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Abstract 19 

Antarctic krill (Euphausia superba) larval production and overwinter survival drive 20 

recruitment variability, which in turn determines abundance trends. The Antarctic 21 

Peninsula has been described as a recruitment hot spot and as a potentially important 22 

source region for larval and juvenile krill dispersal. However, there has been no analysis 23 

to spatially resolve regional-scale krill population dynamics across life stages. We 24 

assessed spatiotemporal patterns in krill demography using two decades of austral 25 

summer data collected along the North and West Antarctic Peninsula since 1993. We 26 

identified persistent spatial segregation in the summer distribution of euphausiid larvae 27 

(E. superba plus other species), which were concentrated in oceanic waters along the 28 

continental slope, and E. superba recruits, which were concentrated in shelf and coastal 29 

waters. Mature female E. superba were more abundant over the continental shelf than the 30 

slope or coast. Euphausiid larval abundance was relatively localized and weakly 31 

correlated between the North and West Antarctic Peninsula, while E. superba recruitment 32 

was generally synchronized throughout the entire region. Euphausiid larval abundance 33 

along the West Antarctic Peninsula slope explained E. superba recruitment in shelf and 34 

coastal waters the next year. Given the localized nature of krill productivity, it is critical 35 

to evaluate the connectivity between upstream and downstream areas of the Antarctic 36 

Peninsula and beyond. Krill fishery catch distributions and population projections in the 37 

context of a changing climate should account for ontogenetic habitat partitioning, 38 

regional population connectivity, and highly variable recruitment.  39 
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Introduction 40 

The Antarctic Peninsula (AP) is a key region for understanding population 41 

dynamics of the Antarctic krill (Euphausia superba), a dominant species in the Southern 42 

Ocean food web and in biogeochemical cycles (Trathan and Hill 2016; Cavan et al. 2019). 43 

A recent study indicates that Antarctic krill distribution in the Southwest Atlantic sector 44 

shifted southward from the Scotia Sea to the AP shelf from 1976 to 2016 (Atkinson et al. 45 

2019). This range contraction coincided with regional warming and reduced seasonal sea 46 

ice coverage during the second half of the 20th century (Meredith and King 2005; 47 

Stammerjohn et al. 2008b; Henley et al. 2019). Further twenty-first century ocean 48 

warming, acidification, and sea ice decline will likely impair recruitment by reducing 49 

larval survival over winter (Flores et al. 2012; but see Melbourne-Thomas et al. 2016). 50 

Although previously distributed throughout the Southern Ocean, commercial krill fishing 51 

effort has focused on the North Antarctic Peninsula (NAP) in the last two decades (Nicol 52 

and Foster 2016). Understanding krill demographic patterns will improve population 53 

dynamic studies in the context of AP climate change and fishing pressure. 54 

It is well-established that E. superba recruitment is episodic throughout the 55 

Southwest Atlantic sector. From 1991 to 2013, 4- to 6-year cycles in E. superba post-56 

larval abundance were apparent along the West Antarctic Peninsula (WAP) (Ross et al. 57 

2014; Steinberg et al. 2015), NAP (Reiss 2016; Kinzey et al., 2019), and at South 58 

Georgia (Fielding et al. 2014). Larval abundance is relatively less studied despite its key 59 

role in mechanistic hypotheses explaining E. superba recruitment patterns (Siegel and 60 

Loeb 1995; Saba et al. 2014). Larvae spawned during summer develop to late stages and 61 

then overwinter before recruiting to the post-larval population the following summer. 62 
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While feeding larvae are most abundant in oceanic waters during summer, recruits are 63 

instead concentrated on the continental shelf (Siegel and Watkins 2016; Perry et al. 2019). 64 

Therefore, linking larval supply with recruitment must account for spatial segregation 65 

between these life stages. 66 

 Uncertainties in regional-scale connectivity further complicate Antarctic krill 67 

population dynamics. Physical model simulations suggest larvae spawned at the WAP 68 

and NAP can both be retained locally or advected northeast towards the Scotia Sea (Fach 69 

and Klinck 2006; Thorpe et al. 2007; Piñones et al. 2013). A mechanistic population 70 

model reproduced observed Antarctic krill biomass cycles at the WAP, NAP, and South 71 

Georgia only after allowing for transport among study areas (Wiedenmann et al. 2009). 72 

Available data suggest recruitment was positively correlated across these sites between 73 

1983 and 2011 (Siegel et al. 2003; Reiss 2016), but larval abundance time series have not 74 

been compared across the region. 75 

 In this study we analyzed spatiotemporal patterns in larval euphausiid abundance 76 

as well as E. superba recruit and mature female abundance along the AP since 1993. 77 

Austral summer net sampling surveys were conducted along the WAP by the Palmer 78 

Antarctica Long-Term Ecological Research (PAL LTER) program and at the NAP by the 79 

United States Antarctic Marine Living Resources (U.S. AMLR) program. While E. 80 

superba recruitment was generally synchronized across the NAP and WAP, larval 81 

euphausiid abundance correlations were weaker between the two areas. The WAP 82 

continental slope was identified as a key larval supply region supporting E. superba 83 

recruitment the following summer on the continental shelf. Population connectivity must 84 
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be considered to understand how krill will respond to climate change and to effectively 85 

distribute fishing effort. 86 

 87 

Materials and Methods 88 

Sample collection 89 

 U.S. AMLR – NAP 90 

The U.S. AMLR Program conducted shipboard oceanographic and biological 91 

surveys in the NAP ecosystem during austral summer from 1993-2011, sampling an area 92 

of more than 124,000 km2. The oceanographic survey usually consisted of two repeat 93 

legs. Leg-1 was typically conducted in mid-January and Leg-2 started several weeks later 94 

in February. The survey area extends from the southern end of Bransfield Strait to the tip 95 

of the AP at Joinville Island, and offshore into the Antarctic Circumpolar Current (ACC) 96 

on the north side of the South Shetland and Elephant Islands (Fig. 1). The number and 97 

location of sampling stations varied as the grid expanded throughout the time series. In 98 

general, 40−60 stations either 20 or 40 km apart along predefined transects were sampled 99 

during each leg. 100 

For this analysis, the U.S. AMLR sampling grid was divided into Slope, Shelf, 101 

and Coast sub-regions (Fig. 1). The NAP Slope sub-region included sampling stations 102 

offshore of the 750 m isobath along the continental shelf break, following the definition 103 

used by PAL LTER at the WAP (Martinson et al., 2008). The NAP shelf was defined as 104 

the area bounded to the northwest by the shelf break and to the southeast by the South 105 

Shetland Islands and another 750 m isobath along the edge of a submarine canyon. The 106 

NAP Coast sub-region included stations southeast of the South Shetland Islands and the 107 
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canyon edge and was restricted to the east by the Antarctic Peninsula and the continental 108 

shelf break. 109 

At each sampling station a tow was made using a 1.8 m Isaacs-Kidd Midwater 110 

Trawl (IKMT) equipped with a 505 µm mesh net. The net frame was also equipped with 111 

a General Oceanics flowmeter to determine the volume of water filtered during each tow. 112 

The IKMT was fished obliquely to either 170 m depth or 20 m above the bottom at 113 

stations <190 m deep using an attached pressure-sonde to determine net depth. 114 

Aboard ship, zooplankton were sorted to species and enumerated. Euphausia 115 

superba post-larvae were identified by sex and maturity stage following Makarov and 116 

Denys (1981) and measured to the nearest 0.1 mm using Standard Length 1 (SL1) 117 

(Mauchline 1980). The SL1 measurement is taken from the anterior tip of the rostrum to 118 

the posterior tip of the uropod. From 1995 to 2011, euphausiid larvae were identified to 119 

species, staged and enumerated for each tow. Total euphausiid larvae (E. superba plus 120 

other species) were used for the analysis in this study, because larvae collected in the 121 

WAP were not identified to species. Annual E. superba and Thysanoessa macrura 122 

(another abundant euphausiid) larval abundances were compared to total euphausiid 123 

larval abundance using the available species-specific data from the NAP.  124 

 125 

 PAL LTER – WAP 126 

The historical PAL LTER study region extends 400 km along the WAP from 127 

Anvers Island to Marguerite Bay and from coastal to slope waters approximately 200 km 128 

offshore (Ducklow et al. 2012) (Fig. 1). Sampling grid lines are spaced 100 km apart, 129 

with grid stations every 20 km along each grid line (Waters and Smith 1992). 130 
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Zooplankton were collected on PAL LTER annual research cruises during austral 131 

summer (approx. 01 January – 10 February) since 1993. From 1993-2008 tows were 132 

conducted at each PAL LTER grid station from the 600 to 200 lines, and since 2009 on 133 

an extended grid an additional 300 km further south with decreased sampling frequency 134 

(Steinberg et al. 2015). The sampling grid is divided into North, South, and Far South 135 

latitudinal sub-regions as well as Coast, Shelf, and Slope sub-regions (Steinberg et al., 136 

