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Abstract

The Arctic Ocean has changed substantially because of climate change. The loss of sea ice extent and

thickness has increased light availability in the surface ocean during the ice-covered portion of the

year. Sea ice loss has also been a factor in the observed increases in sea surface temperatures and

likely impacts surface ocean nutrient inventories. These changing environmental conditions have

substantially altered patterns of phytoplankton net primary production (NPP) across the Arctic

Ocean. While NPP in the Arctic Ocean was previously considered insubstantial until the time of sea

ice breakup and retreat, the observation of massive under-ice (UI) phytoplankton blooms in many

of the Arctic seas reveals that the largest pulse of NPP may be produced prior to sea ice retreat.

However, estimating how much NPP is generated during the UI part of the year is challenging, as

satellite observations are hampered by sea ice cover and very few field campaigns have targeted UI

blooms for study.

This thesis uses a combination of laboratory experiments, biogeochemical modeling, and an anal-

ysis of satellite remote sensing data to better understand how the magnitude and spatial frequency

of UI phytoplankton blooms has changed over time in the Arctic Ocean, as well as to assess the likely

biogeochemical consequences of these blooms. In Chapter 2, I present a one-dimensional ecosystem

model (CAOS-GO), which I used to evaluate the magnitude of UI phytoplankton blooms in the

northern Chukchi Sea (72°N) between 1988 and 2018. UI blooms were produced in all but four

years over that period, accounted for half of total annual NPP, and were the primary drivers of

interannual variability in NPP. Further, I found that years with large UI blooms had reduced rates

of zooplankton grazing, leading to an intensification of the mismatch between phytoplankton and

zooplankton populations.

In Chapter 3, I used the same model configuration to investigate the role of UI bloom variability

in controlling sedimentary processes in the northern Chukchi Sea. I found that, as total annual NPP

increased from 1988 to 2018, there were increases in particle export to the benthos, nitrification in the

water column and the sediments, and sedimentary denitrification. These increases in particle export

to the benthos and denitrification were driven by higher rates of NPP early in the year (January-

June) and were highest in years where under-ice blooms dominate, indicating the importance of UI

NPP as drivers of these biogeochemical consequences. Additionally, I tested the system’s sensitivity
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to added N, finding that, if N supply in the region increased, 30% of the added N would subsequently

be lost to denitrification.

I subsequently deployed this model in the southern Chukchi Sea (68°N) to understand latitudinal

di↵erences in UI bloom importance across the region (Chapter 4). I found that UI blooms were far

less important contributors to total NPP in the southern Chukchi Sea. Further, I found that their

importance was waning over time; NPP generated in the UI period from 2013-2018 was only 34%

of the 1988-1993 mean. This lower rate of UI NPP was driven by a far shorter UI period as sea

ice retreated nearly six weeks earlier than in the northern Chukchi Sea. However, low UI NPP

was associated with higher rates of both total NPP and sedimentary denitrification in the southern

Chukchi Sea than in the north.

In Chapter 5, I used satellite remote sensing to determine how UI bloom frequency changed

across the Arctic between 2003 and 2021. I found that UI blooms are a widespread feature and can

be generated across 40% of the observable seasonal sea ice zone in the Arctic Ocean. While there

was an increase in observable area as sea ice retreated, there was no change in UI area, driving a

nearly 10% decline in the proportion of UI bloom prevalence. The Chukchi Sea was identified as

both the region with the highest prevalence of UI blooms and the region most responsible for the

decline in UI blooms.

Finally, to understand the functional relationship between co-limiting light and nutrient condi-

tions on phytoplankton growth, I conducted a laboratory experiment (Chapter 6). Phytoplankton

growth under co-limiting conditions, which is frequently observed in the field, is often modeled using

one of two functional relationships, but these relationships produce vastly di↵erent predictions of

phytoplankton bloom magnitude. Although this laboratory experiment aimed to quantify the func-

tional relationship of light and nutrient limitation on phytoplankton growth, I faced challenges in

quantifying the nitrogen (N) concentration and was unable to meaningfully distinguish between these

two functional relationships. However, this work also demonstrated that there is little di↵erence be-

tween these functional relationships in areas like the Arctic Ocean, where nutrient concentrations

can be rapidly depleted, diminishing from non-limiting to scarce over just a few days.

Together, the results of this dissertation suggest that UI phytoplankton blooms can substantially

contribute to total NPP, drive reductions in food availability, and change the rate of nitrogen loss.

However, this work also demonstrates that UI blooms, which have likely been an important source of

NPP across the Arctic since at least the 1980s, are likely an ephemeral feature, with their prevalence

likely to decline in coming years as sea ice retreat shifts earlier.
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Chapter 1

Introduction

Phytoplankton are marine microorganisms that, despite accounting for less than 1% of the plant

biomass on the planet, generate approximately half of the Earth’s primary productivity and oxygen

(Field et al., 1998). These microscopic, largely single-celled algae both form the basis of the marine

food web, providing food directly or indirectly to almost every marine organism (Falkowski , 2012).

They also are critical drivers of global biogeochemical cycles, most notably for carbon (C) and

nitrogen (N), because they fix C and utilize nutrients in the surface ocean before sinking to depth

(Volk and Ho↵ert , 1985). Concerningly, phytoplankton net primary production (NPP) is projected

to diminish by between 2 and 9% globally by 2080 because of anthropogenic climate change (Bopp

et al., 2013; Cabré et al., 2015; Krumhardt et al., 2017), with even larger changes anticipated in some

regions. One of the few regions of the world where NPP is projected to increase, however, is the

Arctic Ocean, where changes in NPP are projected to somewhat o↵set the globally declining trend

(Tagliabue et al., 2017). But estimates of future Arctic Ocean NPP are more uncertain than for any

other region, with projections of regional NPP by 2100 ranging from a 20% decline to a 50% increase

in NPP relative to the present (Cabré et al., 2015; Tagliabue et al., 2021; Vancoppenolle et al., 2013).

Before seeking to understand how Arctic Ocean NPP will change in the future, however, it is critical

to assess how phytoplankton have responded to the substantial changes in the Arctic environment

over the last century.

Phytoplankton growth rates are controlled by temperature (Eppley , 1972) and the interactions of

light and nutrient availability, all three of which are projected to change substantially in the Arctic.

Air temperatures in the region have warmed at a rate nearly four times faster than the global average

(Rantanen et al., 2022). Sea surface temperatures have also increased dramatically, with August

temperatures warming by 1-7°C in 2019 relative to the 1982-2010 mean for four of the Arctic seas

(ric, 2019). Increasing temperatures have both driven and exacerbated changes in sea ice extent

(Beer et al., 2020; Screen and Simmonds , 2010), which has declined at an accelerated rate over the

last few decades (Stroeve et al., 2014). These changes in sea ice cover have led to a far longer open

1
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water period each summer (Lewis et al., 2020). Sea ice in the Arctic is also substantially younger

and thinner than it was in the past. Thick, multi-year sea ice covered nearly 60% of the seasonally

sea ice-covered Arctic Ocean in 1988 (Serreze and Stroeve, 2015) but less than 30% of the Arctic

Ocean by 2017 (Kwok , 2018). Mean sea ice thickness has declined by more than 2.0 m, resulting in

a 66% loss of sea ice thickness and 75% loss in ice volume since 1958 (Kwok , 2018). This transition

towards thinner, younger sea ice has led to the proliferation of melt ponds on the surface of the

ice (Webster et al., 2015), substantially increasing the light penetrating into the underlying water

column (Frey et al., 2011; Light et al., 2015). Further, the Arctic is projected to experience large

changes in N inventories in the near future, although the direction of change is uncertain. Some

studies project that the increase in sea ice-free area, as well as more frequent storms and stronger

winds, could enhance mixing and thus reduce N limitation (Carmack and Chapman, 2003; Crawford

et al., 2020; Lewis et al., 2020; Rainville and Woodgate, 2009; Tremblay et al., 2011; Zhang et al.,

2004). However, others postulate that sea ice loss and increases in precipitation and river outflow in

the Arctic will further stratify the ocean (McLaughlin and Carmack , 2010; Nummelin et al., 2015),

preventing the entrainment of N-rich deep waters into the surface.

These changes in environmental conditions have substantially impacted phytoplankton produc-

tivity in the Arctic Ocean. Increases in temperature drive increases in phytoplankton growth rates

(Eppley , 1972), particularly at inflow shelves Ardyna and Arrigo (2020), but may also drive a shift

towards a change in community composition, with species typically observed in sub-polar ecosystems

thriving in the Arctic (Neukermans et al., 2018; Oziel et al., 2020; Polyakov et al., 2020). Changes

in light and nutrient availability in the surface ocean have had even more radical impacts on Arctic

NPP. As sea ice extent has diminished, open water area has expanded by nearly 30%, which has

contributed to a 60% increase in Arctic NPP between 1998 and 2018 (Lewis et al., 2020). However,

Lewis et al. (2020) found that, since 2012, increases in NPP across the Arctic Ocean were driven not

by changes in open water area but rather by increases in Chlorophyll a, which indicates that nutri-

ent supply to the surface ocean may more directly control the increasing trend in NPP. Similarly,

Crawford et al. (2020) found that increases in NPP in certain Arctic seas was correlated to increases

in high-wind events during the summer, further supporting this link between changes in NPP and

wind-driven mixing of nutrients into the surface ocean. Reduced sea ice coverage and increasing

winds in the autumn may also have led to an increase in autumn blooms, which previously were

only considered to form at lower latitudes Ardyna et al. (2014).

Perhaps the most notable change in scientific understanding of Arctic NPP, however, has been

the increasing observation of under-ice phytoplankton blooms (UIB). Historically, sea ice algae were

considered the only major source of NPP prior to sea ice retreat (Arrigo, 2003), with phytoplank-

ton too light-limited during the sea ice-covered season to contribute substantially to annual NPP

(Perrette et al., 2011). However, observations of a massive UIB under 1 m thick, fully consolidated

sea ice in the Chukchi Sea in 2011 (Arrigo et al., 2012, 2014) upset this paradigm. Since these
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initial observations, more than 30 UIBs have been identified (Ardyna et al., 2020a). These blooms

have been observed throughout the Arctic Ocean (Arrigo et al., 2014; Assmy et al., 2017; Hill et al.,

2018a; Lalande et al., 2014; Mayot et al., 2018; Mundy et al., 2014; Oziel et al., 2019) and in some

cases have been found to produce ⇠ 50% of the total annual NPP in the Arctic Ocean (Arrigo et al.,

2014; Mayot et al., 2018; Mundy et al., 2009; Oziel et al., 2019). Despite the apparent importance

of UIBs, basic questions remain about these blooms. For one, are UIBs a recent phenomenon, with

under-ice light conditions preventing their generation prior to the 21st century? Sporadic obser-

vations of these blooms as early as the late 1950s (Apollonio, 1959; Apollonio and Matrai , 2011)

indicate that perhaps they have been generated for quite some time even if their importance as an

early source of NPP was not recognized. Further, questions of where these blooms are most com-

monly generated, as well as how their frequency has changed over time, both across the Arctic as a

whole and in particular regions, are uncertain. For instance, Horvat et al. (2017) modeled changes in

light penetration through sea ice and argued that UIBs became far more widespread in recent years,

with <5% of the ice-covered Arctic Ocean permitting their development in 1986 but an increase to

30% of the Arctic by 2015. An inter-model comparison project (Jin et al., 2016), however, indicates

that the proportion of annual NPP produced by UIBs declined between 1980 and 2009. Finally,

the role of UIBs in altering patterns of zooplankton grazing or biogeochemical cycling has not been

assessed. Because UIBs are generated early in the year when water column temperatures are below

0°C (Pacini et al., 2019), rates of zooplankton grazing on these blooms may be depressed (Campbell

et al., 2001; Coyle et al., 2007; Huntley and Lopez , 1992), which could in turn intensify the mismatch

in timing of the phytoplankton and zooplankton blooms (Conover and Huntley , 1991). As a result,

C fixed by phytoplankton during the under-ice period may be disproportionately exported to the

sediments, increasing benthic-pelagic coupling (Honjo et al., 2010; Lalande et al., 2020). On the

Chukchi shelf, coupled partial nitrification-denitrification in the sediments drives high rates of both

N recycling and N loss through denitrification (Brown et al., 2015a). Consequently, 1-3% of the total

loss of fixed N in the oceans is lost in the Chukchi Sea (Chang and Devol , 2009), a rate which could

increase further if there is a substantial increase in phytoplankton production and particle export

(Baumann et al., 2013; Chang and Devol , 2009; Fennel et al., 2009; Fennel , 2010; Granger et al.,

2011; Horak et al., 2013; Laurent et al., 2016; Soetaert et al., 1996a,b).

This dissertation seeks to evaluate the frequency, magnitude, and biogeochemical consequences of

UIBs. In Chapter 2, I present a new one-dimensional Nitrogen/Phytoplankton/Zooplankton/Detritus

(NPZD) ecosystem model, CAOS-GO, that was parameterized for the northern Chukchi Sea. I use

this model to assess the contributions of UIBs to total NPP between 1988 and 2018, as well as

to assess the relationship between UIB magnitude and zooplankton grazing. In Chapter 3, I use

CAOS-GO to quantify the impacts of UIBs on sedimentary nitrification and denitrification. Chapter

4 presents a comparison of CAOS-GO results in the northern (72°N) and southern (68°N) Chukchi

Sea to quantify the relative importance of UIBs at di↵erent latitudes. In Chapter 5, I employ
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satellite remote sensing to understand the distribution of UIBs on a pan-Arctic scale, identifying

regions where they are likely most important and how their frequency changed between 2003 and

2021. Finally, Chapter 6 presents a laboratory experiment that aims to understand the functional

relationship between phytoplankton growth and co-limitation by nutrient and light concentrations

for the purpose of improving marine ecosystem models.
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Changes in sea ice thickness and extent have corresponded with substantial changes in net

primary production (NPP) in the Arctic Ocean. In recent years, observations of massive

phytoplankton blooms under sea ice have upended the previous paradigm that Arctic NPP

was driven almost exclusively by growth in the marginal ice zone and open water periods.

Here, a new 1-D biogeochemical model capable of simulating ice algal and phytoplankton

dynamics both under the ice and in open waters is applied in the northern Chukchi Sea for

the years 1988-2018. Over this period, substantial under-ice (UI) blooms were produced
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in all but four years and were the primary drivers of interannual variation in total NPP.

While NPP in the UI period was highly variable interannually due to fluctuations in ice

thickness and the length of the UI period, UI NPP accounted for nearly half of total

NPP between 1988 and 2018. Further, years with high UI NPP had reduced annual

zooplankton grazing, indicating an intensification in the mismatch between phytoplankton

and zooplankton populations and possibly altering the partitioning of food between benthic

and pelagic ecosystems. These results demonstrate that the often-overlooked ice covered

period can be highly productive in the Arctic Ocean, and that the northern Chukchi Sea

has been amenable to UIB formation since at least 1988.

2.1 Introduction

As a result of the amplified e↵ects of anthropogenic climate change in the polar regions (Screen

and Simmonds, 2010), the Arctic is warming more rapidly than anywhere else in the world (Stocker

et al., 2013). These rising temperatures have contributed to the changing sea ice conditions observed

in the Arctic over the past several decades. Sea ice extent has diminished markedly and the rate of

change is accelerating; between 1997 and 2014, sea ice coverage shrank at a rate four times greater

than that between 1979 and 1996 (Serreze and Stroeve, 2015). Additionally, sea ice thickness has

declined across the Arctic basin; between 2003 and 2012, the thickness of the sea ice pack decreased

by an average of 7.5 cm yr-1 (Laxon et al., 2013). Part of this reduction in thickness is due to the loss

of multi-year ice at a rate of 15-17% per decade between 1979 and 2011 (Comiso, 2012). By 2014,

only one quarter of the areal coverage of 5+ year-old sea ice observed in the 1980s remained (Serreze

and Stroeve, 2015). Thinner and younger sea ice has also led to the proliferation of melt ponds on

the surface of the ice (Webster et al., 2015) and substantially reduced Arctic albedo (Perovich and

Polashenski , 2012).

Sea ice loss has already had large-scale impacts on Arctic Ocean ecosystems. As sea ice extent

declined between 1998 and 2018, open water area increased by 27%, contributing to a 57% increase

in net primary production (NPP) during the open water period (Lewis and Arrigo, 2020). As

sea ice formation shifts later in the year, wind-driven mixing has allowed autumn blooms to form

(Ardyna et al., 2014). There is even substantial evidence that the ice-covered part of the year, a

period historically assumed to be too light-limited to allow for much phytoplankton productivity,

can support massive under-ice blooms (UIBs). For instance, phytoplankton biomass exceeded 1291

mg chlorophyll a (Chl a) m-2 in a UIB observed in the Chukchi Sea in the western Arctic Ocean

(Arrigo et al., 2012, 2014). While UIBs have been sporadically noted throughout the Arctic Ocean

(Apollonio and Matrai , 2011; English, 1961; Fortier et al., 2002; Strass and Nöthig , 1996; Yager et al.,

2001), observations of these blooms have become more frequent in recent years (Arrigo et al., 2012,

2014; Assmy et al., 2017; Boles et al., 2020; Hill et al., 2018b; Leu et al., 2011; Mundy et al., 2009,
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2014; Oziel et al., 2019; Randelho↵ et al., 2020), perhaps suggesting that changing ice conditions may

be more amenable to UIB formation. The thinner, melt pond-covered sea ice that now dominates

much of the Arctic Ocean can transmit substantially more light into the underlying water column

(Light et al., 2015; Webster et al., 2015). Horvat et al. (2017) found that, largely due to thinning

sea ice, up to 30% of the Arctic Ocean had su�cient light to support a UIB between 2006 and 2015.

Increasing under-ice light penetration may substantially increase the probability of UIB formation

and thus the magnitude of carbon (C) fixed under the ice. These earlier blooms may further enhance

the mismatch between phytoplankton and zooplankton populations in cold Arctic waters (Conover

and Huntley , 1991).

Here we present a new 1-D nitrogen, phytoplankton, zooplankton, and detritus (NPZD) biogeo-

chemical model, which we refer to as the Coupled Arctic Ocean System (CAOS) model. CAOS is

coupled to an existing physical model (GOTM; Burchard et al., 1999) and a sedimentary chemistry

model (OMEXDIA; Soetaert et al., 1996a) to determine if changing atmospheric and sea ice con-

ditions between 1988 and 2018 have altered annual NPP in the northern Chukchi Sea where the

massive UIB was observed (Arrigo et al., 2012, 2014). In this study, we assess the relative magni-

tude of NPP during the under-ice, marginal ice zone, and open water periods from 1988 to 2018

and evaluate which environmental variables are the most important in controlling the magnitude of

under-ice NPP.

2.2 Methods

2.2.1 Study site

The three coupled 1-D models (Figure 2.1) were forced with both satellite-derived and reanalysis data

for 72.16°N and 166.60°W (Figure 2.2). This location is in the midst of the massive phytoplankton

bloom observed on the Chukchi shelf in 2011 (Arrigo et al., 2014). It is located along a major

flowpath of Anadyr and Bering Shelf water advected through the Bering Strait and is 107 km from

the shelf break (Figure 2.2; shelf break = 200 m isobath), so the influence of physical processes

associated with the shelf break is likely to be minimal.

2.2.2 Physical model

The 1-D General Ocean Turbulence Model (GOTM, version 5.4; Burchard et al., 1999) was used

to generate hourly temperature, salinity, buoyancy frequency, and turbulent di↵usion coe�cient

timeseries. GOTM was run with a water column composed of 50 vertical layers of 1 m thickness

and timesteps of 1 hr.

GOTM does not directly include a dynamic ice model. To account for the e↵ects of sea ice cover

on heat flux, GOTM was modified such that when satellite-derived sea ice concentration surpassed
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Figure 2.1: An overview of the inputs and outputs shared between the 3 models (GOTM, CAOS,
and OMEXDIA). Thick lines represent flows between models, while thin lines represent external
inputs to the models. State variables are listed in small text for the CAOS and OMEXDIA models.
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Figure 2.2: Bathymetric map of the Chukchi Sea including schematic flow paths of advected water
(grey lines, after Corlett and Pickart , 2017). Points represent the location of the model (red),
ICESCAPE 2011 stations used to create idealized profiles (black), and moorings used to evaluate
model performance (green; Mordy et al., 2020).



CHAPTER 2. CHANGES IN NORTHERN CHUKCHI SEA UNDER-ICE NPP 10

90% (see section 2.2.5), the heat flux across the air-sea boundary was set to zero and surface water

temperatures remained at the salinity-dependent freezing point of seawater (where the freezing point

of water in °C is -0.0575 times the salinity, or -1.90 °C at the wintertime surface salinity). The e↵ect

of sea ice cover on wind momentum flux to the surface ocean was simulated as described by Schulze

and Pickart (2012), who found that wind momentum was transmitted through fully consolidated

pack ice at a reduced rate when compared to open-water conditions, but that partial coverage

resulted in an increase in wind momentum flux. As a result, when sea ice concentration is �90%,

the model transmits 76% of wind momentum to the ocean; at sea ice concentrations of >10% and

<90%, the model transmits 126% of the momentum to the ocean; and when sea ice concentration is

10%, 100% of the momentum is transmitted to the ocean (Schulze and Pickart , 2012). See section

2.2.5 for details on the sea ice concentration input.

GOTM was further modified to reflect the e↵ects of surface type (ice, snow, and melt pond

coverage) on albedo and thus shortwave radiative heating of the surface ocean. Di↵erent albedo

time series were used for each year of the model run to simulate changes in snow, ice, and melt

pond conditions. Albedo for di↵erent surface types and rates of change of albedo in the Chukchi

Sea (Figure A1) were adapted from Perovich and Polashenski (2012), while timings matched those

of the prescribed ice conditions, described in section 2.2.5. See supplementary text A.1.1 for more

details on modifications to albedo.

To compensate for processes not included in our modified version of GOTM (including horizontal

advection, precipitation, and sea ice melt), modeled temperature and salinity were relaxed towards

several idealized profiles (see supplementary text A.1.2) on a timescale of 5 d for salinity and 15

d for temperature. Idealized temperature and salinity profiles (Figure A.2) were created using

remote sensing products and cruise data from 2011 and 2014 (Pacini et al., 2019). The mixed layer

temperature of the idealized profiles was set using satellite-derived sea surface temperature (SST)

when not ice-covered. CTD data collected at ICESCAPE 2011 stations (4-5 July and 8 July, 2011)

and SUBICE stations (16 May to 20 June 2014) were used to determine the mixed layer depth

and the thickness of the thermocline. To reflect annual di↵erences in freshwater input to the water

column, the salinity in the mixed layer for each year’s idealized profiles was scaled from the 2011

profiles depending on the length of the sea ice melt period. Although increasing river runo↵ and

meltwater has altered the salinity of the Arctic Ocean (Mauritzen, 2012; Woodgate et al., 2005,

2012), our model does not account for these changes. See supplementary text A.1.2 for more details

on idealized profiles.

2.2.3 Biogeochemical model

The CAOS model is a modified version of a nitrogen (N) based biogeochemical model for the Ross

Sea, Antarctica (Arrigo, 2003). CAOS uses GOTM-derived temperature, buoyancy frequency (for

determining mixed layer depth), and turbulent di↵usion (which is added to a background turbulent
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di↵usivity of 5 · 10-4 m2 s-1 - Rainville and Winsor , 2008) as physical inputs (see Section 2.2.2).

Surface spectral irradiance is determined using the radiative transfer model of (Gregg and Carder ,

1990), adjusted for cloud cover (Dobson and Smith, 1988). CAOS then computes transmission of

spectral photosynthetically available and usable radiation (PAR and PUR, respectively) through the

sea ice and into the water column (Arrigo et al., 1991, 1998a; Morel , 1978; Perovich et al., 1986)

using seasonally variable absorption coe�cients (Bricaud et al., 1995; Lewis et al., 2020) according

to Beer’s law (see supplementary text A.2.1 for radiative transfer equations).

CAOS dynamically models ice algae, large and small phytoplankton, large and small zooplankton

(Ashjian et al., 2003; Sherr et al., 2008, 2009), detritus, and two inorganic N pools, nitrate (NO –
3 )

and ammonium (NH +
4 ; Figure 2.3 - see supplementary text A.2.2-2.7 for all model equations).

The model calculates PON export to the benthos, which is used as input for the sediment model

OMEXDIA (see Section 2.2.4). The CAOS model is run with a 15 minute timestep.

In order to run the model for multiple years in the Chukchi Sea, which is characterized by the

northward advection of NO –
3 -replete waters through the Bering Strait, horizontal advection must be

included. The e↵ects of advection are simulated by relaxing all state variables towards prescribed

profiles. Often, this is done by using observational data. However, there are not su�ciently high-

quality observational data to provide prescribed profiles of all state variables between 1988 and

2018. Instead, we took advantage of the fact that water advects from the south in the Chukchi Sea;

sea ice cover of this advecting water diminishes earlier, allowing an earlier start to phytoplankton

growth. This was accomplished by running the model twice; model profiles generated for Day+1

(first run) were used as prescribed profiles for Day+0 (second run). NO –
3 profiles were further

modified following day of year (DOY) 300 so that NO –
3 concentrations were gradually restored to

16 mmol m-3 throughout the water column (see supplementary text A.2.7). In the first run only,

state variables were reset to the initial conditions on 1 January each year. While this relaxation

was necessary to approximate the typical seasonal cycle of NO –
3 , the strength of the relaxation and

length of time of the o↵set were chosen to minimize impacts on other state variables. For example,

large phytoplankton blooms simulated with and without advection were statistically comparable

(slope=1.0023, R2=0.997, p<0.001).

