and predicted high and low tides (Fig. 2.14) due mainly to the

inherent variability associated with the duplicate SPM concentration results.

2.4.2. Experiment II: Inter-trap hydrodynamic interactions

Disturbance of the mean flow field by individual traps deployed on the same array may
affect relative trapping efficiency depending on the horizontal spacing between each trap.
Gardner (1980a) and Butman (1984, in U.S. GOFS Report 10, 1989) proposed that a
minimum of three trap diameters cross-stream and ten diameters downstream should be
employed to eliminate inter-trap hydrodynamic interactions. The cross-frame array designed
for use at NZOI-NIWA had a trap spacing interval of at least 30 cm which is in accordance
with these previous recommendations. The cross-frame was free to rotate in the horizontal
plane to maintain the traps parallel to the mean flow. Accordingly, Experiment II in Evans
Bay was designed to test the null hypothesis:
That there is no difference in the trapping efficiency of traps placed at any position on a
moored NZOI-NIWA sediment trap cross-frame array.

This hypothesis assumed that there were no interactions between trap moorings on the scale
of the distances between each moored array, and that the Evans Bay environment and
particulate populations were essentially homogeneous. A summary of the experimental

design for Experiment II was as follows:

Site: Mooring sites random =3
Position: Inner, middle, outer fixed =3
Replicates: ~ Cylinders random n=

Linear equation: xy = +S; + P; + SPyy) + e



-

Table 2.4 Sources of variation for a sediment trap experiment designed to test the hypothesis
that the position of traps on a cross-frame affects trapping efficiency. i.e.,
hydrodynamic biases are introduced to particulate flux determinations by inter-trap
interactions (Evans Bay sediment trap experiment II).

SOURCE OF DEGREES OF TABLE OF MULTIPLIERS EXPECTED MEAN F-RATIO
VARIATION FREEDOM (DF) SQUARES (MS)
random fixed random
(S)i ; (n) k
(P)j

Among (sites) A 2 (a-1) 1 3 4 1o, + nog,” + pnos” MS(S)/RES
Among (positions) B 2 (b-1) 3 0 4 1o, + snop” MS(P)/MS(SP)
AxB 4 (a-1)(b-1) 1 0 4 1o, + nog MS(SP)/RES
Residual 27 ab(n-1) 1 0 1 o .

TOTAL 35 abn-1
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The data were analysed statistically using a General Linear Model (GLM) Analysis of
Variance (ANOVA) and a multiple comparison a posteriori procedure (Tukey test) since
there are several possible alternative hypotheses (i.e., Hy: m>my=m;, Hjyp: my<my=m;,
H,;: m;=my>m;, etc) (Table 2.4). The computer programme employed for all statistical
analyses was NCSS (Version 6.0). The same general form of the linear equation used in the
experimental design for Experiment II was used in Experiments III and IV, except that in III

only two fixed variables were being tested (i.e., baffled versus unbaffled traps).

In austral late winter (August) 1994, three arrays were placed randomly in water depths of
between 16-18 m at locations in Evans Bay near the permanent NZOI-NIWA test-stand. All
traps were baffled and back-filled with approximately 1.5 1 of high-density brine containing
0.5% formalin as a poison/preservative. Ten 250 ml "time-zero" brine samples were filtered
as blanks. The traps at sites A and C were capped after five days (10-15 August 1994), but
site B was not located until 16 August (i.e., 6 day deployment). The site C mooring was
recovered on 15 August and traps at sites A and B recovered the following day. Prior to
being capped with plastic bags, traps at site A were well stratified with a strongly developed
dyed basal brine layer. Upon recovery, however, dye in the site A traps was distributed
homogeneously throughout the cylinders so that, upon recovery, trap contents were aspirated
down to a level corresponding to 1.5 1, the original brine volume, once the sea-water/brine
interface was recognised visually. Traps from other sites were aspirated to within 5 cm of
the sea-water/dyed brine interface. Trap contents from all three sites were analysed in
triplicate for mass flux. An Aanderaa current meter was deployed at the start and recovered
at the end of the experiment, but malfunctioned so that there were no current data available

to assess flow conditions during the sediment trap deployment in Experiment II.

At each of the three mooring sites, there are no significant differences in trapping efficiency
due to cross-frame position (d.f. = 2, 4; F = 2.90; P = 0.167; power = 0.096), and hence there
seems to be only minimal inter-trap hydrodynamic interactions (Table 2.5, Fig. 2.16). These
observations support the previous contention that a three-diameter across-flow spacing of
individual traps on an array would eliminate such biases (e.g., Gardner, 1980a; Butman,
1984, in U.S. GOFS Report 10, 1989). It does appear, however, that one of the primary

assumptions made prior to the experiment, regarding inter-mooring interactions or
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Table 2.5 Effect of trap position on mass flux determinations from Experiment II conducted in
Evans Bay, Wellington Harbour, in August 1994. Traps were deployed 3 metres
above the sea-floor in water depths of 18 (Sites A and B) and 17 m (Site C).
Note that ANOVA analysis (¢=0.05) indicates that, although there are significant
differences between the three sites, trap cylinders in “outer” cross-frame positions
collect similar amounts of material as those in “inner” or “middle™ positions.

Trap Mass fluxes Mass fluxes Mass fluxes
postiont (gm?d) (gm*d’) (gm?d’)
Site A Site B Site C
1 (0) 33.61+10.59 51.85+6.19 33.50£5.79 (n=2)
2 (M) 41.25%0.69 58.5442.78 36.42+5.45
3D 36.96+5.12 49.49+7.84 32.90+£2.93 (n=2)
4D 44524250 55.23+0.56 27.4420.23 (n=2)
5M) 43,89+3.48 48.76+12.91 29.54+2.29 (n=2)
6 (0) 32.15+4.29 4530+17.58 (n=2)  24.18+7.12 (n=2)
7(0) 41.0442.13 48.10+4.58 36.95+1.83 (n=2)
8 (M) 46.15£1.23 53.66+4.07 38.62x1.29 (n=2)
9 42.04+4.36 50.46+2.86 25.12+11.40
10 (D 39.82+0.78 41.41+£9.43 36.72+2.90
11 (M) 46.12+10.12 41.51£6.79 32.74£3.95 (n=2)
12 (O) 42.2243.96 57.26+1.96 (n=2) 26.60+10.15
Site mean, 40.81 50.13 31.73
Site standard deviation, s 4,54 5.59 5.02

T Position corresponds to position of trap cylinder on trap cross-frame arm; I = inner position on cross-frame, M = middle position,
O = outer position.
§ Average mass fluxes + | standard deviation are given; unless stated, n=3 in each case.
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Fig.2.16 Effect of trap cross-frame position on average mass fluxes (+ 1 standard
deviation) in Evans Bay, Wellington Harbour, in August 1994 (Experiment II).
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position and O, M and I to whether the traps were in “outer”, “middle” or “inner”
positions. Traps were deployed 3 m above the sea-floor in water depths of 18 m
(Sites A and B) and 17 m (Site C).
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homogeneity of the sampling environment, may have been violated since the three mooring
sites have significantly different mean fluxes with 41 g m™ d"! at site A, 50 at site B and 32 at
site C. Standard deviations ranged from 11-16% of the mean (Table 2.5, Fig 2.16).
ANOVA tests indicate that while sites A and B are statistically similar, fluxes measured at
both of these sites are significantly different to those at site C (d.f. =2, 4; F = 16.50; P =
0.00).

These differences can be explained by: (a) analytical errors arising from problems with
several defective filters detected during the filtration of subsamples from site C, and the loss
of material from several samples during the weighing-drying process;, and (b) the
deployment of traps at site C in slightly shallower water (traps at a depth of 13.7 m in 16.8
m) than the other sites (traps at approximately 15 m in 18 m), where one may expect more
wave-induced turbulence. This environmental effect could have led to increased penetration
of eddies into trap cylinders, thereby reducing the amount of collected material due to

increased flushing effects (e.g., Hawley, 1988).

The overnight capping of the traps at site A seems to have affected intra-trap mixing
processes with the red dye in the traps distributed homogeneously throughout each recovered
cylinder. It is proposed that the plastic bag used as a cap on each trap acted as a diaphram
that transmitted vertical motions arising from surface wave activity into the traps, causing the
trap contents to become extremely well mixed. The effect of this process on measured mass
fluxes is unknown. Furthermore, the higher fluxes at site B can be partially explained by the

longer deployment time due to the initial loss of the array.
2.4.3. Experiment I1I: Effect of baffles

Baffles are used widely in many sediment trap applications to minimise trap turbulence,
although the actual effect of baffles has not been tested rigorously. Gardner (1980b)
suggested that baffles may improve relative trapping efficiency, particularly in cones (e.g.,
Soutar et al., 1977), and that for cylinders, baffles should have aspect ratios of between 2-6.
In field experiments, deep baffles also caused preferential collection of particles <63 mm in

size (Gardner, 1980b). Butman (1986) indicated that relative particle collection efficiency
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was increased in cylinders with identical aspect ratios (~3.0) by as much as 160% by using
baffles with individual aspect ratios of ~8.0. In contrast, unpublished results from the
VERTEX programme suggest that baffles may result in slight decreases in the collection of
marine particulates, and that relatively consistent trapping efficiency may be achieved at
baffle lengths greater than about 7 cm (Martin et al., in U.S. GOFS Report 10, 1989). In this
unpublished study by Martin et al., deep baffles were also found to be associated with
apparent increases in flushing rates while, in general, zooplankton "swimmer" effects were

reduced by using baffles of any design.

In order to evaluate the effect of baffles on the sediment trapping efficiency of NZOI-NIWA
traps, sediment trap Experiment I[II was conducted in Evans Bay in March 1995 (early
austral autumn) to investigate the following null hypothesis:
That baffles make no difference to the trapping efficiency of traps placed at any position
on a moored NZOI-NIWA sediment trap cross-frame array.

Once again, assumptions regarding site effects were made, although, based on the results
from the previous experiment, sites were restricted to certain water depths so as to minimise
the site differences apparent from the earlier Experiment II (Section 2.4.2). An Aanderaa
current meter and vane was connected to the NZOI-NIWA permanent test-stand immediately
prior to the first sediment trap deployment. Three trap arrays were bottom moored at
random locations on 28 March 1995, each with cross-frames fitted with six randomly chosen
baffled and six unbaffled cylinders. Based on the results from Experiment II, no mooring
was located in water depths shallower than 16 m to minimise possible wave stirring activity
as suggested by results at site C from the earlier experiment (Section 2.4.2). In Experiment
HI, each array was successfully recovered on the following day (29 March 1995), and trap
contents overlying the dyed brine-sea-water interface immediately aspirated off in the
laboratory. At site C, the plastic cap was left on the trap at position 6 on the cross-frame,
thereby acting as a surrogate control. Aliquots of approximately 100 ml of trap solution
were filtered in triplicate onto pre-weighed 0.2 um Nuclepore filters for mass flux analyses

for each cylinder.

Mass fluxes measured at each site during Experiment III ranged from 27-47 ¢ m™ d”' and

suggested that the trapping efficiency of NZOI-NIWA traps is not significantly affected by



Table 2.6 Effect of baffles on mass flux determinations from Experiment III conducted in
Evans Bay, Wellington Harbour, in March 1995. Traps were deployed 3 metres
above the sea-floor in water depths of 18 (Sites A and B) and 17 m (Site C). Note
ANOVA analysis (¢=0.05) indicates that there are no significant differences
between baffled and unbaffled traps, nor between sites.

