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Abstract. Emperor penguins are one of the seabird species most vulnerable to climate change in 19 
Antarctica, as they depend on stable sea ice for breeding and molting. Recent extremes of warming 20 
have taken to the lowest records of sea ice in West Antarctica in 2022 and 2023, raising concerns to 21 
the extent that emperor penguins have been affected. We evaluated historical satellite data (1985-22 
2022) of sea ice around the 10 emperor penguin breeding colonies, identified so far along the coast 23 
of the Amundsen and Bellingshausen Seas, and compared them to recent sea ice cover (2022-2023) 24 
to identify where and when critical thresholds of sea ice cover have been crossed.  We found that 25 
the sea ice retreated below the critical thresholds in 2022-2023 during the chick-rearing and in some 26 
cases failed to return at the start of the following breeding season, hence likely affecting 9 of the 10 27 
emperor penguin colonies in the region. This is an unprecedented climatic phenomena affecting 28 
breeding habitat of emperor penguin colonies over a large area, potentially affecting numerically 29 
important colonies in West Antarctica. 30 
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Introduction 36 

Antarctic sea ice has been following a downward trend that started about one decade ago (Eayrs et 37 
al. 2021) due to warming and the increased frequency of intense heat waves or warm atmospheric 38 
rivers (Turner et al. 2021; Hepworth et al. 2022; Wille et al. 2022). As a consequence, Antarctic sea 39 
ice cover in 2022 and even more so in 2023, with the below 5-sigma threshold, has been at its lowest 40 
since the start of measurements, particularly in West Antarctica (Yadav et al. 2022; Liu et al. 2023; 41 
Scott and Scambos 2023).  42 

Emperor penguins have been identified as one of the most vulnerable species under the projected 43 
climate change scenarios in Antarctica (Lee et al. 2022). Critical months for the breeding season of 44 
emperor penguins include August to mid-December (Handley et al. 2021). Population dynamics of 45 
this species are heavily linked to sea ice (Croxall 2002; Jenouvrier et al. 2014) , as they are dependent 46 
on stable sea (fast) ice or ice shelves for breeding and molting (Kooyman et al. 2000, 2004; Fretwell 47 
et al. 2014; Zitterbart et al. 2014). Collapse of sea ice during late crèche stage (October to December) 48 
have resulted in high mortality in some colonies, with posterior slow recovery (Croxall 2002; Trathan 49 
et al. 2011). As a consequence, breeding sites seem to have been abandoned after consecutive years 50 
of unsuitable conditions (Trathan et al. 2011; Fretwell and Trathan 2019). 51 

The recent records of low sea ice cover in west Antarctica during summer (Liu et al. 2023) poses a 52 
serious concern for emperor penguins (Fretwell et al. 2023). Rapid increase in loss rate of stable sea 53 
ice could represent a substantial decrease in the availability of suitable breeding habitats (Trathan et 54 
al. 2020). Emperor penguin colonies in the Bellingshausen and Amundsen seas have been forecasted 55 
to experience steep decreases within a period of a few decades (Jenouvrier et al. 2021), and it is 56 
possible that 2022 and 2023 events mark a quickening of that process (Fretwell et al. 2023). With the 57 
recent reports of intense warming taking to the lower levels of sea ice ever recorded in the 58 
Amundsen and Bellingshausen Sea regions, we evaluated here the condition of sea ice at emperor 59 
penguin colony sites by using a 39-years interval to calculate local sea ice daily means and identifying 60 
periods between January 2022 and June 2023 when sea ice was below the historical 20th percentile. 61 
We then checked from Sentinel-2 optical images for the conditions in each site where Emperor 62 
penguin guano can be detected (Fretwell and Trathan 2020). 63 

