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EXECUTIVE SUMMARY

Leathwick, J.R.; Rowden, A.; Nodder, S.; Gorman, R.Bardsley, S.; Pinkerton, M.; Baird, S.J.;
Hadfield, M.; Currie, K.; Goh, A. (2012). A benthic-optimised marine environment classification
(BOMEC) for New Zealand waters.
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Distributional data for eight taxonomic groups éasids, bryozoans, benthic foraminiferans,
octocorals, polychaetes, matrix-forming scleraatincorals, sponges, and benthic fish) have been
used to train an environmental classification favse parts of New Zealand's 200 n. mile Exclusive
Economic Zone (EEZ) with depths of 3000 m or Iéssariety of environmental variables were used
as input to this process, including estimates gitlietemperature, salinity, sea surface temperature
gradient, surface water productivity, suspendednssuts, tidal currents, seafloor sediments, and
seabed relief. These variables were transformedgusesults averaged across eight Generalised
Dissimilarity Modelling analyses that indicate tedaships between species turnover and
environment for each species group. The matrixasfdformed variables was then classified using k-
medoids clustering to identify an initial set of3@roups of cells based on their environmental
similarities, with relationships between these gthen described using agglomerative hierarchical
clustering. Groups at a fifteen group level of sifisation appropriate for use at a whole-of-EEZlsc
are described. The classification can also be asedher levels of detail, for example when higher
levels of classification detail are required tocdisinate variation within study areas of more tieai
extent. Although not formally tested in this an#&ysve expect the analytical process used here to
increase the biological discrimination of the eomimental classification. That is, the resulting
environmental groups are more likely to have simillogical characteristics than when the input
environmental variables are selected, weighted, periaps transformed using qualitative methods.
As a consequence, they are more likely to be deliathen used as “habitat classes” for the
management of biological values than groups defirsholy alternative approaches.



1. INTRODUCTION

Environmental classifications are a potentially powl tool for summarising broadscale spatial
patterns in ecosystem character, particularly whietogical data are limited in availability (Pregse
et al. 2000, Leathwick et al. 2003). This relies aamsistency of relationships between biological
patterns and some set of environmental factorsisadparticularly practical approach when spatial
variation in those environmental factors can batnetly easily measured or modelled. A marine
classification using this approach, the Marine Emvnent Classification (MEC) has already been
developed for New Zealand’'s 200 n. mile Exclusiveoiiomic Zone (EEZ) (Snelder et al. 2004,
Snelder et al. 2006). The MEC is generic, i.eclassifies patterns for both the pelagic and benthi
elements of the marine ecosystem. A more spedificallored classification has been defined to
discriminate variation in demersal fish communitynposition (Leathwick et al. 2006a).

One feature of the MEC approach is the ability ngpriove the biological discrimination of a
classification both by choosing appropriate definimriables (the environmental variables used as
input to the classification process), and then ypglappropriate weightings and transformations to
them (Snelder et al. 2007). Giving greater weighttie dominant drivers of biological patterns
increases their influence on classification outcenaad transformation can linearise the relatignshi
between species turnover and individual driverskintgathem more effective in summarising broad-
scale biological patterns when classified usingddad multivariate techniques.

In the generic MEC defined by Snelder et al. (2A®07), a relatively simple approach was used to
select, weight, and transform environmental vaealbkith which to define the classification. This
used the Mantel test to measure correlations betwedrices containing estimates of biological and
environmental differences between pairs of siteswdr from various biological datasets.
Environmental variables identified as dominant wgieen increased influence by including them
more than once, and transforms were applied usretptively restricted set of parametric options.

In a more recent classification defined for NewlIZpd's rivers and streams, Leathwick et al. (2011)
demonstrated the use of a more sophisticated apprbased around Generalised Dissimilarity
Modelling (GDM — Ferrier et al. 2007). This appliesmore refined implementation of matrix
regression that specifically accommodates bothh#) durvilinear relationship between ecological
distance and compositional dissimilarity betwedassiand 2) variation in the rate of compositional
turnover both between and along environmental gradi Rather than using parametric transforms of
the environmental variables, GDM uses flexible lirggs that are constrained to be positively
monotonic, this capturing the manner in which gidal differences between sites generally increase
with increasing separation along environmental igratd. As in conventional spline-based regression,
the amplitudes of the fitted functions control thagnitude of the contributions associated with each
environmental gradient fitted in the final model.

In conceptual terms, GDM offers some particularaadages when dealing with data that are sparse,
or describe the distributions of very large numladrspecies (Ferrier et al. 2007). When the avhilab
compositional data are of high quality one can rhatieectly the biological patterns, either by
classifying the sample sites into groups and irtietpng these spatially on the basis of environment
or alternatively by interpolating the distributiomd individual species, and then classifying the
resulting predictions (e.g., Leathwick et al. 2006towever, when the available biological data are
sparse, relative to compositional turnover, theadaill be insufficient to adequately define all the
community groups occurring in a study site. In thetting, GDM constructs a broader and more
encompassing model of the general relationship detwspecies turnovep-fiversity) and the
different environmental drivers of these patteifisis model can then be used in a variety of ways,
including (i) as a continuous model of environménpace in the which transformations applied to the
environmental axes maximize the capture of vamatio species composition, or (i) as a basis for
classification, in which the transformed environtaéspace is divided up into groups or categories,
also maximising the ability to summarise biologipatterns.



In the freshwater classification defined by Leattkwvet al. (2011), separate GDM analyses were
performed using distributional data sets for frestew fish and macro-invertebrates. The fitted
functions for each variable were averaged acrossetlanalyses, and these averaged functions were
then applied to environmental data for all rivensl @tream segments throughout New Zealand. The
final transformations expressed by these funct@apured both variation in weighting to reflect the
differing importance of environmental variablesdaransformation to account for different rates of
species turnover along each environmental gradidter classification of the transformed matrixgth
biological discrimination of the groups generateasveompared with that of groups defined in two
previous classifications, and the results indicatagenerally superior ability to summarise bioladjic
patterns.

Here we apply the same GDM-based approach acrossZdaland’s EEZ to define a classification
specifically designed to assess and manage thecimpé bottom trawling on benthic organisms:
benthic-optimised marine environment classificaiBOMEC). Environmental data are drawn from
the previous MEC, supplemented by additional dayarns developed since to address particular gaps
(Pinkerton & Richardson 2005, Pinkerton et al. 20@®e Appendices 1-5). Biological data used to
guide the classification process were drawn frovaréety of sources and describe the distributidns o
eight different taxonomic groups: benthic fish speand seven benthic invertebrate groups. Thus,
this work and that presented by Baird & Wood (204@iress the following objective of Ministry of
Fisheries-contracted project BEN2006/01: to intesgmaformation on the distribution, frequency, and
magnitude of fishing disturbance with habitat ch#mastics throughout the EEZ, using information
stored in national databases, expert opinion, lEa§HEC.

2. METHODS

2.1 Species data

Species records were assembled separately forodagght taxonomic groups; asteroids, bryozoans,
benthic foraminiferans, octocorals, polychaetestrimdéorming scleractinian corals, sponges, and
benthic fish (Table 1). These taxonomic groupssaree of the relatively few groups of invertebrates
for which available data represent species levehtifications that are consistent across the entire
New Zealand EEZ (i.e., original identifications the same taxonomist or identifications that have
been checked and modified where appropriate byglestaxonomist). These taxonomic groups are
also useful for the purpose of the classificati@eduse they allow for the representation of species
with a range of trophic (functional) modes of lifpolychaetes); that are numerical or biomass
dominants in particular substrates or locationsaffoniferans, polychaetes, asteroids, sponges); tha
would be expected to be particularly vulnerabledisturbance by bottom fishing (bryozoans,
octocorals, matrix-forming scleractinian coralspsges); and would be expectadpriori to occur
throughout the entire three-dimensional space efEEZ (all groups with the exception of corals,
sponges and foraminiferans whose lowest depth liifiitbe constrained the availability of particular
chemical compounds). Data for invertebrate spegemips were extracted from distributional
databases held by NIWA, with additional records foraminiferans provided by B. Hayward
(Geomarine Research). Some of these invertebrédeata available from the South Western Pacific
Regional Ocean Biogeographic Information SystemI@Bortal (http://obis.niwa.co.nz).

Data describing the distributions of 38 benthit fipecies were taken from a version of the Research
Trawl Database (FishComm database) that was exngiroomed by NIWA staff. Selected species
were predominantly flatfish (flounder and rays) gmwddominantly bottom-dwelling species such as
eels, gurnard, and stargazers. Records for thentaxic groups were identified to the level of
individual species, apart from the octocorals whigre recorded only to the level of family and the
polychaetes which were variable (but mostly at gzetevel). All sets of records were separately
edited by (i) converting any records of abundarm@resence/absence (0/1), (i) removing species
with fewer than five occurrences, and (iii) remayisites with no species once rare species had been
deleted.



Table 1: Biological data sets used in the analyses.

Taxonomic group No. No. Taxa/sample Taxonomic Source

samples taxa resolution
Asteroids 2 348 97 1.7 Species NIWA data/OBIS
Bryozoans 552 272 11.3 Species NIWA data/OBIS
Benthic fish 15 825 38 3.9 Species FishComm databas
Foraminiferans 241 397 34.7 Species NIWA data sapphted with

records from B. Hayward/OBIS

Octocorals 596 17 1.4 Family NIWA data
Polychaetes 1476 185 3.6 Variable NIWA data/OBIS
Matrix-forming 318 6 1.1 Species NIWA data
scleractinian corals
Sponges 88 49 4.6 Species NIWA data

There was strong variation in numbers of sitesggggahic coverage, and depth coverage in the final
edited datasets (see Table 1). Numbers of samaheged from 88 for sponges to nearly 16 000 for
fish. There was also marked variation between tmasts, both in total numbers of species and
average numbers of species per sample. The forf@naini dataset contained the greatest number of
species, both overall (397) and per sample (mea#.?); the bryozoan and polychaete datasets also
had high total numbers of species, but lower nusbérspecies per sample. The two coral datasets
had the lowest numbers of taxa, both in total ameraye per sample. Geographic coverage was
reasonable in shallower waters for most datasetssdwveral had major gaps in coverage in deeper
waters, including the datasets for fish and forafi@ians, which also completely lacked samples én th
northern part of New Zealand’s EEZ around the Kelecalslands. Some datasets had relatively poor
coverage of samples on the large area of the Cdmpladeau (polychaetes, octocorals, matrix-
forming scleractinian corals, sponges) (FigureMgst datasets had reasonable depth coverage down
to about 1500 m (Figure 2), but with proportiondiyver samples below that — exceptions were the
polychaete and sponge datasets, both of which lad proportion of samples below about 500 m.

