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EXECUTIVE SUMMARY

A balanced trophic model of the Chatham Rise, Nealahd is presented. The model consolidates
guantitative information on trophic links acroskthé major biota of the Chatham Rise and testsléoa
consistency. The model has 28 trophic groups abdlanced in terms of annual flows of organic carbo
in an average, recent year (nominally 2000-2005¢. focus of the model is on the role of demersal fi
in the food web and the model has greater taxonoasiglution towards the middle-upper part of thedfo
web, including 9 demersal fish by species (holange roughy, smooth oreo, black oreo, ling, silver
warehou, hake, javelinfish, barracouta), and ttwemposite’ demersal fish groups: rattails, dogfish
‘other demersal’. Mesopelagic fishes and juvengbds are separate groups in the model.

A survey of the available literature and both psitdid and unpublished data provided an initial et o
parameters describing the annual average abundemats, exports, energetics (growth, reprodugtion
consumption), and trophic linkages (diets, key ptex) for each model group. We also estimated the
relative level of uncertainty on these paramefEngs set of parameters was not self consistentaand
method is used to adjust the initial parametetasgive a balanced model taking into account the
estimates of parameter uncertainty and the lanygeraf magnitude (>6 orders of magnitude) in trophi
flows between groups. Parameters for biomass, ptimdturate, growth efficiency, diet fractions, and
other transfers of biomass between groups werestadjsimultaneously. We found that changes to the
initial set of parameters needed to obtain balavere reasonably small for most groups and most
parameters. The mean absolute changes for thekbygearameters (biomass, B; production rate, P/B;
growth efficiency, P/Q) and all groups togetherevéB8%, 7.4% and 2.5% respectively. The average
change of diet fractions to achieve balance wa¥% {riaximum change of 14.7%).

Trophic levels are reasonably close with those faiher ecosystems given in the literature but tioph
levels of demersal fishes in the model were highan expected. The model suggests that macrobenthos
(benthic invertebrates), macrozooplankton, and masagic fishes had particularly high ecological
importance in the food-web. Research towards mealalation using stable isotope analyses, and éarth
development of the model (including separating sashe¢he composite demersal fish groups, and
separation of the macrobenthos group) is ongoingpHfic modelling of the Chatham Rise will continue
under funding from the New Zealand government wittihe Coasts and Oceans Outcome Based
Investment.
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1 INTRODUCTION

Whole ecosystem modelling is being increasinglyduse a tool for analysis of ecosystem structure and
function (e.g. Bradford-Grievet al. 2003; Paulyet al. 1998). Whole-ecosystem trophic models can
indicate whether our knowledge of the various congmts of the ecosystem function is consistent with
the conceptual model. Inconsistencies identifiedhgymodel can indicate priorities for future resbaA
coherent and consistent picture of ecosystem fomctince developed, can be used to explore how the
ecosystem may respond to change. Such change cantbeopogenic (e.g. different management
strategies), natural (e.g. climatic variabilityy,roixed (long-term climate change). The model prest is
based on the Ecopath approach (Christersteal. 2000), where flows of a conservative tracer (here,
carbon, C), through various trophic compartmenthefecosystem over a given period (here, annoal) a
considered. Bradford-Griewat al. (2003) demonstrated that it is possible to corstan ecosystem model
for the Southern Plateau, New Zealand, immediatethe south of the present study area, and much of
this work from this study has been used to infolma present study. This report follows on from a
preliminary version of the model (Pinkerton, 2008).

It is stressed that a trophic model much as thesemted here is not, in itself, sufficient to asstbe
effects of fishing on the ecosystem. The develofgragthis model should be viewed as serving a numbe
of useful purposes:

« It forces the critical assembly of data on all comgnts of the ecosystem in a form where they
may be combined. These data will be needed fodéwelopment of future ecosystem models,
including those that are seasonally resolved, aibatresolved, and capable of being run
dynamically to investigate the effect on the ectmysof fishing and environmental variability.
The model tests whether our current understandfriped ecosystem structure and function is
complete and consistent. In assessing completetiesspodel allows us to identify critical gaps
in our knowledge, data, or approach. In testingsistancy, the model will help to identify
priorities for future work.

« It formalises our conceptual model of ecosysterargtinnectedness. The conceptual model can
be used to focus discussion by researchers, managdrother stakeholders in the Chatham Rise
ecosystem. For example, it may help to determirleeife are bottlenecks of energy flow through
the system, or key species on which the systemndispd his conceptual model will be directly
applicable to ecosystem modelling efforts for thetbam Rise in the future. The model may also
allow us to identify sub-systems (for example, goof interconnected fish species) that should
subsequently be modelled in more detail.

« The model gives us an overview of the type of estsy in the Chatham Rise, which allows
system-level comparison with other ecosystems rdbeadvorld. For example, how much surplus
production is likely in the system? Is there likedybe high export of material from the system? In
what ways does the Chatham Rise ecosystem diffan fother New Zealand oceanic or
international temperate ecosystems?

« The model may help to identify candidate indicatok®cosystem state, which will be useful in
monitoring changes in the form and function of @f&tham Rise ecosystem over time.

1.1 Structure of report

Section 2 presents the choice of study region. iBsise is critical to the success of ecosystem tinge
We also briefly summarise the chemico-physicairsgtf the Chatham Rise. Section 3 gives a summary
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of the type of model to be used here. We discusafiproach we have decided to use for the modeglling
and the justification for this approach. The lirtitas of the modelling approach, largely constrdibg
data availability are explained. Ways that the nilodecould be expanded in the future are givene Th
following sections consider each of the trophic pantments of the model in detail. The sectionsewvi
the relevant parts of the literature on the variouganisms, give methods for estimating biomass,
energetic parameters, and trophic linkages. A suymathe model parameters determined or estimated
in each of these sections is given. This leadbecstart of balancing of the conceptual trophic ehdor

the system.

The results of the current study are presentedeicti® 12 and discussed in Section 13 which also
recommends priorities for future work on modellagpsystem-fishing relationship for the Chatham Rise
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2 STUDY REGION

The study area for this work is the Chatham Rid&pad submarine ridge about 800 km long and 300 km
wide that extends eastwards from New Zealand lasdniato the southwest Pacific Ocean. High
phytoplankton abundance in this region is a congpis feature of ocean colour images of the Southern
Ocean (e.g. Gordoat al. 1986; Banse & English 1997; Murpleg al. 2001). Elevated phytoplankton
productivity is attributed to the presence of thébtBopical Front (STF) being bathymetrically lockid

the Chatham Rise (Murphgt al. 2001; Sutton, 2001; Uddstrom & Oien, 1999). TheFSabove the
Chatham Rise forms part of a 25,000 km-long coraterg zone of northern Subtropical (ST) waters, and
southern subAntarctic (SA) waters that encirclesglobe. The mixing of nitrate-depleted ST watathw
nitrate-rich SA water in the Chatham Rise regi@uketo elevated phytoplankton productivity (B@&jdl.
1999). Elevated oceanic productivity here is resgma for supporting the complex and valuable
Chatham Rise ecosystem, including deep-water fish€e.g. orange roughy, oreo, hoki), an unusually
rich benthic ecosystem, as well as large seabudharine mammal populations (Francis & Fisher 1979)

For the purposes of this work, we define the staigha as occupying 42°-45.5°S, 173°E-171°W, and east
of the 250 m depth contour enclosing the New Zehland mass (Figure 1). This region is approxinyatel
1290 x 390 km, with an area of 476,000°%kand a mean depth of 1645 m. The top of the ChaRise is

at a depth of 400 m, whereas the northern and sogutftanks descend to more than 4000 m; the
maximum depth in the study region is 5127 m. Thatftém Island group (close to 176.5°W) have an area
of only 960 knd (<0.2% of the study region). Approximately 71%tlvé study area is STF water, with the
remaining 29% being subAntarctic water.

The Chatham Rise substrate is a mixture of safichrgi clay, with pronounced north-south variatién.
transect at 178°30'E, Noddet al. (2003) found organic-rich, low carbonate (20%) shatl greater than
~500 m on the north-side of the rise, sandy sedisndaminate with moderate carbonate content (50—
75%) on the upper flanks of the rise, and high aaale (70-90%), foraminiferal ooze deeper than 6100
m on the southern side of the rise. Many studiege heso shown differences in benthic community
between the northern and southern flanks of the asd with depth, as discussed below (Probert &
McKnight, 1993; Probertt al. 1996; McKnight & Probert, 1997).
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3 MODELLING METHODLOGY

3.1 Model structure

The trophic model developed here quantifies thesfiex of organic material through a food web based
the widely used mass-balance identities of the Etoprophic model (Christensen & Walters 2004;
Christensen et al. 2004). Biomass is presentedits of organic carbon density (gC3nand trophic
flows in units of gC i y*. In quantifying the trophic structure of the ecsisyn, the fundamental
information includes the species present, abundaircéerms of weight, the energetics of species (i.
production, consumption, growth efficiency, respia), and trophic interconnections between species
through information on diets of predators. The nhattxeloped here also includes non-trophic trassfer
of organic carbon between groups. These transfeside: (1) unassimilated consumption (excreted
material); (2) loss of material through exudantg.(primarily phytoplankton); (3) non-predation radity
(e.g. due to age, disease, starvation); (4) “measing” i.e. parts of animals that died due to ptieeh but
were not consumed at the time; (5) transfers ofabfom the sea-ice habitat to the water column on
melting of sea-ice in the spring; (6) growth ofthiavhich takes them from a smaller to a largerhiop
group; (7) vertical sinking flux of detritus frorhg water column to the benthos; (8) long-term bufa
organic material in the benthic sediments. Note {Bx+(3)+(4) are often described by an ecotrophic
efficiency parameter.

We make the assumptions that there are no long temn decadal) trends. It is possible that theee a
considerable differences between years in manys pafrithe Chatham Rise ecosystem. This has two
implications for developing a budgetary model. &ivghereas long-term changes in ecosystem state may
be small, there may be significant accumulationdoss of biogenic material over any given annual
period. Second, measurements made in differentsyas not strictly comparable. In this study we
attempt to reduce the affects of interannual vdiiglon the budget by considering an annual pethoat

is typical of a longer period, in this case chotete the period between October 2002 and December
2007.

Production is defined according to Equation 1. ikam-detrital groups, production represents thenisitc

rate of growth of all individuals in the populatidfor detrital groups, production is the total fietv of
organic matter into the group, including faecal enat (unassimilated consumption) from consumers,
dead organisms, non-consumed predation (“messggéntiplanktonic exudants, and transfers between
groups. These latter transfers include, for exanpke release of organic material into the watduroo
when ice melts, and the sinking of detrital/ungchmeaterial to the benthos. Carbon flow through each
trophic group per year is balanced according toafign 2 under the assumption that all parts of the
ecosystem will be in balance in an average yeags@tbalance equations provide a number of equality
constraints to the system. Another set of equabtystraints are provided by the fact that diettices of
each predator sum to unity.

P=B (g] Non-detrital groups (1a)
i
P = p{'rijl‘E +U; (%) +Tijs} Detrital groups (1b)
i=1 i
n n Q
P 1—Z:(Tij1‘E +T2+T5) - X - A —Z P, [F] D; -F =0 All groups 2
i=1 =1 i

In these and other equations in this paper, f@higroupi:
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Bi annual average biomass (g&)m

P annual production (gC fny™). Autotrophic production rate is net of respiratibut assumed to
include production of phytoplankton exudants arteptietrital material.

Q annual consumption (gChy™). Note that autotrophs and detritus hgye0.

(P/B); production/biomass ratio ¢y

(Q/P); reciprocal of the growth efficiency (dimensionless)

Dj average fraction of preyin the diet of predatgrby weight (dimensionless)
X fraction of production exported over year duedaegtion and migration (dimensionless)
A fraction of production accumulated over a yeamgsionless)

F, fishing removals (gC ify™).

Tijl'E detrital transfer: fraction of production transéat from group to detrital groug as non-living
material, i.e. excluding direct predation but irtihg phytoplankton exudants, parts of organisms
(e.g. due to “messy eating”), whole dead organiantscarcasses (dimensionless)

T;® growth transfer: fraction of production transéstifrom group to groupj due to growth, i.e. as an
organism gets older and/or larger it changes framgroup to another (dimensionless)

T seasonal transfer: fraction of production tranmsfiérfrom groupi to groupj by non-trophic,
seasonal processes, e.g. due to ice melting, akfiix of material (dimensionless)

Uj fraction of food that has been consumed by componént which is not assimilated, instead
being passed to detrital gropjgdimensionless)

n total number of groups in the model

R loss of organic carbon from the system due toir@spn (gC n? y?). Respiration can be

calculated a&=Q;(1-U;)-P;

Note that Equations 1 and 2 differ from the staddacopath equations (Christensen & Walters 2004;
Christensen et al. 2004) as follows. First, condiongs parameterised based on production @R} the
reciprocal of the growth efficiency, rather tharingebased orB and Q/B. This is done so that during
model balancingP/B and Q/B cannot vary independently and give unrealisticwgino efficiencies.
Second, the factoTijl'Eis used instead of the Ecopath ecotrophic effigigrarameterEE, and is defined
such thafl'ijl":——(l-EE). This factor quantifies the fraction of productiohich is transferred from a living
to detrital group(s) by processes other than umdlsdéed consumption. For example, it is known that
substantial part of primary organic material (ighytoplankton and epontic algae) is not directly
consumed but enters the detrital pool where iteisothposed by bacterial action. The proportion of ne
primary production undergoing these fates is gieheP-T-F term for the phytoplankton group. Third,
two new non-trophic transfer parameters are incdudgowth and seasonal transfefg’( T;°). Growth
transfer allows organisms to move between modalgg@s they grow (e.g. small fish becoming medium
sized fish). Seasonal transfers include physicalemmnt of material between groups, for example,
settling of water column detritus to form benthetritus. Neither seasonal or growth transfer preegs
can easily be represented in standard Ecopathiensat

3.2 Trophic groups

We assume that living organisms in a marine ecesystan be grouped usefully into relatively few
functional groups with distinct and stable chamdsties. Too few groups will not allow the model to
describe the trophic structure with sufficient $elyt whereas too many groups can lead to spurious
results because of lack of information to provid®d parameterisation. Here, we use 28 trophic group
The divisions we use include taxonomy (species rougs of species), function (e.g. water column
primary producers), and sampling methodology (eemthic organisms by size). Ideally, groups woudd b
chosen so that organisms combined into groups Bawdar characteristics such as size, energetics
(growth rates, respiration rates, etc), and sintilaphic links (similar prey items, predators). riality,
choice of groups is often constrained by the akglinformation. It is assumed that the choice rolugs
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does not affect the fundamental results of the tiadestudy though this has not yet been testede Th
current groups are as follows.

* Apex predators (3 groups): seabirds; pinnipeddgseal sea-lions); cetaceans

« Demersal fish (12 groups): hoki, orange roughy, @immreo, black oreo, rattails, ling, silver
warehou, hake, javelinfish, barracouta, dogfisheptlemersal,

¢ Mesopelagic fish (1 groups), dominated by myctoghid

« Juvenile fish (1 group);

¢ Cephalopods (1 group), including squid and octopus;

e Zooplankton (5 groups): Salps, macrozooplankton,sameoplankton (mainly copepods),
heterotrophic microplankton (ciliates), heterotriggtagellates;

* Phytoplankton;

e Bacteria (1 group) including water column bactara benthic bacteria;

« Benthic fauna (2 groups): macrobenthos, meiobenthos

e Detritus, including particulate and dissolved watglumn detritus and benthic detritus.

3.3 Ecotrophic efficiency

It is known that a substantial part of organic matgespecially at lower trophic levels) is noteditly
consumed but enters the detrital pool where ieothposed by bacterial action. This material ischity
accounted for in ecotrophic model using a paranfeteecotrophic efficiency. Ecotrophic efficienclg)(

is defined as the fraction of production that imsuomed by other organisms, exported, fished or
accumulated. The remainder of production in suoiphic models (the fraction E-of production) is
assumed to be remineralized by bacterial actionendds small organisms that die from reasons other
than direct predation (e.g., disease, parasitgsyy)nmay be decomposed by bacterial action, weyssig
that larger organisms that die in the sea are nikety to be consumed by scavenging fauna than
decomposed by bacterial action. Remains of thead deganisms should not therefore be includeden th
detrital pool, and consequently ecotrophic efficieshould be set to unity. In the model presente,h
we setE=1 for all fish and larger consumer groups to reent a view of the ecosystem where bacterial
decomposition plays the smallest feasible rolehthcurrent version of the model we have not sépdra
animals killed by direct predation from those tde from other causes — there is no “carcass” group
Instead, consumers of a species in the model iacitsddirect predators and those which are likely t
consume its carcasses or remains. For apex predhtadrhave few direct predators, we assume tlegt th
are likely to die in the water so that their rensaame likely to be consumed by benthic scavengérste

will still be a substantial flow of material to digtis in the model because of “unassimilated comgion”
from each consumer. Unassimilated consumption dedufaecal material and the results of “messy
eating” at lower trophic levels.

