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INTRODUCTION

The western Antarctic Peninsula (WAP) region is
among the fastest-warming regions in the world
(Meredith & King 2005) as a result of a combination of
atmospheric and oceanic changes. Atmospheric
changes include an intensification of westerly winds
around the continent (Shindell & Schmidt 2004,
Schier meier 2009). This leads to increased upwelling
of warmer sub-Antarctic Circumpolar Deep Water
(CDW) from the Antarctic Circumpolar Current (ACC)

and a consequential reduction in the annual mean sea-
ice extent (Smith et al. 1999, Parkinson 2002, Martin-
son 2012). Atmospheric and oceanic changes of this
magnitude will likely affect regional community struc-
ture, as the life cycles of many WAP marine organisms
depend on the Antarctic sea-ice or on low, stable water
temperatures (e.g. Atkinson et al. 2004, Moline et al.
2004, McClintock et al. 2008, Suprenand et al. 2015a).

Distributions of krill along the WAP have already
been observed to be shifting southward (Lawson et
al. 2008), as have the distributions of their noto the -
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noid predator, Antarctic silverfish Pleuragramma
ant arcticum (Ducklow et al. 2007, Parker 2012), as
well as Adélie penguins Pygoscelis adeliae (Ducklow
et al. 2007) and the foundation of the food web,
phytoplankton (Moline et al. 2004, Montes-Hugo et
al. 2009, Schofield et al. 2010). Simultaneously, the
atmospheric and oceanic changes have also in -
creased the abundances of ice-intolerant shallow-
water sponges and deeper water (200−400 m) bryo -
zoans (Barnes et al. 2006, ASOC 2008, Barnes &
Griffiths 2008). Southward shifts of cold-adapted
taxa could alter trophodynamics (e.g. Croxall et al.
1999, Moline et al. 2004). As changes in biomass oc -
cur in species at the lower end of the food web (e.g.
pteropods, Loeb & Santora 2013, Suprenand et al.
2015a,b), we could expect consequences for preda-
tors through bottom-up drivers (Hunt et al. 2008).

Marine ecosystem models can be used to predict
the responses of upper trophic levels to changes in
the primary or secondary production regime medi-
ated by the loss of sea-ice. Ecopath with Ecosim
(EwE) has been used in this regard for the Antarctic
Peninsula (e.g. Hoover et al. 2012). EwE (Christensen
& Pauly 1992, Walters et al. 1997) is a mass-balance
trophodynamic box model that can simulate food
web responses to natural and anthropogenic drivers.
Climatological effects can be incorporated by means
of forcing functions (Christensen et al. 2005, Koenig-
stein et al. 2016), which can alter the productivity of
species or their vulnerability to predators.

In the present study, we developed 4 climate
change-related scenarios to describe a range of
potential changes in the primary production regime
and ice cover over the next 40 yr. Primary produc-
tion scenarios are based on the predictions of cou-
pled high-resolution (4 km) regional ocean, sea-ice,
and ice shelf models of the WAP’s shelf waters (Din-
niman et al. 2012). These models consider a range
of alterations in water circulation from westerly
wind intensification, resulting increases in circum-
polar deep water upwelling, nutrient upwelling, and
decreases in sea-ice extent. In each scenario, we
monitored changes to functional group biomass,
species diversity (Q90 and Shannon Index), mean
trophic level (TL), and trophodynamics (prey func-
tional group cluster) in the year 2050. We hypothe-
sized that our scenarios describing changes in pri-
mary production rates would simulate observed and
predicted changes in populations, species diversity,
and regime shifts, and therefore provide insights
into potential structural changes in the food webs of
the WAP and the Southern Ocean in the coming
decades.

MATERIALS AND METHODS

Ecopath with Ecosim

EwE organizes individual species, multi-stanza (or
multiple age classes) species, and aggregated groups
of species into functional groups. The model acts like
a thermodynamic accounting system, tracking mate-
rial flows through the ecosystem and functional
groups according to the constraints of mass-balance
and conservation of energy. Ecopath represents an
instantaneous ‘snap-shot’ of material fluxes in the
ecosystem (Christensen & Pauly 1992), while Ecosim
adds a temporal dimension, predicting biomass
change for primary producers and consumers ac -
cording to Eqs. (1) and (2), respectively, based on
equations from Walters et al. (1997):

(1)

(2)

where Bi and Bj are biomasses of prey (i) and preda-
tor ( j), P is production rate, EE is ecotrophic effi-
ciency, ƒ is a relationship predicting consumption, I
is immigration, M and F are natural and fishing mor-
tality, E is emigration, g is growth efficiency, and n is
the number of functional groups. The scalar c is used
in this article to introduce forcing functions on pro-
ductivity (described below), and EE is the proportion
of the production that does not flow directly to detri-
tus owing to death or senescence. Biomass is meas-
ured in metric tons (t) km−2 wet weight. Natural mor-
tality, fishing mortality, emigration, and production/
biomass are instantaneous rates of unit yr−1. Eco tro -
phic efficiency and growth efficiency are unitless.

Our current EwE model (EwE 6.4) considers the
WAP, Sub-area 48.1, as defined by the Food and
Agri culture Organization of the United Nations
(FAO) and adopted by the Commission for the Con-
servation of Antarctic Marine Living Resources
(CCAMLR; Fig. 1). It is based on the work of Hoover
et al. (2012), which included data fitted to time series.
The only change we made to the model of Hoover et
al. (2012) is that Antarctic monophagous gymnosome
pteropods Spongiobranchaea australis and Clione
antarctica and their thecosome pteropod prey Clio
pyramidata and Limacina antarctica, respectively,
are appended as individual functional groups rather
than amassed within micro- and macrozooplankton
groups, respectively. Separate treatment of the
ptero pod groups allows investigation of pteropods as
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indicators of trophic shifts under cli-
mate change, as hypo thesized in
other climate-related, high-latitude
studies (e.g. Fabry et al. 2008). Addi-
tionally, our approach in addressing
climate change scenarios differs from
that of Hoover et al. (2012) in that we
integrate model-predicted changes in
primary productivity directly (dis-
cussed below), which has allowed us
to forgo IPCC scenario challenges
related to data access and model out-
put reliability. Table 1 lists functional
groups in the model. The groups are
based on single species, aggregated
sets of species, or linked age classes
(for krill only). Species contained
within aggregate functional groups
are detailed in Table 2. Diet con -
nectivity is provided in Table S1 in
the Supplement at www. int-res. com/
articles/ suppl/ m569 p037_ supp. pdf.

