
1. Introduction
Antarctic krill (Euphausia superba; hereafter krill) are an important component in the Southern Ocean 
ecosystem and play a key role in energy flow (e.g., Ballerini et al., 2014) and nutrient cycling (Ratnarajah & 
Andrew, 2016) as well as supporting the Southern Oceans' largest and expanding fishery (Nicol et al., 2012). 
However, krill's stenothermal nature makes them vulnerable to climate-induced biophysical change (e.g., 
Atkinson et al., 2019; Veytia et al., 2020). Managing the effects of such change requires understanding the 
ecological mechanisms that underpin suitable krill habitat.

Krill have a highly heterogenous and changing circumpolar distribution (Marr, 1962; Yang et al., 2020) with 
biomass in much of their range apparently derived through advection (Fach et al., 2006; Mori et al., 2019; 
Thorpe et al., 2007), often from localized spawning along the Antarctic shelf slope (Conroy et al., 2020). 
These source-sink dynamics suggest that local variability in spawning underpins regional-scale fluctua-
tions in recruitment (Siegel et al., 2003), and that the population ultimately depends on habitat conditions 
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within a fraction of its range (Melbourne-Thomas et al., 2016; Trebilco et al., 2019). Yet, while much work 
has focused on assessing habitat quality for spawned egg survival until recruitment (Hofmann & Hüsrevoğ-
lu, 2003; Piñones & Fedorov, 2016; Thorpe et al., 2019), or growth and survival of post-larval, first-year and 
adult krill, there has been comparatively little focus on similar characterizations of habitat likely to sup-
port high larval production (defined here as egg production pre-spawning and survival until the calyptopis 
stage).

Biophysical conditions can constrain larval production through both pre-spawning egg development and 
post-spawning survival, particularly as reproduction in krill is strongly dependent on temperature and food 
availability (Constable & Kawaguchi, 2018; Murphy et al., 2017; Piñones & Fedorov, 2016). In adult krill, 
metabolic costs rise steeply as temperatures exceed 3°C (Atkinson et al., 2006), reducing available energy 
for investment in growth and reproduction. In cooler waters where metabolic costs are lower, years of 
above-average phytoplankton biomass (food) are associated with high larval densities (Marrari et al., 2008) 
and good recruitment the following year (Conroy et al., 2020; Marrari et al., 2008). However, strong spawn-
ing output (eggs) does not necessarily translate into high larval production (Tarling et al., 2007). Even under 
conditions suitable for successful egg production, spawned eggs and young larvae are vulnerable to preda-
tion pressure from micronekton (Tarling et al., 2007), particularly myctophid fish (Saunders et al., 2019). 
Thus, high micronekton densities may lead to lower survival of krill eggs and larvae. High-quality realized 
spawning habitat for larval production would therefore combine optimal conditions both leading up to and 
immediately following spawning.

We present a mechanistic approach for estimating the potential habitat quality for larval production (here-
after spawning habitat quality) based on the biophysical requirements stated above. To do this we param-
eterize deterministic suitability functions of temperature, primary production and micronekton density, 
transforming these three variables into suitability scores; the product of which gives an overall index of 
habitat quality. We estimate model parameters through a quantitative optimization procedure using an in-
dex of spawning habitat derived from observations around the Antarctic Peninsula (AP). We then scale-up 
our parameterized model beyond regional observations to explore circumpolar, seasonal and interannual 
patterns in predicted spawning habitat quality. Finally, we map our model output onto spatial management 
regions defined by the Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) 
to consider representativeness of optimal spawning habitat. For this, we consider broader statistical sub-
areas together with small-scale management units (SSMUs) aimed at reducing ecosystem impacts of the 
fishery by spatially distributing the annual catch limit (Hill et al., 2016).

2. Methods
2.1. Deriving Spawning Habitat Quality From Observations

The most comprehensive data available on spawning habitat are in the southwest Atlantic, with regular 
collection of eggs and larvae since 1976 (Perry et al., 2019). We used these data to create a regional compos-
ite map of egg, nauplii and calyptope densities encompassing the AP, Scotia Sea, and South Georgia (SG; 
25°–70°W, 50°–68°S; Figure S4).