It is known that a substantial part of primary origamaterial (i.e. phytoplankton) is not directly
consumed but enters the detrital pool where ieisothposed by bacterial action. Some of the detwilis

be in the form of particulate material in the watalumn, some as dissolved organic matter (e.qg.
phytoplankton exude transparent exopolymers), amdeswill be deposited to the sea bed in intense
sedimentation events (e.g. rapid sinking of “margmw”). Detritus has high spatial and temporal
variability so that the proportion of primary orgamatter entering the detrital pool rather thainge
consumed directly (i.e. ecotrophic efficiency)ngxactly known.
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3.4 Parameter estimation

There is a huge amount of information on the platgavironment of the Chatham Rise, and its flord a
fauna, including physiology, life histories, endigg, and ecology. Detailed information on theraation
of the biomass, energetic parameters, and dietsaiti trophic group is given below. The initialiresttes
of all biomass, energetic, diet and transfer patarador the trophic model are given in Table 1 &able
2.

3.5 Balancing methodology

In this version of the Chatham Rise trophic modelused the semi-objective balancing method destribe
in Pinkerton et al. (2010), developed for the R8sa. Each of the model parameters initially esghat
has an associated uncertainty because the valeeésperfectly and incompletely observed, and bezaus
the parameters vary between years and hence fliffer our modeled average recent year. We hence
adjust our preliminary estimates of all parametersbtain a model where all the equality consteare
fulfilled. Such solutions are henceforth referredas balance points. We allow all parameters ty var
except fishing takeH) which is fixed at zero. Models such as this aghlly under-constrained, often with
>3 times more parameters to fit than constrainisk@®ton et al. 2010), so there is a large family o
possible solutions all of which are feasible acouydto the conceptual model. We want to find the
solution that is “closest” to our initial set oftisated parameters as defined below. The problethisit
stage is non-linear and we adopt an iterative aprdo search for this solution by simultaneously
adjusting all parameters. The system is first litke@l and then Singular Value Decomposition (SVD:
Press et al. 1992) is applied to find the adjustmentor which minimises the cost functiadh(Equation

3). This balance point is the closest one to oufialnparameter set taking into account relative
uncertainties between parameters and ensuringagjastment across groups in the model.

g =Sl @ ofgf oftf e ooy va e S e et @
alli alli,j

Where the parametedB;, 8(P/B); etc. represent the changes to the parameter nézdetiieve model
balance. These changes are assumed to be smatiefimeld below. In equations 4-13, using expodras
example,X’ is the value of export that causes the modelafarce, and; is the starting value (initial
estimate of value from the literature and datale Tdmily of dimensionlesk parameters represents the
relative uncertainty between parameters, with kiglalues representing greater uncertainty.

Biomass B =B +B°[K® B 4)
Production (6, = (%), + (%) K B(7%), (5)
Growth efficiency’ (%) =(%4) +(04) e (%) (6)
Export fraction X, = X, +KX X @)
Accumulation fraction A=A +KAH @)
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Unassimilated consumption Uij' =U; + KiﬁJ [y, 9)
Diet fraction Dij' =Dy + K [, (10)
Transfer to detritus Tijl‘E' =T, C+ KT (11)
Transfer by growth Tijg' =T +KJ o1° (12)
Seasonal transfer if, =TS + Ky TS (13)

For changes to three model parametBr&(B, Q/P) the changes were applied relative to scale values
B®, (P/B)°, (Q/P)* which are initially set to the estimated startjpayameter values. Using the parameter
values themselves to scale the adjustments apptelgrihandles the large range in magnitudes ofethes
parameters across the food web. The parameter ebamgre not scaled for diet and transfer fractions
because these parameters are of similar magnifbdbegeen 0 and 1) as they are scale® iy obtain the
actual flows of carbon (Equation 2).

After adjustment in this way by SVD, the set of &lify constraints will not be satisfied exactly
because the minimisation works on a linearisedimersf the constraints assuming small changes. We
hence iterate until the equality constraints atésfied with an error within computational accura@
iterations for within 0.0001% of true balance). €ach iteration, we update the three scale parasigter
(P/B)*, (Q/P)° by setting each to the lower of the current estnoa the initial estimate of that parameter.
Updating scale values in this way means that Itigaically-equal increases and decreases of paresnete
over multiple iterations will lead to the same oparto the cost function. For exampled = +1 will
represent a doubling of the parameter Krdd= -1 will represent a halving of the parameter.

Parameter uncertainty

In order to use an objective balancing methods ihécessary to assign relative magnitudes to the
uncertainties of all parameters in the model. Theohite magnitudes df across all groups are not
important, but their relative values will affectetibalanced model obtained. Whereas it is possible t
assign uncertainties to some parameters by usfogmation on the variability associated with vasou
parts of the data used in their derivations, airagtobjective approach is not possible for alfgraeters
for all groups. As a solution to the problem of igsi®g uncertainties to parameters consistently,
Kavanagh et al. (2004) suggested that a “data pmsligapproach was useful where parameters were
assigned indices representing their relative uagdiés and these pedigree indices then mapped onto
numerical uncertainty factors. We used a similathoe here (see Pinkerton et al. 2010 and below for
details of the method) to give values shown in &&hINote that the uncertainty values in this taldeot
imply absolute limits on plausible parameters asiacchanges are determined Kyvalues and the
requiredd values for balance.

Diet uncertainty factorsk®) were estimated by a two stage process. Firsgse balue oK® was
assigned to all diet fractions of a given predétased on an estimate of the quality of the avalalibt
information for that predator in the Ross Sea. Tmedator-wiseK value is denoted d,° for all diets
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fractions of a predator. These base values were then adjusted for eaghitera in the diet of the
predator, based on the actual values of the estihwiét fractions, as equation 14.

Diet fraction uncertainties Ky =Kg Eﬁa ~blexpccD, )] (14)

where the constants=1.114,b=0.9143,c=4.159 were chosen so thi§}°/K,"=1 at D;=0.5. For diet
fractions ofD; - 0 andD;=1, K;"/K°=0.2 andK;"/K,"=1.1 respectively. This means that changes to diet
fractions will tend to be smaller for prey specilkat make up lower proportions of the diet, to prav
these minor prey fractions being overinflated dagitime balancing procedure.

Similarly, we estimatedK factors for transfer fractionsKt®, K° K¢ K* K*) using a two step
methodology. First, we set base transfer parameteertainties for all groups in the mod&l (5, Ko°,
K Ko, Ko) and then adjusted these according to our estinaft¢he actual values of the parameters
(equations 15-19).

Accumulation KA =K¢ [ﬁa A’ +b[A + c) (15)

Export KX = K& faix? +bX; +c) (16)
. _ _ _g \2 -

Transfer to detritus Ki®=Kg* Eﬁa Eﬁ'l’ul E) +b[T; " +c} 17)

Transfer by growth K =Kg Eﬁa[ﬂT”.g )2 +b [T +c} (18)

Seasonal transfer Ky =Kg Eﬁa E('I’ijs)2 +b[T,° + c} (19)

We use constants in equations 15-1%ef -2.8,b = 2.8,c = 0.3. This formulation givek/Ki;=1 for
T;=0.5, andK;/K;,=0.3 for T — 0 andT;=1. This approach prevents excessive changes augwturing
balancing when initial estimates are towards ameext of the possible range. We used base values of
K*=0.3,K,""=0.3, for all groups in the model where initialigsites were non-zero. We usgég’=0.1 for

all groups. We seft;"=0 for all groups i.e. we do not allow the balamctn adjust fishing removals. We
setK;%=0 for all groups so that the balancing adjustssoamption rates only via adjusting P/Q values.
Note thatK,*, K> Ko~ andK? were not used in this version of the trophic moddihough still more
arbitrary than ideal, this method of assigning treéauncertainties is certainly an improvement dineo
methods currently available, and leads to a plédilanced model. The sensitivity of the balanced
model to differenK factors is an important issue and is discussed. lat

3.6 Trophic levels

We calculated trophic levels (Lindeman 1942, Chkrisen & Pauly 1992) in the balanced model using
matrix inversion based on two rules. First, primargducers, detritus and bacteria are defined @sda
trophic level of 1. Second, a consumer’s trophielés the sum of the trophic levels of their pregms,
weighted by diet fraction, plus one. Bacteria aedirtd as being at the same trophic level as pgimar
producers. Because diets of demersal fish are pbtresolved in the current version of the moded w

1C
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calculated an average demersal fish trophic legsetha biomass-weighted sum of trophic levels of the
individual species. Results are given in Table 7.

3.7 Ecological Importance

Based on a balanced food-web model, methods existfculating the average ‘ecological importance’
(sensu Libralato et al. 2006) of the species orehgtbups. Ecological importancglj is a measure of

the overall effect on food-web structure of changethe abundance of species caught by the fishidiig.
measure is preferred over ‘keystoneness’ sincendemning of the latter has become confused.
Keystoneness was defined by Power et al. (1996)eaamount by which the ecological importance of a
species exceeds that expected on the basis of ahcmdlone. Other interpretations of keystoneness
essentially equate it to ecological importance i@&lifsto et al. 2006). In any case, ecological impaee is

the relevant measure in terms of assessing by haoet whanges in the abundances of species caught by
the fishery are likely to affect the food-web, spective of whether those species have high or low
biomass in the ecosystem.

If a balanced food-web model of the ecosystem tefr@st is available, the ecological importance of a
given species can be calculated via the Mixed Tiojphpact (MTI) matrix,M. This matrix has elements
m; and is often interpreted as the change in bioraBese group (the “impacted” group,due to a small
change in the biomass in another group (the “inipgtgroup,i) (e.g. Libralato et al. 2006). First, a
measure of the direct (one-step) trophic impasipeicies on speciegis written as elemenm; in the
matrix Q, and defined as the difference between bottongypagd top-down effectd; (equation 20,
Ulanowicz & Puccia 1990).

O; =9; — fij (20)

Here,g; is the proportion of prey itemmn the diet of predatgr andf; is the fraction of the net production

of prey itemj that is consumed by predaiqitlanowicz & Puccia 1990). “Net production” excksl
respiratory output which is equal to “productiol) {n Ecopath and Ecosim models (Christensen &
Walters,2004; Christensen et al. 2008). The MTI malixs calculated as equation 21 to take into account
indirect food-web effects, that is, impacts of epecies on another via multiple steps throughdbd-fveb
(Ulanowicz & Puccia 1990). Heréjs the identity matrix of size by n wheren is the number of groups in
the model.

ME=(1-Q)™"-I (21)

Libralato et al. (2006) suggest calculatingthe ecological importance of specigas the root mean

square value afy; calculated over ajl In a similar but alternative approach, here we eguation 22

which gives weak links higher and, we argue, mpgapriate importance (McCann et al. 1998; Pinnegar
et al. 2005).

El; :Zn:|mij| (22)
j=1
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3.8 Omnivory Index
Omnivory index Ql) is a measure of the breadth of a consumers deisacalculated from the square of
the difference in trophic level between predatat prey, as equation 23 (Christensen & Waltze4;
Christensen et al. 2008).
Ol, =) (TL; - (TL; ~1)* [D; (23)
=1

Here, TLj is the trophic level of prely TL; is the trophic level of predatgrandDj is the proportion prey
contributes to the diet of predaior
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4 BIRDS
4.1 Biomass

More than 70 species of birds are present in thetl@m Rise ecosystem, including species that are
unique to the study region (e.g. Chatham IslanBotdPterodroma magentde and many that have
declining populations to the point of being endaadespecies (e.g. Chatham albatrolsalassarche
eremitg. In this work, we consider all birds in the Chaath Rise ecosystem in one trophic group. Taylor
(2000a, b) give a summary of the abundance of Nealahd seabirds, divided into two groups: those tha
are considered threatened by the International tufoo Conservation of Nature and Natural Resources
(IUCN) criteria (taxa listed as Critical, Endanggrer Vulnerable), and non-threatened species. The
average uncertainty in the number of pairs of bbrdsed on most recent surveys (generally since)1997
was ~20%, but occasionally >80% (Taylor 2000a,Nx)n-breeding individuals were taken to comprise
between 0.33 and 0.6 of the population (Taylor 20@). Average bird weights were taken from Heather
& Robertson (1996).

Most of the species do not live or feed exclusiwelthin the Chatham Rise ecosystem, and to estimate
bird biomass and consumption from the system it mexessary to estimate the proportion of the lffe o
each species that can be considered to take plaaywvithin the study area. These estimates waset

on published information on the foraging extenthe bird, and an estimate of the times spent witinén
study region per year. No consumption of food friva Chatham Rise ecosystem was taken to occur
when the bird migrated outside the study region. Mfduced the bird biomass and amount of food
required from the system by 50% for those spedias feed from terrestrial rather as well as marine
sources (e.g. gulld,arus dominicanus dominicanuis. scopulinus The proportions of life spent within
the study region ranged from 1 for locally feedisigds resident in the Chatham Rise region (e.d. Pit
Island shagsStictocarbo featherstopito <0.02 for widely distributed seabirds (e.@of Shearwater,
Puffinus griseus These were allocated a nominal uncertainty ¢¥%3@ncertainties in the seabird
biomass estimates due to a combination of factmsngabove were approximately 62% of the “best”
biomass estimate (average of upper and lower biemstimates). The total biomass estimates of skabir
on the Chatham Rise were 731 t (threatened speses) 630 t (non-threatened). Seabirds classifed a
“vulnerable” made up about half the species ingtugly region, but only 31% of the bird biomass, and
21% of the consumption requirements (see belowgbids classified as vulnerable include (in order o
decreasing biomassyhalassarche steadr. platej Eudyptes sclaterPuffinus huttoniandThalassarche
impavidaandProcellaria aequinoctalisSix species of albatross each constitute more 1Bamf the bird
biomass of the Chatham Rise. The non-threatendurddaiomass was dominated Byffinus griseus,
Larus dominicanus dominicanus, Pachyptila vittatadPterodroma nigripennisWe assume that 10% of
wet weight of seabirds is carbon (Vinogradov 1953).

4.2 Production

Production is considered in two parts: (1) birdéedng the adult population and replacing thoseltadu
birds that die each year; (2) chick and juvenilel®idying before reaching adulthood. The former is
estimated as: [(no. pairs breeding per year)x(rgmseper pair)x(proportion of eggs that survive to
adult)x(average weight of adult)]. The number of®ger pair was taken from Heather & Robertson
(1996). The proportion of eggs surviving to adsltaken to be 0.2 for a single egg laid, decreasiftig05
when 4 eggs per pair are laid. Numbers of breetlinds as a proportion of the total population is
estimated from census numbers to lie between 31;-86%b a median value of 47%. The average weight
of a chick/juvenile at death is taken to be thengetnic mean of the hatching weight and the aduigite

A geometric mean is taken as mortality is assurodaketapproximately constant with age. As mortatity
actually likely to be higher for younger birds,ghnethod may overestimate production. Summing these
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productions gives annual P/B values for individsppécies between 0.06—0.28, yhis variation arising
from differences in the number of eggs per breegiaig, and the proportion of the population bregdin
per year. The average P/B values (weighted by tssjriar all birds together is estimated to be §12
Crawfordet al. (1991) used P/B=0.20%yfor southwest African seabirds and Wolff (1994¢di©.07 ¥
for northern Chile seabirds, so our value looksoeable.

4.3 Consumption

Food consumption requirements for each species astmmated by two methods. Nagy (1987) estimated
daily dry weight food consumption for seabirds adomy to body weight. This was converted to carbon
using a ratio of 0.4 gC gWW (Vinogradov 1953). In the second method, averag#y cenergy
requirement of seabirds was taken as 2.8 the swmndasatabolic rate (SMR: Laeiewski and Dawson 1967).
An assimilation efficiency of 0.75 and energy/carbmatio of 12.5 kcal/gC were used to give carbon
requirements (Croxall 1987; Lasiewski & Dawson 19&thneider & Hunt 1982). These methods
differed by less than 15% for all bird species, #mel results of the two methods were averaged. Food
requirements for individual species were then suchingproportions equal to their contribution toatot
bird biomass. The annual Q/B values for the bikligris 104 ¥ respectively, comparable but larger than
previous work (e.g. 62 yfor northern Chile seabirds: Wolff 1994). We asswan average factor of 0.108
gC/g wet wgt for squid, macrozooplankton, and {iSbheider & Hunt 1982).