2.2.4 Sediment model

The sedimentary component of our model is OMEXDIA, the early diagenetic model by Soetaert

et al. (1996a), implemented dynamically in R using the ReacTran (Soetaert and Meysman, 2012)

and deSolve (Soetaert et al., 2010) packages. The model has six state variables, including one fast-

and one slow-remineralizing organic matter class, oxygen (O2), NO –
3 , NH +

4 , and reduced substances

(which included both POC removed as solid substances, such as through pyritization or manganese

carbonate formation, and dissolved organic C that di↵used through the sediments). The model

calculates rates of oxic and anoxic mineralization, nitrification, denitrification, and the production
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Figure 2.3: A diagram of the CAOS model. Light passes through snow, ice, and/or melt ponds de-
pending on ice conditions. Black arrows represent N exchange between state variables (text). Upper
trophic levels are not explicitly modeled, but mortality of zooplankton is assumed to contribute to
upper trophic levels. Detritus and the bottom layer concentrations of two inorganic nitrogen state
variables (nitrate and ammonium) are also used as input for the sediment model, OMEXDIA.
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of solid inorganic C-containing minerals in ocean sediments. For full details of the OMEXDIA model

equations, see Soetaert et al. (1996a).

OMEXDIA was run with a time step of one day over the top 0.5 m of the sediments, with 100

layers of a thickness increasing exponentially from 0.1 mm at the surface to 20 mm at the deepest

layer (according to y=0.094e0.568x, where y is the layer thickness and x is the layer number). The

model uses as input daily mean bottom water salinity and temperature from GOTM, as well as

daily mean bottom water NO –
3 and NH +

4 concentrations and a daily summed PON benthic export

(converted to C export) from CAOS.

2.2.5 Model forcing

Meteorological conditions (wind, air temperature, pressure, relative humidity, and cloud cover) were

set using the National Centers for Environmental Prediction (NCEP) North American Regional

Reanalysis (NARR; 32 km resolution used in this model configuration) products, provided by the

NOAA/OAR/ESRL PSL, Boulder, Colorado, USA from their website at: ttps://psl.noaa.gov/

data/gridded/. Additionally, as mentioned in section 2.2.2, GOTM temperatures were nudged

towards idealized profiles, with temperatures over the mixed layer set using NOAA OISST ver-

sion 2.1 (0.25° latitude and longitude resolution) (Reynolds et al., 2007) data, provided by the

NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their Web site at https://psl.noaa.gov/.

Snow and melt pond thickness were computed using the mean of two Arctic Ocean snow depth

models, SnowModel-LG (Liston et al., 2020; Stroeve et al., 2020, 25 km resolution, ERA5 forcing)

and CPOM (Zhou et al., 2021, 12.5 km resolution). Sea ice thickness was derived from ice age

(Tschudi et al., 2019, 62.5 km resolution, ERA-Interim forcing) by fitting a compilation of average

spring (February-March 2004-2008) ice thickness by age (Tschudi et al., 2016). Melt pond areal

coverage was also estimated based on satellite-derived ice age (Tschudi et al., 2019), with a more

rapid increase and higher maximum in melt pond areal coverage for first-year sea ice (1.39% d-1, up

to 54% areal coverage) than for multi-year ice (0.64% d-1, up to 38% areal coverage), as in Webster

et al. (2015). See supplementary text A.3.1-A.3.3 for more details on deriving ice, snow, and melt

pond layer thicknesses and melt pond areal coverage from satellite observations.

The onset of snow melt was set using the mean National Snow and Ice Data Center (NSIDC)

snow melt onset date (Anderson et al., 2019, 75 km resolution; see supplementary text A.3.4 for

more details on the snow melt date). Sea ice began to melt (and melt ponds began to form) on the

first 24-hr period when the mean NCEP NARR 2 m air temperature exceeded 0°C at the model

location. Following the ice melt date, melt pond thickness increased to its maximal thickness (90%

of the maximum snow thickness) by the start of sea ice retreat. Over this same period, sea ice

thickness decreased by 0.0073 m d-1, or 50% of the total ice melt necessary to produce the idealized

salinity profiles. For the duration of sea ice retreat, sea ice and melt pond thickness remained

fixed. The timing of the start and end of sea ice retreat and advance were set based on the sea
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ice concentration (75 km resolution), provided by the NOAA/NSIDC Climate Data Record sea ice

concentration (Meier et al., 2019; Peng et al., 2013). Sea ice retreat starts when satellite-derived ice

cover diminished below 90% and ends when ice concentration decreased below 10%. Between these

dates, sea ice extent diminishes linearly. Following ice retreat, open water persisted until the start

of ice advance, the date at which satellite-derived ice concentration increased above 10%. Sea ice

concentration then increased linearly until the date when satellite-derived concentration surpassed

90%.

2.2.6 Initialization and parameterization

The models are spun up for one year using the same input data for the first two years before

proceeding to subsequent years; the first year is excluded from further analysis. State variables for

each model run are initialized with identical concentrations in all layers of the water column (Table

2.1). For both phytoplankton and zooplankton size classes, these initial values are also minimum

values - state variables are not allowed to diminish below these values.

Table 2.1: CAOS model state variables and initial values. All are in units of mmol N m-3. * indicates
that the initial value is also a minimum value.

State Variable Description Initial Value

IA Ice algae 0.0
Sphy Small phytoplankton functional group 0.05 *
Lphy Large phytoplankton functional group 0.05 *
Szoo Small zooplankton functional group 0.01 *
Lzoo Small phytoplankton functional group 0.01 *
Detri Detritus functional group 0.0
NO –

3 Dissolved nitrate concentration 16.0
NH +

4 Dissolved ammonium concentration 0.0

GOTM parameters used in the standard run matched those used in the OWS Papa test case

(https://gotm.net/cases/ows_papa/), with the exception of those used to control meteorological

fluxes, which were calculated using the formulation of Kondo (1975). For a full list of GOTM model

equations and parameters, see Burchard et al. (1999). Parameters for the standard run of CAOS

are listed in Table 2.2. Parameters for the standard run of OMEXDIA that di↵er from those used

in Soetaert et al. (1996a) are listed in Table 2.3. For a full list of OMEXDIA model parameters, see

Soetaert et al. (1996b) and Soetaert et al. (1996a). For a description of methods used to evaluate

model performance, including comparing modeled and satellite NPP (Arrigo et al., 2008; Lewis

et al., 2020; Pabi et al., 2008) and modeled and observed NO –
3 (Arrigo et al., 2017; Lowry et al.,

2015; Mordy et al., 2020) and sensitivity analysis, see supplementary section A.4.1 and A.4.2. For

a description of the evaluation of model performance and sensitivity analysis, see supplementary

section A.5.1-A.5.3.
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2.2.7 Primary production

Ice algal (IA) NPP was computed from the daily change in modeled ice algal Chl a concentration,

using an algal C:Chl ratio of 35 (Cota and Home, 1989, see supplementary text A.2.2 for ice algal

equations). IA NPP extended from bloom initiation (when light reached the compensation irra-

diance, 2.0 µmol photons m-2 s-1, in the bottom layer of the ice) until the start of ice melt and

meltpond formation, and was integrated annually. Daily phytoplankton NPP was integrated with

respect to depth over three di↵erent time periods based on sea ice conditions. The under-ice (UI)

period extended from the initiation of phytoplankton growth (the date when daily phytoplankton

NPP increases above 0.05 g C m-2 d-1) until the start of sea ice retreat. The marginal ice zone

(MIZ) period extended from the start until the end of ice retreat. Finally, the open water (OW)

period was initiated at the end of ice retreat. The OW period ended on the earliest date when

light was reduced in the water column: either when the sea ice advanced in the autumn, or when

light diminished below 1% the maximum value reached in the mixed layer (DOY 300±6). NPP was

also integrated both daily and monthly, and zooplankton grazing of both phytoplankton classes was

integrated monthly, annually, and within the UI, MIZ, and OW periods.

NPP was further divided into new, regenerated, surface, and subsurface production. All NO –
3 -

based NPP was considered new production, while NH +
4 -based NPP was considered regenerated

production. To determine if production was located in the surface or subsurface, for each day of

the model run, large phytoplankton biomass for each layer (z) of the water column below 10 m was

compared to the layer above (z-1). If the lower layer (z) had >110% of the biomass in the layer

above (z-1), that layer was considered to be the upper boundary of the subsurface Chl a maximum

(SCM). Total NPP above that depth was then defined as surface NPP, while NPP at or below that

depth was defined as NPP within the SCM. If no obvious SCM existed (z was always < 110% of

z-1), water column NPP was integrated and was considered to be surface NPP.

2.2.8 Statistics

Multiple linear regression was used to assess the relative importance of ice and snow layer thicknesses

and changing ice condition dates in controlling NPP. Ice variables were assessed for collinearity

using the variance inflation factor (VIF). VIF was <3 for all ice variables, indicating only moderate

correlation among layer thickness and ice condition date variables. The multiple linear regression

that best fit data was identified using backward selection by sequentially eliminating the variable with

the highest p-value until only statistically significant variables (p<0.05) remained. Regressions were

visually inspected to ensure that the relationships between independent and dependent variables were

linear. Regressions were also checked to ensure that the residuals were normally distributed using

the Shapiro-Wilk test and thorough visual inspection of histograms and Quantile-Quantile plots.

The relative importance of each variable in the multiple linear regression model was calculated using

the ‘relaimpo’ package in R.
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Annual cycles of daily NPP were clustered using k-means clustering based on NPP in the UI

and MIZ periods. The optimal k value was determined using the gap statistic. ANOVA and post

hoc Tukey’s honest significant di↵erence (HSD) tests were then used on the clusters to assess the

relationship between ice conditions and annual cycle type. All statistical analysis was conducted in

R.

2.3 Results

In most years (such as the standard run year, 2011; Figure 2.4), sea ice algae begin to grow at

the bottom of the ice in the spring and draw down NO –
3 from surface waters. As air temperatures

increase and sea ice and snow begin to melt, the ice algal bloom sloughs o↵ the bottom of the ice and

sinks through the water column to the sea floor. The remineralization of this organic matter allows

NH +
4 to accumulate in surface waters (in concentrations of 0.4 mmol m-3 Figure 2.4b), where little

NH +
4 is nitrified. Soon thereafter, the biomass of large phytoplankton in the mixed layer increases

rapidly beneath the sea ice as light in the water column increases, reaching an average maximum of

29.8 mg Chl a m-3 (Figure 2.4c). This phytoplankton bloom rapidly takes up NO –
3 and NH +

4 over

the upper 30 m (Figure 2.4a and b). Concentrations of large phytoplankton in the upper water

column start to diminish around the time of sea ice retreat as NO –
3 is depleted. At the same time,

NH +
4 accumulates below the mixed layer (0.6 mmol m-3; Figure 2.4b) as detritus is remineralized,

and nitrification in the water column and sediments allows bottom-water concentrations of NO –
3 to

reach an autumn maximum of 32.9 mmol m-3.

During the OW period in the summer and autumn, large phytoplankton biomass accumulates

below the mixed layer where NO –
3 is still available, reaching mean concentrations of 13 mg Chl a

m-3. Small phytoplankton also accumulate near the base of the mixed layer in the late summer

and autumn, but at concentrations of only 0.4 mg Chl a m-3 (Figure 2.4d). Concentrations of large

and small zooplankton rapidly increase once water column temperatures exceed 0°C and reach peak

concentrations (of 0.11 and 0.02 mmol N m-3, Figures 2.4e and f for large and small zooplankton,

respectively) in the late summer. These increases occur after large phytoplankton have descended

to the SCM. As ice advances in the autumn, NO –
3 concentrations are slowly restored to the winter

concentration of 16 mmol m-3.

2.3.1 Interannual changes in ice conditions

Several satellite-derived snow and ice conditions changed significantly between 1988 and 2018 at the

model location in the Chukchi Sea, while others showed no trend with time. The snow melt date

advanced by 12.4 days per decade earlier over this period (R2=0.139, p=0.039; Figure 2.5d). The

start and end dates of sea ice retreat were earlier by 8.8 (R2=0.327, p<0.001; Figure 2.5f) and 9.3

(R2=0.267, p=0.0034; Figure 2.5g) days per decade, respectively. The date of ice advance, on the
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Figure 2.4: Annual depth vs. time plots of (A) nitrate (NO –
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4 ), (C) large
phytoplankton (Lphy), (D) small phytoplankton (Sphy), (E) large zooplankton (Lzoo), and (F)
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the MIZ period and beginning of the OW period).



CHAPTER 2. CHANGES IN NORTHERN CHUKCHI SEA UNDER-ICE NPP 20

other hand, was delayed by 12.1 days per decade (R2=0.265, p=0.0036; Figure 2.5h). Snow thickness

diminished by 2.4 cm per decade (R2=0.206, p=0.0103; Figure 2.5c). The sea ice melt date (Figure

2.5e) showed no statistically significant trend with time. Likewise, mean spring ice age (between

March 1st and the start of ice retreat - see supplementary text A.1; Figure 2.5a) and age-derived

thickness (Figure 2.5b) also showed no trend with time.

2.3.2 Interannual changes in total annual NPP

Between 1988 and 2018, total (ice algal + phytoplankton) annual NPP ranged from 74.7 to 100.1

g C m-2 yr-1, increasing annually by 0.34 g C m-2 yr-1 (R2=0.148, p=0.033; Figure 2.6a). New

production ranged from 59.7 to 76.6 g C m-2 yr-1 (mean=68.2±4.7 g C m-2 yr-1), with higher total

annual NPP associated with higher new production (R2=0.852, p<0.001). Multiple linear regression

revealed that 78.2% of the variance (p<0.001) in total annual NPP is controlled by a combination

of sea ice thickness (R2=0.353, p=0.001), the length of the OW period (R2=0.223, p<0.001), and

the length of the UI period (R2=0.206, p=0.013).

2.3.3 Contributions by ice algae, UI, MIZ, and OW NPP to total NPP

To assess the relative contribution by ice algae and phytoplankton to annual NPP, we divided the

annual cycle into four periods: the ice algal (IA), the under-ice (UI), the marginal ice zone (MIZ),

and the open water (OW) periods (see section 2.2.7). Between 1988 and 2018, the IA period varied

in length from 0 to 76 days, beginning between DOY 69 and 157 and ending between DOY 120 and

161. The length of the IA period increased by 1.1 d yr-1 (R2=0.168, p=0.024), driven by changes in

the start of the IA period, which became earlier by 1.4 d yr-1 (R2=0.224, p=0.008). The UI period

varied in length from 6 to 91 days with no significant trend between 1988 and 2018. The UI period

began between DOY 101 and 170 (mean=137±21). Both the start and end of the UI period shifted

earlier, by 1.1 d yr-1 (R2=0.238, p=0.005) and 0.9 d yr-1 (R2=0.327, p<0.001), respectively. The

MIZ period varied in length from 9 to 45 days over the study period, with the exception of 1988 when

the MIZ period length was 98 days because sea ice never fully retreated. There was no significant

interannual change in MIZ period between 1988 and 2018. The OW period varied in length 50 to

128 days between 1989 and 2018 but was 0 days long in the anomalous sea ice year 1988. Between

1988 and 2018, the length of the OW period increased by 15.1 days per decade (R2=0.309, p<0.001)

due to both earlier ice retreat and later ice advance.

Annual sea ice algal NPP averaged 1.7±1.5 g C m-2 yr-1 and was highly variable interannually,

ranging between 0 and 4.4 g C m-2 yr-1 (Figure 2.6a). Between 1988 and 2018, IA NPP increased

annually by 0.05 g C m-2 yr-1 (R2=0.101, p=0.082) and accounted for 0-4.5% of total (phytoplankton

+ ice algae) annual NPP (mean=1.9±1.6%; Table 2.4). Multiple linear regression revealed that

93.1% of the variance (p<0.001) in annual NPP by ice algae is controlled by the length of the
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Figure 2.5: Ice and snow conditions between 1988 and 2018: (A) mean ice age (y); (B) maximum
ice thickness (m); (C) maximum snow thickness (m); (D) snow melt date (DOY); (E) ice melt date
(DOY); (F) the date when sea ice retreat starts (DOY), (G) the date when sea ice retreat ends
(DOY), and (H) the date when sea ice advances (DOY). Blue lines are used when linear regressions
are statistically significant. For snow thickness, the mean (black) of two models, CPOM (purple)
and SnowModel-LG (red), is used.
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Figure 2.6: (A) Total annual NPP (upper black line) and its component parts, (B) annual UI NPP,
(C) annual MIZ NPP, and (D) annual OW NPP between 1988 and 2018. Total annual NPP is
composed of ice algal (IA) NPP (red), UI NPP (green), MIZ NPP (yellow), and OW NPP (blue).
A blue line is used to indicate the statistically significant increase in total annual NPP.

snow melt period (R2=0.462, p<0.001), ice thickness (R2=0.252, p<0.001), and snow thickness

(R2=0.216, p<0.001).

NPP during the UI period varied from 0.6 to 73.9 g C m-2 yr-1 (mean=44.3±22.6 g C m-2 yr-1;

Figure 2.6b), with no significant trend between 1988 and 2018. The UI period accounted for a mean

of 48.7±22.0% of total annual NPP (range=0.7%-78.2%; Table 2.4), the highest proportion among

the four di↵erent periods. It also was the most important period for new production, with a mean

of 35.8 g C m-2 yr-1 of new production (mean=84.4% of UI NPP was new; Table A.2). Surface

waters were highly productive, with only 1.9% of UI NPP associated with an SCM (Table A.3). One

of the primary drivers of variation in UI NPP was UI period length; years with longer UI periods

were associated with higher UI NPP (R2=0.818, p<0.001; Figure 2.7a). Multiple linear regression

revealed that 94.7% of the variance in UI NPP (p<0.001) is controlled by the length of the UI period
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Table 2.4: Bloom type, % Ice Algal (IA), % UI, % MIZ, % OW, and Total NPP (g C m-2 yr-1)
for each year. Annual cycles of NPP were separated into 3 clusters (Bloom Types): UI-dominated
(UI), mixed dominance (Mix), and MIZ-dominated (MIZ). Means and standard deviation of the
magnitude of total NPP (g C m-2 yr-1) and NPP within the UI, MIZ, and OW periods for each of
the three clusters are listed at the bottom of the table.

Year Bloom Type % IA % UI % MIZ % OW Total

1988 Mix 0.0 58.9 41.1 0.0 76.3
1989 UI 2.0 69.1 10.6 18.2 90.8
1990 Mix 1.9 43.0 20.0 35.1 82.1
1991 Mix 1.1 41.2 37.0 20.7 75.4
1992 Mix 0.0 38.4 29.0 32.6 74.7
1993 MIZ 2.1 2.1 60.7 35.0 89.4
1994 UI 3.8 78.2 8.3 9.7 94.2
1995 UI 0.0 67.5 15.0 17.4 95.6
1996 UI 3.1 66.0 10.2 20.7 100.1
1997 UI 2.0 59.9 11.2 27.0 86.4
1998 MIZ 0.0 1.4 64.4 34.2 86.2
1999 Mix 0.0 28.1 25.7 46.2 87.2
2000 Mix 0.2 30.7 43.0 26.1 77.4
2001 UI 3.2 62.0 11.8 23.0 84.9
2002 UI 2.7 71.3 3.1 22.9 96.7
2003 UI 3.4 66.4 13.3 16.9 95.6
2004 MIZ 2.2 5.7 66.5 25.6 84.0
2005 Mix 2.8 26.0 29.5 41.7 85.8
2006 UI 0.0 65.7 9.1 25.2 85.6
2007 UI 4.5 60.4 8.0 27.1 97.2
2008 UI 2.4 70.5 9.1 18.1 93.2
2009 UI 0.0 74.6 10.0 15.4 99.0
2010 MIZ 0.0 0.7 66.4 32.8 81.9
2011 UI 2.9 63.7 8.5 24.9 98.6
2012 Mix 0.0 46.5 27.0 27.5 81.1
2013 UI 3.4 70.0 7.3 19.3 99.7
2014 Mix 0.0 42.4 27.7 29.9 82.1
2015 UI 3.7 57.6 10.0 28.6 97.4
2016 Mix 2.9 40.2 21.2 35.7 83.4
2017 UI 3.9 46.9 13.1 35.7 83.4
2018 UI 3.9 55.4 13.4 27.3 98.8
Mean UI 2.6±1.4 65.0±7.6 10.1±2.8 22.2±6.2 94.8±5.0
Mean Mix 0.9±1.2 39.5±9.7 30.1±7.8 29.4±12.8 80.6±4.4
Mean MIZ 1.1±1.2 2.5±2.2 64.5±2.7 31.9±4.3 85.4±3.2
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(R2=0.545, p<0.001), ice thickness (R2=0.347, p<0.001), and the length of the snow melt period

(R2=0.055, p<0.001). Variation in UI NPP was the most important driver of interannual changes

in total annual NPP (R2=0.424, p<0.001).
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Figure 2.7: Scatterplots of A) length of period (d) vs. NPP (g C m-2 yr-1) and B) NPP vs. grazing
(g C m-2 yr-1) for the UI (green), MIZ (yellow), and OW (blue) periods. Lines (in the period color)
are used when linear regressions are statistically significant.
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In the MIZ period, NPP ranged from 3.0 to 55.9 g C m-2 yr-1 (mean=20.1±15.6 g C m-2 yr-1;

Figure 2.6c) and accounted for 3.1%-66.5% of total annual NPP (mean=23.6±19.1%; Table 2.4),

with no interannual trend. The MIZ period was responsible for the smallest proportion of new

production of the three periods, accounting for only 13.6 g C m-2 yr-1 (mean=60.0% of MIZ NPP

was new; Table A.2). During this period, the depth of maximum NPP transitioned from surface

waters to the SCM, which accounted for 54.0% of MIZ NPP (Table A.3). For all years except 1988

(when ice never retreated), the MIZ period length was significantly correlated with variation in MIZ

NPP, accounting for 40.4% of the variance in MIZ NPP (p<0.001; Figure 2.7a). Multiple linear

regression for all years except 1988 revealed that 78.9% of the variance (p<0.001) in annual NPP in

the MIZ is controlled by the lengths of the UI (R2=0.540, p<0.001) and MIZ periods (R2=0.248,

p=0.002). MIZ NPP was the second most important driver of interannual changes in annual NPP

(R2=0.273, p=0.003).

NPP in the OW period varied from 9.1 to 40.3 g C m-2 yr-1 (mean=23.6±2.9 g C m-2 yr-1; Figure

2.6d) in the years when sea ice retreated (all years except 1988). OW NPP made up 9.7-46.2% of

annual NPP (mean=26.7±8.2%, Table 2.4) but showed no interannual trend for years in which there

was an OW period (1989-2018, p=0.185). New production in the OW period averaged 17.4 g C m-2

yr-1 (mean = 77.2% of OW NPP was new production; Table A.2). Most NPP during this period

(mean=94.4% of phytoplankton NPP) was associated with the SCM (Table A.3). Variation in the

length of the OW period was significantly correlated to the magnitude of OW NPP, accounting for

47.4% of the variance in OW NPP (p<0.001; Figure 2.7a). Multiple linear regression revealed that

70.0% of the variance (p<0.001) in OW NPP was controlled by the lengths of the OW (R2=0.268,

p<0.001), UI (R2=0.237, p=0.042), and MIZ (R2=0.081, p=0.027) periods and by sea ice thickness

(R2=0.114, p=0.024). Variation in OW NPP did not significantly drive variation in total annual

NPP.

Monthly integrated NPP also changed substantially between 1988 and 2018 (Figure 2.8), increas-

ing annually by 0.005 g C m-2 yr-1 in March (R2=0.262, p=0.003), by 0.05 g C m-2 yr-1 in April

(R2=0.213, p=0.009), and by 1.0 g C m-2 yr-1 in May (R2=0.190, p=0.014). In contrast, during the

summer and autumn seasons, NPP decreased between 1988 and 2018. July NPP decreased by 0.41

g C m-2 yr-1 (R2=0.134, p=0.043) and September NPP by 0.09 g C m-2 yr-1 (R2=0.118, p=0.059).

NPP during June, August, October, and November showed no significant trend over time.

2.3.4 Zooplankton grazing

Zooplankton grazing of total annual NPP ranged from 4.9 to 11.1 g C m-2 yr-1 (mean=7.5±1.4 g C

m-2 yr-1) and showed no trend with time.

During the UI period, grazing of NPP averaged 1.4±0.5 g C m-2 yr-1 (ranging between 0.3 and

2.5 g C m-2 yr-1 between 1988 and 2018), or 7.8±13.5% of UI NPP. Although there was no change in

UI grazing between 1988 and 2018, it was significantly correlated to UI NPP, with 78.8% of variance
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Figure 2.8: Monthly integrated water column NPP (g C m-2 per month) for March-November from
1988 to 2018 (colorbar).

in UI grazing attributable to annual changes in UI NPP (p<0.001, slope=0.02 g C m-2 yr-1 yr-1;

Figure 2.7b). However, because high UI NPP depressed NPP in the MIZ and OW periods, UI NPP

was negatively correlated with annual zooplankton grazing (R2=0.404, p<0.001, slope=-0.040).

Grazing by zooplankton during the MIZ period averaged 1.1±0.6 g C m-2 yr-1 (ranging between

0.3 to 3.5 g C m-2 yr-1), consuming 6.7±3.1% of MIZ NPP. 25.5% of the variance in zooplankton graz-

ing during the MIZ period can be attributed to annual changes in MIZ NPP (p=0.004, slope=0.01 g

C m-2 yr-1 yr-1; Figure 2.7b). MIZ NPP was also correlated with total annual zooplankton grazing

(R2=0.220, p=0.008, slope=0.043).

Zooplankton grazing during the OW period varied between 1.7 and 9.0 g C m-2 yr-1 between

1989 and 2018 (mean=5.1±1.7 g C m-2 yr-1), or 21.4±3.5% of OW NPP, and didn’t change sig-

nificantly over time. OW NPP was significantly correlated with both grazing in the OW period

(R2=0.784, p<0.001, slope=0.21 g C m-2 yr-1 yr-1; Figure 2.7b) and annual grazing (R2=0.643,

p<0.001, slope=0.144).
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2.3.5 Water column bloom types

Clustering analysis demonstrated that the annual cycle of NPP for each year could be separated

into one of three di↵erent temporal patterns (Table 2.4) based on the periods defined above: years

where the UI bloom dominated total annual NPP (17 of 31 years; Figure 2.9a), years when the MIZ

bloom dominated NPP (4 of 31 years; Figure 2.9c), and “mixed” years when both the UI and MIZ

blooms were dominant (10 of 31 years; Figure 2.9b). For annual depth vs. time plots for each of

these three bloom types, see supplementary section A.5.4 and supplementary Figures A.6-A.8.

