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ABSTRACT: Seasonal fluctuations are key features of high-latitude marine ecosystems, where
zooplankton exhibit a wide array of adaptations within their life cycles. Repeated, sub-seasonal
sampling of Antarctic zooplankton is rare, even along the West Antarctic Peninsula (WAP), where
multidecadal changes in sea ice and phytoplankton are well documented. We quantified zoo-
plankton biomass, size structure, and composition at 2 coastal time-series stations in the northern
WAP over 3 field seasons (November—March) with different sea-ice, temperature, and phyto-
plankton conditions. Seasonal peaks in zooplankton biomass followed weeks after phytoplankton
blooms. Biomass of mesozooplankton (0.2-2 mm) was consistent and low, while high biomass of
macrozooplankton (>2 mm) occasionally resulted in a size distribution dominated by krill and
salps, which appears to be a characteristic phenomenon of the Southern Ocean. Zooplankton
composition and size changed between years and from spring to summer as the water column
warmed after sea-ice breakup. Seasonal succession was apparent typically in decreasing zoo-
plankton size and a shift to species that are less dependent upon phytoplankton. Mean central
abundance dates varied by 54 d across 14 taxa, and specific feeding preferences and life-history
traits explained the different seasonal abundance patterns. In all 3 yr, the dominant euphausiid
species switched from Euphausia superba in spring to Thysanoessa macrura in late summer. Var-
ious taxa shifted their phenology between years in response to the timing of sea-ice breakup and
the onset of phytoplankton productivity, a level of natural environmental variability to which they
appear resilient. Nevertheless, the limits to this resilience in response to climate change remain
uncertain.
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1. INTRODUCTION

The seasonal timing of zooplankton migration, re-
production, and growth is coupled with annual
cycles of prey availability and temperature through-
out the global ocean (Ji et al. 2010). As a conse-
quence, seasonal patterns of zooplankton biomass
and abundance change from year to year (Mackas
etal. 2012). These cycles are particularly pronounced
in high-latitude ecosystems, where zooplankton em-
ploy a range of life-history strategies that vary with
body size, trophic level, and life span (Visser et al.
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2020). The West Antarctic Peninsula (WAP) is one
such seasonally productive ecosystem that has
undergone considerable physical and ecological
change over recent decades (Henley et al. 2019).
While coastal time-series programs document the
sub-seasonal drivers and variability of physical con-
ditions, chemical stocks, and phytoplankton along
the WAP since the 1990s (Kim et al. 2016, 2018), such
data are scarce for zooplankton.

Limited prior results from sampling on the scale of
weeks to months demonstrate the impact of temper-
ature, sea-ice coverage, and phytoplankton biomass
© The authors 2023. Open Access under Creative Commons by

Attribution Licence. Use, distribution and reproduction are un-
restricted. Authors and original publication must be credited.

Publisher: Inter-Research - www.int-res.com

L)

Check for
updates



https://crossmark.crossref.org/dialog/?doi=10.3354/meps14256&amp;domain=pdf&amp;date_stamp=2023-02-23

18 Mar Ecol Prog Ser 706: 17-32, 2023

on zooplankton growth, reproduction, and distribu-
tion in the Southern Ocean. Past work focused on
individual macrozooplankton species, such as the
Antarctic krill Euphausia superba (Bernard et al.
2017, Nardelli et al. 2021), the salp Salpa thompsoni
(Loeb & Santora 2012, Groeneveld et al. 2020), and
the pteropod Limacina rangii (Thibodeau et al. 2020),
the currently recognized name (Janssen et al. 2019)
for the species previously called Limacina helicina
antarctica. While seasonal shifts in abundance, verti-
cal distribution, and species composition have been
described for copepod assemblages in the Southern
Ocean (Atkinson 1998, Schnack-Schiel 2001), com-
munity-wide (multi-taxa) zooplankton studies with
sub-seasonal resolution are particularly rare (Fro-
neman et al. 1997, Hunt & Hosie 2006). Climate-
induced phenology shifts may increase the likelihood
of seasonal trophic mismatches between zooplank-
ton and phytoplankton (Richardson 2008, Thackeray
et al. 2016), but data limitation hinders the assess-
ment of zooplankton phenology and seasonal succes-
sion in the Southern Ocean.

In addition to taxonomy, zooplankton composition
and seasonal succession can be related to organismal
traits (Litchman et al. 2013, Kigrboe et al. 2018). Size
is a key trait that governs an individual's metabolic
rate and also has consequences for eco-
system-level processes such as particle
export (Brown et al. 2004, Stamieszkin
et al. 2015). Different feeding modes
are favored during different periods of
the annual cycle, resulting in seasonal
shifts in both zooplankton and prey
(Kenitz et al. 2017). Survival traits (e.g.
seasonal vertical migration) and repro-
ductive traits (e.g. spawn timing) are
particularly important in high-latitude
environments, where zooplankton adapt
a range of strategies to endure winter
(Visser et al. 2020). These traits provide
a useful perspective for interpreting
seasonal patterns across the broad range
of taxonomic groups that comprise zoo-
plankton assemblages.

To address the above knowledge gaps,
we analyzed zooplankton biomass and
the abundance of major taxa at 2 coastal
time-series stations as part of the Palmer
Antarctica Long-Term Ecological Re-
search (PAL LTER) program. Net sam-
pling was conducted twice per week
across 3 consecutive field seasons to ex-
amine changes in spring—summer zoo-
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plankton composition. We hypothesized that envi-
ronmental conditions (e.g. phytoplankton biomass
and temperature) impact zooplankton biomass and
composition at seasonal to interannual scales. Our
approach sought to reveal patterns of taxonomic and
trait-based succession not previously resolved for
zooplankton in this pelagic marine ecosystem.