2.2 Environmental predictors

Environmental predictors (Table 2), chosen forrtfgictional relevance, were derived for all sample
sites by overlay onto gridded data layers at aluéea of 1 km, stored in a GIS. Depth was onehef t
main predictors used, but in conceptual terms geiserally recognised as functioning as an indirect
surrogate for a range of more proximate driverbiofogical pattern, including several that have an
influence upon the occurrence of benthic fauna.,(dight, temperature, pressure, oxygen) (e.g.,
Snelder et al. 2006). Although some of these othetors can be predicted from statistical and/or
process-based models, many are so strongly cadelgith depth that their individual contributions
cannot be discriminated with statistically basedlelling techniques such as those used for our main
analyses. For this reason, we restricted the rasfgdepth-correlated variables, including only
estimates of the mean annual salinity and temperatti the seafloor, which were derived by
combining coarser resolution (quarter of a degdescriptions of temperature and salinity from the
World Ocean Atlas (Boyer et al. 2005) with a Nevaldémd-wide, 1 km resolution bathymetry layer
(Pinkerton et al. 2005), while also applying sowgal smoothing.

Because the high correlation between depth and eéefype still had considerable potential to
confound subsequent model fitting, we normalisedpierature estimates with respect to depth. That
is, we described the average relationship betwegthdand temperature for all grid cells by fittiag
Generalised Linear Model that related temperatoredeépth using a non-linear (natural spline)

function. Residuals from this model indicate theatéure in degrees at each grid cell from the divera
trend.
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Figure 1. Geographic distributions of samples for the eight biological group datas;ets.
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Figure 2: Depth distributions of biological datases$
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used to train the GDM classification. Note

Estimates of the spatial gradient in annual setasertemperature, which indicates zones of intense
mixing of water bodies, were derived from remotass#eg data (Snelder et al. 2004). These zones or
fronts of oceanic water masses have been foundefinedthe boundaries of particular benthic
assemblages, because the physico-chemical chastcterof a water mass influence benthic

assemblage composition (e.g., Watling & Gerkin 3005

Estimates of surface water primary productivity evederived from the Vertically Generalized
Production Model (VGPM) of Behrenfeld & Falkowski997), using estimates of chlorophyll
concentration derived from Sea-WiFS data for theodefrom 1997-2006 (M. Pinkerton, NIWA,

pers. comm., see Appendix 4). Surface water prinpaogluction is an important source of detrital



food for benthic organisms, which is thought todme of the main environmental drivers of benthic
faunal patterns in the deeper waters of the odeawir{ et al. 2001).

Substrate type (typically described by the predaminsediment size class or category) is often
evoked as the main factor influencing the distiitoubf benthic assemblages. However, it is a number
of sedimentary and hydrodynamic variables assatiatth determining substrate type that indirectly
and directly control the occurrence of benthic aigas, and which are more likely to have predictive
capability (Snelgrove & Butman 1994).

Estimates of depth-averaged tidal currents werevetkfrom tidal models (Snelder et al. 2004), and
descriptions of the predominant sediment size were/ed from published charts (NZOI and NIWA
sediment chart series), interpolated and interdratgng expert opinion to overcome inconsistencies
in the recording of sediment classes and categadesss the EEZ (see Appendix 1). No attempt was
made to include data describing the origins ofedéht sediments, e.g., biogenic versus terrigenous
sediments.

Estimates of average orbital wave velocities atsifloor were derived from modelled estimates of
wave conditions in the New Zealand region over ay2ar period (Gorman & Laing 2000), and this
information was combined with the sediment sizermfation to estimate the average proportion of
time during which seafloor velocities exceeded ¢hosquired to resuspend seabed sediments (see
Appendix 2).

Bottom currents derived from tides and/or wavesamnrirol the distribution of benthic organisms that
either cannot withstand high current conditiong.(dragile taxa with delicate feeding apparatus) o
require such currents to transport sufficient fabet they can recover from the water (e.g.,
suspension/filter feeding taxa). Bottom currentatyits can therefore be responsible for assemblage
composition patterns between and within taxonomiwgs (e.g., benthic foraminiferan assemblages,
Debenay et al. 2005). Sediment resuspension ewdhience the flux of nutrients and organic matter
at the sediment-water interface (e.g., Tengbuad.2003), which in turn can control the compositio

of benthic assemblages (e.g., Tahey et al. 1994).

The coarse resolution of the bathymetry layer méaaitit was not sensible to calculate seabed slope
instead we calculated for each cell the standardatien of depths in a surrounding 3 x 3 km
neighbourhood, a measure of seabed relief. Seadied will influence the occurrence of benthic
fauna, either directly through the provision of i@bof different characteristics or indirectly whe
relief is significantly elevated for topographigaihduced flow to control assemblage composition
(e.g., corals on ridges and seamount peaks (Géain¥986)).

Table 2: Environmental predictors used in the analges.

Predictor Derivation Mean [range]
Depth (m) From bathymetric maps 1289 [0-3000]
Temperature (°C) World Ocean Atlas, normalised to 0.026 [-8.1-9.900]
depth
Salinity (psu) World Ocean Atlas 34.6 [34.2-35.6]
SST gradient (°C ki) SeaWiFS imagery 0.0013 [0.000-0.1057]
Productivity (mgC nif d*?) Modelled 452 [170-2404]
Tidal current (m9) Modelled 0.15 [0.00-3.16]
Sediment size (mm) Sediment charts 0.35[0.00-10.00
Orbital velocity (dm 3) Wave model 9.6 [0.0-2445.0]
Sediment resuspension Wave model and sediment data -9.16 [-10.00-0.41]
Suspended particulate matter (arbitrary units)  Rersensed 0.162 [0.040-68.880]
Dissolved organic matter (arbitrary units) Remapsed 0.035 [0.000-5.880]
Seabed relief Standard deviation of depths in § 3 b 16.33 [0.00-656.40]

3 km neighbourhood



Estimates of suspended particulate and dissolvgdnar matter were both derived from satellite
imagery using a case-2 algorithm (Pinkerton & Ridsan 2005). Riverine inputs of sediment can
affect the distribution of benthic organisms (getigrat local scales, but also at relatively laspatial
scales where river inputs are high) (e.g., AlleB&ipakoff 1996) and levels of suspended particulate
matter and dissolved organic matter in coastalrenmients act as useful proxies for the physical and
chemical influence of river discharges.

2.3 GDM analyses

All analyses were performed using Generalised Digsiity Modelling (GDM — Ferrier et al. 2007),

a technique that models variation in species tugnbetween sites as a function of environment. This
uses a modified form of matrix regression to motle relationship between biological and
environmental distances between pair-wise comlanatiof sites. It accommodates the generally
asymptotic nature of the relationship between lgiclal and environmental distances using an
appropriate link function and fits positively moooic splines to describe rates of species turniover
relation to a set of environmental predictors.

A single GDM analysis was performed for each of shesmaller datasets, and the fitted functions
were extracted using a small set of environmerdtd dontaining 200 evenly spaced points along the
ranges of each of the predictor variables. Bec&I3¥! is relatively demanding of memory, the two
larger datasets (asteroids and benthic fish) wepeatedly sub-sampled, subsets of 1400 sites being
randomly selected and analysed, with the fitteations stored and then averaged to derive a fital s
of transforms. A record was also kept of the dexéaexplained by each of the repeated models for
both these datasets, and these were averaged quietom to give a single estimate of model
explanation.

2.4 Defining a classification

Results from the GDM analyses were then combineddate a data matrix for classification in which
the raw environmental values were transformed usliegfitted functions from the GDM analyses,
averaged across the eight taxonomic groups.

The starting point for this part of the analysissveamatrix of untransformed values for each ofithe
predictors for each of 244 000 grid cells, each &ff and covering all of New Zealand’s EEZ down
to a depth of 3000 m, i.e., the approximate loweptld limit beyond which minimal biological
samples were available. Transforms from each ofabBd analyses for the eight taxonomic groups
were applied separately to the raw input data, addes were then averaged for each cell and
predictor across the resulting eight transformettioes.

Because of the very large size of the final tramsémd matrix, it was classified in two stages, fingt f
using a relatively memory-efficient, non-hierar@dlimethod to define a reduced set of initial groups
with relationships between these then defined usingiore demanding, hierarchical clustering
technique. Initial clustering into 200 groups wasfprmed using k-medoids clustering, a more robust
variant of k-means clustering, contained in thesgér’ library in R. The manhattan metric was used
as a distance measure, preserving the transfornadxnvalues from the GDM analyses; i.e., it
applies no range-standardisation or other transftiom to the input data.

Average (transformed) values from these groups weza exported and hierarchically clustered in
pattern analysis software (PATN — Belbin 1991), imagasing the manhattan metric. Flexible
agglomerative clustering (flexible Unweighted Raimoup Method with Arithmetic Mean (UPGMA —
Belbin 1991)) was used for this analysis with auedor3 of -0.1 which applies slight space dilation,
discouraging the formation of small outlier growgpsd generally giving more interpretable clusters
(Belbin et al. 1992). Results from these analysesevimported into a GIS and visual inspection of
both the geographic distributions of groups andilaiities between them were used to select an
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appropriate level of classification detail for ialtdescription. Higher levels of classificationtaié
could be used for applications requiring greatéaitie

3. RESULTS

3.1 GDM analyses

There was marked variation in the explanatory powfethe GDM analyses between the different
taxonomic groups, mostly reflecting the adequacysampling methods for the sampled taxa
(Table 3). For example, the deviance explained exkeg 40% for the fish and foraminiferan datasets,
both of which have large sample areas relativdéosizes and densities of the sampled individuals,
resulting in the samples carrying a large amourihfofmation about the species composition at each
site. The lowest amount of deviance was explairgdottocorals; these were identified only to a
family level and had only a small number of taxahbper sample and overall. The sponge dataset
showed a higher level of deviance explained thanother small datasets, suggesting strong patterns
of sorting in this group. Most of the species gmoupcluded 10 or 11 of the 12 environmental
predictors available, but only eight and nine preas were used in the matrix-forming scleractinian
coral and sponge datasets respectively.

Trends in species turnover for the different groaps indicated by the functions fitted by the GDM
analyses, typical graphs of which are presentedriergroup (asteroids) in Figure 3. Functionsditte
for all eight taxonomic groups are presented in&mhx 6. In the example shown, the fitted functions
indicate that maximum species turnover for astaraidcurs in relation to depth, i.e., the function
showing the largest range of values. Local chaimgése slopes of the functions are also informative
indicating variation in rates of species turnovieng the range of each environmental predictor. For
example in Figure 3, turnover rates are relativgliform along the entire length of both the seditnen
size and seafloor temperature gradients; by cdntthanges in species turnover in relation to depth
are more rapid in shallow (less than 250 m) thapdewaters, as indicated by the steeper slogeat t
left-hand end of this curve. Similarly, speciesntwrer in relation to suspended particulate matter i
initially rapid, but stabilises once values forstpiredictor exceed 15.