We collated late summer (January–May) densities of eggs, nauplii and metanauplii, and calyptopes on the 
2° longitude × 1° latitude resolution grid from Perry et al. (2019) (their supporting information). We in-
cluded calyptope distribution within this data set to better consider survival of spawned eggs until reaching 
free-swimming larvae, and to maximize spatial coverage of early stages for model optimization. Calyptopis 
stages are reached approximately 1 month after spawning (Thorpe et al., 2019), hence it is possible that dur-
ing this time developing larvae may be advected beyond regions of good spawning habitat. However, given 
earlier developmental stages (nauplii and metanauplii) are associated with deep waters of relatively low 
current speeds, we expect calyptopes were sampled in the same grid cell as they were spawned.

Each density dataset was log-transformed and normalized giving values scaled 0–1. This reduced disparity 
between extremely high and low densities, allowing comparison between the three density maps. We com-
bined the three datasets by taking the cellwise mean and again rescaling to 0–1. The final composite density 
map consisted of 108 cells, encompassing approximately 1.4 million km2 (Figure 1).

GREEN ET AL.

10.1029/2020GL091206

2 of 11



Geophysical Research Letters

GREEN ET AL.

10.1029/2020GL091206

3 of 11

Figure 1. Workflow for generating model predictions of spawning habitat. Panel (a) shows the observed composite 
density field (left) and the distribution of values. Panels (b), (c) and (d) show input variables (temperature, primary 
production and micronekton density respectively) as well as their respective suitability functions based on initial (red) 
and optimized (blue) parameters. Panel (e) shows predicted spawning habitat and distribution of values based on the 
product of the three optimized suitability functions. The color in panels (a) and (e) represents percentile values of 
modeled spawning habitat in panel (e), capped at the 90th percentile; purple vertical lines in distributions represent the 
median.
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2.2. Modeling Spawning Habitat Quality

The composite density map was used to optimize a mechanistic model of spawning habitat quality driven by 
the underlying biophysical environment. To achieve this, we (a) defined the model structure and its compo-
nent functions, (b) collated the underlying biophysical forcing variables, and (c) optimized the model using 
maximum likelihood to estimate parameter values.

2.2.1. Functions for Modeling Spawning Habitat

We assume at a given time a proportion (albeit variable; e.g., Reiss et al., 2020) of the adult female krill 
population is mature enough that under suitable thermal and food conditions they can produce eggs with-
in 8 weeks (Quetin & Ross, 2001; Tarling, 2020; Thomas & Ikeda, 1987). Spawned eggs sink to depths of 
>500  m before hatching and returning to the surface as larvae (Hofmann et  al.,  1992). During this de-
scent/ascent cycle, we assume that egg and larval survival depends on the density of micronekton predators 
encountered.

Over the shelf, contact with the benthos is also conceptually recognized to reduce egg survival (Hofmann 
& Hüsrevoğlu, 2003; Thorpe et al., 2019). However the largest compilation of observed nauplii and met-
anauplii densities gives values as high as 3,805 no. m−2 in water shallower than 500 m (Perry et al., 2019; and 
their supporting information). These data indicate egg survival may be nonzero in these shallower regions. 
Temperature, food availability and seasonal location of sea ice have also been highlighted as important 
determinants of calyptope survival following the descent/ascent cycle (Thorpe et al., 2019). However, given 
our focus on survival only up to the calyptope stage, we considered inclusion of these variables to be beyond 
the scope of our current study.

We developed an index of spawning habitat quality by adapting methods in the “Spatial Ecosystem and 
Population Dynamics Model” (SEAPODYM; see Hernandez et  al.,  2014 and Lehodey et  al.,  2008). This 
approach represents habitat quality as the product of suitability scores (scaled 0–1) for key biophysical vari-
ables affecting egg production and survival until free-swimming larval stages. Here we considered three key 
variables: (a) temperature; (b) primary productivity (PP); and (c) predator density. Spawning habitat quality 
(Hs) can thus be derived as:

      1 2 3· · PredsH f T f PP f (1)

where  1f T  is a sigmoid function (Equation 2) representing metabolic tolerance of adult krill to variations 
in temperature,  2f PP  is a Holling type III functional response (Equation 3) representing the suitability of 
the feeding environment (PP) for egg production, and  3 Predf  is a log-normal function (Equation 4) rep-
resenting survival of eggs and larvae under predation. Further detail on the selected functions, parameters 
and initial values is given in Text S1.
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2.2.2. Biophysical Variables

The three input variables required for parameterizing the thermal, food and predator suitability func-
tions were epipelagic depth-layer averaged temperature (Lehodey et  al.,  2015), surface primary produc-
tion and modeled micronekton biomass consisting of six depth-related functional groups in the epipelagic 
through lower mesopelagic layers, including migrants and non-migrants (Lehodey et al., 2010, 2015). We 
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obtained all variables from forcing (temperature and primary production) and output (micronekton) fields 
of the SEAPODYM-LMTL 2.1.03 Global Ocean Low and Mid Trophic Levels Biomass Hindcast (https://
resources.marine.copernicus.eu/?option=com_csw&view=details&product_id=GLOBAL_REANALYSIS_
BIO_001_033), at a 0.25° × 0.25° spatial resolution and 1-week timestep from January 7, 1998 to December 
19, 2018.

To consider recent conditions experienced by mature krill we computed an 8-week running mean of temper-
ature and primary production. This reduced our year range to 1999–2017. We summed the six micronekton 
functional groups, creating a single biomass estimate between the surface and lower limit of the mesopelag-
ic water column (Lehodey et al., 2015) or the seafloor (in waters <1,000 m), encompassing the depth range 
of the krill descent/ascent cycle (Hofmann et al., 1992). Then we created seasonal climatologies (Summer 
– December–February, Autumn – March–May, Winter – June–August, and Spring – September–November) 
of all three variables. We spatially aggregated these to 2° × 1° cells to match observations. Outliers (n = 1) 
were removed following Chauvenet's criterion (Chauvenet, 1863).

2.2.3. Parameter Estimation

To estimate the five parameters required for model configuration (Table 1) we used the R package stats4 
(optimizer method “L-BFGS-B”; R Core Team, 2020), using R-3.6.3 (R Core Team, 2020). The optimizer 
finds the minimum of the negative log-likelihood, after which an approximate parameter covariance matrix 
is obtained through inverting the Hessian matrix. Modeled spawning habitat (Equation 1) was evaluated 
cellwise against our composite density map. Since peak spawning occurs over December–February (Quetin 
et al., 1994) we optimized parameters using austral summer biophysical climatologies.

2.2.4. Spatio-Temporal Model Projections of Spawning Habitat Quality

Finally, we computed circumpolar projections using optimized parameter estimates with reaggregated in-
put variables at climatological and annual monthly, and weekly temporal scales. We also compiled annual 
January spawning habitat averages for the AP CCAMLR subarea 48.1 (Table S2) and compared this inter-
annual time series against following-year observed densities of krill (see Text S2 for methods, Atkinson 
et al., 2017) for the northern AP. Krill densities were collected by the US Antarctic Marine Living Resources 
Programme (AMLR), representing the longest running and most spatially consistent data set within our 
study period.

3. Results and Discussion
3.1. Observed Spawning Habitat and Optimization Results

From the sampling coverage we derived a regional composite density map that extended northwards and 
eastwards from the AP, encompassing the Scotia Arc and SG (Figure  1a). The optimization procedure 
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Parameter Description Initial values Optimized values Std. error

 1f T Sigmoid curve

Θ Threshold value 4 3.03 1.19

Λ Slope coefficient 2 2.20 3.90

  2f PP Holling type III functional response

Α Encounter rate (slope coefficient) 250 196.30 380.96

  3 Predf Log-normal curve

µ Mean 2.5 4.59 18.27

Σ Standard deviation 1 2.16 5.64

Initial values are given alongside the optimized values and their standard errors. See Text S1 for background of initial parameter values.

