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ABSTRACT

Copepods are the dominant mesozooplankton in the Southern Ocean, but long-
term change in their abundance and distribution along the Western Antarctic Peninsula
(WAP), a region experiencing rapid climate warming, is unknown. Copepods are also
potentially important grazers of phytoplankton in the WAP and contributors to carbon
export through production of sinking fecal pellets. I examined summer (January-
February) copepod community structure and abundance along the WAP over two decades
(1993-2013) and investigated long-term trends in copepod abundance and their
relationship with environmental parameters (sea ice, phytoplankton biomass and
productivity, climate indices, and sea surface temperature). Copepods comprised on
average 81% of total mesozooplankton abundance in the WAP; the copepod community
was dominated by a few species that included Metridia gerlachei, Oithona spp., and
Calanoides acutus. There was a significant long-term increase in total copepod
abundance over time, with higher abundances in years with earlier sea ice retreat and
higher phytoplankton biomass and productivity. Trends for individual species reflected
feeding and life cycle strategies, but generally followed those of total copepods. To
examine the impact of copepod grazing on phytoplankton and contribution to carbon
export, I conducted grazing and fecal pellet production experiments with the large
dominant copepods (Calanus propinquus, Rhincalanus gigas, and C. acutus) in the WAP
each January from 2012 to 2014. Copepods have a low overall impact on grazing of
phytoplankton biomass (<1%) and productivity (1%, up to 11%). Copepods were likely
feeding on other sources of carbon (i.e., protozoans and metazoans) besides
phytoplankton to meet metabolic demands, especially in the offshore, slope region and in
low chlorophyll a conditions. Fecal pellet production (egestion) rates were high, ranging
from 0.82 (R. gigas) to 37.3_uC ind. day™ (Paraeuchaeta antarctica), and did not exhibit
regional trends. My results suggest mechanisms leading to interannual variability of
summer copepod abundance and grazing in the WAP can be used to predict how
copepods will respond to future environmental changes and may affect the flow of carbon
through the food web and the export of carbon to depth.

Miram Rayzel Gleiber

SCHOOL OF MARINE SCIENCE
THE COLLEGE OF WILLIAM AND MARY IN VIRGINIA

X1



LONG-TERM CHANGE IN COPEPOD COMMUNITY STRUCTURE IN THE
WESTERN ANTARCTIC PENINSULA:
LINKAGE TO CLIMATE AND IMPLICATIONS FOR CARBON CYCLING



CHAPTER 1

Introduction



Climate Change in the Western Antarctic Peninsula: physical & biological interactions

The Western Antarctic Peninsula (WAP) is experiencing one of the most rapid
rates of warming on Earth; since 1950 the annual mean midwinter air temperature has
increased by 6°C (Vaughan et al. 2003). The WAP is also a region of high seasonal
productivity due to upwelling of warm, nutrient rich Upper Circumpolar Deep Water
onto the continental shelf, resulting in warming of the region with increased ocean heat
content (Martinson et al. 2008, Ducklow et al. 2012). Decadal-scale climate oscillations
due to the Southern Annular Mode (SAM) and El Nifio Southern Oscillation (ENSO) also
impact climate variability in the WAP (Stammerjohn et al. 2008b). As a result of long-
term warming sea ice in the WAP advances later and retreats earlier, resulting in shorter
ice seasons, and coverage that has decreased by 40% since 1990 (Stammerjohn et al.
2008a).

Sea ice dynamics are intrinsic to the ecosystems of the Southern Ocean. Changes
in magnitude and timing of sea ice cover over the last few decades, especially in the
northern WAP, have led to a latitudinal ‘climate gradient’. These changes have affected
the pelagic food web from plankton to top-predators (Stammerjohn et al. 2008a, Vernet et
al. 2008, Montes-Hugo et al. 2009, Steinberg et al. 2012b, Garzio & Steinberg 2013). In
the far northern WAP, these changes include an 89% decrease in chlorophyll a since
1979 (Montes-Hugo et al. 2009) and dramatic declines in ice-dependent Adelie penguins
(Pygoscelis adeliae) (Ducklow et al. 2012). In contrast, in the southern WAP where sea
ice persists, chlorophyll a has increased 66% during the same period and no decline in

Adelie penguins is apparent.



Macrozooplankton abundance and composition in the WAP also reflect the
changes occurring throughout the Antarctic marine ecosystem due to climate change
(Ross et al. 2008, Steinberg et al. in review). Data from net tows in the Southern Ocean
from 1926-2003 show a significant decrease in Antarctic krill (Euphausia superba) from
1976-1996 in the northern WAP region, while salp densities have increased throughout
much of the entire Southern Ocean (Pakhomov et al. 2002, Atkinson et al. 2004).
However, a recent analysis (Steinberg et al. in review) indicates no decrease in E.
superba in the WAP from 1993-2013 and demonstrates a 5-year cycle in abundance
peaks. Significant long-term changes in other taxa include an increase in the krill
Thysanoessa macrura, and in some carnivorous taxa (polychaete Tomopteris sp., and
amphipods) (Steinberg et al. in review). Zooplankton community structure directly
affects carbon export through fecal pellet production, and changes in the zooplankton
could potentially impact biogeochemical cycling in the WAP as well as affect
trophodynamics (Ducklow et al. 2001, Turner 2002, Ducklow et al. 2008, Steinberg et al.
2012, Atkinson et al. 2012a, Gleiber et al. 2012). Whereas these studies document change
in the dominant macrozooplankton in the WAP, whether long-term climate-mediated
changes in the WAP are reflected in copepod abundance, distribution, or community

structure remains unknown.

Importance of copepods in the Southern Ocean
Copepods dominate mesozooplankton in the Southern Ocean numerically, and
often in biomass. Furthermore, copepods play a critical role in the pelagic food web as

grazers of phytoplankton and microzooplankton, and as food for carnivores (Hopkins



1985, Conover & Huntley 1991, Atkinson 1998, Schnack-Schiel 2001). Southern Ocean
copepods are adapted to the seasonally productive polar environment with variations in
feeding strategy and life cycle ranging from some herbivorous species with winter
diapause, feeding during summer months, to other species feeding year-round as
omnivores and detritivores, and carnivorous species feeding primarily on smaller
copepods (Marin 1988, Yen 1991, Atkinson 1998). Most species exploit the
spring/summer bloom when the dominant copepod species can ingest up to 30% of their
body carbon daily from phytoplankton and daily carbon ingestion can be up to 50% of
primary production (Schnack-Schiel et al. 1985, Atkinson & Shreeve 1995, Li et al. 2001,
Calbet et al. 2006). In comparison, recent studies during summer months in the WAP
found a relatively low grazing impact of the dominant macrozooplankton (krill,
pteropods, salps) that grazed on average <1% of primary production (excluding large salp
blooms which grazed up to 169%) (Bernard et al., 2012). Instead microzooplankton are
the dominant grazers in the WAP, consuming 32% to more than 100% of primary
production (Garzio et al. 2013). However, the role of mid-size/trophic level zooplankton,
the copepods in grazing of phytoplankton is still unknown in the WAP and is crucial to
understanding food web dynamics and energy transfer (Sailley et al. 2013).

In addition to exerting grazing pressure, copepods are also important in export of
particulate organic matter via production of dense, rapidly sinking, fecal pellets. A recent
study examining the contribution zooplankton fecal pellets in WAP sediment trap
samples found that copepods had the second highest contribution by taxa (after krill) to
carbon flux from fecal pellets, contributing an annual average of 22% of the total fecal

pellet POC flux (compared to 72% for krill fecal pellets) (Gleiber et al. 2012).



Furthermore, some species of copepods in the WAP are known to migrate vertically to
below the mixed layer each day (Zmijewska & Yen 1993, Marrari et al. 2011b), and thus
could facilitate export of POC by actively transporting POC consumed in surface waters
via egestion of fecal pellets at depth (Schnetzer & Steinberg 2002, Steinberg et al. 2008).
Thus, studies in the WAP on copepod contribution to flux, as well as grazing, would
further elucidate their importance in biogeochemical cycling and carbon export, as well
as help predict how climate-related changes in individual species might impact

contribution of copepods to grazing and export.

Copepods and environmental change

Copepods, and other mesozooplankton, have relatively short life cycles which
make their populations tightly coupled to environmental conditions, thus they are
important indicators of the effects of climate change on pelagic ecosystems (Richardson
2008, Mackas & Beaugrand 2010). Zooplankton comprise important links in the food
web between primary production and higher trophic levels and changes in the
zooplankton populations can alter ecosystem structure (Steinberg et al. 2012a). Pelagic
ecosystems in the Northern Hemisphere are already experiencing the effect of climate
change on copepods resulting in the loss of commercially important upper trophic levels
(Chiba et al. 2006, Mackas & Beaugrand 2010, Hunt et al. 2011). For example, in the
north-east Atlantic there have been significant geographical shifts since the mid-1980’s in
the copepod community due to warming (Beaugrand et al. 2002), which may have
resulted in decreased recruitment of Atlantic cod larvae due to mismatch in timing

between the larval fish and peaks in copepods of suitable size for them to consume



(Beaugrand et al. 2003). Similar changes have been hypothesized for copepods in the
Southern Ocean (Mackas & Beaugrand 2010, Constable et al. 2014), and could have
detrimental effects on the pelagic food web.

Sea ice extent and duration in the Southern Ocean dictate the timing and
magnitude of the spring/summer bloom that is crucial for food availability, reproductive
timing and larval success of many copepod species (Atkinson et al. 2012b, Burghart et al.
1999, Tarling et al. 2004). Furthermore, polar zooplankton are sensitive to temperature;
increases in temperature result in higher growth and metabolic rates, but higher metabolic
demands can also result in a loss or range shift of some species (Ikeda et al. 2001,
Mackey et al. 2012, Ward et al. 2014). Prior studies in the Southern Ocean have found
short-term correlations between copepod abundance and environmental variables
including temperature, chlorophyll g, sea ice cover, and salinity (Atkinson & Shreeve
1995, Burghart et al. 1999, Marrari et al. 2011a, Mackey et al. 2012). However, this is the
first research to evaluate how copepods respond to environmental changes over the long
term, and to explore the effects of sub-decadal climate oscillations on copepod
populations. Long-term tends in the dominant macrozooplankton indicate correlations
with environmental variables and climate indices that vary among taxa (Loeb et al. 1997,
2008; Loeb and Santora 2013; Ross et al. 2008, in press; Saba et al. 2014; Steinberg et al.
in review). For example, Steinberg et al. (in review) recently found that trends in some of
the dominant macrozooplankton (including chaetognaths, polychaetes, amphipods, salps
and pteropods) were best explained by climate indices (Southern Annular Mode, and the
El Niflo/Southern Oscillation), due to higher abundances in lower ice conditions. Similar

time-series analysis with copepods will further our understanding of changes in the WAP



region due to warming and suggest implications for the future of the pelagic marine

ecosystem there.

Goal and structure of thesis

In my thesis I explore long-term changes in copepod species composition and
abundance and evaluate the impact of copepods on biogeochemical cycling through
grazing and fecal pellet production along the WAP. This study is the first examination of
long-term trends in copepod abundance and the relationship between those trends and
environmental variables/climate indices in the Southern Ocean. Furthermore, this is the
most comprehensive picture to date of the role of copepods in grazing and carbon export
in the southern WAP. The thesis is divided into four chapters, as follows:

Chapter 1- introduces the thesis.

Chapter 2— describes copepod community composition and abundance in the
WAP over a 21-year time series (1993-2013) and examines long-term trends as related to
environmental variables (chlorophyll-a, primary production, sea surface temperature, sea
ice parameters) and climate indices (Southern Annular Mode, and the El Nifio/Southern
Oscillation). Variations in abundance and species composition along latitudinal and
cross-shelf gradients are also evaluated.

Chapter 3— presents results from field experiments quantifying grazing impact and
fecal pellet production of the large, dominant copepod species. I quantified copepod
grazing rates using gut fluorescence analysis of individual animals to determine initial gut
content and gut evacuation rate. | also examined egestion rates with elemental analysis of

fecal pellets and animals. I determined the impact of copepod grazing on primary



production and phytoplankton standing stock, as well as daily body rations, and
compared these between bloom and post-bloom conditions. I compare all my results with
previously published studies that examined grazing, and egestion for meso- and
macrozooplankton.

Chapter 4— concludes the thesis with a summary of my results, implications of my

findings, and provides suggestions for future research.
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Long-term change in the copepod community along the

Western Antarctic Peninsula
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ABSTRACT

Copepods are the dominant mesozooplankton taxa in the Southern Ocean, but
long-term changes in their abundance and distribution along the Western Antarctic
Peninsula (WAP), a region experiencing rapid climate warming, are unknown. We
examined summer (January-February) copepod abundance along the WAP over two
decades (1993-2013) and investigated long-term trends in copepod abundance with
environmental parameters (sea ice, phytoplankton biomass and productivity, climate
indices, and sea surface temperature). Copepods were numerically dominant, and
comprised on average 81% of the total mesozooplankton abundance in the WAP. Seven
taxa constituted 96% of WAP total copepod abundance (Metridia gerlachei, Oithona
spp., Calanoides acutus, Clausocalanidae, Paraeuchaeta antarctica, Oncaea spp., and
Rhincalanus gigas), and Calanus propinquus was an important contributor to copepod
biomass. A significant long-term increase in total copepod abundance was found, with
mostly positive anomalies from 2005-2013. Variation in abundance was best explained
by sea ice retreat and chl a concentration, with higher abundances in lower ice and higher
chl a conditions. Trends for individual species generally followed those of total
copepods. Herbivorous copepods relying on the spring bloom were more abundant
following an early sea ice retreat and during years of high summer chl a. In addition, C.
acutus abundance was closely connected to the Southern Annular Mode (SAM), with
higher abundance following positive SAM and lower ice conditions. The large,

omnivorous copepod C. propinquus, and carnivorous copepod P. antarctica significantly
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increased over time. Omnivorous copepods that spawn year-round had weaker

relationships with sea ice, chl a concentrations, and primary productivity, but abundance
anomalies still suggested an increase over time. Our results suggest mechanisms leading
to interannual variability of summer copepod abundance in the WAP that can be used to

predict how the plankton community will respond to future environmental changes.
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1. INTRODUCTION

Copepods are the numerically dominant mesozooplankton in the Southern Ocean
(Conover & Huntley 1991). They are highly adapted to the short growing season and low
temperatures that characterize the polar environment with a range of feeding and life
cycle strategies (Atkinson 1998). Copepods play a critical role throughout the Southern
Ocean as grazers of phytoplankton and microzooplankton and as food for carnivorous
zooplankton (Dubischar & Bathmann 1997, Kruse et al. 2010). Furthermore, they
contribute to export of particulate organic matter via fecal pellet production (Gleiber et al.
2012). A number of prior studies of copepods in the Southern Ocean have focused on the
abundance and distribution, as well as life cycle and feeding strategies, of the dominant
species (Conover & Huntley 1991, Atkinson 1998, Schnack-Schiel 2001, Atkinson,
Ward, et al. 2012). However, only a few studies have examined their abundance and
distribution in the waters west of the Antarctic Peninsula (Ashjian et al. 2004, 2008;
Lawson et al. 2004; Marrari et al. 2011), one of the most rapidly warming regions on
Earth (Vaughan et al. 2003, Ducklow et al. 2012), and none has examined potential long-
term changes in copepods due to warming or other environmental influences.