Trap Mass fluxes Trap Mass fluxes Trap Mass fluxes
b 2 numberf 2 4 number¥ 2 4
numbert g m2d)g T gmahy ™ (g m* d")g
e Site A Sitei Site B Sitei Site C
1(0) 41.27+0.77 1(O)B 39.90+1.25 1(O)B 34.09+2.39
2(M) 46.85+0.40 2 (M) 42.30=1.43 2(M) 34.12+0.80
3(OB 37.50+0.64 3(OB 42.94+0.37 3 40.14+1.74
4B 39.02+0.55 4() 40.82+1.34 40O B 38.59+0.66
5(M) 34.07+0.93 5M)B 27.26+1.09 5M) 41.76+1.98
6 (0) 38.57+0.75 6(0)B 41.82+1.54 6(0)B’ 0.49+0.08
7(0)B 38.46+2.32 7(0) 31.67<1.16 7(0) 47.28+1.51
8 (M) 37.97+1.74 8 (M) 34.47+1.53 8M)B 38.95+1.31
9()B 30.34+0.71 9B 34.57+1.33 91 4327+£2.41
10(HB 34.66+1.04 10(HB 40.05£0.52 10HB 29.97+1.87
1t (M)B 35.32+1.60 11 (M) 35.92+0.81 11 (M)B 33.26+1.82
12 (O) 40.64+0.16 12 (O) 42.92+1.59 12 (O) 38.15+2.64
Site mean, X 37.89 37.89 38.14%
Site standard deviation, s 4.16 5.06 5.01
Baffled x , 35.88 37.76 34.97%*
Baffled s, 321 5.89 3.80
Unbaffled x 39.90 38.02 40.79
Unbaffled s, 4.25 4.64 4.50
Overall X 37.97 (n=35)
Overall s 4.61

* n=11; cylinder 6 remained capped during experiment so data from this trap has been excluded.

**  n=5 since data from cylinder 6 has been excluded.

t Number corresponds to position of trap cylinder on trap cross-frame; I = inner position on cross-frame, M = middle position, O = outer
position, B = cylinders with baffles.

§ Average mass fluxes = 1 standard deviation are given; n=3 in each case.
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baffles (d.f. = 1, 4; F = 4.08; P = 0.181; power = 0.071; Table 2.6, Fig. 2.17). Note that tests
between sites and interaction terms have one less degree of freedom than the general model
described above for Experiment II because one trap at site C could not be used in the
analysis, so that a mean value from all the traps at site C was used instead. There was no
consistent pattern in flux at each site that could be tested statistically and attributed solely to
a "baffle effect", although on average baffled traps seemed to collect slightly less than the
overall mass flux mean of 37.97+4.61 g m™ d”' (n=35), whereas unbaffled traps collected
slightly more than the overall mean, on average (Table 2.6). Currents at the height of the
traps were generally between 2-7 cm s', witha period of variable southward-directed flows
on 28 March and stronger northward-flowing currents on 29 March. The water temperature

was 17°C.

To investigate the effectiveness of baffles as zooplankton “swimmer” deterrents (e.g., Martin
et al., in U.S. GOFS Report, 1989), identifiable zooplankton “swimmers” from Evans Bay
were collected on a 200 um mesh and enumerated (Table 2.7). Some inter-site variability is
suggested by the “swimmer” data, and there are no substantial differences between the
plankton collected by unbaffled and baffled traps, except at Site A. At sites A and B, the
mean number of active “swimmers”, represented by copepods and a ?polychaete species, in
baffled traps was on average less than those recovered from unbaffled traps. Martin et al.
(unpublished results, in U.S. GOFS Report 10, 1989) observed a similar trend as at sites A
and B. The opposite trend was observed at site C (Table 2.7). For non-active plankton, such
as passively settling diatoms, it seems that unbaffled traps collected slightly less on average,

than baffled traps.
2.4.4. Experiment IV: Effect of brine volume

A dichotomy exists within the international sediment trap community regarding the manner
in which high-density brines should be used in field studies using free-floating trap arrays.
Traps are either filled up completely with brine, as in the VERTEX programme (Knauer et
al., 1979) and at the two JGOFS time-series stations at Hawaii (Karl et al., 1990, 1996) and
Bermuda (Lohrenz et al., 1992; Michaels & Knap, 1996), or are back-filled with a specific
volume of brine that is markedly less than the total volume of the trap (e.g., Lee et al., 1992).
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Fig. 2.17 Effect of baffles on average mass fluxes (+ 1 standard deviation) in Evans Bay,
Wellington Harbour, in March 1995 (Experiment III). Along x-axis, A, B and C
refer to the randomly chosen sites, 1-12 to cross-frame position and B to whether
traps were baffled or not (unlabeled). Traps were deployed 3 m above the sea-
floor in water depths of 17 m (Sites A and C) and 17.5 m (Site B).



Table 2.7 Effect of baffles on average zooplankton “swimmers” abundance in Evans Bay
sediment trap Experiment III in March 1995.
Mean zooplankton “swimmer” (>200 um) abundance*
Copepods 7Polychaetes  Medusae  Large worms  Diatoms
Site A Baftled 65.50+24.98 28.83+5.74 6.00£5.51  2.50x1.64 12.50+6.92
Unbaffled  92.83+34.98 38.17+15.80  7.17£3.87 3.67%1.51 9.50+3.08
Site B Baffled 50.4+10.31 24.80+9.23 6.00£3.67  0.80+0.84 5.60+3.58
Unbaffled  67.25+£10.01 23.75+7.41 4.00£1.83  1.75+1.83 6.50+3.70
Site C Baffled 63.20+18.30 24.20+10.83  2.00+0.71  2.00+0.71 8.80+3.42
Unbaffled  40.00+5.34  21.00+6.00 0.60+0.55 1.40+1.14 8.20+4.09
Allsites™ X £,y  60.06£1928  26.13+8.35 4.75+4.19  1.81%1.33 9.19+5.59
X £ Sypamea 08.40£31.79  28.60+13.34  4.13+£3.82  2.40+1.55 8.27+3.56
s Average values £ 1 standard deviation are shown; typically, n = 4-6

*k For baffled traps, n = 16; for unbaffled traps, n= 15
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There are valid hydrodynamical reasons for arguing against the former practice since the
addition of a high-density brine acts as a "false" bottom within the trap, thereby altering the
trap's aspect ratio (Gardner, 1979; U.S. GOFS Report 10, 1989). Since aspect ratio is a
critical factor affecting sediment trapping efficiency (e.g., Gardner, 1980a; Butman, 1986;
Butman et al., 1986; and others), U.S. GOFS Report 10 (1989) recommended that a brine
volume equivalent to a brine height of 1-trap diameter should be sufficient to ensure that

trapping efficiency is not compromised.

The final field experiment (IV) in the series examining aspects of sediment trapping
efficiency of the NZOI-NIWA trap system was conducted from 7-8 June 1995 (austral mid-
winter) in Evans Bay, Wellington Harbour. This experiment was designed to test the
following null hypothesis:
That brine volume does not influence the trapping efficiency of traps placed at any
position on a moored NZOI-NIWA sediment trap cross-frame array.

Individual traps were either filled completely with a high-density, formalin-poisoned brine
solution, as used in previous Evans Bay experiments, or back-filled with brine volumes
equivalent to a brine height of either 2.5-trap diameters (as used during NZOI-NIWA
research voyages 3009 and 3014 in 1993; Chapter 5) or 1-trap diameter, as recommended by
U.S. GOFS Report 10 (1989). Three locations, spaced randomly around the permanent
NZOI-NIWA test-stand in Evans Bay, were occupied by bottom-moored trap arrays for a
period of 1 day. An Aanderaa current meter that was connected to the test-stand in March
1995 (Evans Bay Experiment III) remained there for the duration of the present
investigation, and was not recovered until early July. Weather conditions during the
sediment trap deployment period in June 1995 were extremely good with light northerly
winds (5-7 knots, up to 10) and very calm to gently rippled seas. Accordingly, SCUBA
divers used during the deployment and recovery phases reported clear water with visibility of
between 2-5 m, compared to 1-2 m on previous dives when sea and weather conditions were

moderately rough (10-20 knot southerly winds, 1 m wind-waves).

As in previous experiments, upon recovery, sea-water overlying the brine in each trap was
aspirated off in the laboratory, and triplicate 100 ml aliquots of trap solution filtered onto

pre-weighed 0.2 pm Nuclepore filters to determine mass flux differences between trap



Table 2.8 Effect of brine on mass flux determinations during Experiment IV conducted in
Evans Bay, Wellington Harbour, in June 1995. Traps were deployed 3 metres
above the sea-floor in water depths of 15 m (all sites). Note ANOVA analysis
(0=0.05) indicates that there are no significant differences between brine-filled

or unfilled traps, nor between sites.

Trap Mass fluxes Trap Mass fluxes Trap Mass fluxes
number (gm?d")s numbert (gm?d™h§ numbert gm?>d")§
Site A Site A Site B Site B Site C Site C
1(O)2.5D 9.52+0.59 1(O)F 4.48+0.20 1(0)2.5D 11.04+2.90
2M) 1D 11.33x1.02 2M)1D 6.58+0.06 2M)F 5.93+0.25
3OF 3.39+1.66 325D 12.33%0.13 3(O1D 8.94+2.03
4 (1) 2.5D 8.56+0.73 4(DF 3.72+0.52 4(OF 4.00+0.63
SM) 1D 8.76£0.99 5M)2.5D 6.10£034 5(M)2.5D 7.69+£0.73
6(O)F 573036 6(0)2.5D  7.07+0.44 6 (0)1D 8.61+1.28 -
7(0)1D 9.54+0.81 7(0) 1D 5.79+0.14 7(0)1D 8.17+0.18
§(M)2.5D  8.67£2.52 SMF 2.40+0.25 8 (M) 2.5D 8.90+2.22
9 2.5D 10.26+1.00 9(I)2.5D 6.62+0.16 9(F 4.70+0.05
I0DF 3.91+0.72 10 (D 1D 11.99+0.33 10DF 5.64+0.62
11(M)F 4.39+0.68 11M)1ID  5.31x0.40 11 M) 1D 7.66+1.27
12(0) 1D 9.95+0.32 12(O)F 5.60+0.51 12(0)2.5D  9.60+0.66
€ 7.83 6.50 7.57
s 2.73 2.95 2.10
X p 9.90 7.42 8.35
Sip 1.08 3.09 0.56
X ,sp 9.25 8.03 9.31
S35p 0.80 2.89 1.40
X ruL 4.36 4.05 5.07 -
SEuLL 1.00 1.34 0.88
Overall X 7.30 (n=36)
Overall s 2.61

T Number corresponds to position of trap cylinder on trap cross-frame; 1 = inner position on cross-frame, M = middle position, O = outer position,
LD = cylinders with basal brine corresponding to a height of the trap’s external diameter (9.5 cm), 2.5D = basal brine equivalent to 2.5 x heighi

of the trap’s external diameter, F = trap completely filled with brine.
§ Average mass fluxes + 1 standard deviation are given; n=3 in each case, except for cylinder 8 at site A where n=2.
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cylinders. It should be noted that, although it was intended to use volumes equivalent to
exactly 1D- and 2.5D-brine heights (0.576 1 and 1.472 1, respectively), it was not feasible to
replicate these amounts for each trap due to bubbling during the back-filling process.
Accordingly, actual brine volumes for the "1D" traps ranged from 0.960 to 2.016 I (average
1.536+0.353 1, +1 standard deviation) and for the "2.5D" traps volumes were between 1.600
and 3.136 1 with an average brine volume in these traps of 2.437+0.386 1. Traps filled with
brine were recovered with variable amounts of high-density solution. There was only
minimal leakage from traps during pre-deployment and post-recovery phases, so that the loss
of solution may be related to upper trap flushing processes during the deployment period
(e.g., Gardner, 1980a; Hawley, 1988). Trap volumes in the “FULL” traps ranged from as
low as 2.432 ] to a maximum of 5.856 1 with an average brine volume in "FULL" traps of

4.460+1.183 1, out of a total trap volume of 6.044 1.