4.4 Diet

The diet of seabirds is taken to be composed offisaquacrozooplankton (crustacea), and fish (mainly
small midwater fish) (Croxall 1987). Albatross feeul fish, squid, and macrozooplankton mainly taken
from the ocean surface with some shallow plungBgme carrion, such as small seabirds, may also be
taken (Heather & Robertson 1996). Diet of petrsisdported as cephalopods, crustaceans (especially
macrozooplankton), and small fish, taken principdlly dipping, surface-seizing, surface-diving, and
pursuit diving. Skua prey on eggs and young of diregbirds near the coast, as well as feeding aallsm
midwater fish, and macrozooplankton by surface ifegMund & Miller 1995). Skua can also take seal
remains and parts of other carcasses. We estimaitgtal diet for the bird component of the model

41% midwater fish (mainly myctophids), 5% juvenfish from the midwater, 10% squid and 44%
macrozooplankton.

4.5 Export

The impacts of fishing on marine birds are many,danerally not systematically observed (Taskeal.
2000; Taylor 20004, b). Birds are incidentally édgllby fisheries activities, by collision with lines other
parts of the ship, entanglement in nets, and easmamnt on hooks. Birds can also become entangliegtin
fishing gear, disturbed by fishing activity, or edfed by pollution from fishing vessels. Discarded
material (e.g. offal, discarded bycatch) from fighivessels may positively impact some seabird speci
(e.g. James & Stahl 2000). As all birds killed Inyeractions with fisheries remain local, there @ n
removal of bird biomass from the ecosystem by fighiessels and these effects do not impact the Imode
described here.

5 CETACEANS
5.1 Biomass
There are a number of species of toothed whalesdalptins that are likely to have the Chatham Rise

study region in their living range (e.g. Gaskin829Baker, 1990). These include Arnoux’s beakedl&vha
(Berardius arnuxi, southern bottlenose whalgHyperoodon planifrons hourglass dolphin
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(Lagenorhynchus cruciggrAndrew’s beaked whal@Mesoplodon bowdoii straptoothed beaked whale
(Mesoplodon layard)i spectacled porpois@iocoena dioptrica goosebeak whal&iphius cavirostri},
southern rightwhale dolphinLissodelphus peronii bottlenose dolphinTursiops truncatus harbour
porpoise Phocoena phocoehaThe sperm whalePhyseter macrocephalysorca Qrcinus orcd, and
baleen whales includingubalaena australigright whale),Balaenoptera acutorostratgminke whale)B.
musculus(blue whale),B. physalugfin whale), B. borealis(sei whale),and Megaptera novaeangliae
(humpback whale). Average adult weights of othéa@ean species are taken from Shirihai (2008):-long
finned pilot whales, 2600 kg; hourglass dolphin, 8% Andrew's beaked whale, 1300 kg; Spectacled
porpoise, 88 kg, Goosebeak whale, 3000 kg; Southgit whale dolphin 88 kg; Harbour porpoise, 69
kg, bottlenose dolphin 150 kg; straptoothed beakkdle, 2200 kg; minke whale, 4800 kg; fin whale
55,500 kg; humpback whale, 30,000 kg; sei whal®QX kg; blue whale 103,000 kg, right whale 25,000
kg; orca (type C) 3020 kg; sperm whale 18,500 kg.

Little is known of the migration patterns, globdluadances, or numbers in the study region of the
Chatham Rise of any of these species. Knowleddeeaked whales is particularly scarce. Baleen whale
populations are assumed to migrate through thehBoutPlateau region and may enter the Chatham Rise
study area. All six species of baleen whale giveava are thought to breed in tropical, subtroparal
warm temperature waters in winter and feed in potarold temperate waters in summer, with spring) an
autumn migrations between the two regions (Browlno&kyer, 1984). It is generally assumed that whales
do not feed on their migration from the Antarcticthe tropics, or if they do feed, do so at loveity.
Lockyer (1981) suggests that baleen whales feeshsntely in the Antarctic for about 120 d/y and
consume at a rate approximatély" of this at other times of the year. In this cabe Q/B value
appropriate for the model (i.e. the rate of feedivigile in transit through the Chatham Rise) will be
approximately 0.1 times as great as the annualagee®@/B value. Sperm whales and right whales are
known to migrate to the New Zealand region to feeidh the main area of feeding being the area off
Kaikoura, which is within the Chatham Rise studsaar

5.2 Diet

The diet of beaked whales, toothed whales and d@h composed mainly of fish (including demersal
fish), and squid (Brown & Lockyer, 1984; Berzin,78. For example, Southern bottlenose whales are
thought to take primarily squid (Northridge 1984yt probably also eat fish and possibly some
crustaceans. Type-C orca (which probably constitutest of the individuals around New Zealand)
apparently feed mainly on fish (Pitman & Ensor 2083 references therein). Baleen whales feed &lmos
exclusively on krill in the Southern Ocean, takiother pelagic crustaceans (copepods, amphipods)
elsewhere.

5.3 Consumption

There are a number of ways to estimate the foodirements of whales. First, studies have obtairsly d
consumption rates for baleen whales by examiniamath fullness of dead animals, and estimating the
number of feedings per day (e.g., Nemoto 1968; Mash 1970; Zenkovich 1970). There is a wide range
of estimates of daily consumptions because of tiaria in the amounts in stomach, number feeds per
day, and time of sampling relative to feeding. Tinet method applied in the current study is basad
Innes et al. (1986, 1987) and has been used bypusmvorkers (e.g., Armstrong & Siegfried 1991,
Tamura 2001, 2003). Daily prey consumpt@gy (kgWW d*) is estimated a@uww=0.42M, " whereWq

is the average body wet-weight (kg). Prey and pgoedaare taken as having approximately the same
carbon:WW ratio. An alternative approach to estingaconsumption is based on considerations of the
energy requirements of the animals. The standatdlokc rate (SMR: Lasiewski & Dawson 1967) is the
resting or basal rate of animals. Standard MetalR&tes of mammals in the southern ocean may be
greater than mammals of a corresponding size irpéeate waters, by a factor estimated to be 1.5-2
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(Irving 1970). The relation: SMR (kcal/d)=71\8%% whereW is the animal weight in kg, was given by
Irving (1970). This relationship gives values with20% of that give by Sigurjonsson & Vikingsson
(1997) of SMR=206.28/"% The average daily energy expenditure of animalsfien taken as being
higher than the SMR if the animals are undergoixgrteon such as swimming long distances. Lockyer
(1981) estimated that the daily energy expenditfriarge baleen whales, averaged over a year3is 1.
times the SMR, because of the energetic requiregneiimigration. Lockyer (1981) gives assimilation
efficiencies for Antarctic baleen whales of 79-83# we use 80%.

We use an average factor of 0.11 gC gWiiet weight) (Schneider & Hunt 1982) for fish priggms of
whales. Krill have a lower carbon content, measuredbe 0.048 gC gWW (Weibe 1988). An
energy/carbon ratio of 10 kcal gGvere used to give carbon requirements where advixdish-based
diet is used (Croxall 1987; Lasiewski & Dawson 196&cthneider & Hunt 1982). For baleen whales,
where diet is mainly crustaceans, energy densityghéW is lower (0.93 kcal/gWW: Lockyer 1987a)
which is equivalent to 19.3 kcal/gC.

We assume our best estimate of food consumptiowhmsles is given by an average of five methods
(Irving 1970; Lockyer 1981; Innes et al. 1986; Atroag & Siegfried 1991; Sigurjonsson & Vikingsson
1997). Differences between these methods are obrther of 29%. These annual average consumption
rates i.e. the feeding rates which would occueéiing were evenly spread over the whole yearnamt

be adjusted to take into account seasonal diffeieit feeding rates. Baleen whales are known td fee
more intensively in the Antarctic in summer thano#tier times of the year. Reilly et al. (2004) and
Sigurjonsson & Vikingsson (1997) use the valuesadkyer (1981) for the relative feeding rates ie th
summer and rest of the year where it is takenlithkten whales feed intensively in the Antarcticdbout
120 d/y and consume at a rate approximalid)) of this at other times of the year. In this cabe, Q/B
value appropriate for baleen whales in the model the rate of feeding while in transit througle th
Chatham Rise) will be approximately 0.1 times asages their annual average Q/B value.

For toothed whales, we average the results of fieethods given above (Irving 1970; Innes et al. 1986
Sigurjonsson & Vikingsson 1997; Lockyer 1981). Tdne@sethods give reasonably consistent estimates of
consumption, differing from each other by about 238e values of Q/B for annual average feeding
range from 8.0 y (sperm whale) to 27.87y(Southern bottlenose dolphin). In the absence tbéro
information, we assume that feeding of toothedamztas while over the Chatham Rise is approximately
equal to their annual average feeding rate. Forpaoison, Bradford-Grieve et al. (2003) used a value
Q/B=14.6 y* for hourglass dolphins (4% of weight per day).

5.4 Production

Banse & Mosher (1980) relate production to animairtass as: P/B=12.81:%% whereM; is the animal
weight expressed as an energy equivalent (kcad),RiB is the annual valuety Fish are reported as
having an energy density of about 1 kcal gWYBchindler et al. 1993). Mammals are likely to dav
higher energy content as a result of their fat-ttibber. Although the biochemical analysis of thebof
whales varies, 60% lipid is likely (Koopman 200Tplying an energy content of about 9 kcal/g.
Assuming such high-lipid tissues make up about 43%he whale’s body weight, we estimate a total
energy density for whales of 4.2 kcal/g. This gi#B for whales of between 0.019 {blue whale) and
0.16 y* (bottlenose dolphin). For comparison, Bradforde@ei et al. (2003) give P/B for whales off New
Zealand as 0.038-0.060.yJarre-Teichmann et al. (1998) estimated thabghic compartment of whales
and dolphins had a P/B ratio of 0.60 glthough this seems very high. Trites (2003) gaveae
reasonable range of P/B=0.02—0.06fgr whales (no distinction between baleen andhed.

6 PINNIPEDS
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Two species of pinniped occur in the study areaw Nealand fur sealArctocephalus forsteyriand
Hooker's (New Zealand) sealiorPlfocarctos hooke)i Although southern elephant sealirounga
leoning have been seen in the New Zealand region, thasiep is unlikely to reach as far north as the
Chatham Rise on a regular basis (Shirihai 2008).

6.1 New Zealand fur seal

The New Zealand fur sea\(ctocephalus forsteyiis found in breeding colonies on the islands eoasts

of New Zealand, with a New Zealand population ofhp@s 75,000 individuals (Shirihai 2008). The
population is mainly located on the east coastmitl$ Island, with a population there estimated ¢o b
about 54,000 (Shirihai 2008). Recent estimateheffiir seal population of the Otago coast are 23;00
30,000 (Chris Lelas, ZBD200505, pers. comm.). Hsimate includes stocks of about 9,600 individuals
on Auckland, Campbell, Bounty and Antipodes Islaodghe Southern Plateau (Wilson 1974; Crawley &
Warneke, 1979). Fur seals are caught during bottodhmidwater trawl operations, particularly for hok
(Macrourus novazelandide squid (ototodarus spp.) and southern blue whitingMicromesistius
australig around the coastline of South Island and thehoffs islands in the southern waters of the New
Zealand EEZ (Baird 2005). We use an estimate olladipn of 40,000 fur seals that may feed in the
study region at some time of the year.

The proportion of time fur seals spent foragingtie Chatham Rise study region is not well known.
Satellite tracking of New Zealand fur seals shoWwat tthey may forage up to 200 km beyond the
continental slope, into water deeper than 1000 me. 250 m depth contour (study area boundary) istabo
100 km away from the coast. At these latitudes, rdmaining 100 km is equivalent to about 1.5°
longitude which is the maximum distance fur seaéslikely to penetrate into the study area. Thastu
area is 16° wide, so a maximum of 9% of the stueyaanay be accessible to fur seals. Most fur seal
breeding colonies are south of the study area a&l of New Zealand, and fur seals are likely tansglpe
more time foraging inshore than offshore. We hezgtenate that of the order of only 1% of their fasd
likely to come from the Chatham Rise area and redbeir biomass in the study region pro rata. Adult
males weigh 120-200 kg and adult females 40-70Ckgv{ley & Warneke, 1979; Shirihai 2008). New
born pups weight about 3.6 kg (Shirihai 2008). Asiflg a 50:50 sex ratio and using a median weight fo
males and females, the average annual wet biomaise study area is 44 t.

Measurements of the body composition of Antaraticseals (Arnould et al. 1996), show that ash-thge
weight is approximately 35% of wet-weight. Assumihgt ash-free dry weight is composed of material
in approximately carbohydrate proportionsHe;Og) gives 0.15 gC/ gWW. Other authors have used 0.1
gC /gWW (e.g. Bradford-Grieve et al. 2003) which uge here.

Based on published but vague information withotdraseeable improvement, Chris Lalas (pers. comm.)
estimates that fur seals consume mainly arrow s@udividuals to 1.5 kgWW) in summer—autumn and
octopus (typically 2-5 kg) in winter—spring, butaalso likely to take large teleost fishes, espigcia
barracouta (2—3 kg), supplemented mainly by hoki jagk mackerel (c. 1 kg). We estimate while in the
study region a diet of 50% fish (demersal and melsgc), and ca. 50% squid.

6.2 Hooker's (New Zealand) sealion

Hooker’'s sealionFhocarctos hookeyiis New Zealand's only endemic seal. Males arented to weigh
about 350 kg and females 110 kg (Gales, 1995}tla liess than that given by Shirihai (2008) of 3280

kg (adult males) and 90-230 kg (adult females). Mew pups weight about 7.5 kg (Shirihai 2008). We
assume a 50:50 sex ratio and use a median weigmdtes and females. We take carbon as 10% wet
weight as for fur seals.
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The main breeding colonies (95% pups born) are aookknd and Campbell islands, where the total
population is probably about 12,500 (Gales & Flet¢ct1999), within the estimate of 11,100-14,000
(Shirihai 2008). In addition, about 200 individudiseed on the Otago coast (Chris Lalas, pers. cgmm.
breeding began in 1994, with numbers increasirapatit 10% annually. The proportion of time seadion
spent foraging in the Chatham Rise study regionoiswell known. Assuming that less than 1% (say
0.5%) of their food is from the study region, aeducing biomass pro rata gives an average annual we
biomass of 14 tonnes.

Hooker's sealion take a broad variety of prey, nyaismall fish, cephalopods (especially octopus),
crustaceans (including crabs, crayfish and pravarg),occasionally, penguins. Hooker’s sealion d¢ae d

to depths of over 500 m (mean 123 m) and spena Ud tminutes (mean 4-6 minutes) submerged per
dive (Shirihai 2008). Fish taken on the dives mabmixture of midwater and demersal species. Téte d
of Hooker’s sea lions breeding on the Otago coastiieen well studied on a monthly basis since b§91
Chris Lelas of the University of Otago. Recent usiged trends show some distinct seasonal andshnnu
changes and also sex and age differences in digis(Celas pers. comm.). The diet is made up objmaes
(typically 2-5 kg), 20-30%; teleost fishes (to 16)k20-30%; cartilaginous fishes (to 5 kg), 20-30%;
swimming crabs, 5%; fur seal (for large males, hrdy 10%; arrow squid, 1-5%.

6.3 Consumption

We estimated food consumption requirements for ksmlcies of pinnipeds were estimated by three
methods, using an average of all three methodsiiabeast estimate. These were then combined between
species in relation to biomass. Nagy (1987) estrthataily dry weight food consumption for eutherian
mammals (with placenta) according to body weighQas=0.235)\ %2 whereQ is the daily consumption

in g dry weight;W is the animal weight (g). Dry weight of prey itemvas converted to carbon using a
ratio of 0.3 gC gDW (Vinogradov 1953). This method gave Q/B value@&6-32.6 ¥. An estimate of
oxygen consumption of a southern elephant sealibgdl & Lea (1998) suggested that Nagy's (1994)
equation may overestimate field metabolic rate.

In the second and third methods, consumption désgas estimated based on the amount of food they
require to supply sufficient energy to satisfy thetandard metabolic rate (SMR). There is configti
evidence on whether the metabolic rate of pinnipisdsignificantly greater than that of terrestrial
mammals of a similar size in natural (i.e. non-tegtconditions (e.g., Riedman 1990, and references
therein). Some studies have shown metabolic rategifinipeds in cold-regions to be 1.5-3 times &aigh
than terrestrial mammals in temperate regions,(€gsta et al. 1986). Other work found that metabol
rates of pinnipeds were only slightly higher (1.2-fimes) than those of a terrestrial mammal ofilaim
size (see Riedman 1990). Here, we used the rel@imR (kcal d)=71.3-W%? whereW is the animal
weight in kg which was developed for marine mamnialpolar areas (Irving 1970). The third method
used SMRZ0.5-W"** (Lockyer 1981). In both cases, the average daibrgy requirement of seals was
taken as 2.8 times the standard metabolic ratégivaki & Dawson 1967). An assimilation efficiencl o
0.8 and energy/carbon ratio of ~10 kcal'g@ere used to give carbon requirements (Croxall7198
Lasiewski & Dawson 1967; Schneider & Hunt 1982)eThtter figure is appropriate for fish, and we
recognize that squid has a somewhat lower enengsityerelative to carbon than fish (e.g., van Fkane

et al. 1997, and references therein). An averagéhede SMR-based estimates gave values of Q/B
between 21.0-27.2%

The overall estimate for the pinniped group is @BZ y'. For comparison, other work reports daily
food intake for captive seals as 10% of body we(ghivs 1984), and 3.3% for harp seals (Nordoy et al
1995). These imply Q/B values of between 12-37agsuming seals and their prey have the samercarbo
to wet weight ratio. If seals have a slightly higl&eWW ratio than their prey, these Q/B values i
lower. Jarre-Tiechmann et al. (1998) estimate @egpe fur seals have a Q/B ratio of 18 Pinniped
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energetics have been reviewed by Lavigne et aBZ19986), and a summary is given by Knox (2007).
Bradford-Grieve et al. (2003) used Q/B=46fgr New Zealand fur seals based on Laws (1984).