These bloom dominance types were associated with di↵erent magnitudes of total annual NPP

and annual zooplankton grazing. UI-dominated blooms led to years with higher total annual NPP

(94.8±5.0 g C m-2 yr-1) than mixed (80.6±4.4 g C m-2 yr-1, p<0.001) or MIZ-dominated blooms

(85.4±3.2 g C m-2 yr-1, p=0.003). Total new production was also significantly higher in years

dominated by UI blooms (71.3±3.4 g C m-2 yr-1) than for mixed (64.5±3.2 g C m-2 yr-1, p<0.001) or

MIZ-dominant years (64.2±2.0 g C m-2 yr-1, p=0.001). There was no significant di↵erence between

peak daily NPP rate in UI-dominated blooms (5.1±1.6 g C m-2 d-1) and mixed UI-MIZ blooms

(4.1±0.7 g C m-2 d-1). However, mixed dominance blooms had, on average, lower peak production

rates than MIZ-dominated blooms (6.3±1.4 g C m-2 d-1, p=0.028). Bloom type also a↵ected the

magnitude of annual zooplankton grazing (p=0.007); UI-dominant years featured far less annual

zooplankton grazing (7.1±1.1 g C m-2 yr-1) than years with MIZ-dominant blooms (9.4±0.8 g C m-2

yr-1). There was no di↵erence in annual zooplankton grazing between mixed-dominance (7.6±1.6 g

C m-2 yr-1) and UI- or MIZ-dominant blooms.

There were no interannual trends in bloom type from 1988-2018, but environmental variables

a↵ected bloom type. The annual cycle was dominated by UI blooms under thinner ice conditions

(1.68±0.28 m), while thicker ice resulted in either MIZ (2.40±0.19 m, p<0.001) or mixed-dominance

blooms (2.50±0.07 m, p<0.001). MIZ blooms dominated in years where ice retreated earlier (DOY

166.8±3.4 d), while mixed-dominance blooms formed when ice retreated later (DOY 187.9±10.7 d,

p=0.019).

2.4 Discussion

Despite its short growing season, the Chukchi Sea is a highly productive coastal ecosystem. Our

model estimated a rate of total annual NPP ranging between 75 and 100 g C m-2 yr-1 between

1988 and 2018, values on the higher end of the 55 to 105 g C m-2 yr-1 of annual NPP previously

reported for the Chukchi Sea (Arrigo et al., 2014; Hill and Cota, 2005; Lee et al., 2007). However,

NPP in the Chukchi Sea can be patchy. Rates can surpass 170 g C m-2 yr-1 Hansell et al. (1993);

Hill et al. (2018a) along the NO –
3 -rich major advective pathways near our model study region but

are typically much lower near the coast in the NO –
3 -deplete Alaska Coastal Current. Stabeno et al.

(2020) argue that the high productivity of the Chukchi shelf is due to the existence of Multiple
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Figure 2.9: Example annual cycles of daily NPP (g C m-2 d-1) for (A) a UI-dominant year (2013),
(B) a year with mixed UI and MIZ dominance (2005), and (C) an MIZ-dominant year (2010). Red
shading represents production by ice algae while green, yellow, and blue shading represent production
during UI, MIZ, and OW periods, respectively.

Productive Layers (the MPL hypothesis), whereby ice algae and phytoplankton contribute to high

regional NPP in distinct surface and subsurface layers. Our study also partitions annual NPP, not by
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di↵erent layers, but rather into four periods of production in the Chukchi Sea: microalgae growing

within sea ice and phytoplankton that bloom under sea ice, in the MIZ, and during the open water

period.

Sea ice microalgae form the first source of NPP each year, and as a result, are a critical source of

food to pelagic organisms (Arrigo, 2017; Fortier et al., 2002; Gradinger , 2009; Søreide et al., 2010)

at a time of year when other sources of food are scarce (Assmy et al., 2013; Bradstreet and Cross,

1982). When light returns to the Chukchi Sea following the polar night, ice-associated algae are able

to use their stable position atop the water column to take advantage of increasing under-ice light

and high water column NO –
3 concentrations. Ice algal concentrations can surpass 300 mg Chl a m-2,

although concentrations more typically range between 4 and 30 mg Chl a m-2 in the Chukchi Sea

(Arrigo et al., 2017; Gradinger , 2009; Selz et al., 2018) and range between 0 and 30 mg Chl a in our

model. These dense assemblages can substantially diminish the transmission of light through the

ice, reducing light available to phytoplankton growing in the water column and further delaying the

initiation of water column NPP. Ice algae modeled as a part of this study were able to grow under

lower light conditions than phytoplankton, with algal blooms beginning on average 28 days earlier

(and as much as 45 days earlier) than phytoplankton blooms. In addition to their importance as an

early food source, ice algal assemblages are typically dominated by diatoms and can substantially

contribute to annual C export (Boetius et al., 2013; Fahl and Nöthig , 2007) because their siliceous

cell walls and large cell size cause them to sink rapidly through the water column (Smetacek , 1999).

As a result, ice algal NPP is often thought to contribute substantially to the food available to benthic

organisms (Campbell et al., 2009). In areas such as the central Arctic, ice algal NPP is thought to

comprise more than 50% of total annual NPP. However, despite their importance to pelagic and

benthic grazers and to C export, ice algae are probably minor contributors to total annual NPP in

more productive parts of the Arctic, including the continental shelf of the Chukchi Sea. Mean annual

ice algal NPP calculated in our model averaged 1.7 g C m-2 yr-1, in line with previous observations

of 1-2 g C m-2 (Gradinger , 2009) in the Chukchi Sea. As a result, modeled ice algal NPP contributed

0-5% of total annual NPP in the Chukchi Sea, similar to the 2-10% contribution estimated on Arctic

continental shelves (Arrigo, 2017; Dupont , 2012; Gosselin et al., 1997; Jin et al., 2012).

The second period of production evaluated here, phytoplankton production in the under-ice

period, was historically thought to be too light-limited to contribute substantially to annual NPP

(Hameedi , 1978; Perrette et al., 2011). However, data from the ICESCAPE program (Arrigo et al.,

2012, 2014) demonstrated that massive phytoplankton blooms can form beneath the sea ice. Light

transmission through sea ice gradually increases as snow melts, sea ice thins, ice algae slough o↵

the bottom of the sea ice, and melt ponds proliferate on the surface of the ice (Light et al., 2015;

Perovich and Polashenski , 2012). Phytoplankton, largely centric diatoms (Laney and Sosik , 2014)

with high maximum photosynthetic rates and photosynthetic e�ciencies (Lewis et al., 2019), are

primed to bloom as light limitation lifts. Massive blooms have been reported in the UI period, with
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particularly extraordinary observations during the ICESCAPE 2011 cruise, where depth-integrated

Chl a averaged a remarkable 840 mg m-2 over hundreds of km2 of fully consolidated, 1 m thick

sea ice (Arrigo et al., 2012, 2014). These high Chl a concentrations were also associated with high

rates of NPP. During the ICESCAPE 2011 cruise, the UI period alone was found to contribute

nearly 70 g C m-2 yr-1 (Arrigo et al., 2014), comparable to our modeled annual rates of UI NPP,

which were 62.8 g C m-2 yr-1 in 2011 and the maximum for the time series, 73.9 g C m-2 yr-1 in

2009. Our model results further suggest that UI NPP accounted for nearly half of total annual

NPP between 1988 and 2018, and years in which UI blooms dominated saw, on average, higher

total annual NPP. The importance of the UI period to annual NPP is supported by a number of

recent studies, which have found that NPP associated with UIBs was of equal or greater magnitude

to NPP in the rest of the year (Arrigo et al., 2014; Lowry et al., 2014; Mayot et al., 2018; Mundy

et al., 2009; Oziel et al., 2019). Despite growing evidence of the high rates of NPP during the UI

period, the fate of UI NPP remains under-studied. Because the mixed layer remains cold (<-1.5°C)
during the UI period, previous studies have found that zooplankton species were unable to graze

e↵ectively (Campbell et al., 2001; Coyle et al., 2007; Huntley and Lopez , 1992), possibly leading to

a mismatch in phytoplankton and zooplankton annual cycles (Conover and Huntley , 1991). Our

results indicate that UI-period zooplankton grazing scarcely increased in years with high UI NPP,

indicating that low temperatures prevented zooplankton from taking advantage of increased food

availability in the UI period. Further, years with high UI NPP were associated with reduced annual

zooplankton grazing. Consequently, increasing NPP in the UI period may intensify the mismatch

in phytoplankton and zooplankton (Conover and Huntley , 1991), increasing organic matter export

to the sediments (Lalande et al., 2020) and thus decreasing food availability to pelagic-feeding fish,

birds, and mammals (Bradstreet and Cross, 1982; Loeng et al., 2005).

More frequent observations of UIBs in recent years (Ardyna et al., 2020b) and model results by

Horvat et al. (2017) lend credence to the hypothesis that changing ice conditions have led to an

increased incidence of UIBs in recent years (Arrigo et al., 2014). However, our model demonstrates

that, as early as 1988, conditions in the northern Chukchi Sea were amenable to UIB formation.

The UI period was, in fact, the most productive period in 17 of the 31 years modeled as a part of

this study and was only insubstantial (UI NPP of < 5 g C m-2 yr-1) in four years with thick sea ice

cover. While our study found a substantial increasing trend in total annual NPP during spring (1.1

g C m-2 yr-1) between 1988 and 2018, we found no evidence of increasing NPP associated with the

UI period over this timeframe. This is likely a function of the location we chose to model, which is

a region where multi-year ice is present in some years but not others. The associated high degree

of interannual variability in sea ice age and thickness resulted in highly variable NPP during the UI

period, which swamped any secular trend over time. Had we elected to model a region further to

the south that was dominated by first year ice, rather than the site of the massive UIB observed

during ICESCAPE 2011 (Arrigo et al., 2012), we likely would have observed an increase in UI NPP
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between 1988 and 2018.

The MIZ period, representing the third source of production evaluated as a part of our study,

has been historically associated with the highest rates of NPP in Arctic waters (Niebauer , 1991;

Perrette et al., 2011; Sakshaug , 2004). As ice breaks up and retreats within the MIZ, the mixed

layer shoals substantially, dramatically increasing light available in the water column and allowing

for rapid phytoplankton growth (Sakshaug and Skjoldal , 1989) that strips nutrients from the mixed

layer (Perrette et al., 2011). Using satellite observations, Perrette et al. (2011) noted that high Chl

a concentrations can be found in a narrow band (20-100 km) along the ice edge, moving northward

as ice retreats. Although the MIZ blooms only last 20 days following sea ice retreat in the analysis

of Perrette et al. (2011), their study estimates that rates of MIZ NPP were up to twice as high

as during the OW period. However, our study found that, while the MIZ period could contribute

substantially to total annual NPP in years with particularly thick multi-year sea ice, on average it

accounted for the smallest proportion (less than 24%) of total NPP between 1988 and 2018 of the

three pelagic sources of NPP evaluated. Further, we found that this period accounted for a mere

10% of total NPP in years characterized by large UIBs. During most years from 1988-2018, the MIZ

period represented a transition as NPP shifted from NO –
3 -depleted surface waters down to the SCM.

As a result, the MIZ period generated a smaller proportion of new production than either the UI or

the OW periods. Much of the discrepancy between our findings and those of Perrette et al. (2011)

can be attributed to the fact that Perrette et al. (2011) assumed that all Chl a observed in the 20

days following sea ice retreat was generated in the MIZ, ignoring the possibility of UI generation

of production. Lowry et al. (2014) considered locations in the Chukchi Sea to host MIZ blooms if

Chl a increased following ice retreat, but were likely to host UIBs if Chl a concentrations decreased.

Their study suggested that UIBs covered an area 2.5-fold higher than blooms generated in the MIZ.

While NPP in the MIZ period is more easily studied than in the UI period, our study found that the

MIZ period is likely not as important in driving annual NPP in the Chukchi Sea as the UI period.

During the OW period, the fourth NPP source evaluated here, phytoplankton productivity is

largely confined to the SCM (Arrigo et al., 2014; Brown et al., 2015b; Hill and Cota, 2005; Mar-

tin et al., 2010). UI and MIZ NPP leaves surface waters devoid of NO –
3 , preventing substantial

surface NPP in the OW period (Codispoti et al., 2005, 2009; Mills et al., 2018). As a result, most

phytoplankton biomass in this period is concentrated in a layer just below the mixed layer, where

NO –
3 concentrations remain elevated and light is still available (Brown et al., 2015b; Hill and Cota,

2005). While diatoms dominate community composition in the SCM (Hill and Cota, 2005), small

flagellates can become abundant in surface waters following NO –
3 depletion (Li et al., 2009). Our

study showed that greater than 90% of OW NPP was located within the SCM. In a study of SCMs

in the Chukchi Sea between 2002 and 2012, Brown et al. (2015b) found that SCMs developed up

to one month prior to ice retreat, and gradually deepen to ⇠30 m by the summer. Consistent with

these observations, we find that SCMs can be generated as much as 34 days before ice retreat in
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years with UIBs. The generation of an SCM during the UI period supports the hypothesis, first

put forth by Palmer (2013) and Brown et al. (2015b), that phytoplankton growing in the low-light

conditions of the UI period are better photophysiologicaly acclimated to grow once they descend to

the SCM.

While the MIZ and OW periods have historically been presumed to be far more productive on

Arctic continental shelves than the ice-covered portion of the year, our study demonstrates that UI

production makes up the greatest proportion of total annual NPP in the northern Chukchi Sea and

is the most critical period in driving interannual variability. Relying on cruise and satellite data

exclusively from the MIZ and OW periods has historically caused us to drastically underestimate

NPP in parts of the Arctic that host UIBs. A satellite-based survey by Arrigo and Van Dijken

(2011), for example, estimated that annual NPP between 1998 and 2008 was only 5 g C m-2 yr-1

at the location of this model, more than an order of magnitude lower than both the Arrigo et al.

(2014) NPP estimates based on nitrate drawdown and our modeled estimates of total annual NPP.

Incorporation of new technologies that allow us to better estimate the relative importance of UIBs

to total annual NPP, such as moorings, floats, or AUVs with bio-optical or biogeochemical sensors,

are more likely to produce accurate estimates of regional NPP.

Further, our study finds that conditions in the Chukchi Sea have likely been amenable to the

formation of UIBs since at least the late 1980s. Indeed, observations of UIBs dating back to at least

1957 (English, 1961) indicate that UIBs have been generated sporadically for decades. However, as

thinner, younger sea ice has come to dominate much of the Arctic Ocean in recent years (Laxon

et al., 2013; Serreze and Stroeve, 2015), observations of UIBs have grown to include most of the

Arctic Ocean (Ardyna et al., 2020b). It is quite likely that continued changes in sea ice cover will

only make UIBs more widespread in the Arctic Ocean in the future (Horvat et al., 2017), further

demonstrating the critical importance of better understanding NPP under sea ice.
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Changing sea ice conditions have led to increases in net primary production (NPP) in the

northern Chukchi Sea, driven in part by massive under-ice phytoplankton blooms. These

blooms increase the particle export to the sediments and could a↵ect the rate of sedimen-

tary denitrification. We use a 1-D coupled ecosystem model forced with satellite-derived

33
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sea ice conditions to quantify changes in particle export, nitrification, and denitrifica-

tion on the northern Chukchi shelf. Between 1988 and 2018, increases in annual NPP

drove secular increases in particle export to the benthos (1.8±0.8 mmol m-2 yr-1), water-

column and sedimentary nitrification (1.2±0.4 and 1.1±0.4 mmol m-2 yr-1, respectively),

and sedimentary denitrification rates (1.3±0.5 mmol m-2 yr-1). Increased annual export

to the benthos and denitrification were driven by higher rates early in the year (from

January-June) and are highest in years where under-ice blooms dominate. Greater den-

itrification rates in the northern Chukchi Sea would likely reduce NPP in downstream

regions such as the Greenland Sea and promote greater N2 fixation in the North Atlantic.

We also evaluated how changes in wintertime nitrogen (N) concentrations in the northern

Chukchi Sea due to sea ice loss or changes in advection might impact rates of denitrifi-

cation. Through N sensitivity experiments, we found that 30% of all added N was lost

through denitrification, diminishing the N supply available downstream of the Chukchi

Sea. Thus, increased particle export associated with under ice blooms has the potential

to markedly alter the N cycle both in the northern Chukchi Sea and in adjacent waters.

3.1 Introduction

The Chukchi Sea, located north of the Bering Strait, is one of the most productive regions in the

Arctic Ocean. Mean estimates of annual net primary production (NPP) for the region typically range

between 55 and 105 g C m-2 yr-1 (Arrigo et al., 2014; Hill and Cota, 2005; Lee et al., 2007). Along

major advective pathways, however, particularly high nutrient concentrations can spur rates of NPP

that surpass 170 g C m-2 yr-1 (Hansell et al., 1993; Hill et al., 2018a). This high NPP supports

substantial zooplankton, fish, seabird, and marine mammal populations (De Robertis et al., 2017;

Ershova et al., 2015; Kuletz et al., 2015; Logerwell et al., 2015; Moore and Kuletz , 2019) as well as

rich benthic communities (Grebmeier et al., 1988; Grebmeier , 2006; Grebmeier et al., 2015; Lalande

et al., 2007).

In recent decades, earlier onset of sea ice melt and retreat as well as later sea ice advance in

the Chukchi Sea (Stroeve et al., 2014) have contributed to a 34% increase in the length of the ice-

free period between 1998 and 2018 (Lewis et al., 2020). The sea ice in the region has also thinned

substantially in recent decades; Kwok (2018) found a nearly 50% decline in ice thickness in the

northern Chukchi Sea between 1958 and 1997 (from 2 to 1 m), and a further 40% decline in ice

thickness between 1997 and 2017 (from 1 to 0.6 m). Serreze and Stroeve (2015) use ice age as a

proxy for thickness but come to a similar conclusion, finding that only 5% of the Arctic was covered

in ice more than 5 years old in 2014, as compared to nearly 30% in 1988.

Changes in sea ice coverage have a↵ected Chukchi Sea ecosystems. As sea ice extent diminished

between 1998 and 2018, satellite-derived observations indicate that the Chukchi Sea has experienced
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a 30% increase in open water area and a 97% increase in annual NPP (Lewis et al., 2020). The delay

in ice advance in autumn led to a 35% increase in the incidence of remotely-sensed autumn blooms

in the Chukchi Sea between 1998 and 2012 (Ardyna et al., 2014). Further, substantial phytoplankton

blooms have been observed under fully consolidated ice cover in the Chukchi Sea (Arrigo et al., 2012,

2014; Hill et al., 2018a). Model results by Horvat et al. (2017) found that these under-ice blooms

(UIBs), likely a rare feature in the Arctic Ocean prior to 1990 (Ardyna et al., 2020a), could have

formed over as much as 30% of the Arctic Ocean between 2006 and 2015 as younger, thinner sea ice

dominated the region. More frequent observations of UIBs throughout the Arctic Ocean in recent

years (Arrigo et al., 2012, 2014; Assmy et al., 2017; Boles et al., 2020; Hill et al., 2018b; Leu et al.,

2011; Mundy et al., 2009, 2014; Oziel et al., 2019; Randelho↵ et al., 2020) indicate that these blooms

may be becoming more frequent as sea ice conditions change.

Furthermore, climate change is likely to either diminish or enhance nutrient supply to the surface

of the Arctic Ocean, thus changing annual NPP (Lewis et al., 2020; Li et al., 2009). Observations

in the early 2010s indicated that nutrient entrainment in the surface ocean decreased due to an

increase in precipitation, ice melt, and river outflow (McLaughlin and Carmack , 2010; Nummelin

et al., 2016), causing smaller phytoplankton species to proliferate (Li et al., 2009). However, recent

evidence indicates that substantial increases in NPP since 2012 (Henley et al., 2020; Lewis et al.,

2020) have largely been promoted by an increase in nutrient supply (Lewis et al., 2020; Mordy

et al., 2020; Randelho↵ et al., 2019, 2020). These increases are likely a result of sea ice loss, as

the greater open water area leads to more mixing events (Zhang et al., 2010), more storms (Yang ,

2004), enhanced upwelling near shelf breaks (Carmack and Chapman, 2003; Tremblay and Gagnon,

2009; Tremblay et al., 2011), and the generation of internal waves (Rainville and Woodgate, 2009).

In the Chukchi Sea, where the northward advection of NO –
3 -replete waters through the Bering

Strait predominates (Woodgate et al., 2005), changes in transport may also lead to changes in

nutrient concentrations. Between 1990 and 2015, a strengthening of the Pacific-Arctic pressure head

(Peralta-Ferriz and Woodgate, 2017) led to an increase in transport through the Bering Strait of 0.01

Sv yr-1 (Woodgate, 2018), corresponding to a 30% increase in transport over the climatology. High

transport of Pacific waters into the Arctic Ocean has been associated with ship-based and mooring

observations of higher nutrient concentrations in the Chukchi Sea (Mordy et al., 2020), indicating

that nutrient concentrations may increase in the Chukchi Sea if this increase in transport continues.

Altered sea ice conditions and NPP could have substantial impacts on the marine nitrogen (N)

cycle in the Chukchi Sea and further downstream (Arrigo et al., 2014; Arrigo and Van Dijken,

2015). Phytoplankton blooms in the under-ice (UI) period are dominated by diatoms (Laney and

Sosik , 2014) which sink rapidly and contribute disproportionately to global particulate organic

carbon (POC) export due to their highly silicified cell walls and large cell size (Smetacek , 1999). If

NPP during the UI period is substantial, reduced grazing pressure due to cold water temperatures

(Campbell et al., 2001; Coyle et al., 2007; Huntley and Lopez , 1992) is likely to increase POC
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and particulate organic N (PON) export to the sediments (Payne et al., 2021). Observations in

the northern Chukchi Sea indicate that algal export during the UI period can be high (with daily

chlorophyll (Chl) a export to the benthos of up to 5 mg m-3 d-1), is almost entirely diatom-dominated

(93-100%), and has increased over time (Lalande et al., 2007, 2020; Szymanski and Gradinger , 2016).

This observed increase in organic matter export to the sediments should substantially increase

benthic-pelagic coupling (Honjo et al., 2010; Lalande et al., 2020) and could have implications

for regional N loss. Coupled partial nitrification-denitrification in the sediments of the shallow

Chukchi shelf (Brown et al., 2015a) drives both high N recycling and high rates of fixed-N loss in

the sediments. As a result, the Chukchi Sea accounts for 1-3% of the global sink of fixed N in

the oceans (Chang and Devol , 2009). Both observational studies (Baumann et al., 2013; Horak

et al., 2013; Granger et al., 2011; Townsend and Cammen, 1988) and models (Chang and Devol ,

2009; Fennel et al., 2009; Fennel , 2010; Laurent et al., 2016; Soetaert et al., 1996b,a) indicate that

increases in particle export can lead to increases in sedimentary denitrification when other controls

on denitrification (namely, bottom-water oxygen and N concentrations and water column depth;

Soetaert et al., 1996b,a) are constant. A further increase in sedimentary denitrification could also

have some downstream impacts, potentially limiting NPP downstream of the Chukchi Sea (Arrigo

and Van Dijken, 2015) but increasing rates of N2 fixation in the North Atlantic (Yamamoto-Kawai

et al., 2006).

To investigate the impacts of changing patterns of NPP in the Chukchi Sea between 1988 and

2018 on the regional N cycle, we use a coupled ecosystem model, CAOS-GO (the Coupled Arctic

Ocean Sediment model with GOTM and OMEXDIA; Payne et al., 2021), composed of intercon-

nected biogeochemical (the Coupled Arctic Ocean System model, or CAOS; Payne et al., 2021),

physical (the General Ocean Turbulence Model, or GOTM, version 5.4; Burchard et al., 1999), and

sedimentary chemistry (OMEXDIA; Soetaert et al., 1996b,a) models. We evaluate the impact of

interannual changes in sea ice conditions and increasing annual NPP (Payne et al., 2021) on the

export rate of PON from surface waters to the benthos and whether this export has stimulated

or inhibited water column and sedimentary nitrification and denitrification. Further, we quantify

the sensitivity of annual NPP, PON export, nitrification, and denitrification to changes in the N

inventory of the Chukchi Sea.

3.2 Methods

The coupled CAOS-GO model (Figure 3.1) was implemented at 72.16°N and 166.60°W (Figure 3.2)

in the northern Chukchi Sea for the period 1988 to 2018, as in Payne et al. (2021). GOTM (Bur-

chard et al., 1999) and CAOS ((Payne et al., 2021) require as input temporal changes in sea ice

concentration, atmospheric conditions (e.g. 10 m wind, air temperature, pressure, relative humidity,

and cloud cover), albedo, idealized temperature and salinity profiles, and cloud-adjusted surface
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irradiance (Dobson and Smith, 1988; Gregg and Carder , 1990). GOTM produces hourly profiles

of temperature, salinity, buoyancy frequency, and turbulent di↵usion coe�cients, while CAOS dy-

namically simulates the vertical behavior of N-based state variables, including sea ice algae, small

and large phytoplankton, small and large zooplankton, nitrate (NO –
3 ), ammonium (NH +

4 ), and de-

tritus. The sediment model, OMEXDIA (Soetaert et al., 1996a,b), requires input of bottom-water

concentrations of NO –
3 and NH +

4 and rates of PON export to the benthos from CAOS, as well as

bottom-water temperature and salinity from GOTM. OMEXDIA simulates daily changes in fast-

and slow-remineralizing organic matter, oxygen (O2), NO –
3 , NH +

4 , N2, and a reduced substances

state variable (which included both POC removed as solid substances, such as through pyritization

or manganese carbonate formation, and dissolved organic C that di↵used through the sediments).

