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Abstract Sea ice in the western Antarctic Peninsula (WAP) region is both highly variable and rapidly changing. In the Palmer
Station region, the ice season duration has decreased by 92 d since 1978. The sea-ice changes affect ocean stratification and
freshwater balance and in turn impact every component of the polar marine ecosystem. Long-term observations from the WAP
nearshore and offshore regions show a pattern of chlorophyll (Chl) variability with three to five years of negative Chl anomalies
interrupted by one or two years of positive anomalies (high and low Chl regimes). Both field observations and results from an
inverse food-web model show that these high and low Chl regimes differed significantly from each other, with high primary
productivity and net community production (NCP) and other rates associated with the high Chl years and low rates with low Chl
years. Gross primary production rates (GPP) averaged 30 mmolC-m2-d" in the low Chl years and 100 mmolC-m?-d" in the high
Chl years. Both large and small phytoplankton were more abundant and more productive in high Chl years than in low Chl years.
Similarly, krill were more important as grazers in high Chl years, but did not differ from microzooplankton in high or low Chl
years. Microzooplankton did not differ between high and low Chl years. Net community production differed significantly between
high and low Chl years, but mobilized a similar proportion of GPP in both high and low Chl years. The composition of the NCP
was uniform in high and low Chl years. These results emphasize the importance of microbial components in the WAP plankton
system and suggest that food webs dominated by small phytoplankton can have pathways that funnel production into NCP, and
likely, export.
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1 Introduction

In the ocean sciences a new research agenda has emerged
to delineate how foodweb structure influences the
biogeochemical function of plankton systems in various
regions or provinces of the global ocean!?. One active area
of research is determining how the magnitude and efficiency
of export from the surface layer is related to plankton
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foodweb structure®?. Plankton functional types (PFT) are
often used to represent biogeochemical processes in marine
ecosystem models!®”. PFT are defined as aggregations
of particular species performing specific biogeochemical
functions such as forming mineralized shells (diatoms,
foraminifera), particle consumption (large and small
zooplankton), and dissolved organic matter decomposition
(bacteria). The simplest recognition of the PFT-based
structure-function argument is the distinction between large
and small phytoplankton and the foodchains they initiate®*).
Large phytoplankton (e.g., diatoms) are consumed by large
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zooplankton (e.g., krill) and efficiently channel nutrients
and energy up foodchains to top predators, and are believed
to export production more efficiently to the ocean interior.
Small phytoplankton (picoplankton, nanoplankton) are
consumed by small grazers (e.g., protozoans and juvenile
forms), retain organic matter in the surface layer, respire CO,
and regenerate nutrients"”.

Ecological systems can be modeled as networks of
compartments representing individual species, species
assemblages or PFTs connected by intercompartmental
flows (trophic exchanges) such as nutrient uptake, predation,
excretion and respirationt'"'?!. In most cases it is not
possible to achieve a complete description of the structure of
exchanges among compartments even in relatively simplified
representations of marine ecosystems based on observations
alone. This is especially true for Antarctica, where the remote
location, harsh conditions and other logistic constraints
limit the type, number and spatial and temporal coverage
of sampling and measurements'’, In particular, it is very
difficult to assemble sufficient rate measurements defining
the exchanges among key biotic groups or PFTs in Antarctic
plankton foodwebs. For example, in the WAP region,
there are many measurements of primary production!*'®
including size-fractionated determinations of large and small
phytoplankton photosynthetic rates!'”. But measurements
of new production!"®!, zooplankton grazing!®, bacterial
production®”, and export rates®®'**! are much less common.

The Palmer LTER project, the most comprehensive
observational effort in the WAP region, measures primary and
bacterial production rates across the continental shelf every
January”24, and weekly at two nearshore stations™™, but
makes less frequent measurements of other key rate processes
such as zooplankton grazing rates??”. Critical recycling
functions such as detritus production and reingestion are
seldom, if ever measured.

Inverse modeling is often used to derive the most
information from sparse observations™. An inverse model
comprises a best-fit solution of flows among compartments
while obeying observed exchanges, other constraints such
as maximum uptake rates and other physiological rules,
parameters governing rate processes, and mass conservation.
This approach was first developed for geophysical systems
such as defining geological strata from data on seismic wave
propagation. Vézina and Platt®! introduced the inverse
method into aquatic ecology, using it to build descriptions
of plankton systems in the English Channel and Celtic Sea.
Subsequent efforts include diverse plankton and benthic
ecosystemst*3!,

Sailley et al.” used an inverse model with observations
from the LTER project to recover complete plankton flow
networks for the WAP region. They produced a time series
of model solutions for the Adélie penguin foraging regions
near Anvers and Avian Islands, over the period 1995—2006.
They used measurements of primary and bacterial production
rates, krill standing stocks and the fraction of large versus
small (< and > 20 um) phytoplankton cells as observational

constraints to their model solutions. Overall, their results
reflected the great interannual variability inherent in the WAP
system. The partitioning of primary production between large
and small phytoplankton was the most important determinant
of foodweb structure. Sailley et al’s results suggest that
the microbial components of the plankton system (small
phytoplankton, microzooplankton and bacteria) appropriated
a major part of the carbon flow in both the north and south
regions, and dominated the flows in the north during most of
the 1995—2006 period®?. This conclusion notwithstanding,
the krill to penguin link in the foodweb provided sufficient
carbon and energy to support the estimated metabolic
requirements of the penguin populations at both current and
(greater) historical levels in both regions. Ballerini et al.*¥
drew much the same conclusions regarding sustenance of
penguin populations and the growing dominance of microbial
pathways using a mass balance trophic modeling approach.

