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Seasonal research efforts in the Southern Ocean

Appendix 1. Seasonal esearch efforts in theSouthern Ocean

Seasonatesearch efforti the Southern Oceamereestimated andsed to correctpatial biases species
observation dataro this end, w collected ship tracllata from a variety of sources. Thamary data
source was sailwx(Hal Mueller, personal communication). Sailwrovidesa global, publicly available
dataseton ship locations and weather conditiofi980now). Other data sourcassedinclude Marine
Geoscience Data SystémUK Polar Data Centré, Australian AntarcticDivision (AAD)% and RV

Polarstera

Sailwx data processingSailwx data was provided atabular formatrepresentinghip track pointswe
excluded pointsorth of the Southern Ocean Polar Framdonly extractedour columngrom the original
dataset:CALLSIGN: unique maritine identifier to ships and boatSIMESTAMP: number of seconds
elapsed since January 1, 19uhix epoch; Latitude andLongitude This reduced file size from 246B
toonly 17 MB. A uniquelD for each pointvas assigneldy concatenating call sign and time staimmake

it easier later to mark and exclude spatial outliers

Points wereassigned tasix ship typesbased on call sign@ourism tall ships, fishing, military,
buoys, andresearch). This was mainperformedfollowing SCARS §Scientific Committee on Antarctic
Research)Antarctic Observing Network (AntORl) Call signs notincludedin the AntON report were
individually checked usingternetsearchand assigned to the appropriateptype Call signs thatannot
be assigned to a definite ship typer@a s s i gn e d akeredtne only considaredi esearch ship
datg as they represent theajority of the datain the Southern Oceaand are more relevant for our

application

Data pointsvere convertethto polylines (spatial lines shapefilespeline for each call signThe
original datassetwasnot split into smaller chunkésubtracks)for independent research expeditionsus,
converting the points into spatial lines can involvepurious segmentsbetween time-independent
expeditiongntering and leavinthe Southern Ocea@all sign lineswere splitinto meaningful sultracks
by calculatinghe time difference betweewnery two subsequent pointéines were split into sutracks if
the time difference exceeds two days. We think this is sufficient to discriminate between independent

research expeditions

! https://www.sailwx.info/shiptrackMobile Geographics LLC)
2 http://www.marinegeo.org/
3 https://www.bas.ac.uk/data/igdc/
4 https://www.antarctica.gov.au/
5 https://www.awi.de/en/expedition/reseanadsseland-cutter/polarstern.html
61P034: The Antarctic Observing Network (AntON) to Facilitate Weather and Climate Information (joint paper with WMO).
Available at:https://www.scar.org/library/policy/antarctteeaty/atcraxxxix-andcepxix-2016/2749atcm39ip034/
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Seasonal research efforts in the Southern Ocean
For eachvalid subtrack (Otwo connected pointsyve inspected fapossiblespatialerrors (outliers)
by calculating thespeed(kmh?) at which the ship has travelecbetween eery two subsequent points

(Euclideandistance in km, per houn. We used zcore of speed to detect outliexslculated as:
OPAARIAAAT ODARAAD O KA BE
OOAT AAOA AROEAOGEIDOA

Anatéj\ﬁ(?@kz-]scﬁgr%c'%tpreg ere marked as spatial outliers and were

removed fronthe spatial lineSub-tracks wereghencheckedfor notyet-detectedoutliers by visualizing
them at a circunantarcticprojection.

Some of the call signs provided by the Sailwx were dlyeavailablefrom their original sources
(e.g. Polarstern). These call signs were excluded from the Sdét@and replaced witllata fromtheir

original sources

6WLI i VEMA (marinegeo.org
9VEZA4 - Eltanin(marinegeo.org
DBLK - Polarstern

JZJF- Maurice Ewing(marinegeo.org)
KAOU - Rover Revelldmarinegeo.org
KCEJi Knorr (marinegeo.org

LOIO T Islasorcadagmarinegeo.org)

UIMS - Akademik Nikolaj Strakho¥marinegeo.org
VNAA - Aurora Auralis(AAD)

WBP3210- Nathaniel B Palmefmarinegeo.org
WCX7445- Laurence M Gouldmarinegeo.org)
WHBA - Robert D Conragmarinegeo.org)

ZDLP - James Clark Rog8JK Polar Data Centde

Too J>o T To To o I
Too T T To o I

Seasonal esearch efforts in the Southern Ocean

Final researchship tracks from altatasources were then merged into apatialdata setMaps below
showtheoverallpattern of research ship tracks in tlwithern Oceafirrespective of the timejn addition

to their monthly and seasonal patté¢saasons determined as a threenth interval from Januayy

All research efforts

The overall pattern of researship tracksn the SO The outer black line represents the location of the Polar Front.
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Seasonal research efforts in the Southern Ocean
Quality-controlledtrack lines werethenrasterized int@ circumpolar Dx10km grid (the samegrid used
in the models)the value in each cell represents the number of resghifchracks per celh therespective

season

Jan-March Apr-Jun

Jul-Sep Oct-Dec

Number of seasonal resrch ship tracks p&0x10 km grid
Seasonatesearcleffort layers were useas probability weightluring the daily sampling obackground
locations cells with higher effortvaluein the respective seasanemore likely to be samplethancells
with little effort. Cells without anytracks (zero value)vere filled with a small value (0.1), allowing them
to be sampledyetat alower probability. This approachs similar tothe useof biasgrid in Maxent.