Summaries of the maximum values of the fitted fioms for the different taxonomic groups and
environmental predictors (Table 4) indicate thatcéps turnover is generally strongest in relation t
depth; it was the single most important predictar five of the eight groups and had the highest
average overall. Exceptions to this pattern werloldmws: in the octocorals, the seafloor tempeamtu
anomaly variable was most important predictorhim bryozoans, salinity had the strongest effed; an
in the sponges, seafloor sediment resuspensiontiveastrongest predictor. Note that in the latter
dataset, sediment resuspension was highly cordelaitty depth, so some inter-substitution could be
occurring between predictors. Temperature was iatportant for other taxonomic groups, ranking
second in importance for asteroids and polychaatesthird for bryozoans and sponges. Salinity was
the second most important predictor for matrix-fovgnscleractinian corals. The least frequenthedtt
predictor was seafloor sediment resuspension, whashincluded in models for only four of the eight
taxonomic groups.

Table 3: Summary statistics for GDM analyses of elg taxonomic groups of benthic species.

Species group Repeats Deviance explained (%) Noligiors
Asteroids 100 8.8 10.2 (8-11)
Bryozoans 1 16.0 11
Benthic fish 100 44.0 10.7 (8-12)
Foraminiferans 1 49.7 10
Octocorals 1 2.6 11
Polychaetes 1 12.8 11
Matrix-forming scleractinian corals 1 15.1 8
Sponges 1 26.4 9
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Comparison of the maximum function values averaggdss the predictors fitted for each taxonomic

group (bottom row of Table 4) indicates that tatpkcies turnover is strongest in the asteroid and
polychaete datasets and weakest in the foraminifgagaset. This is consistent with the charactesist

of the datasets as recorded in Table 1, whereothbrtumber of species recorded in the asteroid and
polychaete datasets is approximately fifty timesirthespective averages for number of species per
sample. By contrast, the total number of speciesrded in the foraminiferan dataset, which shows

lowest levels of species turnover, is only aboutid@s the average number of species per sample.
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Table 4;: Maximum values of functions fitted envirormental predictors in GDM analyses of species turnar for eight taxonomic groups of benthic species.te predictor
value with the greatest range for each dataset ifiswn in bold type. See Table 2 for predictor measas.

Depth
Temperature
Salinity

SST Gradient

Suspended
particulate matter

Tidal current
Orbital velocity

Dissolved organic
matter

Productivity
Seabed relief
Sediment size

Sediment
resuspension

Average

Asteroids
2.94
2.28
0.89

0.55
1.3

0.34
0.81
0.43

0.08
0.5
0.87

0.92

Bryozoans
0.98
1.01
1.98
0.77
0.43

1.17
0.31
0.96

0.9
0.34
0.58

0.79

Benthic fish
5.11
0.18
0.24
0.09
0.29

0.07
0.91
0.36

0.21
0.11
0.12

0.14

0.65

Foraminiferans
0.63
0.22
0.02
0.24
0.08

0.22

0.21
0.27
0.24

0.21

0.2
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dootals Polychaetes
0.14 2.4
1.2 1.84
0.24 0.17
0.81 0.45
0.53 1.21
0.11 1.36
- 0.52
0.49 -
0.58 1.49
0.12 1.17
0.3 0.4
0.11 0.24
0.39 0.94

Matrix-forming
scleratinians

2.32
0.46
1.62
0.18
0.21

0.29
1.02

0.35

0.54

Sponges
0.82
0.96
0.01
61.3

0.45
0.79
0.28

0.04
1.6

0.52

All
1.92
1.02
0.64
0.56
0.51

0.47
0.45
0.44

0.43
.36 0
32 0.
0.29



Averaging the fitted functions across the eightoteomic groups (Figure 4) produces a final set of
transforms in which depth has the dominant effecth high initial species turnover moderating

gradually with increasing depth. The final avera@@uactions for temperature and salinity, the next
most important predictors, are relatively lineant Btepped functions are fitted for several of the
remaining minor predictors; i.e., rapid initial clygg occurs over a relatively narrow range of values
but is muted thereafter (e.g., the fitted functionsuspended particulate matter or dissolved acgan

matter).
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Figure 4: Functions fitted by GDM analyses of the elationship between species turnover and
environment, averaged across the eight taxonomic gups. Predictors are sorted in decreasing order
according to their maximum values.
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3.2 Classification

Fifteen groups have been recognised as providingpgmopriate level of detail for a broad-scale
classification of New Zealand’s EEZ to a depth 60@ m (Figure 5, Table 5). These groups are
strongly separated in relation to depth, comprigimge inshore groups (A, B, and D), three shelf
groups (C, E, and F), and nine groups in deepeergatf the continental slope and troughs (G-0).
Sorting is also apparent in relation to other emvinental factors, particularly in shallow waterst b
this becomes progressively muted with increasirmgtdeaeflecting the much greater homogeneity of
conditions there.

The first four groups (A-D) vary most strongly witlsspect to depth, temperature, salinity, sediment
size, and seafloor sediment resuspension. Grougpthei most northern, occurring mostly around the
coast of the North Island, including in the Haur@kilf and Hawke Bay; it also occurs in shallow,
inshore waters along the west coast of the Sou#mdsand in Golden Bay. It has the highest
temperature and salinity of all groups and also ligh levels of suspended particulate matter and
dissolved organic matter; both productivity andisaht resuspension of the seafloor are high. Group
B is more southern in distribution, occurring pratdioantly along the western and northern coasts of
the South Island and in slightly deeper waters thanprevious group. It has lower temperature and
salinity, but slightly higher productivity and fineediments than the previous group. Group C occurs
in more offshore locations than the previous twougs, and is extensive on the continental shelf
around the North Island and along the South Iskneést coast. Temperature and salinity are
moderately high, sediments are relatively fine, s@afloor sediment resuspension is lower thanen th
two previous groups because of the greater depthupgaD occurs at shallow depths along the eastern
and southern coasts of the South Island; both wataperature and salinity are lower than in the
preceding groups, but sediments are coarser.

Groups E-H occur largely in the more offshore watidrthe continental shelf and upper continental

slope, mostly from about Cook Strait south. GroupcEurs along the east coast of the South Island
south to the Stewart-Snares shelf, on the MernakBie Veryan Bank, and around the Chatham

Islands; whereas Group F occurs on the shelveswsuting New Zealand’s more southern sub-

Antarctic islands (Auckland, Campbell, Bounty) aml the Pukaki Rise. The latter has the colder

temperatures and lower salinity; both have strodal tturrents and coarse sediments. Group E has
strong sea surface temperature gradients alongvdiedefined boundary between sub-tropical and

sub-Antarctic waters that occurs along the Southlemast. Groups G and H occur in deeper waters
along the upper continental slope; Group G is theemestricted in occurrence and occurs in areas of
steep topography with very strong tidal currentsstly around the eastern entrance to Cook Strait,
and along the south-western coast of the Southdslaalso occurs locally near East Cape. Group H

occurs both along the crest of the Chatham Risearglmilar depths around both main islands

(including the shallower depths of the Challengtdau). It has moderately high temperatures and
salinity, reflecting the influence of sub-tropivedters.

Groups I-K occur at lower slope depths, mostlyantimern and central waters, but vary markedly in
geographic extent. Group | is largely restrictedites along the southern flanks of the Chathara Ris
and the eastern slope of the Stewart-Snares gietlfias lower temperature and salinity values being
south of the Subtropical Front. Group J is mucher®xtensive and occurs along both the north and
south of the Chatham Rise, on the Challenger Rlatead around the North Island; it also occurs off
the Fiordland coast at the northern end of the ri@lgla Trough. Temperature, salinity, and
productivity are slightly higher than in the prew#ogroup. Group K is the most restricted in extent,
found in very steep sites off North Cape; it hasnwegemperatures and strong tidal currents.

Groups L and M occupy similar depths to the presithuee groups, but with a more southerly bias in
distribution, and this is reflected in their gerigréiower temperatures and salinity. Their produityi

is also lower than in the previous three groupghBacur on the generally gently sloping Campbell
and Bounty Plateaux, with Group M occurring in deepaters than Group L.
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The last two groups, N and O, occupy the deepetravavith Group N averaging nearly 1400 m on
the upper parts of the troughs and Group O avegagdarly 2400 m in depth in the lower parts of the
troughs. Both occur over a wide latitudinal ranigaye low sea surface temperature gradients and
tidal currents, and fine sediments.

GDM group
Bl A
B
. 5 C Inshore and shelf
[ _]D
[_JE

I
J Northern
K  mid-depths

Southern
mid-depths

Figure 5: Geographic distribution of groups definedby multivariate classification of environmental dda
transformed using results from GDM analyses of relaonships between environment and species
turnover averaged across eight taxonomic groups difenthic species.
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Table 5: Geographic extent (calculated using the Akers equal area projection) and environmental averges

of 15 groups defined by a classification in which ariable weighting and transformation was guided by
results averaged GDM analyses of eight taxonomic gups of benthic species. A bold horizontal line
indicates separation at a two-group level of clad&tation, and two further lines indicate divisionsto give a

four group level of classification. Parameter meases are given in Table 2.

o c 4= N ks c o
— = o] > c D o i) o)
‘€ = 5 £ e = T 22 8 3
£ g > : =z £ © ¢ 22 & 3
= 0@ > 5 o 3 [} = g c >
o c e o c h= O] S = © = ) (&) o) Y—
3 Q s £ b= < 5 E 535 F o L
o i o E o = = o ° S =] ) s =
= = [ o c © 0 = o 0] = 0] g > 9 @ ()
0] L e [ 0] ] o [ ] (@) n 2 7} [a IS x
A 27 557 25.6 259 3535 0.015 13336 0.20 1.66 3175 -2.7.63 0.22 4.0
B 12 420 63.9 0.74 3505 0.027 1490.7 0.26 0.43 123.7 -2.0.83 0.20 6.7
C 89710 104.7 2.06 35.27 0.018 950.7 0.28 0.56 36.9 -3.323 0. 0.07 4.1
D 27 268 38.6 -2.07 34.65 0.020 888.7 0.30 1.97 269.1 -2.9.830 0.15 4.1
E 60 990 136.3 -1.26 34.65 0.030 500.1 0.50 2.46 50.8 -3.6.18 0 0.06 6.3
F 38 608 178.1 -2.96 34.43 0.007 299.4 0.45 2.88 50.1 -4.2.150 0.04 5.2
G 6342 230.5 1.02 3493 0.026 1060.6 0.51 0.88 20.2 -6.0.34 0.10 451
H 138550 337.0 1.27 3475 0.026 674.5 0.26 0.60 0.4 -7.8 7 0.10.06 10.8
| 52 224 559.8 -0.47 34.41 0.033 452.0 0.21 0.42 0.0 -9.9170. 0.05 11.4
J 311361 8344 095 3451 0.015 574.3 0.15 0.22 0.0 -10.0150. 0.04 15.9
K 1290 1018.3 1.20 3491 0.051 691.8 0.46 0.61 0.0 -9.1.140 0.04 925
L 198 577 531.0 -0.38 34.42 0.007 230.5 0.17 0.43 0.0 -9.2 12 0. 0.02 35
M 233 825 883.7 -0.64 3435 0.009 234.2 0.12 0.08 0.0 -10.0.120 0.02 5.9
N 493034 13975 0.00 3453 0.011 379.4 0.10 0.13 0.0 -10.0.13 0.03 18.1
(@) 935 315 2343.7 0.00 3467 0.011 469.9 0.08 0.13 0.0 -10.0.13 0.03 27.7

4. DISCUSSION AND CONCLUSIONS

The analysis presented here demonstrates the Weaaibility of the use of GDM to allow the
integration of analyses across a number of biollgi@tasets, this having particular value in that i
allows each individual dataset to contribute equtlithe final classification, regardless of sangiie.
The use of spline functions in GDM also allows ayviéexible approach to the selection, weighting,
and transformation of the candidate environmengaiables. While we have not formally tested the
biological discrimination of the resulting class#tion, results from other analyses (Leathwicklet a
2011) indicate that this should be higher thandaessifications defined using variables selected an
weighted using more subjective approaches.

