ARCTIC SEA-ICE DECLINE IMPACTS ON PRIMARY PRODUCTION

PERSPECTIVE REVIEW IN PREPARATION FOR NATURE REVIEWS EARTH & ENVIRONMENT

ED. GRAHAM SIMPKINS

T _
oy nature reviews
earth & environment

NN

SY KE
LETIZIA TEDESCO, FINNISH ENVIRONMENT INSTITUTE, FINLAND

EVA LEU, AKVAPLAN NIVA, NORWAY

MARC MACIAS-FAURIA, UNIVERSITY OF OXFORD, UK

CHRISTOPHER J. MUNDY, UNIVERSITY OF MANITOBA, CANADA

DIRK NOTZ, UNIVERSITY OF HAMBURG, GERMANY

JANNE S@REIDE, UNIVERSITY OF SVALBARD, NORWAY

MALIN DAASE, UIT THE ARCTIC UNIVERSITY OF NORWAY

JAKOB DOERR, UNIVERSITY OF HAMBURG, GERMANY

AND ERIC STEPHEN POST, UNIVERSITY OF CALIFORNIA DAvis, USA

PLEASE NOTE, ORIGINAL FIGURES ARE BLURRED TO RESPECT THE UNPLUBLISHED STATUS OF THIS WORK. THEY ARE ONLY MEANT TO BE TEASERS.
DiscLAIMER: NOT TO BE SHARED OR DISTRIBUTED.

#sHAREEGU20O, 7™ oF MAY, CR. 7.1 © AUTHORS. ALL RIGHTS RESERVED.



SCOPE OF THE REVIEW

-->SUMMARIZE CURRENT KNOWLEDGE ON THE CHANGING ARCTIC ICESCAPE, PULSES OF

MARINE PRIMARY PRODUCTION, ECOLOGICAL CASCADES AND LINKS TO TERRESTRIAL
PRODUCTIVITY.

-->DELIVER A SET OF PREDICTIONS FOR KEY PRODUCTIVITY INDICATORS SUCH AS TIMING
AND MAGNITUDE OF ALGAL BLOOMING.

-->PROPOSE A SEMI-QUANTITATIVE MODEL OF THE EXPECTED FUTURE CHANGES IN

PRIMARY AND SECONDARY PRODUCTION IN THE ICE-COVERED ARCTIC OCEAN AND
TERRESTRIAL LINKAGES.
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HIGHLIGHT # |
CHANGING ARCTIC ICESCAPE

° DURING THE SATELLITE ERA, ARCTIC SEA-ICE AREAL COVERAGE HAS DECREASED IN EVERY
MONTH. CHANGES ARE LARGEST IN SUMMER --> MULTIYEAR ICE (MYI]) REPLACING FIRST-YEAR

ICE (FYI) -> LOSS IN SEA-ICE VOLUME EXCEEDING THAT OF SEA-ICE AREA IN ALL MONTHS
(STROEVE AND NOTZ 201 8).

° SUGGESTED THAT MOST OF THE ARCTIC SEA-ICE LOSS ATTRIBUTED TO ANTHROPOGENIC
GREENHOUSE GAS EMISSIONS (NOTZ AND STROEVE 20 | 6).

. RAINFALL RATHER THAN SNOWFALL PREDICTED TO BECOME THE DOMINANT FORM OF
PRECIPITATION IN TH ARCTIC (BINTANJUA AND ANDRY 201 7).
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HIGHLIGHT # |
CHANGING ARCTIC ICESCAPE

-—-> WE PRESENT A RANGE OF PROJECTIONS FROM AN ENSEMBLE OF CMIP6 (SSP5-8.5) DAILY ARCTIC SEA-ICE

AND SNOW DATA: IT IS CONFIRMED A CLEAR DEPENDENCE OF SEA-ICE EVOLUTION ON FUTURE EMISSION

SCENARIOS ALSO WITHIN CMIP6.
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HIGHLIGHT #2
DRIVERS OF MARINE BIOLOGICAL CHANGES

LIGHT

® CONTROLS BOTH TIMING AND MAGNITUDE OF PRIMARY PRODUCERS’ GROWTH (GRADINGER 2009, TEDESCO
AND VICHI 201 4; LEU ET AL 201 5).

®* SEA-ICE DECLINE EXPECTED TO CONTINUE AS WELL AS SNOW THINNING (CMIP5, E.G., TEDESCO ET AL
20 19).

NUTRIENTS

®* IMPACT ON BLOOM MAGNITUDE AND TERMINATION, AND TAXONOMIC COMPOSITION (GRADINGER 2009,
TEDESCO AND VICHI 2014, LEU ET AL 2015, AssMY ET AL 201 7, CAMPBELL ET AL 201 8).

®* [INCREASING FRESHWATER RUNOFF AND SEA-ICE MELT --> STRONGER THERMO-HALINE STRATIFICATION
(CARMACK AND MCLAUGHLIN 20O 1| | ) AND FRESHENING (E.G., MCPHEE ET AL 2009) --> HINDERING
VERTICAL MIXING.