Saba et al.”® analyzed a twenty-year time series of
climate, sea ice, chlorophyll (Chl) and physical oceanographic
observations from permanent nearshore sampling stations at
Palmer Station (64.77°S, 64.05°W). They demonstrated that
positive anomalies in phytoplankton and bacterial blooms
occurred in years with increased winter ice extent and
duration, reduced spring/summer winds, and increased water
column stability in summer. Significant positive summer
(December—February) Chl anomalies at Palmer Station were
observed in 1996, 2002, 2006 and 2010. Analyses of penguin
diet composition revealed that successful krill recruitment
only occurred during the high-Chl years. Thus the WAP
ecosystem is characterized by a pattern wherein physical
conditions supporting large phytoplankton blooms, successful
krill recruitment and enhanced food availability for foraging
penguins occur every 4—o6 years, separated by several years
of low phytoplankton abundance, poor or nonexistent krill
recruitment and less food for penguins.

Here we analyze observational data from the LTER
time series and the inverse model results from Sailley et al.*?
to extend the findings of Saba et al.”! to the regional scale, by
examining the foodweb and biogeochemical flow structures
associated with high and low Chl years in the north and south
grid areas of the study region. We hypothesized that these
annual Chl anomalies represent different foodweb states or
regimes in our study region. We ask if foodwebs in high-
and low Chl years (or regions) differ in structure, as reflected
by different relative magnitudes of trophic exchanges and
biogeochemical flows. We hypothesize that blooms of large
phytoplankton, principally diatoms, drive high Chl favoring
krill dominance, success of upper level predators and export
(NCP). Conversely, smaller phytoplankton (cryptophytes in
the WAP region: Moline et al.?*) predominate in low Chl
regimes, favoring microzooplankton, recycling and retention
of biomass and nutrients in the surface layer. Some fraction of
microzooplankton production is ingested by krill, providing a
link between the two regimes. We pose three questions:

1. Are observations of Chl anomalies across the WAP
region consistent with findings made in the nearshore region
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at Palmer Station?

2. Are the inverse model results consistent with
expectations for high- and low-Chl years?

3. Are contrasts in key biogeochemical processes
consistent with variations in foodweb structure?

2 Methods
2.1 Study area and sampling

The Palmer LTER (PAL) study region encompasses local
nearshore sampling at Palmer Station (64°S, 64.7°W), and
a grid®¥ of fixed offshore stations extending 200 km from
the coast across the continental shelf, and 700 km north to
south along the western Antarctic Peninsula (Figure 1). This
area includes Adélie penguin rookeries and foraging areas
near Palmer Station in the north, Avian Island at the southern
tip of Adelaide Island, and on Charcot Island in the extreme
southern part of the study region®®. Only the Anvers and
Avian regions are considered here. In this region, water depth
ranges from 300 to over 1 000 m, and the summer mixed
layer is 0 —50 m.

The study area is divided into cross-shelf lines of
sampling stations. The lines are 100 km apart, and routinely
sampled stations are spaced every 20 km along the lines
(Figure 1). Every station on the 200 to 600 lines was
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sampled each January from 1993 through 2008. CTD-
Rosette/Niskin bottle casts from the surface to the bottom
and oblique zooplankton net tows (2-meter Metro net,
700 um mesh) were performed at each of ca. 55 stations on
the sampling grid®>*, After 2008, the sampling density was
reduced to 3—4 stations per line. The grid sampling included
measurements of standing stocks of bacteria, phytoplankton,
macrozooplankton, physical and biogeochemical properties
and primary and bacterial production rates™ ", Observations
of Adélie penguin population size, breeding success,
foraging, diet composition and recruitment were performed
every October through February at Palmer Station (Anvers
Island) and during a weeklong field camp at Avian Island
each January*'. Sea ice data on the annual advance, retreat,
duration and extent are derived from satellite observations™****,
Individual results are described in publications available
at http://pal.lternet.edu/publications. All data are freely
accessible at http://pal.lternet.edu/data.

The extensive time series data from these projects form
the foundation for the model analysis described below. Input
data for the model are from the Palmer Station and RaTS
sites, and the LTER offshore grid stations on the 600 lines for
Anvers Island (north model region) and the 200 line for Avian
Island (south model region, Figure 1). These areas comprise
the Adélie penguin foraging ranges at the Anvers and Avian
Island locations, respectively.
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Figure 1 Map of Palmer LTER study region and sampling grid of hydrostations (yellow dots) along western Antarctic Peninsula.
The offshore regions of Adélie penguin foraging areas at Anvers (North) and Avian (South) Islands (red dots) are the main focus of the

modeling study.
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Figure 2 Intercompartmental flow diagram showing modeled

foodweb for the northern (Anvers Island) Adélie penguin foraging
area, in low chlorophyll anomaly years 1997, 1998 and 2004.
Flows (mmolC-m™.d") initiated by small (large) phytoplankton
are on the left (right). Flows initiated by herbivores are in the
top half of the diagram, and the microbial loop underneath.
The numbers in the compartments are the total steady-state
throughputs (sum of all inputs). Flow categories are indicated by
color: black: dissolved organic carbon (dashed lines) and detrital
(solid lines) flows; green: herbivory; red: secondary and higher-
order consumers; blue: respiration. Abbreviations: FISH: Antarctic
silverfish; SM Phyto: small phytoplankton; MICROZOO:
microzooplankton; LG Phyto: large phytoplankton; BACT:
bacteria; NCP: Net Community Production.