2015). For this study, only data from the consistently sampled North and South sub-137 

regions (600 to 200 lines) are included (Fig. 1). 138 

Zooplankton were collected with two gear types on PAL LTER research cruises. 139 

Post-larval E. superba were collected with oblique net tows from 0-120 m using a 2x2 m 140 

square frame net with 700 µm mesh. Euphausiid larvae were collected with oblique net 141 

tows from 0-300 m using a 1x1 m square frame net with 333 µm mesh. Net depth was 142 

determined real time with a depth sensor attached to the bottom of the conducting hydro 143 

wire. Both nets were equipped with a General Oceanics flowmeter to record the volume 144 

of water filtered. 145 

Post-larval E. superba were enumerated onboard, and a subsample of at least 100 146 

randomly selected individuals were measured using SL1. Juvenile E. superba recruits 147 

belonging to age class 1 were defined as post-larval individuals < 31 mm in length (Saba 148 

et al. 2014; Atkinson et al. 2019). This same recruit definition was used for the WAP and 149 

NAP. Post-larval E. superba individuals with a visibly red thelycum were classified as 150 

mature females. 151 

Once onboard, the 333 µm mesh net samples were preserved in 4% buffered 152 

formaldehyde and stored for subsequent laboratory analysis. A subset of samples was 153 
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analyzed for larval euphausiid abundance: one Coast, one Shelf, and one Slope station on 154 

each of the 600, 400, and 200 grid lines from 1993-2013. The stations sampled on each 155 

grid line varied year-to-year within a 40-km radius. Preserved samples were sieved into 156 

three size fractions (> 5 mm, 1-5 mm, and 0.33-1 mm). The entire > 5 mm size fraction 157 

was enumerated, and the two smaller size fractions were subsampled as follows: the 1-5 158 

mm size fraction was split with a Folsom Plankton Splitter (1-1/64 sample enumerated), 159 

and the 0.33-1 mm size fraction was subsampled using a Stempel pipet (1-1/180 sample 160 

enumerated; Postel et al. 2000). Samples were analyzed using an Olympus SZX10 161 

dissecting microscope with dark/bright field illumination at 8-20x magnification. Larval 162 

euphausiids in this analysis include the calyptopis and furcilia stages. Euphausiid larvae 163 

collected at the WAP were not identified to species. Most samples analyzed were from 164 

daytime tows (hours of darkness are limited to < 4 h during our sampling period in 165 

January); there was no significant difference between the abundance of calyptopis or 166 

furcilia larvae collected in day (n = 185) compared to night tows (n = 18; Wilcoxon rank-167 

sum p > 0.05). 168 

 169 

Statistical analysis 170 

 WAP sampling locations were rounded to the nearest grid line and grid station. 171 

Abundance values were averaged when the same PAL LTER station was sampled 172 

multiple times in a given year. The following data processing steps were applied to NAP 173 

and WAP sampling sub-regions: When a life stage was absent at a sampling station, zeros 174 

were replaced with one-half the lowest non-zero abundance value in a given sub-region 175 

data set (O’Brien 2013). Sampling station abundance values were then log10-transformed 176 
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prior to calculating annual mean abundance for the sub-region. Abundance anomalies 177 

were calculated by subtracting annual mean abundance from the climatological mean of 178 

the given time series (Mackas and Beaugrand 2010; O’Brien 2013; Thibodeau et al. in 179 

review). A difference of 1.0 in annual mean abundance or abundance anomaly indicates 180 

an order of magnitude difference. Although annual mean abundance cannot be compared 181 

across different gear types, temporal comparisons of abundance anomalies are 182 

appropriate. All statistical analysis was conducted with R version 3.5.1 (R Core Team 183 

2018), and the significance level was set at 0.05 unless otherwise noted. 184 

Spatial differences in annual mean abundance were examined among sub-regions 185 

within the NAP and WAP areas each. Linear mixed models (LMMs) were fitted using the 186 

nlme package by maximizing the restricted log-likelihood (Pinheiro et al. 2018). Annual 187 

mean abundance was the response variable, sub-region was included as a fixed effect, 188 

and year was included as a random effect to account for repeated sampling. This analysis 189 

was also conducted separately using E. superba larvae data available for the NAP. 190 

Tukey’s honest significant differences tested for pairwise differences among individual 191 

sub-region means using the multcomp package (Hothorn et al. 2008). 192 

 Temporal synchrony in euphausiid larvae and E. superba recruit abundance 193 

across the study region was tested by calculating pairwise Pearson’s correlations for the 194 

NAP Slope, Shelf, and Coast sub-regions as well as the WAP Coast, Shelf, and Slope. 195 

The same analysis was performed using available E. superba larvae data for the NAP. 196 

The significance level was set at 0.003 for this analysis according to the Bonferroni 197 

adjustment for multiple comparisons. The function ‘acf’ was used to test for 198 
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autocorrelation in individual time series at the 0.05 significance level. This temporal 199 

analysis and all others described below were performed with data in anomaly form. 200 

 The relationship between total euphausiid larvae abundance and species-specific 201 

larvae abundance was investigated in each of the NAP sub-regions. Total euphausiid 202 

larvae abundance was compared to T. macrura larval abundance and to E. superba larval 203 

abundance using linear regression. 204 

 An information-theoretic approach was used to identify potential larval source 205 

areas impacting E. superba recruitment. This analysis was restricted to years with 206 

complete data coverage (1995-2010 for euphausiid larvae and 1996-2011 for E. superba 207 

recruits). All six individual sampling sub-regions were included as candidate larval 208 

source areas. The combined Shelf and Coast sub-regions for both the NAP and WAP 209 

were the recruitment areas of interest based on elevated E. superba recruit abundance in 210 

the LMM analysis described above. Separate linear regressions were fitted for each 211 

combination of larval source and recruitment area, with E. superba recruit abundance as 212 

the response variable and the previous year’s euphausiid larvae abundance as the 213 

explanatory variable. Comparable linear regressions were also repeated for the NAP 214 

using available E. superba larvae data. The corrected Akaike Information Criterion 215 

(AICc) was used to assess support for individual linear regression models (Hurvich and 216 

Tsai 1989; Burnham et al. 2011) and calculated with the MuMIn package (Bartoń 2019). 217 

Models with AICc < 2 were considered to have substantial statistical support. AICc 218 

weight approximates the probability that each candidate model is the best option given 219 

the set of models considered (Symonds and Moussalli 2011). 220 
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The functional relationship between larval euphausiid abundance and the 221 

following year’s E. superba recruitment was assessed with thin plate regression splines. 222 

This analysis focused on larval abundance at the WAP Slope based on the above model 223 

selection procedure and our ecological interpretation of those results. Five additional 224 

years of larval abundance data were available from the WAP Slope for this analysis 225 

(1993-2013). Euphausia superba recruit abundance at the combined Shelf and Coast for 226 

both the NAP and WAP were the response variables in separate models. The previous 227 

year’s larval euphausiid abundance at the WAP Slope was the only explanatory variable 228 

in each regression. Thin plate regression splines were fitted using restricted maximum 229 

likelihood with the gam function in the mgcv package (Wood, 2003). This non-linear 230 

technique alleviated problematic patterns in the residuals and reduced AICc compared to 231 

linear regression when using all available data. The basis dimension of the smoother term 232 

was set at 4 to avoid overfitting and confirmed to be adequate using the gam.check 233 

function. Model assumptions were verified by plotting residuals against fitted values, 234 

sampling year, and the explanatory variable (Zuur and Ieno, 2016). 235 

 236 

Results 237 

Spatial distribution of life stages 238 

Larval euphausiid abundance was highest along the continental slope in both the 239 

NAP and WAP study areas. Annual mean larval euphausiid abundance was significantly 240 

different among sub-regions (LMM; NAP p = < 0.0001; WAP p < 0.0001) and was 241 

higher on the Slope than on the Shelf and Coast in both the NAP and WAP (Fig. 2A-B) 242 

(Tukey’s test; p < 0.0001). Mean E. superba larval abundance was also different among 243 



 
 

12 

NAP sub-regions (Supplemental Fig. 1) (LMM; p = 0.011). With species-level data, E. 244 

superba larvae were significantly more abundant at the Slope than Shelf (Tukey’s test; p 245 

= 0.004), while the Slope and Coast were not significantly different (p = 0.10). However, 246 

E. superba larvae were less abundant at the Coast on average, and two anomalous years 247 

drove the lack of a statistical difference (Supplemental Fig. 1). 248 

 In contrast to the larval distribution, E. superba recruit abundance was highest 249 

over the continental shelf in both the NAP and WAP study areas. Annual mean E. 250 

superba recruit abundance was significantly different among sub-regions (LMM; NAP p 251 

< 0.0001; WAP p < 0.0001), and within the NAP was higher on both the Shelf and Coast 252 

than on the Slope (Fig. 2C) (Tukey’s test; p < 0.00001), and within the WAP 253 

progressively increased from Slope to Shelf to Coast (Fig. 2D) (Tukey’s test; p < 0.005). 254 