In ecosystems with low data avail-
ability, such as the WAP, it is not prac-
tical to calibrate model para meters
against observational data. Neverthe-
less, trophic vulnerabilities, the main
tuning parameters in Ecosim, can be
set using one of several common

39

Fig. 1. Conservation of Antarctic Marine Living Resources (CCAMLR) Sub-area 48.1 along the western Antarctic Peninsula 
indicated by the light gray area within the dark gray border lines (adapted from fao.org)

Functional group                       TL          B          P/B         Q/B       EE       P/Q

Killer whales                           4.554     0.001     0.05      11           0           0.005
Leopard seals                          4.092     0.039     0.12        3.5        0.235    0.034
Ross seals                                4.117     0.004     0.28      12           0.767    0.023
Weddell seals                          3.971     0.036     0.17      13.88      0.622    0.012
Crabeater seals                       3.393     0.281     0.09      15.86      0.46      0.006
Antarctic fur seals                  3.668     0.028     0.175    25           0.897    0.007
Southern elephant seals        4.258     0.006     0.25      10.37      0.843    0.024
Sperm whales                         4.226     0.005     0.034      7.33      0           0.005
Blue whales                            3.371     0.001     0.032      3.53      0.683    0.009
Fin whales                               3.305     0.003     0.035      4.12      0.524    0.008
Minke whales                         3.256     0.065     0.064      6.34      0.91      0.01
Humpback whales                 3.38       0.02       0.04        4.12      0.963    0.01
Emperor penguins                  3.841     0.005     0.15      28.69      0.91      0.005
Gentoo penguins                    3.951     0.007     0.25      29           0.908    0.009
Chinstrap penguins                3.936     0.005     0.33      34           0.906    0.01
Macaroni penguins                3.645     0.014     0.3        30           0.701    0.01
Adélie penguins                     3.483     0.034     0.29      30           0.996    0.01
Flying birds                             3.701     0.19       0.36      14.88      0.95      0.024
Cephalopods                           3.418     2.49       0.95        2           0.672    0.475
Other icefish                           3.709     0.337     0.38        1.57      0.754    0.242
Toothfish                                 4.255     0.046     0.165      0.77      0.627    0.214
Large Nototheniidae              3.222     0.59       0.37        1.95      0.523    0.19
Small Nototheniidae              3.393     0.341     0.65        2.2        0.911    0.295
Shallow demersals                 3.497     0.031     0.75        4.125    0.4        0.182
Deep demersals - large          3.705     0.042     0.29        2.18      0.856    0.133

Table 1. Balanced western Antarctic Peninsula (WAP) Ecopath model para -
meters. TL: trophic level, B: biomass (fresh mass in t km−2 yr−1); P/B: production/
biomass  ratio (yr–1); Q/B: consumption/biomass ratio (yr−1). Ecotrophic efficiency
(EE) and production/consumption (P/Q) ratios are dimensionless. B, P/B, and Q/B
values are model inputs, and EE are calculations in Ecopath. The only exception 

is for flying birds, for which Ecopath estimated P/B

(Table continued on next page)
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‘short-cut’ methods that often provide plausible
model be havior (Ainsworth 2006, Ainsworth et al.
2008). These methods are: (1) all functional groups
receive a global vulnerability value, (2) prey vulnera-
bility values are scaled proportionately to the TL of
their predator (predator control hypothesis), or (3)
predator vulnerability values are scaled proportion-
ately to the TL of their prey (prey control hypothesis).
As a form of sensitivity analysis, we examined WAP
ecosystem re sponses determined using each of these
assumptions. We used global vulnerability values of
2 and 10 (bottom-up and top-down trophic control,
respectively) and scaled vulnerability values be -
tween 2 and 10 and between 10 and 50 linearly with
predator (or prey) TL under the predator (or prey)
control hypo theses. Similar to the model calibration,

we validated our current EwE model
parameters using a broader approach,
because limited spatial-temporal data
are disparate across functional groups,
and the present study focused on fore-
casting changes in the ecosystem.
However, vulnerability estimates are
not a suitable replacement for time-
series fitting, if data are available.

Our broader approach evaluates
our current Ecopath model using the
PREBAL methods outlined by Link
(2010). Diagnostics include biomass
(B), vital rates, and vital rate ratios per
functional group, as well as biomass
and vital rate ratios among taxa. For
functional group vital rates, we exam-
ined ratios of respiration to biomass
(R/B), consumption to biomass (Q/B),
and production to biomass (P/B). For
vital rate ratios per functional group,
we examined biomass and productiv-
ity relative to primary production (PP),
as well as production to consumption
(P/Q) and production to respiration
(P/R). Lastly, we examined biomass
ratios among taxa.

Environmental forcing functions

Our Ecosim simulations were run for
a duration of 40 yr (2010−2050). We
conducted simulations based on 4
 assumptions of primary production
changes over this period. In all cases,
we used linear environmental forcing

functions that gradually change the rate of primary
productivity. We refer to climate change-related sce-
narios as ‘primary production scenarios,’ which might
result from westerly wind intensification and nutrient
upwelling, increases in Upper CDW (UCDW) up-
welling, and decreases in sea-ice extent. Changes in
primary production relate strongly to changes in the
flux rate of dissolved iron into the upper 100 m of the
water column through UCDW intrusions onto the
peninsula from the ACC. Estimates of temporal
changes in primary production along the WAP are
based on ocean sea-ice and ice-shelf models (Dinni-
man et al. 2012) that use the Regional Ocean
Modeling System (ROMS; Haidvogel et al. 2008,
Shchepetkin & McWilliams 2009) and a coupled dy-
namic sea-ice model (Budgell 2005). This allows us to

40

Functional group                       TL          B          P/B         Q/B       EE       P/Q

Deep demersals - small          3.726     0.08       0.65        2.7        0.863    0.241
Myctophids                             3.259     0.185     1.35        3.73      0.898    0.362
Other pelagics                        3.733     0.49       0.55        2.02      0.825    0.272
Champsocephalus gunnari    3.365     0.29       0.48        1.8        0.52      0.267
Pleuragramma antarcticum   3.223     1.25       1.1          3.55      0.656    0.31
Notothenia gibberifrons        3.261     0.81       0.41        1.55      0.669    0.265
Mollusca                                  2.13       9.5         0.639      2.556    0.526    0.25
Salps                                        2.504     2            3           12           0.263    0.25
Urochordata                            2.13       5.05       0.234      1           0.554    0.234
Porifera                                    2          12.719     0.159      0.795    0.815    0.2
Hemichordata                         2            0.045     0.375      2           0.534    0.188
Brachiopoda                            2.32       0.028     0.898      4.5        0.59      0.2
Bryozoa                                   2.15       0.491     0.475      1.75      0.95      0.271
Cnidaria                                  2.959     1.531     0.25        1           0.979    0.25
Arthropod Crustacea             2.533     3.613     1.05        4.2        0.826    0.25
Arthropod - other                   2.951     1.01       0.616      3.326    0.964    0.185
Worms                                     2.467   12            0.7          3.2        0.82      0.219
Echinoidea                              2.743     4.33       0.116      0.464    0.774    0.25
Crinoidea                                2.442     0.164     0.125      0.8        0.523    0.156
Ophiuroidea                           2.489     6.76       0.45        1.8        0.551    0.25
Asteroidea                               2.351     1.778     0.231      0.924    0.774    0.25
Holothuroidea                        2            5.45       0.316      1.1        0.938    0.287
Krill adult                                2.465     9.08                    33           0.797    0.045
Krill sub-adult                         2.234   25.893                  51.643    0.867    0.017
Krill juvenile                           2            0.013                356.132    0.795    0.007
Krill larvae                              2            0.003                698.506    0.461    0.011
Spongiobranchaea australis  3.321     0.194     5.8          7.3        0.99      0.795
Clione antarctica                    2.95       0.175     5.3          7.7        0.99      0.688
Macrozooplankton                 2.199     8.17       9.216    30.719    0.882    0.3
Clio pyramidata                      2.39       0.179     9.3        35           0.99      0.266
Limacina antarctica                2            3.2       12           65           0.99      0.185
Microzooplankton                  2            2.08     27.066    90.221    0.979    0.3
Cryptophytes                          1            1.8       75                          0.957      
Copepods                                2          21.88     16.56      90           0.943    0.184
Diatoms                                   1          20.88     90.51                     0.936      
Ice algae                                  1          26.69     45                          0.948      
Other phytoplankton             1            2.93     86                          0.889      
Detritus                                   1            3.43                                  0.314