2.2 Inverse model

Sailley et al.*¥ provided a new inverse model of the WAP
marine foodweb using a ten-compartment system (Figure 2)
with eight living (large and small phytoplankton, krill, salps,
microzooplankton, fish, penguins and bacteria) and two
nonliving compartments, dissolved organic carbon (DOC)
and detritus. The flow currency is carbon. An eleventh
external, unbalanced compartment collects unutilized carbon
from the other compartments. Sailley et al. termed this
the Export compartment. Here we call it Net Community
Production (NCP), to avoid uncertainty as to the ultimate
fate of the unutilized carbon. The model specifies 48 trophic
exchanges or flows between compartments, utilizing the
Markov Chain Monte Carlo (MCMC) means for each flow

(Supplementary Table 1). This model does not include a
mesozooplankton compartment (e.g., copepods). Sailley
et al. reported on a sensitivity experiment showing that
inclusion of such a compartment with observed copepod
standing stocks did not change the patterns or magnitudes of
flows. In the WAP in summer, mesozooplankton are about
10% of total zooplankton biomass caught in our net tows*.
We averaged the model results (1995—2006) over years
with high (> +0.5, standardized positive anomalies) and low
Chl anomalies (< —0.5, standardized negative anomalies) at
the north and south sites as discussed below. These average
flows provide composite descriptions representing the high-
and low Chl foodweb states or regimes. We also note that
the inverse model provides a snapshot of the system at the
time of sampling, with conditions such as temperature and
available light implicit in the measured rates and biomass.
Full details of model structure and solution methods are
given in Sailley et al.??.

Table 1a Annual chlorophyll values (1995—2006) for the north
and south grid areas in the Palmer LTER study region
along the western Antarctic Peninsula

Region / Chl Mean Chl Years/n (Years used in
anomaly + St. Dev./(ug-L") model analysis in bold)
North Low Chl 1.55+0.55 97,98,99,02,03,04,05 (7)
North High Chl 4.42+0.95 95,96,00,01,06 (5)

South Low Chl 1.01+£0.43 96,97,98,99,00,01,03,04 (8)
South High Chl 5.374£2.99 95,02,05,06 (4)

T-tests: Within regions: North High/Low p<0.001; South High/
Low p<0.01; Between regions: North/south Low p>0.05;
High p>0.05 (both not significant).

Table 1b  Annual chlorophyll anomalies for the north and south
grid areas in the Palmer LTER study region along the
western Antarctic Peninsula

Mean Chl
Region / Chl anomaly Years/n (Years used in
anomaly + St. Dev. model analysis in bold)

/(ug-L™")

North Low Chl —0.44+0.20 97,98,99,02,03,04,05 (6)
North High Chl ~ +0.59+0.34 95,96,00,01,06 (5)
South Low Chl —-0.43+0.23 96,97,98,99,00,01,03,04 (8)
South High Chl  +1.36+1.53 95,02,05,06 (4)

T-tests: Within regions: North High/Low p<0.001; South High/
Low p<0.01; Between regions: North/south Low p>0.05;
High p>0.05 (both not significant).

3 Results

3.1 Interannual variability in phytoplankton blooms:

high vs low Chl regimes

Long-term time series with weekly resolution show that
the nearshore Anvers (north) and Avian Island (south) sites
are characterized by annually-occurring spring-summer
phytoplankton blooms, associated with local ice retreat
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and open water (Figure 3). Long-term data from the LTER show a different pattern: one or two years with positive
offshore grid show that sea ice has alternating 4-6 year anomalies separated by 3-5 years of negative anomalies
periods of high and low ice duration in the north and south (Figures 4b, 4d). In our study area, measured surface Chl

(Figures 4a, 4c). Surface Chl data from each grid region differed significantly in high vs low Chl years (Table 1).
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Figure 3 Nearshore time series of sea ice cover (SIC) and surface chlorophyll at Palmer Station (a) and Rothera Base (b). Palmer ice
data are derived from microwave remote sensing. Rothera ice data are from local observers at the sampling site in tenths of cover (Rothera
ice and Chl data courtesy H. Venables, British Antarctic Survey and RaTS-Rothera Oceanographic and Biological Time Series).
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3.2 Role of primary production

In the inverse model, the flow networks (e.g., Figure 2, Table S1)
are initiated with input GPP values allocated to large and
small phytoplankton (PPlarge and PPsmall) according to
observations of size-fractionated Chl for each year from
1995—2006%. High GPP was clearly associated with high
Chl years (Figure 5). The average GPP for the four networks
in our study ranged from about 30 mmolC-m2.d" for low-
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Figure 5 Distribution of model-derived gross primary production
(GPP) between large and small phytoplankton in high- and low
chlorophyll regimes (low and high anomalies) in the north and
south study regions along the western Antarctic Peninsula. The
height of the bars is the total GPP. Bars sharing the same letters
are not significantly different (Mann-Whitney U-tests, p>0.05, see
table 5 for data). The notation on top of the bars is for the total
GPP only.

Table 2 Community metabolic rates for the inverse model

solutions

Flow North-low  North-high ~ South-low  South-

Chl Chl Chl high Chl
PPlarge 6+5 29+4 13+6 69+72
PPsmall 28+7 65422 19+6 46145
GPP 3442 94425 3247 115117
NPP 2542 69+18 2345 8582
CR 23+1 54423 18+6 77+87
NCP 11+1 40+17 1442 38430
MIC 1443 25+13 943 22426
KRI 7+1 16+8 62 30431

Note: PPlarge: gross primary production by large phytoplankton
(diatoms). PPsmall: gross primary production by small
phytoplankton (cryptophytes). GPP: total gross primary
production (PPlarge+PPsmall). NPP: net primary
production=GPP-phytoplankton respiration. CR:
community respiration = sum of all respiration rates.
NCP: Net community production = GPP-CR (= export
from system at steady state). MIC: total ingestion by
microzooplankton of all diet items (Figure 2). KRI: total
ingestion by krill. All units mmolC-m2.d".

Chl years in the north and south to ~100 mmolC-m™.d"" for
the high-Chl years (Figure 5 and Table 2). PPlarge and total
GPP were each significantly different in the northern high vs
low Chl years (Figure 5). In the south, the contrast between
high and low Chl years resembled the north, but neither
total GPP nor its components PPlarge and PPsmall differed
significantly between high- and low Chl years, because of
small sample sizes and high variability in the southern high
Chl region in 2006 (Tables 3, 4). PPlarge and PPsmall also
differed from each other significantly in the north, but not
the south. There was no evidence for GPP having a greater
proportion of PPlarge in high-Chl years.