 Mature female E. superba distribution was also consistent across the offshore 255 

sampling gradient in the NAP and WAP study areas. Annual mean E. superba mature 256 

female abundance differed among sub-regions (LMM; NAP p = 0.0002; WAP p = 257 

0.0008) and was highest on the Shelf in both the NAP and WAP (Fig. 2E-F) (Tukey’s 258 

test; p < 0.02). 259 

 260 

Regional coherence 261 

 Larval euphausiid abundance was positively, significantly correlated between 262 

neighboring sub-regions from 1995-2011, but these correlations did not hold throughout 263 

the entire AP study region. There was a relatively weak positive correlation in euphausiid 264 

larvae abundance between the full WAP study area and the full NAP study area (Fig. 3A). 265 

Pairwise comparisons of individual sub-regions revealed larval abundance was strongly 266 
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correlated between the adjacent Coast and Shelf sub-regions as well as the Shelf and 267 

Slope within both the NAP and WAP study areas (Table 1). The same result was found 268 

using E. superba larvae data for the NAP (Supplemental Table 1). There were no 269 

similarly strong cross-correlations between NAP and WAP sub-regions. Larval 270 

euphausiid abundance did not exhibit positive autocorrelation (p > 0.05). 271 

 Unlike larval euphausiid abundance, E. superba recruitment cycles were coherent 272 

across the AP study region. There was a relatively strong positive correlation in E. 273 

superba recruit abundance between the full WAP and NAP study areas compared to the 274 

euphausiid larvae time series (Fig. 3B). Recruit abundance in the WAP Coast sub-region 275 

was only significantly correlated with the WAP Shelf, an apparent exception to the 276 

pattern of synchronized recruitment throughout the AP study region (Table 1). Two to 277 

three successive years of positive E. superba recruit abundance anomalies were typically 278 

followed by two to three successive years of negative anomalies (Fig. 3B). Significant, 279 

positive autocorrelation at 5 to 6 years was identified in recruit abundance time series 280 

from all NAP sub-regions and the WAP Coast (p < 0.05). 281 

 282 

Euphausiid larvae composition 283 

 The annual abundance of larval E. superba and T. macrura were both 284 

significantly, positively related to total euphausiid larvae abundance in all three NAP 285 

sub-regions (p < 0.02) (Fig. 4). Total euphausiid abundance was more strongly related to 286 

T. macrura larvae abundance than E. superba larvae abundance at the NAP Slope and 287 

Shelf. 288 
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 Calyptopis stage larvae were numerically dominant compared to furcilia in the 289 

WAP samples. Calyptopes comprised 68% of larvae on average (median = 82%) in 290 

individual samples. 291 

 292 

Larvae-recruit relationships 293 

 The NAP and WAP Slope had substantial statistical support for impacting 294 

subsequent E. superba recruitment on the continental shelf in both the NAP and WAP 295 

(Table 2). According to AICc, the WAP Slope model was preferable to the NAP Slope 296 

model in both cases. The importance of remote larval supply to the NAP was further 297 

supported by the lack of statistical relationships between E. superba larvae abundance 298 

and subsequent recruitment in this area (Supplemental Fig. 2) (linear regression; p > 299 

0.31). Larval abundance at the NAP Shelf was identified as the best model for 300 

recruitment at the combined WAP Shelf and Coast (Table 2), but it is unlikely that larvae 301 

follow this transport path given regional circulation patterns. There was not support for 302 

larval abundance at the NAP Coast, WAP Coast, or WAP Shelf driving subsequent krill 303 

recruitment (Table 2). 304 

 The functional relationships between larval abundance in the WAP Slope sub-305 

region and subsequent E. superba recruitment on the continental shelf differed between 306 

the NAP and WAP. WAP Slope larval abundance was positively, linearly related with 307 

next year’s E. superba recruit abundance at the combined NAP Coast and Shelf (n = 18; 308 

p = 0.006; deviance explained = 45%) (Fig. 5A). The larvae-recruit relationship at the 309 

WAP Coast and Shelf suggested a threshold response (n = 21; p = 0.011; deviance 310 

explained = 44%) (Fig. 5B). When larval abundance at the WAP Slope was below 311 
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average (ranging two orders of magnitude), E. superba recruit abundance anomaly the 312 

following year was also negative but relatively stable. Following years with a positive 313 

larval abundance anomaly, E. superba recruitment increased with larval abundance. 314 

 315 

Discussion 316 

Spatial distribution of life stages 317 

Two decades of time-series data confirm the importance of oceanic slope waters 318 

for larval euphausiid supply along the AP. Combined calyptopis and furcilia-stage 319 

abundance was elevated in the NAP and WAP Slope sub-regions. A January 2011 survey 320 

along the AP found E. superba calyptopes and furcilia were most abundant at the WAP 321 

continental slope, with a secondary peak at the NAP Slope (Siegel et al. 2013). A spatial 322 

analysis compiling E. superba data collected across the Southwest Atlantic sector from 323 

1976-2011 showed calyptopes and furcilia were concentrated in waters deeper than 1000 324 

m (Perry et al. 2019). A typical explanation for the offshore, oceanic distribution of E. 325 

superba feeding stage larvae is that embryos must sink to depths of roughly 1000 m 326 

without reaching the seafloor to successfully hatch (Hofmann et al. 1992). However, it is 327 

possible embryos can still hatch after reaching the benthos and it is uncertain where 328 

collected larvae were spawned. 329 

Unlike larvae, E. superba recruits were concentrated in AP coastal and shelf 330 

waters, indicating persistent habitat partitioning. At the NAP and WAP, elevated E. 331 

superba recruit abundance coincided with low larval abundance in Coast and Shelf sub-332 

regions. Concentration of juvenile E. superba in shelf and coastal waters is common 333 

along the AP and is consistent across the southwest Atlantic sector (Lascara et al. 1999; 334 
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Siegel et al. 2013; Perry et al. 2019). Elevated summer phytoplankton biomass along the 335 

coastal AP (Reiss et al. 2017, their Fig. 4A; Brown et al. 2019) promotes faster krill 336 

growth rates (Atkinson et al. 2006; Shelton et al. 2013) and makes these areas favorable 337 

juvenile habitat. Additionally, ontogenetic habitat partitioning may reduce food 338 

competition between krill larvae and recruits under limiting conditions (Siegel 1988; 339 

Ryabov et al. 2017), although we note adult E. superba are not phytoplankton food 340 

limited during summer at the WAP (Bernard et al. 2012). 341 

Antarctic krill mature females were consistently most abundant in Shelf sub-342 

regions along the AP. This distribution is consistent with the highest densities of krill 343 

embryos being concentrated on continental shelves (further inshore than feeding larvae) 344 

(Perry et al. 2019). The spatial mis-match between mature females and larvae suggests 345 

large numbers of embryos spawned over the continental shelf may fail to develop into 346 

feeding larvae. High mortality rates are likely in shallow shelf waters where embryos 347 

reach the seafloor before hatching (Hofmann et al. 1992; Thorpe et al. 2019). However, 348 

not all mature females are active spawners (Quetin and Ross 2001), and we did not 349 

distinguish by size or ovarian development stage. Adult krill on the AP shelf during 350 

summer are typically smaller than those further offshore (Lascara et al. 1999; Siegel et al. 351 

2013; Siegel and Watkins 2016), and larger females typically produce larger embryo 352 

batches, although spawning output varies among individuals and years (Quetin and Ross 353 

2001; Tarling et al. 2007). Therefore, the spatial distribution of mature females does not 354 

necessarily indicate the spatial distribution of reproductive output. 355 

 356 

Regional coherence 357 
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 Asynchrony in larval euphausiid abundance across the AP supports the existence 358 

of multiple localized E. superba spawning areas. The locations of these spawning areas 359 

are consistent with regional circulation patterns (reviewed in Moffat and Meredith 2018). 360 

The WAP’s inner shelf is an isolated spawning area, and larvae that successfully develop 361 

in this area are likely retained locally by ocean currents and a longer sea ice season 362 

(Stammerjohn et al. 2008a; Piñones et al. 2013, Meyer et al., 2017). Larval abundance in 363 

the NAP is decoupled from the WAP further south, likely because the northern tip of the 364 

AP is influenced by water flowing from the Weddell Sea (Thompson et al. 2009) (Fig. 6). 365 

Inflow from the Antarctic Coastal Current and a cyclonic gyre appear to generally isolate 366 

NAP Coast, although its degree of exchange with the WAP remains unclear (Sangrà et al. 367 

2017; Moffat and Meredith 2018). Larval abundance at the NAP may be coupled with 368 

downstream areas in the ACC as larvae are transported out of our study region and into 369 

the Scotia Sea (Thorpe et al. 2004; Fach and Klinck 2006) (Fig. 6). Differences in 370 

seasonal spawn timing (Spiridonov 1995) may also contribute to the lack of strong 371 

correlations between NAP and WAP summer larval abundances. 372 

Unlike larval abundance, Antarctic krill recruit abundance was generally 373 

synchronized along the AP, indicating recruitment is a regional-scale process. A notable 374 

exception was the WAP Coast where E. superba recruits were abundant. Comparison of 375 

annual krill recruitment indices from the WAP, NAP, and South Georgia showed positive 376 

correlations among sampling areas from 1983 to 2000 (non-continuous time series) 377 