Table 1 (continued)
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test a range of climate-induced changes in primary
production rates in 4 different scenarios, and we as-
sume that the UCDW, a primary source of nutrients
and heat to the WAP, mixes with waters within the
marine ecosystem (Moffat et al. 2009, Martinson &
McKee 2012). Percent changes in primary production
rates are calculated by changing g(C) m−2 yr−1 re-

ported by Dinniman et al. (2012) to g
fresh mass m−2 yr−1. Primary production
scenario 1, referred to as ‘+6 Phyto’
(‘Base+’ from Dinniman et al. 2012),
simulates an estimated 6% increase in
primary production of cryptophytes, di-
atoms, and other phytoplankton and a
6% decrease in primary production for
ice  algae in the present EwE model by
the year 2050. The latter method as-
sumes that increases in the productivity
of cryptophytes, diatoms, and other
phyto plankton, with decreases in sea-
ice ex tent, would have an equal but in-
verse impact on ice-algae productivity
due to the loss of the cryosphere and
limitation of total production by nutri-
ents. This is considered a mild change
in primary production. Scenario 2, re-
ferred to as ‘+15 Phyto’ (‘1.2K+’ from
Dinniman et al. 2012), simulates an es-
timated 15% increase in primary pro-
duction for cryptophytes, diatoms, and
other phytoplankton and a 15% de-
crease in primary production for ice
 algae. This is considered the most likely
change in primary production by the
year 2050. Scenario 3, referred to as
‘+41 Phyto’ (‘1.5M’ from Dinniman et al.
2012), simulates an estimated 41% in -
crease in primary production for crypto-
phytes, diatoms, and other phytoplank-
ton and a 41% decrease in primary
production for ice algae. This is consid-
ered an extreme change in primary pro-
duction by the year 2050. Scenario 4, re-
ferred to as ‘+15 Phyto-Ice Algae’
simulates an increase of primary pro-
duction for cryptophytes, dia toms, and
other phytoplankton according to Sce-
nario 2, but assumes no habitat loss for
ice algae or reduction in productivity.

As the intensity of climate change
increases from the +6 Phyto to +41
Phyto scenarios (Base+ to 1.5M), a dif-
ferent vertical mixing scheme corre-

sponds to each primary production scenario. The +6
Phyto scenario refers to a modified vertical mixing
scheme of Large et al. (1994), the +15 Phyto scenario
refers to the standard scheme of Large et al. (1994),
and the +41 Phyto scenario refers to a combination of
the Mellor & Yamada (1982) and the standard Large
et al. (1994) mixing schemes. At the end of each

41

Functional group             Organisms included

Toothfish                           Dissostichus eleginoides and Dissostichus
mawsoni

Large Nototheniidae       Notothenia coriiceps, Notothenia (Notothenia)
neglecta, Notothenia rossii, Notothenia squami -
frons, Lepidonotothen kempi, and Trematomus
hansoni

Small Nototheniidae        Cryothenia peninsulae, Notothenia (Lepido -
notothen) larseni, Notothenia (Lepidonotothen)
nudifrons, Trematomis loennbergi, Pagothenia
(Trematomus) bernacchii, Trematomus newnesi,
Trematomus scotti, Trematomus eulepidotus,
and Trematonius centronotus

Shallow demersals           Artedidraco skottsbergi, Harpagifer antarcticus,
and Harpagifer bispinis

Deep demersals - large   Chionobathyscus dewitti, Paradiplospinus
antarcticus, Parachaenichthys charcoti,
Gymnodraco acuticeps, Mancopsetta maculate,
Muraenolepis microps, Pachycara brachy-
cephalum, Ophthalmolycus amberensi,
Bathyraja eatonii, and Bathyraja maccaini

Deep demersals - small   Pogonophryne marmorata, Prionodraco evansii,
Psilodraco breviceps, and Paraliparis antarcticus

Myctophids                      Electrona antarctica, Gymnoscopelus braueri,
Gymnoscopelus nicholsi, Gymnoscopelus
opisthopterus, and Protomyctophum bolini

Other pelagics                  Anotopterus pharaoh, Bathylagus antarcticus,
Lampris immaculatus, Paradiplospinus gracilis,
and Paradiplospinus antarcticus

Mollusca                           Bivalves, opistobranchs, prosobranchs,
Schaphopoda, Solenogastra, and most gas-
tropods

Salps                                 Salpa thompsoni

Urochordata                     Ascidiacea but not salps

Porifera                             All sponges

Bryozoans                         Lophotrochozoa

Cnidaria                            Anthozoa, Hydrozoa, Actiniaria, and Gorgonaria

Arthropod Crustacea       Amphipods, cumaceans, isopods, ostracods, and
tanaidaceans

Arthropod - other             Acari and Pycnogonidians

Worms                              Turbellaria (Platyhelminthes), Nemertini
(Nemertea), Sipuncula (Sipuncula), Nematoda
(Nematoda), Polychaeta (Annelida), Oligochaeta
(Annelida), Hirudinea (Annelida), Sipunculoidea
(Sipuncula), and Priapulida (Priapulida)

Echinoidea                       Echinoderms

Table 2. Functional groups comprising several species
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Ecosim run, biomass outputs were compared to a ref-
erence ecosystem, run without primary production
forcing, at the year 2050 to assess relative differences
in functional group biomass.