When observations of flows associated with high
and low Chl years were pooled, there were no significant
differences in characteristic flows between the north and south
penguin foraging regions of our study region (Figure 6a,
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Figure 6 Box plots of selected model flows for the high- and
low-Chl anomaly years in the north and south regions. a, High and
low Chl years pooled, comparing differences between the north
and south regions; b, North and south regions pooled, comparing
differences between high and low anomaly years. In b, the
significance level is included above pairs of samples that differed
significantly (Mann-Whitney U-tests, ns-not significantly different,
see Table 5 for data). In box plots, the box indicates the middle
75% of the data, and the bars show the 10 and 90 percentiles. The
line through each box is the median.
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Table 3 Comparison of inverse model intercompartmental flows in North and South study regions (Figure 6a). Years with high and
low Chlorophyll anomalies (CHL) were pooled. Results (p values) of Mann-Whitney U-tests are shown at bottom of table.
Abbreviations as in Table 2

Year Region = CHL PPlarge PPsmall GPP C Resp NCP Micro Kri

1995 N H 25.54 39.57 65.11 34.46 30.65 15.72 10.10
1996 N H 32.95 76.00 108.95 49.64 59.31 20.91 12.49
2006 N H 27.61 80.58 108.19 79.34 28.85 39.80 24.43
1997 N L 6.50 28.05 34.55 22.14 12.41 13.08 6.60
1998 N L 11.13 20.81 31.94 21.77 10.17 11.19 7.67
2004 N L 0.60 35.55 36.15 24.43 11.72 16.47 6.10
Mean N HL 17.39 46.76 64.15 38.63 25.52 19.53 11.23
Std Dev N HL 13.06 25.30 36.46 22.60 18.85 10.47 6.89
2002 S H 17.92 13.98 31.90 14.90 17.00 3.95 8.06
2006 S H 120.40 77.38 197.78 138.53 59.25 40.19 52.39
1997 S L 17.37 17.65 35.02 19.70 1532 8.67 6.55

1998 S L 8.44 12.47 20.91 9.65 11.26 4.47 3.14
2003 S L 7.87 27.65 35.52 22.39 13.13 12.13 6.78
2004 S L 18.58 16.74 35.32 20.61 14.71 9.24 7.53

Mean S HL 31.76 27.65 59.41 37.63 21.78 13.11 14.08
Std Dev S HL 43.69 24.94 68.02 49.65 18.46 13.62 18.85

U-tests NvsS H&L 0.937 (ns) 0.065 (ns) 0.394 (ns) 0.132 (ns) 1.000 (ns) 0.093 (ns) 0.529 (ns)

Table 4 Comparison of inverse model intercompartmental flows in high and low Chlorophyll anomaly years (Figure 6b). North and
South study regions were pooled. Results (p values) of Mann-Whitney U-tests are shown at bottom of table. Bold values are
significant. Abbreviations as in Table 2

Year Region CHL PPlarge PPsmall GPP C Resp NCP Micro Kri
1995 N H 25.54 39.57 65.11 34.46 30.65 15.72 10.10
1996 N H 32.95 76.00 108.95 49.64 59.31 2091 12.49
2006 N H 27.61 80.58 108.19 79.34 28.85 39.80 24.43
2002 S H 17.92 13.98 31.90 14.90 17.00 3.95 8.06
2006 S H 120.40 77.38 197.78 138.53 59.25 40.19 52.39
Mean NS H 44.88 57.50 102.39 63.37 39.01 24.11 21.49
Std Dev NS H 42.56 29.52 62.32 48.16 19.23 15.75 18.40
1997 N L 6.50 28.05 34.55 22.14 12.41 13.08 6.60
1998 N L 11.13 20.81 31.94 21.77 10.17 11.19 7.67
2004 N L 0.60 35.55 36.15 24.43 11.72 16.47 6.10
1997 S L 17.37 17.65 35.02 19.70 15.32 8.67 6.55
1998 S L 8.44 12.47 20.91 9.65 11.26 4.47 3.14
2003 S L 7.87 27.65 35.52 22.39 13.13 12.13 6.78
2004 S L 18.58 16.74 3532 20.61 14.71 9.24 7.53
Mean NS L 10.07 22.70 32.77 20.10 12.67 10.75 6.34
Std Dev NS L 6.28 8.04 5.40 4.84 1.85 3.79 1.52
U-tests N&S HvsL 0.005 0.012 0.073 0.073 0.003 0149 0.003

(ns) (ns) (ns)
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Table 3). In contrast, when the north and south regions were
pooled, all the tested flow magnitudes tended to be higher in
the high-Chl years (Figure 6b). However not all values were
statistically different between the High- and Low-Chl years.
There were significant differences between high and low Chl
years for PPlarge, PPsmall, NCP, and krill ingestion (Figure
6b, Table 4). GPP, CR and microzooplankton ingestion were
not significantly different between high and low Chl regimes.
The latter result suggests the overall importance of microbial
flows across systems in our study region, because PPsmall
and microzooplankton tend to dominate the community
production (e.g., Figure 5) and PPsmall, microzooplankton
and bacteria are responsible for ~60% of the respiration across
our study areas (Figure 8c).