(Siegel et al. 2003). Although some studies suggest recruitment cycles became decoupled 378 

between the WAP and NAP from 2000 to 2008 (Loeb et al. 2010; Ross et al. 2014), our 379 

analysis shows recruitment remained synchronized until at least 2011, in agreement with 380 
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recent work (Reiss 2016). Climate-scale environmental controls such as the El Niño 381 

Southern Oscillation (ENSO) and the Southern Annular Mode (SAM) that affect sea ice 382 

and primary production (Stammerjohn et al. 2008b; Loeb et al. 2009; Saba et al. 2014; 383 

Kim et al. 2016) likely synchronize krill recruitment throughout the region. ENSO and 384 

SAM indices are linked to krill recruitment success at the AP and throughout the 385 

southwest Atlantic sector (Loeb et al. 2009; Ross et al. 2014; Atkinson et al. 2019). 386 

The Antarctic krill life span (~6 years) coincides roughly with the period of its 387 

synchronized population cycles. One hypothesis suggests this long lifespan is an adaptive 388 

trait to deal with the environmental variability mentioned above, and it follows that 389 

successful E. superba recruitment would occur more frequently if environmental 390 

conditions were continuously favorable (Fraser and Hofmann 2003; Saba et al. 2014). An 391 

alternate view suggests E. superba’s relatively long lifespan causes periodic recruitment 392 

via intraspecific competition cycles that are independent of environmental variability 393 

(Ryabov et al. 2017). Regardless of the underlying mechanism driving periodic krill 394 

recruitment, climate-scale environmental forcing and larval dispersal are certainly 395 

important for its synchronization at the 1000-km scale of our study (Ripa 2000; Koenig 396 

2002; Ryabov et al. 2017). 397 

 398 

Euphausiid larvae composition 399 

The grouping of all euphausiid larvae together is a limitation of our study. 400 

However, as our data analysis and interpretation depend upon relative temporal and 401 

spatial patterns, and are largely based on order of magnitude abundance differences 402 

between sampling years and sub-regions, we posit use of aggregated larval abundance is 403 
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adequate. Larval euphausiid samples collected in autumn and winter 2001 at the WAP 404 

were numerically dominated by E. superba (typically > 95%) (Ashjian et al. 2008). The 405 

positive relationships between E. superba larvae and total euphausiid larvae abundance 406 

anomalies in all NAP sub-regions also support our use of aggregated euphausiid data to 407 

understand E. superba population dynamics. Contamination from T. macrura due to its 408 

high numerical abundance (Loeb and Santora 2015; Steinberg et al. 2015) is the most 409 

likely source of error. Euphausia superba larvae were present in 50%, and T. macrura 410 

larvae in 60%, of NAP samples from 1995 to 2009, but mean abundance was 37% greater 411 

for E. superba larvae compared to T. macrura (Loeb and Santora 2015). Larval E. 412 

superba and T. macrura abundance was positively correlated within and between years 413 

(Loeb and Santora 2015). The strong relationship between total euphausiid and T. 414 

macrura larvae abundance supports previous work showing both species are highly 415 

positively correlated with phytoplankton productivity (Steinberg et al. 2015). 416 

The numerical dominance of calyptopes in the WAP larvae samples also supports 417 

their use in the study of E. superba population dynamics. Antarctic krill calyptopes were 418 

an order of magnitude more abundant than furcilia at the AP during January (Siegel et al. 419 

2013) when T. macrura larvae are typically in furcilia stages (Makarov 1979; 420 

Nordhausen 1992). 421 

 422 

Larvae-recruit relationships 423 

The statistical link between larval abundance at the WAP continental slope and E. 424 

superba recruitment on the shelf suggests offshore larval production drives recruitment. 425 

Larvae are produced within our AP study area and further southwest in the 426 
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Bellingshausen Sea (upstream in the ACC) (Fig. 6). Above average phytoplankton 427 

biomass in the Bellingshausen Sea was associated with high larval euphausiid abundance 428 

at the WAP shelf break in autumn and strong E. superba recruitment the following 429 

summer (Marrari et al. 2008). Phytoplankton biomass and primary productivity are strong 430 

predictors of subsequent E. superba recruitment and post-larval abundance along the 431 

NAP (Loeb et al., 2009) and WAP (Saba et al., 2014; Steinberg et al. 2015). Importantly, 432 

early spawn timing also contributes to successful recruitment (Siegel and Loeb 1995). 433 

Additional time for larval development under high phytoplankton conditions likely 434 

increases overwinter survival (Ross and Quetin 1989). 435 

The shelf is key habitat for later stage E. superba larvae despite lower numerical 436 

abundance compared to the slope. In autumn 2001 and 2002, E. superba larvae were 437 

more developmentally advanced and had improved body condition on the shelf where 438 

phytoplankton biomass is typically higher than offshore waters (Pakhomov et al. 2004; 439 

Daly et al. 2004). Therefore, the proportion of larvae that reach shelf waters may be more 440 

developed going into winter and thus have greater recruitment success (Ross and Quetin 441 

1989; Daly et al. 2004). Shelf waters may include a mix of larvae spawned locally and 442 

offshore (Wiebe et al. 2011; Piñones et al. 2013), but our data show larval abundance is 443 

an order of magnitude lower on the shelf compared to the slope and suggest the 444 

importance of shoreward transport to drive subsequent recruitment. 445 

Coupling between larval euphausiid abundance at the WAP slope and recruitment 446 

at the NAP suggests meridional links along the AP are direct and important (Fig. 6). 447 

These areas are connected by northeastward flow of the ACC, and larval transport onto 448 

the shelf is likely common at canyons (Orsi et al. 1995; Martinson et al. 2008; Martinson 449 
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and McKee 2012; Piñones et al. 2013). From 1980 to 2004, E. superba larvae abundance 450 

at Elephant Island was positively correlated with the following summer’s proportional 451 

recruitment (Loeb et al. 2009). In contrast, our analysis suggests local larval production 452 

was not driving periodic recruitment in the NAP from 1995-2011. 453 

Regional warming has had divergent impacts on AP ecosystems. Phytoplankton 454 

biomass and diatom proportion decreased at the NAP but increased further south along 455 

the WAP from the 1980s to 2000s (Montes-Hugo et al. 2009), likely having localized 456 

impacts on larval production and survival. While the WAP has shifted from perennial sea 457 

ice coverage to seasonal sea ice coverage, the NAP is now ice-free for most of the year 458 

(Stammerjohn et al. 2008b; Montes-Hugo et al. 2009; Reiss et al. 2017). This latitudinal 459 

gradient in the ecosystem may have increased the importance of larvae from the WAP 460 

recruiting at the NAP during this period of rapid environmental change. One study found 461 

that E. superba abundance declined at the NAP while remaining stable or increasing 462 

along the WAP from the 1970s to 2010s (Atkinson et al. 2019). However, another study 463 

using the same database found no substantial decline in krill abundance (Cox et al., 2018), 464 

and an integrated model also showed variability but no directional trend in krill spawning 465 

biomass or recruit abundance at the NAP over the same time period (Kinzey et al. 2019). 466 

Recent winter surveys do suggest krill recruitment at the NAP is decoupled from local 467 

larval abundance (Walsh et al. 2020) and support the importance of remote larval supply. 468 

 Our results suggest krill recruitment fails following years of below average 469 

offshore larval abundance. Recruitment increases with larval abundance following above-470 

average larvae years. Krill year-class failure is well-documented at the AP (Reiss et al. 471 

2008; Ross et al. 2014), but the spawner-recruit relationship remains uncertain (Kinzey et 472 
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al. 2019). Given that larval abundance, but not spawning biomass, has a clear one-year 473 

lagged relationship with recruitment, it appears individual spawning output and timing 474 

are key drivers of krill recruitment (Siegel and Loeb 1995; Saba et al. 2014). Our findings 475 

suggest total egg production or larval abundance estimates may provide valuable 476 

information about krill reproductive potential within the fishery management framework 477 

(Murawski et al. 2001; Kell et al. 2016). 478 

 479 

Implications for fishery management and climate-driven change 480 

Commercial krill catch at the NAP reached at least 94% of the 155,000 ton limit 481 

for this subarea of the Southwest Atlantic each year from 2013-2018 (CCAMLR 2018; 482 

Cavan et al. 2019). The Commission for the Conservation of Antarctic Marine Living 483 