OMEXDIA also calculates rates of oxic and anoxic remineralization (where PON is converted to

NH +
4 ), nitrification, and denitrification, as well as vertical fluxes of NO –

3 and NH +
4 between the sed-

iments and the water column which are subsequently used by CAOS. While Soetaert et al. (1996a)

use ammonia (NH3) to represent the combined pools of NH +
4 and NH3, here we will use the term

NH +
4 throughout because this molecule is dominant at the typical ocean pH. Additionally, we report

concentrations and rates taking place in thin layers in the sediments in nmol cm-3 but in mmol m-3

in the water column and for depth-integrated sedimentary processes (both units are equivalent). For

more complete model details, see Payne et al. (2021).

Satellite-derived and reanalysis data were used as inputs for CAOS-GO. Atmospheric conditions

were determined using the National Centers for Environmental Prediction (NCEP) North American

Regional Reanalysis (NARR; 32 km resolution used in this model configuration) products, which

were provided by NOAA/OAR/ESRL PSL, Boulder, Colorado, USA from their website at https:

//psl.noaa.gov/data/gridded/. Idealized temperature profiles used in GOTM were determined

using NOAA OISST version 2.1 (0.25° latitude and longitude resolution) data (Reynolds et al., 2007),

provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their website at https:

//psl.noaa.gov/. The mean of two Arctic Ocean snow depth models, SnowModel-LG (Liston et al.,

2020; Stroeve et al., 2020, 25 km resolution) and CPOM (Zhou et al., 2021, 12.5 km resolution), was

used to compute snow and melt pond thicknesses. Ice age (Tschudi et al., 2019, 62.5 km resolution)

was used to calculate sea ice thickness and melt pond areal coverage (Webster et al., 2015). The

National Snow and Ice Data Center (NSIDC) snow melt onset date (Anderson et al., 2019, 75

km resolution) provided the start date of snow melt each year. Sea ice began melting (and melt

ponds began to form) on the first day when daily average NCEP NARR 2 m air temperature rose

above 0°C at the model location. The timing of sea ice retreat and advance were set using sea ice

concentration data (75 km resolution), provided by the NOAA/NSIDC Climate Data Record mean

sea ice concentration (Meier et al., 2019; Peng et al., 2013). See supplementary text B.1 and B.2

for methods and results of sensitivity analyses.
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Figure 3.1: An overview of the inputs and outputs shared between the 3 coupled models (GOTM,
CAOS, and OMEXDIA) in CAOS-GO. Thick lines represent flows between models, while thin lines
represent external inputs to the models. State variables are listed in small text for the CAOS
and OMEXDIA models. Lphy, Sphy, Lzoo, and Szoo are abbreviations for the CAOS model state
variables of large phytoplankton, small phytoplankton, large zooplankton, and small zooplankton,
respectively. ODU is an abbreviation for the OMEXDIA model state variable of oxygen demand
units. From Payne et al. (2021).

3.2.1 Under-ice, marginal ice zone, and open water periods

As in Payne et al. (2021), we divided the annual cycle into the UI, marginal ice zone (MIZ), and open

water (OW) periods. The UI bloom period extended from the initiation of exponential phytoplankton

growth (when phytoplankton N assimilation exceeded 0.5 mmol N m-2 d-1) and lasted until the start

of sea ice retreat, when satellite-derived sea ice concentration diminished below 90%. The MIZ period

extended from the start of sea ice retreat until its conclusion, when sea ice concentrations diminished

below 10%. Finally, the OW period began at the conclusion of ice retreat and terminated on the

earliest date when either ice advanced in the autumn or light diminished below 1% the maximum

value reached in the mixed layer, or on DOY 300±6.
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Figure 3.2: Bathymetric map of the Chukchi Sea. Points represent the location of the model (red)
in relationship to observational data collected by Chang and Devol (2009, orange), Lalande et al.
(2020, green), McTigue et al. (2016, purple), and Mills et al. (2015, grey).

3.2.2 Winter Nitrate Inventory Experiment

Wintertime NO –
3 concentration shows minimal spatial variability across the Chukchi shelf; surface

NO –
3 concentrations averaged 14.0±1.91 mmol m-3 across the region in 2014 (Arrigo et al., 2017). To

test the e↵ect of pre-bloom winter NO –
3 concentration on rates of sedimentary denitrification, we ran

the model for the year 2011, a year with a moderate UIB (Payne et al., 2021), under di↵erent initial

(wintertime) NO –
3 conditions. To represent the range of wintertime NO –

3 concentrations observed

in the Chukchi Sea (Mordy et al., 2020), we progressively altered the wintertime NO –
3 concentration

by ±2 mmol m-3 in a series of simulations, resulting in initial NO –
3 concentrations ranging from 10

to 26 mmol m-3 (or depth-integrated NO –
3 concentrations of 500 to 1300 mmol m-2). These were

used to test how much successive 100 mmol NO –
3 m-2 additions (2 mmol m-3 over 50 m) impacted N

assimilation by microalgae, PON export to the benthos, nitrification, and denitrification at di↵erent
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initial NO –
3 concentrations.

3.2.3 Statistics

Multiple linear regression was used to evaluate the importance of environmental conditions (e.g. ice

thickness, length of UI period) on PON export to the sediments and denitrification rates. First, we

checked for collinearity by using the variance inflation factor (VIF). Variables were only moderately

correlated (VIF was <3 for all variables) and should have minimal impact on the correlations.

Multiple linear regression variables were identified using backward selection, whereby the variable

with the highest p-value was sequentially eliminated until only statistically significant variables

(p<0.05) remained. These regressions were subsequently checked using the Shapiro-Wilk test and

visual inspection of histograms, quantile-quantile plots, and plots of the independent and dependent

variables. Linear regressions are reported with the standard error, and plots with linear regressions

include a confidence interval of 95%.

To cluster annual cycles of daily NPP into distinct types, k -means clustering was used based

on NPP in the UI and MIZ periods. The gap statistic was used to determine the optimal k value.

The annual cycle of N assimilation by microalgae each year was separated into one of three di↵erent

temporal patterns based on the relative amount of assimilation during the UI and MIZ periods: years

dominated by blooms in the UI period (17 of 31 years), years dominated by bloms in the MIZ period

(4 of 31 years), or “mixed” years when both the UI and MIZ blooms were approximately equal (10

of 31 years; Table 3.1). To quantify the relationship between annual nitrification and denitrification

rates and the annual bloom type, ANOVA and post hoc Tukey’s honest significant di↵erence (HSD)

tests were used. All statistical analyses were conducted in R version 4.1.0, including the relative

importance of each variable in multiple linear regressions, which was assessed using the ’relaimpo’

package version 2.2-6 (Grömping , 2006).

3.3 Results

As water column NPP increased in the spring, particle export to the benthos increased shortly

afterwards, subsequently leading to changes in sedimentary processes. For example, in 2011, a year

with a moderate UIB, (Table 3.1; Payne et al., 2021), the phytoplankton bloom began on DOY

113 and peaked during the UI period (on DOY 147) at 352.0 mmol PON m-2. PON export to the

benthos peaked eight days later (on DOY 155; Figure 3.3a) at 6.5 mmol m-2 d-1. PON export to

the benthos diminished below 0.1 mmol N m-2 d-1 on DOY 326, when N assimilation by microalgae

was 0.1 mmol m -2 d-1.

As PON was exported to the benthos, sedimentary concentrations of O2, NO –
3 , and NH +

4 un-

derwent rapid changes. O2, which maintained a concentration of 300 nmol cm-3 in the top 0.01

cm of the sediments, dropped to near-zero below the top 3 cm (Figure 3.3b). Within six days of
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Figure 3.3: Modeled annual cycles of state variables for the standard run year, 2011. A) Bottom-
water NO –

3 concentration (mmol N m-3, B) Depth-integrated phytoplankton PON (mmol N m-2

d-1; red) and PON exported to the sediments (mmol N m-2 d-1; blue), and C) O2 (mmol N m-3),
D) NO –

3 (mmol N m-3), E) NH +
4 (mmol N m-3), F) oxic remineralization (nmol N cm-3 d-1), G)

anoxic remineralization (nmol N cm-3 d-1), H) sedimentary nitrification (nmol N cm-3 d-1), and I)
sedimentary denitrification (nmol N cm-3 d-1) for the top 2.5 cm of the sediments.

the peak in deposition of PON to the sediments (DOY 161), oxic remineralization and, to a lesser

extent, nitrification and the oxidation of reduced substances, drove down the O2 concentration to

1 nmol cm-3 below the top 0.3 cm of the sediments (Figure 3.3e). Oxic remineralization peaked

at the surface of the sediments at a rate of 15000 nmol cm-2 d-1. The oxic remineralization of

organic N generates NH +
4 , the depth-integrated concentrations of which peaked 12 days after the

peak in PON export (DOY 167), with concentrations increasing to 55 nmol cm-3 over the top 5 cm

of the sediments (Figure 3.3d). Two other processes, anoxic remineralization and nitrification, both

peaked at this same time (DOY 167). Anoxic remineralization (Figure 3.3f) is inhibited by both

O2 and NO –
3 concentrations (such that concentrations of 1 nmol cm-3 of either substance reduces

anoxic remineralization by 50%) and peaked at a rate of 1890 nmol cm-2 d-1 at a depth of 0.4 cm

on DOY 165. Nitrification (Figure 3.3g), the process by which NH +
4 is oxidized to NO –

3 , peaked at

a rate of 600 nmol cm-2 d-1 on DOY 165 in the top 0.2 cm. Because O2 concentrations diminished
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as nitrification rates increased and because high bottom-water NO –
3 concentrations drove di↵usion

into the sediments, almost all NO –
3 produced through sedimentary nitrification was subsequently

denitrified. As a result, sedimentary NO –
3 concentrations diminished, reaching their lowest concen-

tration on DOY 163, as nitrification intensified, driving higher di↵usion of NO –
3 into the sediments.

Denitrification (Figure 3.3g) dominated in a very thin layer at a depth of 0.3 cm and peaked on

DOY 166, one day after the peaks in anoxic remineralization and nitrification and 11 days after the

maximal PON export to the benthos.

In the months following the peak in PON export to the benthos, concentrations of O2 and

NO –
3 gradually increased at depths between 0.3 and 3 cm in the sediments, while NH +

4 concentrations

diminished over this same period. As a result, processes that were highly concentrated in the top

0.4 cm of the sediments during peak PON export to the benthos happened over a more di↵use layer

of the sediments (the top ⇠3 mm) in the autumn and winter. As expected, oxic processes (oxic

remineralization and nitrification) closely resembled the distribution of O2 (and thus NO –
3 ) in the

sediments throughout the year, while anoxic processes (anoxic remineralization and denitrification)

were inversely related to O2 concentration (and thus the distribution of NH +
4 ).

3.3.1 Interannual variance in phytoplankton bloom timing and PON ex-

port to the benthos

Between 1988 and 2018, the phytoplankton bloom began on average in mid-May (DOY 137±21),

shifting earlier by 1.1 d each year (R2=0.238, p=0.005). Biomass typically peaked in mid-June

during the under-ice period (8.4±17.4 days prior to the start of ice retreat, or on DOY 170±20),

and this peak shifted earlier by 1.0 d yr-1 (R2=0.187, p=0.015) between 1988 and 2018. Blooms

peaked at a concentration of 292.6±57.4 mmol PON m-2 and daily N assimilation by microalgae

(phytoplankton and sea ice algae) peaked at 54.9±16.5 mmol N m-2 d-1. The phytoplankton bloom

ended when microalgal N assimilation dropped below 0.5 mmol N m-2 d-1 on DOY 294±13. PON

export to the benthos increased above 0.1 mmol N m-2 d-1 on DOY 135±27 and the onset of PON

export shifted earlier by 1.3 d y-1 (R2=0.183, p=0.016). Particle export peaked on average at a rate

of 5.1±1.3 mmol PON m-2 d-1 on DOY 181±23. PON export diminished below 0.1 mmol N m-2 d-1

on average on DOY 321±11.

There was substantial interannual variability in the annual magnitude of PON exported to the

benthos, which ranged from 227.3 to 367.4 mmol N m-2 yr-1 between 1988 and 2018 (mean=301.4±44.5

mmol N m-2 yr-1; Figure 3.4a), increasing annually by 1.8±0.8 mmol N m-2 yr-1 (R2=0.130, p=0.047;

Figure 3.4a). Annual PON export averaged 30.2±1.8% of the magnitude of annual N assimilation

by microalgae, or 46.0±3.6% of annual NO –
3 assimilation. The annual peak in daily PON export

ranged from 2.9 in 1991 to 6.9 mmol N m-2 d-1 in 2009 (mean=5.1±1.3 mmol N m-2 d-1; Figure 3.5a).

Multiple linear regression revealed that 76.5% of the variance (p<0.001) in annual PON export to

the benthos was controlled by a combination of sea ice thickness (R2=0.419, p<0.001), the length of
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Table 3.2: Modeled linear regressions of time (1988-2018) versus monthly benthic PON export, water
column nitrification, sedimentary nitrification, and sedimentary denitrification (units of mmol N m-2

per month yr-1). R2, p-value, and slope is listed for each statistically significant (p<0.05) month.

Process Month R
2

p-value Slope

Benthic export March 0.132 0.045 9.82E-4
Benthic export April 0.245 0.005 1.36E-3
Benthic export May 0.291 0.002 5.50E-3
Benthic export June 0.167 0.022 1.73E-2

Water column nitrification February 0.152 0.030 5.87E-5
Water column nitrification March 0.255 0.004 1.24E-3
Water column nitrification April 0.208 0.010 1.11E-2
Water column nitrification May 0.243 0.005 6.77E-2
Water column nitrification June 0.144 0.035 9.86E-2
Sedimentary nitrification March 0.132 0.045 9.83E-4
Sedimentary nitrification April 0.245 0.005 1.36E-3
Sedimentary nitrification May 0.292 0.002 5.50E-3
Sedimentary nitrification June 0.167 0.022 1.73E-2
Sedimentary denitrification January 0.129 0.048 1.54E-3
Sedimentary denitrification February 0.130 0.046 1.36E-3
Sedimentary denitrification March 0.136 0.041 1.26E-3
Sedimentary denitrification April 0.193 0.013 1.48E-3
Sedimentary denitrification May 0.301 0.001 5.23E-3
Sedimentary denitrification June 0.151 0.031 2.58E-2

NH +
4 flux April 0.215 0.009 -6.45E-3

NH +
4 flux May 0.240 0.005 -6.45E-1

the UI period (R2=0.229, p=0.025), and the length of the OW period (R2=0.117, p=0.006). These

same three factors were most influential in determining the amount of N assimilated by microalgae

each year, explaining 75.2% of the variance (p<0.001) in annual N assimilation. Indeed, PON export

to the sediments was highly correlated with annual N assimilation by microalgae, which explained

99.1% of the variance in PON export (p<0.001, slope=0.538, Figure 3.4b). Variation in N assimila-

tion by UI microalgae accounted for 47.8% of the variance (p<0.001) in annual PON export, which

is substantially more than that explained by N assimilation during the MIZ (R2=0.295, p=0.002)

or OW (not statistically significant) periods.

The timing of PON export to the benthos also changed between 1988 and 2018 (Figure 3.5a).

Organic matter exported to the sediments peaked between 6 and 36 days after the peak in phy-

toplankton biomass (mean=11.2±7.8 after the biomass peak, or on DOY 181±23) with the peak

coming earlier by 1.2 d yr-1 (R2=0.200, p=0.012; Figure 3.5a). Additionally, PON export increased

significantly between 1988 and 2018 in the months of March-June (Table 3.2, Figure 3.5a), but

showed no significant trends in other months.
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Figure 3.4: Modeled interannual trends for 1988 to 2018 in A) PON export to the benthos (mmol
N m-2 yr-1), C) water column (WC) nitrification (mmol N m-2 yr-1), E) sedimentary nitrification
(mmol N m-2 yr-1), and G) sedimentary denitrification (mmol N m-2 yr-1). Scatterplots of annual
N Assimilation (”Assim.”) vs. B) PON export to the benthos (mmol N m-2 yr-1), D) water column
(WC) nitrification (mmol N m-2 yr-1), F) sedimentary nitrification (mmol N m-2 yr-1), and H)
sedimentary denitrification (mmol N m-2 yr-1). Blue line indicates statistically significant linear
regressions and grey shading represents the 95% confidence interval for these regressions.
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Figure 3.5: Modeled interannual di↵erences in A) PON export to the benthos (mmol N m-2 d-1),
B) water column (WC) nitrification (mmol N m-2 d-1), C) sedimentary nitrification (mmol N m-2

d-1), D) sedimentary denitrification (mmol N m-2 yr-1), E) NO –
3 flux into the sediments (mmol N

m-2 yr-1), and F) NH +
4 flux into the sediments (mmol N m-2 yr-1) for each day of the year (DOY)

between 1988 and 2018 (colorbar). One year (1999, purple) had a large fall bloom following a mixing
event in early October and this increase in N assimilation subsequently drove an anomalous spike
in all other processes on DOY ⇠300.

3.3.2 Nitrification and denitrification

Daily water column nitrification rates ranged between a minimum of 0.01±0.004 mmol N m-2 d-1

and an average peak of 8.3±1.3 mmol N m-2 d-1 (Figure 3.3b) between 1988 and 2018. Water column

nitrification rates typically peaked on DOY 177.5±18.9, and this peak shifted earlier by 0.9 d yr-1
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between 1988 and 2018 (R2=0.204, p=0.011). Annual depth-integrated water column nitrification

rates ranged from 444.8 to 535.7 mmol N m-2 yr-1 (mean=481.5±22.3 mmol N m-2 yr-1; Figure 3.4c),

equivalent to 48.9±4.2% of annual N assimilation by microalgae. The annual rate of water-column

nitrification increased by 1.2±0.4 mmol N m-2 yr-1 (R2=0.239, p=0.005) between 1988 and 2018.

Annual water-column nitrification was weakly but significantly correlated with annual N assimilation

by microalgae (R2=0.135, p=0.042; Figure 3.4d). Multiple linear regression revealed that 29.2% of

the variance (p<0.001) in annual water column nitrification was controlled by the length of the snow

melt period. Because N assimilation by microalgae during the OW period was concentrated at the

depth of the subsurface Chl a maximum (Payne et al., 2021) and water-column nitrification rate

increased with depth in the CAOS model, variation in OW N assimilation accounted for 28.5% of

the variance in water column nitrification (p=0.002), while variation in UI and MIZ N assimilation

showed no statistically significant relationship with water column nitrification.

Daily sedimentary nitrification rates ranged from a minimum of 0.19±0.03 mmol m-2 d-1 to a

mean peak daily rate of 1.1±0.1 mmol m-2 d-1 (Figure 3.5c). Annual sedimentary nitrification rates

were much lower than those in the water column, ranging from 143.3 to 226.8 mmol N m-2 yr-1

(mean=186.4±22.2 mmol N m-2 yr-1; Figure 3.4e) and nitrifying on average 18.8±0.8% of annual N

assimilated by microalgae and 62.1±3.0% of exported PON. Similar to water column nitrification,

annual sedimentary nitrification increased by 1.1±0.4 mmol N m-2 yr-1 each year between 1988

and 2018 (R2=0.220, p=0.008). Multiple linear regression revealed that 77.7% of the variance

(p<0.001) in annual sedimentary nitrification was controlled by a combination of sea ice thickness

(R2=0.388, p<0.001), the length of the OW period (R2=0.200, p<0.001), and the length of the

UI period (R2=0.189, p=0.041). Annual N assimilation by microalgae was highly correlated with

annual sedimentary nitrification, explaining 93.1% of the interannual variance (p<0.001; Figure

3.4f). Variation in N assimilation by microalgae during the UI period drove more of the variance in

annual sedimentary nitrification (40.0%) than the other two periods (p<0.001).

Because of high water column O2 concentrations, denitrification was limited to the sediments.

Average daily denitrification rates ranged from 0.14±0.04 to 1.2±0.2 mmol m-2 d-1 (Figure 3.5d),

while annual denitrification ranged from 121.8 to 227.7 mmol N m-2 yr-1 between 1988 and 2018

(mean=178.8±28.3 mmol N m-2 yr-1; Figure 3.4c). Sedimentary denitrification removed a mean

of 17.9±1.4% of the annual N assimilated by microalgae, 59.3±2.3% of the PON exported to the

sediments, and 95.5±4.3% of the NO –
3 produced through sedimentary nitrification. Annual deni-

trification increased annually over this period by 1.3±0.5 mmol N m-2 yr-1 (R2=0.179, p=0.018).

Multiple linear regression revealed that 76.1% (p<0.001) of the variance in annual denitrification

was controlled by a combination of sea ice thickness (R2=0.616, p<0.001) and the length of the OW

period (R2=0.145, p=0.004). Denitrification was highly correlated with both annual N assimilation

by microalgae (Figure 3.4d), which explained 94.9% of the variance in denitrification rates (p<0.001;
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Figure 3.4d), and with PON export to the benthos, which explained 95.4% of the variance in deni-

trification (p<0.001). Variation in N assimilation by microalgae during the UI period drove more of

the variance in annual denitrification than the two other periods, accounting for 44.1% (p<0.001).

Increases in annual rates of nitrification and denitrification between 1988 and 2018 were driven

by increases in these processes between January and June (Figure 3.5b, c and d). Water-column

nitrification increased significantly in February-June while sedimentary nitrification increased in

March-June (Table 3.2). Denitrification increased significantly over a longer time period, from

January-June (Table 3.2). There was no statistically significant change during July-December in

either sedimentary process, or in January and February for sedimentary nitrification.

3.3.3 Sediment-water exchange of NO –
3 and NH+

4

NO –
3 and NH +

4 fluxes across the sediment-water interface in the OMEXDIA model vary depending on

the bottom-water salinity, temperature, and NO –
3 and NH +

4 concentrations (Soetaert et al., 1996a,b).

The sediments were typically a net source of NO –
3 to the overlying water column, supplying 2.3±1.9

mmol m-2 yr-1. NO –
3 di↵used out of the sediments in the early part of the year at a rate of 0.05

mmol m-2 d-1 due to lower NO –
3 concentrations in the water column. However, this pattern reversed

on 176±24 when NO –
3 began to di↵use into the sediments, peaking on DOY 199±36 at a rate of

0.14±0.06 mmol m-2 d-1 (Figure 3.5e). In autumn, the sediments once again became a net source

of NO –
3 to the water column, peaking at a rate of 0.10±0.03 mmol m-2 d-1 on DOY 319±60. While

there was no secular trend in either the annual net NO –
3 flux from the sediments to the water column,

the peak timing, or the peak magnitude, there was a slight increase in the magnitude in the peak

flux rate of NO –
3 out of the sediments in the autumn between 1988 and 2018 (R2=0.243, p=0.005,

slope=-0.002).

In contrast to the sediment-water flux of NO –
3 , which could represent either a source to or sink of

water-column NO –
3 , the sediments consistently acted as a source of NH +

4 to the water column at an

average rate of 29.8±5.1 mmol NH +
4 m-2 yr-1. In general, the supply of NH +

4 to the water column

peaked at a rate of 0.42±0.13 mmol m-2 d-1 on DOY 190±24 (Figure 3.5f). While the magnitude

of the peak NH +
4 flux did not change over time, the peak shifted earlier by 1.1 d yr-1 (R2=0.180,

p=0.018) from 1988 to 2018.

3.3.4 Water column bloom types

Of the 31 years between 1988 and 2018, 17 years were dominated by UIBs, 4 by NPP in the MIZ

period, and 10 featured a mix of both UI and MIZ blooms (Table 3.1). Years when UI blooms were

dominant had higher annual N assimilation by microalgae (1056.5±55.5 mmol N m-2 yr-1) than either

MIZ-dominant (951.6±35.6 mmol N m-2 yr-1, p=0.003) or mixed-dominance (898.1±49.1 mmol N

m-2 yr-1, p<0.001) years. In years with high N assimilation by microalgae in the UI period, PON

export to the benthos (334.4±28.2 mmol N m-2 yr-1) was also greater than in years with either
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MIZ (278.5±16.3 mmol N m-2 yr-1, p<0.001) or mixed-dominance blooms (254.5±19.6 mmol N

m-3 yr-1, p<0.001). While nitrification in the water column showed no significant di↵erences with

bloom type, there were significant di↵erences in sedimentary nitrification, with UI-dominant years

having higher rates of sedimentary nitrification (201.7±15.2 mmol N m-2 yr-1) than either mixed-

dominance years (164.6±14.5 mmol N m-2 yr-1, p<0.001) or MIZ-dominant years (175.9±1.8 mmol

N m-2 yr-1, p=0.007). As a result, UI-dominant years also had higher sedimentary denitrification

rates (199.4±17.7 mmol N m-2 yr-1) than either mixed-dominance years (148.8±15.8 mmol N m-2

yr-1, p<0.001) or MIZ-dominant years (166.6±1.9 mmol N m-2 yr-1, p<0.003).

3.3.5 Sensitivity to initial NO –
3 concentration

To test how a change in the wintertime NO –
3 concentration (which might be caused by a change

in advection from the Bering to the Chukchi Sea) could impact water column and sedimentary N

biogeochemistry, we increased initial wintertime NO –
3 concentration in successive runs by 100 mmol

m-2 (2 mmol m-3 over the 50 m water column), resulting in final concentrations ranging from 600 to

1300 mmol m-2 (12 to 26 mmol m-3; Table 3.3). Results indicate that the N cycle in the Chukchi Sea

is quite sensitive to the addition of new NO –
3 to the system, with most (79-86%) of the incremental

100 mmol m-2 NO –
3 additions being assimilated by phytoplankton by the end of the year (Table

3.3). Most of this increase is driven by higher NO –
3 assimilation during the UI period (61-66 mmol

m-2 yr-1), with a sizeable proportion also assimilated during the OW period (17-21 mmol m-2 yr-1).