3.3 Structure of trophic and biogeochemical flow networks

In addition to PPlarge and PPsmall, we focus on the total
ingestion rates by microzooplankton and krill as indicators
of variations in trophic (foodweb) structure, and on GPP,
NCP and community respiration (CR) as indicators of
biogeochemical flow structure. Variations in trophic and
biogeochemical flows were driven by the total GPP as well
as PPlarge and PPsmall, consistent with our hypothesis
(Table 5, Figures 7, 9—11). Both microzooplankton and
krill ingestion rates were significantly correlated with
PPlarge (Figure 7), but the microzooplankton relationship
was weaker and not correlated if the high value from the
southern high-Chl anomaly year of 2006 was removed from
the calculation (Table 5). Krill ingestion was significantly
correlated with both PPlarge and PPsmall even when 2006

Table 5 Statistics for regressions of modeled community
metabolic rates. See Figures 7, 10 for examples.
Abbreviations as in Table 2

Err(i:;e)r R;sr;())i)lr;se Slope r Significance
PP large C Resp 0.99 0.76 »<0.000 1
PP large NCP 0.42 0.54 »<0.001

PP large MIC 0.24 0.33 p<0.05

PP large* MIC 0.12 0.03 p =0.46 (ns)
PP large KRI 0.41 0.88 »<0.000 1
PP small C Resp 0.99 0.63 »<0.000 1
PP small NCP 0.51 0.66 »<0.000 1
PP small MIC 0.42 0.80 »<0.000 1
PP small KRI 0.30 0.40 »<0.001

GPP C Resp 0.68 0.95 p<0.000 1
GPP NCP 0.32 0.81 p<0.000 1
GPP NCP* 0.77 -27.8 p <0.001

GPP MIC 0.22 0.76 p<0.000 1
GPP KRI 0.24 0.86 p<0.0001
MIC KRI 0.82 -0.57 »<0.000 1

Note: * high 2006 value removed from regression; ” observed data
(Figure 10b).
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Figure 7 Regressions of modeled flows. a, Microzooplankton
ingestion rate vs large phytoplankton production; b, Krill ingestion
rate vs large phytoplankton production. See Figure 10 legend for
explanation of plot symbols and statistics.

was not considered. The significant relationship with PPsmall
(Table 5) is likely due to a significant dependence of krill
ingestion on microzooplankton ingestion (Figure 9). These
relationships further emphasize the importance of microbial
foodweb processes across the region, and in both high- and
low-Chl years. NCP was significantly correlated with GPP
both in observations from 2008—2010 and in the model
results for 1995—2006 (Figure 10). Community respiration
and NCP were significantly correlated with PPlarge (Table 5) and
PPsmall (Figure 11). The latter relationship is not consistent
with our hypothesis, suggesting that the foodweb initiated
with small phytoplankton has a mechanism for efficiently
exporting particulate matter. This possibility is discussed
further below.

3.4 Fate of GPP and other flows

The fate of the GPP summarizes the principal biogeochemical
flows in an ecosystem, such that the allocation of the GPP
to different processes (e.g. grazing, DOC production,
respiration, Figure 8a) is a good indicator of the foodweb
structure. Grazing was the most important fate for the total
GPP. Grazing on small phytoplankton was the largest single
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fate for GPP in northern high and low-Chl years, and in the
southern low-Chl years. Even though grazing was the largest
sink for the GPP, over half the total GPP was not grazed
across regimes. A constant fraction (26%) of the GPP was
lost to respiration across regimes, while losses to DOC and
detritus together accounted for 15%—20% of the total GPP.
DOC production plus microzooplankton grazing, an index of
microbial foodweb activity, accounted for 43% and 56% of
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Figure 9 Regressions of modeled krill ingestion rates vs
microzooplankton ingestion rates (1995—2006). The regression
(dashed straight line) statistics are for all years in both regions.
Curved dashed lines are 99% confidence limits.

GPP in the high and low Chl years, respectively. In contrast,
krill grazing plus ungrazed large phytoplankton, a reflection
of the diatom-krill pathway, was 24% of GPP in the high Chl
years in the north and south, compared to 14% in the low Chl
regimes.

44%—71% of the NCP was from unconsumed
phytoplankton (Figure 11b), demonstrating the importance of
trophic mismatch or uncoupling in the WAP system. NCP was
higher in high Chl years than low (Figure 6, Table 2), but the
proportion of GPP allocated to NCP was similar across the
high and low Chl regimes. NCP was dominated by particle
accumulation, but DOC contributed 22%—29% of the total
NCP across regimes (Figure 8b).

The major grazing processes were mostly uniform
across regimes (Figure 8c) and dominated by herbivory on
PPsmall (Figures 8a, 8c). Community respiration was 60%
heterotrophic in both high and low Chl regimes (Figure 8d).
Krill and microzooplankton + bacteria each accounted for
~50% of the heterotrophic respiration in high and low Chl years.

4 Discussion

4.1 Antarctic phytoplankton blooms, biomass

accumulation, and foodweb structure

Marine phytoplankton and bacteria profoundly affect
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Figure 10 Regressions of modeled and observed flows. a,
modeled NCP vs GPP, pooling all north and south region years
(1995—2006). Small open circles and triangles: non-anomaly
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confidence limits. b, observed NCP vs GPP (2008—2010) from
Huang et al.l*

global biogeochemical cycles™**"!. Both theory™*! and
marine ecosystem models®**"! with sufficient complexity
to embody different foodweb structures (e.g., dominance
by different phytoplankton functional types and/or by large
versus small cells) suggest that major biogeochemical
processes such as CO, exchange, NCP and export are
strongly influenced by variations in phytoplankton size
and trophic structure. Basic theory and many observations
suggest that large cells enhance particle export, while
plankton ecosystems dominated by small phytoplankton
cells have lower export rates and greater recycling efficiency,
primarily because small particles sink more slowly and are
less efficiently transferred up foodchains to larger organisms.
Indeed, the diatom-dominated spring bloom in the subpolar
North Atlantic has a pronounced annual export event™ with
pronounced CO, drawdown, whereas the oligotrophic North
Pacific Subtropical Gyre has very low export™. In Antarctic
seas, diatom blooms can efficiently strip macronutrients from
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Figure 11 Regressions of modeled flows. a, community

respiration rate vs small phytoplankton production; b, net
community production rate vs small phytoplankton production.
See Figure 10 legend for explanation of plot symbols and
statistics. See Table 4 for all regression statistics.

the water column®*%, affecting the elemental composition of
export™®, surface layer CO, and air-sea gas exchange™’.