Resources, which manages the krill fishery, has determined that the catch limit may only 484 

be increased further if the catch is spatially subdivided (see Hewitt et al. 2004 for 485 

example allocation strategies) to limit the potential that the fishery takes the entire 486 

interim catch limit of 620,000 tons from a single location. Strategies to distribute the 487 

catch spatially may result in increased fishing pressure in critical areas of recruitment or 488 

larval production and should be carefully considered. Other spatial management 489 

frameworks are also being considered for the AP region, and these include the delineation 490 

of a marine protected area (MPA) (Hindell et al. 2020). Implementing effective spatial 491 

management requires careful consideration of the target species’ life history, distribution, 492 

and larval dispersal (Hilborn et al. 2004; Manel et al. 2019). Understanding whether 493 

upstream production of krill larvae in the WAP is responsible for recruitment and 494 
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population dynamics in other areas is critical to understand in order to develop 495 

appropriate protected areas in a changing environment. 496 

Our findings emphasize the importance of considering cross-shelf and alongshore 497 

krill population connectivity for MPAs or spatial management frameworks to achieve 498 

their conservation goals. In agreement with current krill life history models, recruitment 499 

in shelf and coastal waters along the AP is likely the product of larval production over the 500 

continental slope. The consistent relationship between krill larval abundance at the WAP 501 

and subsequent recruitment at the NAP suggests the ACC and other regional current 502 

flows play an important role in larval dispersal (Fig. 6). Clarifying the impact of larval 503 

production in the Bellingshausen and Weddell Seas remains a challenge. Additionally, 504 

recruits from the AP likely source the krill population near South Georgia where local 505 

recruitment is unsuccessful (Fach and Klink 2006; Tarling et al. 2007; Thorpe et al. 2007; 506 

Reid et al. 2010). Importantly, spatial catch distribution and MPA design should 507 

anticipate the impacts of continued climate-driven ecosystem shifts (Montes-Hugo et al. 508 

2009; Flores et al. 2012; Atkinson et al. 2019; Hindell et al. 2020). 509 

A management approach that distinguishes between successful and failed krill 510 

recruitment years may help achieve precautionary harvest rates and support ecosystem-511 

based management goals. If held constant, the same fishery catch at the NAP is more 512 

detrimental to penguin performance during years of failed krill recruitment compared to 513 

successful recruitment years (Watters et al. 2020). Larval abundance estimates and 514 

length-based recruit abundance estimates effectively capture synchronized regional 515 

population cycles. Predator diet sampling as well as autonomous platforms equipped with 516 

optical and acoustic sensors can provide valuable information if ship-based surveys are 517 
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not feasible. Fishery-independent time series provide the backbone for understanding 518 

krill ecology and population dynamics in a changing Southern Ocean. 519 

 520 

Data availability statement 521 

All post-larval krill abundance and length data up to 2016 are available in KRILLBASE 522 

at https://doi.org/10.5285/8b00a915-94e3-4a04-a903-dd4956346439. Additional U.S. 523 

AMLR data will be shared on reasonable request to the Director, U.S. AMLR Program, 524 

NOAA Fisheries, Southwest Fisheries Science Center, La Jolla, California. Post-larval 525 

krill data from PAL LTER are available in the Environmental Data Initiative Portal at 526 

https://doi.org/10.6073/pasta/03e6d72a78bc2512ef5bb327e686f8fa (abundance, 1993-527 

2008), https://doi.org/10.6073/pasta/434b2f73803b9d3d8088cd094cf46cca (abundance, 528 

2009-2019), and https://doi.org/10.6073/pasta/be42bb841e696b7bcad9957aed33db5e 529 

(length, 2009-2019). Larval euphausiid abundance data from PAL LTER (1993-2013) are 530 

available at https://pal.lternet.edu/data. 531 

 532 

Funding 533 

This work was supported by the National Science Foundation Antarctic Organisms and 534 

Ecosystems Program [PLR-1440435]. The Commission for the Conservation of Antarctic 535 

Marine Living Resources funded J.A.C.’s attendance of the 2019 Scientific Committee 536 

on Antarctic Research Krill Action Group meeting where the idea for this manuscript was 537 

conceived. 538 

 539 

 540 

https://doi.org/10.5285/8b00a915-94e3-4a04-a903-dd4956346439
https://doi.org/10.6073/pasta/03e6d72a78bc2512ef5bb327e686f8fa
https://doi.org/10.6073/pasta/434b2f73803b9d3d8088cd094cf46cca
https://doi.org/10.6073/pasta/be42bb841e696b7bcad9957aed33db5e
https://pal.lternet.edu/data


25 

541 

542 

543 

544 

545 

546 

547 

548 

549 

550 

551 

Conflict of interest declaration 

The authors declare no conflicts of interest. 

Acknowledgements 

Thank you to the Captains, officers, crews, and Antarctic Support Contract personnel for 

their support on U.S. AMLR and PAL LTER research cruises. We are grateful to the U.S. 

AMLR and PAL LTER field teams who collected and processed samples at sea. Joe 

Cope compiled and supplied data for this analysis. Schuyler Nardelli assisted with 

mapping. Comments from George Watters and two anonymous reviewers improved this 

manuscript. We thank SCAR Krill Action Group and PAL LTER colleagues for valuable 

discussions. This is Contribution No. 3919 from the Virginia Institute of Marine Science. 

552 

553 



 
 

26 

References 554 

Ashjian CJ, Davis CS, Gallager SM, Wiebe PH, Lawson GL. 2008. Distribution of larval  555 
krill and zooplankton in association with hydrography in Marguerite Bay, 556 
Antarctic Peninsula, in austral fall and winter 2001 described using the Video 557 
Plankton Recorder. Deep-Sea Res Pt II 55:455–71. 558 

Atkinson A, Hill SL, Pakhomov EA, Siegel V, Reiss CS, Loeb VJ, Steinberg DK,  559 
Schmidt K, Tarling GA, Gerrish L, Sailley SF. 2019. Krill (Euphausia superba) 560 
distribution contracts southward during rapid regional warming. Nat Clim Change 561 
9:142-47. 562 

Atkinson A, Shreeve RS, Hirst AG, Rothery P, Tarling GA, Pond DW, Korb RE, Murphy  563 
EJ, Watkins JL. 2006. Natural growth rates in Antarctic krill (Euphausia 564 
superba): II. Predictive models based on food, temperature, body length, sex, and 565 
maturity stage. Limnol Oceanogr 51:973–87. 566 

Bartoń K. 2019. MuMIn: Multi-Model Inference. 567 
Bernard KS, Steinberg DK, Schofield OME. 2012. Summertime grazing impact of the  568 

dominant macrozooplankton off the Western Antarctic Peninsula. Deep-Sea Res 569 
Pt I 62:111–22. 570 

Brown MS, Munro DR, Feehan CJ, Sweeney C, Ducklow HW, Schofield OM. 2019.  571 
Enhanced oceanic CO2 uptake along the rapidly changing West Antarctic 572 
Peninsula. Nat Clim Chang 9:678–83. 573 

Burnham KP, Anderson DR, Huyvaert KP. 2011. AIC model selection and multimodel  574 
inference in behavioral ecology: some background, observations, and 575 
comparisons. Behav Ecol Sociobiol 65:23–35. 576 

Cavan EL, Belcher A, Atkinson A, Hill SL, Kawaguchi S, McCormack S, Meyer B,  577 
Nicol S, Ratnarajah L, Schmidt K, Steinberg DK, Tarling GA, Boyd PW. 2019. 578 
The importance of Antarctic krill in biogeochemical cycles. Nat Commun 579 
10:4742. 580 

CCAMLR. 2018. Krill fisheries. (https://www.ccamlr.org/en/fisheries/krill). Accessed 1  581 
April 2020. 582 

Cox MJ, Candy S, de la Mare WK, Nicol S, Kawaguchi S, Gales N. 2018. No evidence  583 
for a decline in the density of Antarctic krill Euphausia superba Dana, 1850, in 584 
the Southwest Atlantic sector between 1976 and 2016. J Crustacean Biol 38:656–585 
61. 586 

Daly KL. 2004. Overwintering growth and development of larval Euphausia superba: an  587 
interannual comparison under varying environmental conditions west of the 588 
Antarctic Peninsula. Deep-Sea Res Pt II Topical Studies in Oceanography, 589 
51:2139–68. 590 

Ducklow H, Clarke A, Dickhut R, Doney SC, Geisz H, Huang K, Martinson DG,  591 
Meredith MP, Moeller HV, Montes-Hugo M, Schofield O, Stammerjohn SE, 592 
Steinberg D, Fraser W. 2012. The Marine System of the Western Antarctic 593 
Peninsula. In: Rogers AD, Johnston NM, Murphy EJ, Clarke A, editors. Antarctic 594 
Ecosystems John Wiley & Sons, Ltd. p. 121–59. 595 

Fach BA, Klinck JM. 2006. Transport of Antarctic krill (Euphausia superba) across the  596 
Scotia Sea. Part I: Circulation and particle tracking simulations. Deep-Sea Res Pt 597 
I 53:987–1010. 598 



 
 

27 

Fielding S, Watkins JL, Trathan PN, Enderlein P, Waluda CM, Stowasser G, Tarling GA,  599 
Murphy EJ. 2014. Interannual variability in Antarctic krill (Euphausia superba) 600 
density at South Georgia, Southern Ocean: 1997–2013. ICES J Mar Sci 71:2578–601 
88. 602 

