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Abstract

A quantitative food web of the Ross Sea is presented here as a step towards investigating
ecosystem effects of the fishery for Antarctic toothfish (Dissostichus mawsoni). The model
consolidates quantitative information on trophic links across all the major biota of the
Ross Sea and tests for data consistency. The model has 38 trophic groups and is balanced
in terms of annual flows of organic carbon in an average recent year (1990-2000). The
focus of the model is on the role of Antarctic toothfish in the food web which means
that the model has greater taxonomic resolution towards the top of the food web than
the base. A survey of the available literature and both published and unpublished data
provided an initial set of parameters describing the annual average abundance, imports,
exports, energetics (growth, reproduction, consumption) and trophic linkages (diets, key
predators) for each model group. The relative level of uncertainty on these parameters was
also estimated. This set of parameters was not self consistent, and a method is described to
adjust the initial parameter set to give a balanced model, taking into account the estimates
of parameter uncertainty and the large range of magnitude (>6 orders of magnitude)
in trophic flows between groups. Parameters for biomass, production rate, growth
efficiency, diet fractions and other transfers of biomass between groups were adjusted
simultaneously. It was found that changes to the initial set of parameters needed to obtain
balance were reasonably small for most groups and most parameters. The mean absolute
change for all key parameters (biomass, production rate, growth efficiency) and all groups
together was 1.7%, and for diet fractions was 0.6%. Large but not implausible changes in
biomass, production/biomass and production/consumption parameters were needed to
balance the microzooplankton (34-47%), ice bacteria (61-72%), and ice protozoa (24-54%),
components of the model. Trophic levels are in close agreement with those derived from
isotope and other ecosystems. In the balanced model, there is only enough large (>100 cm)
toothfish production to satisfy 6.5% of the diet of Weddell seals, 5.6% of the diet of orca
and 2.6% of the diet of sperm whales. The model does not support the hypothesis that
depletion of Antarctic toothfish by fishing would change the diet of predators of toothfish
(Weddell seals, orca, sperm whales) by large amounts throughout the Ross Sea, though
the importance of toothfish as prey items to these predators is not tested and requires
further investigation. The model shows that large toothfish consume 61% of the annual
production of medium-sized demersal fishes and 14% of the annual production of small
demersal fishes, implying a potential for the fishery to affect these prey through trophic
cascades. There is a need to establish monitoring of medium and small demersal fishes in
the Ross Sea, and to model potential changes to these groups due to the fishery.

Résumé

Un réseau trophique quantitatif de la mer de Ross est présenté ici en vue de 1'étude des
effets sur I'écosysteme de la pécherie de légine antarctique (Dissostichus mawsoni). Les
informations quantitatives sur les liens trophiques de tous les principaux types de biote
de la mer de Ross sont consolidées dans le modele qui teste la cohérence des données.
Le modele porte sur 38 groupes trophiques et est équilibré en ce qui concerne les flux de
carbone organique en une année moyenne récente (1990-2000). L'accent y est mis sur le
role de la légine antarctique dans le réseau trophique, ce qui explique pourquoi le modele
a une plus grande résolution taxonomique vers le sommet du réseau trophique qu'a la
base. Un examen de la littérature disponible et des données tant publiées qu'inédites a
permis d'obtenir une premiere série de parametres décrivant la moyenne annuelle de
I'abondance, des importations, des exportations, del'énergétique (croissance, reproduction,
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consommation) et des liens trophiques (régime alimentaire, prédateurs clés) pour chaque
groupe dumodeéle. Le niveau d'incertitude relative de ces parameétres est également estimé.
Ce jeu de parametres n'étant pas autocohérent, une méthode est décrite pour ajuster la
série initiale de parametres afin de donner un modele équilibré qui tienne compte des
estimations de l'incertitude des parametres et de la magnitude considérable (>6 ordres
de magnitude) des flux trophiques d'un groupe a l'autre. Les parametres de biomasse,
taux de production, efficacité de la croissance, proportions du régime alimentaire et autres
transferts de biomasse entre les groupes ont été ajustés simultanément. Il est apparu que
les changements apportés a la série initiale de parametres, nécessaires pour obtenir un
équilibre, étaient raisonnablement faibles pour la plupart des groupes et des parametres.
Le changement absolu moyen pour tous les parametres clés (biomasse, taux de production,
efficacité de la croissance) et tous les groupes réunis était de 1,7%, et pour les proportions
du régime alimentaire, il était de 0,6%. Des changements importants mais pas impossibles
des parametres de biomasse, production/biomasse et production/consommation étaient
nécessaires pour équilibrer diverses composantes du modele : le micro-zooplancton
(34-47%), les bactéries des glaces (61-72%) et les protozoaires des glaces (24-54%). Les
niveaux trophiques présentent une bonne concordance avec ceux dérivés des isotopes
et d'autres écosystemes. Selon le modele équilibré, la production de légine de grande
taille (>100 cm) suffit tout juste a satisfaire 6,5% du régime alimentaire du phoque de
Weddell, 5,6% de celui de I'orque et 2,6% de celui du cachalot. Le modele ne corrobore pas
I'hypothese selon laquelle 1'épuisement de la légine antarctique par la péche modifierait
grandement le régime alimentaire des prédateurs de légine (phoques de Weddell, orques,
cachalots) dans 1'ensemble de la mer de Ross, mais I'importance de la légine en tant que
proie de ces prédateurs n'a pas été testée et demande toujours a étre étudiée. Selon le
modele, les légines de grande taille consomment 61% de la production annuelle des
poissons démersaux de taille moyenne et 14% de celle des poissons démersaux de petite
taille. Il n'est donc pas impossible que la pécherie affecte ces proies par effet de cascade sur
le réseau trophique. Il est nécessaire de mettre en place un suivi des poissons démersaux
de taille moyenne et de petite taille dans la mer de Ross et de modéliser les changements
que la pécherie pourrait provoquer sur ces groupes.

Pesrome

31ech mpescTaBIcHa KOMMUECTBEHHAsI MOZieNb Tpoduueckoit cetu Mmopst Pocca, kotopas
SBJISAETCSI IAroM BIEPE] B HCCIIENIOBAHMM SKOCHCTEMHBIX MOCIEACTBUH TPOMBICTA
AQHTApPKTUYECKOTO Kiblkaua (Dissostichus mawsoni). 3OTta Mouenb 0ObeAWHSET
KOJIMYECTBEHHYI0 MH(OpPMALMIO O TPOPHUUECKUX CBS3SIX MEXKIY BCEMH OCHOBHBIMH
opranu3Mamu Mopsi Pocca 1 mpoBepsieT JaHHbIE Ha COINIAaCOBAaHHOCTh. MOJIeIb BKIIIOYaeT
38 Tpoduueckux rpymnm ¥ cOaJlaHCHPOBaHA B IJIAHE TOJOBBIX MOTOKOB OPraHUYECKOTO
yriepoja 3a cpenuuit rox B nociennee Bpems (19902000 rr.). Monesnb KOHIIEHTPUPYETCs
Ha POJIM aHTApKTHYECKOTO KIbIKadya B TPOPHUUECKON CHCTEME, 4TO O3HadaeT ee Ooiee
BBICOKOE€ TaKCOHOMHYECKOE pa3pelleHne ONke K BEepIIMHE TPOPUUECKOH CeTH, YeM
K OCHOBaHHIO. B pesynprare 0030pa HMMEIOLIEHCS JIUTEPAaTyphl M OIYyOIMKOBaHHBIX
U HeolyOJIMKOBAHHBIX JAaHHBIX OBUI TOJy4eH HW3Ha4YaJbHBIH HAa0Op MapameTpos,
OIMCHIBAIONINX CPETHIOID TOMOBYIO YHCIECHHOCTb, HMIIOPT, 3KCIOPT, HYHEPreTHUKY
(pocT, BOCHPOM3BOACTBO, MOTpeOscHHE) U TPOohUUESCKHE CBsA3U (PAIOH, OCHOBHBIC
XUIIHUKH), IS KOKIOW MOJAETBHOM TPYMIBL. BbUT Takke OlEHEH OTHOCHUTEIbHBIN
YPOBEHb HEOIPECNCHHOCTH JSTHX IapaMeTpoB. JTOT HAa0Op MapaMeTpoB HE OBLT
CaMOCOIJIACOBAHHBIM, TTO3TOMY OITHCHIBAETCS METOJ MO KOPPEKTUPOBKE M3HAYAIBHOTO
Habopa mapaMeTpoB ISl IMOJIyYeHHs CcOAIAaHCHPOBAHHON MOJENIH C y4YETOM OIIEHOK
HEONPE/ICJICHHOCTH TapaMeTpPOB M OOJIBIIOTO JMala3oHa BEIMYMH (>0 IIOpSIKOB
BEJIMUMH) TPO(UYECKUX NepeMelleHni Mexay rpynmamu. Ilapamerpsl OGnomaccsl,
NPOAYKTUBHOCTH, 3((PEKTUBHOCTH POCTa, KOMIOHEHTOB pallMOHa M JPYTUX BHIOB
NEPEMEUICHUA OHMoOMacChl MCXIY IrpynmnamMun OB OTKOPPEKTUPOBAHBI OAHOBPEMEHHO.
Oxa3zanxoce, YTO U3MEHEHHS K M3Ha4aIbHOMY HaOOpy mapamMeTpoB, HEOOXOAMMOMY IS
JOCTIDKEHUsT OanaHca, ObUIM CPaBHUTEIBHO HEOOIBIIMMHU Ul OONBIIMHCTBA TPYIHII
n OonpIIMHCTBA mMapamerpoB. CpenHee aOCOMIOTHOE M3MEHEHHE ISl BCEX KITIOUEBBIX
rnapamerpoB (OMoMacchl, TPOAYKTUBHOCTH, 3()(EKTHBHOCTH pocTa) M BCEX TIPyHII
BMECTE B3SITHIX paBHsUIOCH 1.7%, a ans xoMnoHeHTOB paruoHa — 0.6%. Bonbmme,
HO HE HEBO3MO)KHBIE H3MEHEHHs I[apaMeTpoB OMOMACCHI, MPOAYKINH/OMOMACCH U
HPOXYKLMH/TIOTPEOIeHHs TOTPeOOBAINCH ISl YPAaBHOBEILMBAHUS TAKUX KOMIIOHEHTOB
MOJIENH, KaK MUKPO300IuIaHKTOH (34-47%), nemosrie Oaktepuu (61-72%) u nemoBbie
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npocteiine (24-54%). Tpoduveckre ypoBHU ONHM3KO COOTBETCTBYIOT TEM, KOTOPHIC
OBLTH TIOJTyYEHBI 110 U30TOIaM U MO JPYTHM dKochcTeMaM. B cbanancupoBaHHON Mojienu
MPOM3BOJICTBO KPYIHBIX 0cobei Kibikaua (>100 cm) obecrnieunBaet ToNIbKO 6.5% parnuona
TIoNneHe Yannenna, 5.6% pannona kocartok u 2.6% pamroHa kamajiaoToB. Mojaens He
MOATBEPKIAET TUIIOTE3y O TOM, YTO MCTOLIEHHE 3alacoB aHTAPKTHYECKOTO KIIbIKAa4a B
pe3ysbTaTe MPOMBbICIIA B 3HAUUTEIBHON CTEIIEHN H3MEHUT PAL[UOH MUTAIOIINXCS KIIBIKAYOM
XHIIHUKOB (TIOJNEHeH Yoyjeruia, KocaTok, KamaioToB) B Mope Pocca, XOTs 3HaYUMMOCTb
KJIbIKa4a Kak JOOBIUM JUISl THX XHUITHUKOB HE MPOBEPSIIaCh U HEOOXOMMBI JajbHeHIe
uccienoBanus. Moelib TIOKa3bIBaeT, YTO KPYIHBIA KibIKad norpednser 61% romosoi
NPOAYKIMHK AeMepCalIbHBIX PhIO cpeHero pasmepa u 14% roaoBoil NPOAYKIMNA MEITKUX
JIeMepCalbHBIX PhIO, JAaBasi OCHOBAHUSI IIOJIaraTh, YTO ITPOMBICEN MOJKET BO3IEHCTBOBATh
Ha 9TH BHJBI J100BIYM Yepe3 Tpoduueckue Kackaasl. HeoOXomMMo BECTH MOHMTOPUHT
Cpe/IHUX M MEIIKUX JieMepcallbHbIX pbl0 B Mope Pocca n MoziennpoBaTh NOTEHIMAIbHbIC
M3MEHEHHS B 9THX I'PYIIaX, BBI3BAHHBIC TIPOMBICIIOM.