Almost none of the added NO –
3 was assimilated within the MIZ.

This 79-86 mmol m-2 yr-1 increase in N assimilation by phytoplankton in response to a 100 mmol

m-2 incremental increase in wintertime NO –
3 translated to a 24-34 mmol m-2 yr-1 increase in PON

export (Table 3.3). As a result, rates of nitrification in the water column and the sediments increased

by 54-58 and 7-14 mmol m-2 yr-1, respectively, and the sedimentary denitrification rate increased

by 26-32 mmol m-2 yr-1. Finally, each 100 mmol m-2 increase in wintertime NO –
3 increased the

NO –
3 flux from the sediments to the water column by 3-4 mmol m-2 yr-1 and decreased the flux of

NH +
4 by 4-5 mmol m-2 yr-1.

Interestingly, as initial NO –
3 concentration was increased from 600 to 1300 mmol m-2, each

incremental 100 mmol m-2 increase in water column NO –
3 had a diminishing e↵ect on many N-cycle

processes such as NO –
3 assimilation, PON export to the benthos, sedimentary nitrification, and

NH +
4 flux out of the sediments (Table 3.3). Conversely, the same 100 mmol m-2 increase in water

column NO –
3 enhanced the mean water-column NO –

3 concencentration, water-column nitrification,

sedimentary denitrification, and NO –
3 flux from the sediments (Table 3.3).
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3.4 Discussion

The Chukchi Sea accounts for 0.2% of global ocean surface area but 1-3% of global fixed N loss in the

oceans (Chang and Devol , 2009) due to the coupled partial nitrification-denitrification processes that

predominate in the shallow continental shelf sediments (Brown et al., 2015a). Despite the outsize

importance of this region to global fixed N loss, field measurements of denitrification rates in the

Chukchi Sea are sparse and largely confined to areas near Hanna Shoal in the northern Chukchi Sea

(see Figure 3.2). Measured rates of sedimentary denitrification on the 50 m deep continental shelf

of the northern Chukchi Sea ranged from 0.76-1.58 mmol m-2 d-1 in the summer of 2004 (Chang and

Devol , 2009) and from 0.14-0.98 mmol m-2 d-1 in August of 2013 (McTigue et al., 2016). Our CAOS-

GO model produced mean annual denitrification rates of 0.41 to 0.78 mmol m-2 d-1 and maximum

rates of 0.82-1.50 mmol m-2 d-1 between 1988 and 2018. Rates of fixed N loss through denitrification

have also been estimated from excess N measurements taken throughout the Chukchi Sea. Assuming

non-Redfield uptake by phytoplankton, fixed N loss in the Chukchi Sea was calculated as 1.9±2.3 and

4.1±7.1 mmol m-3 in 2010 and 2011, respectively (Mills et al., 2015). CAOS-GO produced excess N

in line with these values, ranging from 2.4 to 4.6 mmol m-3 between 1988 and 2018 (3.6±0.6 mmol

m-3). Further, our results indicate that denitrification rates increased annually by 1.3 mmol m-2

yr-1 over this timeframe, indicating that the sediments of the northern Chukchi Sea may contribute

even more to global N loss than previously projected.

Much of this modeled increase in denitrification was attributable to the increase in annual NPP

(Payne et al., 2021) and PON exported to the benthos. A 3.8 mmol m-2 yr-1 increase in N assimilation

by microalgae between 1988 and 2018 corresponded to a 1.8 mmol m-2 yr-1 increase in PON export

to the benthos. This trend was also observed in sediment traps deployed in the Hanna Shoal area

by Lalande et al. (2020), who found that 2016 rates of Chl a export were substantially higher than

previous measurements made in 2004 (Lalande et al., 2007). CAOS-GO produced a mean rate of

POC export to the benthos of 29.2±4.3 g C m-2 yr-1 between 1988 and 2018, comparable to the

29.7 g C m-2 yr-1 average export reported for the Chukchi Sea (Chang and Devol , 2009). A mooring

deployed at 37 m depth (8 m above the seafloor) by Lalande et al. (2020) recorded a mean export

rate of 3 to 5 mg Chl a m-2 d-1 from surface waters during a UIB in June-July 2016, similar to our

modeled export rate for this same period of 3 to 4.8 mg Chl a m-2 d-1.

The CAOS-GO model showed that particle export to the benthos and sedimentary nitrification

and denitrification rates were all tightly coupled to the magnitude of annual NPP, which explained

93-99% of the variance in these three rates. The high correlation between NPP and sedimentary

processes is not surprising. For example, Townsend and Cammen (1988) argued that changes in the

magnitude and seasonality of pelagic NPP directly a↵ected the quantity and quality of the organic

matter that arrives at the sediment surface, thus influencing benthic productivity. In the Arctic

Ocean specifically, a study by Fu et al. (2016) used nine Earth system models to assess how climate

change would impact Arctic NPP and export over time. While these climate models projected
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a reduction in nutrient inventories resulting from an increase in stratification due to surface-ocean

warming and freshening, which opposes most recent observations of nutrient inventories in the Arctic

(Henley et al., 2020; Lewis et al., 2020; Mordy et al., 2020; Randelho↵ et al., 2018, 2019), a decline in

NPP between the 1990s and 2090s was tightly coupled to a decline in particle export to the benthos.

The correlation between PON exported to the benthos and rates of coupled partial nitrification-

denitrification in the sediments has similarly been widely observed (Baumann et al., 2013; Horak

et al., 2013; Granger et al., 2011) and assumed in models (Chang and Devol , 2009; Fennel et al.,

2009; Fennel , 2010; Laurent et al., 2016; Soetaert et al., 1996b,a) used to calculate denitrification

rates.

Sea ice algae and under-ice phytoplankton are considered to be e�cient exporters of organic

matter (Boetius et al., 2013; Fahl and Nöthig , 2007) because of their silicified cell walls (Smetacek ,

1999) and because they face less grazing pressure than algae growing during warmer times of the

year (Campbell et al., 2001; Conover and Huntley , 1991; Coyle et al., 2007; Huntley and Lopez ,

1992). Indeed, previous work with the CAOS-GO model (Payne et al., 2021) demonstrated that

zooplankton grazing was on average 3.5 times greater during the OW than the UI periods, even

though the OW period generated only half the phytoplankton biomass. The temperature dependence

of zooplankton grazing suggests that massive UIBs observed in the northern Chukchi Sea would likely

be disproportionately exported, as was hypothesized by Arrigo et al. (2014), and might subsequently

fuel increases in denitrification (Townsend and Cammen, 1988). This appears to be supported by

CAOS-GO results, which indicates that secular increases in particulate export to the benthos and

denitrification were driven by NPP generated early in the year (and thus mostly in the UI period)

and by years where NPP was dominated by large UIBs.

However, the CAOS-GO model demonstrates that export e�ciency is also closely tied to the

depth over which phytoplankton production is generated. Ice algal and UI NPP modeled here were

exported at a higher rate, but at a lower export e�ciency, than NPP generated during the MIZ

and OW periods when phytoplankton are concentrated within a subsurface Chl a maximum. This

was because ice algal and UI blooms developed higher in the water column (at an average depth of

0 m and ⇠15m), and thus descended a longer distance and over a longer time period (at 5 m d-1,

or on average over 10 and 7 days, respectively) than MIZ and OW blooms (which were generated

at a depth of 30 m on average and as a result sunk over 4 days). The longer period of sinking for

IA and UI biomass allowed much more PON to be remineralized before reaching the sediments. At

the 0.2 d-1 remineralization rate used in the CAOS-GO model, only 11% and 26% of the biomass

produced in the IA and UI blooms, as compared to 41% of the MIZ/OW biomass, reached the

sediments. Thus, the model indicates that the higher PON export and sedimentary denitrification

rates associated with UIBs is due to their higher annual NPP, rather than a greater export e�ciency.

The secular increases in annual NPP, PON export to the benthos, and denitrification in the

northern Chukchi Sea likely have large ramifications downstream. Satellite analysis of NPP in the
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Arctic Ocean (Arrigo and Van Dijken, 2015) revealed that an increase in Chukchi Sea NPP, likely

driven by changing sea ice cover, was followed by a significant decline in NPP in the Greenland Sea

the following year. Arrigo and Van Dijken (2015) hypothesized that phytoplankton in the Chukchi

Sea were able to consume a greater proportion of available NO –
3 , reducing both NO –

3 availability

and NPP in the N-limited Greenland Sea (Krisch et al., 2020). Reductions in NPP in regions

downstream of the Chukchi Sea could substantially limit food available to zooplankton, pelagic fish,

marine mammals, and seabirds (Hamilton et al., 2021; Joiris, 2011; Munk , 2003; Rysgaard et al.,

1999). Additionally, the Chukchi shelf has some of the lowest N* values (a measure of N excess

relative to phosphorus; Gruber and Sarmiento, 1997) in the global ocean (Deutsch and Weber ,

2012), driven by high sedimentary denitrification (Brown et al., 2015a; Chang and Devol , 2009;

Devol et al., 1997; Mills et al., 2015). A study by Yamamoto-Kawai et al. (2006) found that the

excess phosphate relative to N in waters downstream of the Chukchi Sea stimulated N2 fixation

in the surface waters of the North Atlantic. Although N2 fixation was previously considered only

feasible in warm, N-deplete waters (Sohm et al., 2011), recent work has found ample evidence of

both N2 fixers (Blais et al., 2012; Dı́ez et al., 2012; Fernández-Méndez et al., 2016; Moisander et al.,

2010) and N2 fixation (Baer et al., 2017; Blais et al., 2012; Mulholland et al., 2012; Sipler et al.,

2017) in the Arctic Ocean. Higher rates of denitrification in the northern Chukchi Sea would further

diminish the N* values of waters in the region, which in turn could spur an increase in N2 fixation

in both the Arctic (Tremblay and Gagnon, 2009) and the North Atlantic oceans (Yamamoto-Kawai

et al., 2006). Rates of nitrogen fixation in the Arctic may already o↵set as much as 27% of the

Arctic denitrification-driven N deficit (Sipler et al., 2017), further demonstrating the importance of

this region in regulating the global N budget.

The CAOS-GO model showed secular increases in denitrification between 1988 and 2018 with-

out any change in modeled N inventory. However, climate change has increased NO –
3 inventory in

the Chukchi Sea through both the increase in advection of NO –
3 -rich Pacific waters into the Arctic

Ocean (Mordy et al., 2020; Peralta-Ferriz and Woodgate, 2017; Woodgate, 2018) and consequences

of sea ice loss, including more frequent winter storms (Zhang et al., 2010; Yang , 2004), enhanced

upwelling near shelf breaks (Carmack and Chapman, 2003; Tremblay and Gagnon, 2009; Trem-

blay et al., 2011), and the generation of internal waves. Satellite analysis reveals that an increase

in NO –
3 concentration and phytoplankton biomass has largely driven the increase in NPP in the

Chukchi Sea since 2009 (Lewis et al., 2020). Our sensitivity analysis showed that by increasing the

modeled wintertime NO –
3 concentration, 82% of the added NO –

3 was assimilated by phytoplankton,

with most of this increase driven by assimilation during the UI period. However, NO –
3 additions

also contributed to increases in particulate export to the benthos, sedimentary nitrification, and

sedimentary denitrification; 30% of the added NO –
3 was subsequently exported to the benthos and

lost through denitrification. As a result, CAOS-GO suggests that, while an increase in NO –
3 con-

centration will contribute to higher NPP both in the Chukchi Sea and in downstream ecosystems,
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one third of added N will subsequently be lost through coupled partial nitrification-denitrification

in the northern Chukchi Sea.

The UI period can be critically important to the ecology and biogeochemistry of the northern

Chukchi Sea. Our CAOS-GO model found that UIBs on average generated nearly 50% of annual

NPP between 1988 and 2018 (Payne et al., 2021) and that the secular increase in NPP was driven

largely by increases in the spring and thus largely during the UI period. Higher NPP subsequently led

to increases in PON export to the benthos and sedimentary nitrification and denitrification. Thus,

it appears that a period historically thought to support little phytoplankton growth (Hameedi , 1978;

Perrette et al., 2011) is disproportionately important in the northern Chukchi Sea. In addition to

impacting downstream regions (Arrigo and Van Dijken, 2015; Krisch et al., 2020; Tremblay and

Gagnon, 2009; Yamamoto-Kawai et al., 2006), massive UIBs are altering northern Chukchi Sea

ecosystems. By removing fixed N from the surface waters during a part of the year with low

zooplankton growth (Sherr et al., 2008, 2009), UIBs enhance the phytoplankton-zooplankton timing

mismatch (Conover and Huntley , 1991). Our model demonstrates that years when production was

dominated by UIBs featured 25% less zooplankton grazing than years with blooms only in the MIZ

period (Payne et al., 2021) but that UI-dominant years have 15% more sedimentary nitrification

and 20% more denitrification than MIZ-dominant years, indicating an increase in benthic-pelagic

coupling. This likely negatively impacts the many fish, seabird, and marine mammal populations

that rely on pelagic production in the northern Chukchi Sea (De Robertis et al., 2017; Kuletz et al.,

2015; Logerwell et al., 2015; Moore and Kuletz , 2019). For example, fin whales, which time their

migration to arrive as zooplankton abundance increases during the OW period (Tsujii et al., 2016),

might encounter far fewer food sources in areas with large UIBs. While UIBs lead to reduced pelagic

grazing, they could also substantially enhance benthic production (Townsend and Cammen, 1988) in

a region that already supports rich benthic communities (Grebmeier et al., 1988; Grebmeier , 2006;

Grebmeier et al., 2015; Lalande et al., 2007). While our model did not include changes in benthic

macrofaunal communities, a field study by McTigue et al. (2016) indicates that high bioturbation

and bioirrigation may enhance denitrification in the northern Chukchi Sea, indicating that our model

results may even under-predict possible changes over time in sedimentary denitrification. However,

our results should not be extrapolated across the Chukchi Sea or the Arctic Ocean as a whole. A

remote sensing study estimating the frequency of MIZ and UI blooms in the Chukchi Sea by Lowry

et al. (2014) seems to indicate that the southern Chukchi Sea experiences fewer MIZ blooms than the

northern Chukchi Sea, and that UIBs are diminishing in spatial coverage over time. In contrast, a

modeling study by Horvat et al. (2017) indicates that changing sea ice conditions is gradually making

more regions of the Arctic Ocean amenable to UIB formation. Future studies (and especially field

sampling campaigns) should investigate the spatial variability of UIBs as well as their biogeochemical

and ecological ramifications.
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As Arctic sea ice has thinned and begun to retreat earlier in the year, there have been sub-

stantial changes in the timing and magnitude of regional net primary production (NPP).

Most notably, field-based, remote sensing, and model-based studies have demonstrated

that massive under-ice phytoplankton blooms (UIBs) contribute substantially to annual

NPP and can even drive increases in sedimentary nitrogen recycling and loss through

coupled partial nitrification-denitrification. In this study, we used a 1-D biogeochemi-

cal model (CAOS-GO) to compare the magnitude of NPP associated with UIBs in the

northern and southern Chukchi Sea between 1988 and 2018. While UIBs were critical in

driving interannual variation and secular increases in annual NPP and sedimentary ni-

trification and denitrification in the northern Chukchi Sea, UIBs were far less important

at our southern site. As the length of the under-ice period diminished between 1988 and

56
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2018, there was a decrease in the amount of NPP produced during the under-ice period.

Despite higher rates of both annual NPP and denitrification at the southern site, there

were no secular trends in these rates over time. Our results indicate that, as sea ice

continues to retreat earlier, the impact of UIBs on the biogeochemistry of the Chukchi

Sea is likely to diminish.

4.1 Introduction

A substantial decline in sea ice extent and thickness has been observed throughout the Arctic Ocean

(Kwok , 2018; Serreze and Stroeve, 2015). Air and sea surface temperatures (SSTs) in the Arctic are

warming disproportionately compared to the global average (Stocker et al., 2013). This is especially

true in the Chukchi Sea, which extends westward from the coast of Alaska to Russia and is warming

more rapidly than most of the Arctic Ocean (ric, 2019), contributing to a 33 day increase in the

length of the Chukchi Sea open water (OW) period between 2009 and 2018 (Lewis et al., 2020).

Model projections indicate that the OW period will increase to 6-7 months by 2040 in the southern

Chukchi Sea, representing a 100% increase from the present 3-4 months (Wang and Overland , 2015).

Additionally, the Arctic Ocean has experienced significant declines in multi-year ice, which covered

nearly 60% of the Arctic Ocean in 1988 (Serreze and Stroeve, 2015) but less than one third of the

Arctic Ocean by 2017 (Kwok , 2018). Much of the Chukchi Sea is now covered by far thinner first-year

ice; between 1958 and 2017, average sea ice thickness declined by 70%, from 2 m to 0.6 m (Kwok ,

2018).

The increasing length of the OW period and the thinner sea ice cover have had substantial e↵ects

on primary producers in the Chukchi Sea. Net primary production (NPP) increased by 96% between

1998 and 2018 thanks in part to the increase in the length of the OW period (Lewis et al., 2020).

Further, a satellite study by Ardyna et al. (2014) indicates that between 1998 and 2012 there was a

35% increase in the incidences of autumn blooms in the Chukchi Sea, although this e↵ect was patchy

across the region. In addition to changes in NPP during the OW period, the observation of massive

under-ice blooms (UIBs; Arrigo et al., 2012, 2014; Hill et al., 2018b) in the Chukchi Sea has upset the

paradigm that most Arctic Ocean NPP is generated in the marginal ice zone (MIZ; Perrette et al.,

2011). Phytoplankton biomass can exceed 1000 mg chlorophyll a (Chl a) m-2 (Arrigo et al., 2014)

during the under-ice (UI) period even under fully consolidated 1 m thick sea ice. Satellite analysis

and modeling studies indicate that Chukchi Sea UIBs are more common than MIZ-generated blooms

(Lowry et al., 2014) and could have been a feature of the Arctic Ocean since at least the late 1980s

(Clement Kinney et al., 2020; Horvat et al., 2017; Jin et al., 2016; Payne et al., 2021; Zhang et al.,

2015).

Changes in sea ice conditions and the timing and magnitude of annual NPP likely impact the

marine nitrogen (N) cycle in the Chukchi Sea and in downstream ecosystems (Arrigo et al., 2014;
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Arrigo and Van Dijken, 2015). The diatom blooms that predominate in the Chukchi Sea (Laney

and Sosik , 2014) can sink rapidly to the seafloor due to the large cell size and silicified cell walls

(Smetacek , 1999), disproportionately exporting particulate organic carbon (POC) out of the surface

ocean. But UIBs might allow even higher rates of POC export to the sediments because of the low

grazing rates (Campbell et al., 2001; Sherr and Sherr , 2009; Sherr et al., 2009) associated with the

cold water temperatures (-1.5°C) found during this period. As NPP has increased in the northern

Chukchi Sea, particulate export to the sediments has likely increased (Payne and Arrigo, 2022). On

the broad continental shelf of the Chukchi Sea, coupled partial nitrification-denitrification in the

sediments leads to high N recycling and loss (Brown et al., 2015a), causing the region to contribute

1-3% of the total N lost in the world’s oceans (Chang and Devol , 2009). An increase in the rate of

POC export can subsequently lead to increases in the loss of fixed N from the system (Payne and

Arrigo, 2022), reducing the amount of N available to primary producers downstream (Arrigo and

Van Dijken, 2015).

Here, we use the Coupled Arctic Ocean Sediment model with GOTM and OMEXDIA (CAOS-

GO; Figure C.1) to assess how changes in NPP and the N cycle may have di↵ered between the

northern and southern Chukchi Sea from 1988 to 2018. The model is composed of interconnected

physical, biogeochemical, and sedimentary chemistry models. CAOS-GO was previously imple-

mented in the northern Chukchi Sea (Payne et al., 2021; Payne and Arrigo, 2022), at a location

where UIBs were observed by Arrigo et al. (2014). This northern site was located 100 km south

of the northern edge of the Chukchi Shelf and was covered by multi-year ice in some years and

first-year ice in others (Payne et al., 2021). However, first-year ice dominates over much of the rest

of the Chukchi Sea and sea ice retreats earlier in the year in the south than it does in the north

(ric, 2019). As a result of the very di↵erent ice conditions, SSTs in the southern Chukchi Sea have

changed substantially more rapidly than to the north, increasing to as high as 11°C in the southern

Chukchi Sea in August of 2018 (Osborne et al., 2018). Here, we compare the NPP previously pro-

jected in the northern Chukchi Sea (Payne et al., 2021) to the southern Chukchi Sea and identify

the environmental variables that control NPP during the UI, MIZ, and OW periods. In addition,

we evaluate how export of particulate organic N (PON) to the benthos, nitrification in the water

column and sediments, and sedimentary denitrification may have changed between 1988 and 2018 in

the southern Chukchi Sea and how this compares to the northern Chukchi Sea (Payne and Arrigo,

2022).

4.2 Methods

4.2.1 Modeling Configuration

The coupled CAOS-GO model (Figure C.1) was implemented in the southern Chukchi Sea at 67.78°N
and 168.24°W (station 3.7 of the Distributed Biological Observatory; Moore and Grebmeier , 2018)
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and in the northern Chukchi Sea at 72.16°N and 166.60°W (Figure 4.1; Payne et al., 2021; Payne

and Arrigo, 2022) for the years 1988 to 2018. Hereafter, we refer to the northern model location as

the north and the southern model location as the south.
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Figure 4.1: Bathymetric map of the Chukchi Sea including schematic flow paths of advected water
(gray lines, after Corlett and Pickart , 2017). Points represent the southern (red) and northern
(black) model locations.

The physical component of CAOS-GO, the General Ocean Turbulence Model (GOTM, version

5.4; Burchard et al., 1999), was used to produce hourly profiles of temperature, salinity, buoyancy

frequency, and turbulent di↵usion coe�cients. The biogeochemical model, CAOS (Payne et al.,

2021), dynamically simulates the vertical behavior of N-based state variables in sea ice and over

a 50 m water column, including ice algae, small and large phytoplankton (representing flagellates

and diatoms, respectively), small and large zooplankton (representing phagotrophic protists and

large copepods, respectively), nitrate (NO –
3 ), ammonium (NH +

4 ), and detritus. Initial concentra-

tions of these N-based state variables are described in Table 4.1, while the e↵ects of advection are

simulated by relaxing all N-based state variables towards prescribed profiles. Because water in the
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Chukchi Sea advects from the south, where sea ice cover diminishes earlier, phytoplankton growth in

these advecting waters begins earlier and will have slightly higher phytoplankton and lower nutrient

concentrations than at our model location. We generated these prescribed profiles by running the

model twice. As in Payne et al. (2021), model profiles generated for Day+1 (first run) were used

as prescribed profiles for Day+0 (second run). NO –
3 profiles were further modified following DOY

300 to gradually increase back to the initial NO –
3 concentration (Table 4.1). The sediment model,

OMEXDIA (Soetaert et al., 1996a,b), calculates changes in fast- and slow-remineralizing organic

matter, oxygen (O2), NO –
3 , NH +

4 , N2, and a reduced substances state variable (which included

both POC removed as solid substances, such as through pyritization or manganese carbonate for-

mation, and dissolved organic C that di↵used through the sediments). Inputs to OMEXDIA include

bottom-water NO –
3 and NH +

4 concentrations and rates of particulate organic N (PON) export to the

benthos from CAOS and inputs of bottom-water temperature and salinity from GOTM. OMEXDIA

calculates rates of nitrification and denitrification as well as the fluxes of NO –
3 and NH +

4 between

the sediments and the water column that are used as inputs to CAOS.

Table 4.1: CAOS model state variables and initial values. All are in units of mmol N m-3. * indicates
that the initial value is also a minimum value. From Payne et al. (2021).

State Variable Description Initial Value

IA Ice algae 0.0
Sphy Small phytoplankton functional group 0.05 *
Lphy Large phytoplankton functional group 0.05 *
Szoo Small zooplankton functional group 0.01 *
Lzoo Small phytoplankton functional group 0.01 *
Detri Detritus functional group 0.0
NO –

3 Dissolved nitrate concentration 16.0
NH +

4 Dissolved ammonium concentration 0.0
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Model inputs for CAOS-GO include both satellite-derived and reanalysis data that characterize

atmospheric conditions, albedo, idealized temperature and salinity profiles, sea ice concentration

and age, and cloud-adjusted surface irradiance. For further details on model inputs, see Payne et al.

(2021). See supplemental sections C.2 and C.3 for details about model validation at the southern

model location.

4.2.2 Physical Model Configuration

As in Payne et al. (2021), our GOTM setup did not include horizontal advection, precipitation,

and sea ice melt directly. Instead, modeled salinity and temperature profiles were relaxed towards

idealized profiles (on timescales of 5 and 15 d, respectively) to compensate for these processes.

These idealized profiles were created for each year by using remote sensing products and cruise

data collected between 2010 and 2018 (Arrigo et al., 2014; Grebmeier , 2017; Pacini et al., 2019;

Peralta-Ferriz and Woodgate, 2015) as well as modeled fields (Maslowski et al., 2004). The same

idealized wintertime temperature and salinity profiles were used each year (Pacini et al., 2019).

Subsequently, to reflect interannual di↵erences in the timing of sea ice retreat, idealized temperature

profiles in the spring and summer varied based on sea ice concentration as well as satellite-derived

sea surface temperature (SST). The salinity in the mixed layer for each year’s idealized profiles was

scaled depending on the length of the sea ice melt period to reflect annual di↵erences in freshwater

input to the water column. As in Payne et al. (2021), local sea ice melt generated 50% of the salinity

changes in these idealized profiles, with the remaining 50% presumed to be generated by horizontal

advection of sea ice melt, precipitation, and runo↵. For more details, see supplemental section C.1.