Flores H, Atkinson A, Kawaguchi S, Krafft BA, Milinevsky G, Nicol S, Reiss C, Tarling  603 
GA, Werner R, Bravo Rebolledo E, Cirelli V, Cuzin-Roudy J, Fielding S, 604 
Groeneveld JJ, Haraldsson M, Lombana A, Marschoff E, Meyer B, Pakhomov EA, 605 
Rombolá E, Schmidt K, Siegel V, Teschke M, Tonkes H, Toullec JY, Trathan PN, 606 
Tremblay N, Van de Putte AP, van Franeker JA, Werner T. 2012. Impact of 607 
climate change on Antarctic krill. Mar Ecol Prog Ser 458:1–19. 608 

Fraser WR, Hofmann EE. 2003. A predator’s perspective on causal links between climate  609 
change, physical forcing and ecosystem response. Mar Ecol Prog Ser 265:1–15. 610 

Henley SF, Schofield OM, Hendry KR, Schloss IR, Steinberg DK, Moffat C, Peck LS,  611 
Costa DP, Bakker DCE, Hughes C, Rozema PD, Ducklow HW, Abele D, Stefels 612 
J, Van Leeuwe MA, Brussaard CPD, Buma AGJ, Kohut J, Sahade R, Friedlaender 613 
AS, Stammerjohn SE, Venables HJ, Meredith MP. 2019. Variability and change 614 
in the west Antarctic Peninsula marine system: Research priorities and 615 
opportunities. Prog Oceanogr 173:208–37. 616 

Hewitt RP, Watters G, Trathan PN, Croxall JP, Goebel ME, Ramm D, Reid K,  617 
Trivelpiece WZ, Watkins JL. 2004. Options for allocating the precautionary catch 618 
limit of krill among small-scale management units in the Scotia Sea. CCAMLR 619 
Sci 11:81–97. 620 

Hilborn R, Stokes K, Maguire J-J, Smith T, Botsford LW, Mangel M, Orensanz J, Parma  621 
A, Rice J, Bell J. 2004. When can marine reserves improve fisheries 622 
management? Ocean Coast Manage 47:197–205. 623 

Hindell MA, Reisinger RR, Ropert-Coudert Y, Hückstädt LA, Trathan PN, Bornemann H,  624 
Charrassin J-B, Chown SL, Costa DP, Danis B, Lea M-A, Thompson D, Torres 625 
LG, Van de Putte AP, Alderman R, Andrews-Goff V, Arthur B, Ballard G, 626 
Bengtson J, Bester MN, Blix AS, Boehme L, Bost C-A, Boveng P, Cleeland J, 627 
Constantine R, Corney S, Crawford RJM, Dalla Rosa L, de Bruyn PJN, Delord K, 628 
Descamps S, Double M, Emmerson L, Fedak M, Friedlaender A, Gales N, Goebel 629 
ME, Goetz KT, Guinet C, Goldsworthy SD, Harcourt R, Hinke JT, Jerosch K, 630 
Kato A, Kerry KR, Kirkwood R, Kooyman GL, Kovacs KM, Lawton K, Lowther 631 
AD, Lydersen C, Lyver PO, Makhado AB, Márquez MEI, McDonald BI, 632 
McMahon CR, Muelbert M, Nachtsheim D, Nicholls KW, Nordøy ES, 633 
Olmastroni S, Phillips RA, Pistorius P, Plötz J, Pütz K, Ratcliffe N, Ryan PG, 634 
Santos M, Southwell C, Staniland I, Takahashi A, Tarroux A, Trivelpiece W, 635 
Wakefield E, Weimerskirch H, Wienecke B, Xavier JC, Wotherspoon S, Jonsen 636 
ID, Raymond B. 2020. Tracking of marine predators to protect Southern Ocean 637 
ecosystems. Nature 580: 87–92. 638 

Hofmann EE, Capella JE, Ross RM, Quetin LB. 1992. Models of the early life history of  639 
Euphausia superba—Part I. Time and temperature dependence during the descent-640 
ascent cycle. Deep Sea Research 39:1177–1200. 641 

Hothorn T, Bretz F, Westfall P. 2008. Simultaneous Inference in General Parametric  642 
Models. Biometrical J 50:346–63. 643 

Hurvich CM, Tsai C-L. 1989. Regression and time series model selection in small  644 



 
 

28 

samples. Biometrika 76:297–307. 645 
Kell LT, Nash RDM, Dickey‐Collas M, Mosqueira I, Szuwalski C. 2016. Is spawning  646 

stock biomass a robust proxy for reproductive potential? Fish Fish 17:596–616. 647 
Kim H, Doney SC, Iannuzzi RA, Meredith MP, Martinson DG, Ducklow HW. 2016.  648 

Climate forcing for dynamics of dissolved inorganic nutrients at Palmer Station, 649 
Antarctica: An interdecadal (1993-2013) analysis. J Geophys Res-Biogeo 650 
121:2369–89. 651 

Kinzey D, Watters GM, Reiss CS. 2019. Estimating recruitment variability and  652 
productivity in Antarctic krill. Fish Res 217:98–107. 653 

Koenig WD. 2002. Global patterns of environmental synchrony and the Moran effect.  654 
Ecography 25:283–88. 655 

Lascara CM, Hofmann EE, Ross RM, Quetin LB. 1999. Seasonal variability in the  656 
distribution of Antarctic krill, Euphausia superba, west of the Antarctic Peninsula. 657 
Deep-Sea Res Pt I 46:951–84. 658 

Loeb V, Hofmann EE, Klinck JM, Holm-Hansen O. 2010. Hydrographic control of the  659 
marine ecosystem in the South Shetland-Elephant Island and Bransfield Strait 660 
region. Deep-Sea Res Pt II 57:519–542. 661 

Loeb VJ, Hofmann EE, Klinck JM, Holm-Hansen O, White WB. 2009. ENSO and  662 
variability of the Antarctic Peninsula pelagic marine ecosystem. Antarct Sci 663 
21:135–148. 664 

Loeb VJ, Santora JA. 2015. Climate variability and spatiotemporal dynamics of five  665 
Southern Ocean krill species. Prog Oceanogr 134:93–122. 666 

Mackas DL, Beaugrand G. 2010. Comparisons of zooplankton time series. J Marine Syst  667 
79:286-304. 668 

Makarov RR. 1979. Larval Distribution and Reproductive Ecology of Thysanoessa  669 
macrura (Crustacea: Euphausiacea) in the Scotia Sea. Mar Biol 52:377-386. 670 

Makarov RR, Denys CJ. 1981. Stages of sexual maturity of Euphausia superba Dana. In:  671 
BIOMASS Handbook Cambridge: SCAR. p. 1–13. 672 

Manel S, Loiseau N, Andrello M, Fietz K, Goñi R, Forcada A, Lenfant P, Kininmonth S,  673 
Marcos C, Marques V, Mallol S, Pérez-Ruzafa A, Breusing C, Puebla O, Mouillot 674 
D. 2019. Long-Distance Benefits of Marine Reserves: Myth or Reality? Trends 675 
Ecol Evol 34:342-354. 676 

Marrari M, Daly KL, Hu C. 2008. Spatial and temporal variability of SeaWiFS  677 
chlorophyll a distributions west of the Antarctic Peninsula: Implications for krill 678 
production. Deep-Sea Res Pt II 55:377–92. 679 

Martinson DG, McKee DC. 2012. Transport of warm Upper Circumpolar Deep Water  680 
onto the western Antarctic Peninsula continental shelf. Ocean Sci 8:433–42. 681 

Martinson DG, Stammerjohn SE, Iannuzzi RA, Smith RC, Vernet M. 2008. Western  682 
Antarctic Peninsula physical oceanography and spatio–temporal variability. Deep-683 
Sea Res Pt II 55:1964–87. 684 

Melbourne-Thomas J, Corney SP, Trebilco R, Meiners KM, Stevens RP, Kawaguchi S,  685 
Sumner MD, Constable AJ. 2016. Under ice habitats for Antarctic krill larvae: 686 
Could less mean more under climate warming? Geophys Res Lett 43:10322-687 
10327. 688 

Meredith MP, King JC. 2005. Rapid climate change in the ocean west of the Antarctic  689 



 
 

29 

Peninsula during the second half of the 20th century. Geophys Res Lett 690 
32:L19604. 691 

Meyer B, Freier U, Grimm V, Groeneveld J, Hunt BPV, Kerwath S, King R, Klaas C,  692 
Pakhomov E, Meiners KM, Melbourne-Thomas J, Murphy EJ, Thorpe SE, 693 
Stammerjohn S, Wolf-Gladrow D, Auerswald L, Götz A, Halbach L, Jarman S, 694 
Kawaguchi S, Krumpen T, Nehrke G, Ricker R, Sumner M, Teschke M, Trebilco 695 
R, Yilmaz NI. 2017. The winter pack-ice zone provides a sheltered but food-poor 696 
habitat for larval Antarctic krill. Nat Ecol Evol 1:1853-1861. 697 