Resumen

Se presenta un modelo cuantitativo de la red alimenticia del Mar de Ross, con el
fin de avanzar en el estudio de los efectos de la pesqueria de austromerluza antartica
(Dissostichus mawsoni) en el ecosistema. El modelo consolida la informacién cuantitativa
sobre los enlaces tréficos entre todos los principales componentes de la biota del Mar de
Ross y pone a prueba la coherencia de los datos. El modelo consta de 38 grupos tréficos
y es balanceado en términos del flujo anual de carbono orgéanico en un afio promedio
reciente (1990-2000). El foco del modelo es el papel de la austromerluza antéartica en la
red alimenticia, y esto significa que el modelo tiene mayor resolucién taxonémica hacia el
tope de la red que en su base. La revision de la literatura disponible y de los datos tanto
publicados como inéditos proporcioné un conjunto inicial de parametros que describen
la abundancia anual promedio, importaciones, exportaciones, energética (crecimiento,
reproduccién, consumo) y enlaces tréficos (dietas, depredadores tope) para cada grupo del
modelo. Asimismo, se estimé el nivel relativo de incertidumbre de dichos parametros. Los
parametros del conjunto inicial no concordaban, y se describe un método para ajustarlo y
producir un modelo balanceado, tomando en cuenta las estimaciones de la incertidumbre
de los parametros y la amplia gama de magnitudes (>6 6rdenes de magnitud) de los flujos
tréficos entre los grupos. Los pardmetros para la biomasa, tasa de produccién, eficiencia
del crecimiento, porciones de la dieta y otras transferencias de biomasa entre los grupos
fueron ajustados simultdneamente. Se encontré que los cambios requeridos al conjunto
inicial de pardmetros para balancear el modelo fueron razonablemente pequenos para
la mayoria de los grupos y de los pardmetros. El cambio absoluto promedio de todos los
parametros principales (biomasa, tasa de produccién, eficiencia del crecimiento) y de todos
los grupos combinados fue de 1.7%, y de 0.6% para las porciones de la dieta. El balance
de ciertos componentes del modelo requirié grandes (pero no inverosimiles) cambios de
los parametros representativos de biomasa, produccién/biomasa y produccién/consumo:
34-47% para el microzooplancton, 61-72% para las bacterias del hielo y 24-54% para
los protozoos del hielo. Los niveles tréficos concuerdan estrechamente con los niveles
derivados de is6topos y de otros ecosistemas. En el modelo en equilibrio, la produccién
de ejemplares grandes de austromerluzas (>100 cm) sélo es suficiente para satisfacer el
6.5% de la dieta de las focas de Weddell, 5.6% de la dieta de las orcas y 2.6% de la dieta de
cachalotes. El modelo no concuerda con la hipétesis de que la reduccién de austromerluza
antartica debido a la pesca cambiaria la dieta de los depredadores de este pez (focas de
Weddell, orcas, cachalotes) en cantidades considerables en todo el a través del Mar de
Ross; no obstante, atin cuando la importancia de la austromerluza como especie presa
de estos depredadores no ha sido probada y requiere de estudios adicionales. El modelo
muestra que las austromerluzas grandes consumen 61% de la produccién anual de peces
demersales de tamafio mediano y 14% de la produccién anual de peces demersales
pequeiios, lo que sugiere que la pesqueria tiene el potencial de afectar estas presas a través
de las cascadas troficas. Es necesario establecer el seguimiento de peces demersales de
tamafio mediano y pequefio en el Mar de Ross, y modelar los cambios potenciales de estos
grupos ocasionados por la pesqueria.

Keywords: Ross Sea, trophic model, food web, Antarctic toothfish, mass balance,
inverse modelling, ecosystem model, CCAMLR
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Introduction

A huge amount of research has been conducted
on the fauna of the Ross Sea leading to complex
qualitative descriptions of food-web structure
(Smith et al., 2007). The development of a quantita-
tive, balanced trophic ecosystem model of the Ross
Seashelfand slopeisreported here which formalises
the understanding of food-web structure and tests
data consistency. The food-web model presented is
a revised version of Pinkerton et al. (2007a, 2008a)
and includes several key apex predators, including
Weddell seals (Leptonychotes weddelli), orca/killer
whales (Orcinus orca) and sperm whales (Physeter
macrocephalus), as separate model groups. The
model is an important step towards understand-
ing the potential effects of the fishery for Antarctic
toothfish (Dissostichus mawsoni) on the Ross Sea
ecosystem. It is known that fisheries impact other
parts of the ecosystem as well as the target species,
both directly from by-catches, and indirectly by
altering the species composition and inter-specific
relationships within the ecosystem through trophic
effects, that is, by one species feeding on another
(Myers et al., 2007; Daskalov et al., 2007; Heithaus
et al., 2008; Casini et al., 2009). Long-term sustain-
able use of the Ross Sea toothfish fishery resource
requires an understanding of the effects of fish-
ing on species that are directly impacted (target
species and by-catch species), and on other spe-
cies through indirect effects of fishing (Pinkerton,
2007b). As a first step in investigating the indirect
ecosystem effects of the fishery, it is fundamental
to describe quantitatively the structure of the food
web before commercial fishing could have affected
it. The longline fishery in the Ross Sea began in
summer 1996/97, but total removals of toothfish
before January 2000 were relatively small (<350
tonnes; Hanchet et al., 2007). The aim of the present
study is to model an average or typical year, rep-
resentative of the state of the Ross Sea food web
during the period 1990-2000. Research carried out
in the Ross Sea outside this period was also used
to estimate parameters for the model where appro-
priate. A recent stock assessment model (Dunn and
Hanchet, 2009) estimated the 2009 biomass of sexu-
ally mature Antarctic toothfish in the Ross Sea stock
to be 79.9% (95% confidence intervals: 77.7-82.2%)
of the virgin (unfished) biomass, so that changes
from the unfished state may be relatively small as

yet.

The modelling approach used here is based on
food-web modelling approaches used extensively
throughout the world (e.g. Christensen and Pauly,
1992; Mendoza, 1993; Wolff, 1994; Jarre-Teichmann
et al., 1997, 1998; Arreguin-Sanchez et al., 2002;
Cornejo-Donoso and Antezana, 2008). Such mod-
els provide a unifying framework to bring together

varied field data and literature information to give
a self-consistent picture of the trophic structure of
a given ecosystem. Deficiencies in knowledge on
abundances, energetics and predator—prey rela-
tionships between organisms mean that model
parameters estimated from the primary literature
tend not to be self consistent so that expert opinion
and/or numerical techniques are used to adjust the
initial set of parameters. The need for more objec-
tive adjustment of parameters has been identified
(Kavanagh etal., 2004; Plaganyi, 2007) and led to the
development of a method to search for a balanced
(feasible) mass balance model taking into account
the huge differences in the magnitudes of trophic
flows in the system, and respecting differences in
uncertainty between parameters (Pinkerton et al.,
2008¢). Further developments to the method to
objectively balance the model are presented here.
The balanced model presented here is evaluated
through comparison of the trophic levels (TLs) cal-
culated from this model, other models and with
TLs estimated from stable isotope data. Finally, the
plausibility of the model overall is evaluated and
it is used to investigate the role of Antarctic tooth-
fish in the system and the potential for ecosystem
effects of the fishery.