2. MATERIALS AND METHODS
2.1. Zooplankton collection

Daytime sampling trips from Palmer Station (64°46'S,
64°03' W) were conducted aboard a rigid-hulled in-
flatable boat during 3 consecutive field seasons span-
ning austral spring to late summer: 17 November 2017
to 12 March 2018, 6 November 2018 to 11 March
2019, and 6 January 2020 to 2 March 2020. Macro-
and mesozooplankton were collected twice weekly,
as weather permitted, southwest of Anvers Island,
Antarctica, at PAL LTER Stations B and E, respectively
located ~1 and ~5 km from Palmer Station (Fig. 1).
The bottom depth is ~70 m at Station B and ~160 m
at Station E, which is northeast of the Palmer Deep
canyon. Station E was sampled before Station B each
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Fig. 1. Study area indicating time-series Stations B (~70 m depth) and E (~160 m
depth) near Palmer Station on Anvers Island, Antarctica. The triangle in the inset
map marks the location of the study area along the West Antarctic Peninsula
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day, and tows were usually conducted between
10:00 and 15:00 h local time. Sampling 2 stations al-
lowed the assessment of differences between a near-
shore site and a canyon edge location while also im-
proving sampling effectiveness for patchily distributed
zooplankton.

Zooplankton were collected using 2 net types: a
1 x 1 m square, 700 pm mesh Metro net and a 1 m
diameter, 200 pm mesh ring net, which were both
towed obliquely to a target depth of 50 m. Wire pay-
out and retrieval rate was ~23 m min~!. Speed over
ground was ~2.0 knots while towing the 700 pm net
and ~1.5 knots while towing the 200 pm net. Dupli-
cate tows were typically conducted with each net
at both sampling stations. A General Oceanics flow
meter was used to determine the volume of water fil-
tered (= 407 + 106 m® [mean + SD] for the 700 pm net;
197 + 84 m?® for the 200 um net). Due to a flowmeter
malfunction, volume filtered was unavailable for
twelve 200 pm net tows in January 2020. Estimated
values were calculated from a polynomial regression
fit of volume filtered vs. the length of wire out (y =
—0.0664x?% + 14.6x — 603; p < 0.04 for all parameters;
R? = 0.84). Maximum net depth was estimated during
each tow based on the length and angle of wire out
and verified using a Star-Oddi DST centi-TD (50 +
4 m [mean + SD] for the 700 pm net; 50 + 7 m for the
200 pm net).

2.2. Zooplankton analysis

The Metro and ring nets were used to quantify dif-
ferent taxa. Both replicate tows with the 700 pm net
were assessed for taxonomic composition, and data
are presented for the following taxa: euphausiids
(krill) Euphausia superba and Thysanoessa macrura,
the thecosome (shelled) pteropod Limacina rangii,
gymnosome (un-shelled) pteropods (including Clione
limacina and Spongiobranchaea australis), the salp
Salpa thompsoni (individuals of the blastozooid life
stage >3 mm and oozooid life stage >10 mm), amphi-
pods, and larval fishes. These taxa dominated bio-
mass and were sorted live and counted in the aquar-
ium room at Palmer Station. On rare occasions when
subsampling was necessary, a random subsample
containing at least 100 individuals of the abundant
taxon was taken by stirring the sample to homoge-
nize it and subsampling with an aquarium net. The
proportion of the subsample was calculated using
displacement biovolume. On 4 dates between 15 Feb-
ruary 2020 and 2 March 2020, sampling was re-
stricted to the 700 pm net, and only Station E was

sampled. Only salps and euphausiids were quantified
from the 8 tows conducted during that date range.

One of the 200 pm net samples from each station
was used for taxonomic analysis, and data are pre-
sented for the following taxa: copepods Oithona spp.,
Calanoides acutus (>1 mm only), Calanus propin-
quus (>1 mm only), Rhincalanus gigas (>1 mm only),
and small calanoids (0.2-1 mm), chaetognaths, aster-
oid larvae (bipinnaria and brachiolaria stages), and
nemertean pilidium larvae. The >1 mm limit for cala-
noid copepod species ensured consistent classifica-
tion across analysts. Globigerinid foraminifera data
were limited and thus were only analyzed to test
an observed association with sea ice. The samples
were preserved in 3.7 % formaldehyde buffered with
sodium borate. Then they were returned to the Vir-
ginia Institute of Marine Science (Gloucester Point,
Virginia, USA) for further microscopic enumeration.
Preserved samples were size-fractionated with nested
sieves into the following 5 size classes: 0.2-0.5, 0.5-1,
1-2, 2-5, and >5 mm. All individuals in the 3 largest
size fractions were typically identified and counted.
Typically, at least 1/64 of the 2 smallest size fractions
was counted under a stereo dissecting microscope
after dividing the sample with a Folsom plankton
splitter. Size fractions were split such that at least 100
individuals of the most abundant taxon were present
(Postel et al. 2000).

The second 200 pm net sample from each station
was split in half with a Folsom plankton splitter
immediately upon collection. One-half of the catch
was processed and flash frozen on board the rigid-
hulled inflatable boat for future analysis. Upon
return to Palmer Station, the second half of the catch
was size-fractionated with nested sieves (into the
same size classes as above), concentrated on pre-
weighed 200 pm mesh filters, and frozen at —20°C.
Samples were thawed, weighed to determine wet
biomass, dried at 60°C for at least 24 h, and weighed
again to determine dry biomass. Zooplankton dry
weight density (g m™®) was then depth-integrated to
50 m (g m2).

2.3. Environmental data

Due to the localized nature of sea-ice dynamics,
the date of the first CTD cast at Palmer Station was
used to demarcate local sea-ice breakup. In all 3 yr,
small-boat operations were delayed until sea-ice
concentration declined to ~50 %. Satellite-based data
provided a broader spatial and multi-decadal context
for the date of sea-ice retreat. The satellite-based
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date of sea-ice retreat was calculated from daily sea-
ice concentration for the 50 x 50 km area south and
west of Anvers Island using the Bootstrap passive
microwave algorithm (version 3.1) (Stammerjohn et
al. 2008, Schofield et al. 2017). The date of retreat
was defined as the final day for which sea-ice con-
centration remained above 15% for 5 consecutive
days. Local ice coverage within a radius of ~400 m
was also recorded at the start of each net tow using a
scale of 10 % increments.