Methods 64 

Geographic position of emperor penguin colonies from West Antarctica were downloaded from the 65 
Mapping Applicating for Penguin Populations and Projected Dynamics (MAPPPD ; Humphries et al. 66 
2017; Lynch et al. 2022).  A 50 km buffer around each of the 10 colonies (the minimum rounded 67 
distance between any of the colonies was ~95km, therefore a 50km radius minimized buffer zone 68 
overlap) identified in the regions of the Amundsen and Bellingshausen Seas (between  70°W and 69 
130°W ; Fig. 1), was used to download daily optimum interpolation of sea ice cover (SIC) data from 70 
ERDDAP server (Huang et al. 2023) between January 1, 1985 and June 20, 2023. Using the approach 71 
described in (Mora-Soto et al. 2022; Schlegel and Smit 2023), a past average SIC was calculated for 72 
each day of the year, using data from January 1, 1985 to December 31, 2022. Anomalies between 73 
daily observations and the 38-year SIC average were calculated between January 1, 2022 and June 74 
20, 2023, and periods when SIC anomalies exceeded a value below the 25th percentile of the past 75 
average SIC for more than three consecutive days were identified as periods of extreme low sea ice 76 
cover. Events were classified as moderate (1 time below threshold) and strong (two times below 77 
threshold). Code for the analysis can be found at (Krüger 2023). 78 
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 79 

Using the methods proposed in (Fretwell and Trathan 2020), freely available Sentinel-2 optical 80 
images (Sentinel-2 2023) were inspected using a cloud cover threshold of 50% and a custom 81 
rendering of bands that highlights penguin guano on the surface of the sea ice 82 
([B08*0.8,B04*0.8,B03*0.8] Fretwell and Trathan 2020), between October and March  of 2021/22 83 
and 2022/23 breeding seasons. L1C or L2A (29 m x 29 m pixel size) images were downloaded. Guano 84 
stains were identified using an unsupervised classification algorithm in ArcMap. 85 

 86 

Fig. 1 Location of studied emperor penguin colonies in the Bellingshausen and Amundsen Seas, West 87 
Antarctica. The geographic position of emperor penguin colonies was downloaded from the 88 
Mapping Application for Penguin Populations and Projected Dynamics (Humphries et al. 2017, Lynch 89 
et al. 2023). Limits of the Bellingshausen and Amundsen Seas adapted from (Larter et al. 2014; 90 
Christie et al. 2023). 91 

Results 92 

The three colonies to the east of 80°W, in the Bellingshausen Sea(Rothschild Island, Verdi Inlet, 93 
Smyley Island), experienced short events (less than 15 days) of low sea ice cover between 2022 94 
March and August, followed by longer events in October and November 2022 that persisted for over 95 
30 days, and again in March to May 2023 (Fig. 2). The three colonies to the west of 80°W, in the 96 
Bellingshausen Sea (Bryan Coast, Pfrogner Point and Noville Peninsula), experienced strong and long 97 
events of low sea ice between November 2002 and January 2023  that persisted until middle 98 
May/early June (Fig. 2). For three colonies in the Amundsen Sea (west of 100°W; Brownson Island, 99 
Cape Gates, and Thurston Glacier), low sea ice events occurred in November and December 2022, 100 
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January, February and March 2023, with two short low sea ice events at Brownson Island in June and 101 
July 2022 (Fig. 2). The colony at Bear Peninsula had a single short, low-intensity event in February 102 
2023(Fig. 2).  103 

 104 

 105 

 106 

 107 

Fig. 2 Emperor penguin colony sites (circles) in the Bellingshausen and Amundsen Sea region with 108 
estimated number of penguins (colony size) from the Mapping Application for Penguin Populations 109 
and Projected Dynamics (Humphries et al. 2017, Lynch et al. 2023). Daily sea ice cover within a 50 110 
km radius around each colony, between January 1, 2022 and June 20, 2023 (solid black line in 111 
panels), is plotted against the 38-year SIC average (dashed blue line in panels),the 25th percentile 112 
critical threshold (dotted orange  line in panels) and two times the threshold (dot-dash red line in 113 
panels) to identify low sea ice anomalies compared to historical values. Blue areas show periods 114 
when average sea ice cover was above the 38-year SIC average; orange areas show periods when 115 
average sea ice cover was below the critical (25th percentile) thresholds; and red areas show periods 116 
when negative anomalies were below 2x the critical thresholds. Numbers indicate days when sea ice 117 
cover remained below the critical threshold.  118 