Material and methods
Study area

The Ross Sea defined for this work is bounded
to the north by the 3 000 m depth contour and by
the 69°S line of latitude; to the south by the per-
manent ice shelf; to the east and west by land, and
the 160°W and 170°E meridians (Figure 1). The
total area of the study region is c. 637 000 km?. The
bathymetry in the region, taken from Davey (2004),
shows that29% of the study region is shallower than
500 m, 41% of the region has depths 500-1 000 m,
and 30% is deeper than 1000 m. This region was
chosen for a number of reasons. The 3 000 m bathy-
metric contour approximates the location of the
Antarctic Slope Front (Jacobs, 1991) which, in part
at least, hydrodynamically separates the study
region from the rest of the Southern Ocean (Jacobs,
1991; Langone et al., 1998; Dinniman et al., 2003).
The study region covers the main fishing grounds
for adult Antarctic toothfish, comprising small-
scale research units (SSRUs) 881H-M, and some
of SSRU 882A (Figure 1). Based on commercial
catch and modelling data, it is estimated that the
study area contains 86% of the biomass of tooth-
fish in the Ross Sea stock (Dunn and Hanchet, 2009;
Hanchet et al., 2007). There is no fishery take in the
model as the ecosystem before fishing started is
being represented. The study region encompasses
the intense localised burst of primary production
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Figure 1:

The model study area is shown in black. The study area is bounded by the 3 000 m depth contour,

by the 69°S line of latitude, by the permanent ice shelf, land, and the 170°E and 160°W meridians.
Grey stars show where Antarctic toothfish are caught by the fishery. The CCAMLR fishing areas
(Subareas 88.1 and 88.2), and small-scale research units are shown.

associated with the Ross Sea polynya adjacent to
the permanent ice shelf (Zwally et al., 1985; Kurtz
and Bromwich, 1985; Arrigo and van Dijken, 2004).
Finally, the study region is similar to that used in
other Ross Sea studies (e.g. Ichii, 1990; Ichii et al.,
1998; Anderson, 2000; Ainley, 2002), allowing the
use of published information even when access to
the base data is not available. The ecosystem below
the permanent Ross ice shelf is excluded, assum-
ing that it plays a small role in the ecosystem of the
larger Ross Sea region.

Trophic groups

The model has 38 trophic groups representing
all major biota of the Ross Sea (Table 1). There are
34 non-detrital groups including two primary pro-
ducers (phytoplankton and epontic algae) and four
detrital groups (carcasses, water-column detritus,
ice detritus, benthic detritus). Macroalgae, whilst
important in some coastal regions of the Ross Sea
(Norkko et al., 2004) is estimated to be unimportant

to flows of material at the scale of the model.
Detailed information on biota within each group
is given in the supporting documentation, and
summarised under ‘Discussion’ (below). Trophic
groups are chosen taking into account the quality
and quantity of appropriate information, the pur-
pose of the model, and the trophic similarity of the
organisms. It is inevitable that the use of relatively
few groups to cover the entire gamut of Ross Sea
biota will make the choice of groupings somewhat
of a compromise. Many of the lower and middle
TL biota are grouped, whereas the upper preda-
tors tend to be treated in more taxonomic detail to
maintain focus on the role of Antarctic toothfish in
the food web. The divisions used include species
or groups of species, function (e.g. water column
primary producers), size (e.g. small, medium and
large demersal fish) and sampling methodol-
ogy (e.g. benthic organisms by size). Organisms
grouped together always have similar energetic
characteristics and, where possible, have similar
prey items and predators.
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Model structure

The trophic model developed here quantifies
the transfer of organic material through a food web
based on the widely used mass-balance identities
of the Ecopath trophic model (Christensen and
Walters, 2004; Christensen et al., 2005). Biomass
is presented in units of organic carbon density
(gC m) and trophic flows in units of gCm2y1. In
quantifying the trophic structure of the ecosystem,
the fundamental information includes the species
present, abundances in terms of weight, the ener-
getics of species (i.e. production, consumption,
growth efficiency, respiration), and trophic inter-
connections between species through informa-
tion on diets of predators. The model developed
here also includes non-trophic transfers of organic
carbon between groups. These transfers include:
(i) unassimilated consumption (excreted material);
(i) loss of material through exudants (e.g. prima-
rily phytoplankton); (iii) non-predation mortality
(e.g. due to age, disease, starvation); (iv) ‘messy eat-
ing’ i.e. parts of animals that died due to predation
but were not consumed at the time; (v) transfers of
biota from the sea-ice habitat to the water column
on melting of sea-ice in the spring; (vi) growth of
biota which takes them from a smaller to a larger
trophic group; (vii) vertical sinking flux of detritus
from the water column to the benthos; (viii) long-
term burial of organic material in the benthic sedi-
ments. Note that (ii)+(iii)+(iv) are often described
by an ecotrophic efficiency parameter.

Production is defined according to equation (1).
For non-detrital groups, production represents the
intrinsic rate of growth of all individuals in the pop-
ulation. For detrital groups, production is the total
net flow of organic matter into the group, including
faecal material (unassimilated consumption) from
consumers, dead organisms, non-consumed pre-
dation (‘messy eating’), planktonic exudants and
transfers between groups. These latter transfers
include, for example, the release of organic material
into the water column when ice melts, and the sink-
ing of detrital/ungrazed material to the benthos.
Carbon flow through each trophic group per year
is balanced according to equation (2) under the
assumption that all parts of the ecosystem will be
in balance in an average year. These balance equa-
tions provide 38 equality constraints to the system.
Another 32 equality constraints are provided by
the fact that diet fractions of each predator sum to
unity.

r-aff
B);
Non-detrital groups (1a)

n
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In these and other equations in this paper, for
trophic group i:

B; annual average biomass (gC m™);

P; annual production (gC m~ y!). Autotrophic
production rate is net of respiration but
assumed to include production of phyto-
plankton exudants and other detrital ma-
terial;

Q;  annual consumption (gC m~ y!). Note that
autotrophs and detritus have Q; = 0;

(P/B); production/biomass ratio (y!);

(Q/P); reciprocal of the growth efficiency (dimen-
sionless);

D;

j  average fraction of prey i in the diet of pre-

dator j by weight (dimensionless);

X;  fraction of production exported over a year
due to advection and migration (dimension-
less);

A;  fraction of production accumulated over a
year (dimensionless);

F; fishing removals (gC m~2y™'). Note that F;=0
for all groups in the Ross Sea model;

T; F detrital transfer: fraction of production
transferred from group i to detrital group j
as non-living material, i.e. excluding direct
predation but including phytoplankton exu-
dants, parts of organisms (e.g. due to ‘messy
eating’), whole dead organisms and car-
casses (dimensionless);

Ti]g growth transfer: fraction of production trans-
ferred from group i to group j due to growth,



i.e. as an organism gets older and/or larger it
changes from one group to another (dimen-
sionless);

T,-]s- seasonal transfer: fraction of production

transferred from group i to group j by non-
trophic, seasonal processes, e.g. due to ice
melting, vertical flux of material (dimen-
sionless);

fraction of food that has been consumed by
component i but which is not assimilated,
instead being passed to detrital group j
(dimensionless);

i

n total number of groups in the model;

R;  loss of organic carbon from the system due
to respiration (gC m= y~!). Respiration can
be calculated as R; = Q;- (1-U;) - P;.

Equations (1) and (2) differ from the standard
Ecopath equations (Christensen and Walters, 2004;
Christensen et al. 2004) as follows. First, consump-
tion is parameterised based on production and
Q/P, the reciprocal of the growth efficiency, rather
than being based on B and Q/B. This is done so
that during model balancing, P/B and Q/B cannot
vary independently and give unrealistic growth
efficiencies. Second, the factor T,-]1-7E is used instead
of the Ecopath ecotrophic efficiency parameter, EE;,
and is defined such that szl‘fE = (1 - EE)). This fac-
tor quantifies the fraction of production which is
transferred from a living to detrital group(s) by
processes other than unassimilated consumption.
For example, it is known that a substantial part of
primary organic material (i.e. phytoplankton and
epontic algae) is not directly consumed but enters
the detrital pool where it is decomposed by bacte-
rial action. The proportion of net primary produc-
tion undergoing these fates is given by the P - T'-£
term for the phytoplankton group. Third, two new
non-trophic transfer parameters are included:
growth and seasonal transfers (Ti]gf, T;). Growth
transfer allows organisms to move between model
groups as they grow (e.g. small fish becoming
medium-sized fish). Seasonal transfers include
physical movement of material between groups,
for example, settling of water column detritus to
form benthic detritus. Neither seasonal or growth
transfer processes can easily be represented in
standard Ecopath equations.
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Parameter estimation

There is a huge amount of information on the
physical environment of the Ross Sea, and its flora
and fauna, including physiology, life histories,
energetics and ecology. Estimating the 225 non-
zero biomass, energetic and transfer parameters
and 195 non-zero diet fractions constitutes a major
part of the work presented here. Initial information
on the estimation of the biomass, energetic para-
meters, and diets for each trophic group is given
in Pinkerton et al. (2006) which lists over 700 ref-
erences. Since this report was completed, several
sections have been revised and the current set of
documentation applicable to the model presented
here is available online from the CCAMLR Science
website! and from the NIWA website?. Results from
research on various parts of the Ross Sea ecosystem
become available constantly and no trophic model
should ever be considered final. Specifically, new
information from the IPY-CAML voyage to the
Ross Sea (Hanchet et al., 2008) will provide data
requiring parameters in the model to be revised.
Nevertheless, the authors feel that the parameters
obtained here represent a detailed up-to-date and
appropriate summary of the state of available infor-
mation to date. The initial parameter estimates are
summarised in Tables 1 and 2.

Balancing methodology

Each of the model parameters initially esti-
mated has an associated uncertainty because the
values are imperfectly and incompletely observed,
and because the parameters vary between years
and hence differ from the average recent year mod-
elled here. Hence the preliminary estimates of all
parameters were adjusted to obtain a model where
all the equality constraints are fulfilled. Such solu-
tions are henceforth referred to as balance points.
All parameters were allowed to vary except fish-
ing take (F) which is fixed at zero. Models such as
this are highly under-constrained, with >3 times
more parameters to fit than constraints (Pinkerton
et al., 2008c), so there is a large family of possible
solutions, all of which are feasible according to the
conceptual model. This study aims to find the solu-
tion that is ‘closest’ to the initial set of estimated
parameters as defined below. The problem at this
stage is non-linear and an iterative approach to
search for this solution by simultaneously adjust-
ing all parameters was adopted. The system is
first linearised and then singular value decompo-
sition (SVD) (Press et al., 1992) is applied to find
the adjustment vector which minimises the cost
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function, A (equation 3). This balance point is the
closest one to the initial parameter set taking into
account relative uncertainties between parameters
and ensuring even adjustment across groups in the
model.

AP=3"

all i

#3000 +o1 )+ er o1 @)
all i,

5B +8(5); +9 (%)j +8X7 +8A7 +8U,

Where the parameters 8B;, 6(P/B); etc. represent
the changes to the parameter needed to achieve
model balance. These changes are assumed to be
small, and defined below. In equations (4) to (13),
using export as an example, X; is the value of
export that causes the model to balance, and X; is
the starting value (initial estimate of value from the
literature and data). The family of dimensionless
K parameters represents the relative uncertainty
between parameters, with high K values represent-
ing greater uncertainty.