In general, the mean fluxes recorded on this very calm day in winter during Experiment IV
were substantially less than the fluxes observed in other months in Evans Bay (Table 2.8 cf.
Tables 2.3 and 2.4), ranging from 2 to 12 g m™ d”'. Current meter records collected at this
time indicate that flows at the height of the moored traps were less than 5 cm s™ and variable
in direction (slightly to the north). The water temperature was 11°C. Furthermore, fluxes
calculated for traps that were filled completely with brine were significantly different to
fluxes derived from other traps (d.f. = 2, 4; F = 42.73; P = 0.002; power = 0.68). Fluxes in
brine-filled traps were typically 2-3 times less than those fluxes from traps containing less
brine (Table 2.8, Fig. 2.18). There was no clear pattern between those traps filled with 1D-
brine volume, compared with those filled with 2.5D, although there was a tendency for the
latter to trap slightly more material (Table 2.8, Fig. 2.18). These results confirm previous
assertions that cylindrical traps filled completely with a high-density brine solution may
under-estimate actual particulate fluxes. Therefore, important time-series sediment trap
studies conducted at JGOFS sites in central equatorial Pacific and off Bermuda may be
compromised, and may provide one possible explanation for the perceived failure of traps to
accurately measure export flux (e.g., Buesseler, 1991; Buesseler et al., 1992, 1994; Michaels
et al., 1994; Murnane et al., 1996).
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Fig.2.18 Effect of brine volume on average mass fluxes (+ 1 standard deviation) in Evans
Bay, Wellington Harbour, in June 1995 (Experiment ['V). Along x-axis, A, B and
C refer to the randomly chosen sites, 1-12 to cross-frame position and 1D, 2.5D
and F to volume of brine originally added to the traps; the two former volumes
correspond to basal brines with heights above trap bottom of 1 and 2.5 trap
diameters, respectively, and the latter (F) refers to traps that were filled

completely with brine. Traps were deployed 3 m above the sea-floor in water
depths of 15 m (all sites).



58

Dissolution effects on mass flux
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Fig. 2.19 Dissolution effects on mass flux over a two week period using sediment trap
samples collected from Evans Bay, Wellington Harbour, in November 1993
(Experiment I). Trap solutions comprised a dyed 5% excess NaCl brine poisoned
with 1% formalin. Along x axis, 1-12 refer to trap cross-frame position and B,
BF, U and F relate to different trap treatments (refer to Table 2.3 for details).




Table 2.9 Changes in mass flux over a two week period from sediment trap samples
collected in Evans Bay, Wellington Harbour, in November 1993 during
Experiment I.
Trap Mass flux Mass flux Mass flux Average mass % difference*
numbert upon after 1 week  after 2 weeks flux£1ls & % rate of
recovery (g m2d™" (gm?d™h) el change d’!
(gm®d")
1 27.63 28.87 29.07 28.52+0.78 105 (+0.4)
2 15.32 16.92 15.53 15.92+0.87 101 (+0.1)
3 15.47 17.41 15.40 16.09+1.14 100 (0.0)
4 33.46 33.70 35.00 34.05+0.83 105 (+0.4)
5 16.24 16.61 16.32 16.39+0.20 101 (+0.1)
6 32.22 31.81 30.85 31.63+0.70 96 (-0.3)
7 25.77 29.24 27.12 27.38+1.75 105 (+0.4)
8 29.74 31.50 29.52 30.25+1.89 99 (-0.1)
9 18.47 - 17.94 18.21+0.37 97 (-0.2)
10 15.37 15.54 16.09 15.66+0.38 105 (+0.4)
11 2293 23.72 - 23.33+0.56 (104) (+0.3)
12 16.78 17.44 17.56 17.26+0.42 105 (+0.4)
t Nurmber corresponds to position of trap cylinder on trap cross-frame.

% difference = (FIuXy 2 weeks/FIUXypon recovery X 100), except for Trap 11.
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2.4.5. Experiment V: Effectiveness of formalin as a preservative

An experiment to investigate dissolution rates in formalin-preserved trap samples was
undertaken by retaining trap solutions from Experiment I in the dark and measuring the
changes in total mass measurements over a period of 2 weeks. Subsamples were taken from
each volume using measuring cylinders after agitating thoroughly the total sample between

subsampling.

The sequential dissolution experiments indicate that there was only limited change in mass
flux (typically <10%) over a two week period for sedimenting material collected in Evans
Bay (Fig. 2.19). Many of the subsamples taken from the same cylinder actually revealed a
slight increase in flux with time which was probably due to analytical errors associated with
the technique or may reflect an enhancement in particle production, possibly by microbial
activity (e.g., Ducklow et al., 1985). Previous incubation experiments using marine organic
matter collected in shallow water sediment traps (<250 m) deployed for short periods (4-6
days) suggest decomposition rates that range from 3-8% d? (e.g., Iturriaga, 1979; Lorenzen
et al.,, 1983b). These rates are an order of magnitude higher than the measurements
suggested by this study (i.e., £0.1-0.4% d”', Table 2.9). The decay of organic matter in deep
ocean traps, on the other hand, occurs at similar rates (e.g., 0.1-1.0% d'l, Gardner et al.,
1983; Khripounoff & Crassous, 1994), suggesting that the material collected in Evans Bay
may be predominantly refractory in nature. The observed increases in apparent mass flux
with time are unlikely to be due to bacterial growth. Although the traps were recovered at
the end of the Experiment I deployment with their inner walls covered with an organic slime
which may host high densities and numbers of bacteria (e.g., Ducklow et al., 1985), it is
recognised that formalin inhibits significantly bacterial production (e.g., Knauer et al., 1984;
Lee et al., 1992; Hedges et al., 1993). The slight differences between mass fluxes measured
over a 2-week period (range 1-23%, average 6%) are within expected errors of the

subsampling technique (£10%, range 3-27%, Table 2.2), and therefore can be ignored.
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2.5. Summary of Chapter 2

(1) A sediment trap system was designed and constructed at New Zealand Oceanographic
Institute, NIWA, in 1992. An overall conservative design strategy was adopted since
environmental conditions at proposed open ocean sampling sites near and within the
Subtropical Convergence were poorly known. Since free-floating deloyments were to be
undertaken in the New Zealand JGOFS field work planned for winter and spring 1993, the
favoured design concept was to manufacture cylindrical polycarbonate traps with
removeable baffles that could be mounted on stainless steel cross-frames holding 8 or 12
traps. Basal high-density brine solutions containing formalin as a poison/preservative
would be used to maximise sample integrity over the planned deployment periods of 2-3
days. Laboratory analyses (for total mass, particulate carbon, nitrogen and phosphorus)
would follow the protocols adopted by the Hawaiian Ocean Time-series programme (Karl

et al., 1990).

(2) A sediment trap pilot study in subtropical waters on the northern flank of Chatham
Rise in autumn 1992 was undertaken to assess the practicality of sediment trap
deployments by NZOI-NIWA. The one deployment that was conducted was successful,
and highlighted several logistic requirements that would have to be met for future trap
deployments, including using less trap solution for mass flux determinations (problems
with filter clogging), laboratory ventilation and brine dispensing. Results from this voyage
indicated that resuspension of bottom sediments from the crest of the Rise is likely to be
an important source of sinking particulate material. Trap samples were enriched in
refractory carbon, relative to nitrogen and phosphorus, with Redfield ratios of 155-287:17-
22:1 over sampled water depths of 200, 300 and 500 m. Mass fluxes at 200 m were
similar to export flux measurements made at other oligotrophic oceanic sites (e.g., Lohrenz

etal., 1992; Karl et al., 1996).

(3) A second pilot study in autumn 1993 in Cook Strait highlighted the potential
significance of the strait as a zone of active sediment transport, with mass fluxes measured
over just 1 day that were generally two orders of magnitude higher than similar fluxes

measured at other continental shelf sites (e.g., Monaco et al., 1990; Landry et al., 1992).
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Problems with high sediment loading in trap samples were encountered during filtration,
despite filtering smaller volumes of trap solution than were used in the previous pilot
study. Thus, statistical analysis to investigate the effects of inter-trap hydrodynamic biases

and baffles on trapping efficiency could not be attempted.

(4) Four field and one laboratory experiment were conducted in Evans Bay, Wellington
Harbour, to evaluate statistically the effects on trapping efficiency of inter-trap
interactions, baffles and brine volume, and the effectiveness of formalin as a preservative.
The first experiment (I) was compromised by lack of integrity of filtered mass flux
samples due to excessive sediment loading arising from the traps being deployed for 6
days. A second experiment (II) was undertaken to determine whether cross-frame position
affected the trapping efficiency of the NZOI-NIWA traps using three randomly chosen
mooring sites in Evans Bay. Traps were deployed unavoidably for 5-6 days. Although
strong inter-site differences were apparent, there were no significant differences in
trapping efficiency due to cross-frame position, supporting previous assertions from flume

studies (e.g., Gardner, 1980a; Butman, 1984, in U.S. GOFS Report 10, 1989).

(5) Experiment III, to evaluate the effect of baffles on trapping efficiency, had a statistical
sampling design similar to that employed in Experiment II. After a 1 day deployment,
three moorings were recovered and trap samples analysed for mass flux, which indicated
that sediment trap efficiency was not significantly affected by baffles. Baffles may have
reduced slightly the impact of zooplankton “swimmer” contamination (although not
statistically validated). In Experiment IV the effect of different brine volumes on trapping
efficiency was investigated, and indicated that traps filled completely with high-density
brine solution, as used in many other JGOFS-affiliated studies (e.g., Martin et al., 1993;
Lohrenz et al., 1992; Karl et al., 1996), collected 2-3 times less material than traps only
partially filled with a basal brine. Finally, a two week dissolution experiment (V)
indicated that formalin is an effective preservative of trapped material collected in Evans

Bay, with measured decomposition rates of <0.5% d™.
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Chapter 3

THE BIO-PHYSICAL ENVIRONMENT OF CHATHAM RISE
AND SUBTROPICAL CONVERGENCE

3.1. Physical setting of Chatham Rise
3.1.1. Location and morphology

Chatham Rise is a broad, asymmetric submarine high, centred on ~43°30'S that extends 1700
km eastwards from Banks Peninsula on the east coast of South Island to approximately 500
km east of the Chatham Islands where it intersects the northern reaches of the Subantarctic
Slope (CANZ, 1997; Fig. 3.1). Slopes on the northern flank of the Rise are typically steeper
than those on the southern side, with maximum gradients of 1:5 compared to 1:25 (Krause,
1966). The northern margin descends to depths of 2500 m onto Hikurangi Plateau, a region
of overthickened oceanic crust (10-15 km; Davy & Wood, 1994; Wood & Davy, 1994). The
southern flank reaches depths of over 4000 m on the northern side of Bounty Trough, which
is a starved rift basin of Cretaceous-Oligocene age that has also been an active conduit for
sediment derived from Southern Alps erosion during late Cenozoic glaciations (e.g., Carter
& Carter, 1993). Within the 500 m isobath, the crest of Chatham Rise ranges from 50 to 130
km in width, being narrowest in central regions at about 179°E (Fig. 3.1). Water depths
along the gently undulating crest generally vary between 300-400 m, except at the Chatham
Islands, which is the only presently emergent part of fhe Rise, and in the vicinity of four
submerged banks, Memoo, Veryan, Reserve and Matheson, all of which rise to within 200 m
of the sea-surface (Fig. 3.1).