The Western Antarctic Peninsula (WAP) is a region characterized by high
seasonal productivity that supports an ecosystem with large summer phytoplankton
blooms and high summer abundance of krill that are food for upper trophic levels, such as
seabirds and marine mammals (Ducklow et al. 2012). However, decreases in the

magnitude and changes in the timing of seasonal sea ice cover in the WAP over the last
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few decades, due to rapid warming, have led to a latitudinal ‘climate gradient’, affecting
food web dynamics with changes at all trophic levels (Ducklow et al. 2012, Montes-Hugo
et al. 2008, Stammerjohn et al. 2008a). For example, in the northern WAP there has been
an 89% decrease in phytoplankton biomass (chlorophyll @) since 1979, while in the
southern WAP where sea ice persists, there has been a 66% increase in phytoplankton
biomass during the same period (Montes-Hugo et al. 2009).

Macrozooplankton abundance and community structure are also affected by
changes occurring throughout the WAP (Ross et al. 2008; Steinberg et al. 2012b, in
review). Data from net tows in the Southern Ocean from 1926-2003 show a significant
decrease in Antarctic krill (Euphausia superba) from 1976- 1996 in the northern WAP
region, while salp densities have increased (Atkinson et al. 2004). However, a recent
analysis by Steinberg et al. (in review) indicates no long-term decrease in E. superba in
the WAP from 1993-2013, rather a 5-year cycle in abundance peaks. Long-term changes
in other taxa have been significant, including an increase in the krill Thysanoessa
macrura and in some carnivorous taxa (polychaete Tomopteris sp., and amphipods)
(Steinberg et al. in review). Abundances of macrozooplankton also correlate with sea ice,
phytoplankton, and temperature, as well as decadal-scale climate oscillations such as the
El Nino Southern Oscillation (ENSO) and Southern Annular Mode (SAM) (Loeb et al.
2008, Loeb and Santora 2012, Saba et al. 2014, Steinberg et al. in review). An inverse-
model for the WAP food web further indicates a shift over the last decade in the northern
WAP from an herbivorous system, with krill as the dominant grazers, to a microbial

system where microzooplankton are the dominant grazers (Sailley et al. 2013).
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While recent analyses document long-term change and effects of environmental
variables on the dominant macrozooplankton in the WAP, spatial and temporal
information on copepods in the region was inadequate to ascertain any long-term change.
This is despite the fact that copepods are the most abundant mesozooplankton taxa year-
round, and in summer they can have an impact on grazing of phytoplankton similar to
krill in some regions (Bernard et al. 2012, Chapter 3). Copepods have short life cycles,
relative to other zooplankton, that span multiple generations per year (small copepods) to
2-years (large copepods) at higher latitudes (Atkinson et al. 1997, Schnack-Schiel 2001,
Chiba et al. 2002). Thus, they are important indicators of the effects of climate change on
pelagic ecosystems (Richardson 2008, Mackas & Beaugrand 2010).

A few studies in the WAP provide a snapshot of the copepod community in the
fall and winter of 2001 and 2002 in Marguerite Bay (Ashjian et al. 2004, Marrari et al.
2011b), but most previous studies of copepods in the WAP took place near the northern
tip (Atkinson & Sinclair 2000; Mackey et al. 2012; Ward et al. 2012a, 2014). In addition,
we lack long-term information on potential environmental drivers of changes in copepod
abundance. Prior studies examined correlations with phytoplankton, temperature, salinity,
and sea ice cover spanning one or two years (Atkinson & Shreeve 1995, Burghart et al.
1999, Ward et al. 2004, Marrari et al. 2011b). Hypothesized changes in the copepod
community in the Southern Ocean include a poleward range shift of sub-Antarctic
species, decreases in polar species, and changes in phenology due to warming (Mackas &
Beaugrand 2010, Mackey et al. 2012, Ward et al. 2014, Constable et al. 2014), as has
been seen in the Northern Hemisphere (Beaugrand et al. 2002, Chiba et al. 2006,

Richardson 2008, Hunt et al. 2011).
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In this study we examine long-term changes in copepod abundance in the WAP,
and what environmental parameters may be driving these changes. We examined total
copepod and individual species/taxa abundance and distribution in summer over two
decades (1993-2013) across the broad continental shelf along the WAP, as part of the
Palmer Antarctica Long-Term Ecological Research (PAL LTER) program. We further
investigated how environmental parameters (sea ice, phytoplankton biomass and
productivity, climate indices, and sea surface temperature) may be driving long-term
trends in copepod abundance. Our results suggest mechanisms leading to interannual
variability of summer copepod abundance in the WAP that can be used to predict how the

copepod community will respond to future environmental changes.
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2. MATERIALS AND METHODS

2.1 Study area and cruises

The Palmer Antarctica Long-Term Ecological Research (PAL LTER) grid,
located along the western Antarctic Peninsula, consists of sampling transect lines spaced
100 km apart extending from Palmer Station in the north (64.77°S, 64.05°W) to Charcot
Island in the south (69.45°S, 75.15°W) (Figure 2.1). Along each line, stations are spaced
20 km apart from the coast to 200 km offshore (Waters & Smith 1992, Ducklow et al.
2012). Zooplankton have been collected on annual research cruises in the austral summer
(approximately 01 January — 10 February) since 1993. Sampling was conducted onboard
the MV Polar Duke from 1993-1997 and the ARSV Laurence M. Gould from 1998-

present (Ross et al. 2008, Steinberg et al. in review).

2.2 Zooplankton collection and analysis

Copepods and other mesozooplankton were collected from 0-300 m in double
oblique net tows using a 1x1m rectangular frame net with 333 pm mesh and cod end.
These tows are one of two types routinely performed on PAL LTER cruises (a larger,
2x2m frame, 700 pm mesh net is used to target larger macrozooplankton such as krill,
salps, and pteropods; patterns in their abundance can be found in Ross et al. 2008, in
press; Bernard et al. 2012; Steinberg et al. in review). The volume of water filtered was
measured with a General Oceanics flowmeter attached to the net frame. Net depth was

determined by a Temperature-Depth Recorder attached to the bottom of a conducting
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hydrowire. From 1993-2008 tows were conducted at each PAL LTER grid station from
the 600 to 200 lines, and from 2009-present on a modified grid extended to the -100 line
in order to include a region with longer duration and greater extent of sea ice (Steinberg
et al. in review). Tow duration was about 45 minutes at a ship speed of 2.0-2.5 knots.
Once onboard usually all Euphausia superba and salps (mostly Salpa thompsoni) were
removed from the sample, enumerated, measured for body length and biovolume (ml),
and preserved separately. The biovolume of the remainder of the sample (minus £.
superba and salps) was measured, and preserved in 4% buffered formaldehyde and stored
for subsequent laboratory analysis. Abundance of juvenile and adult E. superba or salps
(mostly S. thompsoni) are not included in this analysis (Steinberg et al. in review).
Copepod nauplii were present in some tows, but were not enumerated, as the net mesh
size was too large to sample them quantitatively.

We analyzed samples from subregions representative of the north-south, and
coastal-slope gradients of the WAP, including one coastal, one shelf, and one slope
(cross-shelf) station on each of the 600, 400, 200, and -100 sampling lines (Figure 2.1) in
each year of the 21-year time series (1993-2013). Our analyses consider the entire PAL
LTER grid area (‘full grid’), as well as each latitudinal sub-region (600 = ‘far north’, 400
= ‘north’, 200 = ‘south’, -100 = ‘far south’) and cross-shelf region (‘coast’, ‘shelf’,
‘slope’). Latitudinal sub-regions are based on hydrographic and sea ice conditions
(Martinson et al. 2008, Stammerjohn et al. 2008a) and changes in penguin diet (W. Fraser
pers. comm.), and cross-shelf gradient is described in Martinson et al. (2008). To reduce

any variation due to zooplankton diel vertical migration, most samples analyzed were
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from daytime tows (hours of darkness are limited to <4 hr. during our sampling period in
January).

Preserved samples were sieved into three size fractions (>5 mm, 1-5 mm, and
0.33-1 mm) For the latter, a 0.2 mm screen was used as the smallest sieve to ensure no
animals were lost (but we consider the collection net mesh size as the minimum size cut-
off). The entire >5mm size fraction was enumerated, and the two smaller size fractions
were subsampled as follows: the 1-Smm size fraction was split with a Folsom Plankton
Splitter (1-1/64 sample enumerated), and the 0.33-1 mm size fractions were subsampled
using a Stempel pipet (1-1/180 sample enumerated; Postel et al., 2000). The samples
were analyzed using an Olympus SZX10 dissecting microscope with dark/bright field
illumination at 8-20x magnification. Copepods were identified to species, genus or
family, depending on presence of adult stages to confirm identification (Bradford-Grieve
et al. 1999, Vervoort 1951); all other zooplankton were identified by major taxon (see
Appendix 1 for details of zooplankton groups enumerated). The total abundance for each
species or taxon (ind. 1000 m™) was calculated by multiplying by the appropriate split for
each size fraction, summing the three size fractions, and dividing the abundance per

sample by the volume of water filtered through the net (Alden et al. 1982).

2.3 Biovolume analysis and biomass calculation

To estimate copepod biomass, samples from the three most recent years (2011-
2013) were analyzed using an optical imaging system to identify and measure copepod
species. Size-fractionated zooplankton samples (or sub-samples, if animals were too

numerous) were scanned and digitized using the ZooScan optical imaging system at a
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resolution of 2400 dpi (Gorsky et al. 2010). ZooScan images were processed using
ZooProcess and PkID software to detect, enumerate, measure, and classify the digitized
images (Gorsky et al. 2010). Individual biovolume (mm”) for each copepod species was
calculated using measurements of copepod prosome length and width from digitized
silhouette images, and applying an ellipsoid volume formula. We used the mean (+ SD)
dry weight (mg) of larger, abundant copepods (Calanoides acutus = 0.83 + 0.40, adult
Paraeuchaeta antarctica = 4.41 £ 1.45, Calanus propinguus = 1.53 + 0.32, Rhincalanus
gigas = 1.27 £ 0.36) described in Chapter 3 to calculate a body volume to dry weight
conversion. We applied this volume:dry weight conversion to the mean biovolume (mm”;
measured from Zooscan) of all other species to calculate dry weight (mg) per individual
copepod. We calculated the total community biomass for each species or taxon (mg dry
wt. 1000 m™) by multiplying the individual dry weight (mg) by the abundance (ind. 1000

m’3).

2.4 Data analysis

Annual abundances were calculated for the whole PAL LTER grid area from the
mean abundance in all tows. Sub-region mean abundances were calculated separately for
latitudinal (far north, north, south, far south) and cross-shelf (coast, shelf, slope) sub-
regions. Rank Sum and ANOVAs run in SigmaPlot 11.0 were used to compare copepod
abundance and percent composition by species between different latitudinal and cross-

shelf sub-regions.

2.5 Annual abundance anomaly calculation
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Annual anomalies for copepod species, and other zooplankton taxa were
calculated for the whole PAL LTER grid area, and separately for latitudinal and cross-
shelf sub-regions as in Steinberg et al. (in review). Abundance (or biomass) anomaly (A’)
was calculated using the formula:

A'y=logi[A,/ A]
where A, is the mean abundance (or biomass) for year y, and A is the mean of the yearly
means (O’Brien et al. 2008). The direction of the anomaly (i.e., positive or negative) can
be compared between copepod species and sub-region, but the relative magnitude of the
annual anomaly should only be compared with others of the same species within the same

sub-region since each was calculated separately (Steinberg et al. in review).

2.6 Environmental variables and climate indices

To examine environmental effects on copepod abundance we considered the
following environmental variables in our analyses: phytoplankton chlorophyll a (chl a)
and primary production (PP), sea-surface temperature (SST), and sea ice parameters
(duration, ice days, day of advance and day of retreat). Methods for measuring chl a, PP,
SST, and sea ice parameters are described in Steinberg et al. (in review) and
Stammerjohn et al. (2008a). All environmental variable data are available at:
http://oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets. Annual anomalies for chl
a, PP, SST, and sea ice parameters were calculated in the same manner as copepod
abundance anomalies. We also examined the effect of sub-decadal climate oscillations
known to influence the Western Antarctic Peninsula: the Southern Annular Mode (SAM)

(http://www.nerc-bas.ac.uk/icd/gjma/sam.html), and the Multivariate El Nifio Southern
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Oscillation index (MEID) (http://www.esrl.noaa.gov/psd/people/klaus.wolter/MEL/)
(Stammerjohn et al. 2008b, Loeb et al. 2008, Loeb & Santora 2013, Saba et al. 2014). We
use both annual indices and seasonal components: spring (Sept. — Nov.), summer (Dec. —

Feb.), autumn (March — May), and winter (June — Aug.).