The BOMEC is of potentially more relevance for exding and managing human activities at the
seafloor than the MEC, and here we briefly asdessitnilarity or otherwise of the two classificaitso
Figure 6 reveals that the 15 class level BOMECgasllels and differences when compared with the
generic 20 class level MEC (when restricted to Ef& and 3000 m the latter is represented by 18
classes). For example, both the MEC and BOMECtifyemearshore and shelf classes (e.g., 64, 60 and
A, C). The BOMEC classes show more discriminatibthe nearshore waters around the South Island.
Distinct classes are identified in the Cook Stregion for both the MEC and BOMEC (58 and G,
respectively); however these classes are also fotfidorth Cape (MEC) and the slope south west of
the South Island (BOMEC). The boundaries of uppepes areas represented by the MEC class 63
(which includes the Challenger Plateau and the l@imatRise) are broadly similar to class J of the
BOMEC, with the notable exception of the furthebdivision of the Chatham Rise area into three
shallower classes for the latter classificationHE]: only one of which is similar to a MEC clas$he
Campbell Plateau is largely represented by cla8srithe MEC, whilst for the BOMEC a similar area
comprises at least five classes. Overall, a nathibsdistribution pattern of classes is more eviden
the MEC whereas the BOMEC classes are distributae strongly with reference to water depth. The
BOMEC, even at the 15 class level, provides a higlegree of spatial partitioning in deeper waters
than the MEC and identifies at least two classean((K) which do not have corollaries in the MEC.
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Figure 6: Geographic distribution of classes defind by the MEC by Snelder et al. (2006) (left) and bBOMEC (right). The MEC
classes have been restricted to those in depths dow 3000 m (18 classes), and BOMEC classes havereecoloured to allow
comparison between the two distributions.

18



We note that further improvement of the BOMEC isgble in the distributional data used for this
analysis. Benefits would come from improving theotzomic resolution in the polychaete and octocoral
datasets; the addition of new datasets describimglistributions of ophiuroids, molluscs, and deckp
would provide a more complete taxonomic coveragthefmajor benthic species groups occurring in
New Zealand’s marine environments.

Further improvement would also be possible in t@renmental data used in the analysis, both with
respect to the selection of variables used, anil patial resolution. For example, building higher
resolution bathymetry datasets for inshore wateosilev allow increased resolution for depth and
temperature, the dominant drivers in this analyais] this would give the biggest gains in terms of
improving this classification. The development diigher resolution, regional-scale ocean climatplog
would also deliver improvements in the temperatmé salinity layers compared with the broad scale
World Oceans Atlas data used here, particularlit fised more comprehensive regional data sets
coupled with an improved bathymetry layer. Flow iowprovements from an improved bathymetry
layer would also potentially occur in our tidal m@nt, orbital velocity, sediment resuspension, and
seabed relief layers.

Another recent development is a nutrient-surfaceperature relationship that provides better spatial
coverage for nutrients than the World Data Atlastfee New Zealand region (Sherlock et al. 2007).
Several of the other layers are based on remosedatata with a resolution of 4 km, mostly from the
SeaWiFS satellite. Replacement products, basedatm fdlom the higher resolution (1 km) Modis
satellite are being developed and should be avail@bthe next 12—-18 months. New products that
model the flux of organic matter to the seabedatse now becoming available (e.g., Lutz et al. 2007
Further work on the refinement of the sediment rgraize and compositional data, and thus
reconciliation between the different chart typesuid provide a more consistent sediment distrilvutio
across the EEZ and increase the rigour of derivamdmeters such as sediment disturbance that are
fundamental to understanding the benthic enviroimenparticular, only about 50% of the Coastal
Sediment Chart series have been completed aroendZicoastline, the more regional charts are over
25 years old, and new multi-beam data are providajtional data on substrate distributions.

Finally, further improvement is probably also likgh our use of GDM once we are able to fully
explore the sensitivity of results to the varionsilgtical choices made in this analysis, and tdaep
alternative ways of accommodating large data sedlsamalyses carried out across several groups of
species. We have since used GDM in an analysiseshivater ecosystem patterns, and results in that
work are similar to those achieved here, which gius confidence that the approach used here is
generally robust. We are also carrying out additiomork to explore how best to optimise the use of
GDM, and this is likely to improve our understargliof how to achieve the best results with what is a
complex tool — both to understand and use.

Building these improvements in both biological @amironmental data would allow the production of
an operational classification with a range of levafl classification detail (rather than the staficlayer
version used here) as implemented for examplearctmrent MEC and FWENZ products. Production
of higher resolution versions for inshore watera asolution of say 200 m would also be feasdohel
could prove to be a powerful tool to support a emnffmanagement activities, including for example,
the implementation of a robust set of Marine Prizt@@reas.
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APPENDIX 1: SEDIMENT DATA

Prepared by Scott Nodder (marine geologist), And@eoh (sediment chart digitisation), Simon
Bardsley (GIS).

Background

Sediment information is required as part of MFishtcact BEN2006-01 to enable sediment disturbance
by wave activity and sea-floor habitat diversityoilighout New Zealand’s Exclusive Economic Zone
(EEZ) to be evaluated. The overall aim is to tramslthe sediment distribution data into a GIS
framework and then incorporate these data intoNPW#A Wave Model (e.g., WAM, Gorman et al.
2003a, b) to model potential wave disturbance hedvarine Environment Classification (e.g., Snelder
et al. 2006) to relate marine physical parameteb®enthic invertebrate and sediment distributions.

Sediment chart data

Sediment charts available for the project were iphbt by the New Zealand Oceanographic Institute
(NZOI), one of NIWA's parent organisations, oveetperiod 1965 to 1992. These charts, and their
published dates, were:

(1) New Zealand Regional Sediments, 1: 6 000 000 (Mlitadt al. 1989)

(2) Oceanic Series Sediment charts, 1: 1 000 000 stalee Kings (McDougall 1979), Cook
(McDougall 1975) and Bounty (McDougall 1982).

(3) Coastal Series Sediment charts, 1:200 000 scalevedex (Cullen & Gibb 1965), Mahia
(Pantin & Gibb 1968), Turnagain (Lewis & Gibb 197®o00r Knights (Eade 1974), Bay of
Plenty (Doyle et al. 1979), Banks (Herzer 1979)utdéi (Carter & Eade 1980), Cook Strait
(Lewis & Mitchell 1980), Ellesmere (Herzer 1981)adgtan (Doyle & Arron 1982), Mokau
(Arron & Doyle 1983), Oamaru (Arron 1986), Pegag@arter & Herzer 1986), Tasman
(Mitchell 1987) and Patea (Nodder et al. 1992).

These charts depict the sediment distributionsratddew Zealand and the wider SW Pacific Ocean
and eastern Tasman Sea using grain-size and cdiopakinformation collected from physical sea-
floor samples by NZOI and other agencies, includigyRoyal Navy Hydrographic Office. Typically,
distributions of different sediment types were ipteted and interpolated using geological knowledge
and bathymetric data from complementary charts gismiuced by NZOI/NIWA. Only the NZ
Regional Sediments chart covers the entire EEZjtluldes not have especially high spatial resohytio
especially on the shelf. The three Oceanic Sehast€ cover a large part of the EEZ except off Bout
West Fiordland, and the Coastal Series charts coler approximately 50% of the New Zealand
coastline. None of the chart series provide anyurate information on sediment distributions
immediately adjacent to the coast, especially wethard to hard or rocky substrates. Clearly, tlaeee
also issues with sampling density over each oft@wales, such that variations in the samplingitiens
even from chart to chart within a series, will affehe amount of interpolation required to derive
“sensible” sediment type boundaries. Finally, nbbhthe sediment samples were physically analysed
to determine grain-size distributions with informoatalso taken from the notations provided on Bhiti
Admiralty and New Zealand Hydrographic charts amodnf visual observations of small samples. All of
these factors impact on the reliability of the seelt distributions as portrayed on the charts.

Figure 1.1 shows the chart coverage used in thdystbdach of the chart types listed above used
different sediment classification schemes, as shiowlfigures 1.2—1.5 and summarised in Table 1.1.
This situation presents some difficulties in getiegaa coherent sediment distribution data-setsscro
New Zealand’'s EEZ. For example, the NZ RegionalirSedts 1: 6 000 000 chart (Mitchell et al. 1989)
uses a simplified scheme whereby sediments arelisided on the basis of mineralogical composition
and/or origin (e.g., Terrigenous, Biogenic, Deepe&@rc Clays) with Dominant and Sub-dominant
depicted, and the Terrigenous and Biogenic comgsrenther sub-divided on the basis of grain-size
and/or composition. The Oceanic Series and thg eanlditions of the Coastal Series sediment charts
(specifically, Foveaux, Turnagain, and Mahia) usedombination of grain-size and compositional
information with Dominant (nominally more than 5@$%fce this is not stated explicitly on the charts
themselves) and Sub-dominant or Subsidiary typesgrthan 20%) specified. In contrast, most of the
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Coastal Series charts from 1974 onwards adoptesirery grain-size-based classification scheme,
modified from Folk (1965), as well as delineatedisgnts that contained greater than or less thé&tx 50
calcium carbonate (CaGPin composition. Furthermore, within the Coastati€s, some of the charts
subdivided the mud fraction (less than 63 micran) jinto silts (63—4 pm) and clays (less than 4 pm),
whereas others only show “muddy” sediments.