6.4 Production

We estimated production following Banse & Moshe&d8Q) who related production to animal biomass as:
P/B=12.9 M;%** whereM; is the animal weight expressed as an energy eguivékcal), and P/B is the
annual value (y). Mammals are likely to have a higher energy contdan fish (c. 1 kcal/gWW:
Schindler et al. 1993) as a result of their fakriddubber. Although the biochemical analysis ofber of
mammals varies, 60% lipid is likely (Koopman 200@plying an energy content of about 9 kcal/g.
Assuming such high-lipid tissues make up about 29%0dy weight, we estimate a total energy density
of 2.6 kcallg. This method gives P/B for bottlenakephin of 0.16 § which we use for the cetacean
group as a whole.

6.5 Export

In the Bounty/Campbell Plateau region Hooker’s is@ahre caught incidentally around the Auckland
Islands in the southern squid trawl fishery and Nimaland fur seal are caught around the Bountydisla

in the southern blue whiting fishery (Baird, 199897, 1999; Baird et al., 1999; Doonan, 1999). The
estimated numbers caught in each fishery have begeraged over the years that estimates have been
made based on observer data. Therefore an avefadeHooker’s sea lions were caught annually from
1988 to 1999 and 119 New Zealand fur seals werghtaannually from 1993 to 1998. This export is
negligible for the purposes of the trophic model.

7 FISH

New Zealand commercial fisheries are predominamidyraged by a Quota Management System (QMS:
seehttp://www.fish.govt.nz/information/quotams.htar current information). In this work, we conside
fish as either adults, or juveniles. In this modeleniles become adults when they enter/become
vulnerable to the commercial fishery. Hence, “ddfitth in this study include all fish that are ofsize
where they may be caught by a commercial fishemalBfish which have not recruited into the fislesri
and which are not normally caught by commercididites are termed “juvenile” for the purposes @ th
study. According to this definition, the “juvenilésh category includes small sexually mature figtich

are not commonly taken by the fisheries.

7.1 Adultfish

The main commercial fisheries of the Chatham Risehaki (Macruronus novaezelandia67%), orange
roughy @Hoplostethus atlanticjsand oreos Kseudocyttus maculatus, Allocyttus niger, Neocyttus
rhomboidalig. Many species of non-QMS deepwater sharks comynootur in the study region,
including dogfish and rattails (Macrouridae). Otlsgrecies caught as by-catch on the Chatham Rise
include javelinfish epidorhynchus denticulatyssix species of slickhead including brown slicktie
(Alepocephalus australis, A. antipodiahudeepsea flatheadH¢plichthys hasweél] various chimaeras
(Chimaera sp. longnose chimaeraHarriotta raleighang, spineback Notocanthus sexspinjsand
basketwork eelfiastobranchus capensis

7.1.1 Biomass
Current absolute biomass of some commercially itgpdrChatham Rise fish stocks are estimated as part

of the QMS process using deterministic stock assest analyses (Annalet al. 2003). We used data
from stock models given in the 2009 plenary regbtinistry of Fisheries 2009) to estimate biomass of
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hoki, smooth oreo, black oreo, ling and hake. Ascansensus of stock size for orange roughy on the
Chatham Rise is available, with estimates of curstock size between about 30 and 200 t, we used a
biomass of orange roughy of 100 t. Biomass of osipecies were estimated based recent trawl suofeys
the Chatham Rise (average of strata 1-20 in pet@8P—-2007: Tuck et al. 2009) using an assumed
catchability estimated from species where biomatimates from stock models are available (hokighak
black oreo). Catchability by scientific trawl geafr rattails and javelinfish were assumed to be tadf
mean catchability values. Generic dogfish (“dodfishcludes 26 species identified in the scientifiawl
survey data, including ghost shatty@drolagus novaezealandipespiny Squalus acanthigspale ghost
shark Hydrolagus bemigishovelnose spiny dogfisibéania calcea Generic rattail (“rattails”) includes
22 species, including Bollons/big eye rattalaglorinchus bollon$j Olivers rattail Caelorinchus
oliverianug, obliqgue banded rattailC@elorinchus aspercephalysand the banded rattaiCéelorinchus
fasciatu3. The generic “demersal fish” category include® kpecies identified in the trawl survey,
including lookdown dory Qyttus traversg spiky oreo Keocyttus rhomboidalis alfonsino Beryx
splendens sea perch Helicolenus spp.), white warehou Sgriolella caerulep common roughy
(Paratrachichthys traill), and giant stargazelK#éthetostoma giganteym

Wet-weight (WW) biomass values were converted tanfCthe unit used as “currency” in the ecosystem
model using a ratio of carbon to wet weight of fimtween 5.3% and 12.5% (mean 8.3%) based on values
from lkeda (1996), Parsons (1984), McLusky (19819 &€ohen & Grosslein (1987) who gave 1 g ww
=0.14 g dry weight, 1 g dry weight =0.38 gC, 1 g wiv.25 kcal, and 1 gC~10-12 kcal (respectively).
Here, in keeping with other models, we assumedaidion is 10% wet weight for fish.

Where it is known that fish migrate into and outlué study area at different times of the year. (eogi),
biomass, production and consumption values fofitiiehave been reduced according to the pro rate i
estimated to be spent in the study area.

7.1.2 Production

Production by fishes in the model was estimatedigu¢he allometric equations of Banse & Mosher
(1980). The equations lead to annual P/B valuesdsst 0.33 y (hoki) and 0.21 y (ling) which is likely

to be reasonable for middle-depth species thoughowarestimate production rates of some deep water
species which have anomalously low natural moytaitd production rates. We reduced the estimated
production rate of Banse & Mosher (1980) by apmyanfactor of 0.5 for orange-roughy (P/B=0.19,y
and 0.7 for oreo (P/B9.24-0.28 V). In other work, P/B for orange roughy was estedass a very
comparable 0.157 (Pankhurst & Conroy 1987). For demersal fishestlen Southern Plateau, New
Zealand, Bradford-Grievet al. (2003) gave P/B=0.40"ycompared to our value of 0.30 yor generic
demersal fishes.

7.1.3 Consumption

The consumption of prey required for maintenanak gnowth of fish depends on their size, type afel li
strategy, as well as their physical environmentlofAares & Pauly (1998) derived an empirical
multivariate relationship to predict food consuropt{(Q/B) of fish populations from total mortalitipod
type, fish morphometrics (based on tail shape), wmperature. Here, we assumed all fish to be
carnivorous. Tail shape was taken from photograghedult fish. Temperature was estimated from the
average depth of fish occurrence on the Chatham Risdersoret al. 1998), and the depth-temperature
relationship for the Chatham Rise from Nodeéeral. (2003). The bottom water temperature estimated
based on the mean depth of the fish was 6.9°C enage. Maximum fish weights were taken from
Annalaet al. (2003), supplemented by data from FishBase (200@gre data was missing, or for eel-like
fish (e.g. hoki, rattails, ling) where the PalonsagePauly (1998) relationship does not hold, wenested
Q/B from maximum fish lengths and Q/B values datifeom other Chatham Rise species. We hence
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estimate a consumption rate (Q/B) for demersal disltihe Chatham Rise of between Q/B=27(lyoki)
and Q/B=1.9 ¥ (ling). For comparison, Bradford-Grieet al. (2003) gave Q/B=2.6"ycompared to our
value of 2.5 ¥ for generic demersal fishes.

Consumption rates of orange roughy and oreos vezheced as for production values, giving Q/B3—
1.6 y* for deep-waters species. These values imply a mearth efficiency for all demersal fishes on the
Chatham Rise of P/Q=0.13 (range 0.09-0.13), sinidaBradford-Grieveet al. (2003) which gave
P/Q=0.115 for demersal fishes.

Consumption of juvenile fish species were estimatethe same way, except that the maximum fish
lengths were taken to be equal to the length offigilewhen it started to be caught in the commeércia
fishery (Annalaet al. 2003). Values for juvenile fish on the ChathameRish was estimated at 5.2.y
Bulman & Koslow (1992) give values of 4.2 yor juvenile orange roughy and Bradford-Grieateal.
(2003) used Q/B=3.0'y

7.1.4 Fishery and Export

Export of fish in the model has three componerdmroercial and recreational fish catch, net migratb
fish from the study area, and transfer of fish frtme “juvenile/young” compartment to the “adult”
compartment due to growth over the year. Recredaltifish catch is negligible. Commercial catches are
derived from QMS reported catches in the 2009 Mipief Fisheries plenary (Ministry of Fisheries
2009), from the fishing years 2003/2004 to 200780@alues given by statistical area are used to
estimate catches from the Chatham Rise study ragiorg information on the distribution of fishingdch
species. We assume that all catches are reporigghtifative estimates of net biomass export due to
migration are scarce, and we make the assumptanthie net annual migration of fish from Chatham
Rise stocks is small. Transfer of juvenile and ygfish into the adult fish compartment may be eated
using weight-growth rate-frequency data, but wasiaed to be small in the current version of the ehod

7.1.5 Long-term trendsin biomass

Research suggests that the abundances of sonnfisle Chatham Rise have shown a trend over the las
10 years (Livingstoret al. 2003; O’Driscoll pers. com.). As accumulation satgere often variable
between years, equivocal, or small (as a proportibmnnual production), we assumed no trends in
abundance in this model.

7.1.6 Diet

Information on diets for fish on the Chatham Risenprily based on results of the Ministry of Fislesr
project ZBD200402 (Stomach analysis of middle-defigh species of the Chatham Rise) as given in
Dunn et al. (2009), and papers resulting from ghigect (e.g. Dunn et al. 2010a, b; Connell eRall0;
Stevens & Dunn 2010). In addition, information frahe primary literature was used. In New Zealand,
there have been over 20-30 years of research suarel extensive examination of stomach contents of
fish species (e.g. Clark 1985; Clagk al. 1989; Rosecchet al. 1988). The data from more than 27
scientific papers on fish diets around New Zealaasl recently been summarized by Stewedrad. (2007).
Much of this work provides only limited qualitativeformation on diet composition, usually in terofs
presence/absence on material in the fish stomaciusthere are few studies assessing how much energy
intake of fish is from different sources. Also, yriew of the studies have looked specifically at
continental slope areas near to the study regiark@©1985) found that hoki south of the study aneae
essentially plankton (water column) feeders, fegdmainly on natant decapods, amphipods and
mesopelagic fish. Work by Bulman & Blaber (1986dwhk that the proportion of energy obtained by hoki
from mesopelagic fish can vary between 20 and 7@8pending on location and hoki size. Oreo (both
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black and smooth) in the study area were foundet@iedominantly plankton feeders, taking salps, in
addition to natant decapods, and amphipods (@&tgt. 1989). The same study showed some species of
rattails (Macrouridag to feed predominantly on benthic invertebratesarakihi (Nemadactylus
macropteru} is also a predominant benthic feeder (Probert6188d references therein). For other
species, benthic invertebrates may be an impopanttof their diet, for example spiny dogfisBglualus
spp), and common wareho®érioletta brama Diets were weighted according to the total comstion

of food by that species, based on biomass and @lies estimated as above. The fact that dietssbf fi
change considerably with fish size, location, anabpbly with food availability means that diet figs
should always be considered approximate. We noteter that Dunn & Horn (2010) showed substantial
similarities in diet of hoki, hake and ling on tGdatham Rise over 3 recent years.

7.1.7 Discarded Fish

Discarded fish include both target and non-targeicies that are returned to the sea as a result of
economic, legal or personal considerations (Andeetoal. 2000). The percentage of catch that was
retained for three key target fisheries (hoki, gearoughy, and oreos) were weighted accordingdsitre

of the fishery on the Chatham Rise (approximatethkyaverage annual commercial catch), and averaged
(Andersoret al. 2000; Andersomet al. 2001; Anderson 2004a, b). In the model, we redticedatches by

the proportion discarded. The percentage of thehcétat is retained ranges from >95% for major
commercial species (hoki, orange roughy, oreog, iilver warehou, hake, arrow squid), through 35%
(rattails), 17% (dodfish), to <15% for bycatch spsc(slickheads, chimaera). For all species togethe
approximately 11% of fish-catch is discarded foag Bhatham Rise as a whole. At a sinking rate of 10
cm/s, material will take less than 11 hours to hehe sea-bed of the Chatham Rise, so bacteriahaan

the material in the water column will be negligible hypothesise that only a small proportion of
discarded material will reach the sea-bed, andttigamajority will be consumed by carnivores asiriks.

7.2 Mesopelagic Fish

Mesopelagic fish are a ubiquitous and often abundamponent of temperate ecosystems. Mesopelagic
fish over the Chatham Rise are primarily the mybtdpantern fisheSymbolophorus boofRichardson
1845 and_ampanyctodes hectorsinther 1876, and the sternoptycMdurolicus australidHector 1875,
often called pearlside (McClatchie & Dunford 200Bjese species of mesopelagic fish are typicatigns

in length and 1.3 g in weight. Work has shown that/ often comprise a significant proportion of thet

of commercial fish species on the Chatham Risesamobunding regions (e.g. Clagt al. 1989; Clark
1985). Mesopelagic fish biomass on the Chatham R estimated from fisheries acoustic surveys in
November-December 2000 using new estimates of ttatgength to interpret the acoustic backscatter
measurements (McClatchie & Dunford 2003). This wgnkes an estimate of 665,000 t of mesopelagic
fish in the study region, with an uncertainty estied to be 25%. We have assumed that mesopelalic fi
biomass is stable within 5% from year to year.

The energetic parameters for the New Zealand mésgipdish stocks are not well known. We have used
data forM. muellerifor which P/B=1.15 y (Ikeda 1996). Similar P/B ratios (0.87—1.38 wre given for
mesopelagic fish off California (Childress al. 1980). Consumption/biomass ratio for the mesopelag
fish assemblage was estimated as Palomares & PE98), giving a value of 16.0"y which is very
close to previous studies (10.6 — 16:%7 Bradford-Grieveet al. 2003; Pakhomowet al. 1996). In the
absence of information to the contrary, we assumedopelagic fish populations to be stable between
years (within 5%). Mesopelagic fish are not caugyhtcommercial fisheries. The diet bf. muelleriis
described by lkedat al. (1994), and include a variety of meso- and macapfankton species, especially
copepods.
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8 SQUID

Squid are important in the marine ecosystem bectigseare a major food source for a wide variety of
predators, including fish, marine mammals and sdabiBy far the most common squid taken on the
Chatham Rise is the arrow squiblototodarus sloani Other squid occurring on the Chatham Rise
(Livingston et al. 2003) include warty squidMoroteuthis ingens, M. robsgnired squid Qmmastrephes
bartrami), and giant squid Architeuthig. Warty, and red squids live deeper in the wateluron
(Andersonet al. 1998), are caught in much small quantities thaovarsquid. Giant squid are found in
waters 300—600 m deep south and east of New Ze#kimch, 1998)

Biomass estimates of all species of squid are autirrely estimated (Annelat al. 2003a, b), and their
catchabilities with trawl gear are not known aretlly to be considerably lower than fish. If we assu
that the catchability of squid with trawl gear @&lfthat of fast-swimming, similarly-sized demeriah,

we can perhaps obtain an order-of-magnitude estimiasquid biomass on the Chatham Rise. Doing so,
leads to an estimate of adult (commercially-sizagl)id biomass in the study region of 9,400 t. We no
need to estimate the biomass of small (sub comalbraized squid). Work on the banding of statalith
from N. sloanisuggests that the animals live for around 1 ywdh rapid length growth of more than 3
cm per month (Gibson 1995; Annadaal. 2003a). Using von Bertalanffy growth parameterd lemgth-
weight relationship from Annalet al. (2003a) gives an estimate of typical adult weigh850 gWW and

a juvenile weight of 18 gWW. Juvenile mortality sduid on the Chatham Rise is unknown, but it is
estimated that 946 out of every 1000darodes pacificugJapanese flying squid) die during the first 2
weeks of life (Gibson 1995), so perhaps of the oales% of squid survive to be of commercial catch
size. Together, this implies that the biomass di-ammercially sized squid is similar to that of
commercially sized squid. Hence, we estimate a agmfor all squid on the Chatham Rise of 18,700 t.
South of New Zealand, Hurst & Schofield (1995, Bab) suggest that squid biomass appears to be about
1.8% of “all species biomass” in the same areaeHee estimate total squid biomass is about 1.5 th
of all demersal fishes, so this provides some ssiggethat our estimate of squid biomass is ofrigkt
magnitude.