Trophic level and species diversity

Mean TL changes are monitored in each scenario
and compared to the reference ecosystem in the
year 2050 to understand relative ecosystem shifts
towards producers (lower mean TL) or predators
(higher mean TL). Changes in species diversity are
monitored in each scenario’s output using the spe-
cies diversity statistic Q90 (Ainsworth & Pitcher
2006). This index is a variant of Kempton’s Q Index
(Kempton & Taylor 1976). It represents the inter-
decile slope of the cumulative species abundance
curve, with each functional group in the food web
network equivalent to a species, and it measures
changes in trophic group richness as well as even-
ness. The Shannon species diversity index was also
used (Shannon 1948). In applying this to an ecosys-
tem model, the total number of species (i.e. model
functional groups, n) is fixed, which reduces this
metric to an evenness measure. Every sample
results in n species, and we are only concerned
with the distribution of biomass across that fixed
number of species. We apply the Shannon Index H
as follows:

(3)

where k is fixed at the number of functional groups in
the model (63) and pi is the biomass in the i th group as
a proportion of total system biomass.

Statistical analyses

For assessing trophodynamic changes in each
 scenario, the similarities between prey functional
groups, in terms of the proportions they comprise
in the diets of predators, are analyzed using the ap -
proach described by Clarke et al. (2008). This ap -
proach describes a series of similarity profile
routine (SIMPROF) tests, dissimilarity profile analy-
ses (DISPROF; Jones 2015), and Euclidean distance
and un constrained agglomerative, Unweighted Pair
Group Method with Arithmetic Mean (UPGMA)
clustering methods. The analysis produces signifi-
cant (p < 0.05) and unique clusters of individual
prey taxa according to the predators that eat them

and the dietary proportion they provide to the
predators.

For each primary production scenario, the SIM-
PROF clusters of prey are then compared to the clus-
ters produced by the reference simulation and each
other using binary connectivity matrices (Jones
2015). This reveals the percent of congruency be -
tween prey clusters. A high percent of congruency
be tween clusters indicates that overall trophodynam-
ics throughout the WAP marine ecosystem remain
unchanged among primary production scenarios.
Congruence of 100% indicates identical clustering of
prey by their predators and the number of cluster
groups produced; thus primary production scenarios
have little impact on trophodynamics. Lower congru-
ency indicates greater divergence as a result of the
different scenarios, and the lower the percent con-
gruency, the greater the impact on trophodynamics.

Lastly, we try to identify the indicator predator
functional group for each prey cluster according to
Dufrêne & Legendre (1997). An indicator predator
functional group is the most significant predator for
the prey functional groups found within a cluster,
and we report its indicator value (IV). The IV for an
indicator predator functional group can range from 0
to 100%. The IV is maximum (100%) for the predator
functional group when it eats only prey found within
the cluster, and eats all of the prey within that cluster.
A change in the significant indicator predator func-
tional group for a prey cluster, when making com -
parisons between scenarios, indicates significant
changes in the predators’ diets. Additionally, if an
indicator predator functional group remains the same
for a prey cluster, the change in the IV will also indi-
cate whether a predator is eating more (higher IV) or
less (lower IV) of the prey within its cluster.

To further understand WAP ecological changes
with each climate change scenario, relationships
among functional group biomasses and species
diversity statistics are plotted as radar plots. Radar
plots are used to display multivariate data in 2-
dimensional illustrations; each spoke of the radar plot
represents a particular ecosystem characteristic.
Spoke length is proportional to the magnitude of the
variable and is presented relative to the maximum
magnitude of that variable observed across all simu-
lations. We present the data in relative terms in this
way so that we may examine several metrics of very
different units and achieve a rounded impression of
the simulation results. Functional group biomasses
presented as variables in the radar plots include
those from important functional groups significant to
ecosystem structure and behavior. For example,
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H p p
i

k
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increased bryozoan biomass has changed benthic
community structure (Barnes et al. 2006), Adélie pen-
guin distributions are shifting along the WAP (Duck-
low et al. 2007), krill and salps represent inverse
food-web energetic pathways (Flores et al. 2012),
and the Q90 species diversity index provides insights
into whole-ecosystem structural changes.

RESULTS

Ecopath with Ecosim

In sensitivity analyses, we found that predictions of
the model concerning fish biomass under the climate
change scenarios were largely insensitive to the vul-
nerability hypothesis, and minor changes in biomass
were observed (e.g. Fig. 2). However, a donor-con-
trolled scheme may be more appropriate considering
that the WAP is dominated by open-ocean areas with
few refugia, and microhabitats can occur even with-
out physical structure (Walters & Martell 2004).
Therefore, we use vulnerabilities between 2 and 10
scaled proportionately to prey TL. TLs of groups are
reported in Table 1.

Biomass of individual trophic groups in the current
Ecopath model spans 6 orders of magnitude, with a
10.3% decline in biomass with increasing TL, as
illustrated in Fig. S1 in the Supplement. Vital rates of
R/B, C/B, and P/B generally decline from lowest to
highest TL (Fig. S1; birds, seals, and whales [homeo -
therms] omitted as per Link 2010). Vital rates dispro-
portionately above the slope-line (Fig. S2) include
the multi-stanza functional groups of krill as well as
pteropods, although all functional group biomass
values are relative to primary production biomass
(Fig. S3a) and biomass ratios among taxa are <1
(Fig. S4). Functional group vital rate ratios of produc-
tivity relative to primary productivity, P/Q, and P/R
are also largely <1 (Fig. S3a,b), with the exception of
the P/R vital rates for pteropods. The R/B vital rate is
interpreted as an expression of functional group
activity, whereas the P/R vital rate ratio expresses the
fate of assimilated food. Pteropods have a high meta-
bolic activity compared to euphausiids (Ikeda &
Mitchell 1982, Suprenand et al. 2015b), and can be
monophagous predators with highly efficient food
assimilation (Lalli & Gilmer 1989). Overall, we con-
clude that the current EwE model is robust, indica-
ting valid model structure and data quality.

Environmental forcing functions

In climate change scenarios in our model that
assume negative impacts to ice algae with the loss of
sea-ice habitat, whole-ecosystem biomass is reduced
by a minimum of 1.4% (+6 Phyto) to a maximum of
9.0% (+41 Phyto; Table 3). Only in the +15 Phyto-Ice
Algae scenario, operating on the assumption of no neg-
ative impacts to ice algae with projected loss of sea-ice
habitat, does the whole-ecosystem biomass increase.
Additionally, inverse biomass relationships in scenarios
+6 Phyto, +15 Phyto, and +41 Phyto are revealed, such
as those in the pelagic (e.g. salp versus total krill bio-
mass), and benthic (e.g. bryozoan versus asteroidean
biomass) realms (Table 3). In general, Scenarios +6
Phyto, +15 Phyto, and +41 Phyto reveal that the great-
est potential for negative effects is predicted for
whales, seals, penguins, flying birds, Champsocepha -
lus gunnari, other icefish, krill, and ice algae (Table 3).
Positive effects are predicted for many fish and inverte-
brates, with large nototheniids, myctophids, salps, bra-
chiopods, bryozoans, cnidarians, pteropods, microzoo-
plankton, and copepods bene fiting the most from
changes in primary productivity. Effects on other func-
tional groups are less impactful and sometimes more
variable. For in stance, leopard seals are adversely
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Fig. 2. Mean, maximum, and minimum biomass values for all
fish groups, for all primary production scenarios, and accord-
ing to methods to identify vulnerability by setting all func-
tional group vulnerability values to 2 (Vulnerability of 2), 10
(Vulnerability of 10), between 2 and 10 using the predator
control hypothesis (Vulnerability of Predators 2−10), be-
tween 10 and 50 using the predator control hypothesis (Vul-
nerability of Predators 10−50), between 2 and 10 using the
prey control hypothesis (Vulnerability of Prey 2−10) and be-
tween 10 and 50 using the prey control hypothesis (Vulnera-
bility of Prey 10−50). Biomass values reflect the output after 