Shifts in phytoplankton community structure are
associated with changes in phytoplankton standing stocks.
In particular, shifts in the size distribution of Chl and GPP
accompany changes in bloom magnitude. Large-celled
phytoplankton (diatoms) tend to be favored during high
Chl anomalies, and smaller phytoplankton (cryptophytes)
dominate when Chl is lower™, Cryptophytes are also
favored by local warming and increased inputs of glacial
meltwater®* ], The overall result of these connections and
changes is lower phytoplankton availability, and a larger
fraction of cryptophytes in phytoplankton communities along
the WAP, especially in the north®”. Smaller cells are not
efficiently filtered by krill, exacerbating the effects of lower
Chl stocks for upper tropic levels.

We observed a pattern of interannual variation of Chl
in the offshore region corresponding to that documented by
Saba et al.”*! using the Palmer Station nearshore dataset.
The similarity in the two datasets (nearshore vs offshore
stations) confirms that the nearshore phytoplankton bloom
records shown in Figure 3 reflect the wider regional-scale
variability”*", Not all regions of the WAP exhibit these
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conspicuous blooms. Another nearshore long-term time series
in the region demonstrates that phytoplankton blooms are
strongly inhibited (Chl< 2 mg-L™") at fjordic Potter Cove, King
George Island, where high summer temperatures increase
water column stability, but also enhance glacial runoff
containing large amounts of sediment that prevents light
penetration!®. Interannual variability of bloom magnitude at
Palmer and Rothera Stations is driven by winter ice extent
and spring-summer water column stability, alleviating light
limitation>%,

In areas where large blooms occur, the amount of net
production left after accounting for losses to respiration
reflects the small imbalance between production and
utilization in an ecosystem!®. Although blooms may be
dramatic events (Figure 3), the accumulation of ungrazed
and unrespired biomass is nearly always much less than the
total amount of production that could have been realized as
biomass accumulation in the absence of losses®!. Plankton
ecosystems are seldom far out of balancel**"),

Net community production is the amount of
accumulated particulate and dissolved organic matter
production remaining after accounting for respiratory
losses®™. Thus the NCP is a sensitive measure of ecosystem
state. Model-estimated NCP rates for 1995—2006 were 11—
40 mmolC-m™.d", in the lower part of the observed range for
2008—2010"), NCP was 33%—43% of the model-estimated
GPP, near the top end of the range derived by Huang et
al.™!. Our values are averages for the midsummer period.
Direct measurements show that NCP can be negative, when
community respiration exceeds the GPP, usually in the early
spring and fall, or on cloudy days®®), but the mean condition
in summer tends to be dominated by positive NCP and
NCP: GPP ratios averaging 30%!".

Saba et al.l'! linked this pattern of interannual Chl
variability (and thus primary productivity) to krill recruitment
success as seen in the long-term records of diet composition
of Adélie penguins foraging in the Anvers Island region.
Penguin chick survival in turn is linked to foraging success™*".
These results provide a mechanistic explanation for the
hypothesized regulation of long-term penguin breeding
success and failure by climate variability as modulated
through sea ice extent and duration, and water column
stability!”. This explanation is founded on the dynamics of
the classical Antarctic diatom-krill-penguin foodchain (i.e.,
the large phytoplankton foodchain), a short, efficient pathway
that supports a guild of large predatorst’. However, as in
lower-latitude oceans, the microbial foodweb initiated by
small phytoplankton, with microzooplankton grazers and
bacteria, also appropriates a significant fraction of the total
carbon flow in the WAP system>**"**"™_ Qailley et al.’s®®’
inverse model solutions provide a detailed analysis of decadal
foodweb variability of this ecosystem. Their model solutions
show that the relative importance of the microbial and
diatom-krill-penguin (i.e., small vs large) foodchains varies
in time and space along the WAP. Importantly, the microbial
foodchain is not simply a sink that detours energy away
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from higher trophic levels. Krill are not strictly herbivores,
but can consume smaller zooplankton'; thus the microbial
foodweb provides an important subsidy into the krill-penguin
association (e.g. Figure 2).

This conceptual model does not appear to apply to
Antarctic polynya regions such as the Ross and Amundsen
seas, where the haptophyte Phaeocystis antarctica forms large
blooms!™. Phaeocystis has small, single-celled swarmers but
also forms large multicellular colonies, blurring the distinction
between small and large phytoplankton regimes. In addition,
Phaeocystis in its large, colonial stage is not a preferred food
for Antarctic krill"",

4.2 Role of phytoplankton size and status of ecosystem
change along the WAP

Along the WAP, spatial and temporal variations in Chl and
primary production are governed by the advance, retreat,
extent and duration of sea ice cover™"7¥, The WAP region
is currently experiencing rapid and significant regional
warming on an annual basis and especially in winter!”*
811 A major consequence and driver™ of this warming
has been loss of sea-ice cover, manifested in later dates of
advance, earlier retreat, and consequent declines in extent
and duration™®!, Moreover, there is a pronounced gradient
of ice cover along the WAP, with longer duration and greater
extent in the south and shorter duration and lesser extent in
the north (Figure 3). The LTER study region (Figure 1) along
the WAP now experiences roughly 100 d less ice cover than
at the beginning of the satellite record in 1978.

As a result of these changes, the magnitude of primary
production and phytoplankton community composition are
also changing in space and time, with consequences for
plankton foodweb and biogeochemical dynamics and higher
trophic levels®!. In the north, lower winter ice extent is
associated with weaker water column stability in the spring.
This change in ocean mixed layer climate is associated with
lower Chl (and thus, lower production rates) during the spring
bloom[25,59,63].