4.2.3 Primary production

The annual cycle of microalgal primary production was divided into four periods: the ice algal (IA),

UI, MIZ, and OW periods. The IA period extended from the initiation of the IA bloom, when under-

ice light increased above a compensation irradiance of 2 µmol photons m-2 s-1 (McMinn et al., 1999)

until the ice melt date (when air temperatures rose above 0°C for 24 hrs - see Payne et al., 2021),

when ice algae began to slough o↵ the bottom of the sea ice. The UI period extended from the

initiation of phytoplankton growth (defined as the date when daily phytoplankton NPP exceeded

0.05 g C m-2 d-1) until the start of sea ice retreat (when satellite-derived sea ice concentration

diminished below 90%). The MIZ period extended from the start to the end of sea ice retreat (when

sea ice concentrations diminished below 10%). The OW period extended from the end of sea ice

retreat to either the date that sea ice began to advance in the autumn or when average mixed layer

light diminished below 1.5 µmol photons m-2 s-1, whichever was earliest.

NPP was further divided into new, regenerated, surface, and subsurface production. NPP fu-

eled by NO –
3 was considered new production and NPP fueled by NH +

4 was considered regenerated

production. To calculate the proportion of NPP in the surface or subsurface, large phytoplankton
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biomass for each layer (z) of the water column below 10 m was compared to the layer above (z-1).

If the lower layer (z) had >110% of the biomass in the layer above (z-1), that layer was considered

to be the upper boundary of the subsurface Chl a maximum (SCM). Total NPP above that depth

was then defined as surface NPP, while NPP at or below that depth was defined as NPP within the

SCM. If no obvious SCM existed (z was always < 110% of z-1), water column NPP was integrated

and was considered to be surface NPP.

4.2.4 Statistics

To evaluate the importance of environmental conditions (e.g. ice thickness, length of UI period)

on NPP, PON export, and nitrification and denitrification, we used multiple linear regression. We

checked for collinearity among predictor variables by using the variance inflation factor (VIF), but

found only moderate correlation (VIF was <3.5 for all variables). Backward selection was used to

identify multiple linear regressions. In backward selection, the variable with the highest p-value was

sequentially eliminated until only statistically significant (p<0.05) variables remained. Regressions

were subsequently checked using visual inspection of histograms, quantile-quantile plots, and plots of

the independent and dependent variables and the Shapiro-Wilk test. Linear regressions are reported

with the standard error, and plots with linear regressions include a confidence interval of 95%.

Relative importance of each variable in multiple linear regressions was assessed using the ’relaimpo’

statistical package in R, version 2.2-6 (Grömping , 2006).

Annual cycles of daily NPP were clustered into distinct water column bloom types using k -means

clustering based on NPP in the UI and MIZ periods. The optimal k value was determined using the

gap statistic. To quantify the relationship between water column bloom type and NPP, PON export

to the benthos, nitrification, and denitrification, ANOVA and post hoc Tukey’s honest significant

di↵erence (HSD) tests were used. Statistical analyses were all conducted in R version 4.1.0.

4.3 Results

4.3.1 Snow and ice conditions

Satellite-derived snow and ice conditions di↵ered significantly between the southern and northern

Chukchi Sea. While the north typically featured multi-year sea ice, the south exclusively hosted

thinner first-year ice with a snow cover that was only two-thirds as thick as that in the north

(Figure 4.2a-c and Table 4.3). Snow started melting four weeks earlier in the south, allowing ice

algal blooms to start one month earlier (in mid-March) and last three weeks longer than in the north

(Figure 4.2d, Figure 4.3a, and Table 4.3). Sea ice retreat also started 40 days earlier and ended 53

days earlier in the south (typically stretching from mid-May to early June between 1988 and 2018)

than in the north (where sea ice retreat lasted from the end of June to the end of July; Figure 4.2f
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Table 4.3: Average sea ice and snow conditions and biogeochemistry at the northern and southern
Chukchi Sea model locations for 1988 to 2018, with standard deviation and p-values.

Variable North South P-value

Ice age (yr) 1.5±1.1 0.45±0.05 <0.001
Ice thickness (m) 2.0±0.4 1.5±0.1 <0.001

Snow thickness (cm) 12.9±4.8 8.7±3.1 <0.001
Snow melt date (DOY) 104±30 77±19 <0.001
UI period start (DOY) 137±21 111±10 <0.001
Ice melt date (DOY) 140±11 132±15 0.026

Ice retreat start (DOY) 178±14 138±13 <0.001
Ice retreat end (DOY) 210±22 157±12 <0.001
Ice advance (DOY) 320±20 336±16 <0.001

IA period (d) 31.5±24.8 53.8±21.4 <0.001
UI period (d) 41.8±18.1 27.9±13.6 <0.001
MIZ period (d) 31.3±15.0 18.4±7.6 <0.001
OW period (d) 109.7±38.4 152.3±13.1 <0.001

Annual NPP (g C m-2 yr-1) 89.0±8.0 109.0±8.9 <0.001
IA NPP (g C m-2 yr-1) 1.7±1.5 3.0±1.3 <0.001
UI NPP (g C m-2 yr-1) 44.3±22.6 18.4±17.2 <0.001
MIZ NPP (g C m-2 yr-1) 20.1±15.6 24.3±16.0 0.3
OW NPP (g C m-2 yr-1) 22.8±8.0 63.3±11.6 <0.001

Annual Grazing (g C m-2 yr-1) 7.5±1.4 19.1±2.8 <0.001
UI Grazing (g C m-2 yr-1) 1.4±0.5 1.2±0.4 0.039
MIZ Grazing (g C m-2 yr-1) 1.1±0.6 0.5±0.2 <0.001
OW Grazing (g C m-2 yr-1) 4.9±1.9 17.2±3.0 <0.001

Export to benthos (mmol N m-2 yr-1) 301.4±44.5 401.9±53.0 <0.001
WC Nitrification (mmol N m-2 yr-1) 481.5±22.3 573.7±49.3 <0.001
S. Nitrification (mmol N m-2 yr-1) 186.4±22.2 224.5±16.3 <0.001

S. Denitrification (mmol N m-2 yr-1) 178.8±28.3 262.4±24.6 <0.001

and g, Table 4.3). This early sea ice retreat in the southern Chukchi Sea caused both shorter UI

and MIZ periods than in the north by 14 and 13 days, respectively (Figure 4.3b and c, Table 4.3).

In both the south and the north, ice retreat shifted to earlier in the year between 1988 and 2018

(Table 4.4). This resulted in a UI period in the southern Chukchi Sea that shortened by 7.0 d per

decade between 1988 and 2018. Sea ice advance began later over time in both the south and the

north (Table 4.4), advancing on average 16 days later in the south than in the north (Figure 4.2h

and Table 4.3). The south typically had a 42 day longer OW period than the north (Figure 4.3d

and Table 4.3), although this diminished over time, since the OW period lengthened more rapidly

in the north than in the south (Table 4.4).
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Figure 4.2: Ice and snow conditions between 1988 and 2018: A) mean ice age (y), B) maximum ice
thickness (m), C) maximum snow thickness (m), D) snow melt date (DOY), E) ice melt date (DOY),
F) the date when ice retreat starts (DOY), G) the date when ice retreat ends (DOY), and H) the
date when ice advances (DOY), for the southern (black) and northern (grey) model locations. Lines
are used when regressions are significant and grey shading represents the 95% confidence interval
for these regressions.
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Figure 4.3: Lengths between 1988 and 2018 of the A) IA period (d), B) UI period (d), C) MIZ
period (d), and D) OW period (d), for the southern (black) and northern (grey) model locations.
Lines are used when linear regressions are statistically significant and grey shading represents the
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Table 4.4: Secular trends for the northern (N.) and southern (S.) Chukchi Sea in snow thickness
(cm yr-1), the dates of ice condition transitions (d yr-1); the lengths of the UI and OW periods (d
yr-1); annual and UI NPP (g C m-2 yr-1 yr-1); grazing during the UI and OW periods (g C m-2 yr-1

yr-1); and N cycle processes (mmol N m-2 yr-1 yr-1). Linear regressions, R2, and p-values are listed.

Variable N. trend N. R
2

N. p-value S. trend S. R
2

S. p-value

Snow thickness -0.24 0.206 0.010 - - -
Snow melt date -1.2 0.139 0.039 - - -
UI period start -1.1 0.231 0.006 - - -
Ice retreat start -0.88 0.327 <0.001 -0.64 0.211 0.009
Ice retreat end -1.4 0.315 0.001 -0.64 0.219 0.008
Ice advance 1.1 0.244 0.005 0.99 0.367 <0.001
UI period - - - -0.71 0.221 0.008
OW period 2.5 0.345 <0.001 0.71 0.242 0.005
Annual NPP 0.34 0.148 0.033 - - -

UI NPP - - - -0.80 0.177 0.019
UI grazing - - - -0.02 0.179 0.018
OW grazing - - - 0.12 0.127 0.050

Export to benthos 1.8 0.130 0.046 - - -
WC nitrification 1.2 0.239 0.005 -2.8 0.262 0.003
S. nitrification 1.1 0.220 0.008 -0.7 0.171 0.021
S. denitrification 1.3 0.179 0.018 - - -

4.3.2 Interannual changes in annual NPP

In the south, annual NPP (ice algal + phytoplankton) averaged 109.0±8.9 g C m-2 yr-1 (Figure 4.4a)

and was 25.8% higher than in the north (Table 4.3). New production in the south averaged 87.3±8.0

g C m-2 yr-1, 28.0% higher than in the north. Di↵erent environmental controls drove interannual

variability in annual NPP in the northern and southern Chukchi Sea. While ice thickness and the

length of the UI period explained much of the variance in annual NPP in the north (Payne et al.,

2021), variation in annual NPP in the south was better explained by snow conditions, with years

with a longer ice algal period (R2=0.382, p<0.001) or thinner snow (R2=0.243, p=0.005) yielding

higher NPP.

Interannual variability in southern Chukchi Sea NPP was driven not by NPP during the UI,

MIZ, and OW periods, but rather by a reduction in autumn NPP between 1988 and 2018 (Figure

4.5a). Over this 31-year period, modeled September and October NPP diminished by 0.21 g C m-2

yr-1 (R2=0.186, p=0.015) and 0.25 g C m-2 yr-1 (R2=0.127, p=0.049), respectively. The frequency

of autumn blooms did not diminish at our model location in the satellite record between 2003 and

2018, where there were no significant changes in NPP. However, due to the low solar angle in the

autumn, ocean color data were not available following September 21 each year, making it impossible

to evaluate changes in integrated NPP in September and October from the satellite record. However,

modeled NPP in September and October was negatively correlated with both the satellite-derived
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Figure 4.4: (A) Annual NPP (upper black line) in the southern Chukchi Sea and its component
parts, ice algal (IA) NPP (red), B) annual UI NPP (green), C) annual MIZ NPP (yellow), and D)
annual OW NPP (blue) between 1988 and 2018. A blue line is used to indicate the statistically
significant decline in UI NPP.
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maximum SST (R2=0.231, p=0.006 and R2=0.209, p=0.010, respectively) and the date when the

modeled MLD dropped below 35 m (R2=0.655, p<0.001 and R2=0.153, p=0.030, respectively).

While satellite-derived SST has not changed significantly in September, SST increased by 1.8°C in

October (R2=0.294, p=0.002) and by 1.6°C in November (R2=0.275, p=0.002) between 1988 and

2018. Further, NPP in September and October were both negatively correlated with satellite-derived

SSTs during those months (R2=0.207, p=0.010 and R2=0.273, p=0.003 for September and October,

respectively). These correlations indicate that in years when summer SSTs were higher, there was

stratification until later in the year, preventing the entrainment of new nutrients in the water column

and reducing the incidences of autumn blooms.

4.3.3 NPP and zooplankton grazing in the IA, UI, MIZ, and OW periods

NPP during the sea ice algal (IA) period averaged 3.0±1.3 g C m-2 yr-1 between 1988 and 2018 in

the southern Chukchi Sea (Figure 4.4a), accounting for 2.6±1.0% of annual NPP (Table 4.5). These

annual rates for ice algae were 76.5% higher than those in the northern Chukchi Sea (Table 4.3).

90.0% of the variance (p<0.001) in annual NPP by ice algae was controlled by the length of the

snow melt period (R2=0.660, p<0.001), with a longer period of snow melt yielding higher NPP by

ice algae.

The UI period accounted for nearly half of annual NPP in the northern Chukchi Sea (Table 4.3)

but a mere 16.3±15.4% of annual NPP in the south (18.4±17.2 g C m-2 yr-1; Figure 4.4b) between

1988 and 2018. While this period had the highest proportion of new production (89.9±2.9% new

production) of any period in the southern Chukchi Sea, it accounted for only 16.3 g C m-2 yr-1 of

total new production, a rate that was lower than both the MIZ and OW periods. Furthermore, NPP

in the UI period diminished by 0.8 g C m-2 yr-1 (Figure 4.4b, Table 4.4) between 1988 and 2018.

Interannual variance in NPP during the UI period (R2=0.860, p<0.001) was controlled primarily

by the length of the UI period (R2=0.798, p<0.001; Figure 4.6a), but also by the length of the ice

algal period (R2=0.062, p=0.002), with a longer UI period and shorter snow melt period yielding

more NPP during the UI period.

NPP in the MIZ period was not significantly di↵erent between the north and south (Table 4.3).

In the south, NPP during the MIZ period reached an average of 24.3±16.0 g C m-2 yr-1 (Figure 4.4c)

and accounted for 21.6±13.5% of annual NPP (Table 4.5). On average, 77.7% of the annual NPP

during the MIZ period was new production, contributing 19.9±13.4 g C m-2 yr-1 in the southern

Chukchi Sea. In the north, NPP transitioned from surface waters to the subsurface chlorophyll

maximum (SCM; Payne et al., 2021) during the MIZ period. In contrast, in the south, 87.3% of the

NPP during the MIZ period was generated in surface waters. Multiple linear regression revealed

that 77.0% of the variance (p<0.001) in NPP during the MIZ period in the southern Chukchi Sea

was controlled by the length of the UI period (R2=0.390, p<0.001), the length of the MIZ period

(R2=0.224, p<0.001; Figure 4.6a), and the length of the ice algal period (R2=0.156, p<0.001).
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Figure 4.5: A) Daily water-column NPP for 1988 to 2018 in the southern Chukchi Sea, and example
annual cycles of daily NPP (g C m-2 d-1) for B) a year with a UIB (2008), and C) a year without a
UIB (2006). Red shading represents production by ice algae while green, yellow, and blue shading
represent production during UI, MIZ, and OW periods, respectively.
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Table 4.5: Bloom type, % IA, % UI, % MIZ, % OW, and annual NPP (g C m-2 yr-1) for each year in
the southern Chukchi Sea. Annual cycles of NPP were separated into two clusters (Bloom Types):
years with UIBs (UIB) and years without UIBs (N). Means and standard deviation of annual NPP
(g C m-2 yr-1) and NPP within the UI, MIZ, and open water (OW) periods (%) for both of the
clusters are listed at the bottom of the table.

Year Bloom Type % IA % UI % MIZ % OW Annual

1988 UIB 3.1 36.3 7.8 52.8 121.1
1989 N 1.9 7.1 24.7 50.1 101.1
1990 UIB 2.4 34.2 11.1 38.9 104.4
1991 N 4.0 18.1 19.4 49.5 109.8
1992 UIB 2.4 28.7 12.9 58.4 124.2
1993 N 2.3 5.0 17.4 68.0 112.0
1994 UIB 3.2 43.9 5.8 50.2 124.8
1995 UIB 0.5 31.9 2.2 45.3 96.7
1996 N 3.3 10.5 16.1 64.2 113.7
1997 N 3.4 4.3 42.2 48.0 118.6
1998 UIB 3.8 44.6 3.3 31.2 99.6
1999 N 2.7 9.9 14.7 65.5 112.2
2000 N 3.9 16.5 13.2 62.7 116.4
2001 N 3.6 9.8 44.2 50.5 131.4
2002 N 0.2 3.0 12.3 66.4 99.1
2003 N 3.5 2.2 33.4 54.3 112.8
2004 UIB 2.6 28.0 7.8 50.4 107.2
2005 N 2.7 4.2 30.9 46.2 101.1
2006 N 0.6 2.6 25.5 52.3 97.8
2007 N 2.8 1.4 25.3 51.8 97.8
2008 UIB 2.6 43.5 5.6 37.5 107.7
2009 N 0.1 7.2 16.7 58.6 100.1
2010 UIB 4.3 18.6 12.1 52.2 104.9
2011 N 2.6 0.9 17.8 62.5 101.0
2012 N 3.0 6.0 21.0 64.4 114.1
2013 N 3.7 9.9 34.8 39.7 106.1
2014 N 3.0 4.8 33.1 47.6 106.7
2015 N 3.2 11.4 8.1 65.5 106.3
2016 UIB 3.8 23.2 10.5 50.5 105.9
2017 N 2.1 0.4 38.0 47.4 106.3
2018 N 2.9 2.0 53.8 38.8 117.9
Mean UIB 2.9±1.1 36.9±10.3 8.7±4.0 51.5±7.7 109.6±10.1
Mean N 2.6±1.1 7.2±5.3 28.6±12.3 61.6±11.2 108.7±8.5
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Figure 4.6: Scatterplots for the southern Chukchi Sea of A) the length of the period (d) versus
seasonal NPP (g C m-2 yr-1) and B) seasonal NPP versus seasonal grazing (g C m-2 yr-1) for the
UI (green), MIZ (yellow), and OW (blue) periods. Lines (in the season color) are used when linear
regressions are significant (p<0.05) and grey shading represents the 95% confidence interval for these
regressions.
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Shorter UI periods and longer MIZ periods yielded more NPP during the MIZ period, while a

shorter ice algal period was correlated with a longer and more productive UI period and thus was

associated with reduced NPP during the MIZ period.

Between 1988 and 2018, NPP in the southern Chukchi Sea during the OW period averaged

63.3±11.6 g C m-2 yr-1 (Figure 4.4d), nearly three times higher than NPP in the OW period in

the north (Table 4.3). The OW period accounted for most (56.9±11.1%) of the annual NPP in the

southern Chukchi Sea (Table 4.5), and 71.2% of all NPP during the OW period was new production

(45.5±9.0 g C m-2 yr-1). Most of the NPP during this period (81.2±16.2%) was associated with the

SCM. Variation in the length of the OW period was not significantly correlated to the magnitude of

NPP during OW period (p<0.001; Figure 4.6a). 31.0% of the variance (p=0.006) in NPP during the

OW period was controlled by snow thickness (R2=0.167, p=0.014) and the length of the MIZ period

(R2=0.143, p=0.022). Due to the very long OW period (152.3±13.1 d), NPP was not correlated with

the length of the OW period in the southern Chukchi (Figure 4.6a) and was instead greatest when

thick snow prevented NPP during the UI period and a short MIZ period prevented NPP during the

MIZ period.

Zooplankton grazed phytoplankton at an average rate of 19.1±2.8 g C m-2 yr-1 between 1988

and 2018 (17.2±2.9% of annual NPP), 1.5 times greater than in the north (Table 4.3). During the

UI period, grazing by zooplankton in the southern Chukchi Sea averaged 1.2±0.4 g C m-2 yr-1,

consuming 15.8±16.7% of NPP in the UI period. Zooplankton grazing during the MIZ period in

the south averaged 0.5±0.2 g C m-2 yr-1 (0.4±0.2% of NPP in the MIZ period) or less than half

of the grazing during the MIZ period in the north. Southern Chukchi Sea zooplankton consumed

17.2±3.0 g C m-2 yr-1 during the OW period (or 27.7±5.6% of OW period NPP), 2.5 times more

biomass than was typically consumed in the north (Table 4.3). While southern Chukchi Sea grazing

diminished by 0.02 g C m-2 yr-1 yr-1 during the UI period (R2=0.179, p=0.018), grazing increased

by 0.12 g C m-2 yr-1 in the OW period (R2=0.127, p=0.050). NPP during the UI, MIZ, and OW

periods was significantly correlated with grazing during that period (Figure 4.6b).

4.3.4 PON export to the benthos

The amount of PON exported to the benthos averaged 401.9±53.0 mmol N m-2 yr-1 in the southern

Chukchi Sea, a rate 33.3% higher than that to the north (Table 4.3). 33.0±1.7% of the annual

N assimilated by microalgae (and 42.7±3.1% of the total annual NO –
3 assimilation by microalgae)

was exported to the benthos. Daily PON export peaked on average at 5.2±1.5 mmol N m-2 d-1

(Figure 4.7a). As in Payne and Arrigo (2022), PON export to the sediments was highly correlated

with annual N assimilation by microalgae, which in the south explained 97.4% of the variance in

PON export (p<0.001). In addition, interannual variance in PON export could be explained by

snow thickness (R2=0.242, p=0.005) and the length of the snow melt period (R2=0.239, p=0.005),

the primary drivers of variance in annual NPP. Between 1988 and 2018, PON export increased
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marginally in August but diminished in September and October (Table 4.6, Figure 4.7a) due to the

reduction in N assimilated by microalgae during the autumn.
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Figure 4.7: Rates of A) PON export to the benthos (mmol N m-2 d-1), B) water column nitrification
(WC Nitr., mmol N m-2 d-1), C) sedimentary nitrification (S. Nitr., mmol N m-2 d-1), and D)
sedimentary denitrification (S. Denit., mmol N m-2 d-1) for each day of the year (DOY) between
1988 and 2018 (colorbar) in the southern Chukchi Sea.

4.3.5 Nitrification and Denitrification

Between 1988 and 2018, daily depth-integrated water column nitrification rates in the south ranged

from 0.01±0.004 to 8.9±1.3 mmol N m-2 d-1 (Figure 4.7b), peaking in early June (on DOY 155.4±12.5).

Annual nitrification rates averaged 573.7±49.3 mmol N m-2 yr-1 in the southern Chukchi Sea, equiv-

alent to 46.1±3.3% of annual N assimilation by microalgae. These annual water column nitrification

rates diminished by 2.8 mmol N m-2 yr-1 (R2=0.262, p=0.003) between 1988 and 2018 but were

still 19.1% higher than rates to the north (Table 4.3). 72.2% of the variance (p<0.001) in annual

water column nitrification was controlled by the length of the OW (R2=0.468, p<0.001) and UI

periods (R2=0.254, p=0.025). Furthermore, changes in annual N assimilation by microalgae ex-

plained 40.0% of the interannual variance in water column nitrification (p<0.001). Variation in N

assimilation during the UI period accounted for 30.5% of the variance in water column nitrification

(p=0.001), more than N assimilation in the IA (R2=0.167, p=0.023), MIZ (R2=0.135, p=0.042), or
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Table 4.6: Linear regressions for changes between 1988 and 2018 in the southern Chukchi Sea in
monthly benthic PON export (mmol N m-2 per month), water column nitrification (mmol N m-2 per
month), sedimentary nitrification (mmol N m-2 per month), and sedimentary denitrification (mmol
N m-2 per month). R2, p-value, and slope is listed for each statistically significant (p<0.05) month.

Process Month R
2

P-value Slope

Benthic export August 0.158 0.027 1.11E-2
Benthic export September 0.223 0.007 -2.79E-2
Benthic export October 0.210 0.009 -4.52E-2

Water column nitrification January 0.137 0.040 -2.68E-4
Water column nitrification February 0.227 0.007 -2.28E-4
Water column nitrification September 0.214 0.009 -2.44E-2
Water column nitrification October 0.213 0.009 -3.52E-2
Sedimentary nitrification January 0.144 0.035 -2.95E-3
Sedimentary nitrification February 0.143 0.036 -2.61E-3
Sedimentary nitrification March 0.145 0.035 -2.35E-3
Sedimentary nitrification April 0.159 0.026 -2.22E-3
Sedimentary nitrification September 0.188 0.015 -1.44E-3
Sedimentary nitrification October 0.265 0.003 -7.49E-3
Sedimentary nitrification November 0.156 0.038 -6.98E-3
Sedimentary nitrification December 0.160 0.026 -3.96E-3

Sedimentary denitrification January 0.139 0.039 -2.62E-3
Sedimentary denitrification February 0.147 0.033 -2.29E-3
Sedimentary denitrification March 0.151 0.031 -2.05E-3
Sedimentary denitrification April 0.164 0.024 -1.95E-3
Sedimentary denitrification August 0.141 0.038 2.31E-3
Sedimentary denitrification October 0.260 0.003 -1.35E-2
Sedimentary denitrification November 0.144 0.035 -1.04E-2
Sedimentary denitrification December 0.137 0.040 -3.97E-3
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OW (no statistically significant relationship) periods. Decreases in annual water column nitrifica-

tion in the southern Chukchi Sea between 1988 and 2018 were driven by decreases during January,

February, September, and October (Figure 4.7b, Table 4.6) due to lowered incidences of autumn

blooms.

Daily sedimentary nitrification rates in the southern Chukchi Sea ranged from 0.29±0.05 to

1.0±0.04 mmol m-2 d-1 (Figure 4.7c) between 1988 and 2018. Annual rates were substantially lower

than rates in the water column, averaging 224.5±16.3 mmol N m-2 yr-1 and were 20.4% higher than

corresponding rates in the north (Table 4.3). Nitrification in the sediments accounted for an average

of 18.5±1.2% of annual N assimilated by microalgae in the southern Chukchi Sea and 56.4±5.3% of

the exported PON. Rates of sedimentary nitrification diminished by 0.7 mmol N m-2 yr-1 each year

between 1988 and 2018 (R2=0.171, p=0.021). The variability in annual sedimentary nitrification

was controlled primarily by the amount of N assimilated by microalgae (R2=0.481, p<0.001) and

subsequently exported to the benthos (R2=0.503, p<0.001). Sedimentary nitrification variance could

be explained by snow thickness (R2=0.242, p=0.005), the primary driver of variance in both annual

N assimilation by microalgae and PON export to the benthos. Decreases in annual sedimentary

nitrification between 1988 and 2018 were driven by decreases in January-April and September-

December (Figure 4.7c, Table 4.6) caused by the reduction in PON exported to the benthos in the

autumn.