PAL LTER Stations B and E were usually sampled
for water column properties on the mornings of zoo-
plankton collections (Schofield et al. 2017). CTD
(SeaBird Electronics Seacat SBE 19plus sensor) casts
sampled to depths of 60 and 75 m at Stations B and E,
respectively. Data from downcast profiles were aver-
aged in 1 m bins. The average temperature (T) and
maximum temperature (T;,,x) in the upper 50 m were
calculated for each cast. Discrete water samples for
fluorometric chlorophyll a (chl a) analysis were col-
lected in Niskin bottles at 7 depths on the upcast, fil-
tered onto Whatman GEF/F filters, and frozen at
—80°C. Samples were extracted in 90% acetone at
—20°C for 24 h and analyzed with a Turner 10AU
fluorometer. Chl a profiles were depth-integrated to
50 m. Sampling coverage was greater for these envi-
ronmental variables than for zooplankton collection
across all 3 field seasons and spanned the following
date ranges: 14 November 2017 to 26 March 2018,
2 November 2018 to 28 March 2019, and 2 December
2019 to 19 March 2020.

The coast near Palmer Station experiences a mixed
tide, fluctuating between several days of semidiurnal
tide (i.e. 2 high and 2 low tides each day) and several
days of diurnal tide (i.e. 1 high and 1 low tide each
day) (Amos 1993). The tidal regime (more than the
daily tidal oscillations) influences surface current
direction, nearshore distribution of E. superba, and
the foraging range of Adélie penguins (Oliver et al.
2013, Bernard et al. 2017). Tide height data at 1 min
intervals were obtained from the Palmer Station tide
gauge via the Antarctic Meteorological Research Cen-
ter (https://amrc.ssec.wisc.edu/usap/palmer/). The
tidal regime for each sampling day was manually
classified as diurnal or semidiurnal tide based on the
number of maxima and minima in tide level.

2.4. Data analysis
We tested whether zooplankton dry weight, taxon

abundance, chl a, average T, and T, differed
between Stations B and E across the 3 field seasons

using the Wilcoxon signed-rank test. This paired,
non-parametric test does not assume that data are
normally distributed. The Kruskal-Wallis 1-way
ANOVA was used to test whether zooplankton dry
weight, chl a, average T, and T,,x each differed
between years. Individual year-to-year comparisons
were performed using Dunn'’s test on rank sums with
a Bonferroni correction. Spearman's rank correlation
was used to test an observed connection between
foraminifera and local sea-ice coverage. These
analyses were conducted using R version 4.0.5 (R
Core Team 2021). Dunn's test was executed using
the ‘dunn.test’ package (version 1.3.5) in R (Dinno
2017).

Variation in zooplankton size structure was ana-
lyzed by plotting normalized biomass size spectra.
Normalized biomass was calculated as dry weight
density divided by the size interval of a given size
fraction (i.e. 0.3, 0.5, 1, 3, or 5 mm) (Rykaczewski &
Checkley 2008). Visual inspection revealed that the
larger size fractions (>2 mm) often contributed rela-
tively high biomass, making it inappropriate to cal-
culate spectral slope from a linear best-fit line. Thus,
samples were divided into low (<0.03 g m™; n = 34
samples), medium (0.03-0.1 g m™2; n = 46), and high
(>0.1 g m™%; n = 36) zooplankton biomass conditions
to allow comparison of the size spectra as a function
of total biomass.

A multivariate analysis of the abundance data for
15 taxa was conducted to assess change in taxonomic
composition. Foraminifera (due to inconsistent quan-
tification) and oozooids of S. thompsoni (due to scar-
city relative to blastozooids) were excluded from this
analysis; blastozooids of S. thompsoni were included.
This analysis was conducted using the ‘vegan’ pack-
age (version 2.5-7) in R (Oksanen et al. 2020). When
duplicate tows were conducted, the mean of species
abundance was used. ANOSIM using the Bray-
Curtis dissimilarity and 10000 permutations tested
whether community structure differed significantly
between years and between Stations B and E. Non-
metric multidimensional scaling (NMDS) was used to
visualize the similarity of sampling dates within a
given year. NMDS is an ordination technique that
reduces a multidimensional dataset into a smaller
number of dimensions so that similar samples are
located closer to one another (Minchin 1987). NMDS
using the Bray-Curtis dissimilarity matrix is able to
accommodate zeroes and skewed data. NMDS was
executed with the function ‘metaMDS' using a
square-root transformation and Wisconsin double
standardization. NMDS ordination solutions for the
2017-2018 and 2019-2020 field seasons converged
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using 2 dimensions, but 3 dimensions were required
for the 2018-2019 field season.

Linear regression analysis on the annual NMDS
ordinations was used to identify the directional gra-
dients of environmental variables hypothesized to
impact zooplankton composition (e.g. Dietrich et al.
2021). Days since local sea-ice breakup (based on
first day of boat-based sampling) was used to exam-
ine the seasonal progression of each year. Average T
and chl a are commonly related to zooplankton life-
history processes (chl a was log,-transformed) (e.g.
Mackas et al. 2012, Atkinson et al. 2015). Tidal
regime was hypothesized to impact zooplankton
composition, because it influences local surface cur-
rents (Oliver et al. 2013, Bernard et al. 2017). The
resulting vectors indicate the direction of maximal
change for a given environmental variable, and the
r? statistic indicates the correlation strength along
a vector's axis. This regression analysis was con-
ducted with the ‘envfit’ function of 'vegan' using
10 000 permutations.

The central date of zooplankton density was calcu-
lated using a 'center of gravity' metric for individual
biomass size classes and for abundances of 14 taxa
(Edwards & Richardson 2004, Mackas et al. 2012).
Foraminifera (due to inconsistent quantification) and
both stages of S. thompsoni (due to scarcity) were
excluded from this analysis. For this calculation,
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dates were numbered sequentially beginning with
1 November. The central date for a given size-fraction
or taxon was calculated as the sum of the products of
daily densities (Np) and sampled day numbers (D),
divided by the sum of daily densities: > Np x D/ > Np.
Only data collected from 5 December to 12 March
were included, as this period was consistently sam-
pled during the 2017-2018 and 2018-2019 field sea-
sons. The 2019-2020 field season was excluded due
to limited sampling coverage. Central dates were
calculated individually for Stations B and E. In cases
of bimodal distributions, the central date calculated
using this method falls between 2 peaks.

3. RESULTS
3.1. Sea ice and temperature

The date of local sea-ice breakup varied by 4 wk
across the 3 field seasons: 16 November 2017,
2 November 2018, and 29 November 2019 (Fig. 2).
This interannual pattern in local sea-ice breakup
(mid-, early-, and later-season, respectively) corre-
sponds with satellite observations indicating sea-ice
retreat dates of 26 November 2017, 23 November
2018, and 7 December 2019 for the area 50 km south
and west of Anvers Island.