These episodes of low sea ice cover have affected the availability of sea-ice habitat at colony site  119 
upon the return of penguins to the breeding colonies in 2023 in 9 sites (Fig 3a-j) and during chick 120 
rearing of 2022 in 6 of the 10 sites (Fig3 a,b,c,d,e,g). In Brownson Islands (Fig 3g), it was possible to 121 
see the sea ice receding substantially around the crèches between November 20 and 30, 2022, 122 
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which were then “trapped” in a small bay when there was no more sea ice on  December 20, 2022. 123 
In Bear Peninsula (Fig 3h) the colony that was previously located over fast ice in 2020 moved into the 124 
sea shelf in 2022, and that shelf completely collapsed by March 2023. Thurston Glacier colony (Fig 125 
3j) was the only site to have stable ice throughout 2022 and 2023. 126 

Discussion 127 

Recent levels of sea ice cover in West Antarctica during key periods of emperor penguin breeding 128 
activity (the late chick-rearing period and the start of the breeding season) over the past two years 129 
have been lower than the 25th percentile of the last 38 years. For colonies in which satellite optical 130 
images were available for these periods, sea ice within the 50 km radius turned out to be critical at 131 
the breeding site. 132 

While it is not possible to ascertain whether there has been breeding failure due to early sea ice 133 
retreats, sea ice losses prior to mid-December can result in complete breeding failure (Fretwell and 134 
Trathan 2019). There are examples of colonies that disappeared or reduced substantially in numbers 135 
after years of unsuitable breeding conditions, such as in Marguerite Bay, in the West Antarctic 136 
Peninsula (Trathan et al. 2011), and Halley Bay, east of the Weddell Sea (Fretwell and Trathan 2019). 137 
In addition, since the satellite imagery investigations began, several colonies have been known to 138 
"blink", meaning that they disappear in some years, only to reappear in others (see Fig. 1 in 139 
Jenouvrier et al. 2021). It has been suggested that this could be a result of birds’ decision to move 140 
elsewhere after multiple consecutive failures or due to consecutive absence of optimal sea ice prior 141 
to arrival at the colony. 142 

In the 2022/2023 season, sea ice extent was substantially low at most of the studied colonies in the 143 
Bellingshausen and Amundsen Seas in mid- to late-March (Fretwell et al. 2023, this study), when 144 
adults start returning to the colony to breed (Stonenhouse 1953; Prévost 1958). Adults may decide 145 
to skip breeding after arriving in suboptimal sea ice conditions (Kooyman and Ponganis 2017; 146 
Garnier et al. 2023), and there are examples of colonies that relocated to nearby ice shelves, as 147 
occurred for the colonies at Pfrogner Point (Trathan et al. 2020), Bear Peninsula (this study) , Jason 148 
Peninsula and Atka Bay in the Weddell Sea (Fretwell et al. 2014; Zitterbart et al. 2014) or on the 149 
mainland for the Pointe Géologie colony (during the last 2022 and 2023 breeding seasons, Le Bohec 150 
unpublished observations). However, successive years of poor sea ice conditions can lead to site 151 
abandonment, as is assumed to have happened to colonies in Marguerite Bay, on the western 152 
Antarctic Peninsula (Trathan et al. 2011) and Halley Bay, on the eastern Weddell Sea (Fretwell and 153 
Trathan 2019). 154 
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 155 

Fig. 3 Sentinel-2 (2023) optical images at eight emperor penguin colonies from West Antarctica. 156 
Images used in the analyses consisted of recent images with less than 50% of cloud coverage in late 157 
crèche stage (October/November), during chick fledging period (December/January), and at the start 158 
of the breeding season (March/April), during episodes of low sea ice cover in 2022 and 2023. Red 159 
polygons (colony contours) were identified by unsupervised classification as penguin guano. The 160 
locations of the colonies presented here can be seen in Fig. 1. 161 