Because of relatively high concentrations of O2 in the water column, our model configuration

assumes no denitrification occurs in the water column. However, modeled sedimentary denitrification

rates could be substantial, ranging from 0.26±0.04 to 1.5±0.2 mmol N m-2 d-1 (Figure 4.7d). Annual

denitrification rates were 46.8% higher than those to the north (Table 4.3), averaging 262.4±24.6

mmol N m-2 yr-1 between 1988 and 2018, and did not change significantly over time. Sedimentary

denitrification in the southern Chukchi Sea removed 21.6±1.2% of the annual N assimilated by

microalgae, 65.7±4.6% of the PON exported to the sediments, and 116.8±4.3% of the NO –
3 produced

through sedimentary nitrification. Denitrification was closely correlated with N assimilation by

microalgae (R2=0.668, p<0.001) and PON export to the benthos (R2=0.743, p<0.001), and thus

shared the same environmental drivers of interannual variability (snow thickness, with R2=0.239 and

p=0.005, and the length of the snow melt period, with R2=0.140 and p=0.038). Annual sedimentary

denitrification showed no trend over time, but sedimentary denitrification diminished in January-

April and October-December and increased in August (Figure 4.7d, Table 4.6), driven by changes

in PON export and sedimentary nitrification due to a reduction in autumn bloom incidence.

In addition to an increase in sedimentary nitrification and denitrification in the southern Chukchi

Sea relative to the north, there was a di↵erence in the balance between the processes. In the north,

62% and 59% of the PON exported to the benthos was subsequently nitrified and denitrified, respec-

tively. As a result, there was slightly more nitrification than denitrification in the sediments (7.6
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mmol m-2 yr-1 more; Table 4.3). However, in the south, only 56% of the PON exported to the ben-

thos was nitrified, but the relative amount of exported PON that was denitrified increased to 65%.

This shifted the balance between sedimentary nitrification and denitrification to favor denitrification,

which on average removed 37.9 mmol N m-2 yr-1 more than was converted to NO –
3 through sedimen-

tary nitrification (Table 4.3). As a result, denitrification in the southern Chukchi Sea relied on more

NO –
3 that had di↵used across the sediment-water interface as substrate. The balance between nitrifi-

cation and denitrification was controlled (R2=0.969, p<0.001) by the location (R2=0.515, p<0.001)

and the amount of PON exported to the benthos (R2 = 0.454, p<0.001; Figure 4.8a). The di↵er-

ences between the north and south arise because of di↵erences in phenology, with the amount of N

assimilation during the OW period controlling more of the variance in the nitrification-denitrification

balance (R2=0.760, p<0.001; Figure 4.8b) than any other metrics of phenology (lengths of the pe-

riod of production and N assimilation during each period). The rate of PON export to the benthos

controlled the balance of nitrification and denitrification because it drove higher oxygen utilization

in the surface layers sediments. In the south, the higher rates of PON export to the benthos corre-

sponded to a far thinner oxic layer, allowing denitrification higher in the sediments (mean depth of

5 mm between June and November) than to the north (mean depth of 9 mm).

4.3.6 Water column bloom types

In order to characterize patterns of bloom evolution in the southern Chukchi Sea, we performed

clustering analysis that categorized years based on NPP during the UI and MIZ periods. In the

north, this resulted in three di↵erent types of annual cycles: 17 years dominated by NPP in the

UI period (where NPP in the UI period accounted for a mean of 65.0±7.6% of annual NPP), 4

MIZ-dominant years (where NPP in the MIZ period averaged 64.5±2.7% of annual NPP), and

10 mixed-dominance years (where NPP during the UI and MIZ periods averaged 39.5±9.7% and

30.1±7.8% of annual NPP, respectively; Payne et al., 2021). In the south, only two distinct annual

cycles were produced through our analysis (Table 4.5). Because OW blooms dominated annual NPP

every year, the major distinguishing feature between years was whether a UIB was present (10 of

31 years; Figures 4.5b and C.4a, c, and e) or absent (21 of 31 years; Figures 4.5c and C.4b, d, and

f). The years with UIBs had nearly five times more NPP in the UI period but less NPP in the

MIZ (30.7% of non-UIB years) and OW periods (85.0% of non-UIB years; Table 4.7). Years that

were categorized as having UIBs also had lower peak rates of NPP, less annual zooplankton grazing,

and 7.2% higher annual water-column nitrification rates than years without UIBs. There were

no significant di↵erences in annual NPP, ice algal NPP, PON export to the benthos, sedimentary

nitrification, or sedimentary denitrification between the two bloom patterns.

Environmental conditions determined whether a UIB was generated each year. While ice thick-

ness did not significantly vary between the two bloom types, years with UIBs had thinner snow cover

than years without UIBs (Table 4.7). Years characterized by moderate UIBs also had UI periods



CHAPTER 4. NORTH-SOUTH CHUKCHI SEA DIFFERENCES IN UNDER-ICE NPP 78

−60

−40

−20

0

20

300 400 500
Export (mmol N m−2 d−1)

Ni
tr.

 −
 D

en
it.

 (m
m

ol
 N

 m
−2

 y
r−

1 )

−60

−40

−20

0

20

0 250 500 750
OW Assimilation (mmol N m−2 yr−1)

Ni
tr.

 −
 D

en
it.

 (m
m

ol
 N

 m
−2

 y
r−

1 )

A.

B.

Figure 4.8: Scatterplots comparing the balance between nitrification and denitrification (mmol N
m-2 yr-1) to A) PON export (mmol m-2 yr-1) and B) OW assimilation (mmol N m-2 yr-1) for the
northern (grey) and southern (black) Chukchi Sea.
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Table 4.7: Di↵erences in environmental drivers and consequences of water column bloom pattern in
the southern Chukchi Sea. Averages (and standard deviations) are listed for years with and without
UIBs, as well as p-values.

Variable UIB years Non-UIB years P-value

Snow thickness (cm) 6.9±2.6 9.6±3.0 0.023
UI period (d) 42.0±6.2 21.1±10.7 <0.001

UI NPP (g C m-2 yr-1) 44.3±22.6 7.8±6.0 <0.001
MIZ NPP (g C m-2 yr-1) 9.6±4.5 31.3±14.6 <0.001
OW NPP (g C m-2 yr-1) 56.6±10.2 66.6±11.0 0.023

Peak Daily NPP (g C m-2 d-1) 3.9±0.6 6.0±2.7 0.021
Annual Grazing (g C m-2 yr-1) 16.9±3.1 20.2±2.0 <0.001

WC Nitrification (mmol N m-2 yr-1) 601.2±47.2 560.6±45.7 0.029

that ran nearly twice as long as years without UIBs, although the lengths of other periods (IA, MIZ,

and OW periods) were not significantly di↵erent.

4.4 Discussion

4.4.1 Ice conditions and primary production

The southern Chukchi Sea, long observed to be dominated by thin first-year ice, is currently expe-

riencing a five month-long ice-free period, an event that is not expected in the northern Chukchi

Sea until 2040 (Wang and Overland , 2015). At present, sea ice retreats in the southern Chukchi

Sea more than one month earlier and advances two weeks later than in the northern Chukchi Sea

(Serreze et al., 2016). While the resulting north-south gradient in sea ice concentration is certainly

in part a function of latitudinal di↵erences in solar forcing and air temperature, it is also driven by

the increasing amount of heat transported through the Bering Strait (Shimada et al., 2006; Serreze

et al., 2016; Woodgate et al., 2012; Woodgate, 2018). Across the Chukchi Sea, 67% of the variance in

the timing of both ice retreat and advance between 1979 and 2014 was explained by the amount of

heat advected through the Bering Strait (Serreze et al., 2016). These heat fluxes through the Bering

Strait have increased substantially since the 1990s, driven by a 0.01 Sv yr-1 increase in the transport

of Pacific waters into the Arctic Ocean (Woodgate et al., 2012; Woodgate, 2018). These di↵erences in

the timing of sea ice advance and retreat between the northern and southern Chukchi are projected

by CMIP models to extend through at least 2090, with the north remaining ice-covered two months

longer than our model location in the south (Wang and Overland , 2015).

The di↵erences in the timing of sea ice loss between the north and the south result in distinctly

di↵erent growing conditions for sea ice microalgae and phytoplankton in the Chukchi Sea. The

earliest source of NPP each year is sea ice microalgae (Arrigo et al., 2017; Fortier et al., 2002). As

light increases in the late winter and early spring, microalgae suspended in the bottom 5-10 cm of
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the sea ice are primed to take advantage of the high water-column NO –
3 concentrations (Arrigo,

2017; Bradstreet and Cross , 1982; Fortier et al., 2002; Gradinger , 1996). Ice algal blooms can be

generated more than one month earlier than water column blooms (Payne et al., 2021) and provide a

critical early burst of NPP to a pelagic ecosystem lacking in food sources (Arrigo et al., 2017; Assmy

et al., 2013; Bradstreet and Cross, 1982; Fortier et al., 2002; Gradinger , 2009; Søreide et al., 2010).

Ice algal NPP in our study averaged 3.0 g C m-2 yr-1 in the southern Chukchi Sea, in line with rates

observed on other shallow Arctic continental shelves (Arrigo, 2017; Dupont , 2012; Gosselin et al.,

1997; Gradinger , 2009; Jin et al., 2012). Further, this rate was significantly higher than in the north,

driven by a three-week longer growing season.

As melt ponds form on the surface of sea ice in the Chukchi Sea, UI phytoplankton blooms

can form a second pulse of NPP. Although the sea ice-covered period has historically been consid-

ered to be too light-limited to allow for significant phytoplankton growth (Hameedi , 1978; Perrette

et al., 2011), observations of massive under-ice phytoplankton blooms in the Chukchi Sea (Arrigo

et al., 2012, 2014; Hill et al., 2018a; Lowry et al., 2014) demonstrated that this period can con-

tribute substantially to annual NPP. It has been estimated that, due to their inability to observe

UIBs, satellite-derived NPP is underestimated by more than an order of magnitude in the northern

Chukchi Sea (Arrigo and Van Dijken, 2011; Arrigo et al., 2014). In situ observations of UIBs have

demonstrated that this period can account for more than half of total NPP (Arrigo et al., 2014;

Lowry et al., 2014; Mayot et al., 2018; Mundy et al., 2009; Oziel et al., 2019), and modeling work by

Payne et al. (2021) showed that in the north, the UI period accounted for nearly half of annual NPP

and drove most of the interannual variability. However, the massive UIBs that can be supported in

the northern Chukchi Sea appear in other modeling studies to not be reproduced uniformly across

the Chukchi Sea. Zhang et al. (2015) found that while 46% of the Chukchi Sea supported UIBs

between 1988 and 2013, massive UIBs covered only 8% of the area over the same period, and that

these blooms were largely concentrated in the northern Chukchi Sea near the shelf break. Results

from our southern location support this broader trend modeled across the Chukchi Sea - the earlier

start of sea ice retreat and shorter UI period caused the UI period to only contribute 16% towards

annual NPP. As a result, NPP during the MIZ and OW periods was much higher and annual NPP

estimated by CAOS-GO was much more in line with satellite-derived (MODIS) estimates than in

the north (with mean satellite-derived and modeled 2003-2018 NPP of 110.1±35.1 and 105.9±5.6 g

C m-2 yr-1, respectively; Figure C.3, Lewis et al., 2020; Lewis and Arrigo, 2020).

Furthermore, we found that the contributions of the UI period to annual NPP was reduced by

more than 20 g C m-2 between 1988 and 2018 in the southern Chukchi Sea, dropping in the last

five years of our record to an average of 34% the annual NPP estimated in the first five years.

A satellite-based analysis of the prevalence of UIBs and MIZ blooms throughout the Chukchi Sea

similarly revealed that the area that likely supported UIBs shrunk between 1998 and 2012 (Lowry

et al., 2014), indicating that the shelf region as a whole may be seeing a reduction in the prevalence
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of UIBs over time. As the Chukchi Sea is predicted to experience a continued decrease in sea

ice coverage (Wang and Overland , 2015) and loss of multi-year ice (Serreze and Stroeve, 2015;

Serreze et al., 2016), the decreasing trend modeled here indicates that the UIBs that contribute so

substantially to annual NPP in the northern Chukchi Sea (Arrigo et al., 2012, 2014) may diminish

in importance in the future. Model intercomparison work by Jin et al. (2016) indicates this may be

an Arctic-wide trend. While all three models in their study found that an increase in open-water

area is driving an Arctic-wide increase in NPP, the importance of UIBs di↵ered spatially, with NPP

during the UI period increasing in some regions due to the increase in light transmission into the

ocean but diminishing in regions with high rates of sea ice loss.

The MIZ period has long been considered to be responsible for the highest rates of NPP and the

largest contributor to annual NPP in Arctic waters (Niebauer , 1991; Perrette et al., 2011; Sakshaug ,

2004). However, our results suggest that this was not the case in the northern Chukchi Sea, where

the MIZ contributed less to annual NPP than both the UI and OW periods because of both nutrient

depletion in surface waters during the UI period and the short length of the MIZ period (Payne et al.,

2021). While the southern Chukchi Sea had an MIZ period that was, on average, 40% shorter than

in the north, NPP during the MIZ period was not significantly di↵erent between the two regions.

Instead, low NO –
3 utilization during the UI period in the south allowed for substantially higher rates

of NPP in surface waters during the MIZ period. While there are no known in situ measurements of

NPP during the MIZ period near the southern model location, observations at the beginning of the

OW period during ICESCAPE 2011 indicate that phytoplankton biomass and NPP were highest in

the top 20 m of the water column (Arrigo et al., 2014). Similarly, several remote sensing studies

(Lowry et al., 2014; Perrette et al., 2011) have observed MIZ blooms at our southern model location,

indicating that NPP increased in the mixed layer following sea ice retreat. These observations,

paired with our model results, indicate that the loss of sea ice in the early spring allows the MIZ

period to contribute a disproportionate 22% towards annual NPP relative to its short duration (18

days) in the southern Chukchi Sea.

Because NPP during the UI and MIZ periods consumes most of the nutrients in the surface

waters of the Chukchi Sea, NPP during the OW period is dominated by phytoplankton growing at

the SCM (Arrigo et al., 2014; Brown et al., 2015a; Hill and Cota, 2005; Martin et al., 2010). As the

OW period throughout the Chukchi Sea has increased (by 37 days between 1998 and 2018), satellite-

derived estimates of NPP in the Chukchi Sea have nearly doubled (Lewis et al., 2020). While NPP

during the OW period contributed minimally to total NPP (26%) in the northern Chukchi Sea, it

generated more than half of the annual NPP in the south. The far larger OW blooms in the southern

Chukchi Sea are expected to support much larger zooplankton populations than in the north. In

both locations, zooplankton grazed more during the warmer waters of the OW period when growth

was less constrained by cold temperatures (Campbell et al., 2001; Huntley and Lopez , 1992; Payne

et al., 2021). However, the far higher rates of annual grazing in the south and the increase in grazing
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over time indicate that the longer OW period and higher SSTs in the south (ric, 2019) might allow

for richer pelagic ecosystems than in the northern location.

Although our model did not produce a change in NPP during the OW period at either location

between 1988 and 2018, there was a 14.3 g C m-2 yr-1 decrease in NPP during September and

October in the southern Chukchi Sea. Remote sensing studies of the Arctic Ocean (Ardyna et al.,

2014) and of the Chukchi and Bering Seas (Waga and Hirawake, 2020) indicate that autumn blooms

have increased in many sectors of the Arctic Ocean, including in the southern Chukchi Sea, between

1998 and 2017. However, these studies also demonstrate the patchy nature of autumn blooms, and

both studies find a low incidence of autumn blooms at our model location. Our model results suggest

that the lack of autumn blooms in some parts of the southern Chukchi Sea may be attributable to

a greater degree of stratification than at similar latitudes in the Arctic. We found that, as SSTs

increased over time at our southern location (Osborne et al., 2018), rising to 11°C by 2018, the water

column remained stratified until later in the year. This finding is supported by satellite observations

- at our model location in the southern Chukchi Sea, SSTs have increased by an average of 1.7 °C
in both October and November. Our model results indicate that this increased stratification could

prevent the entrainment of deep NO –
3 into the upper water column in the autumn (see the depth

vs. time plots for a year with and without an autumn bloom in Figure C.4a-d) and prevent the

formation of autumn phytoplankton blooms. Due to the patchy nature of fall blooms, these model

results may not be representative of the entire Chukchi shelf. However, they highlight that increasing

SSTs may prevent mixing in the fall and may lead to a reduction in incidences of autumn blooms

as the Arctic warms further in the future.

4.4.2 Particulate export and fixed N loss

Because of the shallow continental shelf and high rates of NP of the Chukchi Sea, particle export

to the benthos can be substantial. In the northern Chukchi Sea, CAOS-GO produced an average

POC export rate of 29.2±4.3 g C m-2 yr-1 between 1988 and 2018, similar to the Chukchi Sea-

wide estimate of 29.7 g C m-2 yr-1(Chang and Devol , 2009). Similarly, Chl a export rates derived

from moorings deployed above the seafloor by Lalande et al. (2020); Nishino et al. (2016) compare

favorably with modeled Chl a export rates to the benthos. For instance, in the northern Chukchi

Sea, a mooring deployed at 37 m depth (8 m above the seafloor) observed a mean export rate of 3

to 5 mg Chl a m-2 d-1 during a UIB in June-July 2016, while CAOS-GO produced an export rate

of 3 to 4.8 mg Chl a m-2 d-1 during this same period. In the southern Chukchi Sea, a mooring

deployed by Nishino et al. (2016) between 2012 and 2014 captured a sudden increase in exported

Chl a during the UI period in mid-May of 2013, peaking in mid-June, remaining high (1-15 mg

Chl a m-3) until mid-July, and finally dropping below 1 mg Chl a m-3 in mid-October. Similarly,

CAOS-GO found that, at a depth of 45 m, Chl a began to rapidly increase on 15 May and peaked

on 9 June 2013. Following a bloom of 3 weeks, Chl a remained elevated until the beginning of July,
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when it diminished to around 1 mg Chl a until late September, when Chl a concentrations started

to drop. While the phenology of exported Chl a between the mooring and our model are in good

agreement, the magnitude of the bloom observed by the fluorometer on the Nishino et al. (2016)

mooring near the end of its 10 month long deployment was substantially larger, reaching as high as

30 mg Chl a m-3.

The amount of NPP produced during the four distinct microalgal bloom periods has important

consequences on the regional N cycle of the Chukchi Sea. High rates of NPP provide more biomass

for export to the benthos, which on the Chukchi shelf is associated with a loss of fixed N through

coupled partial nitrification-denitrification (Brown et al., 2015a). The Chukchi Sea accounts for

a disproportionately large amount of global N loss in the oceans as a result of its high export

production and shallow continental shelf (Chang and Devol , 2009). While observational studies

have yet to compare denitrification rates near our model locations, limited in situ observations

indicate that sedimentary oxygen utilization in the south is twice as high as in north (Granger et al.,

2018; Grebmeier , 2012; Reeve et al., 2019), which is evidence of enhanced supply of C and N to

the benthos and higher denitrification in the south. Consistent with these observations, we found

that the south featured higher rates of PON export to the benthos than the north, contributing to

a nearly 50% higher loss of fixed N through denitrification in the south. Further, we found that

denitrification outweighed nitrification in the sediments of the southern Chukchi Sea. Our model

found that the balance between nitrification and denitrification was controlled by the phenology of

NPP and the rate of PON export to the benthos, with years with more NPP later in the year and

higher total PON export seeing more denitrification than nitrification. While no studies that we

are aware of have captured the annually-integrated balance between sedimentary nitrification and

denitrification, this finding highlights that, because denitrification can use NO –
3 di↵used across the

sediment-water boundary, denitrification rates can exceed the supply of NO –
3 produced locally in

the sediments through nitrification.

More importantly, our results demonstrate that the drivers of interannual variation in the N

cycle di↵er substantially between the northern and the southern Chukchi Sea. In the north, the UI

period dominated annual production in most years (17 of 31), with an average of 65% of annual

NPP generated during the UI period in those years. UI-dominated years had 16% higher annual

NPP, 28% more PON export to the benthos, 20% more sedimentary nitrification, and 30% more

denitrification than in years with more MIZ production (Payne et al., 2021; Payne and Arrigo,

2022). However, in the south, only 10 years featured moderate UIBs, and even in those years, the

OW period contributed more to annual NPP. Instead, NPP during the far-longer OW period (⇠5

months) drove the much higher rates of annual NPP, PON export to the benthos, and sedimentary

nitrification and denitrification observed in the south. Moreover, while annual NPP, PON export

to the benthos, and sedimentary nitrification and denitrification all decreased over time in the

northern Chukchi Sea, there were no secular changes between 1988 and 2018 in the south. Instead,
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interannual variation in PON export to the benthos and sedimentary nitrification and denitrification

were driven by a decline in NPP in the autumn (September and October) as a result of enhanced

autumn stratification between 1988 and 2018.

4.4.3 The Future Chukchi Sea

Both the trends in sea ice cover observed over the past 40 years (Kwok , 2018; Lewis et al., 2020;

Serreze and Stroeve, 2015; Serreze et al., 2016) and modeling studies (Wang and Overland , 2015)

indicate that the Arctic Ocean is shifting to a state more like the southern Chukchi Sea of today,

with thin, first-year ice that melts early, allowing a long OW period each summer. Pan-Arctic

modeling studies indicate that thus far, a longer OW period has corresponded to an increase in NPP

(Clement Kinney et al., 2020; Jin et al., 2016; Zhang et al., 2015). As the Chukchi Sea experiences

a longer OW period, our results indicate that annual NPP in the north could increase by over

25%, which could result in ⇠50% more sedimentary denitrification. Even though the Chukchi Sea

has historically been responsible for 1-3% of the global loss of fixed N in the oceans (Chang and

Devol , 2009), our results indicate that a transition to a much longer ice-free period in the region will

increase the rate of denitrification in the sediments, resulting in a greater loss of fixed N. As larger

phytoplankton blooms take up a greater proportion of the available NO –
3 in the Chukchi Sea, the

amount of NO –
3 available in N-limited waters downstream will be reduced (Arrigo and Van Dijken,

2015). This may already be happening; satellite analysis revealed that in years following unusually

high NPP in the Chukchi Sea, there was a significant reduction in NPP downstream in the Greenland

Sea (Arrigo and Van Dijken, 2015).

A reduction in the NPP of ecosystems downstream of the Chukchi Sea could reduce the abun-

dance of zooplankton, fish, marine mammals, and seabirds that rely on phytoplankton blooms as a

food source (Hamilton et al., 2021; Joiris, 2011; Munk , 2003; Rysgaard et al., 1999). Additionally,

increasing N removal through denitrification in the Chukchi Sea would exacerbate the low ratio of

available N:P (phosphorus) found on the Chukchi shelf (Deutsch and Weber , 2012; Devol et al., 1997;

Gruber and Sarmiento, 1997; Mills et al., 2015). The Chukchi shelf currently contains some of the

world’s lowest values of N* (a measure of excess N relative to phosphorus; Gruber and Sarmiento,

1997) in the global ocean (Deutsch and Weber , 2012). Yamamoto-Kawai et al. (2006) found that

high rates of N2 fixation in the surface waters of the North Atlantic were stimulated by the lower

N:P ratios emanating from upstream in the Chukchi Sea, indicating that higher rates of NPP and

greater denitrification in the future might further increase rates of N2 fixation in waters downstream

of the Chukchi Sea. Finally, there is increasing evidence that low N* values may even stimulate N2

fixation in the Arctic Ocean (Blais et al., 2012; Dı́ez et al., 2012; Fernández-Méndez et al., 2016;

Moisander et al., 2010; Mulholland et al., 2012; Tremblay and Gagnon, 2009). Although data are

sparse, Sipler et al. (2017) found that rates of N2 fixation in the Arctic Ocean may currently o↵set

up to 27% of the N deficit driven by denitrification in Arctic sediments.
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While our results demonstrate that a shift towards a longer, more productive OW season could

enhance denitrification, they also highlight that the UI period may not remain dominant in the

northern Chukchi Sea in the future. Modeling e↵orts to assess the importance of UIBs have demon-

strated that these blooms have increased in magnitude in the northern Chukchi Sea by 2% per year

between 1988 and 2013 (Zhang et al., 2015) and by over 5% per year between 1980 and 2018 in the

central Arctic (Clement Kinney et al., 2020). The radiative transfer model of Horvat et al. (2017)

further indicates that between 2006 and 2015, 30% of the Arctic Ocean received su�cient light to

allow for under-ice phytoplankton growth for at least three days in July. However, in comparing

three other models, Jin et al. (2016) found that the proportion of NPP generated in UIBs dimin-

ished between 1980 and 2009 on a pan-Arctic scale due to declines in sea ice cover over this period,

suggesting a shift towards more Subarctic ecosystems. The impacts of a shift away from UIBs would

likely be substantial. When these massive blooms are generated, they can strip the surface ocean of

nutrients at a time when water temperatures are below -1.5°C (Arrigo et al., 2012, 2014) and when

zooplankton grazing is minimal (Campbell et al., 2001; Huntley and Lopez , 1992; Payne et al., 2021).

This may substantially reduce pelagic food availability for the fish, birds, and mammals that feed

in the Chukchi Sea (Bradstreet and Cross, 1982; Loeng et al., 2005) while simultaneously increasing

benthic-pelagic coupling, benthic production, and enhancing sedimentary denitrification and fixed

N loss. However, the waning magnitude of UIBs in the south suggests that these blooms may only

a↵ect the biogeochemistry the Chukchi Sea and downstream waters for a few more decades.
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Under-ice (UI) phytoplankton blooms have been observed in most of the marginal

seas of the Arctic Ocean and are often found to contribute substantially to total

primary production. However, because remote sensing studies cannot directly

measure UI blooms and limited in situ observations prevent analysis of their fre-

quency across the region as a whole, their distribution has not previously been

characterized across the Arctic Ocean. Here, we use remote sensing data to

discern which parts of the Arctic Ocean demonstrate evidence of UI blooms and

whether UI bloom frequency changed between 2003 and 2021. Results suggest

that UI blooms were generated nearly as frequently as marginal ice zone (MIZ)

blooms, with evidence of UI blooms over nearly 40% of the observable season-

ally ice-free Arctic Ocean while MIZ blooms covered 60% in any given year.