We estimate commercial catches of arrow squid fiteerstudy area based on QMS reported catches in the
2009 Ministry of Fisheries plenary (Ministry of Risries 2009), from the fishing years 2003/2004 to
2007/2008. We assume that all catches are repamedhat 25% of the catch from SQULT and SQU1J is
from the study region, giving a recent annual agereatch of arrow squid of about 12,700 t, or alédat

of the annual squid production (adults and juvendembined).

Here, we assume that carbon comprises approxim@#4¥% wet weight of squid based on work by Vlieg
(1988) who found arrow squid dry weight to be 22.86Pwet weight, and ash to be 6.2% of dry weight. |
ash-free dry material is made of material in caylolohte proportions (§11,0s) then carbon is ~40% dry
weight or 8.4% wet weight. Vinogradov (1953) giwasilar data for dry weight of Cephalopoda ranging
from 13-30% of wet weight and ash is 0.9-2.4% of weight.

Annual P/B ratios for gonatid squid in the BeringaSare estimated to be 6.7 (Radchenko 1992), for
Sthenoteuthis pteropus the tropical Atlantic to be 8.0-8.5 (Lapitkh&ijs1995), and for captivellex
illecebrosusmeasured to be 2.9-9.1 &C7(Hirtle et al. 1981). O’Doret al. (1980) point out that growth
rates ofl. illecebrocsusfrom field data are well below those for captiva@naals, indicating that food
supply of the natural population can be an impartamiting factor. The von Bertalanffy growth
parameters, natural mortality of 0.99 gnd fishing mortality selected to give the comrarsquid catch,
lead to P/B value for arrow squid >10 cm of 31 Jhe von Bertalanffy growth parameters and length-
weight relationship for arrow squid in Annatal. (2003) suggest P/B of 26'for small squid (<10 cm).
For the whole squid population, these can be coetbtn give an annual average P/B of 10’5 g the
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absence of other data, we average this estimate thitse data from the literature, to obtain ourt bes
estimate of P/B of 8.6y

The daily ration ofLoligo pealeiranges from 3.2-5.8% of body weight per day (Vimaoigv & Noskov,
1979) which represents a Q/B of 12—24 ¥he mean daily ration dfiex illecebrosuss 5.2% (Hirtleet
al. 1981) or a Q/B of 197} An average of these values gives Q/B=17This would lead to a very high
value of P/Q of more than 0.5 whereas it is unjikbht P/Q can be greater than about 0.35, suggeati
value of Q/B of 25 ¥ which we will use here.

The diet of squid has been reported to be made fumpqaid, mesopelagic fish (myctophids),
macrozooplankton (especially mysids, euphausiiad,decapod shrimps), and a small proportion oftadul
and juvenile fish (Mattlin & Colman 1988; Hatanaiial. 1989; Vinogradov & Noskov, 1979; Gibson
1995; Dunn et al. 2010). We assume no net migratfaquid into or out of the study area per yedne T
interannual accumulation rate is assumed to bel.smal

9 PLANKTON
9.1 Time and Space Scales in the Plankton

Phytoplankton and zooplankton abundance in theroieaharacterised by a wide range of spatial scale
(spanning <18 and >10 m), and temporal scales (seconds to decades)jdyeeal. (2001); Abraham
(1998); Yamazaket al. (2002). Phytoplankton doubling times are typicalfythe order of 1 d, whereas
larger zooplankton may have characteristic timescaloser to 7-10 d. This study uses a charadterist
plankton timescale of 8 d, i.e. we assume thatkbtan abundances in a given parcel of water are
independent of plankton abundances in the sameelpafcwater more than 8 d previously. The
corresponding characteristic spatial length isiokthfrom this timescale by considering the upperam
dynamics in the study area. Note that while vemgdazooplankton (e.g. krill) may modify their
distributions by swimming (Trathaet al. 1993) it is assumed here that all zooplanktone(lik
phytoplankton) are truly planktonic, and drift witheir respective water masses. The STF over the
Chatham Rise is an area of vigorous mixing and eabdyity (e.g. Heath 1976; Belkin 1988; Uddstrom &
Oien 1999; Stanton 1997; Chiswell 1994; Sutton 2001

9.2 Phytoplankton

The Chatham Rise ecosystem is profoundly influermethe primary production of phytoplankton in the
upper ocean overlying the rise. This productivisy in turn, related to the concentrations of macro-
nutrients (nitrate, phosphate, silicate), microreutts (iron), light availability, and water colunstability
(Boyd et al. 1999). Phytoplankton abundance and primary prociuatary spatially, seasonally and inter-
annually, and cannot be adequately characteriseoh fshipboard sampling. Ocean colour satellite
measurements of phytoplankton abundance is avaifablthe study region at moderate resolution (3 km
for >10 y (Murphyet al 2000). Validation studies indicate that the oceafour measurements of
chlorophyll-a concentration are accurate within ragpgnately 30% of the true value in this region
(Richardsoret al. 2002). Data were composited into four seasonabgereach of three months lengths,
starting with austral spring (September—Novemb#tat we assume to represent long-term average
seasonal conditions.

To convert surface values of chlorophyll concerdratto water column averages, we assumed that
phytoplankton were well mixed between the surfand #he seasonal thermocline. This depth was
identified for each of ~4000 pixels through thedstuegion using a threshold density difference .50

kg m* based on climatological data from the CSIRO AttdisRegional Seas (CARS2000: Dunn &
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Ridgway 2002), and varied between an average ¢é@nmer) and 119 m (winter). Carbon-chlorophyll
ratios for marine phytoplankton have been foundiany considerably between 20 to >200 gChl-a
(Taylor etal. 1997; Lefevreet al. 2003). Data from SOIREE (Boyd 2002) and other expents in iron-
limited waters suggest a seasonally-invariate vali80-100 gCgChl-a for subAntarctic waters are
reasonable. In Subtropical waters, work suggestsaaonal variation in C:Chl values of approximatély
before the spring bloom, 40 during the spring blpand 60 after the bloom (Boyd 2002; Boyd
unpublished data). Phytoplankton biomass in thelystegion for the four seasons (spring, summer,
autumn, winter) is calculated to be 2.9, 1.0, 1.SZ,gCrr‘12 respectively.

Carbon fixation by phytoplankton (net of respirajiavas calculated using the model of Behrenédldl.
(2002), for the 12-month period May 2000—April 20€hlorophyll-a concentration in the surface waters
was obtained from ocean colour measurements froaW8e5 as Murphyet al. (2001), and the
climatological mixed-layer depth from CARS2000 wased as above (Dunn & Ridgway 2002). The
model requireda priori knowledge of the state of nutrient limitation. FRubtropical waters of the study
area (nominally north of 44°S), we assumed nutiiemted conditions in spring and summer, and
nutrient-sufficient conditions at other times. Rbe purposes of the Behrenfedd al. (2002) model,
(macro-) nutrients were never assumed to be ligiitmsubAntarctic waters. The model as implemented
may not accurately reflect production in Subtropmaters as production in these waters tends to be
limited by the availability of iron, which may causinique stoichiometric changes in the composkioah
productivity of photosystems that are represemetthé model (Behrenfeldt al. 2002). Consequently, it
likely that modelled values of production are todgthe upper limit of possible values in subAntarct
waters.

The 10-90% range of modelled values within the wiedjion over the year was 43-381 g&m This
range agrees well with in situ measurements ofqgighkton production in the study region by Bradfor
Grieve et al. (1997) who report values of between 23 g&gth (winter, subAntarctic waters) and 360
gCm%y! (spring, STF). The average value for subAntamstiters in the study region of 102 gCyit is
higher than the 80 gCfy™* figure estimated by Moore & Abbott (2000) for thebAntarctic water ring as
a whole, as the study area is taken to be moreuptivé than average subAntarctic waters.

Ocean colour measurements of phytoplankton abueddodng the annual modelled period suggested
that the summer was more productive than normall@st), whereas the other seasons were close the
average for the 1997-2003 period (within 4%). Md&telproduction values were adjusted to reflect the
longer-term average conditions. For spring—wintessens, average productivities for the whole study
area estimated by the model are 162, 110, 67 amCA¥y ™" (respectively). This corresponds to 50 m tC
fixed by phytoplankton in the study area per yaat, of phytoplankton respiration, which represehés
average annual upper limit of ecosystem carryirgacy.

Average P/B values for the study region as a whateed from 38 y (autumn) to 106 Y (summer).
These are low compared to values of 152—25@iyen by Shushkinat al. (1998) based on 20 ecosystem
cruises around the world. We extracted a large muni#19,000) of points from the modelled biomass
and production data for the larger region around Mealand (30°-50°S, 160°W-175°E). For this region,
P/B values were between 32-330, yand P/B and B were negatively correlated, witcoarelation
coefficient of -0.52. Hence, calculating an anraxgrage P as the product of an annual averagereiB a
B, will overestimate the true average value of RRby0%. For this reason, we calculated an appatgori
phytoplankton P/B value from the annual P estinaatd annual average B value.

9.3 Heterotrophic microplankton

The average annual biomass of heterotrophic miomaokton (ciliates) is calculated using data céd
in a number of months (Bradford-Grieee al, 1998; Hallet al. 1999; Julie Hall, NIWA, unpubl. data).
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Integrations are made to 100 m and the assumiorade that there are no ciliates below 100 meifeth
are no measurements below this depth. Ciliate cabiomass was calculated using a factor 0.19 pg C
um* (Putt & Stoecker, 1989). The average annual eilmdmass is 0.167 g Cn

Mean daily P/B of ciliates is 0.24 (n=5) calculafesim dilution grazing experiments (J. H., unpuddta).
These data are from subAntarctic waters in August January-February; there was little difference in
P/B between the two periods. A ciliate productiaterof 0.3 @ (110 y*) is near the mean of estimates
from a number of studies tabulated by Kigrboe ()@88ough growth rates of up to 0.9 dave been
measured (Verity et al., 1993). Also in the subarBacific ciliate production of 0.10%dis given by
Landry et al. (1993) although this may be too Iéwredators were not fully excluded from incubation
We therefore use an annual P/B=88 We assume that production/consumption is 0.3@. ffoportions

in which ciliates consume their food (phytoplankiomd heterotrophic flagellates) can only be esthat
although we know that ciliates consume 70% of tloenhass of heterotrophic flagellates and autotrophic
biomass per day (J.H., unpubl. data).

9.4 Heterotrophic flagellates

The average annual biomass of heterotrophic flapal(as carbon) is calculated using data collénted
number of months (Bradford-Grieve et al., 1998;|H&lal. 1999; J.H., unpubl. data). Integrations ar
made to 100 m and the assumption is made that #ineneo heterotrophic flagellates below 100 m &fréh
are no measurements below this depth. Heterotrojdmellate carbon biomass was calculated using
calculated rTc?[ell volumes (Chang & Gall, 1998). Therage annual heterotrophic flagellate biomass is
0.307 g C n1.

Mean daily P/B of heterotrophic flagellates is 0.@8&10) (292 §) calculated from dilution grazing
experiments (J.H., pers. comm.). These data ama BabAntarctic waters in August and January-
February; there was little difference in P/B betwdbe two periods. Growth rates of heterotrophic
microflagellates of > 2 Hhave been measured when conditions are not linbigeidon (Chase & Price,
1997) but are <1 Hat the low prey Fe:C of @mol mol* observed in the open subarctic Pacific (see
Tortell et al., 1996). In low iron growth conditisncarbon specific growth of microflagellates was 0.6

d™. The lower end of these growth rates is similathi growth rates calculated for subAntarctic water
from dilution grazing experiments. We assume th@=®.35.

The proportions in which heterotrophic flagellatemsume their food (bacteria and phytoplankton) can
only be estimated. We know that heterotrophic flages consume 4.4% of picophytoplankton biomass
and 2.4% of bacterial biomass per day (Safi & H&899; J.H. unpubl. data). Assimilation efficiency,
(ingestion — excretion)/ingestion, of heterotropfagellates in low iron conditions is 0.84 (Cha%e
Price, 1997) although we initially use 0.70.

9.5 Mesozooplankton

The average annual biomass (wet weight and as mpxdfomesozooplankton is calculated using data
collected in 1993 (Bradford-Grieve et al., 1998)d anistorical data collated by Bradford (1980). 3ée
data have been adjusted for the average deptreofdlter column over the region. Mean annual carbon
biomass 0-615 m from these data is 1.1 g € The production/biomass ratio for mesozooplankton
low productivity water is about 12 (Shushkina et d1998). This may be compared with P/B of a
subtropical copepoAcrocalanus inermisvhich was measured by Kimmerer (1983) and varieahf0.07-
0.36 d' and 0.2 & (Vidal, 1980). Baird & Ulanowicz (1989) estimatad average P/B ratio of 0.37d
over an entire year in Chesapeake Bay, an enclosadtal system. Secondary production is not
continuous in subtropical/subAntarctic water beegusmary production is very low in winter (Bradfler
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Grieve et al., 1997). Therefore P/B is estimateddguming that secondary production occurs over@®nl
months of the year and P/B=0.1% for 182 d/y giving P/B for mesozooplankton of 28 y

Food intake has been determined experimentally Pegsons et al., 1984) and ranges from 10-20% of
body weight per day for large crustaceans to 40-p@¥%day for small crustaceazaracalanussp. may
eat 1.5ug N pg body N' d* (Checkley, 1980) although their specific ingest@nC was 3.6 d when
feeding on N-deficienThalassiosiraFor large copepods such@alanus finmarchicysOhman & Runge
(1994) showed that, in the lower estuary regiorthef Gulf of St Lawrence, total food was ingested
(diatoms dominant) at the rate of 42—48% of body'Cand in the open gulf total food was ingested
(dominated by aloricate ciliates) at a rate of api¥ of body C d. At all these stations the copepods
were laying eggs although the authors consideptssibility that these copepods might not have leen
equilibrium with the food supply. The implicatiop@ears to be that protozoa may be a much better foo
source that autotrophic food particles. It was assl that P/Q is 0.35. We assume that the
mesozooplankton feed on phytoplankton, microzodfitan and mesozooplankton (Bradford-Grieve et
al., 1998, Zeldis et al., 2002). Assimilation ofepods is assumed to be 0.7 for animals that arirfg

on microzooplankton (Pavlovskaya & Zesenko, 1985).

9.6 Macrozooplankton

The mesopelagic fauna in the vicinity of the Supital Front is determined from the work of Robentso
et al. (1978). Macrozooplankton are assumed to laénlyn euphausiacea, although decapoda and
amphipoda, are also included. The biomass of maomankton is unknown over the Chatham Rise at
present. SubAntarctic open water macrozooplanktom#ss ranges from 0.012-4.4 g DW? rand
subAntarctic around islands ranges from 0.007-2.8BW m? (Pakhomov et al., 1994). To calculate
macroplankton biomass we assume that their ecatr@fticiency is 0.95. Production / biomass ratios
taken from the literaturé&uphausia lucenbas P/B = 10.14-16.01"\Stuart & Pillar, 1988) which is high
relative to that ofNematoscelis megalog§—6 y*) (Lindley, 1982). Cartes & Maynou (1998) use P/B
ranging from 1.24—4.75 for euphausiids and 8.0%&vacarids. Here we use P/B=Ibbecause of lower
food availability and colder temperatures as BredH8rieve et al. (2003).

Consumption to biomass ratios have been estimatéd t.205% DW/WW (or about 9% WW/WW) for
the mesopelagic shrimPasiphaea multidentatéQ/B is therefore about 33"y to 0.061% DW/WW for
the crabGeryon longipeswith mean values of 0.364% DW/WW (Q/B 10.7) yn the middle slope and
0.524% DW/WW (Q/B 15 ) on the lower slope (Cartes & Maynou, 1998). StéaPillar (1990) show
thatE. lucends an omnivore that ingests on a carbon spec#&s15-60% phytoplankton, the remainder
being mainly small copepods. 5-14% of body ©hs ingested by adults and Q/B ranged from 1751 y
Q/B of 33 y' was used. The diet of macrozooplankton (eupha)siiday include phytoplankton,
microzooplankton, and mesozooplankton with copepddsiinating the diet (Barange et al., 1991).
Therefore we assume that macrozooplankton eat, oplaytkton, microzooplankton, and
mesozooplankton.