 162 
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 163 

 164 

Enhanced monitoring of emperor penguin colonies in the West Antarctic is paramount to assess, 165 
over the coming seasons, whether poor sea ice conditions persist and whether breeding colonies 166 
continue to occupy the areas. Satellite data with better resolution could be combined with field 167 
research (see Winterl et al. 2023) to assess the mortality associated with these events and its 168 
consequences on population trends.  169 

Conservation considerations 170 

Recent studies have identified 29 Important Bird and Biodiversity Areas (IBAs) for emperor penguins 171 
distributed along the Antarctic coast, of which around 6 are located in the  Bellingshausen and 172 
Amundsen Sea regions (Handley et al. 2021). Four of them (Smyley Island, Noville Peninsula, 173 
Brownson Island and Cape Gates) experienced sea ice loss during chick rearing or when adults 174 
returned to start a new breeding season, which likely represents a substantial proportion of the 175 
region’s breeding population.  176 

Persistence of these colonies under expected changes in sea ice (Eayrs et al. 2021; Casagrande et al. 177 
2023), depends on seabirds’ ability to disperse to new breeding sites. Garnier et al. (2023) suggested 178 
that emigration rates of emperor penguins are low and that their dispersal distance is short when 179 
compared to their post- and pre-breeding movements. They also suggested that the establishment 180 
in a new colony is random and that, when moving to a new colony, penguins may have limited 181 
knowledge of the sea ice conditions at the new site. Given the levels of similarity and spatial scales 182 
found in this study, even if emigration occurs in the  Bellingshausen and Amundsen Sea regions, it 183 
will most likely be to sites with similar sea ice conditions. At-sea tracking data (non-existent for these 184 
colonies, see Houstin et al. 2022) combined with molecular techniques (i.e. Cristofari et al. 2016; 185 
Garnier et al. 2023) will be crucial for understanding the process of breeding site selection by new 186 
breeders and dispersal of adults under changing conditions.  187 

Risks of local extinction for colonies in the Bellingshausen and Amundsen Sea region have been 188 
predicted to be high in the future, even with a forecasted 1.5°C increase in global temperature 189 
(Jenouvrier et al. 2021). The next few years will be of crucial importance in verifying whether 190 
emperor penguins will have the ability to persist in the region. 191 

Acknowledgments 192 

This work was supported by the Instituto Antártico Chileno Programa Áreas Marinas Protegidas 193 
(AMP 24 03 052), ANID – Programa Iniciativa Milenio – ICN2021_044 (CGR) and ICN2021_002 (BASE).  194 

References 195 

Casagrande F, Stachelski L, de Souza RB (2023) Assessment of Antarctic sea ice area and 196 
concentration in Coupled Model Intercomparison Project Phase 5 and Phase 6 models. Int J 197 
Climatol 43:1314–1332. doi: 10.1002/joc.7916 198 

Christie FDW, Steig EJ, Gourmelen N, et al (2023) Inter-decadal climate variability induces differential 199 
ice response along Pacific-facing West Antarctica. Nat Commun 14:1–11. doi: 10.1038/s41467-200 
022-35471-3 201 

Cristofari R, Bertorelle G, Ancel A, et al (2016) Full circumpolar migration ensures evolutionary unity 202 
in the Emperor penguin. Nat Commun 7:11842. doi: 10.1038/ncomms11842 203 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2023. ; https://doi.org/10.1101/2023.09.28.559910doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.28.559910
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 

Croxall JP (2002) Environmental Change and Antarctic Seabird Populations. Science 297:1510–1514. 204 
doi: 10.1126/science.1071987 205 

Eayrs C, Li X, Raphael MN, Holland DM (2021) Rapid decline in Antarctic sea ice in recent years hints 206 
at future change. Nat Geosci 14:460–464. doi: 10.1038/s41561-021-00768-3 207 

Fretwell PT, Boutet A, Ratcliffe N (2023) Record low 2022 Antarctic sea ice led to catastrophic 208 
breeding failure of emperor penguins. Commun Earth Environ 4:273. doi: 10.1038/s43247-023-209 
00927-x 210 