Station E: 2017-2018
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Fig. 2. Temperature time series from (a, ¢, e) Station B and (b, d, f) Station E during the (a,b) 2017-2018, (c,d) 2018-2019, and
(e,f) 2019-2020 field seasons. Vertical temperature profiles (collected twice per week) were interpolated to produce section
plots. Time series begin at the first date local sea-ice breakup allowed boat-based water sampling from Palmer Station
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Water temperature in the upper 50 m (range:
-1.7°C to 2.5°C) warmed throughout each field sea-
son and differed substantially among years. Aver-
age T and T, did not differ between Stations B
and E (Wilcoxon signed-rank tests: p > 0.15 for
both tests; n = 106 sample pairs). Winter water (T <
—1.2°C) persisted until ~10 December regardless of
the timing of local sea-ice breakup (Fig. 2). From
mid-December onwards, the water column generally
warmed from the surface through depth. During the
summer period of 26 December to 21 March, aver-
age T and Ty, differed significantly across years
(Kruskal-Wallis test: average T, x> = 17, df = 2, p <
0.001; Tmaxe XZ =69, df = 2, p < 0.0001). Average T
was colder in 2018-2019 than in the other 2 yr
(Dunn's test: p < 0.001 for both comparisons), while
Thax was significantly different across all years,
being warmest in 2019-2020 and coldest in
2018-2019 (Dunn's test: p < 0.001 for all compar-
isons) (Table 1).

3.2. Phytoplankton biomass

The timing and magnitude of phytoplankton accu-
mulation changed across field seasons and was
related to the timing of local sea-ice breakup. Chl a
concentration did not differ between Stations B and E
(Wilcoxon signed-rank test: p = 0.065; n = 106 sample
pairs). Chl a was low upon sea-ice breakup, then
increased over the following 2-3 wk to a peak typi-
cally exceeding 200 mg m™2 (Fig. 3). Regardless of
initial bloom timing, chl a remained relatively high
until dropping below 50 mg m™2 in January, then
increasing above 60 mg m~2 in late January and early
February each year. A final chl a peak (>100 mg m2)
occurred in March of each year. Despite similar sea-
sonal patterns, chl a differed significantly between
years (Kruskal-Wallis test: 2 = 9.7; df = 2; p = 0.008)
and was higher in 2018-2019 than in 2017-2018 or
2019-2020 (Dunn's test: p = 0.01 for both compar-
isons) (Table 1).

3.3. Zooplankton biomass and size composition

Similar to chl a, zooplankton dry weight (range:
0.007 to 3.0 g m™?) and seasonal patterns differed
among years. Dry weight did not differ between Sta-
tions B and E (Wilcoxon signed-rank test: p = 0.88;
n = 50 sample pairs). Zooplankton biomass maxima in
December 2017 and January 2018 occurred 2-3 wk
after chl a peaks (Fig. 3a,b). Zooplankton and phyto-
plankton biomass then both remained low in late
February and March 2018 (Fig. 3a,b). The following
year was characterized by zooplankton biomass
peaks in December and February also following
phytoplankton peaks (Fig. 3c,d). Zooplankton bio-
mass was higher in 2020 than in the other 2 field sea-
sons (Kruskal-Wallis test: XZ =274,;df =2, p<0.0001;
Dunn's test: p < 0.0001 for both comparisons) (Table 1),
and elevated biomass in January followed a phyto-
plankton peak in late December (Fig. 3e,f).

Zooplankton biomass dynamics were linked to size
structure, which changed on seasonal and annual time
scales. Comparing the size spectra for low, medium,
and high biomass conditions revealed that mesozoo-
plankton (0.2-2 mm) formed a relatively consistent
background biomass (Fig. 4). Increased total biomass
was due to higher abundance of macrozooplankton
(>2 mm), with the largest size class (>5 mm) in par-
ticular driving the highest biomass conditions. De-
creasing size from December 2017 to March 2018
was consistent with decreasing biomass late in that
field season as the smallest (0.2-0.5 mm) size class
proportionally replaced the largest size class (Fig. 5a).
High biomass and dominance of >5 mm animals
again characterized December 2018, and a large con-
tribution of animals >2 mm drove the second biomass
peak in late summer (Fig. 5b). On average, >5 mm
animals constituted 82 % of dry weight in 2020 when
the highest biomass was observed (Fig. 5c). Across
years, the smallest (0.2-0.5 mm) size class consis-
tently dominated when animals >2 mm were scarce.
The intermediate sizes (0.5-1 mm and 1-2 mm) typi-
cally constituted <20 % of total zooplankton biomass.

Table 1. Summary statistics of water temperature and plankton biomass variables for each field season at Palmer Station. Tem-
perature observations (0—50 m) only include sampling between 26 December and 21 March. Chlorophyll a and zooplankton
dry weight (integrated from 0-50 m) include all sampling dates. Data from Stations B and E are included

Field season  Average temp. (°C) Tax (°C) —Chl a (mg m™%) — Zooplankton dry weight (g m™2)
Mean + SD n Mean + SD Mean + SD n Mean + SD n
2017-2018 1.2+0.46 49 1.6 +0.34 49 67 + 38 76 0.15+0.30 40
2018-2019 0.95 +0.32 50 1.3+0.34 50 96 + 77 84 0.093 +0.16 60
2019-2020 1.3+0.47 50 1.9 +0.32 50 69 + 54 58 0.92 +0.79 16
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Fig. 3. Chl a and zooplankton dry weight time series from (a,c,e) Station B and
(b,d,f) Station E during the (a,b) 2017-2018, (c,d) 2018-2019, and (e,f)
2019-2020 field seasons. Both variables were integrated from 0 to 50 m

3.4. Zooplankton taxonomic composition and
seasonal patterns

Multivariate analysis of 15 taxa revealed interan-
nual and seasonal changes in zooplankton composi-
tion. Taxonomic composition differed significantly
among years (ANOSIM: R = 0.16; p < 0.001) and
between sampling stations (ANOSIM: R = 0.11; p <
0.001). NMDS scores illustrated seasonal succession
and were significantly correlated with the number
of days since sea-ice breakup in all years (Fig. 6 &
Fig. S1 in the Supplement at www.int-res.com/
articles/suppl/m706p017_supp.pdf, Table 2). Average
T was significantly correlated with the ordination
scores for 2017-2018 and 2018-2019. Chl a and tidal
regime were not significantly correlated with NMDS
scores (Table 2).