3.1.2. Tectonic setting and geological history

Chatham Rise is located to the south of the presently active, east-facing, obliquely

convergent Hikurangi subduction-transform margin where the anomalously thick, oceanic



63

Pacific plate (Hikurangi Plateau, Davy & Wood, 1994) is being subducted beneath the
continental Indo-Australian plate (e.g., Lewis & Pettinga, 1993). The Cretaceous-Cenozoic
geological history of the Rise has been summarised by Wood et al. (1989) and Wood &
Herzer (1993), and is outlined briefly here. Crustal thickness beneath Chatham Rise is
estimated to be 23-26 km, thinning to the south towards Bounty Trough and east of Chatham
Islands (Davy & Wood, 1994). Basement rocks on the Chatham Rise comprise Upper
Paleozoic and Lower Mesozoic schists and greywackes of the Torlesse terrane (e.g., Norris,
1964; Wood et al., 1989). Extensional Late Cretaceous half-graben formation on normal
faults occurred across entire Chatham Rise between 100-70 million years ago with half-
grabens subsequently infilled by a >2 km-thick syn-tectonic sequence of terrestrial and
shallow marine sediments (e.g., Wood et al., 1989; Carter & Carter, 1993; Barnes, 1994).
Widespread calc-alkaline and basaltic volcanism accompanied Late Cretaceous extension

and crustal subsidence (Wood et al., 1989; Wood & Herzer, 1993).

Early Cenozoic (Paleocene-Early Oligocene) sequences on the Rise thicken from less than
300 m on the crest to 1 km or more on the flanks, and are characterised by carbonate and
authigenic sediments deposited in shelf-slope environments, punctuated by episodes of
basaltic volcanism (Wood et al., 1989). Some Cretaceous faults underwent reactivation in
the Eocene, creating localised depocentres over 500 m deep (e.g., Wood et al., 1989; Barnes,
1994). During the late Cenozoic, Chatham Rise remained tectonically stable and, as a
consequence, sediments from this period are either absent or relatively thin over much of the
Rise. Up to six periods (Wood & Herzer, 1993) of extensive erosion were interspersed with
episodes of slow glauconitic and carbonate deposition. Extensive phosphatisation of lag
gravels is inferred to have occurred during one phase of middle Late Miocene erosion in
central and eastern parts of the Rise (e.g., Cullen, 1980; von Rad & Kudrass, 1984; Cullen,
1987). Since Pleistocene times, authigenic glauconitic greensand (40-80% of sediment
samples; Norris, 1964) and foraminifera-rich carbonate sedimentation have persisted across
the Rise, resulting in locally thick (<20 m) accummulations of sediment in topographic
depressions along the crest (Norris, 1964; Pasho, 1976; McDougall, 1982; Falconer et al.,
1984). Hemipelagic mud extends eastwards from South Island to 179°E, mantling northern
and southern flanks of the Rise, while planktonic formanifera-rich oozes are common in

Bounty Trough region. Little material has been introduced from external sources, except for
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ice-rafted cobbles (Cullen, 1962), airborne volcanic deposits (Barnes & Shane, 1994; Carter
et al., 1995) and aeolian dust deposited in glacial times (Stewart & Neall, 1984). Active
normal faulting, including some reactivated Cretaceous and Eocene structures, is restricted
primarily to the northwestern corner of the Rise in the North Mernoo Fault Zone (e.g., Lewis
et al., 1985; Wood et al., 1989; Barnes, 1994). Within this zone, Barnes (1992) also
described extensive scouring and deposition by late Quaternary mid-bathyal bottom currents.
Localised areas on both the northern and southern slopes of Chatham Rise have undergone

recent mass flows and slope failure (e.g., Barnes, 1992).

3.2. Physical oceanography

3.2.1. Water masses and fronts in Chatham Rise region

Water masses and fronts in the New Zealand region have been summarised by Deacon
(1937), Wyrtki (1962), Heath (1985), Paterson & Whitworth (1990) and Tomczak &
Godfrey (1994), among others. Of specific relevance to this study, however, is the
distribution in space and time of the Subtropical Convergence (STC) and the oceanic water
masses that are entrained into the frontal zone to the east of New Zealand (Fig. 3.2). To the
south of the STC, Subantarctic Surface (SASW) and Mode Waters (SAMW) thicken
northwards of the Antarctic Circumpolar Front (e.g., McCartney, 1977; Sievers & Nowlin,
1984). SAMW is characterised as a circum-polar, 300-700 m thick layer of nearly
homogenous water, derived from deep vertical convective overturning in winter at the
Subantarctic Front. Heath (1985) suggested that the weak thermal structure of surface waters
on the Campbell Plateau (e.g., Heath & Bradford, 1980) may be attributed to SAMW
formation. Throughout much of the South Pacific, a shallow oxygen minimum layer at 150-
500 m lies above SAMW (e.g., Wyrtki, 1962; Paterson & Whitworth, 1990), with the
overlying SASW identified by low temperatures and salinities and a weak oxygen
maximum. This surface water mass is driven northwards from the Subantarctic Front by
prevailing West Wind Drift, south of New Zealand. North of the STC, subtropical surface
waters fill the upper 1 km of the Pacific Ocean, having formed as Western South Pacific
Central Water (WSPCW) either within the STC between Tasmania and New Zealand (near
150°E; Szymanska & Tomczak, 1994) or in the Central Pacific Ocean (Heath, 1985).
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These northern and southern water masses meet at the STC which marks the zone in which
warm (summer >15°C, winter >10°C), highly saline (35.7-35.8%0), nutrient-depleted
subtropical waters to the north, interact and mix with cold (summer <14.5°C, winter <10°C),
less saline (~34.5%o), nutrient-rich subantarctic waters to the south (Fig. 3.2). Early workers
(e.g., Garner, 1959; Gilmour & Cole, 1979; Heath, 1975, 1981, 1985) identified the STC on
the basis of surface temperature and salinity characteristics, such that the STC was regarded
to follow the 10°C and 15°C surface isotherms in winter and summer, respectively, and the
surface isohalines of 34.7-34.8%o, independent of season. Recent studies of Advanced Very
High Resolution Radiometer (AVHRR) images over a 2 year period (1989-1990) by
Chiswell (1994b) indicate that the STC zone is marked by pronounced gradients in
temperature (i.e., over 2°C per 100 km) and has a winter sea-surface temperature range of 8-

12°C in winter and 12-18°C in summer.

The New Zealand subcontinent intersects the west-east zonal passage of the STC across the
south Tasman Sea and the South Pacific Ocean (e.g., Deacon, 1937). Compared with the
east coast, the STC is more difficult to define accurately off the west coast of New Zealand.
The STC frontal zone is located off the Fiordland coast (Chiswell, 1996), but is deflected
south of here by the relatively shallow (<200 m) bathymetry of Puysegur Bank and Snares
Platform (e.g., Stanton, 1973; Heath, 1975; Stanton & Ridgway, 1988; Butler et al., 1992 cf.
Deacon, 1937; Wyrtki, 1962). The position of the frontal zone around southern New
Zealand is therefore generally.south of approximately 46°S latitude (Fig. 3.2). In central
Tasman Sea between 40-44°S west of about 160°E, a strong southern front, centred on the
34.9%o isohaline, and a weaker, less permanent northern front at 35.2%o have been delineated
within the STC, the latter influenced by both relic East Australia Current eddies and local
wind field forcing (Jeffrey, 1986; Stanton & Ridgway, 1988). Recently, Szymanska and
Tomczak (1994) have defined the Subtropical Front in the south Tasman Sea in summer as a
region of enhanced sea-surface temperature and salinity gradients within the STC, as

positioned by the 34.8%o isohaline and the 13°C isotherm.
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Along the east coast of South Island, New Zealand, warm, coastal surface waters are
separated from cooler, offshore subantarctic waters by the Southland Front which is
associated with the northwards-flowing Southland Current (e.g., Burling, 1961; Jillett, 1969;
Heath, 1972; Chiswell, 1996). From satellite-derived sea-surface temperature data, the
Southland Front exhibits limited spatial variability, but its strength is modulated annually,
being strongest in winter (Chiswell, 1994b). Between Banks Peninsula and Kaikoura, a
component of the Southland Current diverges eastwards and flows along the northern and
southemn flanks of the Chatham Rise (Barnes, 1985 cf. Heath, 1981). The northernmost flow
bifurcation interacts and becomes mixed with southwards-flowing subtropical East Cape
Current (Heath, 1972, 1981). Semi-permanent anticyclonic eddies have developed off
southeast coast of North Island (e.g., Barnes, 1985; Vincent et al., 1991), presumably in
response to the interaction between Southland and East Cape Currents. Evidence for flow
within the southern bifurcation of the Southland Current on the Chatham Rise may be
provided by Ridgway (1975) who suggested that a shallow trough in sea-surface elevation,
relative to 200 dbar, indicated an easterly zonal flow at about 45°S. Ridgway (1975) also
interpreted this zonal flow to represent the position of the STC. Thus, in this region, the STC
is restricted geographically along Chatham Rise, paralleling the crest of the Rise out towards
the Chatham Islands (Fig. 3.2), possibly due to the interplay of flows within the Southland
and East Cape currents. East of the Chatham Rise, although data coverage is sparse, it
appears that the STC swings abruptly towards the south (Ridgway, 1975) as the eastern flank
of Chatham Rise becomes more submerged. Recently, Stramma et al. (1995) advocated the
existence of a weak (i.e., geostrophic surface current <10 m s, upper 1000 m transport <5
Sv) flow, referred to as the South Pacific Current (SPC) within the STC (or Subtropical
Front, as preferred by these authors) to the east of the Chatham Islands. This current
originated supposedly from the interaction between subtropical waters carried around
southern New Zealand by the Southland Current and a larger volume (up to 6-9 Sv) of
subtropical water derived from the north via the East Auckland and East Cape Currents.
Furthermore, the SPC is inferred to act as a barrier to the northwards dispersal of Antarctic
Intermediate Water and Subantarctic Mode Water and forms the southern closure of the
South Pacific subtropical gyre (Stramma et al., 1995). A recent global ocean eddy-resolving
circulation model suggests, however, that the strong jet streams associated with the ACC

may mask the importance of the SPC (Semtner & Chervin, 1992).
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3.2.2. Subtropical Convergence and Chatham Rise

On Chatham Rise, the STC is characterised by marked surface salinity and temperature
gradients (e.g., 0.9%o0 and 4°C within one degree of latitude, respectively; Heath, 1973), with
the STC occupying a mean latitude of approximately 43°S east of New Zealand (e.g.,
Deacon, 1937; Garner, 1953, 1959; Heath, 1975; Ridgway, 1975; Gilmour & Cole, 1979;
Vincent et al., 1991) (Fig. 3.2). Strong temperature gradients across the STC (i.e., >2°C over
100 km) have been recently observed from satellite imagery data (Chiswell, 1994b). The
actual latitudinal position of the STC can vary considerably, however (e.g., Heath, 1975 cf.
Vincent et al., 1991), and recent sea-surface temperature satellite imagery indicates that this
zone is, in fact, represented by a complex, irregular front, characterised by large-scale
meanders and eddy-like features, particularly near Merno.(‘) Bank (e.g., Barnes, 1985; Vincent
et al., 1991). In vertical profile, isohalines and isotherms slope upwards to the south (e.g.,
Heath, 1975; Gilmour & Cole, 1979) (Fig. 3.3). A subsurface tongue of high salinity water
appears to extend southwards into the cooler, less saline subantarctic waters at depths of
between 80-300 m to at least 47°S at certain times (e.g., Heath, 1968; Heath, 1975; Gilmour
& Cole, 1979; Sparks et al., 1989; Vincent et al., 1991). Complex mixing patterns across the
STC indicate that "old" (i.e., P depleted) water is upwelled on to the southern flank of the
Rise to a water depth of about 800 m (R. Sparks, pers. comm., 1991). High levels of bomb-
C at 1000 m south of Bounty Trough suggests a typical vertical mixing time of 25-30 years
(Sparks et al., 1989). |

Seasonal migration of the STC has been postulated by Heath (1968, 1975) who suggested
that the STC may be located further south in winter (September-October 1967) compared to
summer (April 1967), contrary to observations of the STC in central Atlantic Ocean
(Deacon, 1937). Heath (1975) attributed this apparently anomalous seasonal movement in
the Chatham Rise area to thermal and density stratification of the water column in the
summer. The resultant abrupt changes in vertical current gradient and associated increased
vertical stresses were postulated to restrain the southward movement of subtropical water
due to strong coupling between water above and below the depth of the Chatham Rise crest.