Fretwell PT, Trathan PN (2019) Emperors on thin ice: three years of breeding failure at Halley Bay. 211 
Antarct Sci 6:1–6. doi: 10.1017/S0954102019000099 212 

Fretwell PT, Trathan PN (2020) Discovery of new colonies by Sentinel2 reveals good and bad news 213 
for emperor penguins. Remote Sens Ecol Conserv rse2.176. doi: 10.1002/rse2.176 214 

Fretwell PT, Trathan PN, Wienecke B, Kooyman GL (2014) Emperor penguins breeding on iceshelves. 215 
PLoS One 9:1–9. doi: 10.1371/journal.pone.0085285 216 

Garnier J, Clucas G, Younger J, et al (2023) Massive and infrequent informed emigration events in a 217 
species threatened by climate changeY: the emperor penguins . To cite this versionY: HAL IdY: 218 
hal-03822288 Massive and infrequent informed emigration events in a species threatened by 219 
climate changeY: 220 

Handley J, Rouyer M, Pearmain EJ, et al (2021) Marine Important Bird and Biodiversity Areas for 221 
Penguins in Antarctica, Targets for Conservation Action. Front Mar Sci 7:. doi: 222 
10.3389/fmars.2020.602972 223 

Hepworth E, Messori G, Vichi M (2022) Association Between Extreme Atmospheric Anomalies Over 224 
Antarctic Sea Ice, Southern Ocean Polar Cyclones and Atmospheric Rivers. J Geophys Res Atmos 225 
127:1–15. doi: 10.1029/2021JD036121 226 

Houstin A, Zitterbart DP, Heerah K, et al (2022) Juvenile emperor penguin range calls for extended 227 
conservation measures in the Southern Ocean. R Soc Open Sci 9:2021.04.06.438390. doi: 228 
10.1098/rsos.211708 229 

Huang B, Liu C, Banzon VF, et al (2023) NOAA 0.25-degree Daily Optimum Interpolation Sea Surface 230 
Temperature (OISST), Version 2.1. 231 

Humphries GRW, Naveen R, Schwaller M, et al (2017) Mapping Application for Penguin Populations 232 
and Projected Dynamics (MAPPPD): data and tools for dynamic management and decision 233 
support. Polar Rec (Gr Brit) 53:160–166. doi: 10.1017/S0032247417000055 234 

Jenouvrier S, Holland M, Stroeve J, et al (2014) Projected continent-wide declines of the emperor 235 
penguin under climate change. Nat Clim Chang 4:715–718. doi: 10.1038/nclimate2280 236 

Jenouvrier S, Judy C, Wolf S, et al (2021) The call of the emperor penguin: Legal responses to species 237 
threatened by climate change. Glob Chang Biol gcb.15806. doi: 10.1111/gcb.15806 238 

Kooyman GL, Hunke EC, Ackley SF, et al (2000) Moult of the emperor penguin: Travel, location, and 239 
habitat selection. Mar Ecol Prog Ser 204:269–277. doi: 10.3354/meps204269 240 

Kooyman GL, Ponganis PJ (2017) Rise and fall of Ross Sea emperor penguin colony populations: 2000 241 
to 2012. Antarct Sci 29:207–208. doi: 10.1017/S0954102016000559 242 

Kooyman GL, Siniff DB, Stirling I, Bengtson JL (2004) Moult habitat, pre- and post-moult diet and 243 
post-moult travel of Ross Sea emperor penguins. Mar Ecol Prog Ser 267:281–290. doi: 244 
10.3354/meps267281 245 

Krüger L (2023) Sea Ice on Emperor Penguin-Colonies of West Antarctica. 246 
https://github.com/drlucaskruger/Sea-Ice-on-Emperor-Penguin-Colonies-of-West-Antarctica 247 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2023. ; https://doi.org/10.1101/2023.09.28.559910doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.28.559910
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 