To rationalise these sediment classification déifees across the various chart types and theiroéras
publication, we have had to adopt a scheme thatnmsas the impact of these differences on the
sediment distribution data required for the projétdwever, without going back to the original raw
grain-size and compositional data and/or re-anadytie physical samples themselves, it is diffitailt
determine the validity of this rationalising scheriéus, there are still irreconcilable differendes
sediment type across chart boundaries, such amlith Coastal Series depending on the date of char
publication and thus whether different classifieatschemes were used, and across boundaries between
the NZ Regional Sediments, Oceanic and Coastat$Seharts.

The sediment charts also depict locations of Casat@ld Rock and note Specific Sedimentary Particles
(Oceanic Sediment and pre-1974 Coastal Sedimentsghar Specific Grains (post-1974 Coastal
Sediment charts). This information has not beearjmurated into the present digitised dataset.

Figure 1.1: Summary figure showing the chart coverge used in the study. A is the Area of the publiskie
Coastal Sediment chart series, B the area of publied Oceanic Sediment charts and C the extent of théZ
Regional Sediment Chart (Mitchell et al. 1989).
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LEGEND

SUB
DOMINANT | 5oM I NANT

Terrigenous Sediments  -Gravel/Sand

-Mud

Biogenic Sediments -Calcareous Gravel/Sand

-Calcareous ooze
-Siliceous ooze

Deep Ocean Clays

Volcanic Sediments

Not present

Authigenic Sediments on this chart

SPECIFIC GRAIN NOTATIONS

Ferromanganese Nodules % coverage of seafloor 1% —NMn—
from photographs 10% s [\ 1) e
Phosphorite Nodules p
Glauconite G
CLASSIFICATION

Sediment compositional types were classified according 10 a modified version of
the classification outlined by Van Andel. Tj.H in Deep Sea Drilling Project Initial
Reports Methodology Volume 1-44, ed. Heath, G.R. (1984). Textural connotations
follow Wentworth size classes.

Figure 1.2: Sediment classification scheme used &Y Regional Sediments chart (1:6 000 000, Mitche#t
al. 1989).

LEGEND
DOMINANT  [SIZE OF | TERRIGENOUS | VOLCANIC RED CLAY AUTHIGENIC Bm“fm PLANKTONIC SILICEOUS
PARTICLE | PART- SRR CARBONATE
ICLES
COMPOSITION D Subsidiary | Dominant |Subsidiary | p, Subsidiary | Dominant |Subsidiary | pomi idiary | Dominant [Subsidiary | Dominant |

fraction | fraction | frctjon | faction | fraction | fraction | fraction | fraction | fraction | fraction | fraction | fraction

{mm) | fraction

> 0% > 20% >20% > 0% > 0%

fraction
> 20% > 20%
'y
Boulders > 256 t // t % + + t+ t t + + + % +
S
oo
° s 9

Cobbles and TS
OOD -]

Granules and
gl {77 O = 2t R t . L t t t t
Medium and {
finessnd V16172 \\ t t t t t t Tm t t
Mud < 116] | ' t f t t t ‘,| t t
| I

t These do not appear on this charn

Figure 1.3: Sediment classification scheme used @rceanic Sediment charts (1:1 000 000, McDougall
1975, 1979, & 1982).
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COLOUR LEGEND

; Organic carbonate
Rock and mineral remains o A
. F
Dominant detsic el Vet sty | Foraminiferal sediment
paﬂic-]e- Subsidiary| Size of = _;ubsidiiry Size of Subsidiary| Size of
composition Dominant | fraction | particles | Dominant | rraction | particles | Dominant | “fraciion | particles
fraction | * > 20% | (mm) | fraction | 08 | (mmy | fraction | 5 o5x | (mm
Boulders t ) > 256
Cobbles and pebbies [ o0 ] 4-25
[+]
Granules and coarse 1/2-4 t T > 112
sand
Medium and fine 116 -1/2 \%§$1/16—112
o SN
T
Mud ‘;U' <1/16 © ot t | <ws
il . (@)
1 These do not appear on this chart
SEDIMENT CLASSIFICATION
Classification modified from Folk, R.L., 1965 : Petrology
of Sedimentary Rocks,Hemphills Texas,159pp.
Sand
Gravel (>2 mm) (64 pm=2 mm)
G
80%
Percent Percent sand
mG msG Gravel 50% in fraction
less than 2 mm
30%
/M/ M s \R 10%
5% °
Mud M/ M nS NS\ sand ae 2t [ w2 N\ g
(64 um)  10% 50% 90% (64 pm-2 mm) (<4 pm) 33% 67% (4 pm-64um)
Percent sand in - Percent silt
fraction <2 mm in mud fraction (b)

Note: M may be replaced by CorZ
m may be replaced by c or z

COLOUR LEGEND
<50% Calcium Carbonate in gravel fraction | >50% CalciumCarbonate in gravel fraction
G gravel calc-gravel
g |e o 5 gravelly } :"Dzo 3 calc-gravelly

<50% Calcium Carbonate in sand fraction | >50% Calcium Carbonate in sand fraction

S sand calc-sand

calc-sandy

sandy

<50% Calcium Carbonate in mud fraction | >50% Calcium Carbonate in mud fraction

z silt t cale-silt

7 [——— silty cale-silty

M mud calc-mud

m | muddy t calc-muddy
C t clay t calc-clay

c t clayey t calc-clayey

(o)
t Not present on this chart
Figure 1.4: Sediment classification schemes used Qoastal Sediment charts (1:200 000) (a) Categories
used on Foveaux (1965), Mahia (1967), and Turnagaioharts (1970); (b) Adapted Folk ternary
classification scheme used on Coastal Sediment clarpost-1970; (¢) Categories used on Coastal
Sediment charts post-1970 based on the Folk claésa'aftizog in (b).



CONSOLIDATED ROCK

Pre - Tertiary rock
Tertiary and Quaternary rock

Rock, age unknown (from sample)

(013 IN]

Rock, age unknown (from notation)

SPECIFIC SEDIMENTARY PARTICLES

From terrigenous and organic sources Authigenic minerals Planktonic carbonate Siliceous

>20% >5% >20% >5% >20% >5% >20% >5%

i 0 Magnetite and M M  Manganese #PT tPT  Picropods tB D Diatoms
ilmenite nodule

+@ 18  Pamfrgmens[t I + I Glawconie [tE& +C  Coccoliths

t‘ ?¢ Lignite TP tP Phosphate

minerals
t These do not appear on this chart

Figure 1.5: Example of specific notations used ondastal Sediment charts, but not used in the present
study.
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Table 1.1: Summary table showing differences betwaethe three different classification schemes usechceach of the three different scales of NZ sedimermharts, as
depicted in Figures 1.1-1.5.

NZ Oceanic, Coastal (1965-70) Coastal (post-1970)
Regional
Sediment Grain- Sediment Grain- Sediment Description
class size class size class*
(mm) (mm)
Gravel/sand,; >256 Boulders >2 Gravel >30% gravel
calcareous 4-256 Cobbles &
gravel/sand pebbles
0.5-4 Granules & 0.064— Sand >50% sand
coarse sand 2 in <2 mm
Calcareous 0.0625— Medium & fraction;
ooze; 0.5 fine sand <30% gravel
siliceous
ooze
Mud; <0.0625 Mud 0.064— Silt >67% silt in
deep ocear 0.004 mud fraction;
clays <50% sand
in <2 mm
fraction
<0.064 Mud 33-67% silt
in mud
fraction;
<50% sand
in <2 mm
fraction
<0.004 Clay <33% silt in
mud fraction;
<50% sand
in <2 mm
fraction

*  Also subdivided into <50% and >50% CagO
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Sediment chart digitisation

Each of the charts from the Oceanic and Coastaineed chart series was digitised on a digitiserroa
(Digipad 3648 L) using Tabletworks digitising andc&|S software, known as ArcMap. The following
methodological approach was adopted for this psces

(1) The sediment chart was taped onto the digibsard and the latitude and longitude of the bougdi
frames of the map (minimum x,y maximum X,y) noted.

(2) These coordinates were added as points in Ascifilae northing and easting of these points were
entered into a text file.

(3) The text file was loaded into Arcmap’s digitisettings, so that moving the digitising mousetan
digiboard will also move the mouse cursor on thegater screen with the correct projection.

(4) Digitising was achieved by tracing the outlmfehe sediment features shown on the map (usieg th
digitising mouse), and simultaneously creatinggtdi copy on the computer at the correct projectio
(5) The sediment features were initially digitised'polylines’ or vectors.

(6) Once completed, all the end points left bygblylines were joined together so there are no @éang
and/or undershoots in the digitised lines.

(7) Arctoolbox was then used to transform the poég into a polygon feature so that all the sedimen
features could be classified into their respeagiraups (i.e., sediment size, sediment type, egedban
the classification schemes for each of the charts).

In contrast, the Regional sediment chart (Mitcle¢lal. 1989) was digitised on screen within ArcGIS
using a rectified image, scanned at a scale ofb0: @O, for visual interpretation of sediment class
boundaries.

The digitised sediment charts in the Oceanic seveze merged using an update tool to produce unique
features that represent a single element combiBiogiinant and Sub-dominant classifications (see
below). The same approach was adopted for theschathe Coastal series. All Coastal datasets were
combined into one layer where the most up-to-dhtetadata superseded the older chart. Neighbouring
boundaries were re-drawn where required, thoughbatiobn of specific sediment classes across
bounding charts were not changed where these wHesedt (e.g., Oceanic charts Three Kings to
Cook, and Coastal charts Patea to Cook Strait).

Where possible, all sample locations were attridhtibethe original data sources in terms of whethlbr

or partial grain-size analyses were conducted, lenethe initial classification was based on visual
observations, or whether notations were taken frBnitish Admiralty and/or New Zealand
Hydrographic charts.

Polygon Attribution for Sediment Type

As discussed above, broadly speaking two diffesmatiment classification interpretations have been
used in the preparation of sediment distributioartharound New Zealand; one scheme based on a
matrices-classification using compositional andrgsize data is used on charts published prio9g91

(NZ Regional Sediments, Oceanic Series and eargstabSeries charts), and one using a ternary-grain
size classification scheme used for those publistftest 1970 (most Coastal Series). Details of axch
these schemes is presented below.

The NZ Regional Sediments 1: 6 000 000 chart (Milickt al. 1989), depicting sediments of the wider
New Zealand region, sub-divides Sediment Type @nlihsis of mineralogical composition and/or
origin (Terrigenous, Biogenic, Deep Ocean Clays|c®woic, Authigenic) with Dominant and Sub-
dominant types depicted, though exact proportioaevaot specified on the chart. The Terrigenous and
Biogenic sediment components are further sub-dd/ide the basis of grain-size and/or composition
with  combined “Gravel/sand” and “Mud” in the Terigous component, and “Calcareous
Gravel/sand”, Calcareous ooze” and “Siliceous oazeler the Biogenic sediment type.