®* MORE ICE-FREE WATERS EXPOSED TO WIND/STORMS --> MIXING ENHANCED (RAINVILLE AND WOODGATE
2009), PARTICULARLY ACROSS SHELF BREAKS (LINCILN ET AL 201 6).
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HIGHLIGHT #2

DRIVERS OF MARINE BIOLOGICAL CHANGES
LIGHT

--> WE PREDICT SEA ICE AND SNOW FURTHER DECLINING ALSO WITH CMIP&6 (THIS WORK) --> MORE LIGHT

VAILABLE.

NUTRIENTS

--=> WE EXPECT PREVAILING CONDITIONS OFFSET BETWEEN STRATIFICATION AND MIXING, REGIONALLY DISTINCT.
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HIGHLIGHT #3

PULSES OF MARINE PRIMARY PRODUCTION

TRADITIONAL PARADIGM: A FIRST PULSE OF ENERGY DUE TO ICE ALGAL BLOOMING, A SECOND BRIEF AND INTENSE

OPEN WATER (SUMMER) PHYTOPLANKTON BLOOM, AND A THIRD PULSE OF DEGRADING ORGANIC MATTER (E.G.,
WASSMANN AND REIGSTAD 201 |, JI ET AL 201 3).

ON A PAN-ARCTIC SCALE, EARLIER BLOOMS AND OVERALL INCREASE IN FY|l ALGAL GROSS PRIMARY PRODUCTION
(GPP) ovER THE 2 | °T CENTURY UNDER A RCP8.5 SCENARIO (AND UNCHANGED NUTRIENT CONCENTRATIONS)
PREDICTED, BASED ON AN ENSEMBLE OF | 8 CMIP5 WITH A SEA-ICE BIOGEOCHEMICAL MODEL (TEDESCO ET AL
201 9).

INCREASING OCCURRENCE OF UNDER-ICE PHYTOPLANKTON BLOOMS WITH A THINNING AND MORE DYNAMIC ICE COVER
IS EXPECTED (MUNDY ET AL 2009, ARRIGO ET AL. 201 2, AssMY ET AL 201 7).

OBSERVED (E.G., ARRIGO AND VAN DIUKEN 20 | 5) AND EXPECTED (VANCOPPENOLLE ET AL 20 | 3) INCREASE IN
PHYTOPLANKTON PRODUCTION. HOWEVER, INCREASE IN CLOUDINESS (BELANGER ET AL 20 1| 3), CAUTION WITH

INTERPRETATION OF IMAGES OF CHL-A, AND HIGH UNCERTAINTIES IN THE SEA-ICE ZONE.

DUE TO LATER FREEZE-UP, FALL BLOOMS ARE BECOMING MORE FREQUENT (ARDYNA ET AL 201 4).
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HIGHLIGHT #3
PULSES OF MARINE PRIMARY PRODUCTION

->WE REVISE AND EXTEND PREVIOUS CONCEPTUAL MODELS (WASSMANN AND REIGSTAD 20 1| |, BARBER ET AL
20 | 5) AND PRESENT A SEMI-QUANTITATIVE MODEL OF THE EXPECTED CHANGES IN ARCTIC ALGAL BLOOM TIMING

ND MAGNITUDE BASED ON RECENT OBSERVATIONAL AND MODELLING FINDINGS, BY:

. EXTENDING THE MODEL FROM THE MARGINAL ICE ZONE (MI|Z) - - -

TO THE ENTIRE ICE-COVERED ARTIC OCEAN

® USING THE PHYSICAL SEA-ICE CHANGES PREDICTED BY A NEW - - -

e B
——

ENSEMBLE OF | O CLIMATE MODELS (CMIP&6, SSP5-8.5
MITIGATION SCENARIO) AS A BACKGROUND TO PREDICT '
CHANGES IN ALGAL DYNAMICS

° PRESENTING ALGAL DYNAMICS IN BANDS OF | O-DEGREE
LATITUDE FOR BOTH ARCTIC SECTORS

-»
- -
. -
o DISCERNING THE WESTERN ARCTIC BY THE EASTERN ARCTIC v v
- N
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HIGHLIGHT #4
MATCHING PULSES AND ECOLOGICAL CASCADES

* CHANGES IN TIMING, MAGNITUDE AND DURATION OF PRIMARY PRODUCTION CAN HAVE CONSEQUENCES FOR HIGHER TROPHIC
LEVELS (S@REIDE ET AL 20 1O, RENAUD ET AL 201 8).

® ON LONGER TIMESCALES, COMMUNITY COMPOSITIONAL SHIFTS, TROPHIC MISMATCHES, AND DIFFERENTIAL SUCCESS OR
DEMISE OF SPECIES WITH STRONGER OR WEAKER ADAPTABILITY AND RESILIENCE TRAITS CAN BE EXPECTED (PosT, 201 7).