Larter RD, Anderson JB, Graham AGC, et al (2014) Reconstruction of changes in the Amundsen Sea 248 
and Bellingshausen Sea sector of the West Antarctic Ice Sheet since the Last Glacial Maximum. 249 
Quat Sci Rev 100:55–86. doi: 10.1016/j.quascirev.2013.10.016 250 

Lee JR, Terauds A, Carwardine J, et al (2022) Threat management priorities for conserving Antarctic 251 
biodiversity. PLOS Biol 20:e3001921. doi: 10.1371/journal.pbio.3001921 252 

Liu J, Zhu Z, Chen D (2023) Lowest Antarctic sea ice record broken for the second year in a row. 253 
Ocean Res 1–2. doi: 10.34133/olar.0007 254 

Lynch H, Che-Castaldo C, Humphries G, Naveen R (2022) MAPPPD (Mapping Application for Penguin 255 
Populations and Projected Dynamics). https://www.penguinmap.com/. Accessed 23 Aug 2022 256 

Mora-Soto A, Aguirre C, Iriarte JL, et al (2022) A Song of Wind and Ice: Increased Frequency of 257 
Marine Cold-Spells in Southwestern Patagonia and Their Possible Effects on Giant Kelp Forests. 258 
J Geophys Res Ocean 127:. doi: 10.1029/2021JC017801 259 

Prévost J (1958) THE EMPEROR PENGUIN MONARCH OF ANTARCTICA. UNESCO Cour a Wind open 260 
world XV:18–24 261 

Schlegel RW, Smit A (2023) Downloading and Preparing NOAA OISST Data. 262 
https://robwschlegel.github.io/heatwaveR/articles/OISST_preparation.html. Accessed 15 Jul 263 
2023 264 

Scott M, Scambos T (2023) Antarctic sea ice reaches an early winter record low in June 2023. 265 
https://www.climate.gov/news-features/event-tracker/antarctic-sea-ice-reaches-early-winter-266 
record-low-june-2023. Accessed 28 Jul 2023 267 

Stonenhouse B (1953) The Emperor Penguin (Aptenodytes forsteri, Gray): I. Breeding behaviour and 268 
development. Falkl Islands Depend Surv Sci Reports 6: 269 

Trathan PN, Fretwell PT, Stonehouse B (2011) First recorded loss of an emperor penguin colony in 270 
the recent period of Antarctic regional warming: Implications for other colonies. PLoS One 6:. 271 
doi: 10.1371/journal.pone.0014738 272 

Trathan PN, Wienecke B, Barbraud C, et al (2020) The emperor penguin - Vulnerable to projected 273 
rates of warming and sea ice loss. Biol Conserv 241:108216. doi: 10.1016/j.biocon.2019.108216 274 

Turner J, Lu H, King J, et al (2021) Extreme temperatures in the Antarctic. J Clim 34:2653–2668. doi: 275 
10.1175/JCLI-D-20-0538.1 276 

Wille JD, Favier V, Jourdain NC, et al (2022) Intense atmospheric rivers can weaken ice shelf stability 277 
at the Antarctic Peninsula. Commun Earth Environ 3:. doi: 10.1038/s43247-022-00422-9 278 

Yadav J, Kumar A, Mohan R (2022) Atmospheric precursors to the Antarctic sea ice record low in 279 
February 2022. Environ Res Commun 4:. doi: 10.1088/2515-7620/aca5f2 280 

Zitterbart DP, Richter S, Spiekermann G, et al (2014) Are environmental factors responsible for 281 
changed breeding behaviour in emperor penguins? Antarct Sci 26:563–564. doi: 282 
10.1017/S0954102014000285 283 

 284 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2023. ; https://doi.org/10.1101/2023.09.28.559910doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.28.559910
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2023. ; https://doi.org/10.1101/2023.09.28.559910doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.28.559910
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2023. ; https://doi.org/10.1101/2023.09.28.559910doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.28.559910
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2023. ; https://doi.org/10.1101/2023.09.28.559910doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.28.559910
http://creativecommons.org/licenses/by-nc-nd/4.0/