Oct-Dec

Seasonal research efforts in the Southern Oqaatigd atogioscale)
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Table S1: Model evaluation results.

Thetable showshevaluesof AUC, TSSuaxss andT SSquaissall using independent testing datagetsting presences
and background locationsh spatial or temporal crosmlidation (CV). For each model, two threshold rules were

used to calculate TSS: a threshold that maximthessum of sensitivityand specificity i(e., maximum TSS

TSSuaxs9; andathresholdat whichsensitivity and specificitare equa(TSSquaisg. Values representhe mean and
standard deviation for the respective creakdated modelThe last column shows the total humbersp&cies

sightings used in the models.

Testing AUC Testing TSSwaxss Testing TSSequaiss #
Species Spatial | Temporal | Spatial | Temporal | Spatial | Temporal sightings
Ccv CcVv CcVv Ccv Ccv Ccv
Antarctic minke whales | 0.86 £ 0.06| 0.83 £ 0.03| 0.60 £ 0.10| 0.52 + 0.08] 0.57 + 0.12| 0.48 £ 0.11 3,597
Antarctic blue whales 0.85+£0.14| 0.86 £ 0.08] 0.68 + 0.15| 0.61 + 0.18| 0.55 £ 0.28| 0.55 £ 0.22 192
Fin whales 0.82 £ 0.09| 0.83 £0.06] 0.60 +0.11| 0.56 £ 0.10] 0.50 £ 0.19| 0.50 £ 0.09 730
Humpback whales 0.90 £ 0.03| 0.90 £0.02] 0.65 £ 0.06| 0.63 £ 0.03] 0.63 + 0.07| 0.62 + 0.04 4,976
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Figure S1: Spatiotemporal biases in baleghalesighting data in the Southern Ocean.

(A) Thenumber of speciesightingsper 10100 kmgrid (20022019) (B) The same informatioas ina, but on the
logio scale.The Antarctic Peninsula area stoan evident spatial bias, withxceptionallyhighest number of
sightingsper cell. Most humpback whalsightings(and to alesser extenfjn whales)were observed from this area
(see Figure$19and 7).

Panel(C) showsthe total numbeof sightings(20022019)per calendar day
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Figure S2 The processing of sa iceconcentration data.

(A) The estimation oflaily sea ice edgeS(E). The map to the left shows the estimated location of SIE &h 22
December 2019 (black lingith colors represeranly cells withSIC >15% The determination of the SIE has trade
offs, and some cells with SIC15% can still be locatediorth of SIE (e.g.,areas marked with arrojvdDark grey
areassouth of the SIEepresent polynyas on that daye only onsideredareassouth of the SIEf more than 20
connected cellaith <15%SIC thatpersist for five consecutive dags polynyaghere: persistent low SIC from 20

24 December 2019Yhe map to theight shows an example of how we estimated the distance td $1Becember

2019) The Hack line represents SIE, whilke lightgrey polygonssouth of itrepresent polynya€ells intersected
with SIE or polynyas borders were assigned a value
except for polynyas which were given a positive value.

(B) Number of days withouBIC datgperyear (left) orpermonth (right) Note thelarge number of days without SIC
data in 2002, 2011, and 2012. These years were excluded from the background sampling to getdralzoradig

crossvalidated models.

(C) Two examples of days witimcomplde SIC coverage. Only SIC >15% are shown in the nfapghese days,
we cannotestimate the SIE correctly, and then days witbhissues were excluded from background sampling.

(D) The number of days with incomplete Sif3atial coverage per year or manth



Results of dynamic SDMs for the Antarctic minke whale (Figures S3-S10

Monthly distribution of Antarctic Minke whale (Balaenoptera bonaerensis) — 2002 - 2019




Results of dynamic SDMs for the Antarctic minke whale (Figures S3-S10
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Results of dynamic SDMs for the Antarctic minke whale (Figures S3-S10

Monthly distribution of Antarctic Minke whale (Balaenoptera bonaerensis) — 1980 - 2001

(E)

Figure S3 Spatiotemporal distribution dfntarctic minke whalaightings Maps shown ifA) representhemonthly
spatialdistributionof observationsised in this study20022019, with the source of the data shown(B). Panel
(C) indicates the number ofightingsper 100x100 km grid, while (D) shows the total number sightingsper
calendar dayor the same periodaps in(E) are for themonthly distribution oightingsbetween 1980 and 2001
(excludedn the current studglue to the lack of sea ice data before 2002
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Results of dynamic SDMs for the Antarctic minke whale (Figures S3-S10