9.7 Salps and gelatinous plankton

Salps Thaliaceg, and other gelatinous plankton occur throughbet@hatham Rise but their abundances,
life-histories, trophic role, and energetics ©haliacea here are poorly known. These groups of
macrozooplankton can impact planktonic communitiesugh intense grazing, and by affecting export of
material from the upper ocean (Alldredge & MadiB29 Zeldis et al. 1995). Gelatinous plankton are
opportunistic colonizers, and their population sizan rapidly increase when conditions are favderab
(Zeldis et al. 1995; Paffenhofer & Lee 1988). Thatian blooms are common in continental slope, shelf
and coastal seas (e.g. Paffenhofer & Lee 1988gRladfer et al. 1995; Zeldis et al. 1995; Boysendfnn
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et al. 1991; Pakhomov et al. 2002). Salps andigels zooplankton can also be important food itéons
seabirds and some species of fish (notably, oreos).

Salps typically have a carbon to dry weight raticgi®, much smaller than other zooplanktonic species
(Pakhomov et al. 2002). Salp wet weight to carlatiorhas been measured at only 0.37% (Curl 1961).
Atkinson et al. (2004) show salp densities in thsRSea (Antarctic) of 2—60 individual$, requivalent

to a carbon density of approximately 2—60 mgC. iRakhomov et al. (2002) suggests typical salp
concentrations through the Southern Ocean of <0.1r§C nt. Boysen-Ennen et al. (1991) measured
zooplankton and macrozooplankton biomass throughweddell Sea (Antarctica) in February—March.
Salps made up 10-35% of the total macrozooplankimmass, with individual lengths between 7.0 and
8.5 mm. Here, we propose to use a biomass of salgsgelatinous plankton of 0.05 gC?*rfor the
Chatham Rise. This is equivalent to 16% of the laissnof other macrozooplankton. Zeldis et al. (1995)
measured a median salp density of 0.21 g€imthe Hauraki Gulf. Here, we assume a densit0.66
gCm? for the Chatham Rise.

Thaliaceans are very efficient grazers, feedinguoyping water through a fine mucous net suspended i
the pharyngeal cavity. They can retain and ingegtally all cell sizes from nanoplankton to ne&pkton
(Alldredge & Madin 1982), and so are assumed ta fee phytoplankton, organic detritus, micro-, meso-
and macro-zooplankton in the model. Productionsratesalps can be high (Zeldis et al. 1995), ard ar
likely to be greater than other macrozooplanktarR/®=3 y*. Gross growth efficiency, P/Q, is likely to
be greater than that of other zooplankton and le&s lestimated to be 0.40 (Jonsson 1986; Caron &
Goldman 1990). These allow us to estimate Q/B=7.8Jnassimilated consumption of salps is estimated
to be 0.5 (Anderson 1986)

10 BENTHIC INVERTEBRATES
10.1 Chatham Rise benthic ecosystem

Characteristics of the benthic ecosystem of thetl@@ma Rise region vary with depth and with locatilon.
particular, many studies have shown differenceseimhic community between the northern and southern
flanks of the rise (Probert & McKnight 1993; Prabet al. 1996; McKnight & Probert 1997). East-west
variation (along the length of the rise) seems kgsificant than north-south or depth variatiovige
define five regions for the Chatham Rise benthiadetodeeper than 1500 m (north); 500 — 1500 m
(north); shallower than 500 m; 500 — 1000 m (squtbgper than 1000 m (south).

The benthic ecosystem compartments and linkages hesee are based widely-used energetic models of
benthic communities (e.g. Smith 1987, 1989; Claiseret al. 2001; Gage 2003; Piepenbwegal. 1995;
Nodderet al. 2003; Bradford-Grievest al. 2003). Various sources of food to the benthic gstesn are
distinguished: water-column detritus made up a derfmixture of faecal pellets, dead phytoplankton,
zooplankton cells, and “marine snow” (aggregatedifierent types of detrital particles, bound tdgst
loosely by transparent exopolymers: Alldredge & k3ao, 1995; Turner 2002); phytoplankton and
zooplankton extracted from the water column byapifil filter-feeders. Work reported by Gage (2003)
shows that concentrated food sources, such asssa;aquickly attract dense aggregations of a rahge
scavenging organisms, including fish (rattails, fistg and ling) and mobile scavenging megabentfos.
this reason, carcasses are not taken to be p#re afater column or benthic detritus, but are asslito

be consumed by the macrobenthos and selectediesies.

10.2 Macrobenthos

This group is very diverse and includes all bentlpifauna >20 mm in size, and encompasses the
megabenthos and hyperbenthic invertebrates likeapmta and Peracarida. Decapoda on the Chatham
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Rise include galatheids (squat lobsters) Nkenida gracilis scampiMetanephrops challenggriCaridea
(shrimps; Pasiphaediae shrimps IRasiphaea barnardispecies includin@plophorus novaezeelandiae,
Notopandalus magnoculusnd Dendrobranchiata (prawns, likergestes arcticlis Peracarida on the
Chatham Rise include mysid shrimps, isopoda anthbgpmelagic amphipods.

Only sparse measurements of the macrobenthos agdbewthos of the Chatham Rise are currently
available, but it is possible that better inforroativill become available in due course throughQceans
20-20 surveys. In future versions of this trophiodal when improved data are available, the
macrobenthos group will be subdivided. For nownponeasurements made on the Chatham Rise have
been extrapolated to the entire study region. Wieer@ossible this has been done by following the
method for estimating the biomass of macrobentkasxplained below. Macrofaunal biomass (organisms
0.5-20 mm) as measured on a number of N-S translests to longitude 180° was found to be dominated
by polychaetes (50—70%), with significant contribos of amphipods, isopods and ophiuroids (Nodder
al. 2003; Probertt al, 1996). Macrofaunal biomass tends to decreaseingtieasing depth (by a factor
of ~6 between 500 m and 2000 m depth), and be hghéhe southern side of the Chatham Rise than the
northern flank by a factor of ~1.2 for the samethgjrobert & McKnight, 1993; Probeet al. 1996;
Nodderet al. 2003). We estimated total macrofaunal biomasstiier Chatham Rise based on data in
Nodderet al. (2003) as follows. The study region was dividew ih8,525 bathymetric pixels, each with
an area of ~27 kfmand the mean macrofaunal density of each pixel eadsulated using two separate
regressions of macrofaunal biomass on depth, anesfth side of the Chatham Risé=R&75 (north) and
0.92 (south),n=32 (each side). These regressions were then raddidb account for changes in
macrobenthic density along the length of the risgeuming these longitudinal variations very gengrall
follow variations in surface phytoplankton produitti (via detrital material supply from the upperean

to the benthos). The change is estimated to be bethBeen the latitudinal extremes of the studyaegi
and this latitudinal gradient was consistent witloldertet al. (1996). The mean macrofaunal biomass
integrated over the study area was 2.2 Mt wet weighrbon is assumed to comprise 4.3% wet weight of
macrofauna (Rowe 1983), giving a macrofaunal demsi.21 gC .

Note that this result is based on data measurediordutumn and predominantly based on non-mobile
epifauna. Biomass of mobile hyperbenthic or bemgbiagic invertberates is poorly known and is likily
have been underestimated by the present methode¥af macrofaunal biomass measured in early spring
by Probert & McKnight (1993) were higher by a factd ~7 than those of Noddet al. (2003). This is
attributed to a combination of methodological sdanmgpldifferences between the studies, and a lack of
replicate samples from a given location in theiearstudy. Other indicators of benthic biomass and
activity reported by Noddeat al. (2003) were found to vary seasonally by factorkes$ than ~4, with no
consistent seasonal pattern. We assume that autusmenofaunal biomass is indicative of the annual
average macrofaunal biomass, with an uncertairgiofaof 2, i.e. the range of possible annual averag
macrofaunal biomass is taken to be 0.10-0.41 §C m

A P/B ratio for macrofauna can be estimated from telationship given by Brey & Gerdes (1998)
showing an increase of annual community P/B withewdaemperature. Annual average bottom water
temperature over the Chatham Rise was estimateddepth (e.g. Noddeat al. 2003), and the regression
equation of Brey & Gerdes applied for each bathyimgixel (as above) to give a mean P/B of 0.824

P/B ratio of 1.83 y is used by Cartes & Maynou (1998) for polychaetesereas Feller & Warwick
(1988) suggest that a range of 0.7-%4iy possible. Probert (1986) suggests a P/B rdtid.4-1 y* is
reasonable, with values towards the higher endisfrange being more likely.

In order to estimate food consumption by the maentitos, we assume that P/Q is 0.35 (0.25-0.45)
following Bradford-Grieveet al. (2003). The macrobenthos is taken as being coegpo$ (in decreasing
order of importance): deposit feeders, infaunatipters, and filter feeders, dominated by polycraatée
have assumed that the macrobenthos is fuelledyabgeconsumption of sediment bacteria, meiobenthos
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with some macrofanual cannibalism. Although somatliie Crustacea have been shown to also eat
euphausiids (Cartes and Maynou, 1998), this isconsidered to be significant in view of the veryadim
proportion of phytoplanktonic pigment reaching bemthos (<2219 Chl m?d™: Nodder and Gall, 1998).

10.3 Meiobenthos

Meiofaunal biomass (infauna ¢8n—0.5 mm) on the Chatham Rise was dominated by toelas (>80%

of individuals) and was measured in three seasaingepths between 350 and 2600 m by Noedex.
(2003). The values were within the envelope repbfte a variety of temperate and tropical contiaént
margins around the world (Soltwedel 2000, figure F&ller and Warwick, 1988). Annual average
meiofaunal biomass on the Chatham Rise integrat&dcim depth of sediments decreased systematically
with water depth as in these previous studies. gttdbiomass regression was determined by leastrasjua
in log biomass space t80.67, n=10). This result was modified for likely longitudil variations as
described for macrofaunal biomass above. Usingnbdified regression we estimate total meiofaunal
biomass on the Chatham Rise was 0.24x1@et-weight, equivalent to a mean meiofaunal dgrsf
0.050 gCnif (assuming carbon makes up ~10% wet-weight of negititos: Feller and Warwick 1988;
Soltwedel 2000). The range of meiofaunal biomasakien as 0.03-0.10 gCinominal uncertainty of a
factor of 2).

Annual P/B ratios of meiofauna vary considerabbtween about 2.5 and 15, but Idig often taken as

an average value (Feller & Warwick, 1988; Prob&R6a). Annual P/Q was assumed to be 0.31 (Pomeroy
1979; Bradford-Grieveet al. 2003), though a P/Q of between 0.1 and 0'3vgs suggested by Probert
(1986). The prime source of food for the meiobestisoassumed to be bacteria with some cannibalistic
contribution from other meiobenthos.

10.4 Detrital particulate flux to the benthos

Nodder & Northcote (2001) measured vertical dowmvparticulate carbon flux on the northern and
southern flanks of the Chatham Rise in three seaabtwo depths (300 and 1000 m) in water depths of
€.1500 m. The flux at 2000 m depth was always greatn the flux at 300 m, by a factor of betweeln 1
and 4. The elevation of particulate carbon fluxhwitepth is well-reported phenomenon and has been
attributed to a number of factors, including loeduspension of detritus from the flanks of the tGéua
Rise as documented previously (Nodder 1997; Noddatexander 1998). We take the flux at 300 m to
be a reasonable estimator of the net input of dcgaetrital carbon to the benthos from the uppetewa
column, since pulses of flux at 300 m seem to bestaied with blooms in the upper ocean observed by
ocean colour satellite data (Nodder, unpublishe)daVe assume that there is zero net lateral (i.e.
“horizontal”) advection of resuspended materiabitite study region, i.e. that resuspended benttiital
material entering the study region is close to lbaving the region. There are currently no measargs

to test this hypothesis, but the currents are gdlydow over the study region (<10 crit)s suggesting
that <6% of water in the study region crosses thendaries of the region each day, and that loagicaé
effects will predominate over lateral advectiveqasses.

The average particulate carbon flux at 300 m awstdgy season is positively correlated with mean
seasonal surface phytoplankton concentration dérfvem 6 years of remotely-sensed ocean colour
measurements (R0.52, n=7). A least-squares regression of detrital flux380 m against surface
chlorophyll-a concentration was used to estimatdv@fmean annual particulate carbon flux to thehmen

for the whole study region, giving a value of 3@ gi’y™. Mesoscale variability (scales of ~100 km) in
detrital supply has been shown to be significaravftdnet al. 1994), and is probably related to the eddy
field affecting the distribution of algal blooms tine surface waters. Interannual variations are létsly
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to be significant, and we assumes a nominal uriogrtan the detrital flux supply of a factor of Re. 1.5
- 6.2 gCrify™.

10.5 Benthic Community Carbon Budget

Sediment Community Oxygen Consumption (SCOC) adiessentre of the Chatham Rise was measured
by Nodderet al. (2003). Carbon remineralization by the benthic camity was calculated by assuming a
respiration quotient of 0.85 for mixed carbohydratel lipid components (Hargrave 1973; Smith 1987,
1989). The autumn, spring and summer seasonal mezasots were used to estimate an annual average
value of benthic infaunal community carbon remiheation rate, and this was observed to follow
approximately a power-law decrease with depth, frei®@ gCnfy™ at 450 m to 4 gCity™* at 2500 m
(R°=0.39,n=9). Values were progressively reduced by 10% pérrh to account for the likely elevation
of remineralisation rates measured by the shipboangbations relative to in situ measurements due t
pressure and temperature related effects on thsldGated organisms (Jahn&eal. 1989; Gludet al.
1994; Witbaardet al. 2000). This relationship was used to estimate dmmual mean carbon
remineralization rate for the study region as alehgiving 6.8 gCrify* as the total infaunal community
respiration. The uncertainty is estimated to baaor of 2. Studies suggest that the megabenthgs ma
contribute 10-30% to total benthic community resfan (Smithet al. 1987; Piepenburgt al. 1995). We
assume that the respiration of epifaunal macrolosnih 0-20% of the total infaunal respiration. Ehes
considerations give an annual average, total bentimmunity respiration in the range 3.8-27.1 g€

Assuming zero net interannual change of benthimbis, these estimates give a required organic rcarbo
flux to the benthos in the range 3.8—-27.6 @ Of this required, 97% of the carbon is remineed;
and 3% is buried. This result is consistent witlg&#42003: fig 11.17) who summarises data from the
German BIOTRANS site in spring and summer, and glbiliat remineralization accounts for up to 94%
of the required daily sedimentation to the bentlaos, burial <2%. Our estimate of particulate datfitix

to the benthos of 1.5-6.2 gCq' is towards the lower end of that required to syppe needs of the
benthic community and the long term burial of caxbBuch a shortfall has been observed in otherestud
(e.g. Smith 1987; Christianseat al. 2001; Nodderet al. 2003), one potential explanation being that
benthic organisms (primarily the benthic bactedeg able to use dissolved organic carbon from water
permeating the sediments. Testing this hypothestiires further fieldwork. Notwithstanding this
observation, our estimates of C required and thppléed to the benthos do overlap, which lends sttpp
to our figures.

11 DETRITUS AND BACTERIA
11.1 Benthic bacteria

Measurements of benthic bacterial biomass and ptimgiuare available at 10 stations across the Gnath
Rise (Noddert al. 2003) close to 180°E. Most measurements were roftlee top 3 cm of sediment
only. Data from 8 summer stations showed that b@attproduction in each 1 cm layer of sediment
decreased with sediment depth, so that bacteraugtion integrated to 9 cm depth was 1.6 times the
production integrated between 0-3 cm. We assunteptioaduction below 9 cm depth is negligible, and
use this factor to estimate bacteria production wiathle bacterial biomass for the whole depth of
sediment, from measurements between 0-3 cm. Balctaomass and productivity data measured by
Nodderet al. (2003) are very variable by season and depth,apsrivecause of variability in detrital
supply to the benthos from the water column afiédig the production in the surface waters of th&.ST
Bacteria production in winter was not measured\aad assumed to be 60% of the average for the other
seasons, following average surface chlorophyll eatrations. Seasonal variation in total bacterial
biomass was taken to follow bacterial production.
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Bacterial biomass showed no systematic variatich eepth (R<0.02,n=10). The annual mean benthic
bacterial biomass was 1.3 gC?nwith a standard deviation of 1.0 gC?nThe biomass is comparable
with that estimated using the regression of Den&ingager (1992) of about 1.5 g Cfrto a sediment
depth of 15 cm. Probert (1986) found bacterial kiesnof 1.0 gCihfor Shelf waters (<200 m deep) off
west coast New Zealand. Note that we have no meamsunts of the proportion of the total bacterial
biomass measured by Noddral. (2003) that is viable.

Annually averaged bacteria production decreasetesaically with depth (R0.55,n=10), consistent
with previous work (e.g. Alongi 1990). Bacteriabduction integrated over the study region basethien
regression result (as described earlier) was 0®4mg y*. We assume a nominal uncertainty in this
estimate of production of a factor of 2 i.e. weetgkoductivity to lie in the range 0.32-1.3 gC .
These values are considerably lower than the aeevagterial production of 16.9 gCy* reported by
Kemp (1994) for slope sediments (<2000 m), and mngi (1990) for 600 m depth of 34.7 gC?myi™.