2.7 Comparison with environmental parameters and climate indices

Stepwise multiple linear regressions, with data as annual anomalies, were
performed to determine the most important environmental variables and climate indices
accounting for variability in total copepod abundance, and that of individual copepod
species. Parameters included in the model were: chl a, PP, SST, the four ice variables,
and two climate indices (both annual and seasonal components). To investigate
influential parameters resulting from this analysis further, we also performed individual
regressions between time series (in annual anomaly form) of these environmental
parameters and climate indices and copepod abundance.

Regional differences, and time lags between the various environmental
parameters and copepod abundance, were considered in our analyses. For sea ice
latitudinal sub-region analyses, we used annual anomalies for sea ice parameters
measured along the peninsula (i.e. Anvers Island in the far north/north, Avian Island in
the south). Although included in full grid analyses, we did not include the far south (-100
line) in our regional regression analyses, as there were only five years of data from that
region. Regression analyses include environmental variables and climate indices
concurrent with the time of summer (Jan/Feb) sampling (0 lag; for chl a, PP, and SST

only) and with a 1-2 year lag (i.e., prior 1-2 calendar years or Jan/Feb periods, as
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appropriate; for chl a, PP, sea ice parameters and climate indices). For example, a
significant relationship between copepod abundance and 1-yr. lag in ice retreat would
indicate that the Julian day of ice retreat in the austral spring affected copepod abundance
the following January. O-1 yr. lag is considered for total copepods, and individual species.
2-yr lag is only considered, as appropriate, for C. propinquus, C. acutus, P. antarctica
and R. gigas, species known to have a 1-2-yr. life cycle at higher latitudes in the Southern
Ocean (Atkinson 1991, 1998; Atkinson et al. 1997; Schnack-Schiel 2001; Chiba et al.
2002).

The stepwise multiple regression models included variables that explained more
than 10% of variation. Model diagnostics were performed to avoid co-linearity and
influential outliers. All regression analyses and diagnostics were performed using SAS

statistical software. Significance for all statistical analyses was a priori at a = 0.05.

2.8 Principal component analysis

We used principal component analysis (PCA) to analyze the spatial and temporal
similarity among copepod species, as well as effects of environmental variables and
climate indices. PCA included the most abundant copepods (annual abundance anomaly),
environmental variables (in anomaly form), and climate indices, determined from
regression analyses (above). PCA was performed in JMP 11.0.0 for the full grid area, as
well as each sub-region. To examine long-term variations in groupings of copepod
species, we also performed separate PCA for the first (1993-2003) and second (2004-

2013) halves of the time series.
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3. RESULTS

3.1 Copepod abundance and composition
3.1.1 Full grid

Copepods are the numerically dominant mesozooplankton taxa throughout the
WAP and present in all tows enumerated (n = 201), with a mean (+SD) abundance of 7.0
(£9.2) ind. m”> (range = <0.1 — 67.5 ind. m’3) (Table 2.1). Copepods comprised, on
average, 81% of total mesozooplankton (range = 24 — 99%). After copepods, the most
abundant mesozooplankton taxa were chaetognaths (6%), larval euphausiids (5%),
ostracods (4%), and polychaetes (2%). (See Appendix 1 for higher taxonomic resolution
abundance data. Note: E. superba juveniles, adults, and salps were not included in counts,
see Section 2.2; copepod nauplii were not enumerated as the net mesh size was too large
to quantitatively sample them). We excluded one tow (collected in 2011 in the far south
and coast of the PAL LTER grid) from the mean abundance calculations for all taxa,
since total copepod abundance (179 ind. m™, mostly Calanoides acutus and Metridia
gerlachei) was 2.5 times greater than the second largest total copepod catch for the entire
time series. This tow was included in the anomaly calculation.

The numerically dominant copepods throughout the WAP were M. gerlachei,
Oithona spp., C. acutus, those in the family Clausocalanidae, Paraeuchaeta antarctica
(mostly stage IV and V copepodites), Oncaea spp. and Rhincalanus gigas (Table 2.2,

Figure 2.2a,b). Together these species comprised 96% of the total copepod abundance
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(Table 2.2). The rarer copepods (mean = <100 ind. 1000 m™), included Farrania frigida,
Heterorhabdus spp., Scolecithricella minor, Calanus propinquus, Haloptilus spp.,
Gaetanus tenuispinus, those in family Aetideidae, Candacia sp., Euchirella sp., and
Pleuromamma robusta (Table 2.2, Figure 2.2c.d). Collectively the rarer copepods
contributed to only 5% on average of the total copepod abundance, with a maximum of
30%. Oithona spp., Clausocalanidae, Oncaea spp., and Scolecithricella minor are smaller
species (usually <1 mm in prosome length). M. gerlachei, C. acutus and P. antarctica
copepodites were present in both <1 mm and 1-5 mm size fractions, and all other species
were usually >1 mm (Table 2.3). C. acutus in the <1 mm size fraction were usually small
copepodites. With the exception of C. propinquus (for which there was a high biomass),

the rare copepods are not presented in our analyses.

3.1.2 Regional

Difference in total copepod abundance between latitudinal sub-regions was
significant (1-way ANOVA, p < 0.001), with higher abundance (mean + SD) in the far
south (12.9 £ 11.6 ind. m'3) than north (4.5 £ 5.1 ind. m™; Rank Sum, p =<0.001) and far
north (6.5 +9.5 ind.m™; Rank Sum, p = <0.001), and greater abundance in the south (8.4
+ 10.5 ind. m™) than north (Rank Sum, p = 0.002) (Figure 2.2). Mean total copepod
abundance increased from the coast (5.6 + 5.3 ind. m'3) to shelf (6.2 £ 9.6 ind. m>) to
slope (9.6 + 11.7 ind. m™), although this difference was not statistically significant
(Figure 2.2).

Copepods were the most abundant mesozooplankton taxa in all sub-regions,

increasing from far north (76 + 14% of total) to far south (84 + 9%), although this
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difference was not significant. Copepod contribution to total mesozooplankton abundance
slightly decreased from the coast (81 + 13%) to shelf (78 £ 11%) to slope (76 £ 13%),
with a significant difference between the coast and slope (Rank Sum, p = 0.017).

While the same copepod species generally dominated in each sub-region, the
percent contribution differs among regions for some species. For example, M. gerlachei
dominated the copepod community on the coast (42%) and shelf (34%), while on the
slope they only contributed to 15% of total copepod abundance (1-way ANOVA, p =
<0.001). C. acutus and Oithona spp. are the dominant copepod species on the slope,
contributing to 30 and 26% of copepod species composition, respectively. Species
composition also differed among latitudinal sub-regions. R. gigas comprised a lower
proportion of total copepod abundance in the far south (0.5%) than in all other regions
(1.7-2.3%; 1-way ANOVA, p =<0.001), and C. propinquus comprised a higher
proportion in the far south (1.4%) than in the south (0.4%) and the far north (0.2%; 1-way

ANOVA, p = <0.001).

3.2 Copepod biomass and composition

Individual copepod biovolume generally follows the same pattern as prosome
length (Table 2.3). We used average measured dry weight (Chapter 3) to convert
biovolume (Table 2.3) to dry weight, resulting in the following for each species (mg dwt
mm‘3): C. acutus (0.17), C. propinquus (0.15), P. antarctica (0.12), R. gigas (0.08). We
applied the average conversion of the first three (0.15 mg dwt mm ) to the measured
biovolume of all other copepod species (except Haloptilus spp.) to calculate individual

dry weight (mg dwt; Table 2.3). For Haloptilus spp., we applied the biovolume to dry
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weight conversion for R. gigas of 0.08 mg mm™ since both are transparent copepods, and
lighter in weight relative to size than other species.

C. acutus and M. gerlachei dominated total copepod biomass, comprising 41 and
33% of total copepod dry weight, respectively. P. antarctica, R. gigas and C. propinquus
are also important contributors to total copepod biomass (Table 2.2), as they are large-

bodied copepods (Table 2.3).

3.3 Long-term trends in abundance and biomass

Total copepod abundance increased over the 21-year time series over the full grid
area (p = 0.031, 1> = 0.221), with a shift from mostly negative to positive anomalies post-
2005 (Figure 2.3). Large, positive anomalies occurred every other year post-2005 (i.e.
2007, 2009 and 2011). Regionally, this increasing trend was stronger in the far north, and
decreased (fewer positive anomalies) with increasing latitude (Figure 2.3). All cross-shelf
sub-regions also exhibited this shift to mostly positive anomalies post-2005, with a
significant increase in total copepods over the entire time series on the coast (p = 0.017, r’
=0.27) and shelf (p = 0.040, r* = 0.20). Total copepod biomass anomalies generally
mirrored this trend (Figure 2.4), thus all further analyses are presented using abundance
(ind. m’3) data only

Although most copepod species generally mirror the long-term trends for total
copepods across the full grid area and regionally, indicating a long-term increase, only C.
propinquus and P. antarctica significantly increased over the time series (Figure 2.5).

Both species had a strong shift from negative to positive anomalies post-2005 and

significantly increased over the full grid, as well as most sub-regions, especially in the far
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north (Figure 2.5). R. gigas alternated between positive and negative anomalies that
persisted for 5-7 years over the time series: positive from 1994-1997, negative from
1998-2005, and positive from 2006-2012 (Figure 2.6a). This trend is regionally strongest
in the far north and the north (Figure 2.6b). C. acutus follows the general long-term
trends for total copepods, but large, positive anomalies also occurred throughout the time
series (Figure 2.6¢). Despite this, there is an indication of a long-term increase in C.
acutus in the far north, with positive anomalies only occurring in the latter half of the
time series (Figure 2.6d). M. gerlachei, Oithona spp., Clausocalanidae, and Oncaea spp.,

follow a similar trend (Appendix 2).

3.4 Trends with environmental variables and climate indices

Sea ice variables (1-yr. lag; i.e., year prior) and chl a (0-yr. lag) explained the
greatest proportion of the variation in total copepod abundance in our stepwise multiple
regression analyses (partial 1> = 0.45 and 0.23, respectively; Table 2.4). This relationship
was negative with sea ice and positive with chl a (p < 0.05). Higher abundance of
copepods generally followed a year of low sea ice with early retreat, and vice versa
(Figure 2.7). The highest copepod abundances of the time series occurred in the second of
two consecutive years with high chl a, that itself also followed a year of low sea ice/early
retreat (i.e., 2011). But, low chl a was not necessarily indicative of low copepod
abundance. Regionally, sea ice had the greatest influence on copepod abundance, with
the strongest negative correlation in the south (p = 0.001, 1’ = 0.47), and significant
negative correlations in all sub-regions except the far north (Figure 2.8a,b; Appendix 3).

Since total copepod abundance includes all species, these trends generally reflect those of
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the most abundant species. For example, variation in abundance of Clausocalanidae is
also best explained by sea ice variables (1-yr. lag) and chl a (0-yr. lag) (partial = 0.41
and 0.12, respectively; Table 2.4), with the strongest regional trend in the south (p =
<0.001, r* = 0.57; Appendix 3) and significant correlations with sea ice in all sub-regions
except the far north (Figure 2.7c,d). M. gerlachei and Oithona spp. show similar trends
(Table 2.4), although these are weaker or non-significant in sub-regions (data not shown).

Sea ice (1-yr. lag) also accounted for most of the variation in C. acutus
abundance, but SAM (Winter, 1-yr. lag) and chl a (0-yr. lag) were also important
explanatory variables (partial r* = 0.41, 0.20, and 0.12, respectively; Table 2.4). Similar
to the trends for total copepods, C. acutus abundance was higher following a year of low
sea ice/early retreat, but also positively correlated with SAM resulting in peak
abundances following years of positive SAM (Figure 2.9). These trends with sea ice and
SAM were significant regardless of region; C. acutus had the strongest relationship with
sea ice retreat in the far north (p = 0.007, = 0.33) and with SAM in the south (p =
<0.001, r* = 0.54) and on the coast (p = 0.001, r* = 0.43; Figure 2.10, Appendix 3).
Correlations were significant in the full grid area for C. acutus between smaller (<1 mm)
animals, copepodite stages, sea ice (1-yr. lag; p = 0.013, r* = 0.28), and chl a (0-yr. lag; p
= 0.006, > = 0.30), but not significant for larger (>1.0 mm) animals.

For the large, omnivorous copepod C. propinquus and carnivorous copepod P.
antarctica, primary production or chl a for the prior year explained the greatest amount
of variation, followed by sea ice (1-yr. lag and 2-yr. lag, respectively; Table 2.4). This
relationship is positive with primary production/chl 4, and negative with sea ice.

Regionally, C. propinquus was significantly positively correlated with primary
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production in all regions except the far north and slope (Figure 2.11). On the slope there
was a strong negative relationship between copepods and sea ice variables for the prior
year (p = <0.001, 1> = 0.49; Appendix 3). P. antarctica was significantly correlated with
chl a only on the coast (p = 0.022, 1’ = 0.26). Primary production also accounted for the
greatest proportion of variation for Oncaea spp. and R. gigas for the full grid area (0-yr.
lag and 1-yr. lag, respectively; Table 2.4). This trend was significant and positive, but
weak for both taxa. Regionally, Oncaea spp. abundance was not correlated with primary
production, but R. gigas was positively correlated with primary production (0-yr. lag) on

the slope (p = 0.001, 1* = 0.47).