Moffat C, Meredith M. 2018. Shelf–ocean exchange and hydrography west of the  698 
Antarctic Peninsula: a review. Phil Trans R Soc A 376:20170164. 699 

Montes-Hugo M, Doney SC, Ducklow HW, Fraser W, Martinson D, Stammerjohn SE,  700 
Schofield O. 2009. Recent changes in phytoplankton communities associated with 701 
rapid regional climate change along the western Antarctic Peninsula. Science 702 
323:1470–1473. 703 

Murawski SA, Rago PJ, Trippel EA. 2001. Impacts of demographic variation in  704 
spawning characteristics on reference points for fishery management. ICES J Mar 705 
Sci 58:1002-1014. 706 

Nicol S, Foster J. 2016. The Fishery for Antarctic Krill: Its Current Status and  707 
Management Regime. In: Siegel V, editor. Biology and Ecology of Antarctic Krill. 708 
Advances in Polar Ecology Cham: Springer International Publishing. p. 387–421. 709 

Nordhausen W. 1992. Distribution and growth of larval and adult Thysanoessa macrura  710 
(Euphausiacea) in the Bransfield Strait Region, Antarctica. Mar Ecol Prog Ser 711 
83:185-196. 712 

O’Brien TD. 2013. Time-series data analysis and visualization. In: O’Brien TD, Wiebe  713 
PH, Falkenhaug T, editors. ICES Zooplankton Status Report 2010/2011. 714 
International Council for the Exploration of the Sea. p. 6-19. 715 

Orsi AH, Whitworth T, Nowlin WD. 1995. On the meridional extent and fronts of the  716 
Antarctic Circumpolar Current. Deep-Sea Res Pt I 42:641–73. 717 

Pakhomov EA, Atkinson A, Meyer B, Oettl B, Bathmann U. 2004. Daily rations and  718 
growth of larval krill Euphausia superba in the Eastern Bellingshausen Sea 719 
during austral autumn. Deep-Sea Res Pt II 51:2185–98. 720 

Perry FA, Atkinson A, Sailley SF, Tarling GA, Hill SL, Lucas CH, Mayor DJ. 2019.  721 
Habitat partitioning in Antarctic krill: Spawning hotspots and nursery areas. PLoS 722 
One 14:e0219325. 723 

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. 2018. Nlme: Linear and  724 
Nonlinear Mixed Effects Models. 725 

Piñones A, Hofmann EE, Daly KL, Dinniman MS, Klinck JM. 2013. Modeling the  726 
remote and local connectivity of Antarctic krill populations along the western 727 
Antarctic Peninsula. Mar Ecol Prog Ser 481:69–92. 728 

Postel L, Fock H, Hagen W. 2000. Biomass and abundance. In: Harris R, Wiebe P, Lenz  729 
J, Skjoldal HR, Huntley M. ICES Zooplankton Methodology Manual Elsevier. p.  730 
83–192. 731 

Quetin LB, Ross RM. 2001. Environmental Variability and Its Impact on the  732 
Reproductive Cycle of Antarctic Krill. Amer Zool 41:74-89. 733 

R Core Team. 2018. R: A language and environment for statistical computing Vienna,  734 
Austria: R Foundation for Statistical Computing. 735 



 
 

30 

Reid K, Watkins JL, Murphy EJ, Trathan PN, Fielding S, Enderlein P. 2010. Krill  736 
population dynamics at South Georgia: implications for ecosystem-based fisheries 737 
management. Mar Ecol Prog Ser 399:243–52. 738 

Reiss CS. 2016. Age, Growth, Mortality, and Recruitment of Antarctic Krill, Euphausia  739 
superba. In: Siegel V, editor. Biology and Ecology of Antarctic Krill. Advances 740 
in Polar Ecology Cham: Springer International Publishing. p. 101–44. 741 

Reiss CS, Cossio A, Santora JA, Dietrich KS, Murray A, Mitchell BG, Walsh J, Weiss  742 
EL, Gimpel C, Jones CD, Watters GM. 2017. Overwinter habitat selection by 743 
Antarctic krill under varying sea-ice conditions: implications for top predators and 744 
fishery management. Mar Ecol Prog Ser 568:1–16. 745 

Reiss CS, Cossio AM, Loeb V, Demer DA. 2008. Variations in the biomass of Antarctic  746 
krill (Euphausia superba) around the South Shetland Islands, 1996–2006. ICES J 747 
Mar Sci 65:497–508. 748 

Ripa J. 2000. Analysing the Moran effect and dispersal: their significance and interaction  749 
in synchronous population dynamics. Oikos 89:175–87. 750 

Ross RM, Quetin LB. 1989. Energetic cost to develop to the first feeding stage of  751 
Euphausia superba Dana and the effect of delays in food availability. J Exp Mar 752 
Biol Ecol 133:103-127. 753 

Ross RM, Quetin LB, Newberger T, Shaw CT, Jones JL, Oakes SA, Moore KJ. 2014.  754 
Trends, cycles, interannual variability for three pelagic species west of the 755 
Antarctic Peninsula 1993-2008. Mar Ecol Prog Ser 515:11–32. 756 

Ryabov AB, de Roos AM, Meyer B, Kawaguchi S, Blasius B. 2017. Competition- 757 
induced starvation drives large-scale population cycles in Antarctic krill. Nat Ecol 758 
Evol 1:0177. 759 

Saba GK, Fraser WR, Saba VS, Iannuzzi RA, Coleman KE, Doney SC, Ducklow HW,  760 
Martinson DG, Miles TN, Patterson-Fraser DL, Stammerjohn SE, Steinberg DK, 761 
Schofield OM. 2014. Winter and spring controls on the summer food web of the 762 
coastal West Antarctic Peninsula. Nat Commun 5:4318. 763 

Sangrà P, Stegner A, Hernández-Arencibia M, Marrero-Díaz Á, Salinas C, Aguiar- 764 
González B, Henríquez-Pastene C, Mouriño-Carballido B. 2017. The Bransfield 765 
Gravity Current. Deep-Sea Res Pt I 119:1–15. 766 

Shelton AO, Kinzey D, Reiss C, Munch S, Watters G, Mangel M. 2013. Among-year  767 
variation in growth of Antarctic krill Euphausia superba based on length-768 
frequency data. Mar Ecol Prog Ser 481:53–67. 769 

Siegel V. 1988. A Concept of Seasonal Variation of Krill (Euphausia superba)  770 
Distribution and Abundance West of the Antarctic Peninsula. In: Sahrhage D, 771 
editor. Antarctic Ocean and Resources Variability Berlin, Heidelberg: Springer. p. 772 
219–30. 773 

Siegel V, Loeb V. 1995. Recruitment of Antarctic krill Euphausia superba and possible  774 
causes for its variability. Mar Ecol Prog Ser 123:45-56. 775 

Siegel V, Reiss CS, Dietrich KS, Haraldsson M, Rohardt G. 2013. Distribution and  776 
abundance of Antarctic krill (Euphausia superba) along the Antarctic Peninsula. 777 
Deep-Sea Res Pt I 77:63–74. 778 

Siegel V, Ross RM, Quetin LB. 2003. Krill (Euphausia superba) recruitment indices  779 
from the western Antarctic Peninsula: are they representative of larger regions? 780 
Polar Biol 26:672–79. 781 



 
 

31 

Siegel V, Watkins JL. 2016. Distribution, Biomass and Demography of Antarctic Krill,  782 
Euphausia superba. In: Siegel V, editor. Biology and Ecology of Antarctic Krill. 783 
Advances in Polar Ecology Cham: Springer International Publishing. p. 21–100. 784 

Spiridonov VA. 1995. Spatial and temporal variability in reproductive timing of  785 
Antarctic krill (Euphausia superba Dana). Polar Biol 15:161-174. 786 

Stammerjohn SE, Martinson DG, Smith RC, Iannuzzi RA. 2008a. Sea ice in the western  787 
Antarctic Peninsula region: Spatio-temporal variability from ecological and 788 
climate change perspectives. Deep-Sea Res Pt II 55:2041-2058. 789 

Stammerjohn SE, Martinson DG, Smith RC, Yuan X, Rind D. 2008b. Trends in Antarctic  790 
annual sea ice retreat and advance and their relation to El Niño–Southern 791 
Oscillation and Southern Annular Mode variability. J Geophys Res 113:C03S90. 792 

Steinberg DK, Ruck KE, Gleiber MR, Garzio LM, Cope JS, Bernard KS, Stammerjohn  793 
SE, Schofield OME, Quetin LB, Ross RM. 2015. Long-term (1993–2013) 794 
changes in macrozooplankton off the Western Antarctic Peninsula. Deep-Sea Res 795 
Pt I 101:54–70. 796 

Symonds MRE, Moussalli A. 2011. A brief guide to model selection, multimodel  797 
inference and model averaging in behavioural ecology using Akaike’s 798 
information criterion. Behav Ecol Sociobiol 65:13-21. 799 