The bacterial biomass and production values medsfwyé&odderet al. (2003) suggest mean P/B of 0.5y

! which we use here There are considerable vari@tionrmeasurements of annual P/B ratios of benthic
bacteria in the literature, but this value is lowan most. Poremba and Hoppe (1995) found valties o
10.9 y* in the Celtic Sea (135-1680 m). Alongi (1990) meed specific growth rates for benthic bacteria
at bathyal and abyssal stations which vary widedynf0.37 — 43.87¥. Sorokin (1999) gives values of P/B
between 7.3—14.6']yoff Japan. Earlier work (Ankar 1977; Gerlach 198rokin 1981; Feller &
Warwick 1988) suggest that annual P/B ratios oftlierbacteria are likely to lie between about 2d an
150 y*, with 55 y* as an average value. These may be higher thanatstl based on Chatham Rise data
perhaps because a proportion of the benthic bacterithe Chatham Rise are not viable, so that P/B
values for the viable bacteria are higher. Testihthis awaits further data. A benthic bacteriabwth
efficiency (P/Q) of 0.3, with a possible range 02-@.5, is assumed here (Kirchman, 2000; Pomeroy
1979). A P/Q value of 0.3 with P/B=0.5 jmplies Q/B of 1.64 V.

11.2 Water column bacteria

We base our estimates of water column bacteria dssmand energetics on Bradford-Grieve et al. (2003)
The average annual biomass of bacteria was basddtarcollected in the study region (Bradford-Geiev
et al., 1998; Smith and Hall, 1997; J.H., unpuldtsilata) and is estimated to be 0.94 g'ﬁ:using the
carbon conversion factor of Fukuda et al. (1998)e Bnnual P/B value for water column bacteria is
estimated to be 87.4'yShushkina et al.(1998) estimate bacterial P/Bet®2 y* based on the analysis of
for low productivity waters whereas Sorokin (199@ble 2.2) gives P/B of 0.5dor eutrophic coastal
habitats, 0.6 din mesotrophic temperate seas; and 1'2ndoligotrophic tropical seas which seem too
high (leading to P/B of 182—-438"

Bacteria in the water column consume detrital ars$alved organic material in the water column.
Consumption rates by bacteria are typically questtifvia growth efficiency (P/Q) values. Bradford-
Grieve et al. (2003) used P/Q=0.23 for bacterigubantarctic waters off New Zealand. Lochte et al.
(1997) measured values in the Southern Ocean of(PBQ (0.28-0.31), and P/R=0.43 (0.38-0.44).
Growth efficiencies (P/Q) for open ocean bacteeiedfng on dissolved organic matter in the Southern
Ocean was reported as 0.26-0.30 (Kaehler et a¥)19fich was reported as being consistent withkwor
of Lignell (1990). Here, we propose using a P/QMacteria in the water column of 0.23 which givas a
estimate of Q/B=383%

Based on the values given above and in Section éteh though water column bacterial biomass ig onl

42% of total bacterial biomass, we estimate thaemeolumn bacteria contributes 99.2% of total baat
production and 99.4% of total bacterial consumption
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11.3 Detrital Accumulation

Long-term (i.e. >decadal) benthic biomass accunariabn the Chatham Rise at depths shallower than
1500 m was estimated as Nodderal. (2003) based on data from E. Sikes (Rutgers UsityerUSA).

The measurements indicate that, at some timesofaar, carbon accumulated at the rate of 2.7-121gC
2y, increasing with depth. However, geological meaments in the area suggest that net accumulation
over long time periods (1000 years) at depths gretan about 1500 m is negligible (H. Neil and L.
Carter, NIWA). In this study we assume that accatioh that occurs in some seasons is balanced by a
net consumption of benthic carbon at other time¢hefyear, so that long-term average annual benthic
carbon accumulation rates are low, between 0-0.5n§@ " over the study area. Total detrital flows
(water column and benthic) amount to approximaf&yC n¥ y' so we estimate a detrital accumulation
fraction of less than 0.67%, initially set to 0.5kghas been shown that carbon accumulates inehlees!
deposits in some years and is consumed in othefsasalthough net decadal accumulation ratescave |
annual accumulations may be significant (Gage 200&) have no data to test such interannual vaitiabil
and assume that measurements used here are re¢gtigseof “typical” conditions. More field data is
required to test this assumption.

12 RESULTS
12.1 Model balancing

The model had 289 unknown variables and 53 congstaimplying a highly under-constrained system as
expected. The balancing procedure applied Singtdéwe Decomposition to the linearised system over 8
iterations to give a steady solution within 0.000d%4rue balance for all groups. The main changes t
biomass, P/B, and diets are summarized below iteTablrhe balanced model values are given in Table

and Table 6. Plot of the ecological importancegrofips in the model is shown in Figure 2.

13 DISCUSSION & CONCLUSIONS
13.1 Flow characteristics

The transfer of organic matter from across groupstraphic levels can be useful in identifying
characteristics of the system. In the pilot trophiadel presented here, 91% of the net primary priboiu

is transferred to microzooplankton (heterotrophégéllates and ciliates), with 3.8% being transfdrr
direct to higher pelagic consumers (meso and maomankton, macrobenthos), 4.8% to detritus, and
0.2% to benthic invertebrates. In the model, thignalte fate of 46% of primary production is respoa

by pelagic microzooplankton and bacteria in theawablumn. This compares to a value of about 729 fo
respiration by microzooplankton (“zool”) in the dyuof the Chilean upwelling system by Neira &
Arancibia (2004), and 64% for the Benguela upwglbygstem (Shannon & Jarre-Teichmann 1999).

13.2 Comparison with international ecosystems

Particular organisms may be expected to have byasidiilar trophic levels (TL) in similar types of
ecosystems where they are feeding on similar preyphic levels were calculated for the final model
(Table 5) and compared with other trophic model tised compatible methodologies for estimating
trophic level. Comparing trophic levels in this wiaya fairly crude way of comparing models, but may
highlight major inconsistencies in the parameterdiets used here. Some models did not model hacter
explicitly, and instead defined detritus as haviihgrl (e.g. Jarre-Teichman et al. 1998, Arreguin<daa

et al. 2002, Jiang and Gibbs 2005). This will nfiéct trophic levels provided that detrivores ireske
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models are assumed to consume detritus directty/itds is defined as having a trophic level ofritHe
model here, we assume detrivores consume bacithiar than detritus itself, but this poorly known.

Trophic levels for the groups in the Chatham Risedeh agree well with those from trophic models
elsewhere. For example, for birds TL=5.0 compaszsanably well with 3.8 (Arreguin-Sanchez et al.
2002) and 4.5 (Jarre-Teichman et al. 1998). Bindhé Chatham Rise are likely to more closely rddem
the fish-eating birds of the open ocean Benguedtegy modelled by Jarre-Teichman et al. (1998) rathe
than the coastal invertebrate feeders as in theehidArreguin-Sanchez et al. (2002). Macrobentiios
TL=2.9 compares with values for crabs and predailovertebrates: 3.3-3.4 (Wolff 1994) and 2.4-2.8
(Arreguin-Sanchez et al. 2002), and 2.0-2.1 (J&rigjbbs 2005). Microzooplankton here have TL=2.6—
3.6 compared to values for “zooplankton” of 2.2—@ldrre-Teichman et al. 1998), 2.0 (Mendoza 1993,
Jiang & Gibbs 2005) and 2.2 (Arreguin-Sanchez .€2@02). Trophic levels for most demersal fishha t
Chatham Rise model at 4.2-5.0 (mean 4.7) are hitjizer coastal ecosystem studies, for example, 3.3
(Jarre-Teichman et al. 1998), 2.7-3.5 (Wolff 19®12-3.9 (Mendoza 1993) and 3.1-3.8 (Jiang & Gibbs
2005). Trophic level values for demersal fish ia tbhatham Rise model presented here are more simila
to the range of for the Chilean upwelling systendeiof 3.4-5.1 (Neira & Arancibia 2004), and foeth
Benguela system of 3.5-4.7 (Shannon et al. 2001).

Note that trophic levels for fish are very sengitie the diets of demersal fish in the balancedahdebr
comparison, Fishbase (Froese & Pauly 2003) givephic level of 4.2-4.5 for hokiMacruronus
novaezelandigebased on Bulman & Blaber (1986) compared to tloeleh estimate of 5.0. Fishbase
(Froese & Pauly 2003) gives trophic level of 4. B#r orange roughyHoplostethus atlanticjsased on
Bulman & Koslow (1992) which is similar to, but @galower than, our estimate of 4.6. Better
consideration of diet of orange roughy in the ChatlRise model may help to reconcile these diffezenc
in the future, and a study of stomach contentgafige roughy from this region is underway.

13.3 Trophic resolution

As the model has a strong focus on demersal fisti]libe necessary to revisit which fish specibsidd

be included as separate compartments. The curmeahtlrhas the following 12 demersal fish groups:ihok
orange roughy, smooth oreo, black oreo, rattaifsy, Isilver warehou, hake, javelinfish, barracouta,
dogfish, other demersal. Three of these are “coitgpagoups”: rattails, dogfish, other demersal. A
version of the model currently under developmemaexis the number of fish groups to 26: hoki, orange
roughy, smooth-oreo, black oreo, javelinfish, dghost shark, big-eye rattail, silver warehou, lisga
perch, spiny dogfish, lookdown dory, pale ghostrishghovelnose spiny dogfish, barracouta, white
warehou, giant stargazer, Ray's bream, Baxter'setandogfish, smooth skate, orange perch, Oliver's
rattail, spiky oreo, alfonsino, hake, other demlerais also important to revise the estimatesfish
biomass, catch, productivities, and consumptioramaters. It is noted that stock sizes of fish ia th
Chatham Rise can change rapidly, and biomass dold data used in the model presented here may need
to be periodically updated.

13.4 Validation and further developments

The model presented has not been validated, amesitdts should be treated with caution at thigesias
there remain considerable uncertainties with reg@amany model parameters. We intend to validate th
model using information on the stable isotopic cosifion of tissues of many organisms of the Chatham
Rise. The interplay of physical, biological and wl&al processes in the environment produces distinc
isotopic signatures in the tissues of biota. Thestiral abundance signatures are increasingly ased
tracers in environmental studies. Carbon and rétnoigotope ratiosd{°C and3'°N) can track trophic
connections within ecosystems and provide inforamatin the structure of foodwebs. Carbon isotopes ar
a powerful tool for identifying primary sources ofganic material within ecosystems and showing
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benthic reworking (Fry & Sherr, 1984; Peterson &,FA987). In a relatively small area like the Claath
Rise, variations i'*C tend to be low compared &N variations and may be of limited value except for
highly mobile organisms, or those with a mixturebenthic and pelagic feeding. Nitrogen isotopeogati
often show distinct enrichments per successivenhtoojgvel and have strong applications in food \eed
dietary studies (DeNiro & Epstein, 1981; Minagawd&da, 1984; van der Zanden & Rasmussen, 2001).
Together, analysis of carbon and nitrogen stablkepes have the potential to quantitatively vakdaiod-
web models such as that presented here. The résudéde, although preliminary, give interestingights

on the trophic relationships between species (Nodowgpublished data). Further stable isotope and
biomarker data is under analysis and results véttdme available for use in model validation in due
course.
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16 TABLES

Table 1. Trophic group parameters for the trophic nodel estimated from local data and literature as decribed in the text.B=Biomass,P/B=Production,
Q/B=Consumption, P/Q=Growth efficiency, E=Ecotrophic efficiency, A/P=Accumulation as fraction of P, F=Fishery takelJ=Unassimilated
consumption. There are no explicit seasonal, growflspawn or carcass transfers in the model. Exporsialso set to zero for all groups. N/A=Not
applicable

Group B(@m?| PByY| QByH|E P/Q A/P F@Cm?yh|u
1 Birds 5.0E-04 0.12 104 1 1.2E-03 0 0 0.3
2 Cetaceans 3.2E-04 0.16 28 1 5.6E-03 0 0 0.2
3 Pinnipeds 1.2E-05 0.18 27 1 6.7E-03 0 0 0.2
4 Hoki 7.0E-02 0.33 2.7 0.99 0.12 0 6.8E-03 0.2
5 O_roughy 2.1E-02 0.19 1.5 0.99 0.13 0 2.1E-03 0.2
6 Smooth_oreo 3.1E-02 0.24 1.3 0.99 0.18 0 1.6E-03 0.2
7 Black_oreo 2.0E-02 0.28 1.6 0.99 0.18 0 3.9E-04 0.2
8 Rattails 2.2E-02 0.30 2.5 0.99 0.12 0 0 0.2
9 Ling 1.5E-02 0.21 2.0 0.99 0.11 0 9.3E-04 0.2
10 S warehou 5.4E-03 0.32 3.7 0.99 0.09 0 1.5E-03 0.2
11 Hake 4.7E-03 0.24 1.9 0.99 0.13 0 5.5E-04 0.2
12 Javelinfish 1.9E-02 0.31 2.5 0.99 0.12 0 0 0.2
13 Barracouta 3.9E-03 0.29 2.7 0.99 0.11 0 1.0E-03 0.2
14 Dogfish 2.2E-02 0.25 2.4 0.99 0.11 0 1.2E-03 0.2
15 Demersal 3.3E-02 0.30 2.5 0.99 0.12 0 1.8E-03 0.2
16 Mesopelagic 1.2E-01 1.15 16 0.99 0.072 0 0 0.2
17 Juv fish 4.2E-02 0.43 5.2 0.99 0.083 0 0 0.2
18 Squid 3.3E-03 8.6 25 0.99 0.35 0 2.24E-03 0.2
19 Salps 5.0E-02 3.0 7.5 0.95 0.40 0 0 0.5
20 Macrozoo 3.1E-01 2.0 6.7 0.95 0.30 0 0 0.4
21 Mesozoo 1.7E+00 20 57 0.95 0.35 0 0 0.25
22 Het _micro 2.6E-01 88 248 0.95 0.35 0 0 0.16
23 Het flag 4.8E-01 292 830 0.95 0.35 0 0 0.3
24 Phytoplankton 1.8E+00 62 0 0.95 | NA 0 0| NA
25 Macrobenthos 2.0E-01 0.82 2.3 0.95 0.35 0 0 0.2
26 Meiobenthos 5.0E-02 9.7 31 0.95 0.31 0 0 0.2
27 Bacteria 2.2E+00 37 162 1 0.23 0 0 0
28 Detritus NA NA NA NA NA 0.005 | NA NA
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Table 2.Diet parameters for the trophic model estimatethffocal data and literature. Values given are ttopartion (by organic carbon weight) of a given
prey item in the diet of predator. Entries of “0.0@ply that the diet fraction is >0% and <0.5%.

Group 1 2 3 4 5 q 7 2 1p 1§ 12 13 L4 15 16 17 1819 20 21 22 23 25 b

1 | Birds 0.0p
2 | Cetaceans 0.p0
3 | Pinnipeds 0.0d 0.00
4 | Hoki 0.07| 0.06 0.04 0.18 0.05 0.p5 100

5 | O_roughy 0.01 0.0p 0.02 0.03

6 | Smooth_oreo 0.02 0.0R 0.02 0,01 0.04 50.0

7 | Black_oreo 0.02 0.01 0.01 0.01 0/03 0.04

8 | Rattails 0.02] 0.02 0.04 0.10 0.5 0[{0404Q

9 | Ling 0.01| 0.01 0.00 0.02 0.02

10 | S_warehou 0.0 0.00 0.00 0/00 0.01 .01

11 | Hake 0.00 0.0(¢ 0.00 0.01 01

12 | Javelinfish 0.02 0.01 0.01 0.01 0{03 040.

13 | Barracouta 0.04 0.9Jo 0.00 001 Q01

14 | Dodgfish 0.02| 0.01 0.01 0.01 0.p4

15 | Demersal 0.03 0.08 0.05 0.00 02 0j05 Q.02 010 0.05| 0.06 0.01

16 | Mesopelagic 041 044 027 048 045 005 0.30150 0.18 0.04 0.20 0.0p 0.20

17 | Juv_fish 0.05 0.06 0.04 004 O 0/01 0l04 Q.@510 0.01f 0.0 0.01 0.02 0.04

18 | Squid 0.10, 0.2Q9 04 0.01 0.05 045 o007 0.@803 0.05| 0.1d 0.11 0.06

19 | Salps 0.0 0.02 0.86 0.35 0.p5 0/91 0.1005 | 0.05| 0.10
20 | Macrozoo 0.3§ 0.08 0.3z 020 0.p3 005 015 30.0.06| 006/ 0.24 09% 0.10 0.15 0.83 031 040 0.05
21 | Mesozoo 0.04 0.1p 0.05 0.45 0/05 Q.05620 0.31| 0.28/ 0.1 0.45 0.15
22 | Het_micro 0.3p 0.10 0.20
23 | Het_flag 030 0.15 0.55 060.100
24 | Phytoplankton 0.20 0.80 0410.400 0.70| 0.54
25 | Macrobenthos 0.12 045 0.05 025 0}]30 Q.2703 0.0.43| 0.25 0.13 0.2p 0.15 0.10
26 | Meiobenthos 0.31
27 | Bacteria 0.10 0.20
28 | Detritus
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Table 3.Uncertainty K) parameters for the Chatham Rise trophic model.