the 40 yr model run period
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 influenced in the +6 Phyto scenario, but positively
 influenced by the +15 Phyto and +41 Phyto scenarios.
In the +15 Phyto-Ice Algae scenario, the biomass
 increases in the majority of functional groups, with the
exceptions of C. gunnari (−0.4%), most krill groups
(mean −3%), the pteropod Clione antarctica (−3%),
and ice algae (−8%). The largest increase in biomass
is observed for salps (+25%), and the greatest loss in
biomass is observed in ice algae.

Trophic level and species diversity

More extreme climate change scenarios result in a
slightly higher mean TL of the ecosystem. The mean

TL increases from 2.201 in the reference case, to
2.203 for +6 Phyto, 2.205 for +15 Phyto, and 2.215 for
+41 Phyto, and is 2.205 for +15 Phyto-Ice Algae. TL
ranges, as detailed in Fig. 3, illustrate that the major-
ity of biomass is concentrated in the TL range 2.0 to
2.5, with major contributors being sub-adult krill,
macrozooplankton, Mollusca, Urochordata, and salps,
as well as the TL range 1.5 to 2.0 with major contrib-
utors being copepods, microzooplankton, Porifera,
and the thecosome Limacina antarctica. Changes to
TL range per forcing function scenario are shown as
biomass departures from the reference ecosystem’s
biomass in Fig. 4a,b. The change in mean TL is the
re sult of changes in the TL at which functional
groups feed (Table 4) and also changes in biomass
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Functional group                     +6       +15     +41   +15 Phyto-
                                               Phyto   Phyto  Phyto   Ice Algae

Killer whales                          −0.1     −0.2        0.0         5.1
Leopard seals                         −0.2        0.3        6.8       13.3
Ross seals                               −3.6     −8.2    −19.3         7.9
Weddell seals                         −3.1     −7.0    −16.2         8.9
Crabeater seals                      −5.2   −11.9    −29.0         1.9
Antarctic fur seals                  −5.2   −11.9    −28.8         2.5
Southern elephant seals        −4.0     −9.1    −22.0         7.2
Sperm whales                        −0.4     −0.9      −1.6         5.3
Blue whales                            −1.9     −4.4    −10.5         3.1
Fin whales                              −1.6     −3.7      −8.6         3.4
Minke whales                        −3.3     −7.4    −16.5         6.0
Humpback whales                 −2.9     −6.6    −15.6         3.8
Emperor penguins                 −4.2     −9.6    −23.4         4.0
Gentoo penguins                   −3.9     −9.0    −22.0         5.2
Chinstrap penguins               −3.9     −9.1    −22.2         5.7
Macaroni penguins               −5.5   −12.6    −30.4         2.9
Adélie penguins                    −5.0   −11.7    −29.0         0.3
Flying birds                            −1.7     −3.8      −8.2         8.9
Cephalopods                          −0.9     −1.8      −1.9       10.9
Other icefish                           −2.9     −6.7    −16.2         5.8
Toothfish                                 −0.6     −1.2      −1.9         9.5
Large Nototheniidae               5.5      13.5      39.4       13.6
Small Nototheniidae                0.7        1.4        2.5       10.8
Shallow demersals                 −0.7     −1.6      −4.1       12.0
Deep demersals - large         −0.9     −2.2      −5.2         9.2
Deep demersals - small           0.8        2.1        6.3       11.8
Myctophids                               8.4      20.3      56.9       18.6
Other pelagics                        −0.8     −1.8      −3.1         9.0
Champsocephalus gunnari   −7.4   −17.2    −43.0       −0.4
Pleuragramma antarcticum    4.7      11.9      37.4       15.3
Notothenia gibberifrons        −1.6     −3.9    −10.8         7.0
Mollusca                                 −1.3     −3.1      −9.3         7.4
Salps                                       17.7      43.1    120.6       24.6
Urochordata                             1.8        4.1        9.4         6.6

Functional group                     +6       +15     +41   +15 Phyto-
                                               Phyto   Phyto  Phyto   Ice Algae

Porifera                                   −0.8     −2.0      −6.1         4.8
Hemichordata                          1.7        4.0      10.0       11.3
Brachiopoda                             8.1      19.2      50.6        16.9
Bryozoa                                     2.3        5.5      14.8         7.9
Cnidaria                                    3.5        8.5      25.0         8.3
Arthropod Crustecea               0.6        1.4        4.7         8.8
Arthropod - other                   −0.1     −0.5      −3.7         6.1
Worms                                       0.7        1.8        5.2       10.1
Echinoidea                               0.4        1.1        2.9         6.4
Crinoidea                                  0.1        0.3        0.8         7.8
Ophiuroidea                             0.0        0.0      −0.3         9.5
Asteroidea                              −0.2     −0.3      −0.6         6.8
Holothuroidea                        −0.9     −2.3      −6.7         4.6
Krill adult                               −4.0     −9.7    −26.5       −3.1
Krill sub-adult                        −6.3   −14.8    −37.1         2.2
Krill juvenile                         −15.7   −35.9    −83.8       −5.1
Krill larvae                            −15.7   −36.0    −84.3       −4.0
S. australis                                2.4        6.0      19.5         7.1
C. antarctica                             3.7      16.7    101.1       −2.5
Macrozooplankton                −1.2     −2.6      −5.0         8.3
C. pyramidata                          9.1      21.3      56.6       16.7
L. antarctica                            10.2      24.1      62.4       14.3
Microzooplankton                    2.6        6.6      19.9       11.0
Cryptophytes                          10.7      25.7      71.2       15.9
Copepods                                 4.8      11.3      29.1       15.4
Diatoms                                     3.4        7.8      17.8         7.0
Ice algae                               −14.3   −34.1    −90.8       −8.3
Other phytoplankton               6.0      13.9      33.9       10.5
Detritus                                   −0.3     −0.7      −2.6         7.9

Ecosystem                              −1.4     −3.4      −9.0         6.6

Average % change                −0.4     −0.5        0.9         7.5
per functional group