Seasonal variations in wind patterns and strengths may also be a significant factor in
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controlling the position of the STC (Heath, 1975). Chiswell (1994b) has also invoked an
annual migration pattern associated with the position of the STC suggesting that the STC, as
defined by the position of strongest sea-surface temperature gradient, migrates northwards
from the southern flank of the Rise in spring to the northern flank in summer. Significant
interannual variations of the position of the STC, however, can be observed when
considering other data collected in different years in the same season (e.g., Ridgway, 1975;
Robertson et al., 1978; Gilmour & Cole, 1979; Vincent et al., 1991). This observation may
be addressed in the interpretations of Chiswell (1994b) who found that the inferred annual
signal associated with the position of the STC only accounts for 30% of the total variance,
and is probably influenced by mesoscale meanders and eddies not able to be resolved in his
analysis (e.g., Vincent et al., 1991). Accordingly, both the strength and position of the STC

during any individual month are likely to be different from their expected seasonal values.
3.2.3. Currents on Chatham Rise

Mean current flows in the vicinity of Chatham Rise have been inferred from calculations of
the geostrophic current field by Heath (1968), Ridgway (1975) and Chiswell (1994a).
Geostrophic currents are generally weak north and south of the STC with Heath (1968)
reporting a maximum geostrophic current velocity of 11.2 cm s in southern Hikurangi
Trough region, associated with the occurrence of a semi-permanent anticyclonic eddy,
known as the Waiarapa Eddy, in this area (e.g., Garner, 1967; Heath, 1975; Barnes, 1985,
Vincent et al., 1991). Both Heath (1968) and Ridgway (1975) show a dominant mean
northeastwards flow at about 46°S, south of the Rise, with very weak current speeds of
between 1.7-8.8 cm s’ (Heath, 1968). In addition, Stramma et al. (1995) calculated
eastwards-flowing geostrophic surface velocities of <10 m s™, just to the north and east of
the Chatham Islands, within the proposed South Pacific Current, as did Chiswell (1994b)
over the Chatham Rise.

Quantitative measurements of current flow on the Chatham Rise using current meters have
been reported only by Heath (1983, 1984), Greig & Gilmour (1992) and Chiswell (1994a).
Heath (1983, 1984) presented results from a 34-day mooring on the Rise crest at
approximately 179°30'E, while Greig & Gilmour (1992) outlined data collected during a
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127-day mooring in Mernoo Saddle. Chiswell (1994a) collected 4- to 7-day current meter
records at 150 m water depths from north, south and on top of the Rise, together with 150
kHz Acoustic Doppler Current Profiler (ADCP) data over the same region along 178.5°E.
These data indicate that flows on the Rise are dominated by the lunar semi-diurnal tidal
constituent M,, but differ in the strength of the signal attributed to the diurnal tidal
constituents (O; and K;). Greig & Gilmour (1992) found that the currents associated with
the latter two parameters were considerably less on their more westerly mooring than those
recorded by Heath (1983, 1984) (i.e., 1.6 and 0.7 cm s for O, and K, respectively cf. 4.9-
7.6 and 3.4-5.4 cm s'l), thereby disputing the presence of a trapped continental shelf wave
along the crest of the Rise as proposed by the earlier work. Furthermore, Chiswell (1994a)
argued that if the diurnal tide is a shelf tide then it only exists on the northern flank of the
Rise. Along-rise (or zonal) currents appear to be strongest on top of the Rise and dominated
by diurnal tides, whereas across-rise (meridional) currents are predominantly influenced by
semi-diurnal tides (Chiswell, 1994a). Tidal flows in Mernoo Saddle were typically 12-15 cm
s™ with maximum currents of 30 cm s’ (Greig & Gilmour, 1992), compared with generally
<20 cm s™ from the mid-rise moorings of Heath (1983) and Chiswell (1994a). A maximum
along-rise flow of 37 cm st was reported by Chiswell (1994a) at his central mooring

(43°20°S 179°00°E).

The current meter data of Chiswell (1994a) is used to determine the Reynold’s numbers that
the traps described in Chapter 2 (Section 2.1) would be anticipated to experience during
deployments on Chatham Rise. Using equation 7 (Section 1.4, Chapter 1) this analysis
indicates that maximum Reynold’s numbers, relative to the traps, of 13300-24700 might be
expected based on current flows of between 20 and 40 ¢m s™ (Chiswell, 1994a). Similarly,
using the mean flow characteristics of the Subtropical Convergence frontal zone, described
by Chiswell (1994a), average trap Reynold’s numbers of 4000-8000 are anticipated. These
calculations suggest that the high aspect ratio of the NZOI-NIWA traps should be sufficient
to reduce intra-trap turbulence since Hawley (1988) showed that the basal tranquil zone in
traps with relatively high aspect ratios remains intact even at Reynold’s numbers of 4000 and
8000. At aspect ratios lower than 5, the tranquil zone in cylindrical traps was destroyed at
progressively lower levels of turbulence (Hawley, 1988) (Fig. 1.11C, Section 1.4, Chapter
1).
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Simple models of the diffusive-advective balance across the STC led Heath (1976, 1981) to
suggest that mean flow was towards the north near the surface, decreased with depth (e.g.,
4.6 to 1.84 cm s'l; Heath, 1983) and directed southwards near the sea-floor. Chiswell
(1994a) was unable to show conclusively any evidence of cross-frontal circulation patterns
required to maintain the STC with convergence of flows only inferred for a narrow band at
about 43°S. Considerable spatial heterogeneity is apparent in current flow speeds and
directions within the STC. For example, Chiswell (1994a) observed mean westerly flows of
11 cm s north of the Rise crest (42°56.5'S), 12 cm s” to the northeast on the crest itself
(43°14.9'S), and 6 cm s to the south at 44°S, over the same period of time. Similarly, in
Mernoo Saddle, Greig & Gilmour (1992) observed that, although the net average flow was to
the north at 3.1 cm s”, this flow was interrupted by strong southward currents that persisted
for up to 10-12 days. Therefore, net southward flows in Mernoo Saddle lasted for up to 5

weeks, while the maximum recorded current speed was 67 cm s™ to the south.
3.3. Biological processes

The strong hydrographic zonality associated with the STC, east of New Zealand, plays a
significant role in influencing biological processes operating in the vicinity of Chatham Rise.
For example, the position of the STC appears to control the distribution and abundance of
many floral and faunal groups in this region, such as mesopelagic fishes (e.g., Robertson et
al., 1978), planktonic foraminifera (e.g., Kustanowich, 1963), phytoplankton (F.H. Chang,
pers. comm., 1991), copepods (e.g., Bradford & Jillett, 1980), dinoflagellate cysts (e.g., Sun
& McMinn, 1994) and benthic organisms (e.g., Probert & McKnight, 1993).

The Southwest Pacific region is recognised as a zone of heightened atmospheric CO, uptake
(ApCO,>20 patm, e.g., Takahashi & Azevedo, 1982; Murphy et al., 1991; Currie & Hunter,
1997) (Fig. 1.2), which is inferred to be related to high rates of biological productivity in the
vicinity of the STC (Taniguchi & Nishizawa, 1971; Bradford, 1980b, 1983). From very
limited historical data, surface production is higher in subtropical waters (>1.0 mgC m> h';
Bradford, 1980b) than in subantarctic waters (0.5-0.75 mgC m> h™, although water column-
integrated production is reported to be higher in the latter (0.5-0.75 cf. 0.25-0.5 gC m? d;
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Bradford, 1980c). Furthermore, enhanced biomass of benthic organisms on the southern
flank of Chatham Rise, compared with expected depth-biomass trends in other deep ocean
basins (e.g., Rowe, 1983), led Probert & McKnight (1993) to infer that high fluxes of organic
matter to the sea-floor must be reaching, and being utilised by, benthic communities within

the STC.

Previous studies have shown that, compared to subantarctic waters, subtropical water masses
in the New Zealand region are generally depleted in nitrate (0-17 pM, compared with 15-25
uM; Zentara & Kamykowski, 1981) and dissolved reactive phosphorus (<0.3 pg 1
compared with >0.8 pg 1, Bradford & Roberts, 1978; Bradford & Taylor, 1980; Vincent et
al., 1991). Furthermore, subtropical waters contain higher concentrations of dissolved
reactive silica, relative to mnitrate, than subantarctic waters, such that subantarctic surface
waters are characterised by excess nitrate (>6 pM) at silicic acid depletion and subtropical-
tropical waters of the South Pacific are in approximate nutrient balance (Zentara &
Kamykowski, 1981; Kamykowski & Zentara, 1989). Vincent et al. (1991), however,
showed that near-surface silica concentrations were highest in subantarctic waters (2.3 mmol
m'3), compared to subtropical waters, which had concentrations of 1.0-1.5 mmol m>.
Ammonium concentrations in the top 90 m, measured in spring 1987, ranged from <0.2-0.8
puM, with a mid-water maximum of >0.6 pM at about 40-60 m, and highest values recorded

atop and north of Chatham Rise (J. Grieve, pers. comm., 1991).