Table 1 
Definitions of Parameters for the Three Suitability Functions Used in the Calculation of Spawning Habitat Quality

https://resources.marine.copernicus.eu/?option=com_csw%26view=details%26product_id=GLOBAL_REANALYSIS_BIO_001_033
https://resources.marine.copernicus.eu/?option=com_csw%26view=details%26product_id=GLOBAL_REANALYSIS_BIO_001_033
https://resources.marine.copernicus.eu/?option=com_csw%26view=details%26product_id=GLOBAL_REANALYSIS_BIO_001_033
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indicated thermal suitability was more constrained than expected under initial values, with optimal tem-
peratures to ∼1.5°C decreasing rapidly toward zero at ∼4°C (Figure  1b). This is consistent with studies 
showing temperature preferences between −1.5° and 1.5°C (Cuzin-Roudy et al., 2014; Perry et al., 2019). 
Furthermore, even if warmer waters could support egg production, hatchability and early larval develop-
ment are impaired at temperatures greater than 3°C (Perry et al., 2020). The optimized food suitability func-
tion (Figure 1c) approached saturation when primary production exceeded values of 40 mmol C m−2 d−1, 
spatially congruent with highly productive areas (both for phytoplankton and krill) around the AP and SG 
(Korb et al., 2005; Marrari et al., 2008; Siegel & Watkins, 2016). Parameter estimates for predator suitability 
were also more constrained than initial parameters (Figure 1d). Optimal predator densities were ∼1 g m−2 
(compared to the initial 4 g m−2) and decreased steeply thereafter, effectively halving at 10 g m−2. This seems 
reasonable given that optimal spawning habitat quality should manifest as high larval survival in regions of 
lowest predator biomass. Spatially, our predator suitability function shows high predation survival in shelf 
and shelf slope waters where krill eggs and young larvae are found in high densities (Perry et al., 2019).

Our optimized regional spawning habitat quality map (Figure 1e) showed similar spatial patterning to the 
observed habitat (Figure 1a), with a mean difference of 0.1 and root mean squared error of 0.25 (Figure S2). 
In both cases, areas of highest spawning habitat quality are located around the AP, the vicinity of SG, and 
a narrow band between these two areas particularly around the South Orkney Islands. Overall, modeled 
spawning habitat showed a more constrained distribution, displaying a lower frequency of high-value cells 
than observed. However, both had similar median values (0.35 vs. 0.30 for modeled and observed spawning 
habitat, respectively), and their spatial congruency was supported by a generalized least squares model 
incorporating Gaussian spatial autocorrelation, which indicated significant correlation between the two 
(coefficient: 0.71; p = 0.005; residual SE: 0.36).

3.2. Circumpolar Patterns in Summer Krill Spawning Habitat

Using our optimized parameter estimates, we generalized the model from our regional prediction to season-
al circumpolar estimates of spawning habitat quality (Figure 2a). As expected, habitat quality peaked in aus-
tral summer (global median of 0.28 for waters colder than 4°C; the northern limit of potential krill spawning 
habitat from Figure 1b). The highest quality habitat was located in coastal waters around Antarctica, and 
oceanic waters in the southwest Atlantic stretching north-eastwards from the AP beyond SG (locations in 
Figure S4). Krill are unevenly distributed across their range (Atkinson et al., 2008) and the Atlantic sector 
of the Southern Ocean accounts for more than 50% of krill biomass (Siegel & Watkins, 2016). The preva-
lence of good-quality modeled spawning habitat is congruent with this, indicating the region can support 
high larval production. However, while high-quality spawning habitat exists around SG, our understanding 
holds that this population is not self-sustaining and depends on imported recruits (Tarling et al., 2007). 
Here, good spawning conditions might not translate into post-larval biomass because later conditions are 
unsuitable for recruitment, or recruits are exported from the population (Tarling et al., 2007).

Along the remainder of the Antarctic coast, our model predicted high-quality spawning habitat in two 
largely continuous bands, one extending east of the Weddell Sea and another stretching from the Ross Sea 
to the AP. High densities of larval or post-larval krill are documented across much of this high-quality hab-
itat (Siegel & Watkins, 2016) but are notably absent from the Amundsen Sea. Previous modeling has also 
predicted a high probability of post-larval krill presence within this region (Cuzin-Roudy et al., 2014) and 
the species' observed absence may be an artifact of low sampling effort (Cuzin-Roudy et al., 2014). Around 
much of the remaining Antarctic coastline, spawning habitat tended to be patchy and hug the continent, 
similar to previous predictions (Cuzin-Roudy et al., 2014).