Biomass
i
B, =B;+B; K} -3B; (4)

Production

(%), = (), + (%) KL -8(%), (5)

Growth efficiency™

O%), = ©5)+Or) K2 -5(%), (6)

Export fraction

X; =X; +K[-8X; (7)
Ac;cumulation fraction
A = A +K{ 84 8)
Unassimilated consumption

/
Diet fraction

/
D; =D, +K} 3D (10)
Tran/sfer to detritus
T =Ty KT (1)
Transfer by growth
T8 — T8 4+ K$.5TS (12)

ij ij + ij if

Se/asonal transfer
T; = 'I}; +Kfj -STi]S- . (13)

For changes to three model parameters (B, P/B,
Q/P), the changes were applied relative to scale
values B®, (P/B)*, (Q/P)* which are initially set to
the estimated starting parameter values. Using the
parameter values themselves to scale the adjust-
ments appropriately handles the large range in
magnitudes of these parameters across the food
web. The parameter changes were not scaled for
diet and transfer fractions because these para-
meters are of similar magnitudes (between 0 and 1)
as they are scaled by P to obtain the actual flows of
carbon (equation 2).

After adjustment in this way by SVD, the set
of equality constraints will not be satisfied exactly
because the minimisation works on a linearised
version of the constraints assuming small changes.
Hence, iterations were performed until the equality
constraints were satisfied with an error within com-
putational accuracy (8 iterations for within 0.0001%
of true balance). On each iteration, the three scale
parameters B°, (P/B)°, (Q/P)° were updated by set-
ting each to the lower of the current estimate or
the initial estimate of that parameter. Updating
scale values in this way means that logarithmically
equal increases and decreases of parameters over
multiple iterations will lead to the same change to
the cost function. For example, K.§ = +1 will repre-
sent a doubling of the parameter and K.5 = -1 will
represent a halving of the parameter.

Parameter uncertainty

In order to use an objective balancing method,
it is necessary to assign relative magnitudes to the
uncertainties of all parameters in the model. The
absolute magnitudes of K across all groups are not
important, but their relative values will affect the
balanced model obtained. Whereas it is possible to
assign uncertainties to some parameters by using
information on the variability associated with
various parts of the data used in their derivations,
an entirely objective approach is not possible for
all parameters for all groups. As a solution to the
problem of assigning uncertainties to parameters
consistently, Kavanagh et al. (2004) suggested that
a ‘data pedigree” approach was useful where para-
meters were assigned indices representing their
relative uncertainties and these pedigree indices
then mapped onto numerical uncertainty factors. A
similar method was used here. Pedigree values of
1-9 were assigned for each key parameter (B, P/B,
Q/P, D), and these mapped onto K values represent-
ing relative uncertainties (Table 3). For example,
being metabolically constrained, it was assumed
that intrinsic growth efficiencies for organisms
(P/Q) are likely to be less variable than biomass,
productivities or diets, so K% values are gener-
ally lower than KB, K” and KP for the same data
pedigree index. Note that the uncertainty values in



Table 3 do not imply absolute limits on plausible
parameters as actual changes are determined by K
values and the required 6 values for balance.

Diet uncertainty factors (Kll])) were estimated
by a two-stage process. First, a base value of was
assigned to all diet fractions of a given predator
based on an estimate of the quality of the available
diet information for that predator in the Ross Sea.
This predator-wise K value is denoted as K{ . These
base values were then adjusted for each prey item in
the diet of the predator, based on the actual values
of the estimated diet fractions, as equation (14).

Diet fraction uncertainties
Kf]? = Ké) ~[a — b'exp(—c~Di]- )] (14)

where the constants ¢ = 1.114, b = 0.9143, ¢ = 4.159
were chosen so that Kf]? /KY=1at D;; = 0.5. For diet
fractions of D;;—0 and Dj;; = 1, Ki? /K§ =02 and
Kf]? / K(? = 1.1 respectively. This means that changes
to diet fractions will tend to be smaller for prey
species that make up lower proportions of the diet,
to prevent these minor prey fractions being overin-
flated during the balancing procedure.

Similarly, K factors were estimated for trans-
fer fractions QKS)_E,KS ,K§ JK§ K ) using a two-
step methodology. First, base transfer parameter
uncertainties were set for all groups in the model
(K(le ,Kg,Kg ,K(;\,Kg) and then adjusted accord-
ing to estimates of the actual values of the para-
meters (equations 15 to 19).

Accumulation

K =Kg - (a-A7 +b-A; +¢) (15)
Export

KX =K (a- X7 +b-X; +c) (16)

Transfer to detritus

2
KiF =Ky |a (T ") +b-T " +c 17)
Transfer by growth
K§ = K§-|a-(T§ ] +b-Tf +c (18)
Seasonal transfer

2
Kj =Kg-|a- (T ] +b-T; +c (19)

Constants of a = -2.8, b = 2.8, ¢ = 0.3 were used
in equations (15) to (19). This formulation gives
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Kjj/Ky=1for T;;= 0.5, and K;;/ Ky = 0.3 for T;;—0 and
T;; = 1. This approach prevents excessive changes
occurring during balancing when initial estimates
are towards an extreme of the possible range. Base
values of K§' = 0.3, Ky F = 0.3, K5 = 0.5 and K§ = 0.1
were used for all groups in the model. K = 0.1
was set where the parameter was estimated from
a model (penguins, cetaceans), and K{ = 0.2 other-
wise (flying birds, seals, large demersal fishes). K,LZI
= 0.1 was used for all unassimilated transfers from
all groups.

The final uncertainty (K) parameters for all
groups are given in Table 4. Although still more
arbitrary than the authors would like, this method
of assigning relative uncertainties is certainly an
improvement on other methods currently avail-
able, and leads to a plausible balanced model. The
sensitivity of the balanced model to different K fac-
tors is an important issue and is discussed later.

Trophic levels

Trophic levels (Lindeman, 1942; Odum and
Heald, 1975; Christensen and Pauly, 1992) of groups
were calculated in the balanced model based on
three rules: (i) primary producers and non-carcass
detritus groups are defined as having a trophic
level of 1; (ii) consumers trophic level is the sum of
the trophic levels of their prey items, weighted by
diet fraction, plus one; (iii) the carcass group takes
the average trophic levels of material flowing into
it, weighted by their respective flows. Unlike most
trophic models, bacteria and detritus were sepa-
rated as separate groups so here bacteria are treated
as normal consumers. Stable isotope data will be a
valuable independent cross-check on trophic levels
calculated from the model. Stable isotope data
for many Ross Sea organisms are available now,
either in the primary literature (e.g. Burns et al.,
1998; Zhao et al., 2004) or in reports and working
papers (e.g. Bury et al., 2008; Thompson et al., 2008;
Pinkerton et al., 2009), as well as typical changes in
35N per trophic level (e.g. Post, 2002). Additional
stable isotope data, including for benthic inver-
tebrates, will become available soon; tissue from
many organisms relevant to the current trophic
model were sampled for stable isotope composi-
tion on the recent New Zealand IPY-CAML survey
of the Ross Sea and processing is under way at the
time of writing (Hanchet et al., 2008).
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Results
Model balancing

The model had 342 variables and 67 constraints,
implying a highly under-constrained system as
expected. The balancing procedure applied SVD to
the linearised system over eight iterations to give a
steady solution within 0.0001% of true balance for
all groups. The balanced model values are given in
Tables 5 and 6. The balancing procedure changed
many biomass and energetic parameters but the
changes were generally small; the median biomass
change during balancing was 1.7%. The biomasses
of 12 groups were changed by more than 5% rela-
tive to the original estimate of the parameter.
In descending order of magnitude, the biomass
changes were: ice bacteria (-72%), ice protozoa
(-54%), microzooplankton (-47%), benthic bacteria
(—29%), mesozooplankton (-26%), ice algae (-17%),
water column bacteria (-15%), heterotrophic flag-
ellates (-13%), pelagic fishes (-13%), cephalopods
(=7%), crabeater seals (Lobodon carcinophagus) (<7%),
and Antarctic krill (Euphausia superba) (+6%). The
balancing process adjusted 10 values of P/B by more
than 5%, generally decreasing productivities to find
a model balance point. The largest changes were:
ice bacteria (—61%), microzooplankton (-34%), ice
protozoa (—24%), benthic bacteria (-24%), mesozoo-
plankton (-19%), ice algae (-12%), water column
bacteria (+12%), heterotrophic flagellates (-10%),
cephalopods (-6%) and pelagic fishes (-9%). The
balancing process adjusted seven growth efficien-
cies (P/Q) by more than 5%: Adélie penguins
(Pygoscelis adeliae) (+20%), ice bacteria (+10%), ice
protozoa (+9%), crabeater seals (+9%), benthic bac-
teria (-7%), pelagic fishes (+6%) and emperor pen-
guins (Aptenodytes forsteri) (+5%).

Twenty-five diet fractions were changed by
more than 5% (in absolute terms) during the bal-
ancing procedure. The largest changes were for
the diet of pelagic fishes, where the balancing sug-
gested that they consumed more mesozooplankton
(+25%) and less Antarctic krill (-25%) than origi-
nally estimated. The diet of Antarctic silverfish
(Pleuragramma antarcticum) was changed substan-
tially from the initial estimates, with less consump-
tion of crystal krill (E. crystallorophias) (-11%), and
more consumption of mesozooplankton (+15%).
Cephalopod consumption of Antarctic krill was
also reduced (-12%) and compensated for by meso-
zooplankton (+11%). The only other change >5%
in the diet of a fish group was an increase in the
proportion of megabenthos consumed by small
demersal fishes (+10%). Crabeater seals consumed
less Antarctic krill (-7%) than originally predicted
(compensated by slightly more consumption of
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crystal krill and macrozooplankton). No other diet
fraction of any apex predator group changed by
more than 5%.