3.5 Principal Component Analysis (PCA)

In the Principal Component Analysis (PCA) for the full grid area, C. acutus,
Oithona spp., and Clausocalanidae were an “anti-ice group”, grouping closely together
and in the opposite quadrat as sea ice parameters (1-yr. lag), indicating a negative
response to higher sea ice conditions (Figure 2.12a). Oncaea spp., P. antarctica, and R.
gigas (“‘PP group”) group loosely and in the same direction as phytoplankton chl a and
PP (and opposite C. acutus, Oithona spp., Clausocalanidae on component 1), indicating a
positive response to higher phytoplankton biomass and production. M gerlachei and C.
propinquus group closely together between the “anti-ice group” and “PP group”, but did
not have a high loading in component 1. Component 1 and 2 explained 59.1% of the
variability (Figure 2.12a).

In exploring these relationships further, we found that copepod species grouped

tighter in the far north compared to the south (Figure 2.12b,c). The north appears to be a
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transition between the two, with some close groupings (data not shown). In the far north,
Clausocalanidae, Oithona spp., P. antarctica, and M. gerlachei group tightly, indicating
their abundances changed together over the time series (Figure 2.12b), but the loading is
too weak in component 1 to draw further conclusions. C. acutus was in the opposite
quadrat as sea ice variables (negative correlation) and same quadrat as SAM (positive
correlation). R. gigas does not group with any other copepod species, but has the
strongest loading on component 1 and is positively correlated with PP. In contrast, in the
south species are spread out on both components, indicating less inter-annual cohesion in
individual species abundance (Figure 2.11c). C. acutus and Clausocalanidae negatively
correlated with sea ice, but the loading is weak in component 1. Component 1 and 2
explained 61.7% of the variability in the far north (Figure 2.12b) 53.2% of variability in
the south (Figure 2.12¢).

Comparing PCA for the earlier (1993-2003) and latter (2004-2013) half of the
time series for the full grid area, we saw tighter grouping from 2004-2013, indicating
species abundance changed together (with the exception of R. gigas). In comparison,
species responded more variably in the earlier half of the time series, and were spread out
in component 1 and 2 (Figure 2.13). Component 1 and 2 explained 52.9% of the
variability from 1993-2003 (Figure 2.13a) 63.3% of variability from 2004-2013 (Figure

2.13b).
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4. DISCUSSION

4.1 Composition and abundance of copepods in the WAP

Our results confirm that copepods are the numerically dominant mesozooplankton
in the Antarctic Peninsula region (Zmijewska & Yen 1993; Voronina 1998; Cabal &
Alvarez-Marqués 2002; Ashjian et al. 2004; Ward et al. 2005, 2014; Marrari et al. 2011).
The majority of the copepod community (96% on average) was comprised of only a few
taxa: Metridia gerlachei, Oithona spp., Calanoides acutus, family Clausocalanidae,
Paraeuchaeta antarctica and Rhincalanus gigas. Prior studies also indicate these species
generally dominate the copepod community in both abundance and biomass in the
Antarctic Peninsula, as well as regions south of the Antarctic Polar Front (APF)
(Hopkins 1985, Huntley & Escritor 1991, Ward et al. 2004, Marrari et al. 2011).

Abundances of total copepod and most species were lower (up to 2 orders of
magnitude) in the WAP compared to the far northern tip of the Antarctic Peninsula near
South Georgia, where most prior summer sampling has occurred (Table 2.5).
Mesozooplankton generally decrease in abundance, diversity, and biomass with
increasing latitude in the Southern Ocean (Foxton 1956, Voronina 1998, Atkinson 1998,
Atkinson, Ward, et al. 2012, Ward et al. 2014). This is attributed to the biogeographic
range overlap near the Antarctic Polar Front (APF), of warmer-water ‘sub-Antarctic
species’, and cold-water ‘Antarctic species’ (Froneman et al. 2000, Pakhomov et al.

2000). Additionally, increased water temperatures result in earlier recruitment and
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quicker growth of copepodites (Chiba et al. 2001, Ward et al. 2004, Mackey et al. 2012,
Ward et al. 2012b). Copepod abundances in our study were similar to ice-free higher
latitudes sampled in the summer months (Table 2.5).

There is only one prior study of individual copepod species abundances (Marrari
et al. 2011) that overlaps our sampling region in the WAP (although Ashjian et al. 2004
reported copepod size classes). Marrari et al. (2011) sampled in the Marguerite Bay
(Figure 2.1) in the autumn (April-May) of 2001 and 2002 found median total copepod
abundances (46.3 and 28.3 ind. m™ in 2001 and 2002, respectively) that were an order of
magnitude higher than median abundances in our study, using the same mesh size
(333um) net. Individual species abundances reported in Marrari et al. (2011) were also an
order of magnitude higher, with C. acutus abundance up to 30 times higher, although the
upper range of C. acutus abundances we found were similar (Table 2.5). We expected to
find higher copepod abundance in the summer months, following copepod recruitment,
compared to fall during high larval mortality (Atkinson 1991). There are several
explanations for the marked differences in abundance between the two studies. The most
likely explanation for the discrepancy between the studies is that our January sampling
missed the newly hatched nauplii and smaller copepodite stages, which are large enough
by fall to be included in net hauls (Atkinson 1998). In a study near Marguerite Bay in the
fall and winter of 2001, Ashjian et al. (2004) reported ~49-63% of copepods >2.5mm
were CV (copepodite 5) stage C. acutus, likely too small to be sampled by our nets, 3-7
months prior. In addition, Marrari et al. (2011) sampled to 800 m and our sampling was
restricted to the upper 300 m, possibly missing deeper-living copepods. While the

majority of the literature suggests most of the copepod abundance is in the upper 200 m
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in summer (Atkinson, Ward, et al. 2012), a study in the northern WAP examining
seasonal differences in copepod abundance with depth found M. gerlachei, P. antarctica,
R. gigas and C. propinquus often had abundances below 300 m equal to or higher than in

the upper 300 m (Zmijewska & Yen 1993).

4.2 Regional abundance and distribution of copepods in the WAP

We found that average abundance of total copepods on the slope was twice as
high as on the coast. Large chaetognaths Pseudosagitta spp., and euphausiids Euphausia
superba and Euphausia crystallorophias, are comparatively more abundant on the shelf
and coast of the WAP than the slope (Atkinson et al. 2004, Bernard et al. 2012, Loeb et
al. 1997, Steinberg et al. in review). Pseudosagitta spp. primarily feed on copepods
(Froneman & Pakhomov 1998, Kruse et al. 2010), and krill are also known to feed on
copepods and have competitive interactions with them (Atkinson et al. 1999, 2002). The
highest abundances of the Antarctic krill, E. superba (Steinberg et al. in review) and that
of copepods (this study) never co-occurred, with the highest krill abundance restricted to
the coast (Steinberg et al. in review), and the highest abundance of copepods occurring
more frequently on the slope. Thus, we may have found lower abundances of copepods
on the coast because they are preyed upon by macrozooplankton.

Individual copepod species followed this cross-shelf trend in abundance with the
exceptions of M. gerlachei and P. antarctica, which were more abundant on the coast.
This is consistent with previous work indicating these species are more abundant in
shallower, shelf and coastal regions (Ward & Wood 1988, Zmijewska & Yen 1993).

Additionally, sea ice may still persist during summer in coastal regions, especially in
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years of later sea ice retreat. In the Weddell Sea, higher abundances of copepods occurred
in open water and decreased with increased ice cover, with the exception of M. gerlachei
(Siegel et al. 1992, Burghart et al. 1999). Seasonal changes in copepod distribution may
be reflected in the abundance observations as well. Ashjian et al. (2004) examined cross-
shelf abundances of copepods in the Marguerite Bay area in fall and winter for large
(>2.5mm) and small (<2.5mm) copepods. Opposite to our results, they found higher
abundances of small copepods (including M. gerlachei) on the slope, and higher
abundance of large copepods (including C. acutus, P. antarctica, and R. gigas) on the
coast.

In our latitudinal comparison we found higher abundances of total copepods in the
southern WAP. The greatest difference in abundance was for C. propinquus, with
average abundance in the far south over an order of magnitude greater than the far north,
consistent with latitudinal variation described previously for this large, cold-water
copepod (Atkinson 1991, Schnack-Schiel 2001). We found the opposite latitudinal trend
for R. gigas, which was the only species comprising a significantly lower proportion of
copepod abundance in the far south then northern sub-regions. R. gigas is associated with
the Antarctic Circumpolar Current (ACC) and is often the most abundant copepod near
the APF, and likely at the southern end of its range in our study region (Atkinson &

Shreeve 1995, Cabal & Alvarez-Marqués 2002, Ward et al. 2004, Mackey et al. 2012).

4.3 Link between copepods, sea ice, and phytoplankton
Copepod abundance significantly increased in the WAP over the time series,

likely due to decreasing sea ice with an earlier retreat and increasing chl a as indicated by
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our multiple regression model. Many Antarctic copepod life cycles are adapted to a short,
productive growing season, with reproduction in the spring/summer timed to coincide
with the seasonal phytoplankton bloom, although variation exists among species (see
Section 4.4; Voronina et al. 1980, Atkinson et al. 2012). This results in abundances up to
ten times higher in the summer months (compared to the rest of the year), and declining
thereafter due to larval mortality (Atkinson 1991, Schnack-Schiel & Mizdalski 1994,
Hunt & Hosie 2006). Timing of sea ice retreat and onset of the spring bloom can also
impact copepod abundance (Burghart et al. 1999). Studies in the mostly ice-free Scotia
Sea in January found higher abundance of the copepods C. acutus, R. gigas and C.
propinquus at later developmental stages compared to the Weddell Sea, where seasonal
sea ice persists up to 9 months (Marin 1987; Atkinson et al. 1997; Ward et al. 1997,
2004). Thus, there is a delay in the timing of recruitment of up to three months with
latitudinal variation in sea ice retreat and timing of the subsequent spring bloom. We
expect an earlier sea ice retreat, and consequently earlier phytoplankton bloom and longer
ice-free growing season in the WAP (Arrigo & Thomas 2004), to be favorable to
copepod growth. The trend between copepod abundance and sea ice retreat was much
stronger in the southern part of the WAP, where interannual variations in sea ice are more
extreme (compared to the far north) and can more than double the phytoplankton growing
season depending on the date of retreat (Stammerjohn et al. unpublished data).

Primary production and chl a for both the current (O-yr. lag) and prior season (1-
yr. lag) were strongly positively correlated with total copepod abundance, indicating the
additive effect of two consecutive years of sustained higher phytoplankton production on

copepod abundance, and thus recruitment success. Some larger copepod species (e.g., C.
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acutus, R. gigas and C. propinquus) can take two years to reach adulthood, especially in
regions with short summer growing seasons (Atkinson et al. 1997, Ward et al. 1997,
Atkinson 1998, Schnack-Schiel 2001). Thus, with two years of high PP the population
would benefit from high food availability for both early and later stage copepodites to
survive overwinter (or two winters) and reproduce the following spring.

Since our study relies on annual summer sampling, the interannual variations in
copepod abundances likely reflect both seasonal abundance peaks and the timing of
recruitment (Mackas & Beaugrand 2010). For example, earlier sea ice retreat allows more
time between recruitment and our January sampling, thus we see higher abundances of
copepods as larvae have more time to grow to a larger copepodite stage (Burghart et al.
1999). In contrast, later sea ice retreat would result in later recruitment, possibly
coinciding with January sampling, and copepodites would be too small to be retained in
our nets. Thus, the long-term increase in total copepods may reflect a shift to earlier
recruitment, increase in summer abundance, or combination of the two. This change in
phenology has also been suggested as an explanation for long-term increases in some

macrozooplankton taxa in summer in this region of the WAP (Steinberg et al. in review).

4.4 Long-term trends for individual species

Sea ice retreat, as well as PP and chl a, were generally the best predictors of
abundance of individual copepod species, with variations on this long-term trend
reflecting differences in life cycle, feeding strategy, and generation time. Long-term
increases in most copepod species (significant for C. propinquus and P. antarctica) likely

are due to the decrease in sea ice, and increase in primary production and chl a in the
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WAP, especially in the latter half of the time series (Stammerjohn et al. 20082, Montes-
Hugo et al. 2009, Ducklow et al. 2012). In fact, the long-term increase in copepod
abundance we found for almost all species is driven by the shift from mostly negative to
positive abundance anomalies in the latter half of the time series, especially in the far
north.

Using PCA, we observed closer grouping of species in the ‘far north’ compared to
‘south’, indicating species abundance was changing together over the time series in the
north as opposed to responding more variably in the south. This reflects the greater
change in productivity and sea ice in the north WAP, resulting in similar success (high
abundance) or failure (low abundance) for more species, while in the south this
synergistic effect is not as evident. The PCA comparing the earlier and later halves of the
time series indicates a similar trend, with a more synchronous copepod community in
recent years which could further explain the similar shift from negative to positive
anomalies for all species. However, we make this conclusion with caution, as the

components 1 and 2 only account for 53-63% of the variation.

4.4.1 Herbivores with strong spring recruitment

Long-term variations in the abundance of C. acutus and those in the family
Clausocalanidae were best explained by sea ice and chl a. As both species are
predominantly herbivores having similar reproductive cycles with recruitment prior to the
spring bloom and increase in abundance over 10-fold in summer months from the newly
hatched cohort (Marin 1987, Fransz 1988, Atkinson 1991, Schnack-Schiel & Mizdalski

1994, Atkinson et al. 1997), our results are consistent with what is known about their life
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history. In addition to significant negative trends with sea ice in all regions of the WAP,
we found that positive anomalies in C. acutus also closely tracked positive SAM events
(and vice versa). This trend was especially strong in the south and on the coast where sea
ice persists longer. C. acutus is the only Antarctic copepod that undergoes true winter
diapause, thus relying on the spring/summer bloom to build up their extensive lipid stores
necessary for winter survival and reproduction the following spring (Hagen & Schnack-
Schiel 1996, Atkinson 1998, Tarling et al. 2004). Since positive SAM events cause later
sea ice advance and a shorter ice season with early retreat (Stammerjohn et al. 2008a, b),
we posit that C. acutus copepodites benefit from the longer growing season, with higher
overwinter success and recruitment the following spring. Indeed, prior studies show that
C. acutus copepodites that are unable to reach later stages (~CIV or CV) by the end of the
productive season are more susceptible to starvation (Bathmann et al. 1993). The
strongest trends for C. acutus (positive correlation with SAM) and Clausocalanidae
(negative with sea ice retreat) are in the southern part of the WAP, where decreases in sea
ice over time can increase the growing season by over three months (S. Stammerjohn
unpub). Considering that a newly hatched cohort of C. acutus can develop from CI to an
overwintering CIV/CV stage in 1.5 months (Schnack-Schiel & Mizdalski 1994, Atkinson
et al. 1997, Burghart et al. 1999), timing of sea ice can control reproductive success of
their populations in the WAP.