Much of the oceanic spawning habitat was of relatively high quality during summer (Figure 2a), suggesting 
that these environments could support successful larval production. The extent to which this manifests 
in recruitment is interesting given that 87% of the krill stock occurs in deep waters, albeit at low densities 
(Atkinson et al., 2008). However, while potentially favorable oceanic spawning habitat is extensive, much of 
it lies north of the core distribution of krill (Figure 2a, but see also Cuzin-Roudy et al., 2014). As with SG, 
this is likely a result of conditions unfavorable for recruitment (e.g., absence of winter sea-ice habitat; Mel-
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bourne-Thomas et al., 2016; Thorpe et al., 2019). Ultimately, the realized quality of spawning habitat would 
depend on conditions suitable for survival across all of krill's key developmental stages.

3.3. Seasonal and Interannual Variability in Krill Spawning Habitat

Modeled spawning habitat quality was considerably lower outside of summer (global medians: <0.01, 0.13 
and 0.15 for winter, spring, and autumn, respectively) coinciding with the loss of most high-quality coast-
al and oceanic spawning habitat areas and seasonal reductions in PP. However, some areas maintained 
persistently high quality from spring through autumn (mainly November to March; Figure S5). To spatial-
ly represent these persistent high-quality habitats (Figure 2b), we calculated the mean number of weeks 
per year that modeled spawning habitat quality remained above the 80th percentile of all summer habitat 
within waters colder than 4°C. This shows areas supporting the highest summer spawning habitat quality, 
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Figure 2. Distribution of seasonal circumpolar spawning habitat (a) and mean annual duration over which spawning 
habitat quality is higher than the summer 80th percentile (b). For panel (a) color scale breaks are given by summer 
percentile values and capped at the 90th percentile, while grayed-out regions represent values approximating zero 
(<0.001). The northern limit to the distribution of Antarctic krill is given by the black line in panel (a), and krill density 
is denoted by the blue color scale in panel (b) (data obtained through KRILLBASE; Atkinson et al., 2017); see Text S2 
for methods. Black and purple polygons in panel (b) give the Conservation of Antarctic Marine Living Resources 
statistical subareas and small-scale management units, respectively. Dominant ocean currents are denoted by the blue 
arrows (adapted from Post et al., 2014), and hatched regions denote 500 m isobath (GEBCO_08; www.gebco.net).
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particularly those focal areas along the continent, and extending north-eastwards from the AP, also tended 
to maintain high values for longer (i.e., ≥3 months). Mature female krill can spawn multiple times a season, 
provided they remain exposed to suitable feeding conditions (Kawaguchi, 2016). Regions maintaining per-
sistently high-quality spawning habitat could maximize seasonal production by allowing multiple spawn-
ing cycles; thereby contributing disproportionately to global krill production.

Krill biomass is highly variable across years, typically following cyclical patterns driven by the underlying 
environment (Conroy et al., 2020) and/or intraspecific competition (Ryabov et al., 2017). Extending our ap-
proach, we considered interannual variability by computing a normalized anomaly index for January mean 
modeled spawning habitat quality within the AP region (CCAMLR Subarea 48.1; Table S2). Our time series 
indicated a cyclical pattern in high-quality habitat of 4–5 years, interspersed by years of relatively poor qual-
ity (Figure 3). These patterns were correlated with following-year krill densities sampled at the northern 
AP (generalized least squares with order-1 temporal autocorrelation: coefficient: 1.05; p = 0.004; residual 
SE: 0.38). Particularly notable were peaks and troughs of spawning habitat quality over 2002 and 2006, as 
well as 2003–2005 and 2008–2010, followed by years of high and low krill densities respectively (Figure 2b). 
Also notable was a series of below-average years between 2013 and 2016. Post-larval densities of krill in the 
northern AP are not available over this period, but winter surveys in the same region found these years to 
have low larval production (Reiss et al., 2020).