Table 3. Biomass percent changes per functional group in the year 2050 when compared to the reference model. Percent changes
>±5 are in bold. Percent changes are compared to the reference model. Primary production scenarios +6 Phtyo, +15 Phyto, and
+41 Phyto describe a 6, 15, and 41% increase in all primary production (gC m−2 yr−1) by 2050, respectively, with equivalent de-
creases in ice-algae production. The +15 Phyto-Ice Algae describes a 15% increase in primary production with no decrease in 

ice-algae production
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proportions of functional groups (Table 3). TL in -
creases for the following groups are observed in the
+6 Phyto, +15 Phyto, and +41 Phyto primary produc-
tion scenarios: killer whales Orcinus orca, crabeater
seals Lobodon carcinophagus, Antarctic fur seal Arc -
tocephalus gazella, blue whales Balaeno ptera mus -
cu lus, humpback whales Megaptera novae angliae,
emperor penguins Aptenodytes forsteri, maca roni
penguins Eudyptes chrysolophus, cephalo pods, shal-
low demersals, Champsocephalus gunnari, cnidari-
ans, other arthropods, and adult krill (e.g. Euphausia
superba). Overall, salp TL decreases as primary pro-
duction increases along the WAP (Table 4). In the
+15 Phyto-Ice Algae scenario, TL increases are
observed for all functional groups with the exception

of salps. In scenarios assuming a negative impact on
ice algae with a reduction in sea-ice extent, the Q90
Index reveals a decrease in total WAP ecosystem
species diversity in all primary production scenarios,
and the Shannon Index reveals an increase in ecosys-
tem evenness (Table 5). This trend is similar in the
+15 Phyto-Ice Algae scenario, with the exception of
fish and krill, which have increased species diversity
(Table 5).

Statistical analyses

Trophodynamic structures, when compared to the
reference scenario, are altered in each primary pro-
ductivity scenario. SIMPROF analyses produce 13
prey clusters in the reference model, 13 prey clusters
in the +6 Phyto scenario, 14 prey clusters in the +15
Phyto scenario, 16 prey clusters in the +41 Phyto sce-
nario, and 13 in the +15 Phyto-Ice Algae scenario
(Fig. 5). Overall, the reference, +6 Phyto, and +15
Phyto-Ice Algae scenario’s prey clusters, congruency
(Table 6), indicator predator functional groups, and
percent similarity of the indicator predator functional
groups within prey clusters are very similar (Fig. 5).
Only small changes in the percent similarities of the
indicator predator functional groups are observed,
with the exception that copepods increased con-
sumption of primary producers in the +15 Phyto-Ice
Algae scenario. Structural changes in trophodynam-
ics are most evident in the +15 Phyto and +41 Phyto
scenarios when compared to the reference model.
This includes changes in predator diets indicated by
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Fig. 3. Biomass by trophic level for the reference ecosystem
in the year 2050. Numbers on black bars indicate the number 

of functional groups within that trophic level range

Fig. 4. Comparison of model outputs from primary production scenarios (see Table 3 for details) to reference model outputs in
the year 2050. (a) Biomass excursions per trophic level range when compared to the reference model; (b) percent change in 

biomass when compared to the reference model (Fig. 3)
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the re-clustering of prey, percent similarity of the
indicator predator functional groups within a prey
cluster, and/or changes in the indicator predator for a
prey cluster. For example, copepods, ice algae, dia -
toms, other phytoplankton, cryptophytes, and micro -
zooplankton are clustered together in the reference
and +6 Phyto scenarios, and salps are identified as
indicator predators. In the +15 Phyto and +41 Phyto
scenarios, copepods and microzooplankton are re -
moved from the prey cluster they occupied in the ref-
erence and +6 Phyto scenarios. This leaves just the
primary producers in a prey cluster. Copepods and
microzooplankton cluster with salps, where they are
eaten primarily by cnidarians.

The changes in prey clusters that occur in scenarios
+15 Phyto and +41 Phyto indicate changes in the
predators’ diets (Fig. 5) to include higher TL prey

(Table 4). This is particularly evident in the prey clus-
ter that once included primary producers, copepods,
and microzooplankton. Initially, in the reference sce-
nario, the most representative predators were salps,
but in the climate change scenarios, it becomes ju -
venile krill. The microzooplankton and copepods,
preyed upon largely by salps in the reference and +6
Phyto scenarios, are preyed upon more by cnidarians
in the more intense (+15 Phyto and +41 Phyto) cli-
mate change scenarios. For salps, this indicates a
drop in TL as the climate changes, which is due to a
reduction in their consumption of higher TL prey
items (e.g. Spongiobranchaea australis and macro-
zooplankton) and an increase in their consumption of
lower TL prey items (e.g. cryptophytes and cope-
pods). This trophodynamic restructuring ultimately
de creases the biomass of ice algae, far more than
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Functional group                    Ref.       +6       +15      +41     +15 
                                                            Phyto   Phyto   Phyto Phyto-
                                                                                                  Ice 
                                                                                                Algae

Killer whales                          4.792    4.826    4.874    5.018   4.861
Leopard seals                         4.254    4.294    4.349    4.493   4.317
Ross seals                               4.224    4.243    4.269    4.339   4.257
Weddell seals                         4.055    4.073    4.100    4.177   4.088
Crabeater seals                      3.419    3.449    3.494    3.634   3.459
Antarctic fur seals                 3.815    3.853    3.908    4.085   3.875
Southern elephant seals       4.345    4.366    4.395    4.477   4.378
Sperm whales                        4.334    4.355    4.384    4.465   4.369
Blue whales                           3.381    3.407    3.445    3.557   3.416
Fin whales                              3.324    3.343    3.370    3.446   3.352
Minke whales                        3.264    3.278    3.297    3.351   3.282
Humpback whales                3.383    3.410    3.450    3.570   3.416
Emperor penguins                 3.972    4.008    4.058    4.203   4.032
Gentoo penguins                   4.107    4.125    4.151    4.223   4.146
Chinstrap penguins               4.111    4.129    4.155    4.229   4.150
Macaroni penguins               3.759    3.797    3.851    4.023   3.817
Adélie penguins                    3.529    3.559    3.601    3.733   3.573
Flying birds                            3.834    3.856    3.885    3.965   3.875
Cephalopods                          3.450    3.472    3.503    3.589   3.481
Other icefish                          3.781    3.801    3.828    3.901   3.811
Toothfish                                4.340    4.355    4.377    4.433   4.366
Large Nototheniidae             3.266    3.278    3.294    3.336   3.286
Small Nototheniidae             3.392    3.402    3.417    3.461   3.405
Shallow demersals                3.489    3.499    3.513    3.556   3.502
Deep demersals - large         3.796    3.813    3.837    3.908   3.828
Deep demersals - small         3.783    3.797    3.818    3.878   3.809
Myctophids                            3.251    3.255    3.260    3.269   3.254
Other pelagics                       3.866    3.886    3.915    3.994   3.905
Champsocephalus gunnari   3.361    3.390    3.431    3.558   3.395
Pleuragramma antarcticum  3.254    3.259    3.266    3.275   3.264
Notothenia gibberifrons       3.278    3.294    3.318    3.389   3.301
Mollusca                                 2.149    2.151    2.155    2.167   2.154
Salps                                       2.481    2.464    2.447    2.423   2.465