The standing stock and distribution of phytoplankton is estimated from the measurement of
chlorophyll a in surface waters. Bradford (1980d) showed that non-winter chlorophyll a
concentrations were generally uniform, typically ranging from 0.25-0.5 mg m>. Higher
concentrations (up to 1.5 mg m'3) were suggested for the western end of the Rise, north and
south of Mernoo Saddle, and around the Chatham Islands (Bradford, 1980d). Taniguchi &
Nishizawa (1971) also found that in winter 1968 surface chlorophyll a concentrations were
generally higher in the STC than both south and north of the convergence zone (i.e., 140-220
mg m™ cf. 90-140 mg m'z). Vincent et al. (1991) showed that there was little relationship
between physical and chemical variables across the Chatham Rise with highest chlorophyll a
concentrations observed immediately south of Mernoo Saddle (1.5 mg m'3) and lower values

in subantarctic (<0.3 mg m’3) than in subtropical and STC waters (0.3-0.9 mg m>).
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Discontinuities in the distribution of many zooplankton (e.g., actideidae copepods, hyperiid
amphipods, planktonic foraminifera recovered from sediment samples; see Bradford, 1983)
and pelagic faunal groups (e.g., mesopelagic fishes, crustacea and cephalopods; Robertson et
al., 1978) reveal a close spatial association with the STC (Bradford, 1983). Zooplankton
biomass estimates by Bradford (1980a), on the other hand, integrated over 0-200 m water
depths, indicate a more complex distribution pattern for zooplankton in the Chatham Rise
region. Maximum non-winter biomass concentrations (>300 mg m” wet weight) occur over
and just south of Mernoo Saddle while, in general, much of central Chatham Rise is
characterised by relatively low values (<25 mg m'3) with a patch of moderate biomass
concentration (25-50 mg m") located off southeast North Island, associated with semi-
permanent eddies that form in this region (e.g., Barnes, 1985; Vincent et al., 1991). In
addition, Chatham Rise is the location of several economically significant deep water
fisheries, targeting orange roughy (Hoplostethus atlanticus), hoki (blue grenadier,
Macruronus novaezelandiae) and oreo (Family Oreosomatidae), which contribute over $200

million export dollars annually to the New Zealand economy.

There is only limited information, however, regarding spatial and temporal variations in
ecosystem structure and functioning in the oceans around New Zealand. Seasonal cycles
of oceanic phytoplankton and zooplankton successions are not as well established as they
are for other oligotrophic environments, such as northeast Pacific and Atlantic oceans
(e.g., Parsons et al., 1984). Until recently, there has been no information collected on
microzooplankton, bacterial and picophytoplankton biomass distributions in the Chatham
Rise region. Coastal Zone Color Scanner (CZCS) satellite imagery suggests that
phytoplankton pigment concentrations are enhanced along Chatham Rise, regardless of
season (Comiso et al., 1993). Longhurst and various co-authors (e.g., Longhurst &
Harrison, 1989; Longhurst, 1995; Longhurst et al., 1995) have extrapolated CZCS ocean
colour data to predict primary production indices and more recently to model seasonal
cycles of pelagic ecosystem functioning (Longhurst, 1995). This latter work subdivides
the Southern Ocean into several biogeochemical provinces (Fig. 3.4), of which
Longhurst’s designations SPSG, NEWZ, SSTC and SANT are pertinent to this study. The
SPSG province represents the South Pacific Ocean subtropical gyre, and is described by
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Longhurst (1995, p. 150) as being “very poorly known”. The NEWZ province is located
over the Campbell Plateau, north of the Subantarctic Front and south of the STC (or SSTC
of Longhurst), and is characterised by strong topographic control on chlorophyll biomass
accumulation and productivity, which peak in summer, as documented originally by Heath
& Bradford (1980). The SSTC represents the frontal zone of the Subtropical
Convergence, and.the SANT field extends across the Southern Ocean from about 35° to
55°S. The SANT province is characterised by deep winter mixing of 200-500 m and a
latitudinal gradient in surface nitrate increasing southwards from 1-3 to 10-15 pg I". The
three SPSG, SSTC and SANT regions form part of Longhurst’s (1995) Westerlies domain
at mid-latitudes which is typified by winter-spring production with nutrient limitation
occurring in early summer. Perhaps significantly in this domain, the depth of the photic
zone is deeper than the mixed-layer only in summer months, and biological production is
coupled with chlorophyll biomass accumulation, unlike the scenario suggested for higher
latitudes (>55°S). In summary, the modelling work of Longhurst (1995) proposes that in
STC and subtropical waters, primary production rates increase through austral autumn-
winter and culminate in spring. Chlorophyll levels are limited by enhanced zooplankton
grazing and sedimentation rates in spring. In contrast, subantarctic waters over Campbell
Plateau sustain heightened primary production rates and chlorophyll concentrations
through spring-summer due to interactions between shallow plateau topography and high

wind stresses (Heath & Bradford, 1980; Longhurst, 1995).
3.4. Summary of Chapter 3

(1) The physiography of the Subtropical Convergence region east of New Zealand is
dominated by the Chatham Rise, a submerged continental ridge that has undergone
successive phases of submergence, emergence, deposition, erosion and volcanism over the
last 100 million years. Planktonic ooze is the dominant modern sediment type to the south of
the Rise beneath subantarctic waters, with hemipelagic muds present to the north below
subtropical waters. Glauconitic sandy muds and exposed Miocene chalk with phosphatic

nodules characterise the crest of the Chatham Rise at water depths of 300-400 m.
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(2) Previous workers have regarded the STC to be bathymetrically constrained by Chatham
Rise. Recent time-series AVHRR data suggest, however, that seasonally the STC may
migrate over a 2° latitudinal range. Thus, it may be that the convergence zone is maintained
by along-rise current systems, and that seasonal or interannual variations within these flows
may in part control the position of the STC. This major ocean front is a dynamic mixing
zone where warm, highly saline, nutrient-poor subtropical waters to the north interact with
cold, nutrient-rich waters of subantarctic origin to the south. The STC is characterised by
intense gradients in surface salinity and temperature, and by the presence of large-scale
meanders and eddy features. Currents on the Rise crest are predominantly tidal with near-

bottom speeds up to 20 cm st

(3) The STC forms a pronounced biogeographical barrier, marking the southern extent of
many subtropical plankton species. Surface biological production is higher in subtropical
waters, although integrated productivity is higher in subantarctic waters. The STC is
characterised by higher levels of phytoplankton accumulation, regardless of season (e.g.,
Comiso et al., 1993), compared with the water masses on either side of the front. There is
only limited information, however, on temporal and spatial variations in ecosystem
functioning and structure across this region, except from pelagic production models

developed by Longhurst (1995).



Figure 3.1 Bathymetric map of Chatham Rise region (from CANZ, 1997)
. Bathymetric contours are in meters.
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Chapter 4

DYNAMICS OF CHATHAM RISE-SUBTROPICAL CONVERGENCE
ECOSYSTEMS IN WINTER AND SPRING 1993

4.1, Introduction

In order to understand the factors affecting particulate flux data collected from short-term,
free-floating sediment trap arrays it is essential that the dominant biological and physical
processes operating prior to and at the time of the trapping experiment are evaluated (e.g.,
Knauer et al., 1979; Martin et al., 1987, 1993; Landry et al., 1992; Lohrenz et al., 1992;
Karl et al., 1996). This chapter therefore focuses upon the physical and biological
dynamics of Chatham Rise-Subtropical Convergence ecosystems studied in three water
types that were sampled in 1993 as part of the New Zealand JGOFS research programme.
The principal aim of the JGOFS-affiliated programme was to investigate seasonal changes
in physical and biological variability across the STC region. This aim required
contributions from a multidisciplinary team of scientists, with the author involved as the
principal investigator for the sediment flux component of the programme. Thus, although
part of a strongly collaborative project, the presentations and interpretations contained in
this chapter are largely the author’s own. This original analysis has been made to
determine whether food web dynamics directly affect particulate fluxes east of New
Zealand. As a consequence, the chapter represents the first interpretation of temporal and
spatial differences in ecosystem functioning and structure across the Chatham Rise-STC
region. In addition, the author co-ordinated the compilation of two NIWA internal reports
that detail the methods used in the 1993 JGOFS voyages (Nodder et al., 1994a, b). The
techniques employed in the food web studies are paraphrased by the author in the present
chapter; these methods are not, however, evaluated critically. Work by JGOFS colleagues
is acknowledged via reference to a series of recently submitted or in press scientific papers
(Bradford-Grieve et al., 1997a, b; Chang & Gall, submitted; Currie & Hunter, 1997; James
& Hall, 1997; Smith & Hall, in press; Safi & Hall, in press).
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Locality map showing nominal positions of stations occupied in Subtropical

Convergence region during New Zealand JGOFS research voyages in June-July
(austral early winter, X464-469) and October (spring, X475-X480) 1993

Bathymetric contours are in metres. Inset A is after Heath (1985) showing ocean
circulation patterns and frontal positions around New Zealand
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4.2. Methods

Research voyages were conducted onboard R. V. Akademik M. A. Lavrentyev in early
austral winter (12 June-4 July, NZOI-NIWA cruise 3009) and spring (1-21 October,
NZOI-NIWA cruise 3014). For logistical reasons, water column sampling in each season
was restricted to two stations (nominally 13 km apart) within each designated water type:
subantarctic, Subtropical Convergence (STC) and subtropical (Fig. 4.1). In situ variations
in certain physical and biological parameters were documented through time by
undertaking sampling using a Conductivity-Temperature-Depth (CTD)-rosette system
within 2 km of a Lagrangian drifting buoy deployed at each station. The free-floating
buoys were tethered to subsurface sediment traps set below the mixed-layer (Nodder &
Alexander, 1997) (Table 4.1). While several parameters were able to be monitored on
time-scales of 3-4 h (e.g., temperature, salinity, nutrients, particulates), and other
biological observations were made on the order of days (e.g., primary and bacterial
production, and microbial, microzooplankton and mesozooplankton biomass and grazing
rates), sediment trap results represented an integrated measure of export flux over each

deployment period (generally 2-3 days).

As far as practical, sampling and analytical protocols were compatible with those
recommended for other JGOFS studies (JGOFS Report 6, 1990). Water column temperature
and salinity were measured using a Seabird 9/11plus CTD instrument package, connected to
a 5 and 10 1 Niskin bottle rosette for collecting sea-water samples (Singleton, 1993, 1994).
CTD salinity measurements were calibrated using water samples run on a Guildline AutoSal
salinometer, sfandardised with JAPSO Standard Seawater from Ocean Scientific
International Ltd. Water column fluorometric information was obtained only during the
spring voyage using a Chelsea Aquatracka fluorometer, interfaced with the Seabird CTD.
Additional physical and biological information was collected while underway using a
temperature sensor and fluorometer connected in-line to a surface sea-water pump, which
extracted sea-water from the ship's moon pool from a depth of 4 m. Data was logged every
10 min to a LICOR LI-1000 data logger (Singleton, 1993, 1994). pCO, in surface waters

and atmosphere were measured continuously during both voyages using a dual flow-through



Table 4.1 Sediment trap stations occupied during winter and spring 1993. Details of the
deployments are summarised in Table 5.1 (Chapter 5).

1993 NIWA  Water  Npwa  Water depth

Season  research YP€™*  station of traps (m)
voyage*

Winter 3009 SA X464B 120, 220, 300, 550
Winter 3009 SA X465A 120, 220, 300, 550
Winter 3009 STC X467A 110,210
Winter 3009 ST X468B 120, 220, 300, 550 ~
Spring 3014 SA X475A 150, 550
Spring 3014 SA X476A 150, 300, 550
Spring 3014 STC  X477A 100,220
Spring 3014 STC X478A 100, 220
Spring 3014 ST X479A 110, 300, 550
Spring 3014 ST X480A 110, 550

*  NIWA = National Institute of Water and Atmospheric Research (NZ) Ltd.
**  SA = subantarctic, STC = Subtropical Convergence, ST = subtropical.
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system that included a drying tube, an infra-red gas analyser and an equilibration chamber.
The winter voyage was hampered by equipment malfunction and no measurements were
taken (Currie & Hunter, 1997). Atmospheric pressure was logged manually every four

hours.

Total alkalinity (TA) of discrete sea-water samples was determined by automated
potentiometric titration (e.g., Dickson, 1981; Brewer et al., 1986). Samples were fixed with
HgCl,, stored in the dark and titrations performed in an open vessel against standardised HCl
using a Metrohm 702 SM Titrino Autotitrator within 12 h of sampling. The precision of the
method is estimated to be better than 0.2% (3 pegkg™).