Primary production (1-yr. lag) and chl a (0-yr. lag) best predicted the variation in
the abundance of R. gigas, but this relationship was weak in most regions. Surprisingly
there were no significant correlations between R. gigas and sea ice parameters, since R.

gigas has a life cycle similar to C. acutus with spring/summer spawning and possible
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winter diapause (Ward et al. 1997, Atkinson 1998). However, R. gigas has a more
flexible life cycle that may help prevent crashes during years with shorter phytoplankton
growing seasons, with generation times ranging from 1-2 years. Adult females are known
to overwinter and spawn a second time at higher latitudes (Ward et al. 1997). This
variable life cycle may explain sustained years of either high or low abundance anomalies
in R. gigas over the long-term, but could also mask correlations with environmental

variables.

4.4.2 Omnivores spawning year-round

Abundance of omnivorous copepods M. gerlachei and Oithona spp. increased in
years with earlier sea ice retreat, and Oncaea spp. abundance increased with high primary
production (0-yr. lag). These correlations with environmental variables were weaker
compared to those we found for C. acutus and Clausocalanidae. This is not surprising as
these species are omnivores and detritivores that remain active through the winter, thus
they are less dependent on the spring bloom for recruitment and reproductive success
(Metz & Schnack-Schiel 1995, Hagen & Schnack-Schiel 1996, Atkinson 1998, Kattner et
al. 2003). Some studies have shown summer peaks in abundance (especially for Oithona
spp-), but as these copepods have short life cycles with overlapping generations (Fransz
1988, Fransz & Gonzalez 1995, Metz 1996), it is difficult to interpret trends in their

abundance with summer-only sampling.

4.4.3 Higher trophic level copepods
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We saw a significant increase in the abundance of both the predatory copepod P.
antarctica and the large, omnivorous copepod C. propinquus throughout the WAP. Our
multiple regression models suggest both copepods have benefitted from increased
primary production and chl g, and to a lesser extent decreased sea ice. Furthermore, their
diet includes smaller copepods; thus the effects of increased primary production (and
possibly decreased sea ice) are also manifested at higher trophic levels, since their small
copepod prey may also increase under these conditions.

P. antarctica is almost entirely predatory, feeding on both large and small
copepods, including Metridia spp., C. acutus, Oncaea spp., and Oithona spp. (Hopkins
1985, Oresland 1991). Studies of stage CV P. antarctica consumed, on average, 2-8 (and
up to 20) prey items per day (Oresland 1991, Yen 1991). Considering that we found P.
antarctica to contribute to an average of 10% of the WAP copepod population, they
could have a significant top-down impact on the copepod community during summer.
The majority of P. antarctica we found were copepodites (CIV or CV) and likely 6
months old, as prior studies have described reproduction peaks in July and January, with
a I-yr life cycle (Ward & Robins 1987, Oresland 1991, Alonzo et al. 2000). Thus, the
long-term trends with chl a (1-yr. lag) and sea ice (2-yr. lag) correspond with their
predatory feeding strategy and life cycle, as variations in the abundance of their prey (see
above) also trend with chl @ and sea ice.

Higher abundances of C. propingnuus occurred one year after a year of high
primary production, which is consistent with their life span, which is >1 year at higher
latitudes (Atkinson 1998). Furthermore, a greater proportion of ripe females occur in

years with high PP (Schnack-Schiel et al. 1991). C. propinquus reproduce during the
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spring/summer bloom, but later than C. acutus since C. propinquus is less reliant on the
spring bloom. C. propinquus is an omnivore, feeding on a range of carbon sources from
diatoms to small copepods (i.e. Oithona spp. and Oncaea spp.) and remaining active
through the winter (Hopkins 1987, Metz & Schnack-Schiel 1995). Compared to P.
antarctica, C. propinquus was more strongly correlated with primary production the prior

year, because C. propinquus feed on diatoms in addition to small copepods.

4.5 Long-term increase in the WAP copepods and comparison to predicted trends

We suggest that the observed increase in anomalies over the time series is the
result of 1) a phenology shift with earlier recruitment, 2) higher abundance due to more
“copepod-favorable” conditions, or 3) combined effect of both. Our hypotheses are
similar to the changes seen in copepods in other parts of the world’s oceans due to
warming, as well as suggested changes in the Southern Ocean (Chiba et al. 2006,
Constable et al. 2014, Hunt et al. 2011, Mackas and Beaugrand 2010, Mackey et al. 2012,
Richardson 2008, Steinberg et al. in review). A shift in phenology is likely for the polar
copepod C. acutus, with recruitment tied to the spring bloom. We saw significant
relationships between chl a (positive) and sea ice (negative) with C. acutus copepodite
abundance in the smaller size fraction (<1.0 mm). Therefore, higher abundance of smaller
C. acutus results from these environmental conditions. These relationships were not
significant for larger (>1.0 mm) C. acutus. This is consistent with prior studies in the
northern WAP, and the Scotia and Weddell Seas, which report a spatial trend of younger
copepod stages with increasing latitude, especially for C. acutus (Atkinson et al. 1997,

Burghart et al. 1999, Ward et al. 2004, Ashjian et al. 2004). While temporal aliasing is
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possible with once-per-year sampling, earlier recruitment for C. acutus leads to higher
overwintering success as they can reach a larger copepodite stage before winter (Tarling
et al. 2004), thus higher abundance the next season. Furthermore, the long-term increases
in the abundance of copepods that reproduce in the winter (i.e. P. antarctica) or
continuously with multiple generations throughout the year (i.e. M. gerlachei, Oithona
spp., Oncaea spp.) (Oresland 1991, Fransz & Gonzalez 1995, Atkinson 1998) suggests an
actual increase in abundance (as opposed to temporal aliasing).

We did not see evidence of a range shift for WAP copepods, such as increases in
sub-Antarctic copepods or decreases in polar species, as observed in the North Atlantic
(Beaugrand 2005, Chiba et al. 2006) and predicted for Southern Ocean copepods
(Mackas & Beaugrand 2010, Mackey et al. 2012, Ward et al. 2014, Constable et al.
2014). The dominant copepods in the Southern Ocean are highly adapted to the
interannual variability in the summer growing season, with flexible life cycles and
feeding strategies (Atkinson 1998). In comparison, the polar regions of the northern
hemisphere have more copepod species with a winter diapause that are more heavily
reliant on the spring bloom (Conover & Huntley 1991). Furthermore, all the dominant
copepod species we found in the WAP are known to occur in higher abundances at
latitudes north of our study region with warmer water (Atkinson & Shreeve 1995; Ward
et al. 2004, 2006). Thus, with current warming scenarios detection of an increase
(decrease) in subpolar (polar) copepods at a given latitude may be more subtle in the

Southern Ocean vs. the northern hemisphere.
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5. CONCLUSIONS AND IMPLICATIONS WITH FURTURE CHANGE

We found lower copepod abundances in the WAP, compared to regions in the far
northern Antarctic Peninsula, but increases in abundance over time indicate WAP
copepods are positively responding to changes in the environment and climate. The
environmental changes that best predicted years with higher copepod abundance were
early sea ice retreat, higher primary production, and chl a. Thus, the long-term decrease
in sea ice and its earlier seasonal retreat (Stammerjohn et al. 2008a), and increase in
phytoplankton biomass and productivity observed in the WAP over the past 20-years
(Montes-Hugo et al. 2009) have resulted in higher copepod abundances, likely with
earlier copepod recruitment.

Further north of our study region chl a has decreased over time, due to increased
winds which lead to reduced sea ice concentration early in the season (Montes-Hugo et
al. 2009). As these increased winds move poleward with the expected southern shift of
the latitudinal ‘climate gradient’ in the WARP, krill are predicted to be negatively
impacted with sustained years of lower chl a (Saba et al. 2014). The herbivorous
Calanoides acutus is known to rely heavily on the diatom spring bloom for extensive
lipid build-up to survive overwinter during diapause (Tarling et al. 2004); thus, we may
expect to see decreases in their abundance in the future. Furthermore, warming water
temperatures would increase metabolic demands, and copepods could more quickly

exhaust their lipid supply and be unable to survive the winter and reproduce. Studies in
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the Bering Sea have shown seasonal decreases in similar polar copepods with winter
diapause, due to warmer conditions (Coyle et al. 2011, Hunt et al. 2011).

While bottom-up control on the copepod community is evident, top-down control
could become increasingly stronger due to the increase in predatory copepods and other
zooplankton. We saw the most significant increases over the time series in the abundance
of carnivorous copepods; furthermore, Steinberg et al. (in review) saw significant long-
term increases in taxa known to prey on copepods (chaetognaths, polychaete worms, and
amphipods). Thus, the higher abundances in copepods we saw due to more favorable
growing conditions, may be limited in the future by higher predation. Recently, an
inverse model approach for the WAP pelagic ecosystem indicated a change in carbon
pathway from a diatom-krill-top predator food chain, to dominance by the microbial food
web (Sailley et al. 2013). Sailley et al. (2013) also indicated that copepods can change
the flow of carbon through the food web. Indeed, copepods in the WAP contribute to
carbon cycling through flux of dense fecal pellets year round and grazing on primary
production (Gleiber et al. 2012, Chapter 3). Thus, the long-term increase in copepod
abundance, combined with changes in abundance of other zooplankton taxa in the WAP
(Steinberg et al., in review), suggests that continued warming in the WAP may alter food-

web dynamics and biogeochemical cycles.

50



REFERENCES

Alden RW, Dahiya R, Young RJ (1982) A method for the enumeration of zooplankton
subsamples. J Exp Mar Bio Ecol 59:185-206

Alonzo F, Mayzaud P, Razouls S (2000) Egg production, population structure and
biochemical composition of the subantarctic copepod Paraeuchaeta antarctica in
the Kerguelen Archipelago. Mar Ecol Prog Ser 205:207-217

Arrigo KR, Thomas DN (2004) Large scale importance of sea ice biology in the Southern
Ocean. Antarct Sci 16:471-486

Ashjian CJ, Davis CS, Gallager SM, Wiebe PH, Lawson GL (2008) Distribution of larval
krill and zooplankton in association with hydrography in Marguerite Bay, Antarctic
Peninsula, in austral fall and winter 2001 described using the Video Plankton
Recorder. Deep Res 11 55:455-471

Ashjian CJ, Rosenwaks GA, Wiebe PH, Davis CS, Gallager SM, Copley NJ, Lawson GL,
Alatalo P (2004) Distribution of zooplankton on the continental shelf off Marguerite
Bay, Antarctic Peninsula, during Austral Fall and Winter, 2001. Deep Res 11
51:2073-2098

Atkinson A (1991) Life cycles of Calanoides acutus, Calanus simillimus and
Rhincalanus gigas (Copepoda: Calanoida) within the Scotia Sea. Mar Biol 109:79-
91

Atkinson A (1998) Life cycle strategies of epipelagic copepods in the Southern Ocean. J
Mar Syst 15:289-311

Atkinson A, Meyer B, Bathmann U V (2002) Feeding and energy budgets of Antarctic
Krill Euphausia superba at the onset of winter-II. juveniles and adults. Limnol
Oceanogr 47:953-966

Atkinson A, Schnack-Schiel S, Ward P, Marin V (1997) Regional differences in the life
cycle of Calanoides acutus (Copepoda: Calanoida) within the Atlantic sector of the

Southern Ocean. Mar Ecol Prog Ser 150:99-111

Atkinson A, Shreeve RS (1995) Response of the copepod community to a spring bloom
in the Bellingshausen Sea. Deep Sea Res 11 42:1291-1311

51



Atkinson A, Siegel V, Pakhomov E, Rothery P (2004) Long-term decline in krill stock
and increase in salps within the Southern Ocean. Nature 432:100-103

Atkinson A, Sinclair J (2000) Zonal distribution and seasonal vertical migration of
copepod assemblages in the Scotia Sea. Polar Biol 23:46-58

Atkinson A, Ward P, Hill A (1999) Krill-copepod interactions at South Georgia,
Antarctica, II. Euphausia superba as a major control on copepod abundance. Mar
Ecol Prog Ser 176:63-79

Atkinson A, Ward P, Hunt B, Pakhomov E, Hosie GW (2012) An overview of Southern
Ocean zooplankton data: abundance, biomass, feeding and functional relationships.
CCAMLR Sci 19:171-218

Bathmann UV, Makarov RR, Spiridonov VA, Rohardt G (1993) Winter distribution and
overwintering strategies of the Antarctic copepod species Calanoides acutus,
Rhincalanus gigas and Calanus propinquus (Crustacea,Calanoida) in the Weddell
Sea. Polar Biol 13:333-346

Beaugrand G (2005) Monitoring pelagic ecosystems using plankton indicators. ICES J
Mar Sci 62:333-338

Beaugrand G, Reid PC, Ibanez F, Lindley JA, Edwards M (2002) Reorganization of
North Atlantic marine copepod biodiversity and climate. Science 296:1692—4

Bernard KS, Steinberg DK, Schofield OME (2012) Summertime grazing impact of the
dominant macrozooplankton off the Western Antarctic Peninsula. Deep Sea Res |
62:111-122