Our inverse model results are not so clear as
earlier surveys and model generalizations may suggest.
Phytoplankton productivity was clearly associated with high
Chl in observations and models. The relative importance
of major biogeochemical processes such as grazing, DOC
cycling and NCP were more or less uniform across the north
and south, and in high and low Chl years. In particular, NCP,
the major determinant of export magnitude, was the same
fraction (30%—40%) of the total GPP in the high and low Chl
years. Notably, the NCP fraction of GPP remained the same
even when it was dominated by small phytoplankton (Figures
8a, 8b). These results suggest that a foodweb characterized
by smaller phytoplankton may be equally efficient at
exporting production as a large-phytoplankton system.
In the Equatorial Pacific, another inverse model analysis
showed that the role of small cells in the export was directly

proportional to their abundance in the productive layer®**],
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In other words, larger, more rapidly-sinking phytoplankton
(particularly dense, mineralized forms like diatoms) did not
have a disproportionate effect on export, although Stukel and
Landry® suggested that result may have been a consequence
of assumptions underlying their model. Observations along
the WAP also support the hypothesis that smaller cells
can contribute importantly to the export. The highest NCP
estimates in 2008 in the LTER study region were at stations
dominated by cryptophytes, not diatoms!¥. This may be
because microzooplankton funnel small phytoplankton
production into krill and salps that produce rapidly-sinking
fecal pellets®” (Figure 8).

S5 Summary

Long term observations in the north and south offshore
regions of the study region showed a characteristic
pattern of Chl variability: four to six years of negative
Chl anomalies interrupted by one-two years of positive
anomalies, consistent with an established pattern observed
in the nearshore region at Palmer Station (Question 1 in
Introduction). Time series results (1995—2006) from an
inverse foodweb model were examined to test if patterns of
major trophic flows (size-dependent primary production and
grazing rates) and biogeochemical fluxes (gross primary and
net community production and community respiration rates)
were consistent with hypotheses about foodweb dynamics in
high- and low-Chl years.

There were no significant differences between
corresponding model flows in the north and south regions
of the study area; however, primary production by large
and small phytoplankton, community respiration and krill
ingestion rates differed significantly between high- and low-
Chl years, consistent with expectations about foodweb trophic
and biogeochemical dynamics (Question 2). In contrast,
the patterns of relative flow magnitudes such as the ratio
of NCP to GPP or the sources of community respiration
and fates of GPP were similar between high and low Chl
years, contradicting our hypothesis about the dependence of
biogeochemical processes on phytoplankton size (Question 3).
It is possible that these results are the result of small sample
sizes, and that a longer model or observational time series will
show clearer patterns.

Several observations supported the recently recognized
importance of microbial processes in Antarctic waters. Krill
ingestion was significantly correlated with microzooplankton
ingestion rates, and with small phytoplankton productivity.
Large and small phytoplankton production rates were similar
in high and low Chl years, as were krill and microbial
respiration rates. These results suggest that foodwebs
dominated by small phytoplankton can have pathways that
funnel production into NCP, and likely, export.
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Supplementary Table 1 Summary of averaged intercompartmental flows for inverse model solutions for North region. Flows were
averaged over high- and low-Chl anomaly years as shown in Figure 4. Flow units mmolC-m™.d"" and
normalized to the total Gross Primary Production (GPP). The FISH compartment is not included in the North
region. Flows > 5% GPP are highlighted in bold.

North Region Negative Chlorophyll nomalies Positive hlorophyll nomalies

Compartment Throughput Norm GPP Throughput Norm GPP
PPlarge 6.08 0.18 28.70 0.31
PPsmall 28.14 0.82 65.38 0.69
Mic 13.58 0.40 25.48 0.27
Kri 6.79 0.20 15.67 0.17
Fish na na na na
Pen 0.004 0.00 0.004 0.00
Det 4.61 0.13 8.90 0.09
DOC 8.28 0.24 17.23 0.18
Bac 5.05 0.15 8.26 0.09
Sal 0.39 0.01 0.05 0.00
Exp 11.43 0.33 39.61 0.42
Flow Avg flow SD low Norm GPP Avg flow SD Flow Norm GPP
PhyL to mic 0.43 0.38 0.01 1.42 0.29 0.02
PhyS to mic 11.94 2.97 0.35 20.01 13.42 0.21
Det to Mic 1.04 0.17 0.03 3.32 1.20 0.04
Bac to Mic 0.17 0.02 0.00 0.73 0.52 0.01
DOC to Bac 5.05 0.31 0.15 8.26 6.15 0.09
PhyL to Lkri 1.92 1.72 0.06 4.85 430 0.05
Mic to kri 4.44 0.89 0.13 8.46 4.60 0.09
Det to Kri 0.43 0.09 0.01 2.36 1.65 0.03
PhyS to sal 0.27 0.27 0.01 0.04 0.06 0.00
Mic to sal 0.11 0.10 0.00 0.01 0.02 0.00
Det to Sal 0.01 0.01 0.00 0.00 0.00 0.00
Bac to Sal 0.01 0.01 0.00 0.00 0.00 0.00
Kri to Pen 0.00 0.00 0.00 0.00 0.00 0.00
Fish to pen na na na na na na
Kri to fish na na na na na na
Resp phL 1.63 1.42 0.05 7.64 0.79 0.08
Resp phS 7.36 1.93 0.22 17.65 6.10 0.19
Resp bac 3.24 0.31 0.09 6.45 6.15 0.07
Resp mic 5.00 1.07 0.15 9.29 4.96 0.10
Resp sal 0.17 0.17 0.00 0.02 0.03 0.00
Resp kri 5.39 0.79 0.16 13.43 6.97 0.14
Resp pen 0.00 0.00 0.00 0.00 0.00 0.00

(To be continued)
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(Continued)

Resp Fish na na na na na na

PhL to DOC 1.14 0.99 0.03 4.72 0.60 0.05
PhS to DOC 3.99 1.12 0.12 6.58 5.62 0.07
Bac to DOC 0.22 0.03 0.01 0.38 0.26 0.00
Mic to DOC 1.52 0.28 0.04 2.86 1.29 0.03
Sal to DOC 0.07 0.06 0.00 0.01 0.01 0.00
Kri to DOC 0.82 0.06 0.02 1.91 0.85 0.02
Pen to DOC 0.00 0.00 0.00 0.00 0.00 0.00
Fish to DOC na na na na na na