Tarling GA, Cuzin-Roudy J, Thorpe SE, Shreeve RS, Ward P, Murphy EJ. 2007.  800 
Recruitment of Antarctic krill Euphausia superba in the South Georgia region: 801 
adult fecundity and the fate of larvae. Mar Ecol Prog Ser 331:161–79. 802 

Thibodeau PS, Steinberg DK, McBride CE, Conroy JA, Keul N, Ducklow HW. in  803 
review. Long-term trends in pteropod phenology along the Western Antarctic 804 
Peninsula. Deep-Sea Res Pt I. 805 

Thompson AF, Heywood KJ, Thorpe SE, Renner AH, Trasviña A. 2009. Surface  806 
circulation at the tip of the Antarctic Peninsula from drifters. J Phys Oceanogr 807 
39:3–26. 808 

Thorpe SE, Heywood KJ, Stevens DP, Brandon MA. 2004. Tracking passive drifters in a  809 
high resolution ocean model: implications for interannual variability of larval krill 810 
transport to South Georgia. Deep-Sea Res Pt I 51:909–20. 811 

Thorpe SE, Murphy EJ, Watkins JL. 2007. Circumpolar connections between Antarctic  812 
krill (Euphausia superba Dana) populations: Investigating the roles of ocean and 813 
sea ice transport. Deep-Sea Res Pt I 54:792–810. 814 

Thorpe SE, Tarling GA, Murphy EJ. 2019. Circumpolar patterns in Antarctic krill larval  815 
recruitment: an environmentally driven model. Mar Ecol Prog Ser 613:77–96. 816 

Trathan PN, Hill SL. 2016. The Importance of Krill Predation in the Southern Ocean. In:  817 
Siegel V, editor. Biology and Ecology of Antarctic Krill. Advances in Polar 818 
Ecology Cham: Springer International Publishing. p. 321–50. 819 

Walsh J, Reiss CS, Watters GW. 2020. Flexibility in Antarctic krill Euphausia superba  820 
decouples diet and recruitment from overwinter sea-ice conditions in the northern 821 
Antarctic Peninsula. Mar Ecol Prog Ser 642:1-19. 822 

Waters KJ, Smith RC. 1992. Palmer LTER: A sampling grid for the Palmer LTER  823 
program. Antarct J US 27:236–239. 824 

Watters GM, Hinke JT, Reiss CS. 2020. Long-term observations from Antarctica  825 
demonstrate that mismatched scales of fisheries management and predator-prey 826 
interaction lead to erroneous conclusions about precaution. Sci Rep 10:2314. 827 



 
 

32 

Wiebe PH, Ashjian CJ, Lawson GL, Piñones A, Copley NJ. 2011. Horizontal and vertical  828 
distribution of euphausiid species on the Western Antarctic Peninsula U.S. 829 
GLOBEC Southern Ocean study site. Deep-Sea Res Pt II 58:1630–51. 830 

Wiedenmann J, Cresswell KA, Mangel M. 2009. Connecting recruitment of Antarctic  831 
krill and sea ice. Limnol Oceanogr 54:799–811. 832 

Wood SN. 2003. Thin-plate regression splines. Journal R Stat Soc B 65:95–114. 833 
Zuur AF, Ieno EN. 2016. A protocol for conducting and presenting results of regression- 834 

type analyses. Methods Ecol Evol 7:636–45.  835 



 
 

33 

Table 1. Pearson’s correlation coefficients across study sub-regions for annual euphausiid larvae abundance from 1995-2011 (n = 17 

years) (above the diagonal) and annual Euphausia superba recruit abundance from 1993-2011 (n = 19 years) (below the diagonal). 

Values in italics indicate p < 0.003. 

 

 WAP Coast WAP Shelf WAP Slope NAP Coast NAP Shelf NAP Slope 

WAP Coast - 0.68 0.61 0.15 0.38 0.31 

WAP Shelf 0.68 - 0.81 0.08 0.39 0.50 

WAP Slope 0.26 0.75 - 0.20 0.40 0.56 

NAP Coast 0.47 0.76 0.66 - 0.69 0.57 

NAP Shelf 0.50 0.84 0.79 0.89 - 0.88 

NAP Slope 0.38 0.65 0.54 0.83 0.86 - 
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Table 2. Summary of model selection statistics from linear regression models assessing the relationship between euphausiid larvae 

abundance (1995-2010) and Euphausia superba recruit abundance (1996-2011) in the following year (n = 16 years). AICc: corrected 

Akaike Information Criterion; AICc: difference from lowest AICc; AICc weight – relative model support or probability. Italics 

indicate models with AICc < 2. 

 

 
NAP Coast & Shelf 

Euphausia superba recruits 
 

WAP Coast & Shelf 

Euphausia superba recruits 

Explanatory 

variable 

(1-yr lag) 

AICc ΔAICc 
AICc 

weight 
 AICc ΔAICc 

AICc 

weight 

        

NAP Slope 

euphausiid larvae 
25.9 1.39 0.28  36.1 1.37 0.19 

        

 WAP Slope 

euphausiid larvae 
24.5 0.00 0.56  35.5 0.78 0.26 

        

NAP Shelf 

euphausiid larvae 
28.1 3.56 0.09  34.7 0.00 0.38 

        

WAP Shelf 

euphausiid larvae 
30.0 5.50 0.04  38.2 3.52 0.07 

        

NAP Coast 

euphausiid larvae 
32.2 7.74 0.01  37.6 2.87 0.09 

        

WAP Coast 

euphausiid larvae 
31.5 6.97 0.02  40.4 5.73 0.02 
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Figure 1. Map of the study area indicating U.S. AMLR sampling sub-regions in the North Antarctic Peninsula (NAP) and PAL LTER 

sampling sub-regions in the West Antarctic Peninsula (WAP). Bathymetric shading indicates 0-500, 500-1000, and > 1000 m depth 

intervals. Black dots indicate sampling stations, the occupation of which varied through time. SSI: South Shetland Islands, JI: Joinville 

Island, BS: Bransfield Strait, AI: Anvers Island, MB: Marguerite Bay, 600-200: PAL LTER sampling grid lines. 
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Figure 2. Spatial abundance comparisons. Annual mean log10-adjusted abundance for (A-B) euphausiid larvae, (C-D) Euphausia 

superba recruits, and (E-F) E. superba mature females at the North Antarctic Peninsula (NAP) Slope, Shelf, and Coast sub-regions (A, 

C, E) and West Antarctic Peninsula (WAP) Slope, Shelf, and Coast sub-regions (B, D, F). Thick black line indicates the median, gray 

box indicates the interquartile range, and whiskers indicate the range excluding outlier values indicated as points. Different lowercase 

letters indicate statistically different group means. Note different scales although abundance is not directly comparable across plots 

due to different sampling methods. Sample size n = 17-26 years. 
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Figure 3. Annual abundance anomaly time series. (A) Euphausiid larvae abundance anomalies in the full NAP sampling area (dashed 

line, white diamonds) and the full WAP sampling area from 1995 to 2011 (solid line, gray circles) (n = 17; p = 0.05; Pearson’s r = 

0.47). (B) Euphausia superba recruit abundance anomalies for the same study areas from 1993 to 2011 (n = 19; p = 0.0004; Pearson’s 

r = 0.72). 
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Figure 4. Euphausia superba larvae abundance anomaly (A-C) and Thysanoessa macrura larvae abundance anomaly (D-F) versus 

total euphausiid larvae abundance anomaly in the NAP Slope (A, D), Shelf (B, E), and Coast (C, F) sub-regions from 1995 to 2011 (n 

= 17 years). Black line indicates linear regression fit. 
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Figure 5. WAP Slope euphausiid larvae abundance anomaly versus the following year’s Euphausia superba recruit abundance 

anomaly in the (A) combined NAP Coast and Shelf sub-regions from 1994 to 2011 (n = 18 years), and (B) combined WAP Coast and 

Shelf sub-regions from 1994 to 2014 (n = 21 years). Black line indicates the mean regression spline fit, and gray shading indicates the 

95% confidence interval. 
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Figure 6. Conceptual diagram illustrating how regional ocean circulation relates to areas of relatively high krill larval abundance (red 

sub-regions) and recruit abundance (blue sub-regions) along the Antarctic Peninsula. The Antarctic Circumpolar Current (ACC) flows 

from the West Antarctic Peninsula to the North Antarctic Peninsula. Cross-shelf transport connects oceanic waters of the ACC to the 

Antarctic Peninsula shelf. Although not sampled in this study, the Bellingshausen and Weddell Seas likely influence krill population 

dynamics at the Antarctic Peninsula. Similarly, krill reproduction and recruitment at the Antarctic Peninsula likely impact abundance 

to the northeast in the Scotia Sea (not shown). See Fig. 1 for sampling sub-regions shown in this diagram. Ocean current locations and 
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illustrations are from Orsi et al. 1995, and Moffatt and Meredith 2018. SACCF: Southern ACC Front, SBdy: Southern ACC Boundary, 

ASF: Antarctic Slope Front, CC: Antarctic Coastal Current, AI: Anvers Island, MB: Marguerite Bay. 
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