Bradford-Grieve J, Markhaseva E, Rocha C, Abiahy B (1999) Copepoda. In: South
Atlantic Zooplankton.p 869-1098

Burghart S, Hopkins TL, Vargo G, Torres JJ (1999) Effects of a rapidly receding ice edge
on the abundance, age structure and feeding of three dominant calanoid copepods in
the Weddell Sea, Antarctica. Polar Biol 22:279-288

Cabal J, Alvarez-Marqués F (2002) Mesozooplankton distribution and grazing during the
productive season in the Northwest Antarctic Peninsula (FRUELA cruises). Deep
Sea Res II 49:869-882

Calbet A, Alcaraz M, Atienza D, Broglio E, Vaqué D (2005) Zooplankton biomass

distribution patterns along the Western Antarctic Peninsula (December 2002). J
Plankton Res 27:1195-1203

52



Calbet A, Atienza D, Broglio E, Alcaraz M, Vaqué D (2006) Trophic ecology of
Calanoides acutus in Gerlache Strait and Bellingshausen Sea waters (Antarctica,
December 2002). Polar Biol 29:510-518

Chiba S, Ishimaru T, Hosie GW, Fukuchi M (2001) Spatio-temporal variability of
zooplankton community structure off east Antarctica (90 to 160°E). Mar Ecol Prog
Ser 216:95-108

Chiba S, Ishimaru T, Hosie GW, Fukuchi M (2002) Spatio-temporal variability in life
cycle strategy of four pelagic Antarctic copepods: Rhincalanus gigas, Calanoides
acutus, Calanus propinquus and Metridia gerlachei. Polar Biosci 15:27-44

Chiba S, Tadokoro K, Sugisaki H, Saino T (2006) Effects of decadal climate change on
zooplankton over the last 50 years in the western subarctic North Pacific. Glob
Chang Biol 12:907-920

Conover RJ, Huntley M (1991) Copepods in ice-covered seas—Distribution, adaptations
to seasonally limited food, metabolism, growth patterns and life cycle strategies in
polar seas. J Mar Syst 2:1-41

Constable AJ, Melbourne-Thomas J, Corney SP, Arrigo KR, Barbraud C, Barnes DK a,
Bindoff NL, Boyd PW, Brandt A, Costa DP, Davidson AT, Ducklow HW,
Emmerson L, Fukuchi M, Gutt J, Hindell M a, Hofmann EE, Hosie GW, lida T,
Jacob S, Johnston NM, Kawaguchi S, Kokubun N, Koubbi P, Lea M-A, Makhado
A, Massom R a, Meiners K, Meredith MP, Murphy EJ, Nicol S, Reid K, Richerson
K, Riddle MJ, Rintoul SR, Smith WO, Southwell C, Stark JS, Sumner M, Swadling
KM, Takahashi KT, Trathan PN, Welsford DC, Weimerskirch H, Westwood KJ,
Wienecke BC, Wolf-Gladrow D, Wright SW, Xavier JC, Ziegler P (2014) Climate
change and Southern Ocean ecosystems I: how changes in physical habitats directly
affect marine biota. Glob Chang Biol:1-22

Coyle KO, Eisner LB, Mueter F, Pinchuk Al, Janout MA, Cieciel KD, Farley E V.,
Andrews AG (2011) Climate change in the southeastern Bering Sea: impacts on

pollock stocks and implications for the oscillating control hypothesis. Fish Oceanogr
20:139-156

Dubischar CD, Bathmann U V (1997) Grazing impact of copepods and salps on
phytoplankton in the Atlantic sector of the Southern Ocean. Deep Sea Res 11
44:415-433

Ducklow HW, Baker KS, Martinson DG, Quetin LB, Ross RM, Smith RC, Stammerjohn
SE, Vernet M, Fraser W (2007) Marine pelagic ecosystems: the West Antarctic
Peninsula. Philos Trans R Soc B Biol Sci 362:67-94

Ducklow HW, Clarke A, Dickhut R, Doney SC, Geisz H, Kuan Huang, Martinson DG,
Schofield OME, Stammerjohn SE, Steinberg DK, Fraser WR (2012) The marine

53



system of the Western Antarctic Peninsula. In: Antarctic Ecosystems: An Extreme
Environment in a Changing World. p 121-159

Foxton P (1956) Distribution of the standing stock of zooplankton in the Southern Ocean.
Discovery Reports 28:191-236

Fransz HG (1988) Vernal abundance, structure and development of epipelagic copepod
populations of the eastern Weddell Sea (Antarctica). Polar Biol 9:107-114

Fransz HG, Gonzalez SR (1995) The production of Oithona similis (Copepoda :
Cyclopoida) in the Southern Ocean. ICES J Mar Sci 52:549-555

Froneman PW, Pakhomov E (1998) Trophic importance of the chaetognaths Eukrohnia
hamata and Sagitta gazellae in the pelagic system of the Prince Edward Islands
(Southern Ocean). Polar Biol 19:242-249

Froneman PW, Pakhomov E, Perissinotto R, McQuaid C (2000) Zooplankton structure
and grazing in the Atlantic sector of the Southern Ocean in late austral summer
1993: Part 2. Biochemical zonation. Deep Sea Res 147:1687-1702

Gleiber MR, Steinberg DK, Ducklow HW (2012) Time series of vertical flux of
zooplankton fecal pellets on the continental shelf of the Western Antarctic
Peninsula. Mar Ecol Prog Ser 471:23-36

Gorsky G, Ohman MD, Picheral M, Gasparini S, Stemmann L, Romagnan J-B, Cawood
A, Pesant S, Garcia-Comas C, Prejger F (2010) Digital zooplankton image analysis
using the ZooScan integrated system. J Plankton Res 32:285-303

Hagen W, Schnack-Schiel S (1996) Seasonal lipid dynamics in dominant Antarctic
copepods: Energy for overwintering or reproduction? Deep Sea Res 1 43:139-158

Hopkins TL (1985) Food web of an Antarctic midwater ecosystem. Mar Biol §9:197-212

Hopkins TL (1987) Midwater food web in McMurdo Sound, Ross Sea, Antarctica. Mar
Biol 96:93-106

Hunt GL, Coyle KO, Eisner LB, Farley E V., Heintz RA, Mueter F, Napp JM, Overland
JE, Ressler PH, Salo S, Stabeno PJ (2011) Climate impacts on eastern Bering Sea

foodwebs: a synthesis of new data and an assessment of the Oscillating Control
Hypothesis. ICES J Mar Sci 68:1230-1243

Hunt BPV, Hosie GW (2006) The seasonal succession of zooplankton in the Southern

Ocean south of Australia, part I: The seasonal ice zone. Deep Sea Res I 53:1182—-
1202

54



Huntley M, Escritor F (1991) Dynamics of Calanoides acutus (Copepoda: Calanoida) in
Antarctic coastal waters. Deep Sea Res 38:1145-1167

Kattner G, Albers C, Graeve M, Schnack-Schiel SB (2003) Fatty acid and alcohol
composition of the small polar copepods, Oithona and Oncaea : indication on
feeding modes. Polar Biol 26:666—671

Kruse S, Brey T, Bathmann U V (2010) Role of chaetognaths in Southern Ocean pelagic
energy flow. Mar Ecol Prog Ser 416:105-113

Kurbjeweit F, Ali-Khan S (1991) Distribution and abundance of planktonic copepods
(Crustacea) in the Weddell Sea in summer 1980 / 81. Polarforschung 72:1-33

Lawson GL, Wiebe PH, Ashjian CJ, Gallager SM, Davis CS, Warren JD (2004)
Acoustically-inferred zooplankton distribution in relation to hydrography west of the
Antarctic Peninsula. Deep Sea Res II 51:2041-2072

Li C, Sun S, Zhang G, Ji P (2001) Summer feeding activities of zooplankton in Prydz
Bay, Antarctica. Polar Biol 24:892-900

Loeb VJ, Hofmann EE, Klinck JM, Holm-Hansen O, White WB (2008) ENSO and
variability of the Antarctic Peninsula pelagic marine ecosystem. Antarct Sci 21:135

Loeb VJ, Santora JA (2012) Population dynamics of Salpa thompsoni near the Antarctic
Peninsula: Growth rates and interannual variations in reproductive activity (1993—
2009). Prog Oceanogr 96:93-107

Loeb VJ, Santora JA (2013) Pteropods and climate off the Antarctic Peninsula. Prog
Oceanogr 116:31-48

Loeb V, Siegel V, Holm-Hansen O, Hewitt R (1997) Effects of sea-ice extent and krill or
salp dominance on the Antarctic food web. Nature 387:897-900

Mackas DL, Beaugrand G (2010) Comparisons of zooplankton time series. J Mar Syst
79:286-304

Mackey AP, Atkinson A, Hill SL, Ward P, Cunningham NJ, Johnston NM, Murphy EJ
(2012) Antarctic macrozooplankton of the southwest Atlantic sector and
Bellingshausen Sea: Baseline historical distributions (Discovery Investigations,
1928-1935) related to temperature and food, with projections for subsequent ocean
warming. Deep Sea Res II 59-60:130-146

Marin V (1987) The oceanographic structure of the eastern Scotia Sea - 1V. Distribution
of copepod species in relation to hydrography in 1981. Deep Sea Res 34:105-121

55



Marrari M, Daly KL, Timonin A, Semenova T (2011) The zooplankton of Marguerite
Bay, Western Antarctic Peninsula-Part I: Abundance, distribution, and population
response to variability in environmental conditions. Deep Res IT 58:1599-1613

Martinson DG, Stammerjohn SE, Iannuzzi RA, Smith RC, Vernet M (2008) Western
Antarctic Peninsula physical oceanography and spatio—temporal variability. Deep
Sea Res I 55:1964-1987

Metz C (1996) Life strategies of dominant Antarctic Oithonidae (Cyclopoida, Copepoda)
and Oncaeidae (Poecilostomatoida, Copepoda) in the Bellingshausen Sea.
Polarforschung 207:123 pp.

Metz C, Schnack-Schiel S (1995) Observations on carnivorous feeding in Antarctic
calanoid copepods. Mar Ecol Prog Ser 129:71-75

Montes-Hugo M, Doney SC, Ducklow HW, Fraser W, Martinson DG, Stammerjohn SE,
Schofield OME (2009) Recent changes in phytoplankton communities associated
with rapid regional climate change along the Western Antarctic Peninsula. Science

323:1470-3

Montes-Hugo M, Sweeney C, Doney SC, Ducklow H, Frouin R, Martinson DG,
Stammerjohn S, Schofield O (2010) Seasonal forcing of summer dissolved inorganic
carbon and chlorophyll a on the western shelf of the Antarctic Peninsula. J Geophys
Res 115:C03024

Montes-Hugo M, Vernet M, Martinson DG, Smith R, lannuzzi RA (2008) Variability on
phytoplankton size structure in the Western Antarctic Peninsula (1997-2006). Deep
Sea Res I1 55:2106-2117

O’Brien TD, Lopez-Urrutia A, Wiebe PH, Hay S (2008) ICES Zooplankton Status
Report 2006/2007. p. 168 pp.

Oresland V (1991) Feeding of the carnivorous copepod Euchaeta antarctica in Antarctic
waters. Mar Ecol Prog Ser 78:41-47

Pakhomov E, Froneman PW, Perissinotto R (2002) Salp/krill interactions in the Southern

Ocean: spatial segregation and implications for the carbon flux. Deep Sea Res 11
49:1881-1907

Pakhomov E, Perissinotto R, McQuaid C, Froneman PW (2000) Zooplankton structure
and grazing in the Atlantic sector of the Southern Ocean in late austral summer

1993: Part 1. Ecological zonation. Deep Sea Res 1 47:1663-1686

Postel L, Fock H, Hagen W (2000) Biomass and Abundance. In: Zooplankton
Methodology Manual.p 83-192

56



Richardson AJ (2008) In hot water: zooplankton and climate change. ICES J Mar Sci
65:279-295

Ross RM, Quetin LB, Martinson DG, Iannuzzi R a., Stammerjohn SE, Smith RC (2008)
Palmer LTER: Patterns of distribution of five dominant zooplankton species in the

epipelagic zone west of the Antarctic Peninsula, 1993-2004. Deep Sea Res II
55:2086-2105

Ross RM, Quetin LB, Newberger T, Shaw CT, Jones JL, Oakes SA, Moore KJ (in press)
Trends, cycles, interannual variability for three pelagic species west of the Antarctic
Peninsula 1993 2008. MEPS

Saba GK, Fraser WR, Saba VS, lannuzzi R a, Coleman KE, Doney SC, Ducklow HW,
Martinson DG, Miles TN, Patterson-Fraser DL, Stammerjohn SE, Steinberg DK,
Schofield OM (2014) Winter and spring controls on the summer food web of the
coastal West Antarctic Peninsula. Nat Commun 5:4318

Sailley S, Ducklow H, Moeller H, Fraser W, Schofield O, Steinberg DK, Garzio L,
Doney S (2013) Carbon fluxes and pelagic ecosystem dynamics near two Western
Antarctic Peninsula Adélie penguin colonies: an inverse model approach. Mar Ecol
Prog Ser 492:253-272

Schnack-Schiel S (2001) Aspects of the study of the life cycles of Antarctic copepods.
Hydrobiologia 453/454:9-24

Schnack-Schiel S, Hagen W, Mizdalski E (1991) Seasonal comparison of Calanoides
acutus and Calanus propinquus (Copepoda: Calanoida) in the southeastern Weddell
Sea, Antarctica. Mar Ecol Prog Ser 70:17-27

Schnack-Schiel SB, Mizdalski E (1994) Seasonal variations in distribution and
population structure of Microcalanus pygmaeus and Ctenocalanus citer (Copepoda:
Calanoida) in the eastern Weddell Sea, Antarctica. Mar Biol 119:357-366