3.4. Spatial Management Implications and Further Work

Our approach identified approximately 2.05 million km2 of optimal spawning habitat (areas maintaining 
habitat quality above the summer 80th percentile for at least three months; Figure 2b), spanning much of 
coastal Antarctica and the oceanic southwest Atlantic. Of this, ∼48% was represented by CCAMLR Subareas 
48.1–48.5 spanning the western AP to the eastern Weddell Sea. A further ∼35% was within subareas 88.1–3, 
extending between the Ross and Bellingshausen Seas (Table S2). The remaining half of the Southern Ocean 
(Subareas 48.6 and 58.4.1–58.5.2) accounted only 26% of the calculated optimal spawning habitat. In the key 
southwest Atlantic sector Subareas, designated CCAMLR SSMUs contained 76% of optimal spawning hab-
itat within the AP Subarea (48.1) and 35% for SG (48.3). However SSMUs contained only 6%–7% of optimal 
habitat within each of the South Orkney (48.2) and South Sandwich (48.4) Subareas, suggesting reliance on 
external sources of larval production. If we exclude shelf areas (<500 m; Table S2; hatched area Figure 2b) 
under the notion of impaired egg survival, the importance of most SSMUs is reduced; and particularly the 
east and west AP, and South Orkneys. However, high-quality habitat within Bransfield Strait, a key krill 
area (Santa Cruz et al., 2018), remains relatively well represented even when excluding shallow water. This 
emphasizes the role of the AP as a source for the downstream population. Reliance on upstream import 
raises implications for small-scale spatial management of the krill fishery, as a key purpose of the SSMUs 
is to spread catch thereby reducing impacts on dependent ecosystems (Constable, 2011; Hill et al., 2016).

If the Peninsula region acts as a source, spatial management of the fishery harvest within the 48.1 SSMUs 
will be of prime importance. Apart from managing localized competition between co-occurring fisheries 
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Figure 3. Interannual variability of modeled krill spawning habitat quality and subsequent observed post-larval krill densities for the AP (Antarctic Peninsula). 
Modeled spawning habitat (red) is given as a 1-year lagged January annual mean along the west AP (Conservation of Antarctic Marine Living Resources 
statistical Subarea 48.1) co-plotted with the observed annual mean of log-transformed krill density (blue) for the northern AP (Atkinson et al., 2017). Both time 
series are represented as anomalies scaled between −1 and 1. See Text S2 for methods.
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and marine predators within SSMUs (e.g., Plagányi & Butterworth, 2012; Watters et al., 2020; Weinstein 
et al., 2017), these results lend support to the idea of concentrated extraction around the AP having down-
stream consequences for the regional krill population.

We generated circumpolar projections of spawning habitat based on a regional data source, which itself was 
identified as of global importance by our model. However, given krill's heterogenous circumpolar distribu-
tion, spawning habitat requirements may differ regionally. Our approach could benefit from optimization 
against equivalent datasets from other regions, allowing us to better assess spatial variability. Finally, while 
characterizing habitat supporting larval production is important for defining regions that act as sources 
of the krill population, it provides only a partial picture for a species with a complex life history (e.g., we 
have omitted several variables important for successful recruitment following descent/ascent (e.g., Piñones 
& Fedorov, 2016; Thorpe et al., 2019)). However, our findings will feed into a more complete model en-
compassing the full life history of krill and associated requirements for key stages of development (e.g., 
Melbourne-Thomas et al., 2016; Piñones & Fedorov, 2016; Thorpe et al., 2019), as well as transport process-
es acting to redistribute krill throughout its life (Fiechter et al., 2020; Hofmann & Murphy, 2004; Thorpe 
et al., 2007). This will be achieved through adapting an existing and proven framework of spatially dynamic 
ecosystem-driven population models (Lehodey et al., 2008). Such modeling will help better understand cir-
cumpolar recruitment and connectivity within the krill population; ultimately informing sustainable man-
agement of the expanding fishery under rapid environmental change (Flores et al., 2012; Meyer et al., 2020).

Data Availability Statement
Model data are available through the IMAS data portal (https://doi.org/10.25959/XXGM-N693).
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