Central abundance dates captured the seasonal
succession in zooplankton taxonomic and size class
composition (Fig. 7). The earliest mean central abun-
dance dates were for Euphausia superba and ptero-
pods, while Thysanoessa macrura and the copepods
Calanus propinquus and Oithona spp. were the latest
taxa (Fig. 7a). In 2017-2018 and 2018-2019, E.
superba dominated the >5 mm size class, which had
the earliest mean central biomass date (Fig. 7b). Sim-
ilarly, Oithona spp. and T. macrura dominated the

Several taxa were more abundant at
Station B than at Station E (Table 3),
and their different seasonal abundance
patterns resulted in succession among
groups. Larval fishes, C. acutus, and small calanoid
copepods typically increased rapidly following sea-ice
breakup (Fig. S2 in the Supplement), and their mean
central abundance dates ranged from 11-13 January
(Fig. 7a). Amphipods, larval asteroids, and larval ne-
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Fig. 4. Mean normalized zooplankton biomass size spectra
as a function of total dry weight density. Data were divided
into 3 categories with similar sample size based on the total
dry weight density integrated from 0 to 50 m (n = 34-46
samples per point). Shading indicates +2 SE
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Fig. 6. Non-metric multidimensional scaling (NMDS) ordinations for zooplankton taxonomic composition at Stations B and E
combined during the (a) 2017-2018, (b) 2018-2019, and (c) 2019-202 field seasons. Each point marks a sampling event. Vector
direction represents the axis of maximal change for the environmental variable, and vector length indicates correlation strength
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since local sea-ice breakup (also indicated by color of the points). NMDS stress = 0.14-0.19, and individual values are provided
in Table 2. The 2018-2019 data were fitted using 3 dimensions, and the third axis is presented in Fig. S1 in the Supplement

merteans (the latter 2 not significantly different be-
tween stations; Table 3) had intermediate central
abundance dates between 16-22 January (Fig. 7a &
Fig. S3 in the Supplement). Chaetognaths, R. gigas,
C. propinquus, and Oithona spp. copepods typically
increased in abundance from January until March
(Fig. S4 in the Supplement) and had late mean central
abundance dates ranging from 24 January to 1 Feb-
ruary (Fig. 7a).

Pteropods and salps were both more abundant at
Station E than at Station B (Table 3), and their sea-
sonality was apparent in years when their densities
were highest. In 2017-2018, the thecosome (shelled)
pteropod Limacina rangii and its shell-less gymno-
some pteropod predators both declined from early

December until March (Fig. 9a). The salp Salpa
thompsoni bloomed in 2020 and constituted 70 % of
the zooplankton dry weight on average during that
year. Abundance of salp blastozooids peaked in the
second half of January; conversely, salp oozooids
were an order of magnitude more abundant in Feb-
ruary vs. January at Station E (the only station sam-
pled after 6 February 2020) (Fig. 9b).

Foraminifera were positively correlated with the
local ice coverage at Station E (where glacial ice was
rarer than at Station B) in 2018-2019 (Spearman's p =
0.62; p < 0.001) (Fig. S5 in the Supplement). Forami-
nifera abundance was highest upon local sea-ice
break-up in November, and subsequent diminishing
peaks coincided with periodic ice coverage in Decem-
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Table 2. Results of regression analysis for non-metric multidimensional scaling
(NMDS) ordinations from Stations B and E across each year of sampling. NA:

not applicable

January and February 2019 (Clem et
al. 2020). The warmest water tempera-
tures coincided with record-setting

surface air temperatures along the
NMDS1  NMDS2 NMDS3 r’ p Antarctic Peninsula in February 2020
2017-2018 (n = 47; stress = 0.19) (Xu et al. 2021). The.refor.e, nearshore
Days from ice breakup 0.86 0.51 NA 0.56  <0.0001 ocean temperature in this study ap-
Temperature 0.68 0.73 NA 0.42  <0.0001 pears to reflect broader-scale atmos-
Chlorophyll a -0.82 -0.57 NA 0.07 0.19 pheric processes.
Tidal regime 0.01 0.73 .
Diurnal 0.03 ~0.02 NA The seasonal progression of phyto-
Semidiurnal -0.03 0.00 NA plankton biomass accumulation fol-
2018-2019 (n = 65; stress = 0.17) lowed known patterns, and chl a con-
Days from ice breakup 0.61 0.62 0.51 0.45 <0.0001 centration was low to moderate for
Temperature 0.56 0.74 0.37 0.28  <0.001 the study site. Shallow mixed layers
Chlorophyll a -0.19 -0.43 0.88 0.09 0.13 li light limitati d all id
Tidal regime 0.01 0.53 relieve light limitation an. allow r.apl
Diurnal -0.05 -0.03 0.04 phytoplankton growth in nutrient-
Semidiurnal 0.03 0.02 -0.02 replete waters following sea-ice re-
2019-2020 (n = 18; stress = 0.14) treat (Mitchell & Holm-Hansen 1991,
Days from ice breakup 0.93 0.37 NA 0.59 0.002 Nelson & Smith 1991). Wind and melt-
Temperature 0.96 -0.27 NA 0.11 0.41 . - g
Chlorophyll a —0.41 091 NA 0.02 084 Water 1nﬂ}1ence mixing and stratifica-
Tidal regime 0.01 0.87 tion to drive subsequent phytoplank-
Diurnal -0.03 -0.01 NA ton biomass peaks in late January and
Semidiurnal 0.04 0.02 NA early March near Palmer Station (Car-
E. superba Q ——
ber and January, until both foraminifera and sea ice L. rangii o
became mostly absent in February and March. Gymnosomes —o-
Larval fishes ——
Small calanoids —_—
C. acutus —0—
4. DISCUSSION Amphipods —
Larval asteroids ——
. Larval nemerteans -
4.1. Environmental context Chaetognaths P —
R. gigas ——
Satellite-based sea-ice concentration suggests the Oithona spp. —
iming of sea-ice retreat the 3 yr of this stud . propinguus -
timing of sea-ice retreat across the 3 yr of this study T macrura —_——
was consistent with the 1979-2020 average, with the f f f I
dates of sea-ice retreat for the 50 x 50 km area near Dec Jan Feb Mar
Palmer Station being within 9 d of the long-term Central abundance date
mean (28 November + 30 d SD). Though the timing of b
sea-ice retreat, historically, is more consistent than 25 mm
sea-ice advance (Stammerjohn et al. 2008), the date 12 :: -
of sea-ice breakup varied by 27 d across 3 yr accord- 0.5-1 mm —_—
ing to the first day of boat-based sampling. We posit 0.2-0.5 mm ———
increased light availability and the local onset of T T T T
increased phytoplankton productivity more closely Dec Jan Feb Mar

coincide with this boat-based metric rather than the
spatially coarser satellite view.