Nitrate + nitrite (referred to as "nitrate" in following text), ammonium, urea and dissolved
reactive phosphorus (DRP) and silica (DRSi) concentrations were measured from pre-
screened (>200 um) 500 ml aliquots, filtered through acid-rinsed, 25 mm Whatman GF/F
filters, with filtrate collected in 250 ml, acid-washed polyethylene bottles. Samples were
then run immediately on a Technicon AAII autoanalyser to determine DRP, ammonia and

nitrate concentrations with the sample frozen for later analysis of urea and DRSi.

Particulate carbon (PC), phosphorus (PP) and nitrogen (PN) samples were prepared by
filtering 500 ml of sea-water through a 25 mm diameter, precombusted (500°C for 4 hours)
GF/F filter. For PP/PN samples, filters were also soaked in 10% HCI overnight and rinsed
with distilled water. Filters were rinsed with filtered sea-water, and stored frozen until
analyses could be conducted on PC/PN samples using a Perkin Elmer 2400 CHN
Autoanalyser and a Technicon Autoanalyser II following modified acid-digestion methods
(Downes, 1978) for PP/PN samples. Total suspended particulate matter (SPM)
concentrations were determined by filtering between 2-8 1 of sea-water through pre-weighed,
0.45 pm 47 mm diameter Nuclepore polycarbonate filters, rinsing with filtered sea-water and
storing frozen. SPM samples were re-weighed in the laboratory following drying of each

filtered sample under ultra-violet light for approximately 2-3 min.

Chlorophyll a samples were prepared for analysis by pre-screening sea-water samples

through a 200 um mesh to remove zooplankton and large debris, and filtering 500 ml
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subsample of sea-water through a 25 mm diameter GF/F filter. Filters were then snap-frozen
in liquid N, and stored frozen until further analysis. Samples were size-fractionated into
<200 (total), <20 and <2 pum fractions using polycarbonate filters. Extraction of chlorophyll
a was conducted in the onland laboratory using 90% acetone under low light and temperature
(<20°C) conditions to avoid photodegradation using standard extraction techniques (e.g.,
Strickland & Parsons, 1972). Chlorophyll a concentrations were determined using a Perkin
Elmer luminescence spectrofluorometer with excitation and emission wavelengths of 431 nm

and 670 nm, respectively (Bradford-Grieve et al., 1997a).

Primary production incubations were conducted in deck incubators for 24 h using “clean”
metal-free techniques (i.e., silicon o-rinds and closure cords in Niskin water bottles;
Fitzwater et al., 1982). All containers were cleaned with 10% HCI and rinsed thoroughly
between stations with sea-water. Duplicate light and dark samples were transferred into
180 ml polycarbonate bottles and innoculated with radio-active bicarbonate solution in
Teflon vials under alkaline conditions. A final ‘*C concentration of 0.25 uCi ml” was
used with stock solutions made up fresh each day (Bradford-Grieve et al., 1997a).
Incubations were carried out in shade cloth bags over 24 h in a deck incubator cooled with
surface sea-water. Varying grades of shade cloth were used to simulate the range of light
intensities that equated to those intensities experienced at the depths from which samples
were taken. Samples were size-fractionated into <200, <20 and <2 pm size classes and
filtered at low vacuum onto GF/F filters and then frozen. Uptake of radioactive '*C was
measured with a liquid scintillation counter after vapour acidification of samples and
corrected for dissolved inorganic carbon concentration (Bradford-Grieve et al., 1997a).
Photosynthetically available radiation (PAR) was estimated from light profiles conducted
at mid-day using an underwater LICOR scalar light sensor after pre-dawn production

samples had been collected and incubated.

Phytoplankton community composition was measured by microscopic counts of water
samples preserved in acidic Lugol’s solution. Cell carbon estimates were made using bio-
volume corrections for diatoms, dinoflagellates and microflagellates, greater than 5 um in
diameter (Chang & Gall, submitted). Contributions by calcified phytoplankton

(prymnesiophytes) could not be quantified due to dissolution in Lugol’s solution.



Table 4.2

table are ranges from a series of stations occupied in each water type over periods of 2-3 days.

Summary of physical and chemical parameters measured in water types, east of New Zealand, during winter and spring 1993. Values in

Parameters

Temperature (°C)*
Salinity (psu)*
Sigma-t (c,)*

Mixed-layer depth (m)

pCO,™ (patm)
TA (meq kg™)
NO, + N0, (uM)}
NH," (uM)}
Urea (uM)]
DRP (uM)f
DRSi (uM)t
PC <200 pm (ug I'i
PP <200 pm (ug [}

PN <200 pm (ug I}

Suspended particulate
matter (mg ™)

SUBANTARCTIC
Winter 1993 Spring 1993
5.6-8.5 5.8-8.1
34.2-34.4 34.3-34.4
- 26.6-27.1 26.7-27.0
80-120 50-60
- 308
2.334-2.355 2.305-2.315
15-19 16-18
<0.01-0.8 0-0.8
0.4-0.6 0.1-0.5
1.1-1.3 1.2-1.3
2-5 3-4

17-73 80-136
0.5-1.3 0.5-2.8
6-10 5-40
0.3-0.8 0.2-04

SUBTROPICAL
CONVERGENCE
Winter 1993 Spring 1993
8.5-10.8 8.8-10.9
34.5-34.8 34.5-34.7
26.5-26.8 26.6-26.8
110-120 14-70

- 250
2.343-2.353  2.301-2.330
8-14 4-9
<0.01-0.3 0.1-0.8
0.3-0.7 0.2-0.8
0.8-1.1 0.4-0.8
1-6 1-3
40-111 56-573
0.9-1.9 1.3-8.5
4-14 10-64
0.5-0.9 0.6-1.9

SUBTROPICAL
Winter 1993 Spring 1993
8.8-13.7 8.5-13.7
34.6-352 34.6-35.3
26.4-26.9 26.5-26.9
110-140 10-15

(50-80)t
- 2250-260
23452390  2.320-2.360
2-7 3-8
<0.01-0.3 0.02-0.3
0.3-0.6 0.2-04
0.4-0.8 0.3-0.7
1-4 2-7
15-136 133-225
0.7-1.7 3.2-49
5-12 19-38
0.4-0.9 0.3-0.9

Based on deep-watcr pycnocline characteristics, i.e. below mixed-layer depth.
T Depth of remnant mixed-layer given in parentheses.

b Concentrations over the depth of the mixed-layer. Other parameters (unless stated) have concentration ranges over the sample depths at each station to a maximum depth of 550 m.



79

Picophytoplankton (<2 pm) biomass was determined"by epifluoresence and distinctions
were made between eukaryotic and prokaryotic forms (Bradford-Grieve et al., 1997a;
James & Hall, 1997). Microscopic counts of autotrophic and heterotrophic picoplankton
were made on sampies preserved in 0.2% pﬁraformaldehyde using gpiﬂuorescence (Safi &

Hall, in press).

Samples were collected to determine water column (0-80 m) bacterial biomass and
production using epifluoresence and *H-thymidine and leucine upté.ke techniques,
respectively (Smith & Hall, in press). Dilution experiments were undertaken only on
water samples collected from 10 m depth to investigate microzooplankton grazing impacts
on bacteria (in spring only), picophytoplankton and total chlorophyll biomass (James &
Hall, 1997). Microzooplankton (<200 pm) biomass and composition (ciliates, tintinids)
analyses were undertaken on Lugol’s solution-preserved samples (James & Hall, ,1997).v
Mesozooplankton (>200 pum) community structure and biomass determinations were made
on samples collected from four-hourly vertical bongo hauls, integrated over 0-100 m, and
from depth-stratified, horizontal tows made using a Mulitple Opening and Closing Net and
Environmental Sensing System (MOCNESS) (Bradford-Grieve et al., 1997b). MOCNESS
tows were completed down to 1000 m in winter and 400 m in spring. Gut fluorescence
t_echniques assessed community grazing rates on phytoplankton (Bradford-Grieve et al.,
1997b).

4.3. Results

Obvious geographical and seasonal variﬁfions across the study area were apparent from
many of the biological and physical parameters measured during the field programme in
1993 (Tables 4.2 & 4.3). For example, subantarctic waters were dissimilar physically and
generally hosted less biomass than subtropical waters. High levels of seasonal variation
were observed in certain parameters, suchAas chlorophyll a and other particulates, in the
STC. Pronounced differences in bio-physical characteristics persisted across water types
and seasons (Tables 4.2 & 4.3). These observations occurred despite times when there
were marked changes in water column structure and biological characteristics at replicate

stations, or at the same "station" sampled at different times,
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Selected Conductivity-Temperature- Depth (CTD) profiles from subantarctic (A),
Subtropical Convergence (B) and subtropical (C) water types, showing sea-water
temperature (T), salinity (S) and density (c,). Stations are located nominally in
Fig. 4.1. Temperature-salinity (T/S) plots are also shown for each CTD cast.
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4.3.1. Physical water column structure

As expected from previous work (e.g., Heath, 1985), subantarctic waters were generally less
saline, considerably colder, and had correspondingly higher density values than subtropical
waters (Fig. 4.2 & 4.3), reflecting the origin of the subantarctic water mass as Australasian
Subantarctic Mode Water (Heath, 1985). The STC exhibited physical attributes intermediate
between subantarctic and subtropical water masses in both seasons (Fig. 4.3). In winter,
temperature and salinity characteristics of the three water types fell on a semi-continuous
mixing line, whereas in spring there was a distinct decoupling between STC and subtropical
waters from subantarctic waters, which exhibited a much less variable salinity range (Fig.
4.3). Ternpérature and salinity characteristics of the three water types, however, did not vary
markedly between the two seasons (Fig. 4.3) (Table 4.2). CTD profiles in subtropical waters
indicate that complex sub-surface interleaving of water types occurred in this water mass,
compared with structurely “simple” profiles observed in subantarctic waters in both seasons
(Fig. 4.2). Subtropical waters exhibited physical attributes that mimicked its original source
as Subtropical Surface Water (Wyrtki, 1962; Heath, 1985), otherwise known as Western
South Pacific Central Water (Tomczak & Godfrey, 1994). A pronounced surface intrusion
event was observed in subtropical waters (X469A, X468E) in winter when a 60 m thick layer
of colder (>0.5°C), less saline (>1 psu) subantarctic water capped underlying subtropical
waters (Fig. 4.2C). These observations highlight the influence of small-scale temporal (i.e.,
hours-days) and spatial events (<15 km, the initial separation of replicate stations) on water
column structure and characteristics (see later discussion on biological variations related to

this surface intrusion event).

Mixed-layer depths (MLD) were measured from the sea-surface to the initiation point of the
most rapid rates of sea-water density change (Gardner et al., 1995). MLDs were always
deeper in winter than in spring (Fig. 4.2; Table 4.2). In both seasons, subantarctic waters had
more homogenous mixed-layers, compared with subtropical waters, where several shallow
stratification events were apparent, particularly in spring (Fig. 4.2). Compared to winter

observations, MLDs in the STC in spring were highly variable, ranging from strongly
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Table 4.3 Summary of biological parameters measured in water types, east of New Zealand, during winter and spring 1993. Values in table are

ranges from a series of stations occupied in each water type over periods of 2-3 days (data from Bradford-Grieve ét al. (19972, b), James
& Hall (1997), Smith & Hall (in press) and NIWA unpublished data reports).