Group K® KP K K" Ko®
1 Birds 0.4 0.3 0.3 0.02 0 0.1 0.3
2 Cetaceans 0.4 0.3 0.3 0.02 0 0.1 0.3
3 Pinnipeds 0.4 0.3 0.3 0.02 0 0.1 0.3
4 Hoki 0.05 0.3 0.3 0.02 0 0.1 0.02
5 O_roughy 0.05 0.3 0.3 0.02 0 0.1 0.1
6 Smooth_oreo 0.05 0.3 0.3 0.02 0 0.1 0.1
7 Black _oreo 0.05 0.3 0.3 0.02 0 0.1 0.1
8 Rattails 0.5 0.3 0.3 0.02 0 0.1 0.2
9 Ling 0.05 0.3 0.3 0.02 0 0.1 0.1
10 S_warehou 0.1 0.3 0.3 0.02 0 0.1 0.1
11 Hake 0.05 0.3 0.3 0.02 0 0.1 0.1
12 Javelinfish 0.5 0.3 0.3 0.02 0 0.1 0.1
13 Barracouta 0.1 0.3 0.3 0.02 0 0.1 0.1
14 Dogfish 0.5 0.3 0.3 0.02 0 0.1 0.2
15 Demersal 0.5 0.3 0.3 0.02 0 0.1 0.2
16 Mesopelagic 0.5 0.3 0.3 0.05 0 0.1 0.3
17 Juv_fish 0.5 0.3 0.3 0.1 0 0.1 0.3
18 Squid 1 0.5 0.3 0.2 0 0.1 0.3
19 Salps 1 0.5 0.3 0.1 0 0.1 0.5
20 Macrozoo 1 0.5 0.3 0.1 0 0.1 0.5
21 Mesozoo 1 0.5 0.3 0.1 0 0.1 0.5
22 Het_micro 1 0.5 0.3 0.2 0 0.1 1
23 Het_flag 1 0.5 0.3 0.2 0 0.1 1
24 Phytoplankton 1 0.3 0.3 0 0 0 0
25 Macrobenthos 2 0.5 0.3 0.2 0 0.1 1
26 Meiobenthos 2 0.5 0.3 0.2 0 0.1 1
27 Bacteria 2 1 0.3 0.2 0 0.1 0
28 Detritus 0 0 0 0 0.3 0 0
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Table 4.Changes to Biomass (B), Production (P/B), growfitiehcies (P/B) and diet fractions (D) during tB¥D balancing process. Each line shows the
parameter, the trophic group in the model, theiaigvalue of the parameter, an arrow) (the final value of the parameter (in the balahe®del), and the %
change in square brackets. For diet fractionsatheal change in diet fraction (not the proportiendhown. Within each type of parameter, the ckarage
ranked in decending magnitude. Changes of moreX@&mhare shown for biomass and energetic param@geRB and P/Q) and all diet fraction changes of
more than 3% are shown.

1 B Bacteria 2.2397826 -> 0.76188207 [ -0.65984106 ]

2 B Het_flag 0.48253673 -> 0.24022068 [ -0.50217120 ]

3 B Meso0z00 1.6629442 -> 1.2086643 [ -0.27317809 ]

4 B Macrozoo 0.31099999 -> 0.39559447 [ 0.27200798 ]
5 B Rattails 0.022202680 -> 0.027955882 [ 0.25912195 ]
6 B Het_micro 0.26248741 -> 0.19811929 [ -0.24522366 ]
7 B Phytoplankton 1.8423948 -> 2.1977521 [ 0.19287790 |
8 B Squid 0.0032962470 -> 0.0039312965 [ 0.19265836 ]
9 B Dogfish 0.022062669 -> 0.018073872 [ -0.18079393 ]
10 B Demersal 0.033041045 -> 0.028756316 [ -0.12967899 ]
11 B Salps 0.050000001 -> 0.056176745 [ 0.12353487 ]

1 P/B Bacteria 36.963245 -> 24.712622 [ -0.33142715 ]

2 P/B Het_flag 292.00000 -> 220.26240 [ -0.24567670 ]
3 P/B Hoki 0.32992285 -> 0.27088072 [ -0.17895740 ]

4 P/B Rattails 0.29617485 -> 0.34222210 [ 0.15547318 ]
5 P/B Mesozoo 20.000000 -> 17.217152 [ -0.13914240 ]
6 P/B Macrozoo 2.0000000 -> 2.2720080 [ 0.13600399 ]
7 P/B Het_micro 88.000000 -> 76.968162 [ -0.12536180 ]
8 P/B Dogfish 0.25457790 -> 0.22681292 [ -0.10906283 ]

1 P/Q Birds 0.0011883890 -> 0.0013784364 [ 0.15992013 ]
2 P/Q Het_flag 0.35199806 -> 0.39997967 [ 0.13631215 ]
3 P/Q Juv_fish 0.083246440 -> 0.091744191 [ 0.10207945 ]

1 D Het_flag<-Phytoplankton 0.69999999 -> 0.84721836 [ 0.14721838 ]
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2 D Mesozoo<-Het_flag 0.55000001 -> 0.41124636 [ -0.13875365 ]

3 D Meso0zoo<-Meso0zoo 0.15000001 -> 0.27795162 [ 0.12795162 ]

4 D Juv_fish<-Squid 0.10893670 -> 0.00000000 [ -0.10893670 ]

5 D Het_flag<-Het_flag 0.10000000 -> 0.020517140 [ -0.079482861 ]

6 D Het_flag<-Bacteria 0.20000000 -> 0.13226449 [ -0.067735508 ]

7 D Mesopelagic<-Mesozoo 0.62000000 -> 0.68130396 [ 0.061303956 ]

8 D Macrobenthos<-Phytoplankton 0.53596842 -> 0.59316375 [ 0.057195330 ]
9 D Het_micro<-Het_flag 0.60000002 -> 0.54457582 [ -0.055424203 ]

10 D Het_micro<-Phytoplankton 0.40000001 -> 0.45542418 [ 0.055424174 ]
11 D Macrobenthos<-Macrobenthos 0.10307085 -> 0.049217592 [ -0.053853255 ]
12 D Juv_fish<-Mesozoo 0.30726320 -> 0.35866400 [ 0.051400803 ]

13 D Demersal<-Demersal 0.064185828 -> 0.014902175 [ -0.049283653 ]

14 D Demersal<-Rattails 0.042924020 -> 0.00000000 [ -0.042924020 ]

15 D Juv_fish<-Macrozoo 0.30726320 -> 0.34913218 [ 0.041868981 ]

16 D Mesopelagic<-Macrozoo 0.32736841 -> 0.28675706 [ -0.040611352 ]

17 D Squid<-Juv_fish 0.039999999 -> 0.0026843578 [ -0.037315641 ]

18 D Squid<-Macrozoo 0.40000001 -> 0.43583435 [ 0.035834347 ]

19 D Demersal<-Macrobenthos 0.20000000 -> 0.23546964 [ 0.035469639 ]

20 D Dogfish<-Rattails 0.035356011 -> 0.00000000 [ -0.035356011 ]

21 D Mesozoo<-Het_micro 0.20000000 -> 0.23503676 [ 0.035036759 ]

22 D Rattails<-Demersal 0.050000001 -> 0.015921400 [ -0.034078600 ]

23 D Macrobenthos<-Macrozoo 0.051535424 -> 0.017621939 [ -0.033913485 ]
24 D Birds<-Macrozoo 0.38047469 -> 0.41308262 [ 0.032607938 ]

25 D Squid<-Mesozoo 0.28000000 -> 0.31159753 [ 0.031597528 ]

26 D Macrobenthos<-Meiobenthos 0.30921254 -> 0.33979424 [ 0.030581704 ]
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Table 5. Trophic group parameters for the balancedrophic model. B=Biomass, P/B=Production, Q/B=Consuption, E=Ecotrophic efficiency,
A/P=Accumulation as a proportion of production, F=Fishery removals, U=Unassimilated consumption, N/ANot applicable. Total flow of organic
matter to detritus is gC m?y™.

Group B(@Cm?d)| PByYH| QBEYYHY|E P/Q A/P F(@Cm?yh|u

1 | Birds 4. 7E-04 0.12 86 1.00 1.4E-03 0 0 0.30
2 | Cetaceans 3.1E-04 0.15 27 1.00 5.7E-03 0 0 0.20
3 | Pinnipeds 1.2E-05 0.18 27 1.00 6.7E-03 0 0 0.20
4 | Hoki 6.7E-02 0.27 2.2 0.99 0.13 0 6.8E-03 0.20
5 | O _roughy 2.1E-02 0.18 1.5 0.99 0.13 0 2.1E-03 0.20
6 | Smooth oreo 3.1E-02 0.24 1.3 0.99 0.18 0 1.6E-03 0.20
7 | Black oreo 2.0E-02 0.28 1.5 0.99 0.18 0 3.9E-04 0.20
8 | Rattails 2.8E-02 0.34 2.9 1.00 0.12 0 0 0.20
9 | Ling 1.5E-02 0.20 1.8 0.99 0.11 0 9.3E-04 0.20
10 | S warehou 5.4E-03 0.32 3.7 0.99 0.087 0 1.5E-03 0.20
11 | Hake 4.7E-03 0.23 1.9 0.99 0.13 0 5.5E-04 0.20
12 | Javelinfish 1.8E-02 0.30 2.5 0.99 0.12 0 0 0.20
13 | Barracouta 3.9E-03 0.29 2.7 0.99 0.11 0 1.0E-03 0.20
14 | Dogfish 1.8E-02 0.23 2.1 0.99 0.11 0 1.2E-03 0.20
15 | Demersal 2.9E-02 0.27 2.3 1.00 0.12 0 1.8E-03 0.20
16 | Mesopelagic 1.3E-01 1.2 17 1.00 0.073 0 0 0.20
17 | Juv fish 4.3E-02 0.43 4.7 1.00 0.092 0 0 0.20
18 | Squid 3.9E-03 9.4 26 1.00 0.37 0 2.2E-03 0.20
19 | Salps 5.6E-02 3.2 8.0 0.95 0.40 0 0 0.50
20 | Macrozoo 4.0E-01 2.3 7.6 0.96 0.30 0 0 0.40
21 | Mesozoo 1.2E+00 17 49 0.94 0.35 0 0 0.25
22 | Het_micro 2.0E-01 77 211 0.95 0.36 0 0 0.16
23 | Het flag 2.4E-01 220 551 0.96 0.40 0 0 0.31
24 | Phytoplankton 2.2E+00 65 0 0.95 | NA 0 0 | NA

25 | Macrobenthos 2.2E-01 0.83 2.4 0.95 0.35 0 0 0.20
26 | Meiobenthos 5.0E-02 9.7 31 0.95 0.31 0 0 0.20
27 | Bacteria 7.6E-01 25 100 1.00 0.25 0 0 0.00
28 | Detritus NA NA NA NA NA 2.97E-03 | NA NA
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Table 6. Diet matrix for balanced trophic model ofChatham Rise showing percentages of prey in diet efaich predator. Predators are shown on the x-

axis and prey on the y-axis. Entries of “0.00” imp} that the diet fraction is >0% and <0.5%.

Group 1 2 3 4 5 q 7 b 1p 41 12 13 14 [15 |16 |17 |1a9| 20| 21| 22 23 2§ 26 2
1 | Birds 0.04

2 | Cetaceans 0.04

3 | Pinnipeds 0.00 0.0p

4 | Hoki 0.07| 0.06 0.08 0.18 0.6 0.7 0j02

5 | O_roughy 0.01 0.00 0.01 o.01

6 | Smooth_oreo 0.02!| 0.02 0.02 0.01 0.04 0.05

7 | Black_oreo 002! 001 0.01 0.01L 0.04 0.05

8 | Rattails 0.00| 0.02] 0.04 0.08 0.24

9 | Ling 0.01| 0.01 0.0( 0.02 0.2

10 | S_warehou 0.00| 0.00 0.0d 0.00 0.0

11 | Hake 0.00| 0.00 0.04 0.00 0.00

12 | Javelinfish 0.02| 0.01 0.01 0.01 0.04 0.05

13 | Barracouta 0.04 0.00 0.0¢ 0.0p

14 | Dogfish 0.02| 0.01 0.01 0.01L 0.04

15 | Demersal 0.02| 0.02 005 000 00p 0042 002 0jo1 0.0301 0

16 | Mesopelagic | 041 | 045| 027 048 015 0045 030 0416 019 ®.22| 0.06 0.24

17| Juv_fish 003| 006 004 004 005 0041 004 004 010 10.0.04| 0.01 0.04

18 | Squid 0.08| 0.20| 047 0.1 0.0p 0.14 0.08 0/03  0.03 05 0. 0.10 0.04

19 | Salps 0.07 | 0.02 0.87 0.3% 0.0p 0.91 01 006 Q.0B11

20 | Macrozoo 0.41| 0.08 032 020 003 005 0.6 0414 006 0.@27| 095 0.1 018 020 035 0.44 0/02

21| Mesozoo 0.05 0.11 0.0 04p 0.6 0.06 0/68 0,36310.0.10| 0.46| 0.24

22 | Het_micro 0.30 0.1 0.24

23| Het_flag 030 0.5 041 084 0.02

24 | Phytoplankton 0.20 0.3 008 046 0.85 0)59
25 | Macrobenthos| 0.12| 045 009 025 032 027 0.¢3 044 025 170.0.24 0.18 0.0%

26 | Meiobenthos 0.34 018
27 | Bacteria 0.10 0.18 0.82
28 | Detritus 1.0(
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Table 7. Output parameters for the Chatham Rise trphic model. The table shows: trophic levels, omni@ry indices, ecological importances, rank of
ecological importance, respiration/biomass (R/B) Maes, and flow of material to dteritus.' = Total flow of material to detritus (gC m?y™). NA=Npt

applicable
Group Trophi Level Omnivory Index | Ecological Rank El R/B (gCm~y™) Flow to detritus
importance (gC m?y™h
(EN
1 | Birds 5.0 0.32 0.49 22 60 1.20E-02
2 | Cetaceans 5.5 0.17 0.24 25 21 1.66E-03
3 | Pinnipeds 5.7 0.03 0.02 28 21 6.59E-05
4 | Hoki 5.0 0.39 2.13 10 15 2.93E-02
5 | O_roughy 4.6 0.54 0.79 18 0.99 6.18E-03
6 | Smooth_oreo 4.3 0.10 0.50 21 0.82 8.23E-03
7 | Black_oreo 4.6 0.50 0.44 24 0.95 6.30E-03
8 | Rattails 4.7 0.56 1.40 14 1.9 1.60E-02
9 | Ling 5.0 0.62 0.77 19 1.3 5.40E-03
10 | S_warehou 4.2 0.01 0.22 26 2.6 4.01E-03
11 | Hake 4.8 0.82 0.54 20 1.3 1.77E-03
12 | Javelinfish 4.4 0.14 0.46 23 1.7 9.22E-03
13 | Barracouta 4.6 0.05 0.08 27 1.8 2.12E-03
14 | Dogfish 5.0 0.55 1.43 13 15 7.70E-03
15 | Demersal 4.9 0.62 2.73 7 15 1.30E-02
16 | Mesopelagic 4.5 0.00 3.09 4 12 4.24E-01
17 | Juv_fish 4.4 0.06 1.31 15 3.4 4.03E-02
18 | Squid 4.8 0.22 1.18 16 11 2.02E-02
19 | Salps 3.2 0.54 2.20 9 0.80 2.32E-01
20 | Macrozoo 3.5 1.21 3.33 3 2.3 1.24E+00
21 | Mesozoo 3.6 0.54 2,76 6 20 1.62E+01
22 | Het_micro 2.6 0.33 1.87 11 100 7.53E+00
23 | Het_flag 2.2 0.14 2.82 5 162 4.27E+01
24 | Phytoplankton 1 NA 417 1 NA 6.87E+00
25 | Macrobenthos 2.9 1.17 3.95 2 1.1 1.12E-01
26 | Meiobenthos 3.2 0.23 111 17 15 3.40E-01
27 | Bacteria 2 0 151 12 75 3.43E-01
28 | Detritus 1 NA 2.42 8 NA 76.2"
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Figure 1. Chatham Rise ecosystem model study area.
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1 Phytoplankton 3 Macrozooplankton
1 2 Macrobenthos 4 Mesopelagic fishes
5 Heterotrophic flagellates
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Figure 2. Ecological importance from the ecosystemmodel of the Chatham Rise (Pinkerton 2010) shown in
descending order of importance (white diamonds). Té labels are in equivalent descending order of
importance, numbers being their rank importance.
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