The surface-intensified warming pattern we ob-
served suggests that atmospheric forcing drove water-
temperature patterns in each of the 3 yr of this study.
Colder water temperatures in the 2018-2019 field
season were coincident with below-average surface
temperatures across the Antarctic Peninsula during

Central biomass date

Fig. 7. Central date of zooplankton (a) taxonomic abundance
and (b) size-fractionated biomass. Central dates were calcu-
lated individually for Stations B and E for the 2017-2018 and
2018-2019 field seasons. Therefore, the sample size n = 4
central dates for all taxa and size classes except for L. rangii,
for which n = 3 due to absence. Black dots indicate the mean
central date and error bars indicate the range across 2 years
and 2 stations
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Table 3. Zooplankton taxonomic abundance comparisons between Stations B and E. For taxa quantified from 700 pm net tows,

n = 145 tows at Station B and n = 137 tows at Station E (except salps and euphausiids, for which n = 145 tows at both stations).

For taxa quantified from 200 pm net tows, n = 69 tows at Station B and n = 65 tows at Station E. Paired Wilcoxon signed-rank

tests were conducted using data collected on the same day at both stations. Daily station means were calculated for the 700 pm

net when duplicate tows were available. Only data from the 2019-2020 field season were used in the paired Wilcoxon signed-rank
test for Salpa thompsoni as it was predominantly absent in other years

Taxon Station B Station E — Wilcoxon signed-rank test
mean + SD (ind. m™)  mean = SD (ind. m~) \% p n (d)
700 pm net
Euphausiids
Euphausia superba 0.11 £ 0.63 0.043 £ 0.15 630 0.76 68
Thysanoessa macrura 0.015 +0.090 0.13 £0.29 543 0.025 68
Pteropods
Limacina rangii 0.0075 + 0.022 0.028 + 0.054 65 <0.0001 68
Gymnosomes 0.0016 + 0.0025 0.0024 + 0.0047 609 0.085 68
Other
Amphipods 0.0051 + 0.0081 0.0040 + 0.012 1371 0.006 68
Larval fishes 0.012 £ 0.025 0.0032 + 0.0040 1593 <0.001 68
Salpa thompsoni blastozooids 0.052 + 0.28 0.11 £ 0.45 5 0.039 9
200 pm net
Copepods
Oithona spp. 36.3+£324 21.8+21.9 1462 0.002 63
Calanoides acutus 0.069 + 0.061 0.043 £ 0.057 1568 <0.0001 63
Calanus propinquus 0.067 + 0.072 0.041 + 0.058 1439 <0.001 63
Rhincalanus gigas 0.047 £ 0.034 0.032 £ 0.047 1393 0.001 63
Small calanoids 6.9+ 7.7 1.7+4.1 1913 <0.0001 63
Other
Chaetognaths 0.030 £ 0.031 0.0094 + 0.014 1562 <0.0001 63
Larval asteroids 0.18 £ 0.24 0.17 £ 0.30 971 0.25 63
Larval nemerteans 0.40 £ 0.70 0.51+£1.0 521 0.086 63

valho et al. 2016, Nardelli et al. 2021). Mean Decem-
ber—February chl a concentration during each of the
3 study years (65-83 mg m~2) was below the long-
term mean for 1991-2012 (108 mg m™2%) (Saba et al.
2014). Therefore, while chl a was highest in our study
during the summer of 2018-2019, phytoplankton bio-
mass was only moderate in the context of the longer-
term record.

4.2. Zooplankton biomass and size structure

Resource availability and predator—prey interac-
tions drive the pattern of zooplankton biomass lagging
behind phytoplankton biomass seasonally (Sommer
et al. 2012). Recruitment of overwintering larvae
(Atkinson 1991, Ward et al. 2012), ascension of sea-
sonal vertical migrators (Atkinson & Shreeve 1995,
La et al. 2019), and dampened diel vertical migration
(Cisewski et al. 2010, Conroy et al. 2020) likely
caused increased daytime zooplankton biomass fol-
lowing peaks in phytoplankton biomass accumula-
tion. While meso- and macrozooplankton responded
to phytoplankton growth, it is unlikely that, during

2017-2018 and 2018-2019, their grazing caused
seasonal declines in phytoplankton biomass. Mean
combined daily grazing by copepods, euphausiids,
pteropods, and salps along the WAP is estimated at
0.5% of phytoplankton standing stock and 1.2 % of
daily primary productivity during summer (Bernard
et al. 2012, Gleiber et al. 2016). However, salp
blooms can lead to a daily grazing impact of up to
30% of phytoplankton standing stock (and 169 % of
primary productivity) (Bernard et al. 2012). Thus, the
salp bloom in 2020 likely contributed to the low chl a
conditions observed that year.