Det to DOC 0.53 0.07 0.02 0.78 0.21 0.01
PhL to Det 0.13 0.11 0.00 0.87 0.51 0.01
PhS to Det 0.38 0.20 0.01 222 2.10 0.02
Bac to Det 1.41 0.05 0.04 0.70 0.78 0.01
Mic to Det 2.52 0.40 0.07 4.86 1.84 0.05
Salp to Det 0.16 0.15 0.00 0.02 0.03 0.00
Kril to Det 0.02 0.01 0.00 0.24 0.39 0.00
Pen to Det 0.00 0.00 0.00 0.00 0.00 0.00
Fish to Det na na na na na na

Exp Phl 0.82 0.67 0.02 9.21 6.22 0.10
Exp PhS’ 4.20 1.17 0.12 18.90 11.69 0.20
Exp Salp 0.01 0.01 0.00 0.00 0.00 0.00
Exp Krill 0.55 0.38 0.02 0.09 0.04 0.00
Exp Pen 0.00 0.00 0.00 0.00 0.00 0.00
Exp Fish na na na na na na

Exp Det 2.61 0.25 0.08 2.44 243 0.03
Exp DOC 3.24 0.17 0.09 8.97 2.38 0.10

(To be continued)
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(Continued)
Compartment Throughput Norm GPP Throughput Norm GPP
PPlarge 13.07 0.41 69.16 0.60
PPsmall 18.63 0.59 45.68 0.40
Mic 8.63 0.27 22.07 0.19
Kri 6.00 0.19 30.23 0.26
Fish 0.16 0.00 0.15 0.00
Pen 0.08 0.00 0.08 0.00
Det 4.20 0.13 10.97 0.10
DOC 7.19 0.23 25.07 0.22
Bac 421 0.13 13.97 0.12
Sal 0.02 0.00 0.47 0.00
Exp 13.60 0.43 38.13 0.33
Flow Avg flow SD Flow Norm GPP Avg flow SD flow Norm GPP
PhyL to mic 0.71 0.38 0.02 3.31 4.11 0.03
PhyS to mic 6.30 3.65 0.20 14.89 20.44 0.13
Det to Mic 1.18 0.15 0.04 3.18 1.84 0.03
Bac to Mic 0.44 0.52 0.01 0.68 0.77 0.01
DOC to Bac 421 0.80 0.13 13.97 14.25 0.12
PhyL to Lkri 2.54 1.60 0.08 19.42 26.89 0.17
Mic to kri 2.80 1.13 0.09 6.92 8.32 0.06
Det to Kri 0.66 0.47 0.02 3.89 3.87 0.03
PhyS to sal 0.01 0.02 0.00 0.33 0.46 0.00
Mic to sal 0.01 0.01 0.00 0.12 0.12 0.00
Det to Sal 0.00 0.00 0.00 0.01 0.01 0.00
Bac to Sal 0.00 0.00 0.00 0.01 0.01 0.00
Kri to Pen 0.04 0.00 0.00 0.04 0.00 0.00
Fish to pen 0.04 0.00 0.00 0.04 0.00 0.00
Kri to fish 0.16 0.01 0.00 0.15 0.01 0.00
Resp phL 3.39 1.63 0.11 17.50 22.65 0.15
Resp phS 4.96 1.71 0.16 12.40 12.68 0.11
Resp bac 2.00 0.80 0.06 11.76 14.25 0.10
Resp mic 3.09 1.19 0.10 8.12 9.50 0.07
Resp sal 0.01 0.01 0.00 0.22 0.28 0.00
Resp kri 4.52 2.05 0.14 26.60 28.05 0.23
Resp pen 0.06 0.00 0.00 0.06 0.00 0.00

(To be continued)
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(Continued)
Resp Fish 0.06 0.00 0.00 0.06 0.00 0.00
PhL to DOC 2.34 1.02 0.07 10.97 13.32 0.10
PhS to DOC 2.01 1.61 0.06 7.12 6.75 0.06
Bac to DOC 0.57 0.26 0.02 0.42 0.44 0.00
Mic to DOC 0.99 0.35 0.03 2.49 2.82 0.02
Sal to DOC 0.00 0.00 0.00 0.07 0.10 0.00
Kri to DOC 0.72 0.18 0.02 3.32 3.38 0.03
Pen to DOC 0.01 0.00 0.00 0.01 0.00 0.00
Fish to DOC 0.02 0.00 0.00 0.02 0.00 0.00
Det to DOC 0.52 0.03 0.02 0.64 0.17 0.01
PhL to Det 0.49 0.26 0.02 1.59 0.25 0.01
PhS to Det 0.49 0.24 0.02 3.57 4.25 0.03
Bac to Det 1.20 0.68 0.04 1.09 1.20 0.01
Mic to Det 1.75 0.50 0.06 4.42 4.86 0.04
Salp to Det 0.01 0.01 0.00 0.17 0.22 0.00
Kril to Det 0.21 0.40 0.01 0.08 0.11 0.00
Pen to Det 0.01 0.00 0.00 0.01 0.00 0.00
Fish to Det 0.03 0.01 0.00 0.03 0.00 0.00
Exp Phl 3.59 1.52 0.11 16.38 5.24 0.14
Exp PhS’ 4.86 0.40 0.15 7.36 8.74 0.06
Exp Salp 0.00 0.00 0.00 0.01 0.01 0.00
Exp Krill 0.35 0.20 0.01 0.03 0.02 0.00
Exp Pen 0.00 0.00 0.00 0.00 0.00 0.00
Exp Fish 0.00 0.00 0.00 0.00 0.00 0.00
Exp Det 1.82 1.19 0.06 3.24 4.36 0.03
Exp DOC 2.98 0.74 0.09 11.10 11.51 0.10