Sediment classification in the Oceanic Series sharseparated into several sediment types based on

mineral composition and/or particle origin (e.gerifigenous, Volcanic, Red Clay, Authigenic, Benthic
Carbonate, Planktonic Carbonate, Siliceous). Eddhese subdivisions is then divided into four-sub-
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categories: Composition, Grain-size, Dominant ants&liary. While not stated on the charts, it is
assumed that Dominant implies compositions gredib@an 50%, whereas Subsidiary indicates
compositions greater than 20% (but supposedlyttess 50%). For the older Coastal Series sediment
charts (Foveaux, Mahia, Turnagain), a similar d&sdion scheme was adopted, combining mineral
compositional and grain-size information in a nwsibased format. Sediment types were Rock and
Mineral Detritus, Organic Carbonate Remains anduframiferal Sediment with the same Dominant and
Subsidiary designations across various grain-siaeses, as adopted in the Oceanic Sediment chart
series (Figure 1.3).

It was decided that the best way to capture tha maGIS from the NZ Regional Sediments and the
Oceanic Sediment chart series was to have two polygyers represented on each chart, namely
‘Dominant’ and ‘Subsidiary’. Each digitised sedimdaature polygon then had attributes describing
what they contain and provided a sediment clasgifio for that polygon (Table 1.2).

Table 1.2: Example of frequency of unique classdation occurrence from the NZ Regional Sediments eint
(Miscellaneous Chart Series No.67, Mitchell et all989) where frequency refers to the number of timesach
classification was attributed on polygon featuresmthe chart.

Frequency Classification Description

6 DOC Deep Ocean Clays

12 G+S,t Terrigenous Gravel/Sand
5 M, t Terrigenous Mud
9 V Volcanic

25 c-G+c-S, b Biogenic Calc-Gravel/Calc-Mud

10 c-Ooze, b Biogenic Calc-Ooze
1 c-g+c-s, t /c-Ooze, b Terrigenous calc-gravidisand, Biogenic Calc-Ooze
2 c-00ze, b /DOC Biogenic calc-ooze, Deep Oceay<C|
2 c-00ze, b /M, t Biogenic calc-ooze, Terrigenbusd
2 doc/c-Ooze, b Deep ocean clays Terrigenous Cale
3 g+s, t/M, t Terrigenous gravel/sand, Terrigenbtud
1 g+s, t/c-G+c-S, b Terrigenous Gravel/sand Biig€alc-Gravel/Calc-Sand
3 m, t/G+S, t Terrigenous muddy Terrigenous Gf&aad
1 si-Ooze, b Biogenic Siliceous Ooze
3 si-ooze, b /DOC Biogenic siliceous Deep Oceayf€l|
1 v/DOC Volcanic Deep Ocean Clays

Across the NZ Regional Sediments regional sediroleatt and the Oceanic Sediment chart series, there
are some differences that will affect interpretatiand cross-referencing between the sediment
distributions shown on the two different scale than particular, Mitchell et al. (1989) combinegel

and sand in one category whereas the Oceanic cHistiaguish between Boulders, Cobbles and
Pebbles, Granules and coarse sand and Medium madsénd. They also use a slightly different
compositional scheme with Benthic and Planktonibaaate sediments distinguished on the Oceanic
chart series and not on the NZ Regional Sedimévatg.cThe older Coastal sediment charts of Foveaux,
Mahia, and Turnagain, while retaining the samergséde classification as the Oceanic charts, did no
distinguish between all of the same compositionasses, retaining a nominally “terrigenous” class
(Rock and mineral detritus) and two “biogenic” sles (Organic carbonate remains and Foraminiferal
sediment).

The sediment classifications used on the Coastdihteat charts published after 1970 were completed
using a ternary interpretation (modified from FdlR65) with further compositional information
provided by %CaC® Under this scheme the dominant sediment was rdeted by its percentage
contribution to the total grain-size distributidfor example, the dominant substrate constituent was
Gravel if %gravel was greater than 30% of the tgtalin-size distribution, was Sand if %sand was
greater than 50% in the less than 2 mm fractiod, eonversely, was Mud if %sand was less than 50%
in the less than 2 mm fraction. The finer grairesifsand and mud, <2 mm) were further classified
based on the %silt in the mud fraction with greéttan 67% corresponding to a dominance of Sil§ les
than 33% silt indicating a Clay-dominated sedimemtj 33—67% silt classified as Mud. Carbonate-
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dominated sediments were distinguished by havinG@aercentages greater than 50%, leading to
Calc-gravel, Calc-Sand and Calc-Mud designatiomsréSpondingly, sub-dominant carbonate contents
were indicated where %CaG@as less than 50%. To enable consistency to bélisstad with the
Oceanic Sediment chart series, this scheme has dewlified into a classification that recognises
Sediment Type, with subdivisions of Dominant antdSdiary GIS layers.

As mentioned previously, Mahia, Turnagain, and Bowecoastal sediment charts use a slight variant of
the old classification system and an attempt has lmade to revise the sediment attributions to be
consistent with the ternary classification schermeduon newer charts. However, this approach means
that on the digitised versions of the older ch#ms subdivision “Sand” may actually include coarser
material in the lower end of the “Gravel” fractitbecause in the original classification scheme these
features were classified as “Granule and coarsd’sdinus, on the digitised versions of the Mahia,
Turnagain, and Foveaux charts, features desigaaté8and” actually represent sediment dominated by
grain-sizes from 4 mm to 0.063 mm (63 pm), rathant2—0.063 mm as on the newer charts.

Similarly, the older Coastal Series charts charagtd “Organic carbonate remains” and “Foraminifera

sediment” with Dominant subdivisions, which has rbégnslated as similar to the category > 50%
CaCQ on the newer charts, though it is uncertain whatexact proportion of calcium carbonate was
on the older charts. Subsidiary carbonate sedin{er5% CaC@) are also assumed to correspond to
the >20% subsidiary fraction designated on thesroldoastal and Oceanic charts. This approach,
however, is not without its flaws because the oldassification schemes on the Foveaux, Turnagain,
and Mahia sediment charts allow for the possibitifyclassifications such as “calc-sandy Sand” and
“gravelly calc-Gravel” that are totally inconsistenith the more recent Coastal charts. In the older
cases, the un-prefixed component corresponds tethgenous, inorganic component while the “calc”

prefix indicates a dominance or sub-dominance dfa@ate material of a particular grain-size.

To gain some consistency across all of the Coabktats, therefore, only 1 or 2-class subdivisioesew
used for the digitised versions of the Foveaux,n@gain, and Mahia sediment charts, such that a
polygon designated as “muddy calc-sandy Sand” basdtie original chart is shown as “muddy Sand”
on the new digitised version. Similarly, sedimentygons designated as “sandy calc-Sand” based on
the original classification are shown as “calc-Sama the digitised chart. Obviously, this introdsce
substantial differences between the original sedinatassifications used on the older charts and in
some situations may not reflect the “true” sedimelassification type for each polygon. These
discrepancies are most noticeable on the Foveaaxt ¢Bullen & Gibb 1965) where there is a
multitude of sediments comprising mixtures of grsimes and compositions. Without further grain-size
analyses and re-interpretations of the historicahdthere is effectively no other way in which an
internally consistent classification scheme for @eastal Sediments chart series could be gendi@ted
the purposes of the present study. Hence, theifctas®n scheme, incorporating both compositional
and grain-size information, as used on the oldexs@b charts was retained for these specific charts

Median grain-size attributes

In order for the GIS data to be useful for inpubithe NIWA Wave Model (WAM, Gorman et al.
2003a, b), each of the sediment feature polygonee vescribed a median grain-size. This was
determined empirically by deriving “ideal” grairesi distributions based on the sediment type
attribution for each polygon, taking into accouhe trelative dominance of the attributed grain-size
categories. Median grain-sizes were then derivea these “ideal” distributions.

It should be noted that given the often heterogesewture of seafloor sediments, the concept of a
median grain-size is potentially meaningless and@tst erroneous, especially in continental margin,
shelf, and coastal settings. For example, in mwsdohdy gravels, which constitute a common sediment
category in such settings, the total grain-sizdribistion may be essentially bi-modal in nature.
However, since the gravel component dominatesdtat grain-size distribution by comprising at least
more than 30% of the total grain-size distributidhe finer grain-sizes will not be represented
adequately by a specific median (or mean) graie-siespite being important constituents of the
sediment.
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The median grain-size concept also does not acctmnpreferential resuspension of individual
constituents of the sediment by wave action orrotleabed currents (i.e., tides, longshore drifis)ri

For muddy sandy gravels, the coarsest fractionitiyievof its size and density, and perhaps the more
cohesive finest fractions, are likely to be lesshiteothan the sandier component. Similarly, différe
classes of carbonate-rich sediments will be aftegtaiably by currents depending on the composition
of the carbonate material.

Meta-data, quality assurance and quality control pr ~ ocesses

All digitised sediment charts were cross-checketh he original charts to ensure accuracy with the
original data and continuity across the entire skzttaAs mentioned previously, however, discrepancie
will still occur across chart boundaries due to difeerent sediment classification schemes adopied
different chart types (i.e., Oceanic v Coastal) difterent chart ages (e.g., Coastal Series chudrts
Cook Strait v Patea). No attempt has been madectncile differences in the geographical depiction
of sediment boundaries across different charts.
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APPENDIX 2: SEDIMENT DISTURBANCE/RESUSPENSION DATA SUMMARY

Prepared by Richard Gorman.

Directories:

00_all Averages over the full hindcagtiqe (all years, all months)

MM_mmm Monthly averages, i.e. all data witli single month, all years
MM = 01-12, mmm = Jan,..., Dec

Files:

*.grd files are ASCII grid files with a 6-line head intended to ready for GIS import.
The header is:

ncols 1401
nrows 1281
xllcorner 157.5
yllcorner -57

cellsize 0.025

nodata_value (-9 or -20)

longitude.grd Longitudes of the output grid céWGS-84)

latitude.grd Latitudes of the output grid c€W¢GS-84)

grainsizeD.grd Median grainsize (mm) at eadth ¢gell used in the analysis

Hsmean_DallMM.grd Average of significant wavedtsi(m)

Fpmean_DallIMM.grd Average of peak wave period (s)

Fxmean_DallMM.grd Average of x-componentaive energy flux (kW/m)

Fymean_DallMM.grd Average of y-componentaive energy flux (kW/m)

Fmagmean_DallMM.grd Average of magnitude of warmergy flux (KW/m)

UBMS_DallMM.grd log10( Average of meandsge bed orbital velocity (m2/s2) )

USTAR_DallMM.grd log10( Average of frictiorelocity (m/s) )

URAT_DallMM.grd log10( Average of the i@bf friction velocity to the critical friction
velocity for entrainment )

SEDM_DallMM.grd logl0( Average of the fraction oime for which the entrainment
threshold is exceeded )

FCmeansDMM.mat Matlab MAT-file contaigiall of the above arrays

Methods:

Wave model outputs were taken from the NIWA WAMeast system, running on a lat/lon grid of
longitudes 105°-220° E at resolution 1.25 degraed, latitudes 78° S — 0° at resolution 1.0 degrees.
Outputs are available at 3-hourly intervals (agestn some gaps). Since February 1997, analysis
includes summary wave statistics (significant wéedght, mean and peak period, mean and peak
direction, etc.) on the whole model domain, antdirbctional spectra at cells near the NZ coast.