High concentration of biomass in the macrozoo-
plankton size class (>2 mm) illustrates key character-
istics of Antarctic zooplankton more broadly. The
size of individual zooplankton is relatively large in
polar regions due to low temperature, high oxygen
concentration, and large phytoplankton (Brun et al.
2016, Brandao et al. 2021). And while subpolar regions
have a much higher proportion of larger size classes
of zooplankton compared to subtropical regions
(e.g. Steinberg et al. 2008), the extreme ‘top-heavy’
zooplankton biomass conditions documented in this
study and previously in the Scotia Sea (Tarling et al.
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Fig. 8. Time series of mean Euphausia superba and Thysanoessa macrura
abundance in (a) 2017-2018, (b) 2018-2019, and (c) 2019-2020 field seasons.
Mean daily abundance was calculated from 700 pm net tows at Stations B
and E combined (n = 1-4 tows per sampling day). Vertical arrows indicate the
corresponding central abundance date for each species for the 2017-2018 and
2018-2019 field seasons. Note: mean plotted on logarithmic scale

2012) may be a distinct feature of the Southern Ocean.
The inverted biomass distribution demonstrated here
is likely possible due to high predator-to-prey size
ratios and broad prey preferences (Woodson et al.
2018) characteristic of Euphausia superba and Salpa
thompsoni (predator:prey ratios exceeding 10 000:1)
(Schmidt & Atkinson 2016, Pauli et al. 2021, Stukel et
al. 2021). Model simulations demonstrate the excep-
tional grazing and particle export impacts of large,
long-lived macrozooplankton throughout the South-
ern Ocean (Le Quéré et al. 2016, Karakus et al. 2021).

Ia By repeatedly sampling at a high
. \l/ —— T.macrura frequency over 3 yr, we demonstrate
! 3 —+— E. superba the patchiness of krill aggregations
: and ephemeral nature of salp blooms
01 3 in contrast to the relatively homoge-
] nous distribution of mesozooplankton
0.01 § (dominated by copepods). As noted
3 above, large taxa can have outsized
0.001 § roles in ecosystem-level processes,
m but these ecological impacts are lim-
01 ; ; ; ; . ited in space and time while those of
Nov 2017 Dec Jan Feb Mar Apr2018 ) as0zooplankton are more consistent.
5 For example, Oithona spp. copepods
fb \l/ \l/ (dominant in 0.2-0.5 mm size class)
¢ 15 may be the most productive zooplank-
E, 7 ton in the Southern Ocean due to their
2 o E numerical abundance (Fransz & Gon-
s ] zalez 1995), and calanoid copepods
:E 0.01 5 (dominant in 0.5-2 mm) are likely more
E ] productive than E. superba (Voro-
§ 0.001 5 nina 1998). Distinguishing multiple size
3 classes of zooplankton is an effective
01 : : : : : way to model global ocean ecosys-
Nov 2018 Dec Jan Feb Mar Apr2019  tems (Le Quéré et al. 2016, Heneghan
§ et al. 2020), and we suggest that re-
EC gional studies attempt to resolve the
14 distribution of zooplankton size classes
. at finer resolution.
0.1 5

0.01 g 4.3. Seasonal succession
0.001 ; Within each field season, days since
3 sea-ice breakup and warming water
0: temperatures were associated with
Nov I201 9 D(Iac Jén Féb Mlalr Apr I2020 changing zooplankton taxonomic com-

position. Chl a and tidal regime were
not related to taxonomic structure.
This suggests that (at our sampling
resolution) advection and short-term
phytoplankton changes were less im-
portant than a gradual restructuring of
species composition as temperature increased after
sea-ice breakup and throughout austral summer.
One component of seasonal succession was a tran-
sition to more omnivorous species. For example, the
krill E. superba was more abundant in spring and
occupies a lower trophic position than the krill spe-
cies Thysanoessa macrura (Yang et al. 2021), which
increased in abundance from spring into autumn. A
similar transition occurred for copepods. The herbivo-
rous Calanoides acutus peaked before the omnivorous
and detritivorous Calanus propinquus and Oithona
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Fig. 9. Time series of pteropods and salps at Station E. (a)
Thecosome (Limacina rangii) and gymnosome pteropods, and
(b) the 2 life-history stages of the salp Salpa thompsoni (blas-
tozooid ‘aggregate’ stage, and oozooid ‘solitary’ stage). Data
are from the 2017-2018 field season for pteropods and from
the 2019-2020 field season for salps. Mean daily abundance
was calculated from 700 pm net tows (n = 1-2 tows per sam-
pling day). Vertical arrows indicate the corresponding cen-
tral abundance date for each pteropod group in panel a.
Note different y-axis scales within and between plots

spp. copepods (Atkinson 1998). The copepod Rhin-
calanus gigas exhibited a bimodal seasonal distribu-
tion and is a generalist omnivore (Atkinson 1998),
suggesting it takes advantage of different prey
sources throughout the season. Carnivorous chaeto-
gnaths also had a bimodal abundance pattern and
likely fed on different copepod prey throughout the
seasonal succession (Hopkins & Torres 1989). The
pteropod Limacina rangii largely relies on herbivory
(Thibodeau et al. 2022) and decreased in abundance
from spring into autumn. Carnivorous gymnosome
pteropods were seasonally coupled with their L.
rangii prey, as previously demonstrated at the inter-
annual scale (Thibodeau et al. 2019).

In addition to differences in feeding ecology, re-
productive timing and overwintering strategies help
explain why some taxa were more abundant early in
the seasonal cycle. Early spawning, recruitment, and
seasonal vertical migration are characteristic for C.
acutus, R. gigas, and L. rangii (Atkinson & Shreeve
1995, Thibodeau et al. 2020). A large portion of the
small calanoids also followed this springtime recruit-
ment or ascension pattern. Larval E. superba remain
in surface waters during winter and recruit as juve-
niles in spring when they feed on phytoplankton
throughout the day before initiating diel vertical
migration in late summer (Nicol 2006, Nardelli et al.
2021). The seasonal decline in E. superba in our

study may also be due to high predation mortality.
The rapid rise in the density of larval fishes we
observed following local sea-ice breakup allows for
completion of larval development during the produc-
tive summer period when fishes feed on calanoid
copepods (Kellermann 1989, Loeb et al. 1993). For-
aminifera live within sea ice (Lipps & Krebs 1974,
Spindler & Dieckmann 1986), and we found them to
be abundant in the water column when sea ice was
present. Few studies have focused on Antarctic
foraminifera in recent decades (Bergami et al. 2009,
Pinkerton et al. 2020), but the effects of a circumpolar
release of foraminifera upon annual sea-ice retreat
on both food web structure and biogeochemistry
should be investigated.