Parameters

SUBTROPICAL

SUBANTARCTIC SUBTROPICAL
CONVERGENCE
Winter 1993  Spring 1993  Winter 1993  Spring 1993  Winter 1993  Spring 1993
Integrated (0-75 m) primary production (mgC m™ dh 28-62 230-271 249-275 977-995 100-197 625-1317
Integrated (0-100 m) <200um chlorophyll a (mg m?) 10-12 12-16 46-52 79-137 14-25 46-47
Production:biomass in mixed-layer (Py) 2.3-6.0 14.2-23.0 4.8-6.0 7.1-12.6 4.0-14.4 13.7-28.8
<200um chlorophyll @ at 10 m (ng ™ 0.10-0.13 0.15-0.20 0.17-0.65 1.00-2.70 0.10-0.25 0.24-0.85
(up to 0.90)
Chlorophyll 2 200-20 pm in mixed-layer (ug ™ 0 0-0.10 0.21-0.44 0.10-1.86 0-0.10 0.01-0.14
Chlorophyll @ 20-2 pm in mixed-layer (ug ™ 0.04-0.11 0.03-0.18 0.08-0.18 0.04-2.18 0.05-0.12 0.26-0.57
Chlorophyll @ <2 pm in mixed-layer (ug I') 0.06-0.08 0.05-0.09 0.03-0.08 0.02-0.31 0.06-0.09 0.25-0.42
Mean bacterial numbers at 10 m (x 10° cells mI™)* 0.47** 0.74 0.35%* 1.06 0.34** 1.23
Mean bacterial production at 10 m (ugC I'at* 0.084** 0.067 0.034** 0.532 0.018** 0.260
Autotrophic ﬂagel]atés at 10 m (average no. cells mI™)* 749 1342F 507 2792 316 32001
Heterotrophic flagellates at 10 m (average no. cells ml™y* 185 530t 259 979 118 518%
Ciliates at 10 m (average no. cells I")* 1362** 2670%* 1383+ 1604** 7370 2883
% primary production removed by microzooplankton 71-121 41 119 100-126 117 74-82
grazing at 10 m ‘
Mean mesozooplankton biomass (0-100 m) (mgC m'3)* 19 2.7 14 5.6 1.0 37.6
Mean mesozooplankton community grazing (mgC mZ dy* 1.6 2.6 438 18.2 3.8 33.7
* Mean of 2 stations in each water type, »=2 unless stated.
o Mean of 6 data-points from 2 stations, #=6.
1 One data-point from 20 m water depth (X475).

e Data from one station only (X480), n=1.
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developed, shallow (0-15 m) or deep (0-70 m) mixed-layers to occasions where no mixed-
layer could be clearly defined. Thermocline and halocline development in all three water
types generally coincided, especially in winter (Fig. 4.2). MLDs in subantarctic and
subtropical waters in winter were generally deeper (by 40-55 and 80-95 m, respectively) than
those expected solely from Ekman calculations using observed wind speeds (e.g., Pond &
Pickard, 1983), whereas expected depth ranges of mixing across the two water masses due
only to wind events were found in spring. Enhanced surface cooling and associated
convective overturning processes in winter are the most likely explanation for these seasonal

differences (Pond & Pickard, 1983).

4.3.2. Underway data: temperature, fluorescence and pCO,

Underway sea-surface temperature varied by 2°C in winter and 5-6°C in spring as the vessel
passed from subantarctic into subtropical waters (Fig. 4.4). Surface fluorescence decreased
slightly from north to south through the STC in winter (Fig. 4.4). In contrast, fluorescence
increased markedly within the STC in spring, reflecting relatively high phytoplankton
biomass within the frontal zone, compared to the water masses on either side (Fig. 4.4).
Surface fluorecence was also highest in subantarctic waters and decreased from south to
north in winter despite low phytoplankton biomass (Section 4.3.5) in the colder subantarctic
waters. Vincent et al. (1991) also noted that the relationship between fluorescence and
chlorophyll a biomass in subantarctic waters was less precise than that observed in warmer
waters to the north. Specifically, fluorescence per unit chlorophyll a was highest in
subantarctic waters where extracted chlorophyll a concentrations were lowest, and vice versa
in STC and subtropical waters. Vincent et al. (1991) surmised that cell size, taxonomic
composition and physiological photo-adaption of the phytoplankton population could
significantly affect relationships between in vivo fluorescence and extracted chlorophyll a

measurements.

Mean atmospheric concentrations of CO, in winter and spring were 353.0+0.6 ppmv (dry
air) and 353+1 ppmv, respectively (Currie & Hunter, 1997). In spring, a 1°C increase in
surface water temperature from subantarctic to STC waters on the Chatham Rise was

concomitant with a decrease in sea-water pCO, by about 60 patm (Fig. 4.5). At the
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transition from STC to warmer subtropical waters, there was an equivalent increase in sea-
water pCO,, although data from this crossing are not reliable (Currie & Hunter, 1997).
Furthermore, sea-water pCO, increased by about 85-90 patm as the vessel traversed across
the Southland Front, off southeastern South Island, from modified coastal subtropical (Heath,
1972; Chiswell, 1996) into subantarctic surface waters (Fig. 4.5B). One might have
expected pCO, in sea-water to decrease by about 20 patm if this observation was due solely

to a temperature change (Currie & Hunter, 1997); this anomalous situation is discussed

further in Section 4.3.1.
4.3.3. Water chemistry: total alkalinity and dissolved inorganic nutrients

Winter total alkalinity (TA) values in subantarctic waters increased slightly with depth (0.01-
0.02 meq kg'l) (Table 4.2) (Fig. 4.6). In comparison, TA of STC waters in spring, and
subtropical waters in both seasons, decreased by between 0.02-0.05 meq kg'1 with increasing
depth. Winter TA values in all three water masses were generally higher than those in spring
(Fig. 4.6). At the most northerly subtropical CTD stations (X468 & X469A) in winter, an
increase in alkalinity was associated with a surface intrusion of cold, less saline water (Fig.
4.2). When the effects of salinity are taken into account, by normalising the TA data to
35%o, the increased TA at this station was not the result of simple dilution by the low salinity
water (Currie & Hunter, 1997).

Dissolved inorganic nutrient concentrations (nitrate, DRP, DRSi) in the mixed-layer were
generally higher in subantarctic waters, compared to the other two water types, regardless of
season (Table 4.2) (Fig. 4.7-4.9). Subtropical waters typically recorded the lowest
concentrations of nutrients, highlighting the nutrient-poor status of these waters. Notably,
the low saline, cold water surface intrusion event observed at X469A (Fig. 4.2C) was
accompanied by an increase in total alkalinity (as discussed above) and significant reduction
in nitrate levels at depth (<7 pM at 550 m, compared with up to 22 uM at X468A, Fig. 4.7).
Furthermore, DRP concentrations in surface waters (<100 m) at X469A were slightly
elevated by 0.4 pM, compared with its paired station, (Fig. 4.8), while surface DRSi
concentrations were slightly lower at X469A (by 0.5 uM), but were two times greater at 550
m (Fig. 4.9). '
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In STC waters, nitrate and DRP concentrations were slightly higher in winter, than in spring,
with the apparent seasonal depletions in spring amounting to 2-5 uM nitrate and 0.3-0.4 pM
DRP (Table 4.2) (Fig. 4.7 & 4.8). Spring values of DRSi concentration in subtropical and
subantarctic waters were higher than corresponding measurements made in winter (Table
4.2) (Fig 4.9). Overall, nitrate and phosphate nutrients were well balanced in the three water
types in both seasons, except for subtropical waters in winter when there seemed to be a
slight excess of phosphate, relative to nitrate, in the system (Fig. 4.10). Weaker relationships
were observed between these nutrients and silicate (Fig. 4.11 & 4.12), although overall
silicate levels in subantarctic waters in spring, and to a lesser degree in subtropical waters in
both seasons, were higher than expected from DRP concentrations (Fig. 4.12). The
relationship between nitrate and DRSi suggests that, regardless of season, there is an excess
of nitrate, relative to silicate, in subantarctic (~12 pM nitrate at 0 pM DRSi) and STC waters
(~2 uM nitrate at 0 pM DRSi) (Fig. 4.13). In contrast, subtropical waters exhibit an
apparently opposite, though highly variable, relationship wherein there is an excess of

silicate of ~2 uM once all the nitrate has been consumed (Fig. 4.13).

Other nitrogenous compounds (urea and ammonium) displayed variable seasonal mixed-
layer concentrations, with urea values slightly depressed in spring in subtropical waters by
0.1-0.4 uM (Table 4.2) (Fig. 4.14). Ammonium concentrations were relatively enhanced in
STC in spring, compared to winter, and exhibited pronounced near-surface and mid-water

concentration peaks down through the mixed-layer (Fig. 4.13).
4.3.4. Water column particulate populations

Water column particulate concentrations were variable between seasons and water types,
although in general, higher values were observed in spring than in winter (Table 4.2) (Fig.
4.15-4.17). Concentrations of total particulate carbon, nitrogen and phosphorus were highest
in upper parts of the water column as a function mainly of the vertical distribution of
plankton. Particulate concentrations typically decreased down the water column, except for
occasional mid-water and near-bottom increases in concentration during separate casts at the
same station (Fig. 4.15-4.17). Some of these increases were matched by observable changes

in particulate flux as measured using sediment traps (see later).
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SPM concentrations were measured on duplicate samples in winter only and show a high
degree of variation, ranging from 1-70%, but generally 5-40%. Thus, it is difficult to make
statistically valid comparisons between the three water types (Fig. 4.18 & 4.19). Average
SPM concentrations were higher generally in the STC in both seasons, with an increase
observed in spring, compared to winter. In contrast, average SPM values observed in
subantarctic waters were higher in winter (Table 4.2) (Fig. 4.18). SPM concentrations
generally decreased or were similar with increasing depth in the three water types, except in

winter at X465E (subantarctic), X466E and X467E (both STC).

4.3.5. Chlorophyll a, fluorescence, primary production and light regime

Chlorophyll a concentrations generally decreased down through the water column, with
highest values observed within the mixed-layer (Fig. 4.20 & 4.21). Clearly defined sub-
surface chlorophyll maxima were difficult to detect with the sampling intervals chosen.
Overall, winter near-surface chlorophyll a (<200 pm) concentrations in the three water types
were lower than those observed in spring (Table 4.3). Regardless of season, values of
chlorophyll a were higher in the STC than in water masses to the north and south, with a 6-
fold increase in near-surface chlorophyll a concentration observed in spring (Fig. 4.21).
Subantarctic waters exhibited lower levels of chlorophyll @ than subtropical waters. Similar
observations were found across the three water types for fluorescence response, as measured
during vertical CTD casts in spring, with maximum fluorescence of 25% in subantarctic
waters, >50% in the STC and,30-35% in subtropical waters (Singleton, 1994). In spring,
maximum depth zones of total fluorescence (>20% arbitrary units) were often deeper than
the depth of the mixed-layer, although highest fluorescence responses were typically
observed well above the MLD, in association with maximum chlorophyll a concentrations
(Fig. 4.20 & 4.21). Maximum depths of fluorescence ranged from 80-123 m in subantarctic
waters, 70-115 m in the STC and 70-100 m in subtropical waters.

Mean depth-integrated chlorophyll a concentrations did not vary substantially between
seasons in subantarctic waters, but were enhanced in spring by 2-3 times in STC and
subtropical waters (Table 4.3). Water column primary production, integrated to 1% light
level, was substantially higher in STC and subtropical water types in spring by 4 and 6-7
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