Zooplankton diet proportions were highly
modified during balancing. Mesozooplankton
in the balanced model had reduced consump-
tion of phytoplankton (-15%) and heterotrophic
flagellates (—11%) and increased consumption of
mesozooplankton (+15%) and microzooplankton
(+12%). Microzooplankton consumed more hetero-
trophic flagellates (+11%) and less phytoplankton
(-9%) in the balanced model than anticipated. The
proportion of heterotrophic flagellates in the diet of
heterotrophic flagellates themselves also increased
during balancing (+13%), at the expense of phyto-
plankton (-16%). No diet components of either krill
species changed by more than 5% during balanc-
ing. An increase in the consumption of mesozoo-
plankton (+7%) was the only major change to the
diet of macrozooplankton. Both ice metazoa and ice
protozoa consumed more ice algae than expected
(+24%, +25% respectively), which reduced con-
sumption of ice protozoa (—21%) and ice bacteria
(—24%) respectively. Within the benthic habitat,
the balancing procedure reduced consumption of
benthic detritus by meiobenthos and megabenthos
(7% and —6% respectively), compensated for by
increased consumption of meiobenthos (+6%) and
benthic bacteria (+4%) respectively. Macrobenthos
consumed more meiobenthos than anticipated
(+50/o).

Other model parameters had generally small
changes to achieve balance. Four detrital transfer
Ti}-*E parameters were changed by more than 5%
(in absolute terms): sediment bacteria (-12%), ice
algae (-9%), ice bacteria (+8%) and phytoplank—
ton (+7%). Four seasonal transfer parameters T
were changed by more than 5%: ice algae to phyto-
plankton on ice melt (+22%), ice bacteria to water
column detritus on ice melt (-20%), ice detritus
to water column detritus on ice melt (-9%), water
column detritus to benthic detritus due to vertical
settling (-9%). No export (X; ) unassimilated uy),
accumulation (A;), or growth (T | parameters were
changed by more than 2%.

Trophic levels

TLs were calculated for the final model
(Table 5). TLs of predators from the model are (in
descending order): sperm whales (5.44), orca (5.42),
Weddell seals (5.37), Antarctic toothfish (5.35),
toothed whales (5.31), emperor penguins (5.21),
leopard seals (Hydrurga leptonyx) (5.17), Ross seals
(Ommatophoca rossi) (4.94), Adélie penguins (4.74),
flying birds (4.76), minke whales (Balaenoptera



bonarensis, B. acuturostrata) (4.43), baleen whales
(4.20) and crabeater seals (4.10). Information on
the stable isotopes of nitrogen in Antarctic seals to
the east of the Ross Sea are available (Zhao et al.,
2004). Using nitrogen fractionation factors from
Post (2002), these data agree well with model TLs
for seals. Isotope data suggests that Weddell seals
occupy the highest trophic level of seals, with leo-
pard seals <0.1 TL lower (here 0.20), Ross Seals
0.6 lower (here 0.42), and crabeater seals 1.2 lower
(here 1.27) than Weddell seals. Krahn et al. (2006)
gave stable isotope data for orca which suggested a
TL 0.09 greater than that of Weddell seals assuming
nitrogen fractionation factors from Post (2002); in
the model the difference is 0.06. Mesozooplankton
in the model has a higher TL (3.35) than Antarctic
krill (2.99) or crystal krill (3.00) because mesozoo-
plankton in the model consume greater propor-
tions of mesozooplankton and microzooplankton
than krill, and lower proportions of heterotrophic
flagellates and phytoplankton. This result is con-
sistent with preliminary stable isotope data from
the region (Pinkerton et al., 2009) which shows a
higher average §°N (and hence trophic level) for
mesozooplankton compared to krill, and shows a
slightly higher average 8!°N for crystal krill and
non-krill macrozooplankton than Antarctic krill.

The hypothesis that TLs of particular organ-
isms should be similar between different ecosys-
tems is only partially borne out by the current
results. The flying birds group at 4.8 compares well
with 4.5 (Jarre-Teichmann et al., 1998) but less well
with 3.8 (Arreguin-Sanchez et al., 2002) and 3.8
(Cornejo-Donoso and Antezana, 2008), probably
to do with differences between the species of birds
in the different areas. Flying birds in the Ross Sea
are capable of taking larger prey than those in the
Gulf of California where the Arreguin-Sanchez
work was based. Species names are not given for
the bird group in Cornejo-Donoso and Antezana
(2008). Values for pelagic fishes and silverfish at TL
= 4.2-4.3 are higher than values for similar fishes
in other systems: 3.3 (Jarre-Teichmann et al., 1998),
2.7-3.5 (Wolff, 1994), 3.2 (Cornejo-Donoso and
Antezana, 2008) and 3.2-3.9 (Mendoza, 1993). The
relatively high trophic position of these small fish in
the Ross Sea is plausible as it agrees with high §'°N
values for Antarctic silverfish (N = 100), five spe-
cies of myctophids (Electrona carlsbergi, E. antarctica,
Gymmnoscopelus mnicholsi, G. opisthopterus, G. brau-
eri; N = 208), and eight species of small demersal
fishes (N = 234) measured in the region (Pinkerton
et al., 2009). The high TL of cephalopods in the
model (4.4) is also in agreement with preliminary
local stable isotope data (Thompson et al., 2008;
Pinkerton et al., 2009), though their trophic posi-
tion is higher than TL = 3.7 given for cephalopods
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on the Antarctic Peninsula by Cornejo-Donoso and
Antezana (2008). Megabenthos and macrobenthos
at TL = 2.9-3.0 compares reasonably well with val-
ues for crabs and predatory invertebrates in other
models (e.g. 2.4: Arreguin-Sanchez et al., 2002;
3.3-3.4: Wolff, 1994) even though benthic species
do not overlap.

Discussion
Model validity

The present study carried out an extensive
search of literature and data to obtain initial esti-
mates of parameters required to produce a plausi-
ble food-web model of the Ross Sea. The relatively
small number of groups and simple conceptual
structure used in this model is appropriate given
the inconsistency in available data across organ-
isms, seasons and years. The trophic groups used
in the model are also designed to be appropriate
to the specific aim of the study, namely to inves-
tigate potential trophic impacts of the fishery for
Antarctic toothfish in the Ross Sea. For example,
whereas it is known that primary production in the
water column in the Ross Sea is bimodal (DiTullio
et al., 2000; Smith et al., 2000, 2003), different phy-
toplankton groups are not distinguished between
in this model as the primary concern of this study
is middle and upper TL groups.

The initial set of parameters was not self-
consistent within the model conceptual frame-
work, and an automated procedure adjusted these
parameters to obtain model balance, with changes
of only a few percent generally needed for balance.
There were large, but not unreasonable, changes
in the biomass and productivity estimates of some
groups, especially ice bacteria, ice protozoa, micro-
zooplankton, mesozooplankton and sediment bac-
teria. The relatively large changes needed to bal-
ance the sea-ice biota compartments in the model
suggests that information on sea-ice biota at the
scale of the Ross Sea annual cycle is poor — per-
haps not surprising given the heterogeneity of the
habitat and lack of large-area estimation methods.
The quite large changes to the initial estimates of
the biomass and productivity of benthic bacteria to
achieve balance also probably reflect the fact that
large area and seasonally resolved information on
these parts of the system is sparse. Given that bac-
terial biomass and detrital flows are highly variable
spatially and temporally, have been measured only
in some seasons for relatively short periods, and
the fraction of bacteria that are viable (actively con-
suming and producing) tends not to be measured,
large changes to parameters for benthic bacteria
are not implausible. This may be one reason why
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Figure 2: Model food web of the Ross Sea. Box sizes for non-detrital groups are scaled so that the sides are

proportional to biomass in that group to the power 0.1, and positioned vertically according to
(approximate) trophic level. Note the change in y-axis scale at trophic level 4. Arrows show the
direction of organic carbon flow. Carcasses, flows to detritus, and respiration sinks are not shown for

clarity.

few trophic models attempt to quantify the detrital
pathways. Similarly, the paucity of data on micro
and mesozooplankton biomasses and productivi-
ties over large areas and through the winter means
that larger changes in biomass and productivity
parameters for these groups are within the bounds
of uncertainty associated with their estimates. Most
diet fraction changes were <5% and larger changes
were plausible. For example, the replacement of
krill in the diet of silverfish by mesozooplankton
is explicable, given that most studies show that
copepods dominate the diet of silverfish and that
most euphausiids found in the stomachs of sil-
verfish are developmental stages (Williams, 1985;
Hubold and Hagen, 1997; Granata et al., 2009).
Field data to investigate the proportion of meso-
zooplankton in the diets of Antarctic silverfish and
pelagic fishes will become available from the New
Zealand IPY-CAML survey of the Ross Sea in due
course (Hanchet et al., 2008) and will be valuable to
improve the model.

Preliminary stable isotope data are consistent
with trophic levels estimated from the model as
an initial independent check on model validity.
Even so, it is recognised that the model presented

12

here is but one solution amongst many; the model
is too under-constrained for this to be otherwise.
Also, the model represents conditions for a typi-
cal year (e.g. typical sea-ice, primary production
etc.) and does not capture interannual variability.
Nevertheless, the model represents a plausible,
self-consistent, quantitative, semi-validated view
of the structure of the Ross Sea food web and, as
such, is a useful baseline description of ecosystem
state.

The Ross Sea food web in the balanced model

The Ross Sea food web in the balanced model is
shown in Figure 2. Total non-macroalgal primary
production in the balanced model is estimated to
be 56.3 gC m2 y~!, the vast majority of which is
from phytoplankton in the water column (>96%).
Although sea-ice plays a key structural role in
forcing the ecology of the Ross Sea (Thomas and
Dieckmann, 2002; Arrigo and Thomas, 2004), epon-
tic algae are estimated to produce only 3.5% of total
primary production of the Ross Sea. In the model,
only 57% of all primary production in the water
column is directly consumed, consistent with the



inverse modelling of Ducklow et al. (2006) which
suggested that half the primary production in the
Ross Sea is ungrazed. The majority of phytoplank-
ton production consumed in the water column is
taken by heterotrophic flagellates (83%), with lesser
consumption by microzooplankton (8%), mesozoo-
plankton (7%) and macrozooplankton including
krill (2%). A diverse mesozooplankton community
is present, including large and small copepods
(77% biomass, 53% production), pteropods and
developmental stages of euphausiids. The non-
consumed fraction of primary production in the
water column, equivalent to 24.4 gC m= y~! enters
the detrital pool and is eventually decomposed by
bacterial action in the water column or transferred
to the benthos by settling. All but 19% of the epon-
tic algal production is also ungrazed. In the model,
1.1 gC m=2y! of algae is transferred from sea-ice to
the water column on ice melt in the spring, equiva-
lent to 52% of total annual epontic algal produc-
tion. A further 29% of epontic production becomes
detritus in sea-ice. Although not as productive as
the water column on the scale of the whole Ross
Sea, the lower part of sea-ice constitutes a unique
habitat for microalgae and bacteria which provide
a food source for associated protozoa and metazoa
and the cryopelagic fauna of the surface water layer
immediate below the ice (Garrison, 1991; Brierley
and Thomas, 2002; Arrigo and Thomas, 2004).
Consumption of sea-ice metazoa in the model is
by a variety of predators, in proportions: 4% birds,
4% small cryopelagic fishes (included in the small
demersal fishes group), 6% small pelagic fishes,
33% crystal krill, 27% Antarctic krill, 6% other mac-
rozooplankton and 11% ice metazoa. The remain-
ing 10% of production by ice metazoa is transferred
to the water column when ice melts.