A broad range of life-history strategies also result
in patterns other than a spring maximum and sea-
sonal decline. The seasonal increase in C. propin-
quus and Oithona spp. is likely tied to recruitment
rather than a seasonal ascent. These copepods have
a prolonged reproductive period and feed year-
round rather than undergoing winter diapause (Metz
1995, Atkinson 1998, Pasternak & Schnack-Schiel
2001). Delayed recruitment likely explains occa-
sional late-season increases in R. gigas and small
calanoids. A horizontal migration may drive the sea-
sonal increase of the krill T. macrura, a species which
generally shifts southward and towards coastal
waters at the end of summer (Nordhausen 1994,
Loeb & Santora 2015). Persistent sampling of a S.
thompsoni bloom through January and February
allowed us to follow the stages of this species’ com-
plex life history. S. thompsoni blooms develop from
asexual reproduction by a relatively small number of
oozooids (‘solitary’ stage) that each release chains
containing hundreds of blastozooids (‘aggregate’
stage; Loeb & Santora 2012), which were abundant in
January. The blastozooids then reproduce sexually,
resulting in increased oozooid abundance as the
bloom progressed in February 2020. The oozooids
then overwinter at depth (Loeb & Santora 2012) and
begin the life cycle again the following summer. We
observed the highest amphipod densities in 2020
(Fig. S2) during the salp bloom when amphipods
(particularly Vibilia spp.) formed parasitic or com-
mensal relationships within salps (Madin & Harbison
1977, Phleger et al. 2000).

Intermediate central abundance dates for larval
asteroids and nemerteans reflect life-history traits of
the dominant local species. The sea star Odontaster
validus and ribbon worm Parborlasia corrugatus are
abundant, well-studied species that spawn plank-
totrophic larvae, which may spend 5-6 mo in the
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plankton (Pearse & Bosch 1986, Peck 1993). Both of
these species spawn throughout the year, although
reproductive output is concentrated in winter (Pearse
et al. 1991, Stanwell-Smith et al. 1999). The minor
fluctuations (rather than distinct seasonal trends) that
we observed in larval abundance are likely due to
multiple spawning pulses or advection. These larvae
may feed on dissolved organic matter, bacteria, and
detritus in addition to phytoplankton (Rivkin et al.
1986, Peck 1993), thus the lack of synchronization
with phytoplankton biomass accumulation in our
study supports previous work suggesting that larvae
rely more upon increased phytoplankton productiv-
ity for growth and survival after settlement rather
than when in the plankton (Bowden et al. 2009).

4.4. Phenological and long-term change

Phenological shifts (typically, earlier when warmer)
are a fundamental response of marine plankton to
climate variability and change (Mackas et al. 2012,
Beaugrand & Kirby 2018). We documented >1 wk
phenological shifts in the krill E. superba and T.
macrura, Oithona spp. and small calanoid copepods,
amphipods, chaetognaths, and larval fishes that coin-
cided with a 2 wk earlier sea-ice breakup and onset
of phytoplankton productivity. Temperature is the
dominant driver of zooplankton phenology at lower
latitudes (Ji et al. 2010, Mackas et al. 2012), but ear-
lier accumulation occurred in the coldest year of our
study. Thus, while seasonal warming likely influ-
ences taxonomic composition within each year, the
timing of sea-ice breakup and increased phytoplank-
ton productivity may drive interannual phenology
shifts at the WAP.

Although some zooplankton taxa showed pheno-
logical responses to phytoplankton shifts, seasonal
trophic mismatches remain possible. Phytoplankton
phenology is commonly observed to shift faster than
that of zooplankton in response to warming tempera-
tures (Richardson 2008, Thackeray et al. 2016). The
large copepods C. acutus, R. gigas, and C. propin-
quus exhibited limited phenological plasticity at Sta-
tion B (<1 wk change in central abundance date
between years), suggesting the spawning stages of
these species may be more susceptible to trophic
mismatches. However, direct evidence of decreased
fitness due to seasonal mismatches is rare (Kharouba
& Wolkovich 2020). Species inhabit areas along the
WAP over which sea-ice duration varies by as much
as 3 mo (Stammerjohn et al. 2008) and cope with
changing environmental conditions via various phys-

iological and behavioral responses such as diapause,
vertical migration, and omnivory (Atkinson 1998,
Conroy et al. 2020), that may preempt phenological
responses (Beaugrand & Kirby 2018). Thus, flexible
life history and feeding ecology can limit the risk of
reproductive failure for zooplankton despite warming-
induced trophic mismatches (Atkinson et al. 2015).

Our third field season captured conditions that are
predicted to become more common as climate change
progresses along the WAP. Warmer surface tempera-
tures (Bracegirdle et al. 2020), reduced phytoplank-
ton (particularly diatom) biomass (Brown et al. 2019),
and more frequent salp blooms (Moline et al. 2004)
are all hypothesized regional consequences of cli-
mate change. Copepod and krill abundances are
positively related to phytoplankton productivity
(Gleiber 2014, Steinberg et al. 2015), while warmer
conditions favor pteropods (Thibodeau et al. 2019)
and salps (Groeneveld et al. 2020). The substantial
grazing impact of pteropods and salps (Bernard et al.
2012) may intensify competition among zooplankton
species for their phytoplankton prey (Loeb et al.
1997), but the degree of competition depends upon
feeding selectivity across species (Pauli et al. 2021,
Stukel et al. 2021).

5. CONCLUSIONS

We documented substantial seasonal change in a
coastal Antarctic zooplankton community over 3 yr
with markedly different environmental conditions.
Size and taxonomic composition shifted gradually
after sea-ice breakup as the water column warmed
each year. Zooplankton succession was exemplified
by a switch of euphausiid species from Euphausia
superba in spring to Thysanoessa macrura in late sum-
mer. Mesozooplankton biomass was relatively con-
sistent compared to large seasonal and interannual
fluctuations in macrozooplankton, which occasionally
drove high biomass concentrations. Further assess-
ment of the preserved sample collection produced by
this study may provide valuable insights into spe-
cies-specific dynamics for certain taxa (e.g. chaeto-
gnaths and small calanoid copepods) that were ag-
gregated in our analysis. Such collections are an
irreplaceable resource for assessing ecological shifts
over time. Although we saw evidence for resilience,
it remains unclear to what extent shifting phenology
will drive population-level impacts and altered zoo-
plankton composition as climate change progresses.
Detecting such shifts will only be possible with sus-
tained, coordinated observation.
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