The progranfluxinterp8 was used to interpolate hindcast spectra to fapatial resolution, using a
method that takes account of blocking of wave pgagian by land at sub-grid scales. The full output
grid covered:

longitudes 157.5° to 192.5° at 0.025 degree reisolut

latitudes -57.0° to -25.0° at 0.025 degree resmtuti

Due to memory and runtime limits, tHaxinterp8program was run on two domains:

1. full domain at low resolution: longitudes 157.%° 192.5° at 0.125 degree resolution; latitudes
-57.0° to -25.0° at 0.1 degree resolution

2. sub-domain covering main NZ islands at highesblution: longitudes 165.0° to 180.0° at 0.025
degree resolution; latitudes -49.0° to -33.0° 826.degree resolution
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Time-averages from the two domains were mergeldea¢nd, using simple bilinear interpolation where
necessary.

At each time step, mean-square bed orbital vetscitiere derived from the spatially-interpolated evav
spectra. From the RMS bed-orbital velocity (UBER)friction velocity was derived with a friction
coefficient derived using the Swart formula, i.e.,

X = 2.5*DIAM*TPI*FREQ/UBED
FW = EXP(5.213*X**0.194 - 5.977)
USWART = UBED*SQRT(0.5*FW)

Critical values of the friction velocity were deed from the median grain size using Yalin's emalric
relationship.
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APPENDIX 3: CARBONATE PARAMETERS FROM THE GLODAP DATA BASE FOR THE NEW ZEALAND
EEZ.

Prepared by Kim Currie.

Total alkalinity (A 1), potential alkalinity (A ), and dissolved inorganic carbon concentration (€
Values for A Ap and G were extracted from the GLODAP database
(http://cdiac.ornl.gov/oceans/glodap/Glodap _honme.h{Key et al. 2004)) using the LAS facility for
the area 157E — 167°W and 57°-24° S in 1° x 1° bins at the followingttes: 0, 10, 20, 30, 50, 75,
100, 125, 150, 200, 250, 300, 400, 500, 600, 700, 800, 1000, 1100, 1200, 1300, 1400, 1500, 1750,
2000, 2500, 3000, 3500, 4000, 4500, 5000, 5500 m.

Aragonite Saturation
The value given is the aragonite saturation inégxdefined as:

o - lca]car]
a
Ksp
where [C4"] and [CQ?] are the concentrations of calcium ion, and caab@ion respectively and'Jg
is the stoichiometric solubility product for thesglolution reaction

CaCQy, <> Ca' g+ CO™ (ag)

Q. is calculated from the salinity, temperature, Hefaressure), total alkalinity and total dissolved
inorganic carbon concentration.

Temperature and salinity data (long term annualnsiederived from data for years 1900-97) were
extracted from the National Oceanographic Data 1€e(ODC, Levitus) World Ocean Atlas Data
1998 database (NODC_WOA98 data provided by the N@WR/ESRL PSD, Boulder, Colorado,
USA, from their Web site at http://www.cdc.noaa.gofor the same area and depth bins as the
carbonate parameters.

The constants of Mehrbach et al. (1973) were tisethe carbonate speciation calculation, and the
aragonite solubility product, % was determined using the Millero (1995) algorithirhe calcium ion
concentration ([C&]) was determined from salinity using the expressio

ca] = o01028x >
35

where S is the salinity. The calculation was penfed using the computer programme swco2
(http://neon.otago.ac.nz/chemistry/research/mf@fegkeith _hunter/software/swco2/swco2.htm).

For supersaturated wat@y, is greater than 1, and for undersaturated waies less than 1. Aragonite
deposited on the sea floor is stable with respedtdsolution if the overlying seawater is supensged
(Qa>1).
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APPENDIX 4: PRIMARY PRODUCTIVITY
Prepared by Matt Pinkerton.

1.0 Introduction

There is considerable international and New Zealatetest in net oceanic primary production (NPP)
for understanding ecosystem dynamics and carbohlingycThe spatial and temporal variability of
marine photosynthesis is poorly understood obsemnaty. Only isolated snapshots are available via
ship-based sampling and it is impossible to quartiisin-scale primary productivity from in situ
measurements alone. Relatively recently (withinlts® decade) methods have been developed to use
satellite observations of the ocean for long-tdarge-area estimates of NPP for all the world’'saose

Satellite observations now routinely provide globatimates of (amongst others) surface chlorophyll
concentration (Chl), photosynthetically availabdeliation (PAR), and sea surface temperature (SST).
These data can be combined to estimate NPP. Ginarvalidation data for NPP around New Zealand
is relatively scarce, and that there are many ratere NPP algorithms available, we consider and
compare three of the most widely used formulations.

The original empirical models of NPP (e.g., Pl&@iB@) have been superseded by simple mechanistic
models based on satellite observations of chlorbgbycentration, incident light, and a yield fuioct
which incorporates the physiological response efghytoplankton to light, nutrients, temperaturd an
other environmental variables. SST is often usedai@meterise this yield function. A range of such
modelling approaches exist (e.g., Platt & Sathyanath 1993; Longhurst et al. 1995; Howard & Yoder
1997; Antoine & Morel 1996a, 1996b; Behrenfeld &lkeavski 1997b; Ondrusek et al. 2001), which
are distinguished by the degree of integration alegth and irradiance, and the manner in which
temperature is used to parameterise the photodigtield function (Behrenfeld & Falkowski 1997a).
We consider two such approaches here, which ameided in detail below. We also consider a new
approach, based on satellite-observed carbon r#thaarchlorophyll, which takes advantage of more
recent developments in inherent optical propertyiendals from ocean colour instruments, and the
realisation that there might be important informmation phytoplankton physiological state in these
measurements- The carbon-based ocean production model (Behiketehl. 2005, Siegel et al. 2005,
Westberry et al. 2008).

2.0 Methods

Data and algorithms were sourced from the Orega@teStniversity “Ocean Productivity” project
(web.science.oregonstate.edu/ocean.productivitgtintates of net primary production (NPP) are
obtained at monthly resolution, in units of mgC oi*. Online products were provided as 1080x2160
global grids in hdf format. Months were combinethgdog-averaging. The spatial resolution is 10’ in
latitude and longitude, which equates to a resmhutif approximately 18.6 km (latitude) and 12—-16 km
(longitude) for the New Zealand EEZ. (The resolutimf the CbPM product seems worse than this
because it relies on mixed layer depth obtainedhfaonumber of global circulation models which are
available only at a coarser resolution of betwe@b9-1°.)

Three processing algorithms are considered. Adlgtalgorithms rely significantly on measurements of
ocean colour (visible band, multispectral, normedizvater-leaving radiance) by radiometers on polar
Earth-orbiting satellites. Two sets of ocean coldata are available: SeaWiFS (NASA-Orbimage Sea
Viewing Wide Field-of-view Sensor: oceancolor.gsfsa.gov/SeaWiFS), and MODIS-Aqua (NASA

Moderate Resolution Imaging Spectroradiometer: sigdic.nasa.gov). Both the VGPM and Eppley-
VGPM models were applied to data from both the SE&Mnd MODIS sensors. The CBPM has only
been applied to data from the SeaWiFS at presenalllcases, incident Photosynthetically Active

Radiation (PAR) data were estimated based on data the SeaWiFS sensor. Euphotic depths in all
models were calculated using the same chloroplaged model of Morel & Berthon (1989).
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2.1. Standard-VGPM algorithm (“VGPM")

The standard Vertically Generalized Production M¢&PM) (Behrenfeld & Falkowski 1997a) is a

chlorophyll-based model that estimates NPP fromordphyll using a temperature-dependent
description of chlorophyll-specific photosynthegifficiency. For the VGPM, net primary production is
a function of chlorophyll, available light, and thkotosynthetic efficiency.

2.2. Eppley-VGPM algorithm ("Eppley”)

The Eppley-VGPM model differs from the Standard \MG@nly in the use of an exponential
temperature-dependent description of photosyntheffciencies (Eppley 1972). While Eppley’'s
analysis has no direct relationship to the desoriptof average photosynthetic efficiencies, its
application in ocean productivity models is commacp. The exact “Eppley-function” used in the
VGPM is based on the productivity model of Mored91).

2.3. Carbon-based Production Model (“CbPM")

The carbon-based ocean production model (Behreptedd. 2005; Westberry et al. 2008) is based on
the observation that estimation of NPP using clpgbytl and temperature-based models rely on yield
terms that are empirical descriptions of physiatagivariability and often perform poorly when
compared to local field measurements. Two recenturackes have facilitated this new approach to
estimating NPP from space.

First, the inherent optical properties (IOPs) of/fpblankton (absorption and scattering coefficignts
change depending on their physiological conditioherent optical properties hence carry information
that can be useful in estimating primary produttivates of phytoplankton. Behrenfeld & Boss (2003)
demonstrated a first-order correspondence betWd, (c,=beam attenuation ratio at 660 nm) and
YC-tracer measure of phytoplankton physiological donl This can be interpreted as phytoplankton
responding to changes in light, nutrients, and tmaioire by adjusting cellular pigment levels tocghat
the new demands for photosynthesis (Behrenfeldl.ePQD5). In waters where the attenuation is
dominated by phytoplankton (Case 1 waters), tatdiqulate carbon concentration was found to covary
with light scattering properties (DuRand & Olsen9&9 Stramski et al. 1999, Loisel et al. 2001,
Behrenfeld & Boss 2003, 2006, Green et al. 2008e6G®& Sosik 2004).