* CALANOID COPEPODS OF THE GENUS CALANUS COMPRISE UP TO 80% OF THE ZOOPLANKTON BIOMASS IN THE ARCTIC
OcEAN (TREMBLAY ET AL 2006, SgREIDE ET AL 2008).

* ALGAL CHANGING DYNAMICS CAN LEAD TO FASTER GROWTH AND HIGHER TURNOVER RATES, SHORTER LIFE CYCLES AND
REDUCED CALANUS BODY SIZES (EusMOND ET AL 2018) AS WELL AS SHIFTS IN CALANUS COMMUNITY COMPOSITION

(MOLLER AND NIELSEN 201 9).

* THE REDUCED BODY SIZES CAN IMPACT PREDATORS PREFERRING A CERTAIN PREY SIZE, E.G., PLANKTIVOROUS FISH
(RENKAWITZ ET AL 20 | 5), AND CONSEQUENTLY THE ENTIRE ARCTIC FOOD WEB (FALK-PETERSEN ET AL 2007).
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HIGHLIGHT #4
MATCHING PULSES AND ECOLOGICAL CASCADES

--> WE PROPOSE A SEMI-QUANTITATIVE MODEL OF THE EXPECTED CHANGES IN COPEPODS’ POPULATION
GROWTH AND DEVELOPMENT TIMING BASED ON THE SAME SETUP AS FOR THE ALGAL MODEL.
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HIGHLIGHT #5

LINKING SEA-ICE DECLINE TO TERRESTRIAL PRODUCTIVITY

TRADITIONALLY, THE INFLUENCE OF ARCTIC SEA ICE ON TERRESTRIAL BIOTA LIMITED TO EFFECTS OF THE PROXIMITY OF
SEA ICE ON LOCAL ABIOTIC CONDITIONS AND NEAR-SHORE TUNDRA VEGETATION COMMUNITY COMPOSITION (E.G., WALKER
ET AL 201 2).

RECENT STUDIES: ASSOCIATIONS OF ARCTIC SEA-ICE DYNAMICS WITH PLANT PHENOLOGY (KERBY & PosT 20 1| 3) AND
TUNDRA SHRUB PRODUCTIVITY AND GREENING (BHATT ET AL 20 | O, MACIAS-FAURIA ET AL 201 2, PosT ET AL 201 3,
FORCHHAMMER 20 1| 7)

CONSEQUENCES FOR HIGHER-ORDER DYNAMICS, E.G. DEMOGRAPHIC VARIATION AND POPULATION DECLINES OF REINDEER
AND CARIBOU (E.G., KERBY & PosT 201 3, FORBES ET AL 20 | 6) AND DECREASED ACCESS FROM CLIFF HABITAT TO
SEABIRD PREY WITH CHANGING SEA-ICE CONDITIONS (E.G. RENNER ET AL 2016, HUNT ET AL 2018) -—->
CONSEQUENCES FOR THE NUTRIENT CYCLING OF THESE ENVIRONMENTS.

CLOSER STATISTICAL ASSOCIATIONS OF TERRESTRIAL ECOLOGICAL DYNAMICS WITH ARCTIC-WIDE SEA-ICE DECLINE OR
DYNAMICS THAN WITH LOCAL WEATHER CONDITIONS (E.G., KERBY AND PosT 20 1| 3, PosT ET AL. 201 6).

GEOGRAPHIC VARIATION IN THE DIRECTION AND MAGNITUDE OF ASSOCIATIONS BETWEEN TERRESTRIAL SHRUB ABUNDANCE
OR PRODUCTIVITY AND ARCTIC-WIDE SEA-ICE DECLINE (E.G., MACIAS-FAURIA ET AL 20| 2, FORCHHAMMER 201 7,
MACIAS-FAURIA ET AL 201 7)
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HIGHLIGHT #5
LINKING SEA-ICE DECLINE TO TERRESTRIAL PRODUCTIVITY

--> WE REVISE THE CONCEPTUAL MODEL OF THE ECOLOGICAL INTERACTIONS INFLUENCED BY SEA ICE OF POST
ET AL (201 3) BY ADDING A QUANTITATIVE REPRESENTATION OF THE CHANGES IN KEY SPECIES ABUNDANCE,
BESIDES DISTRIBUTION AND INTERACTIONS BETWEEN MARINE AND TERRESTRIAL SPECIES.
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* FOR THE NON-PRESENTED PARTS OF THE REVIEW, STAY TUNED WITH NATURE
REVIEW EARTH & ENVIRONMENT FOR UPCOMING ISSUES:
HTTPS://WWW.NATURE .COM/NATREVEARTHENVIRON

* FOR PROJECTIONS OF FUTURE PHENOLOGICAL AND TROPHIC ARCTIC ICE
ALGAL CHANGES --> SEE ALSO DisPLAY 20328 “TEDESCO ET AL., SEA-ICE

ALGAL PHENOLOGY IN A WARMER ARCTIC”
HTTPS://DOI.ORG/ |1 O. | | 26/scIADV.AAVA48 30
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