Benthic bacteria are the largest bacterial group
in terms of biomass in the model, making up 99%
of total bacteria biomass. However, benthic bacte-
ria are responsible for only 58% of total bacterial
productivity in the model, with water column bac-
teria responsible for 41% and sea-ice bacteria 1%.
The disparity between biomass and productivity
between the bacterial groups arises because water
column bacteria annual P/B is estimated to be
74 times higher than that of bacteria in the sedi-
ments, consistent with field measurements. The
vast majority of detrital material, in whatever habi-
tat, is decomposed by bacterial action in the model:
83% in the sea-ice habitat, 74% in the water column
and 93% in the sediments. Non-consumed organic
detritus is transferred from the sea-ice to the water
column on ice melt in the spring (1.3 gC m= y1),
from the water column to the benthos by vertical
settling (12.6 gC m2 y!), or is buried in the sedi-
ments (2.5 gC m= y!). The vertical flux to the
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seabed is 26% of total input to water column detri-
tus, and the annual burial is 7% of the input to the
benthic detritus pool. The latter is close to the bur-
ial proportion of 4.9% estimated by Nelson et al.
(1996).

There are a number of apex predators in the
Ross Sea in summer, including large demersal
fishes (entirely Antarctic toothfish), birds, seals
and whales. Consumption by these groups in the
model is in the ratio 5, 55, 29 and 11% of the total
consumption by apex predators respectively. Bird
biomass in the Ross Sea is dominated by penguins,
with a total of about 1 million breeding pairs of
Adélie penguins and more than 30 000 pairs of
emperor penguins (Young, 1981; Harper et al., 1984;
Ainley et al., 1984). Antarctic petrels (Thallassoica
antarctica) and snow petrels (Pagodroma nivea nivea,
Pagodroma nivea major) are the most common flying
birds in the region, with a smaller number of alba-
trosses and south polar skuas (Catharacta maccor-
micki). Overall, Adélie penguins are responsible for
70% of bird consumption, with emperor penguins
responsible for 18%, and flying birds for 12%. It is
estimated that a net 15% of secondary bird produc-
tion occurring within the study area is exported as
a result of the population leaving the study area in
autumn being greater than that re-entering it the
following year. In the model, non-predation mor-
tality (e.g. starvation) accounts for 43, 47 and 85%
of the mortality of Adélie penguins, emperor pen-
guins, and flying birds respectively, and these are
consumed as carcasses.

Seals are the most common marine mammals
in the Ross Sea, with more than 200 000 crabeater
seals estimated to be present in summer. Weddell
seals are likely to be the second-most common seal
in the Ross Sea, with estimates for the larger Ross
Sea region of 32000 individuals (Stirling, 1969;
Ainley, 1985; Stewart et al., 2003), or about 45% of
the entire Pacific sector population. Leopard seals
and Ross seals are also present. There is debate over
whether or not Weddell seals are migratory, and on
the dispersion patterns of all seal species in win-
ter. In the model, it is estimated that seal consump-
tion is made up from crabeater seals 75%, Weddell
seals 18%, leopard seals 5% and Ross seals 2%.
There is a net export of biomass from the Ross Sea
due to seasonal seal movements, amounting to
c. 25% of the annual production of these species
within the study area. It is estimated that 37-75%
of the mortality of seals in the study area is not due
to direct predation, and this material is transferred
to the carcasses group in the model.

The abundances and movements of minke
and other baleen whales (blue (B. musculus), fin
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(B. physalus), sei (B. borealis), humpback (Megaptera
novaeangliae)) in the Ross Sea region are poorly
understood. It appears that, with the exception of
minke whales, baleen whales tend to remain on the
periphery of this study area. All baleen whales are
absent from the region outside summer. The main
toothed whales present in the study area in sum-
mer are sperm whales and orca/killer whales, and
again information on their seasonal abundance
is rather limited, coming primarily from surveys
of their distribution and numbers, carried out by
systematic surveys (e.g. Bassett and Wilson, 1983;
Ainley, 1985; Kasamatsu and Joyce, 1995). The
high encounter rate of sperm whales along the
Ross Sea slope is notable (Kasamatsu and Joyce,
1995). Recent work has shown that three different
types of orca may occur in the Ross Sea (Pitman
et al., 2001; Pitman and Ensor, 2003; Pitman, 2003).
Type-C (fish-eating) orca are considered to be by
far the most common form in the McMurdo Sound
region, but the migration and feeding characteris-
tics of this type are poorly known. Consumption
by these species (as a proportion of consumption
by all cetaceans) are minke (49%), other baleen
(15%), orca (19%), sperm whale (16%) and other
toothed whales (1%). Because of the elevated feed-
ing rates of whales while in the study area (factor
of 1.05-2.5 greater than annual average), virtually
the entire secondary production of cetaceans (95%)
is exported from the region, with the remainder
being consumed in the study region as carcasses.

There are two species of krill in the study area,
crystal krill over the shelf, and Antarctic krill over
the deeper slope and to the north. Although crystal
and Antarctic krill form an important link between
the water column, sea-ice and larger predators
in the Ross Sea, they are less productive (slower
turnover rates) than the large epipelagic copepods
(Calanoides acutus, Calanus propinquus, Rhincalanus
gigas and Metridia gerlachei) (Voronina, 1998; Tarling
et al., 2004). Other macrozooplankton biota in the
Ross Sea are grouped into a single compartment
and include large mysids, amphipods, salps and
pteropods. In the model, Antarctic krill dominate
the macrozooplankton in terms of biomass and pro-
duction (55 and 42% respectively), with crystal krill
and the ‘other macrozooplankton’ group making
up the remainder approximately equally. Antarctic
silverfish have a life history that is thought to take
in the whole Ross Sea shelf and slope (Hubold,
1985; Granata et al., 2002, 2009; Vacchi et al., 1999,
2004), and their juveniles dominate the Ross Sea
shelf ichthyoplankton. Myctophids are not present
over the Ross Sea shelf, but the myctophid gen-
era Electrona and Gymnoscopelus are common over
the deeper Ross Sea slope. The small (<40 cm
length) and medium-sized (40-100 cm) demersal
fish community on the Ross Sea shelf and slope is
diverse, and dominated by notothens (especially
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Trematomus sp.), icefish (especially Chinobathyscus
dewitti, Chionodraco hamatus), dragonfishes (espe-
cially Bathydraco marri), deepsea cods (especially
Antimora rostrata), eel cods (especially Muraenolepis
spp.), macrourids (especially Macrourus whitsoni)
and skates (Bathyraja cf. eatonii, Raja georgiana)
(La Mesa et al., 2004). Abundance of small and
medium-sized demersal fishes is poorly known,
but is thought to be dominated in terms of biomass
by macrourids (c. 70%), skates (c. 10%) and icefish
(c. 7%). Cephalopods appear to be relatively minor
components of the Ross Sea nekton, with few
pelagic, usually juvenile, squids but many small
benthic octopods occur over the Ross Sea shelf.
Production within these trophic groups in the Ross
Sea in the model is spread quite evenly: Antarctic
krill (24%), silverfish (19%), crystal krill (16%),
other macrozooplankton (16%), small demersal
fishes (10%), pelagic fishes (9%), cephalopods (6%)
and medium-sized demersal fishes (0.5%). The two
species of krill together are responsible for more
than twice the secondary production of silverfish.

In order to discuss transfers of material between
the lower, middle and upper pelagic biota, upper
level predators were here defined as having TLs
>4.5 (flying birds, Weddell, leopard and Ross seals,
toothed whales, large and medium demersal fishes),
middle level pelagic groups as having TL 3.5-4.5
(crabeater seals, baleen whales, small demersal
fishes, silverfish, pelagic fishes and cephalopods),
and lower level pelagic groups as having TL 2-3.5
(krill, other macrozooplankton, mesozooplankton,
microzooplankton and heterotrophic flagellates).
The model suggests that the input of primary
production to the middle pelagic trophic levels
together is channelled mainly through the meso-
zooplankton. The total overall consumption by the
middle pelagic trophic groups of 1.4 gC m=2 y!
(2.4% primary production) comes from mesozoo-
plankton (59%), benthic invertebrates (19%), krill
and macrozooplankton (14%), other medium TL
pelagic biota (6%), with small (<1%) contribu-
tions from ice biota and carcasses. Antarctic silver-
fish are the major prey item of the top predators
(TLs >4.5). Consumption by upper level predators
in the model of 0.17 gC m™ y! (0.3% of primary
production) is satisfied by silverfish (42%), crystal
krill (16%), small demersal fishes (14%), Antarctic
krill (7%), cephalopods (7%), benthic invertebrates
(4%), pelagic fishes (3%), other macrozooplankton
(2%) and all else 4% combined. This result is con-
sistent with current understanding; Antarctic sil-
verfish are known to be ubiquitous in the diet of all
large animals (seabirds, seals, toothed and baleen
whales, toothfish, many other species of fish, squid)
in the Ross Sea, with krill also important prey items
(DeWitt, 1970; Laws, 1984).



The model representation of the macrobenthic
and megabenthic communities is not very informa-
tive. These two groups appear to have similar ener-
getic parameters and diets in the balanced trophic
model. Information on the benthic assemblage of
the Ross Sea from the recent survey (Hanchet et
al., 2008), including large amounts of stable iso-
tope data on benthic invertebrates (Pinkerton et al.,
2009) may allow the disaggregation of the mega-
benthic compartment in the future. Separation of
the megabenthos into grazers, filter feeders, detri-
vores and predators may be useful. It appears,
however, that benthic invertebrates are a minor but
significant component of the Ross Sea food web.
Benthic invertebrates are also likely to be impor-
tant ecologically as providers of biogenic habitat,
but that is not tested by the model.