Mean monthly habitat suitability (2002-2019) for Antarctic Minke whale d iati of habitat sui ility (2002-2019) for Antarctic Minke whale 10% ile of y habitat sui ility (2002-2019) for Antarctic Minke whale

000 025 050 075 100 00 01 02 03 000 025 050 075 1.00

(A) Mean (B) Standard deviation (C) 10% quantile

Figure S4 Monthly predicted habitat suitability fokntarctic minke whale Eachmaprepresents long-term summary ohabitat suitabilityfrom 2002 to 2019or the
respective monthA) mean; B) standard deviation; C) 10% quantile. Warmer colors represent higher habitat suitability.
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Results of dynamic SDMs for the Antarctic minke whale (Figures S3-S10
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Results of dynamic SDMs for the Antarctic minke whale (Figures S3-S10

Figure S5: Monthly suitable habitatfor Antarctic minke whalg (A): the number of day&002 to 2019¢ach cell
was predicted suitable in the respective month. White areas represent cells not suitable at a single day in the respec
month.(B) showsthe final monthly binary map: areas marked valine show cellgpredicted suitable in at leasi%

of daysin the respective month.
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Results of dynamic SDMs for the Antarctic minke whale (Figures S3-S10
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Figure S6: Examples ofdaily habitat suitability maps f@kntarctic minke whalg Each panel shows predictedbitat
suitability onthe 15" of each month in 2013.
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Results of dynamic SDMs for the Antarctic minke whale (Figures S3-S10

Mean biweekly habitat suitability (2002-2019) for Antarctic Minke whale

0.00 025 0.50 075 1.00

(A)

90% quantile of biweekly habitat suitability (2002-2019) for Antarctic Minke whale

0.00 025 0.50 075 1.00

(B)

Figure S7: Biweekly predicted habitat suitability for Antarctic minke wisaléach map represents the méapor
90% quantilgB) of daily predictions from 2002 019 in c.a. two weeks intervals (from tife- 15" and 16'i 31
day of the respective month). Warmer colors represent higher habitat suitability.
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Results of dynamic SDMs for the Antarctic minke whale (Figures S3-S10

Antarctic Minke whale
25 January 2019

Figure S8: Example daysvith high Antarctic minke whaldabitat suitability in coastal polynyas (arrows) south of
the daily estimated SIE (black line).
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Results of dynamic SDMs for theAntarctic minke whales (Figures S3-S10
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Figure S9: Mean (A) and standard deviation (B) of habgaitability of Antarctic minke whals (cloglog scale)n pairwiseenvironmental spaacgf the four most important
predictos (see Figure 6 in the main text for more dejalls each plot, predicted valugem thefull model(calibrated without crosgalidation)atyearroundenvironmental
combinations were estimated (~27M spatiotemporally sampled background@Dand 201-2019) Predictions at each combinatiohtwo predictos (representeds

100x100pixels)weresummarized to represent the mean (A) or standard deviation (B) of Isalititdaility percombination In contrast to marginal response curveigigre

S16), we allow heeall otherpredictos to varytogetheito represent mean suitability at all other possible combinafitrestrequency at which each combinatioavailable
in the background information used is showrfigure 5. Higher mean or standard deviation values are represented in darker coitesafehis are for neexisting

combinations) Spatiotemporaliymatched environmentabnditions at species observations are shown as red points (A)
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Results of dynamic SDMs for theAntarctic minke whales (Figures S3-S10

Antarctic minke whale — Balaenoptera bonaerensis — Marginal response curves
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Figure S10: Response curves for Antarctic minke whale models. The first set of plots shows marginal response

Lagged-ice variance

Sea surface temperature (°C)

)
Sea surface height (m)

curves, in which models were run using@kdictos, then eactpredictod sesponse curves drawn by fixing all
otherpredictos at theimmean value at training presences. In the sesehdfplots, an additionalset of models &as

run only using one predicton turn. Blue lines and shaded areas represeaimean and standard deviation of

response curgof spatially cross/alidated models; red for temporally cresdidated modelsThe Hack dashed
line is for afull model calibrated with alkightings(no crossvalidation).In each plot, thedp grey rug shows
spatiotemporallymatched conditionsat speciesobservations, whilethe bottom grey rug shows values at
spatiotemporallysampled0K locations.
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Results of dynamic SDMdor the Antarctic blue whales (Figures S11:S18

Monthly distribution of Antarctic Blue whale (Balaenoptera musculus) — 2002 - 2019
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Results of dynamic SDMdor the Antarctic blue whales (Figures S11:S18

(E)

Figure S11. Spatiotemporal distribution of Antarctic blue whale sightings. Maps sho(#) irepresent thenonthly
spatialdistribution of observations used in this study (22029), with the source of the data showi{Bj. Panel

(C) indicates the numbenf sightings per 100100 km grievhile (D) shows the total number of sightings per
calendar day for the same period. MapgEpare for the monthly distribution of sightings between 1980 and 2001
(excludedn the current study due to the lack of sea ice data before 2002).
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