Siegel V, Skibowski A, Harm U (1992) Community structure of the epipelagic
zooplankton community under the sea-ice of the northern Weddell Sea. Polar Biol
12:15-24

Stammerjohn SE, Martinson DG, Smith RC, Iannuzzi RA (2008) Sea ice in the Western
Antarctic Peninsula region: Spatio-temporal variability from ecological and climate
change perspectives. Deep Sea Res I 55:2041-2058

Stammerjohn SE, Martinson DG, Smith RC, Yuan X, Rind D (2008) Trends in Antarctic

annual sea ice retreat and advance and their relation to El Nifio—Southern Oscillation
and Southern Annular Mode variability. J] Geophys Res 113:C03S90

57



Steinberg DK, Martinson DG, Costa D (2012) Two decades of pelagic ecology of the
Western Antarctic Peninsula. Oceanography 25:56—67

Steinberg DK, Ruck KE, Gleiber MR, Garzio LM, Cope JS, Bernard KS, Stammerjohn
SE, Schofield OME, Martinson DG, Quetin LB, Ross RM (in review) Long-term
changes in zooplankton off the Western Antarctic Peninsula. Deep Sea Res 1

Tanimura A, Kawaguchi S, Oka N, Nishikawa J, Toczko S, Takahashi KT, Terazaki M,
Odate T, Fukuchi M, Hosie GW (2008) Abundance and grazing impacts of krill,
salps and copepods along the 140°E meridian in the Southern Ocean during summer.
Antarct Sci 20:365-379

Tarling GA, Shreeve RS, Ward P, Atkinson A, Hirst A. (2004) Life-cycle phenotypic
composition and mortality of Calanoides acutus (Copepoda: Calanoida) in the
Scotia Sea: a modelling approach. Mar Ecol Prog Ser 272:165-181

Vaughan D, Marshall G, Connolley W, Parkinson C, Mulvaney R, Hodgson D, King J,
Pudsey C, Turner J (2003) Recent rapid regional climate warming on the Antarctic
Peninsula. Clim Change 60:243-274

Vervoort W (1951) Plankton copepods from the atlantic sector of the Antarctic. North-
Holland Publishing Company, Amsterdam, Netherlands

Voronina N (1998) Comparative abundance and distribution of major filter-feeders in the
Antarctic pelagic zone. J Mar Syst 17:375-390

Voronina N, Menshutkin V, Tseytlin V (1980) Production of the Common Species of
Antarctic Copepods, Calanoides acutus. Oceanol 20:90-93

Vuorinen I, Hanninen J, Bonsdorff E, Boormann B, Angel M V. (1997) Temporal and
spatial variation of dominant pelagic Copepoda (Crustacea) in the Weddell Sea
(Southern Ocean) 1929 to 1993. Polar Biol 18:280-291

Ward P, Atkinson A, Schnack-schiel SB, Murray A (1997) Regional variation in the life
cycle of Rhincalanus gigas (Copepoda: Calanoida) in the Atlantic sector of the
Southern Ocean-re-examination of existing data (1928 to 1993). Mar Ecol Prog Ser
157:261-275

Ward P, Atkinson A, Tarling G (2012) Mesozooplankton community structure and
variability in the Scotia Sea: A seasonal comparison. Deep Sea Res 11 59-60:78-92

Ward P, Grant S, Brandon MA, Siegel V, Sushin V, Loeb V, Griffiths H (2004)

Mesozooplankton community structure in the Scotia Sea during the CCAMLR 2000
survey: January—February 2000. Deep Sea Res 1I 51:1351-1367

58



Ward PI, Robins DB (1987) The reproductive biology of Euchaeta antarctica Giesbrecht
(Copepoda : Calanoida) at South Georgia. J Exp Mar Bio Ecol 108:127-145

Ward P, Shreeve RS, Tarling G a. (2006) The autumn mesozooplankton community at
South Georgia: biomass, population structure and vertical distribution. Polar Biol
29:950-962

Ward P, Shreeve RS, Whitehouse MJ, Korb B, Atkinson A, Meredith MP, Pond DW,
Watkins J, Goss C, Cunningham NJ (2005) Phyto- and zooplankton community
structure and production around South Georgia (Southern Ocean) during Summer
2001/02. Deep Sea Res 152:421-441

Ward P, Tarling GA, Coombs SH, Enderlein P (2012) Comparing Bongo net and N70
mesozooplankton catches: using a reconstruction of an original net to quantify
historical plankton catch data. Polar Biol 35:1179-1186

Ward P, Tarling GA, Thorpe SE (2014) Mesozooplankton in the Southern Ocean: Spatial
and temporal patterns from Discovery Investigations. Prog Oceanogr 120:305-319

Ward P, Wood AG (1988) The distribution of the Euchaetidae (Copepoda: Calanoida)
around South Georgia. Polar Biol 9:45-52

Waters K, Smith R (1992) Palmer LTER: A sampling grid for the Palmer LTER program.
Antarct J United States 27:236-239

Yen J (1991) Predatory feeding behavior of an Antarctic marine copepod, Euchaeta
antarctica (E Sakshaug, C Hopkins, and N Oritsland, Eds.). Polar Res 10:433-442

Zmijewska M1, Yen J (1993) Seasonal and diel changes in the abundance and vertical
distribution of the Antarctic copepod species Calanoides acutus, Calanus
propinquus, Rhincalanus gigas, Metridia gerlachei and Euchaeta antarctica
[Calanoida] in Croker Passage [Antarctic Peninsula]. Oceanol 35:101-127

59



Table 2.1. Mean, standard deviation of the mean (SD), median, and maximum abundance
(ind. 1000 m™) of major mesozooplankton taxa. Minimum abundance is 57 ind. 1000 m™
for Copepoda, 3 ind. 1000 m™ for Chaetognatha, and 0 ind. 1000 m™ for all other taxa. n
=201 tows. % = proportion of mean abundance of each taxa. See Appendix 1 for
abundances at higher taxonomic resolution. Mean abundances exclude one outlier tow

with a total copepod abundance of 1.8 x10° ind. 1000 m™. Euphausia superba juveniles

and adults, and salps are not included.

Abundance (ind. 1000m'3)

Mean + SD Median Maximum %

Copepoda 7001 £ 9238 3990 67462 81.3
Chaetognatha 524 + 618 302 4452 6.1
Euphausiacea - larvae 461 £ 1627 30 12455 53
Ostracoda 333 +458 159 2731 39
Polychaeta 154 + 369 40 3506 1.8
Siphonophorae 57 +102 18 757 0.7
Pteropoda 36 £71 14 822 0.4
Amphipoda 35+48 19 28 0.4
Cnidaria 11 +62 0 836 0.1
Teleostei 3+11 0 97 <0.1
Decapoda 03+2.1 0 28 <0.1
Cephalopoda - juvenile <0.1 £0.1 0 1 <0.1

60



Table 2.2. Mean, standard deviation of the mean (SD), median, and maximum abundance
(ind. 1000 m™) for copepods. Minimum abundance is <1 ind. 1000 m™. n = 201.
Copepods identified as belonging to the family Clausocalanidae likely include
Clausocalanus laticeps and Ctenocalanus citer, but adult males were absent, making
identification difficult, and Clausocalanid-like copepodites comprised the majority of this
taxa. Mean biomass (mg dry weight 1000 m) calculated from mean abundance and
measured or estimated individual dry weight (from Table 2.3). % = proportion of mean
abundance or biomass of each species/taxa. Mean abundances exclude one outlier tow
with a Calanoides acutus abundance of 1.5x10° ind. 1000 m™ and total copepod

abundance of 1.8x10° ind. 1000 m™.
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Abundance (ind. 1000m™) dg“:v‘:‘afgo((‘}':f.3)

Mean + SD Median Max % Mean %
Metridia gerlachei 1996 + 2434 1140 15966 28.9 849.3 32.5
Oithona spp. 1570 £ 4330 371 48615 22.7 17.2 0.7
Calanoides acutus 1402 £ 4186 352 42646 20.3 1156.7 44.3
Clausocalanidae 751 £ 1518 286 11165 109 24.1 0.9
Paraeuchaeta antarctica 664 =731 417 3965 9.6 293.1 11.2
Oncaea spp. 159 +£324 34 2254 2.3 32 0.1
Rhincalanus gigas 122 + 254 49 2423 1.8 154.7 5.9
Farrania frigida 72 +£127 25 937 1.0 11.8 0.5
Heterorhabdus spp. 53+95 18 844 0.8 27.6 1.1
Scolecithricella minor 51+91 24 945 0.7 1.3 <0.1
Calanus propinquus 35+87 10 791 0.5 534 2.0
Haloptilus spp. 23 +41 7 304 0.3 6.0 0.2
Gaetanus tenuispinus 11 +£35 0 364 0.2 5.8 0.2
Aectideidae 5+15 0 148 0.1 3.0 0.1
Candacia sp. 2+17 0 234 <0.1 1.9 0.1
Euchirella sp. 1+£5 0 62 <0.1 4.1 0.2
Pleuromamma robusta 1+£2 0 17 <0.1 0.3 <0.1
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Table 2.3. Summary of individual mean and standard deviation of the mean (SD) for
biovolume and measured or calculated dry weight for each copepod species/taxa.
Copepods are listed by decreasing dry weight. n = number of ZooScan vignettes for each
species/taxa measured for prosome length and width. Copepod dry weight was measured
for adult Paraeuchaeta antarctica, Calanus propinquus, Rhincalanus gigas, and

Calanoides acutus, and calculated from the average biovolume:dry weight conversion for

all other copepod species/taxa.

Copepod

Prosome . Copepod
length (mm) B’°V°"§me dry wt. (mg)
(mm’)
Mean + SD Mean + SD n
Euchirella sp. 6.41+0.44 30.26 £ 6.45 3 4.54
Paraeuchaeta antarctica - adult 740+1.56  3593+18.15 130 4.41
Calanus propinquus 4.63+0.78 10.46 £3.83 1195 1.53
Rhincalanus gigas 4.66 £ 1.70 16.66 + 14.33 1329 1.27
Candacia sp. 3.78 £ 0.64 7.35+1.79 17 1.10
Calanoides acutus 3.63+£0.64 490+2.12 9245 0.82
Pleuromamma robusta 3.50 £ 0.02 4.13+£2.25 2 0.62
Aetideidae 3.74 3.74 1 0.56
Gaetanus tenuispinus 324+049 3.64 +1.66 23 0.55
Heterorhabdus spp. 3.04 £ 0.69 345+ 131 9 0.52
Metridia gerlachei 3.08£0.42 2.84+0.87 6251 0.43
P. antarctica - CIV, CV 248 £0.77 2.81+228 1199 0.42
Haloptilus spp. 279 +£0.64 3.47+1.98 38 0.26
Farrania frigida 2.11+£047 1.09 +2.05 18 0.16
Clausocalanidae 1.18 £0.47 0.21+£0.19 115 0.03
Scolecithricella minor 0.97 £0.21 0.17 +£0.08 23 0.03
Oncaea spp. 1.16 £0.15 0.13+0.03 33 0.02
Oithona spp. 0.84 +0.12 0.07 £ 0.04 73 0.02
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Table 2.4. Results of stepwise multiple regression analyses addressing the effect of
environmental parameters and climate on copepod abundance. Stepwise multiple
regression analyses from annual mean abundance anomaly for the full grid area for total
copepods, and individual species (in order of abundance) are shown. Sea ice, primary
production, and chl a variables are annual anomalies. Explanatory variables and
statistical scores obtained from the best model among stepwise multiple regression
analyses are shown. Test statistics include r* and p-values for the overall model, the
coefficient (slope) for the regression equation, the standard error (SE) associated with the
model coefficient, the 2 tailed p-value (p) used in testing the null hypothesis for each

significant model variable, and the partial . n = number of years included in the model.
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Partial ¥

Variable n Slope SE P

Total Copepods (r* = 0.68, p = <0.001) 21

Sea ice retreat (1-yr. lag) -8.280 1.588 <0.001 0.451

Chl a (0-yr. lag) 0.830 0.236 0.002 0.228
Merridia gerlachei (r* = 0.41, p = 0.015) 19

Sea ice retreat (1-yr. lag) -5.332 2.141 0.024 0.220

Primary production (0-yr. lag) 0.378 0.169 0.040 0.186
Oithona sp. (" = 0.51, p = 0.002) 21

Sea ice retreat (1-yr. lag) -10.424 2.766 0.002 0.361

Chl a (0-yr. lag) 0.945 0.405 0.031 0.148
Calanoides acutus (r2 =0.73, p =<0.001) 21

Sea ice retreat (1-yr. lag) -9.499 2.046 <0.001 0.406

SAM (winter, 1-yr. lag) 0.091 0.026 0.003 0.204

Chl a (0-yr. lag) 0.823 0.296 0.013 0.122
Clausocalanidae (* = 0.54, p = 0.001) 21

Sea ice retreat (1-yr. lag) -9.076 2.210 0.001 0412

Chl a (0-yr. lag) 0.706 0.324 0.043 0.123
Paraeuchaeta antarctica (r* = 0.59, p =0.006) 20

Chl a (1-yr. lag) 1.148 0.282 0.001 0.371

Sea ice retreat (2-yr. lag) -5.767 1.945 0.009 0.215
Oncaea sp. (* =0.28, p = 0.020) 19

Primary production (0-yr. lag) 0.627 0.245 0.020 0.278
Rhincalanus gigas (* = 0.44, p = 0.014) 18

Primary production (1-yr. lag) 0.362 0.138 0.019 0.225

SAM (Winter, 1-yr. lag) -0.056 0.023 0.032 0.221
Calanus propinguus (r* = 0.71, p = <0.001 ) 18