Effects of fishing on the Ross Sea food web

The model is used to consider the first-order
trophic links of large toothfish to assess the poten-
tial impact of the fishery for Antarctic toothfish on
its prey and predators. The entire large demersal
fishes group is made up of large Antarctic tooth-
fish (>100 cm), whereas only 15% of the biomass of
the medium demersal fishes group (40-100 cm) is
toothfish. As toothfish >100 cm make up the vast
majority of the fishery catch (>90% by weight), the
abundance of the large demersal fishes group is
likely to be most affected by the toothfish fishery,
and this study focuses on the trophic links to this

group.

The prey items of large toothfish in the model
are medium demersal fishes (14%), small demersal
fishes (71%), pelagic fishes (1%), carcasses (1%) and
cephalopods (13%). These balanced diet propor-
tions are consistent with measurements of stomach
contents of toothfish from the Ross Sea (Fenaughty
et al., 2003; Stevens, 2004), and with stable isotope
analyses on the Ross Sea slope (Bury et al., 2008). In
the model, the proportion of the annual production
of each of these prey groups consumed by toothfish
is estimated to be 61% (medium demersal fishes),
14% (small demersal fishes), 0.3% (pelagic fish),
and 5% (cephalopods). The model hence suggests
that some of the largest impacts of the fishery on
the Ross Sea ecosystem are likely to be on medium
and small demersal fishes in that order. The pro-
portion of the medium demersal fish (M. whitsoni,
A. rostrata) component made up of fish known to be
consumed by Antarctic toothfish rather than skates
or smaller toothfish is 67% in terms of biomass and
78% in terms of production, so the model predicts
that the majority (79%) of the mortality of individ-
uals >40 cm in length of these two species is likely
to be due to Antarctic toothfish predation. As there
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is no reliable information available on the abun-
dances of small and medium demersal fishes in the
Ross Sea, the exact figures are uncertain, though
the conclusions are likely to be robust. Key small
demersal fish species in the toothfish diet include
icefish (C. dewitti) and moray (eel) cod, but their
proportions in the small fish assemblage are not
known. The model developed here hence implies
that these four species of demersal fishes should be
a high priority for further research and that moni-
toring of the species should be established as soon
as possible while changes to large Antarctic tooth-
fish abundance due to fishing are still likely to be
relatively small.

Next the first-order trophic links between large
toothfish and its predators in the model was con-
sidered. The model summarises information on a
particular space and time scale, namely the Ross
Sea over a one-year period. On these scales, the
balanced model suggests that Antarctic toothfish is
likely to be a minor component of the diets of its
predators. In the balanced model, toothfish make
up 6.5% of the diet of Weddell seals, 5.6% of the
diet of orca and 2.6% of the diet of sperm whales.
Therefore, the model does not support the hypoth-
esis that depletion of large Antarctic toothfish by
fishing could substantially change the diet of the
predators of toothfish in the Ross Sea. There is
simply not enough growth by toothfish to satisfy
more than a small fraction of the consumption of
its predators in the study region. The robustness
of this conclusion depends on the validity of the
input data. Biomass and growth rates of Antarctic
toothfish in the Ross Sea are relatively well known,
having been specifically studied using otoliths and
a tag-recapture program (Hanchet et al., 2007 and
references therein). Consumption rates of mam-
mals are generally consistent within 50% (see
supporting documentation). However, biomass
estimates of predators in the model, although con-
sistent with published information (Ainley, 1985;
Kasamatsu and Joyce, 1995; Stewart et al., 2003),
have high uncertainties. If the biomasses of tooth-
fish predators are substantially lower in reality
compared to the model, then much larger propor-
tions of toothfish in their diets would be possible
in the model as the toothfish production would ‘go
further’. Knowledge of the diets of toothfish preda-
tors is uncertain and of limited help in constraining
the model. For example, it is known that Weddell
seals consume toothfish, but not the proportion
of toothfish in their diet (Pinkerton et al., 2008b;
Ainley and Siniff, 2008). Unless better estimates
of the abundances or long-term diets of Weddell
seals, orca and sperm whales become available, it is
reasonable to conclude that Antarctic toothfish are
a relatively minor component of the diets of their

15



Pinkerton et al.

predators in the Ross Sea at the scale of the model
(Ross Sea shelf and slope). Note, however, that the
model gives no information on whether changes to
the proportions of toothfish in the diet of its preda-
tors could be ecologically important at the scale of
the Ross Sea or whether consumption of toothfish
in particular locations or at particular times of the
year is important to its predators.

Future work

Mapping the whole feasible parameter space to
understand the structural ambiguities of the eco-
system within this simple conceptual framework is
an important next step. In particular, the sensitivity
of the balanced model to the relative uncertainty (K)
factors will be further investigated in subsequent
work, and the authors aim to use data on the stable
isotopes of nitrogen from a range of middle trophic
level biota to constrain and validate the model. It is
not clear yet whether there is sufficient information
to produce a quantitative model on the food web
of the Ross Sea that is disaggregated seasonally. As
it is important to test the similarity of conclusions
as to the structure of the food web based on an
annual model and a seasonally resolved model, the
authors intend to investigate this issue further.

The model developed here differs fundamen-
tally from minimum-realistic models such as fish
stock assessment models, NPZD-type models of
the microbial loop, or Ecosim (Christensen and
Walters, 2004), in that it is descriptive rather than
mechanistic. Ecosystem function and dynamics
are closely, but not simply, related to ecosystem
structure (e.g. Pascual and Dunne, 2006), so that
knowing how the recent unexploited system may
be structured does not confer an ability to predict
how it may change in the future. Adding increased
complexity to a model of this type in an attempt
to represent biological reality better, will not make
it into a predictive model. Instead, developing a
dynamic (predictive) ecosystem model requires
robust mechanistic insight into how the interac-
tions of biotic and abiotic factors act to constrain
population sizes. Prediction requires knowledge of
the plasticity of ecological role, and on how non-
trophic factors (interference competition, habitat
provision, evolutionary pressure) influence ecosys-
tem change. A quantitative descriptive model of
current food-web structure, such as that developed
here, is a foundation to developing such dynamic
predictive models of either the whole system or,
more tractably, portions of it. The present model
complements qualitative work on food-web con-
nection in the Ross Sea (Smith et al., 2007), and
represents a necessary and significant step towards
highlighting parts of the system on which to focus
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for dynamic predictive modelling and identifying
their important trophic interactions. Based on the
results of this work, the authors intend to develop
minimum-realistic dynamic models of toothfish
and their demersal fish prey species and encour-
age data collection to better understand toothfish—
predator interactions.

Conclusions

1. There is sufficient data on all major biota in
the Ross Sea to set up and balance a food-web
model which quantifies transfers of organic
matter due to direct predation, non-predation
mortality and detrital transfers, integrated
over one year. The authors recognise that the
balanced model is but one solution of many,
consistent with the available data, and intend
to further explore the effects of parameter
uncertainty and seasonality on the model in
the future.

2. The input of primary production to the mid-
dle trophic levels of the pelagic Ross Sea food
web is channelled mainly through the meso-
zooplankton, with important contributions
from benthic invertebrates and krill. The input
of primary production to upper trophic levels
is channelled mainly through Antarctic silver-
fish, with major contributions from krill. The
sensitivities of these species to climate change
should be of concern to fisheries managers
as they have the potential to impact second-
ary production throughout the food web and
hence affect sustainable fishery yield.

3. The model does not support the hypothesis
that depletion of Antarctic toothfish by fishing
would change the diet of predators of toothfish
(Weddell seals, orca, sperm whales) by large
amounts throughout the Ross Sea, though the
importance of toothfish as prey items to these
predators is not tested.

4. Largetoothfishinthe model areby far the great-
est consumers of medium-sized (40-100 cm)
demersal fish, consuming 61% of the annual
production of this group. Toothfish are also a
significant predator of smaller demersal fishes,
consuming 14% of the annual production of all
small demersal fishes in the Ross Sea. Medium
and small demersal fish species in toothfish
diet include M. whitsoni, C. dewitti, A. rostrata,
and Muraenolepis spp. These results imply that
demersal fish species should be a high prior-
ity for monitoring and future research, and the
authors intend to develop a minimume-realistic
dynamic model of toothfish interactions with
these prey species.
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Table 3:  Data pedigree and associated relative uncertainty factors used in this study.

Uncertainty in parameter Biomass Productivity ~ Growth efficiency”  Diet fraction
B P/B Q/p D,
Pedigree Comment K’ K’ K Kg)
1 Unknown/missing 9 9 3 9
2 Guesstimate 4 4 1 4
3 Very limited information 2 2 0.5 2
4 Poor information 1.2 1 0.3 1
5 Some information 0.7 0.5 0.2 0.5
6 Reasonable information 0.4 0.3 0.1 0.3
7 Good information 0.2 0.2 0.05 0.2
8 Extensive information 0.1 0.1 0.02 0.1
9 Fixed 0 0 0 0
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Tableau 1:

Tableau 2:

Tableau 3:

Tableau 4:

Tableau 5:

Tableau 6:

Figure 1:

Figure 2:

Taou. 1:

Tabi. 2:

Tabm. 3:

A balanced model of the food web of the Ross Sea, Antarctica

Liste des tableaux

Parametres des groupes trophiques pour le modele de la mer de Ross estimés sur la base des données
locales et de la littérature. B — biomasse, P/B — Production, P/Q - Efficacité de la croissance, E — Efficacité
écotrophique, A — Accumulation (en tant que fraction de P), X — Exportation (en tant que fraction de P),
U — Consommation non assimilée, T° — transferts saisonniers (en tant que fraction de P), T¢ — transferts
de croissance (en tant que fraction de P). Prélevement de la pécherie, F — 0 pour tous les groupes. Les
quatre derniéres colonnes donnent la destination des transferts hors de la ligne donnée. Par exemple, la
croissance des poissons démersaux de taille moyenne amene au groupe 13, celui des poissons démersaux
de grande taille.

Parametres du régime alimentaire pour le modele de la mer de Ross estimés sur la base des données
locales et de la littérature. Les valeurs sont données en tant que proportion (teneur en carbone organique)
d'une proie donnée dans le régime alimentaire des prédateurs.