Second, in Case 1 (open ocean) waters, methodsbieavedeveloped to estimate b&thl andC from
satellite measurement of ocean colour (e.g. Gagv&iegel 1997, Lee et al. 2002, Maritorena et al.
2002, Siegel et al. 2002, Pinkerton et al. 2006)e Tsatellite-derived estimates of chlorophyll
concentration and carbon concentration are hertbefermedChls,;; and Cs;. A number of different
algorithms to estimate IOPs from ocean colour bitelata are available. The algorithm used hees us
the Garver-Siegel-Maritorena spectral matchingrtigms (Garver & Siegel 1997) applied to SeaWiFS
measurement to simultaneously retrieve information particulate backscattering scattering
coefficients, phytoplankton pigment absorption, armdoured dissolved organic carbon absorption.
Analysis of the resultant globalhls,;Csy data revealed seasonal patterns consistent wifiorna
ecology, strong dependencies on mixed layer lighels that were consistent with laboratory studies,
and relations betweeBhl, and both SST and nutrient stress that were alssistent with laboratory
studies. Behrenfeld et al. (2005) argued that theselts demonstrate that the link betw&n,;Cs;
and algal physiology, and therefore growth ratas,lme used in a global NPP algorithm.

Combining these advances led to the developmeiat wiethod for estimating NPP in terms of the
product of carbon biomass and growth rate, rathan tthe traditional product of chlorophyll and
photosynthetic efficiencies. Of significance is thet that unlike chlorophyll-based models, mosthef

key components of the new CbPM approach are patesditellite observables. Ocean mixed layer
depth is typically taken from a relatively coarssalution climatology based on dynamic modelling of
the upper ocean. The data source for mixed laypthdearies between 1997 and 2006, depending of
quality and availability. Data sources include Thal Ocean Prediction Model from US Navy Fleet
Numerical Meteorology and Oceanography Center, @mdple Ocean Data Assimilation, and the
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“Simple Ocean Data Assimilation” project (Cartonakt 2000a,b). Results based on CbPM are only
available based on the SeaWiFS data at present.

2.4 Climatological analysis, and remapping

Climatological averages of each product were obthiby log-averaging non-error pixels over the
period of data availability. Only data based on\8i## data were used to generate the climatological
averages because the dataset based on MODIS diisesvis far shorter at present. Data were then
remapped onto a Mercator Projection with a mappedage resolution of approximately 1 km. Data
are provided for the Marine Environment Classifimat(MEC) domain bounded by the following
coordinates: 24°-57.5°S 157°E-167°W. A spline simaeds used to interpolate between data points.
Data were output in ASCII format as required byshkeme.

3.0 Results

Figure 4.1 shows the intercomparison between thdianesalue of NPP from the algorithms considered
over the New Zealand EEZ. Figures 4.1a and b shaivthe effect of different ocean colour satellite
data sources (SeaWiFS and MODIS) is small at the Rialand EEZ level. Significant effort has been
expended by the international remote-sensing sei@mnmunity (and by NASA in particular) at
providing a consistent time series of ocean colobservations between sensors, so this result is
reassuring. Figure 4.1c and Figures 4.2—4.4 shattliere are large differences between the estimate
of NPP around New Zealand by the three algoriththeugh they all capture the strong annual
seasonality in NPP around New Zealand. NPP peak$ianlate-spring/early summer (December—
January) and has an annual minimum in the lateewiiduly—August). The VGPM model suggests that
the phase of NPP is about a month earlier thaiCtteM and Eppley models show. NPP by the CbPM
model has the largest dynamic range seasonally aladthe highest maximum values of NPP. The
Eppley model has the smallest seasonal range, landeatimates the lowest maximum production
values. The VGPM model gives almost the same maximilPP values as CbPM, but significantly
higher annual minimum values.
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Figure 4.1: Net Primary Production (NPP) estimatesfrom three algorithms (CbPM, VGPM,
Eppley) based on two sets of ocean colour data (MO®, SeaWiFS). a: Effect of different ocean
colour data on VGPM model. b: Effect of different ®urces of ocean colour data on Eppley model.

¢: Comparison between three algorithms.
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Figure 4.2: Climatology of Net Primary Production (NPP) estimates from CbPM model (SeaWiFS
data) for period 1997-2005. Note the large amountf ixilation compared to the other two
models. This is a result of the coarse-resolutionined layer depth data (0.25° at best). The mixed-
layer depth product is used only in this algorithm.
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Figure 4.3: Climatology of Net Primary Pro%bction (NPP) estimates from VGPM model
(SeaWiFS data) for period 1997-2006.
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Figure 4.4: Climatology of Net Primary Production (NPP) estimates from Eppley model (SeaWiFS data) for
period 1997-2006.

4, Discussion

Global comparisons between these three models bhoad qualitative agreement, but with significant
differences quantitatively and regionally. Campbetlal. (2002) summarised the second primary
production “round-robin” experiment which used itusC uptake measurements from 89 stations
around the world to test the ability of 12 chlorgitbased models developed by 10 teams to predict
depth-integrated NPP. The study showed that 7eoflfhmodels were typically within a factor of 2 of
the *'C measurements, with algorithms performing beshénAtlantic region, and performing worst in
the equatorial Pacific and Southern Oceans. Carhpbal. (2002) suggested that this might be caused
by a high dynamic NPP range in the Southern Ocead, high-nitrate low-chlorophyll (HNLC)
conditions in the equatorial Pacific and Southeoe#&h. HNLC conditions are poorly addressed by all
algorithms.

More recent work as part of the third primary pretitan “round robin” experiment (Carr et al. 2006)
aimed to identify conditions under which 24 cantid&lPP models agreed or disagreed. A cluster
analysis on the model pair-wise correlation matvas used to identify groups which respond similarly
to environmental conditions or regions. The growpse used to define a mean model which, while not
necessarily representing “reality”, is useful asamparative reference. The range of model NPP
estimates is large relative to the mean, partigularthe Southern Ocean and in subantarctic waters

The most difficult conditions for chlorophyll-basedodels near New Zealand are HNLC, low-
temperature, and high chlorophyll conditions (Gatrial. 2006), which occur south of the subtropical
front in the New Zealand EEZ. Carr et al. (2006)gasted that research to improve NPP accuracy
should aim to combine remotely-sensed variable$ Wistoric or modelled information linked to
geography, biome, or regime — i.e., local knowled§¢he region is important. Similarly, the CbPM
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approach is not likely to work well in HNLC watebecause the laboratory and field data used to
parameterise the model do not include the spehigiplogical conditions that exist in these regidns
particular, when iron limits NPP, phytoplankton plofogy can change in ways that invalidate some of
the assumptions and parameterisations used by CbPM.

Spatially, the models suggest high climatologicairage NPP values along the west coast and in the
Hauraki Gulf, and generally close to the New Zedlaoast. These values should be treated with
caution because all three algorithms are stricthpliaable only to the open ocean. Satellite
measurements of chlorophyll (SeaWiFS and MODIS) iahdrent optical properties using the Garver-
Siegel-Maritorena algorithm are unreliable in tloastal zone. High overestimates of chlorophyll can
occur here due to co-occurring suspended sedinmehdissolved coloured organic matter from land
run-off (“yellow-substance”). These will tend tabbto overestimates of NPP in the coastal zone, Als
algal growth physiology in the coastal zone dodsnecessarily follow the same relationships asién t
open ocean, because nutrient supply and vertioahgican be substantially different. The NPP values
around the New Zealand coast in these data sheuicehbe treated with scepticism.

The general structure of climatological average MRBwn in the open ocean in Figures 4.3 and 4.4
(VGPM and Eppley models) appear reasonable. We dvextphbect higher production east and west of

New Zealand in subtropical waters, especially agotime Subtropical Front to the east. NPP in

subantarctic waters (south of New Zealand) anddabpvaters (north of New Zealand) is thought to be

lower on average than in subtropical waters. Thehp@ess in NPP from the CbPM in subantarctic

waters is unlikely to be real. As mentioned, noh¢he models estimate NPP in these HNLC waters
adequately, and it is possible that the CbPM maslehore sensitive to these inadequacies than the
other two formulations.

5. Conclusions and recommendations

While it is clear from these comparisons that satighl quantitative differences exist between vasio
NPP algorithms and products, the spatial and sehpattterns are qualitatively similar. At presemg,
cannot recommend the “best” algorithm to use. Vitenate that resources are being devoted to validat
and improve the accuracy of NPP products internatip and at NIWA within the 12-year FRST
(Foundation for Research Science and TechnologyastSoand Oceans OBl (Outcome Based
Investment) project. In the interim, if one prodwadbne is to be used, we would suggest that the
Standard-VGPM algorithm (“VGPM”) product based aea®/iFS data be preferred.
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APPENDIX 5: DEVELOPMENT OF BIOGEOCHEMICAL DATA LAYER

Prepared by Mark Hadfield.

Data layers
The following layers were developed from annualrage fields from the World Ocean Atlas 2005
Climatology and interpolated to the bottom:

= apparent oxygen utilisation

= oxygen saturation

= oxygen concentration

= phosphate

= nitrate

= silicate

= salinity

= temperature.

The bathymetry dataset (known as “eezbathy”) iskenlgridded dataset generated by Ude Shankar
from the EEZ tidal model grid. The new temperatame salinity layers should match the original
MEC layers reasonably closely, except that they lmased on a newer version of the WOA
climatology. The "eezbathy" dataset has less dpigiail than other NZ-region gridded bathymetry
datasets, but it does not have the common probfemgative depths on some of the sub-antarctic
rises. The graphs of the data layers are shownigarés 5.1-5.8 [note these are scans of the
originals].
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Figure 5.1: Apparent oxygen utilisation. Figure 5.2: Oxygen saturation.
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Figure 5.7: Salinity.

o
g
Concentration (mi/l)

Bottom phosphate

25.0°S

Concentration (umolfl)

Concentration (umol/l)

30.0°S
25
35.0°S
20
40.0°S 15
45.0°S 1.0
05
50.0°S
55.0°S
160.0°E 170.0°E 180.0° 170.0°W
Figure 5.4: Phosphate.
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Figure 5.6: Silicate.
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Figure 5.8: Temperature.
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APPENDIX 6: GDM FITTED FUNCTIONS
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Bryozoans
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Figure 6.2: Functions fitted by GDM analyses of therelationship between species turnover and
environment for the bryozoan dataset, averaged acss 100 models.
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Benthic fish
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Figure 6.3: Functions fitted by GDM analyses of therelationship between species turnover and
environment for the benthic fish dataset, averagedcross 100 models.
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Foraminifera
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Figure 6.4: Functions fitted by GDM analyses of therelationship between species turnover and
environment for the foraminiferan dataset, averagedacross 100 models.
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Octocorals
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Figure 6.5: Functions fitted by GDM analyses of thaelationship between species turnover and
environment for the octocoral dataset, averaged aoss 100 models.
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Polychaetes
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Figure 6.6: Functions fitted by GDM analyses of theelationship between species turnover and
environment for the polychaete dataset, averaged axss 100 models.
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Scleractinian corals
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Figure 6.7: Functions fitted by GDM analyses of therelationship between species turnover and
environment for the matrix-forming scleractinian coral dataset, averaged across 100 models.
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Sponges
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Figure 6.8: Functions fitted by GDM analyses of therelationship between species turnover and
environment for the sponge dataset, averaged acro$60 models.
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