Functional group                    Ref.       +6       +15      +41     +15 
                                                            Phyto   Phyto   Phyto Phyto-
                                                                                                  Ice 
                                                                                                Algae

Urochordata                           2.140    2.144    2.151    2.174   2.149
Porifera                                   2.000    2.000    2.000    2.000   2.000
Hemichordata                        2.000    2.000    2.000    2.000   2.000
Brachiopoda                           2.328    2.329    2.332    2.348   2.337
Bryozoa                                  2.153    2.159    2.167    2.193   2.163
Cnidaria                                 2.998    3.012    3.033    3.093   3.021
Arthropod Crustecea            2.536    2.545    2.557    2.600   2.548
Arthropod - other                  2.979    2.984    2.991    3.017   2.986
Worms                                    2.509    2.514    2.522    2.550   2.517
Echinoidea                             2.783    2.789    2.796    2.823   2.793
Crinoidea                               2.442    2.447    2.455    2.481   2.448
Ophiuroidea                           2.563    2.565    2.568    2.579   2.569
Asteroidea                              2.408    2.414    2.422    2.448   2.417
Holothuroidea                        2.000    2.000    2.000    2.000   2.000
Krill adult                               2.499    2.534    2.583    2.738   2.546
Krill sub-adult                        2.243    2.268    2.306    2.439   2.276
Krill juvenile                          2.000    2.000    2.000    2.000   2.000
Krill larvae                             2.000    2.000    2.000    2.000   2.000
S. australis                              3.373    3.389    3.410    3.477   3.407
C. antarctica                          2.926    2.934    2.943    2.961   2.932
Macrozooplankton                2.235    2.245    2.261    2.321   2.251
C. pyramidata                        2.439    2.450    2.467    2.525   2.470
L. antarctica                           2.000    2.000    2.000    2.000   2.000
Microzooplankton                 2.000    2.000    2.000    2.000   2.000
Cryptophytes                         1.000    1.000    1.000    1.000   1.000
Copepods                               2.000    2.000    2.000    2.000   2.000
Diatoms                                  1.000    1.000    1.000    1.000   1.000
Ice algae                                 1.000    1.000    1.000    1.000   1.000
Other phytoplankton            1.000    1.000    1.000    1.000   1.000
Detritus                                   1.000    1.000    1.000    1.000   1.000

Ecosystem mean                    2.974    2.987    3.006    3.063   2.995

Table 4. Trophic level (TL) change in each functional group by the year 2050 for 5 different scenarios (see Table 3 for details). Changes in 
TL that are different from the reference model are shown in bold
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imposed in any of the primary production scenarios,
and, as krill depend on ice algae, their biomass is
negatively impacted. This is revealed in Fig. 6, which
illustrates the importance of ice algae to all krill life
stages, as well as the direct trophodynamic links of
krill to every functional group above TL 3.0, with the
exception of killer whales.

Based on the changes in TL, Q90, biomass, and
SIMPROF analyses, potential indicator functional
groups are identified, then plotted as radar plots
(Fig. 7a,b). When comparing scenarios that consider
impacts to primary producers and ice algae (all
except +15 Phyto-Ice Algae Fig. 7a), radar plots re -

veal a monotonic positive influence
with the in creasing effects of climate
change for worms, salps, and bry-
ozoans, as well as small increases in the
mean TL of the ecosystem. These radar
plots reveal negative influences for
mammals, Adélie penguins, krill, ice
algae, macrozooplankton, and Aster-
oidea. Non-mono tonic influences were
observed in fish species diversity (using
Q90), and whole-ecosystem species
diversity (Q90). When basal TL produc-
tivity is in creased (+15 Phyto-Ice Algae)
and compared to the reference model
(Fig. 7b) this generally translates into
increased productivity for the whole
marine ecosystem at the expense of
species diversity. Bioindicator radar
plots generally reveal the sensitivity of
groups to each of the primary produc-
tion scenarios.

DISCUSSION

Analysis of the changes in TL, Q90,
Shannon Index, biomass, and prey
clusters due to primary production
scenarios, when compared to the bal-
anced reference model, reveal signifi-
cant in fluences to the WAP ecosystem,
particularly in the most likely scenario
(+15 Phyto). Model predictions include
a small increase in the WAP’s mean
TL, a decrease in whole-ecosystem
species diversity and biomass (except
in the +15 Phyto-Ice Algae scenario),
and trophodynamic restructuring oc -
cur ring primarily in the highest bio-
mass functional groups. The trophody-

namic re structuring includes an increase in salp
biomass, with concomitant de creases in energy
exchanged from lower to higher TLs, as well as
synergistic de creases in the biomass of ice algae,
far more than imposed in any of the primary pro-
duction scenarios. This point is most clearly
revealed when examining the +15 Phyto-Ice Algae
scenario, as its biomass still decreases with no
direct forcing, and the biomass of almost every
other functional group increases. A loss of ice algae
biomass leads to large reductions in krill biomass,
large in creases in salp biomass, and overall biomass
reductions in mammals and birds. The latter occurs

                                     Ref.        +6             +15            +41       +15 Phyto-
                                                  Phyto         Phyto         Phyto       Ice Algae

Ecosystem SI               2.886     2.909          2.934          2.941           2.904
Ecosystem Q90           7.311     6.631          6.926          6.477           6.631
Whale SI                      0.951     0.958          0.968          0.990           0.994
Whale Q90                  1.414     1.414          1.414          1.444           1.414
Seal SI                         1.127     1.136          1.147          1.178           1.151
Seal Q90                     1.748     1.748          1.748          1.796           1.748
Penguin SI                  1.420     1.423          1.428          1.443           1.432
Penguin Q90               4.068     4.068          4.068          4.068           4.068
Fish SI                         2.111     2.105          2.093          2.035           2.104
Fish Q90                      4.176     4.350          4.350          4.176           4.350
Krill life stages SI       0.487     0.492          0.498          0.518           0.475
Krill life stages Q90    0.579     0.572          0.558          0.500           0.572
Invertebrate SI           2.347     2.356          2.367          2.392           2.353
Invertebrate Q90        3.796     3.796          3.796          3.559           3.796
Plankton SI                 1.661     1.683          1.700          1.600           1.673
Plankton Q90              2.274     2.063          2.318          1.977           2.109