Primary production (1-yr. lag) 0.838 0.165 <0.001 0.553

Sea ice days (1-yr. lag) -1.798 0.650 0.014 0.151
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Figure 2.2. Mean abundance of copepods for the full PAL LTER grid area, and each
latitudinal (A, C) and cross-shelf (B, D) sub-region. (A, B) are numerically dominant
copepod species and (C, D) are rare copepods; note different x and y-axis scales. Mean
abundance from tows collected from 1993-2013, with the exception of far south (2009-
2013). Sample size for sub-regions are as follows: n =201 (full grid), 65 (far north; FN),
58 (north; N), 62 (south; S), 16 (far south, FS), 60 (slope), 70 (shelf), 71 (coast). Error
bars are standard error. | indicates a significant difference between latitudinal or cross-
shelf sub-regions (Kurskal-Wallis test, p < 0.05). Copepod species abundance denoted by
a different letter are significantly different between sub-regions (Rank Sum). Abundance
of copepod species designated by the same letter (or no letter) are not significantly
different between regions (Rank Sum). For example, Calanoides acutus abundance in
latitudinal sub-regions (A) is significantly different between the FN vs. S, FN vs. FS, and

N vs. FS, but there is no significant difference between FN vs. N, N vs. S, and S vs. FS.
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Figure 2.5. Annual abundance anomaly of the copepods A, B) Calanus propinquus and
C, D) Paraeuchaeta antarctica. A and C (upper plots) are for the full grid area; B and D
(lower plots) are latitudinal sub-regions. Open circles indicate no data that year.
Regression lines indicate significant linear relationships. A) C. propinquus, full grid, p =
<0.001, r* = 0.44. B) C. propinquus, far north, p = 0.007, 1* = 0.32; north, p = 0.011, 1* =
0.29; south, p = 0.028, 1* = 0.25. C) P. antarctica, full grid, p = 0.004, r* = 0.36. D) P.

antarctica, far north, p = 0.015, r* = 0.28; south, p = 0.019, r* = 0.23.
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Figure 2.8. Relationship between sea ice retreat and (A, B) total copepod abundance and
(C, D) Clausocalanidae abundance. Data plotted are annual abundance anomalies for
each year of the time series (1993-2013) for indicated regions. Negative sea ice retreat
anomaly indicates an earlier retreat and positive anomaly indicates later retreat.
Regression lines for significant linear relationships are shown. A) Total copepods, north,
p = 0.008, * = 0.32; south, p =0.001, ?=0. 47; full grid, p = 0.001, * = 0.45. B) Total
copepods, coast, p = 0.033, = 0.22; shelf, p = 0.001, = 0.45; slope, p = 0.009, =
0.31. C) Clausocalanidae, north, p = 0.023, r* = 0.25; south, p = <0.001, r* = 0.57; full
grid, p = <0.001, r* = 0.41. D) Clausocalanidae, coast, p = 0.018, r* = 0.26; shelf, p =

0.002, r* = 0.40; slope, p = 0.038, ¥ =0.21.
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Figure 2.10. Effect of sea ice retreat and Southern Annular Mode (SAM) Index on
abundance of copepod Calanoides acutus. Data plotted are annual abundance anomalies
for each year of the time series (1993-2013) for indicated regions. Negative sea ice retreat
anomaly indicates an earlier retreat and positive anomaly indicates later retreat.
Regression lines for significant linear relationships are shown. A) Sea ice retreat (1-yr.
lag), far north, p = 0.007, * = 0.33; north, p = 0.01, r* = 0.30; south, p = 0.023, r* = 0.27;
full grid, p 0.002, r* = 0.41. B) Sea ice retreat (1-yr. lag), coast, p = 0.013, r* = 0.29;
shelf, p = 0.005, r* = 0.35; slope, p = 0.013, r* = 0.28. C) SAM Index (1-yr. lag), far
north, p = 0.04, r* = 0.20; south, p <0.001, r* = 0.54; full grid, p = 0.011, r* = 0.29. D)

SAM Index (1-yr. lag), coast, p = 0.001, r* = 0.43; slope, p = 0.049, r* = 0.19.

79



,J9?PR )

, @;IKPIL

X +(,0

,J9?PR fi

, @;IKPIL

+(.0

AU
AB
BU
BB
#BU
6M8 198>0
AB 1980
29;>0
AU 6;%

#BBF #BBC #BB\ #BBE BBB BBE BB\ BBC

2<P -L< &<>8<P> "ARB6 SPN. , J9? PSR

AU
AB
BU
BB
#BU
\AB D 9P=

20<5

#BBF #BBC #BB\ #BBE BBB BBE BB\ BBC

2<P -L< &<>8<P> "ARBE SPN. , J9? PSR

TC

-h—(;ggoé
g
O

e
m
C

BB

#BU

-OP z -h‘*(ﬁ

DcC

#AU +

N

jw]
0O

jons
C

#BU

-IO MRhBep T ese
@
(o8]

\AB

#AU
#C

6P8 1930

1080

29;>0

6;% ]

% , ,

4E
2,  "AR8E SPN.

)oP=>
20<8
239Q<

#\ E C E
2, C MAERBE SPN



DB ;1 6mioso H
19850
BE { 29550

\

%~ T B oM g
@

BB
#B6\
j] #BF
R DB
\DIC #BU BB BU AB
-81?PBR 89K ; L>19J "A¢R86 SPN , J9? PSR
[a
(b: AE
i
ll& BF
f B\
| o
| #BA
X 1 yops
" £ 20<Sx
K #AE {  259Q<
\AB #BU BB BiU pcC AU

_81?P8R 89K ;L>19J "AR86 SPN , J9? PSR
B6IN; 8< BAK <"1.)3, (#1SL 2")P""( L9 .42 L&, +0/)8, ( UD\28 1. 7W .(+ .20(+.(/" , 3
[ LML, + -, $103"43/$4110( >.). LL )"+ & .((0.1.20(+.(/" .(,9.18"#3,&"./1 2.4
L 3)1" )89 #"i8"# UDYYS\BCDSI 3, & S(+8/.)"+ &7, (#I <"74"##5, ( 18("'# 3, & #57($38/ . ()
18(" & &"1.)8, (#1SLE & #1, P(I W %S9 .62 L&, +0/), ( UD\28 1.710 (, &)1 0 Lv QOB & v
QIEB #, 0)1 0 L v QI 0 4Bv CGIBBF 3011 74$+) L v KQIOCD) 4BV Q] 11l ZIl %4$9 .42 L&, +0/), ( UD:

200 1.7W0 /7, .#)0 L v GICOR éBv QISDY #! "130 L v AICSE) ¢Bv AiB] |l

FA



Figure 2.12. Principle component analysis (PCA) for the dominant copepod species and
environmental variables/climate indices for the time series (1993-2013). Data used for
copepod species and environmental variables (sea ice, primary production) are annual
anomalies for each year of the time series. A) full grid area, and latitudinal sub-regions,
B) far north, and C) south. Copepod species are: Clausocalanidae (‘C’*), Calanoides
acutus (‘C.a.”), Calanus propinquus, (‘C.p.”), Metridia gerlachei (‘M.g."), Oithona spp.
(‘Oi’), Oncaea spp. (‘On’), Paraeuchaeta antarctica (‘P.a.’), Rhincalanus gigas (‘R.g.”).
Environmental parameters are: sea ice retreat (1-yr. lag), primary production (0-yr. lag),
and primary production (1-yr. lag). Sea ice retreat in A) is an average of the full grid area,
in B) measured at Anvers Island in the far north, and C) Avian Island in the south.
Primary production in A) is for the full grid area, and B) and C) are sub-region means.

Climate index is Southern Annual Mode (SAM; 1-yr. lag).
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Figure 2.13. Principle component analysis (PCA) for the dominant copepod species and
environmental variables/climate indices for A) the first half of the time series (1993-
2003), and B) second half of the time series (2004-2013). Data used for copepod species
and environmental variables (sea ice, primary production) are annual anomalies for each
year of the full time series. Copepod species are: Clausocalanidae (‘C’), Calanoides
acutus (‘C.a.”), Calanus propinquus, (‘C.p.”), Metridia gerlachei (‘M.g.”), Oithona spp.
(‘O1’), Oncaea spp. (‘On’), Paraeuchaeta antarctica (‘P.a.”), Rhincalanus gigas (‘R.g.").
Environmental parameters are: sea ice retreat (1-yr. lag), primary production (0-yr. lag),
and primary production (1-yr. lag). Sea ice retreat and primary production are full grid

area mean. Climate index is Southern Annual Mode (SAM; 1-yr. lag).
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CHAPTER 3
Copepod grazing impact and fecal pellet production along the

Western Antarctic Peninsula
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ABSTRACT

Copepods are important grazers on phytoplankton and contributors to carbon
export through production of fecal pellets, but their impact on both is not well known
throughout much of the Western Antarctic Peninsula (WAP), a region of rapid climate
warming. We conducted grazing (gut fluorescence method), and fecal pellet production
experiments with copepods in the WAP each January from 2012 to 2014 as part of the
Palmer Antarctica Long-Term Ecological Research (PAL LTER) program. Mean gut
evacuation rates (k) for Calanus propinguus (0.61 h™"), Rhincalanus gigas (0.63 h™"), and
Calanoides acutus (0.37 h™"), and mean initial gut content (G) for C. propinquus (8.4 ng
{Chl a equiv.} ind. ™), R. gigas (10.7 ng {Chl a equiv.} ind. ™), and C. acutus (4.3 ng {Chl
a equiv.} ind.™) resulted in high ingestion rates (I) for C. propinquus and R. gigas (133
ng {Chl a equiv.} ind." day™), and lower for C. acutus (37 ng {Chl a equiv.} ind.” day
1. Since k and I linearly increased with increasing chlorophyll a for most species,
ingestion rates were 4-70 times greater in the more productive coastal region than in
offshore, slope waters. Fecal pellet production (egestion) rates ranged from 0.82 (R.
gigas) to 37.3 pgC ind. day ' (Paraeuchaeta antarctica). Using January 1993-2013
copepod abundance data we found copepods have a low overall grazing impact on
phytoplankton biomass (<1%) and productivity (1%, but up to 11%), which is at the low
end of grazing impact compared to the dominant macrozooplankton in the region.
Copepods were likely feeding on other sources of carbon (i.e., protozoans and

metazoans) to meet metabolic demands, especially on the slope and in low chl a
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conditions, where copepods ingested <0.3% of their body carbon content from
phytoplankton. In comparison, body C rations from phytoplankton were on average 1.2 —
3.3% (up to 13%) during a large coastal phytoplankton bloom in 2014, indicating
changes in chl a and productivity impact copepod reliance on phytoplankton compared to
other food sources. Future changes in the WAP plankton community may affect flow of

carbon through the food web and export to depth.
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1. INTRODUCTION

In the Southern Ocean copepods are the most abundant mesozooplankton taxa,
and are important grazers of phytoplankton— with daily carbon ingestion up to 50% of
primary production (Schnack-Schiel et al. 1985, Conover & Huntley 1991, Atkinson &
Shreeve 1995, Atkinson et al. 1996a, Dubischar & Bathmann 1997, Cabal & Alvarez-
Marqués 2002, Mayzaud et al. 2002). The dominant Southern Ocean copepods employ
feeding modes ranging from carnivorous (Paraeuchaeta antarctica), to omnivorous
(Calanus propinquus), to mostly herbivorous (Calanoides acutus) (Yen 1991, Atkinson
1998, Pasternak & Schnack-Schiel 2001a), but most have flexible feeding behaviors
depending on food availability (Atkinson 1994, 1995, 1998; Metz & Schnack-Schiel
1995; Froneman & Pakhomov 1996; Calbet et al. 2006). Furthermore, larger copepods
produce carbon-rich fecal pellets with sinking rates of 100’s m day™' that can be
important source of carbon export from the euphotic zone (Turner 2002, Dubischar &
Bathmann 2002, Dagg et al. 2003, Gleiber et al. 2012). In a 5-year time-series analysis of
sediment trap collections over the continental shelf of the Western Antarctic Peninsula
(WAP), copepods had the second highest contribution to carbon flux from fecal pellets by
taxon (after krill), contributing an annual average of 22% of the total fecal pellet POC
flux (compared to 72% for krill fecal pellets; Gleiber et al. 2012). Thus, copepods are

both important grazers and mediators of C flux.
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The WAP has some of the highest seasonal productivity in the Southern Ocean
(Ducklow et al. 2012), and is experiencing one of the most rapid rates of warming on
Earth (Vaughan et al. 2003). The close proximity of the Antarctic Circumpolar Current
(ACQ) facilitates delivery of Upper Circumpolar Deep Water (UCDW) onto the
continental shelf; water that is both nutrient rich and relatively warm (Martinson et al.
2008). A large summer phytoplankton bloom (over 600 mg Chl a m?) supports a marine
ecosystem with high abundance of krill that are food for upper trophic levels, such as
seabirds and marine mammals (Ducklow et al. 2012). Changes due to warming in the
northern WAP over the last few decades have led to a latitudinal ‘climate gradient’,
affecting food web dynamics with significant changes at all trophic levels from plankton
to top-predators (Ducklow et al. 2007, 2012; Montes-Hugo et al. 2008; Stammerjohn et
al. 2008).

Krill and other macrozooplankton in summer in the WAP have a low average
grazing impact (<1% of daily primary production), although localized krill swarms and
ephemeral salp blooms can consume over 100% of primary production (Bernard et al.
2012). A recent study by Garzio et al. (2013) found microzooplankton (<200 pm, mostly
single-celled protozoa) are important grazers in the WAP, consuming 32 - >100% of PP,
and that they exert higher grazing pressure on bacterioplankton, picoautotrophs, and
nanophytoplankton than on large diatoms (>20um) that dominate the summer blooms
(Montes-Hugo et al. 2008, 2010). An inverse-model for the WAP food web further
indicates a shift over the last decade in the northern WAP from an herbivorous system,
with krill as the dominant grazers, to a microbial system where microzooplankton are the

dominant grazers (Sailley et al. 2013). With their flexible feeding strategies, copepods are
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