Source des données et facteurs d'incertitude relative qui y sont associés, utilisés dans cette étude.

Parametres d'incertitude (K) pour le modéle trophique de la mer de Ross, selon les explications données
dans le texte.

Parametres des groupes trophiques du modele de la mer de Ross équilibré. B—biomasse, P/B —Production,
P/Q - Efficacité de la croissance, E — Efficacité écotrophique, A — Accumulation (en tant que fraction de P),
X — Exportation (en tant que fraction de P), U — Consommation non assimilée, TS — transferts saisonniers
(en tant que fraction de P), T$ — transferts de croissance (en tant que fraction de P). Prélevement de la
pécherie, F — 0 pour tous les groupes.

Matrice du régime alimentaire pour le modele de la mer de Ross équilibré avec indication de la proportion
des proies dans le régime alimentaire de chaque prédateur. Les prédateurs figurent en abscisse et leurs
proies, en ordonnée. Une entrée affichant « 0.00 » indique que la proportion du régime alimentaire est >0
et <0.005.

Liste des figures

Le secteur examiné dans le modele est indiqué en noir. Le secteur d'étude est limité par I'isobathe 3 000 m,
la latitude 69°S, la plate-forme glaciaire permanente, la cote et les méridiens 170°E et 160°W. Les étoiles
grises indiquent ot la 1égine antarctique est capturée par la pécherie. Les lieux de péche de la CCAMLR
(sous-zones 88.1 et 88.2) et les unités de recherche a échelle précise sont indiqués.

Réseau trophique du modele de la mer de Ross. La taille des cases relative aux groupes non détritiques
est ajustée pour que leurs cotés soient proportionnels a la biomasse de ce groupe, a la puissance 0,1,
et leur position verticale correspond (approximativement) au niveau trophique. Noter le changement
d'échelle de l'ordonnée au niveau trophique 4. Les fleches montrent la direction des flux de carbone
organique. Pour une meilleure lisibilité, ni les carcasses, ni les flux dirigés vers les détritus, ni les puits
de respiration n'ont été indiqués.

Crrcok Ta0mmi

[Tapamerpbl Tpoduueckux Tpyn it Mojesu Mopsi Pocca, rmoiydeHHbIE 10 JOKAJIBHBIM JIAHHBIM U
muteparype. B — buomacca, P/B — Ilpoaykuus, P/Q — DddexruBHOCTh pocTa, E — DKkoTpodudeckas
s¢dexkruBHocts, 4 — Hakomnenne (kak komMnoHeHT P), X — Dkcrnopr (Kak KOMIIOHEHT P),
U — HeaccumumupoBanHoe mnorpebienue, 75 — Ce30HHble HepeMelleHHs (KaK KOMIOHEHT P),
7% — Ilepemernienus pocra (kak komroneHt P). M3bsitue npomsiciiom F — 0 st Beex rpyni. [locnennne
YeThIpe CTOJIONA yKa3bIBAIOT IIE€IEBbIE ITyHKTHI U1 TIEPEMEILCHNI U3 AaHHOTO psina. Hampumep, poct
CpenHel 1eMepcalibHOM PhIOBI MMEeT 1IeJIbi0 TpyNITy 13 — KpYITHYIO IeMepCcaibHyIO PhIOY.

[Tapamerpsl parona aist Mogenu Mopsi Pocca, momy4eHHbIe 1O JIOKaIbHBIM JTaHHBIM M JINTEPAType.
[IpuBeneHHbIC 3HAYEHUS TIPEICTABIISIIOT CO00M 1010 (110 BECY OPraHMYeCcKOro yriepo/a) JaHHOTO BUa

JIOOBIYH B PALlHOHE XUIITHUKOB.

Batom HCCJICA0OBAHUHN UCTTOJIb3YIOTCA (1)aKTOpI>I MPOUCXOKACHHNA TaHHBIX U COOTBETCTBYIOIIUEC q)aKTOpI)I
OTHOCHUTEIHLHOU HEOTIPEACIIEHHOCTH.
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Tabm. 5:

Tabm. 6:

Puc. 1:

Puc. 2:
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Tabla 4:
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[Mapamerpsl HeonpenenenHoctH (K) s Tpoduueckoit Mozenu Mopsi Pocca coracHo MosiCHEHUsIM B
TEKCTE.

[TapameTpsl Tpodudaeckux Tpymm s cOaTaHCHpOBaHHOM Moxmenn Mops Pocca. B — buomacca,
P/B—Tponykuwust, P/Q—DddekruBHocTb pocta, £ —Dkorpoduueckas apdekruBHoCTh, A — Hakornenne
(xak xommnoHeHT P), X — Dkcnopt (kak xomnoHeHT P), U — HeaccumunupoBanHoe moTpedieHue,
T% — Cesonnble nepeMelnenus (Kak KOMIoHeHT P), 7% — nepemelnenusi pocta (Kak KOMIOHEHT P).
W3wsaTre mpomeicioM F — 0 i Bcex TPyIIL.

Marpuia parnuona st cbamaHcupoBaHHOW Monenu mopsi Pocca, mokaspiBaromiasi Joidu JOOBIYH B
paIMOHEe KaXKJOT0 XMIHHWKA. XHUIIHUKU MMOKAa3aHbl HA OCH X, a J00bua — Ha ocu y. Lludper "0.00"
03HAualoT, uTo JoJis pauroHa >0 u <0.005.

CIMcoK pHCYHKOB

PalioH MOJENBHBIX HCCIEAOBAaHMN IMOKa3aH 4yepHBIM. PailoH uccienoBaHuil orpaHuyeH Hu300aToi
3 000 M, mapamiensio 69° 10.11., TIOCTOSIHHBIM HIEIb(OBBIM JIEAHUKOM, CyIIeH W MepUINaHaAMH
170° B.n. u 160° 3.n1. CepblMH 3BE310YKAaMU IOKA3aHO, IJ€ BEIETCS MPOMBICEN aHTAPKTHUYECKOTO
kibikada. [Tokazansl mpombiciioBbie paiionsl AHTKOM (monpaiionst 88.1 u 88.2) 1 menkomacmTabHbIe
HCCIIEIOBATEIIbCKUE CMHHULIBI .

MopnenbHas Tpoduyeckas cetb Mopst Pocca. Pasmephr Ki1eTOK i1 HEACTPUTHBIX TPYII [IPUBEIACHEI B
MaciTade, Tak 4TO UX CTOPOHBI OTHOCSATCS K Onomacce B 3Tux rpymmnax B crenenu 0.1 u pa3MerieHbl
10 BEPTUKAIM B COOTBETCTBHHU C (TPUOIM3HUTEIHHBIM) TpohudeckuM ypoBHeM. OOparuTe BHUMaHUE
Ha W3MCHCHHUE IIKAJIbl OCH y Ha 4-M TpodudeckoM ypoBHe. CTpENKH MOKa3bIBAIOT HAIPaBICHUE
OUPKYISIIA OpraHHYeCKOTo yriepoxa. OCTaHKH, MEPEeXo[ B ICTPUT M TOMIOTHTEIH IPOTYKTOB
JIbIXaHHsI HE TIOKA3aHbI JJIS1 YIIPOIICHHSI.

Lista de las tablas

Pardmetros de los grupos funcionales del modelo tréfico para el Mar de Ross estimados a partir de
datos locales y de los datos publicados. B — Biomasa, P/B — Produccién, P/Q — Eficiencia del crecimiento,
E - Eficiencia ecotréfica, A — Acumulacién (como fraccion de P), X — Exportaciones (como fraccién de P),
U — Consumo no asimilado, TS — transferencias por temporada (como fraccién de P), T¢ — transferencias
de crecimiento (como fraccién de P). Extraccién de la pesqueria, F — 0 para todos los grupos. Las
dltimas cuatro columnas muestran el destino de las transferencias desde la hilera dada. Por ejemplo, el
crecimiento de un pez demersal de tamano mediano se desvia al grupo 13, peces demersales grandes.

Parametros de la dieta para el modelo del Mar de Ross estimados de datos locales y de los datos
publicados. Los valores dados son la proporciéon (en peso de carbono orgénico) de una especie presa
dada en la dieta de los depredadores.

Calidad de los datos utilizados en este estudio con los factores de la incertidumbre relativa
correspondientes.

Parametros de la incertidumbre (K) para el modelo tréfico del Mar de Ross tal como se les describe en el
texto.

Parametros de los grupos funcionales del modelo tréfico balanceado del Mar de Ross B — Biomasa,
P/B — Produccion, P/Q — Eficiencia del crecimiento, E — Eficiencia ecotréfica, A — Acumulacién (como
fraccién de P), X — Exportacién (como fraccion de P), U — Consumo sin asimilar, T - transferencias por
temporada (como fraccién de P), T8 — transferencias de crecimiento (como fraccion de P). Extracciéon de
la pesqueria, F — 0 para todos los grupos.

Matriz de la dieta para el modelo balanceado del Mar de Ross mostrando la proporcién de las presas en
la dieta de cada depredador. Los depredadores se muestran en el eje de las abscisas (x) y las presas en el
eje de las ordenadas (y). Valores de “0.00” quieren decir que la fraccién de la dieta es >0 y <0.005.



Figura 1:

Figura 2:

A balanced model of the food web of the Ross Sea, Antarctica

Lista de las figuras

El drea de estudio del modelo se muestra en negro, delimitada por la isébata de 3 000 m de profundidad,
por el paralelo 69°S, por la plataforma de hielo permanente, tierra, y los meridianos 170°E y 160°O. Las
estrellas grises muestran los lugares donde la pesqueria captura austromerluza antartica. Se muestran
las areas de pesca de la CCRVMA (Subaéreas 88.1 y 88.2), y las unidades de investigacién en pequeia
escala.

Modelo de la red alimenticia del Mar de Ross. El tamafio de las cajas para los grupos que no son detrito
ha sido ajustado de manera que los lados son proporcionales a la biomasa de ese grupo, elevado a la
potencia 0.1, y han sido puestas verticalmente de acuerdo con el nivel tréfico aproximado. Noétese el
cambio en la escala del eje de las ordenadas (y) a nivel tréfico 4. Las flechas indican la direccién del
flujo de carbono organico. En aras de la claridad, no se incluyen cuerpos de animales muertos, el flujo a
detrito, y los sumideros respiratorios.
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