Table 5. Species diversity of important western Antarctic Peninsula (WAP)
groups per forcing function scenario using Q90 and Shannon Indices (SI).
Reference model (Ref.) ecosystem species diversity indices compared to the
WAP primary production scenarios +6 Phyto, +15 Phyto, and +41 Phyto
leading to a 6, 15, and 41% increase in all primary production (gC m−2 yr−1)
by the year 2050, respectively, with equivalent decreases in ice-algae pro-
duction. The +15 Phyto-Ice Algae describes a 15% increase in primary pro-
duction without an equivalent decrease in ice-algae production. The plank-
ton group includes phytoplankton and zooplankton, and all krill life stages
are treated as a separate group. Cephalopods and salps are included in the 

invertebrate groups with benthic invertebrates

(%)                                Ref.        +6             +15            +41       +15 Phyto-
                                                  Phyto         Phyto         Phyto       Ice Algae

Reference                     100        100              87               41                89
+6 Phyto                       100        100              87               41                89
+15 Phyto                      87          87              100              54                75
+41 Phyto                      41          41               54              100               33
+15 Phyto-Ice Algae     89          89               75               33               100

Table 6. Congruency matrix of hierarchical clustering of prey. Matrix indi-
cates the percent similarity between the reference and scenario clusters, as

well as among scenario clusters. See Table 3 for details of the scenarios
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be cause large biomass increases in some mid-TL
functional groups, which eat lower TL prey, trun-
cate the energy exchange between primary pro-
ducers and higher trophic functional groups such
as birds, penguins, seals, and whales. As an exam-
ple of such an energetic impasse, salps significantly
in crease in biomass yet are rarely consumed by
high TL functional groups.

The majority of functional groups that the model
predicts to experience adverse trophodynamic ef -
fects are directly linked by diet to the vitality of adult
and sub-adult krill. For instance, the majority of

whale, seal, and penguin functional groups all have
diets largely comprising krill. These distressed func-
tional groups also have significant proportions of
their diets consisting of cephalopods, another func-
tional group that decreases with decreasing primary
productivity. Therefore, the reduction in krill bio-
mass reduces the energetic contribution to higher TL
predators, and this might only be overcome when
increasing whole-ecosystem productivity (+15 Phyto-
Ice Algae) under the assumption that ice-algae pro-
ductivity does not decrease with reductions in sea-ice
extent.

Fig. 7. Relative changes in guild biomass and ecological indicators between climate change scenarios (see Table 3 for details)
affecting (a) all primary producers and (b) all primary producers except ice algae. Spoke length is proportional to the magni-

tude of the output and is relative to the maximum magnitude of that variable observed across all scenarios
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The largest and most important dietary component
for all krill age classes is ice algae. Ice algae comprise
the functional group predicted by our EwE model to
be the most adversely affected by the primary pro-
duction scenarios representing alterations in water
circulation from westerly wind intensification, nutri-
ent circumpolar deepwater upwelling, increased
ambient temperatures, and decreases in sea-ice ex -
tent. As the intensity of the primary productivity sce-
narios increases, krill diets contain less ice algae and
more copepods, diatoms, and cryptophytes. Unfortu-
nately, the groups positively affected by climate
change such as Urochordata, Brachiopoda, Bryozoa,
Echinoidea, macrozooplankton, and microzooplank-
ton have small proportions of krill in their diets, and
also consume diatoms, copepods, cryptophytes, and
ice algae. This further exacerbates the population
decrease in krill.

The increased reliance of krill on higher TL prey is
observed in TL changes. This likely causes TL shifts
throughout the entire WAP food web and conse-
quently reduces the ecosystem’s species diversity.
Disagreements in species diversity indices in the +6
Phyto, +15 Phyto, and +41 Phyto scenarios happen
when low biomass groups increase in biomass propor-
tionately more than high biomass groups or, as is the
case here, when high biomass groups lose biomass
faster than low biomass groups. This loss is driven by
changes in the planktonic assemblage. Considering
species diversity within taxonomic guilds, whale and
seal species diversity is largely un changed until the
+41 Phyto primary production scenario, whereas krill
and plankton species diversity is impacted in all pri-
mary productivity scenarios. This suggests that food
web shifts increasingly propagate to higher TLs under
strongerchangesin primaryproductivity.

Ultimately, a reduction in krill biomass diminishes
energetic transfers throughout the WAP food web.
This is congruent with observations of ecological
shifts in the WAP ecosystem (e.g. Moline et al. 2004,
Ducklow et al. 2007, Lawson et al. 2008, Montes-
Hugo et al. 2009, Schofield et al. 2010, Parker 2012,
Suprenand et al. 2015b). In the most likely scenario
(+15 Phyto), the WAP marine ecosystem’s species
diversity is predicted to decrease by the year 2050.
Likewise, the biomasses of whales, Adélie penguins,
and shallow demersals are predicted to decrease in
similar proportions to the impact to krill biomass. In
the continuum of change described in the series of
primary production scenarios, it is evident that salps
become a clear winner in WAP climate change. This
coincides with field observations (Flores et al. 2012
and references therein).

Ecological studies considering climate change
along the WAP support observed trends in our cli-
mate change scenarios that consider impacts to ice
algae. For instance, declines in krill populations are
coincident with reductions in sea-ice extent, which
results in an increase in salp abundance and range
(Atkinson et al. 2004, Ross et al. 2008). This is due to
the reliance of krill on sea-ice for refuge and feeding
habitat (e.g. Quetin & Ross 2003), and an increase in
salp abundance may impact krill survival (Loeb et al.
1997). Our model simulations also predict reductions
in all penguin functional groups, similar to observa-
tions over the last 2 decades (Steinberg et al. 2012
and references therein), as well as likely impacts to
higher TL predators like seals (Croxall et al. 1999)
and whales (Mori & Butterworth 2005). This indicates
that physical drivers and the resulting community
composition of primary producers control energy
flows to the majority of higher TL predators through
krill (Ducklow et al. 2006). Thus, a reduction in krill
likely impoverishes the WAP food web.

In model forecasts, only krill and salps have signif-
icantly decreased and increased biomass in the year
2050, respectively, throughout every primary pro-
duction scenario that considers impacts to ice algae,
with the exception of Clione antarctica. Of the 63
functional groups in the current EwE model, only
salps experienced reductions in TL throughout every
primary production scenario. Other functional group
TLs increased under some scenarios, although not as
considerably as krill. This implies a high level of
trophodynamic restructuring, as evident in prey re-
clustering. This produced considerable changes in
species diversity and whole-ecosystem biomass. TLs
increase across the entire ecosystem (except for
salps) as predation becomes more and more focused
on higher TLs in each of the functional groups’ diets.
As salp biomass increases in primary productions
scenarios, and they become increasingly focused on
eating lower TL organisms (which are also eaten by
krill), the energy provided by those lower trophic
organisms becomes lost to the food web because
salps are not widely consumed. Although salps may
provide energy for a few marine animals (e.g. Hen-
schke et al. 2016), in the Antarctic they are energeti-
cally inferior when compared to krill, and are
thought to be an energetic impasse that negatively
impacts higher TLs. The change in the quality of prey
would negatively affect predators, such as whales,
pinnipeds, seabirds, penguins, and fish. An observed
increase in salp biomass along the WAP could imply
an energetic turning point, and that trophodynamic
restructuring is near.
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