However, while there was no significant change in the UI bloom area over the

study period, there was a nearly 10% decline in the proportion of UI area in the

seasonal sea ice zone. This decline was driven largely by declines in the Chukchi

86
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Sea, where UI blooms were also most prevalent. Our analysis demonstrates the

need for increased observational studies of UI blooms and their ecological and

biogeochemical consequences throughout the Arctic Ocean.

5.1 Introduction

Historically, phytoplankton in the Arctic Ocean were presumed to contribute to total annual net

primary production (NPP) only after sea ice retreat, when shallow mixed layers and the alleviation

of light limitation allowed blooms to form (Niebauer , 1991; Perrette et al., 2011; Sakshaug and

Skjoldal , 1989). These marginal ice zone (MIZ) blooms, which could rapidly strip surface waters of

macronutrients (Niebauer , 1991), accounted for up to 65% of annual NPP in the Barents Sea and

on the Bering Shelf (Sakshaug , 2004). However, observations of a massive phytoplankton bloom

generated under fully consolidated 1 m thick first-year ice (Arrigo et al., 2012) demonstrated that

phytoplankton NPP could be substantial during the sea ice-covered portion of the year. These

under-ice (UI) phytoplankton blooms have been observed in most of the Arctic and sub-Arctic seas

(Arrigo et al., 2014; Assmy et al., 2017; Hill et al., 2018a; Lalande et al., 2014; Mayot et al., 2018;

Mundy et al., 2014; Oziel et al., 2019) since at least the late 1950s (Apollonio, 1959; Apollonio and

Matrai , 2011; Fortier et al., 2002; Gosselin et al., 1997; Mundy et al., 2009; Strass and Nöthig , 1996;

Yager et al., 2001). UI blooms can substantially contribute to total NPP, accounting for ⇠50% of

total annual NPP in the Canadian Arctic (Mundy et al., 2009; Oziel et al., 2019) and in the Chukchi

(Arrigo et al., 2014) and Greenland (Mayot et al., 2018) seas. Further, these UI blooms likely have

large biogeochemical implications, including reducing zooplankton grazing (Payne et al., 2021),

which in turn leads to an increase in carbon export flux and nitrogen (N) loss through sedimentary

denitrification (Payne and Arrigo, 2022).

Quantifying NPP during the UI period, as well as identifying where in the Arctic Ocean these

blooms are generated and how their frequency has changed over time, is critical to understanding

how Arctic phytoplankton are responding to the rapid changes to the Arctic environment (Ardyna

and Arrigo, 2020). A study modeling light penetration through sea ice (Horvat et al., 2017) sug-

gested that, due to diminishing sea ice thickness across the Arctic (Kwok , 2018), under-ice light has

substantially increased, possibly leading to an increase in UI bloom frequency over time. Modeling

work by Clement Kinney et al. (2020) similarly indicated that in the Central Arctic, half of all NPP

is generated in sea ice-covered waters, and that regional NPP has increased by 20% since 1980.

However, modeling work in the southern Chukchi Sea (Payne et al., 2022) and across the entirety of

the Arctic Ocean (Jin et al., 2016) indicates that increasingly early sea ice loss has led to a reduction

in the magnitude of NPP during the UI period.

Because e↵orts to quantify total annual NPP using satellite remote sensing cannot capture NPP

generated under sea ice, remote sensing estimates can di↵er from observational estimates of NPP
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by an order of magnitude in areas with large UI blooms (Arrigo et al., 2014). However, Lowry et al.

(2014) used daily chlorophyll a (Chl) concentrations around the time of sea ice retreat to identify

parts of the Chukchi Sea that likely hosted UI blooms between 1998 and 2012. Lowry et al. (2014)

relied on a conceptual model that assumed that if Chl concentrations increased after sea ice retreat,

this was evidence of the alleviation of light limitation and thus an MIZ bloom (Figure 5.1, yellow

line). If, however, Chl concentrations were initially high but diminished following sea ice retreat

(due presumably to nutrient exhaustion during the UI period), this was evidence of a previous UI

bloom (Figure 5.1, green line). Here, we present work extending the conceptual model of Lowry et al.

(2014) from the Chukchi Sea to the entire Arctic Ocean (Figure 5.2a). We quantify how prevalent

UI and MIZ blooms are across the Arctic, identify regions that support the highest proportion of

UI blooms, and assess whether there has been a change in the prevalence of UI blooms over time.

Figure 5.1: Conceptual diagram for identifying UI and MIZ blooms. Chl retrievals for

each pixel around the time of ice retreat (when ice concentration diminished below

10%) were classified as indicating a UI (green) or an MIZ bloom (yellow).

5.2 Methods

5.2.1 Remote Sensing Data

Daily sea ice concentration was generated from the Climate Data Record (CDR) of sea ice con-

centration from passive microwave data (version 4.0; Meier et al., 2021) provided by the National
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Figure 5.2: Examples of sea ice retreat and bloom classification, 2003.(A) Arctic Ocean

regions used for regional analysis, with 5° latitude bands and 60° longitude bands

demarcated using dashed gray lines. Only the area north of the Arctic Circle (66.5°N)

was analyzed. (B) Day of Year (DOY) of sea ice retreat (10% sea ice concentration

threshold) for 2003. (C) UI bloom (green), MIZ bloom (yellow), and no ice cover (navy)

pixels were separated from pixels with insu�cient observations (‘Ins. Obs’; black) for

2003. (D) OW bloom (blue) pixels were separated from pixels that did not support

OW blooms (Not OW; grey) for 2003.
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Snow and Ice Data Center (NSIDC) in the polar stereographic projection (25 km resolution) for

1998-2021. These data were subsequently regridded to 4 km resolution to allow comparison with

Chl data.

Daily Chl concentrations (4 km resolution) were generated from satellite retrievals of remote

sensing reflectance (RRS) using the Arctic Ocean-specific algorithm of Lewis and Arrigo (2020). This

algorithm, developed using 501 coincident in situ measurements from 25 cruises, better accounts for

the unique bio-optical properties of Arctic waters than the standard empirical NASA-Chl algorithm,

such as greater pigment packaging and higher chromophoric dissolved organic matter concentrations

(CDOM; Ben Mustapha et al., 2012; Huot et al., 2013; Fichot et al., 2013; Matsuoka et al., 2007,

2011, 2017). Daily Level 3 binned RRS data were acquired from the NASA Ocean Color website

(https://oceancolor.gsfc.nasa.gov/) from MODIS-Aqua for the years 2003-2021 (Reprocessing

R2018.0). Pixels outside of the Arctic Circle (<66.5°N) were excluded from analysis, as were pixels

within 50 km of the coast.

5.2.2 Pixel Classification, Analysis, and Statistics

For each year from 2003 to 2021, each pixel in the Arctic Ocean (Figure 5.2a) was classified as

being ice free or as experiencing either a UI or MIZ bloom based on Chl observations near the

time of sea ice retreat. If sea ice concentration was below 10% on the date of maximum sea ice

extent for the Arctic Ocean for that year, the pixel was considered ice free. If sea ice concentration

was greater than 10%, we calculated the date of sea ice retreat by finding the first date when sea

ice concentration diminished below 10% for any given pixel (Figure 5.2b). We then computed the

maximum Chl concentration over two separate periods in the weeks surrounding sea ice retreat.

Period one extended from the first Chl observation at that pixel until 2 days after the date of sea

ice retreat. Period two extended from 3 to 21 days after sea ice retreat (Figure 5.1). If sea ice never

diminished below the sea ice retreat threshold but there was at least one Chl retrieval, the pixel

was considered to have experienced a UI bloom. Pixels were also considered to host a UI bloom

if the maximum Chl concentration during period one exceeded the maximum Chl concentration

observed during period two. The pixel was classified as hosting an MIZ bloom if the maximum

Chl concentration was higher during period two than period one (Figure 5.1). If there were not

at least one Chl observation in each of these periods, the pixel was considered to have insu�cient

observations to classify it as hosting either an MIZ or UI bloom. To estimate the areal coverage of

UI and MIZ blooms by region and for the Arctic Ocean as a whole, we assumed that the relative

frequency of UI and MIZ blooms observed in each region would be maintained across the pixels with

insu�cient observations to be classified.

This technique of classifying pixels relies on a comparison of Chl concentration from a minimum

of two Chl retrievals. When Chl concentrations for those retrievals are similar (0-1 mg Chl m-3

di↵erence between periods one and two), there is a potential to mis-classify blooms. However, we
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found that the number of pixels where the di↵erence between the Chl retrievals was <1 mg Chl m-3

was approximately equal for pixels classified as MIZ and UI blooms, indicating that mis-classification

should a↵ect both blooms equally. Further, this analysis does not rely on a Chl threshold to classify

Chl observations as UI or MIZ blooms. UI blooms can generate high biomass in surface waters,

but due to nutrient depletion, surface Chl can diminish substantially by the time of sea ice retreat

(Arrigo et al., 2014; Brown et al., 2015b), meaning that satellite-derived Chl concentrations in the

days surrounding sea ice retreat may not be reflective of the original magnitude of the bloom. A

previous study by Lowry et al. (2014) that relied upon a Chl threshold of 2.5 mg m-3 found that

most pixels (59.9%) never reached the Chl threshold in the weeks surrounding sea ice retreat, and

we consequently decided against applying a Chl threshold to identify UI blooms.

In addition to classifying the area that supported UI and MIZ blooms, we quantified the area

that supported open water (OW) blooms. We considered a pixel to have generated an OW bloom if

Chl exceeded 1 mg m-2 in the period from 22 days after ice retreat until the sea ice minimum extent

day in any given year. Because UI blooms can substantially deplete the nutrients in surface waters

prior to sea ice retreat, Chl concentrations at the time of sea ice retreat should not be compared to

the maximum Chl concentration reached over the OW period. Consequently, we evaluated whether

any given pixel supported an MIZ or UI bloom around the time of sea ice retreat and separately

evaluated whether it supported an OW bloom later in the year (>22 days after retreat).

Following classification (Figure 5.2c and d), pixels in each category were summed spatially over

di↵erent areas of interest, including the entire Arctic Ocean, ten geographic regions (Figure 5.2a), 5°
latitudinal bands, and within geographic regions by 5° latitude band. We used linear regression to

assess trends in the absolute area or proportion of total area classified as one of the three categories

between 2003 and 2021. A significance threshold of p<0.05 was used for the statistical tests presented

in this study. All analyses were conducted in Python version 3.8.8.

Additionally, we evaluated how sensitive our analysis was to two parameters: the sea ice retreat

concentration threshold (10% in the primary analysis) and the length of time between ice retreat

and the end of period one (2 d in the primary analysis). We ran our bloom classification analysis

using four di↵erent sea ice retreat concentration thresholds (50%, 25%, 15%, and 10%) with three

distinct definitions of the end of period one (ice retreat + 2 d, 4 d, and 6 d). For each of these 12

runs, we compared the average areal coverage and trends over the time series across the Arctic for

the MIZ and UI bloom categories.

5.3 Results

5.3.1 Pan-Arctic trends

Excluding areas within 50 km of the coastline, the Arctic Ocean covers an area of 1.1 ⇥ 107 km2.

Between 2003 and 2021, we analyzed a mean of 7.5 ⇥ 106 km2 of the Arctic Ocean because the
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remainder was covered in sea ice year-round. As sea ice retreated over a larger area over time, our

area of analysis increased by 7.4⇥ 103 km2 yr-1 (R2=0.692, p<0.001). However, the presence of sea

ice and cloud cover prevented the analysis of an average of 3.9⇥ 106 km2 (Figure 5.2c, black area).

Consequently, our analysis was based on the 3.5⇥ 106 km2 of the Arctic Ocean that was classifiable

as being ice free or as supporting UI or MIZ blooms, and the size of this classifiable region did

not change between 2003 and 2021 across the Arctic Ocean as a whole. Each year, an average of

2.2 ⇥ 106 km2 of the Arctic Ocean was classified as being ice free (or 62.9±3.1% of the classifiable

area; Figures 5.4c and 5.3), and this area increased over time by 2.7 ⇥ 104 km2 yr-1 (R2=0.345,

p=0.008). A further 8.0 ⇥ 105 km2 of Arctic surface waters experienced MIZ blooms (covering

22.3±2.0% of the classifiable area; Figure 5.4b), and these blooms did not change significantly by

proportion or areal coverage between 2003 and 2021 (Figure 5.3). Finally, an area of 5.0⇥ 105 km2

supported UI blooms (covering 14.3±2.3% of the classifiable area, Figure 5.4a). While there was

no significant change in the area supporting a UI bloom in any year, there was a 0.3% yr-1 decline

in the relative proportion of UI bloom area as a function of total classifiable area between 2003

and 2021 (R2=0.381, p=0.005; Figure 5.3). On average, MIZ and UI blooms covered 61.6% and

38.4%, respectively, of the classifiable seasonally ice-free portion of the Arctic Ocean. UI blooms

also declined proportionally within the classifiable seasonally ice-free Arctic, declining from 43.4%

coverage in 2003 to 32.2% by 2021 (-0.5% yr-1, R2=0.419, p=0.003).

OW blooms covered 2.5 ⇥ 106 km2 (Figure 5.4d) and they increased their areal coverage by

5.2 ⇥ 104 km2 yr-1 (R2=0.752, p<0.001). OW blooms were rarely generated in areas that had

insu�cient observations during the sea ice retreat period, covering only 12.0% of the insu�ciently

observed area. Regions that supported UI and MIZ blooms infrequently went on to generate OW

blooms, which covered a mere 18.8% of UI bloom area and only 25.9% of MIZ bloom area. However,

OW blooms were commonly generated in regions that were always ice free and covered 77.7% of the

ice free region, on average.

5.3.2 Trends by Latitude

At the most southerly latitude band of 66.5-70°N (9.0⇥105 km2 classifiable area), ice free waters were

most common, covering 75.1% of the total classifiable area (Figure 5.5a). An increase in classifiable

area between 2003 and 2021 was largely driven by a sizable increase in ice free area between 2003

and 2021 (Table 5.1). UI blooms accounted for an average of 10.7% of the classifiable area in this

latitude band, but these blooms declined by both proportion and area (Table 5.1). MIZ blooms,

which covered 14.0% of the classifiable area between 66.5 and 70°N, did not change significantly

between 2003 and 2021.
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Figure 5.3: Trends in the proportion of ice-free, UI bloom, and MIZ bloom area for the

Arctic Ocean, 2003-2021. Dashed lines indicate significant trends.

Table 5.1: Significant trends in total classifiable area or trends in UI, MIZ, or Ice Free

area or proportional coverage for regions and latitude bands between 2003 and 2021.

Location Class Slope R
2

p-value

66.5-70°N Classifiable 2.1⇥ 103 km2 yr-1 0.210 0.049

66.5-70°N Ice Free 2.8⇥ 103 km2 yr-1 0.317 0.012

66.5-70°N UI -0.2% yr-1 0.288 0.018

66.5-70°N UI -1.7⇥ 103 km2 yr-1 0.238 0.034

70-75°N Ice Free 7.6⇥ 103 km2 yr-1 0.280 0.020

75-80°N MIZ 5.1⇥ 103 km2 yr-1 0.241 0.047

75-80°N UI -0.4% yr-1 0.365 0.006

80-85°N Classifiable 2.4⇥ 103 km2 yr-1 0.227 0.039

80-85°N UI -0.4% yr-1 0.365 0.006

Central Classifiable 1.6⇥ 104 km2 yr-1 0.259 0.003



CHAPTER 5. PAN-ARCTIC UNDER-ICE BLOOM FREQUENCY, 2003-2021 94

Central UI -1.2 yr-1 0.249 0.030

Central, 75-80°N Classifiable 2.2⇥ 103 km2 yr-1 0.289 0.017

Central, 75-80°N MIZ 1.7⇥ 103 km2 yr-1 0.278 0.020

Ba�n MIZ 0.7% yr-1 0.277 0.021

Ba�n UI -0.5% yr-1 0.245 0.031

Ba�n, 75-80°N MIZ 1.6% yr-1 0.396 0.004

Ba�n, 75-80°N UI -1.6% yr-1 0.396 0.004

Ba�n, 75-80°N UI -8.0⇥ 102 km2 yr-1 0.403 0.003

Chukchi MIZ 1.1% yr-1 0.379 0.005

Chukchi UI -1.1% yr-1 0.381 0.005

Chukchi UI -3.3⇥ 103 km2 yr-1 0.260 0.026

Chukchi, 66.5-70°N MIZ 1.2% yr-1 0.274 0.022

Chukchi, 66.5-70°N UI -1.2% yr-1 0.274 0.022

Chukchi, 66.5-70°N UI -1.3⇥ 103 km2 yr-1 0.213 0.047

Chukchi, 70-75°N UI -1.3% yr-1 0.320 0.012

Laptev Classifiable 5.0⇥ 103 km2 yr-1 0.271 0.022

Laptev MIZ 0.7% yr-1 0.234 0.036

Laptev UI -0.7% yr-1 0.234 0.036

Laptev, 70-75°N Classifiable 4.8⇥ 103 km2 yr-1 0.282 0.019

Laptev, 70-75°N MIZ 0.9% yr-1 0.308 0.014

Laptev, 70-75°N UI -0.9% yr-1 0.308 0.014

Laptev, 70-75°N UI -5.6⇥ 102 km2 yr-1 0.255 0.027

Laptev, 75-80°N MIZ 2.9⇥ 103 km2 yr-1 0.227 0.004

Kara Classifiable 7.1⇥ 103 km2 yr-1 0.483 0.012

Kara, 80-85°N Classifiable 2.4⇥ 103 km2 yr-1 0.529 <0.001

Kara, 80-85°N MIZ 2.0% yr-1 0.254 0.028

Kara, 80-85°N MIZ 4.0⇥ 102 km2 yr-1 0.483 <0.001

Kara, 80-85°N UI -2.0% yr-1 0.254 0.028

Barents, 66.5-70°N Classifiable 5.2⇥ 102 km2 yr-1 0.211 0.048

Barents, 70-75°N Classifiable 3.3⇥ 103 km2 yr-1 0.221 0.042

Barents, 80-85°N Classifiable 1.4⇥ 103 km2 yr-1 0.362 0.006

Barents, 80-85°N UI -2.1% yr-1 0.238 0.034

Nordic Ice Free 0.2% yr-1 0.440 0.002

Nordic Ice Free 7.3⇥ 105 km2 yr-1 0.412 0.003

Nordic MIZ -0.1% yr-1 0.224 0.041

Nordic UI -0.1% yr-1 0.412 0.003

Nordic UI -1.5⇥ 103 km2 yr-1 0.382 0.005
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Nordic, 66.5-70°N Ice Free 0.2% yr-1 0.402 0.003

Nordic, 66.5-70°N Ice Free 3.1⇥ 103 km2 yr-1 0.286 0.018

Nordic, 66.5-70°N MIZ -0.1% yr-1 0.310 0.013

Nordic, 66.5-70°N MIZ -5.8⇥ 102 km2 yr-1 0.286 0.018

Nordic, 66.5-70°N UI -0.1% yr-1 0.305 0.014

Nordic, 66.5-70°N UI -3.8⇥ 102 km2 yr-1 0.307 0.014

Nordic, 70-75°N Classifiable 3.2⇥ 103 km2 yr-1 0.250 0.029

Nordic, 70-75°N Ice Free 0.2% yr-1 0.311 0.013

Nordic, 70-75°N Ice Free 4.1⇥ 103 km2 yr-1 0.319 0.012

Nordic, 70-75°N MIZ -0.2% yr-1 0.305 0.014

Nordic, 70-75°N MIZ -8.0⇥ 102 km2 yr-1 0.258 0.026

Nordic, 75-80°N UI -0.3% yr-1 0.280 0.020

Nordic, 75-80°N UI -7.0⇥ 102 km2 yr-1 0.242 0.032

Nordic, 80-85°N Classifiable 4.0⇥ 102 km2 yr-1 0.281 0.020

Nordic, 80-85°N UI -3.3⇥ 102 km2 yr-1 0.367 0.006

For the 70-75°N latitude band (1.8⇥106 km2 classifiable area, or twice the size of the next largest

latitude band), most of the classifiable area (65.7%) was ice free (Figure 5.5b). MIZ and UI blooms

were proportionally higher than to the south, covering 21.1% and 13.3% of the classifiable area,

respectively. Over this latitude band, ice-free area increased its areal coverage between 2003 and

2021 (Table 4.4).

Between 75 and 80°N (7.7 ⇥ 105 km2 classifiable area), ice free area still dominated, covering

46.3% of the classifiable area (Figure 5.5c). MIZ blooms, however, covered a larger proportion of

the classifiable area than at lower latitudes, accounting for 35.7% of classifiable area, and their areal

coverage increased over time (Table 5.1). Meanwhile, UI blooms, which covered an average of 18.1%

of classifiable area, declined by 7.6% between 2003 and 2021 (Table 5.1).

The northernmost latitude band, from 80-85°N, had a far smaller classifiable area (only 6.1⇥104

km2 on average) than more southerly latitudes due to greater sea ice coverage. The classifiable area

nearly doubled over time at this latitude band (Table 5.1) as sea ice retreated at higher latitudes.

UI blooms covered an average of 51.3% of the classifiable area (Figure 5.5d), but because UI bloom

area did not change over time as classifiable area expanded, there was a decline in UI bloom area

between 2003 and 2021 (Table 5.1). MIZ blooms accounted for 38.5% of classifiable pixels across

this latitude band, while ice-free area covered 10.2% of the classifiable area. There were no trends

over time in the proportion or total area of MIZ bloom or ice-free coverage.
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# of Years
0 2 4 6 8 10 12 14 16 18

C. UI

A. No Ice

B. MIZ

Figure 5.4: Maps of the frequency of each bloom type, 2003-2021. Total number of years
for each pixel that supported A) UI blooms or B) MIZ blooms, or that were C) Ice Free or that
generated D) OW blooms. The green dots in (A) indicate locations where UI blooms have been
observed (Ardyna et al., 2020a).
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A. B. C. D.

E. F. G. H.

J. K. L. M.

I.

N.

MIZ

Ice 
Free

UI

Figure 5.5: Bloom classification by latitude and region, 2003-2021. Proportion of pixels
that were identified as UI blooms (green), MIZ blooms (yellow), or that were ice free (blue) for
the latitude bands A) 66.5-70°N, B) 70-75°N, C) 75-80°N, and D) 80-85°N, and for the E) Central
Arctic, F) Ba�n Bay, G) Canadian Archipelago, H) Beaufort Sea, I) Chukchi Sea, J) Siberian Sea,
K) Laptev Sea, L) Kara Sea, M) Barents Sea, and I) Nordic Sea.
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5.3.3 Regional trends

In the Central Arctic, an increase in ice free area drove an increase in classifiable area between 2003

and 2021 (Table 5.1). UI blooms covered 38.1% of the classifiable seasonally ice-free of this region

(Figure 5.5e), but UI bloom area diminished by 1.2% yr-1 between 2003 and 2021 (Table 5.1). Most

of the Central Arctic (88.6%) had insu�cient Chl observations to be classified as supporting either

MIZ or UI blooms, but the Central Arctic was estimated to support greater MIZ and UI bloom areal

coverage than any other regions (Table 5.2).

Ba�n Bay had the second highest mean area of MIZ blooms (Figure 5.5f, Table 5.2). Ba�n Bay

also hosted the second highest areal coverage of UI blooms of any of the regions (Figure 5.5f, Table

5.2). However, while UI blooms covered nearly 40% of the classifiable area of Ba�n Bay (Figure

5.5f), UI blooms declined by 0.5% yr-1 between 2003 and 2021 as a proportion of total classifiable

area (Table 5.1) and were replaced by MIZ blooms. These changes were largely driven by changes

in the 75-80°N latitude band (Table 5.1).

While the Canadian Archipelago had the second smallest classifiable area after the Beaufort Sea,

the region had the second highest proportion of UI bloom area (53.6% of classifiable area, 3.3⇥ 104

km2; Figure 5.5g). There were no significant trends in UI or MIZ bloom area or proportion over

time.

UI blooms were most prevalent in the Chukchi Sea, accounting for the highest proportion of

classifiable area (55.6%; Figure 5.5i) and covering both the largest area and second largest estimated

area of all the regions of the Arctic Ocean (Figure 5.4a, Table 5.2). However, the region also saw

large-scale declines in UI bloom areal extent, which fell by nearly 50% from 1.3⇥105 km2 in 2003 to

6.6⇥104 km2 by 2021 (Table 5.1). UI blooms declined and MIZ blooms expanded as a proportion of

classifiable area at a rate of 1.1% yr-1 (Table 5.1). This change in UI bloom proportion was observed

evenly between the 66.5-70°N and 70-75°N latitude bands (Table 5.1).

In the Laptev Sea (Figure 5.5k), there was an increase in the classifiable area between 2003 and

2021, driven almost entirely by sea ice loss in the 75-80°N latitude band (Table 5.1). UI blooms on

average covered less of the classifiable seasonally ice free area of the Laptev Sea than in any other

regions (24.7%; Table 5.2) and these blooms declined and were replaced by MIZ blooms (0.7% yr-1;

Table 5.1), driven largely by changes in the southernmost portion of the region (70-75°N latitude

band).

MIZ blooms were prevalent in the Kara Sea, covering 70.6% of the classifiable part of the region

(Figure 5.4b, Figure 5.5l, Table 5.2). In the 80-85°N latitude band, a small increase in MIZ bloom

coverage drove a 2.0% yr-1 transition from UI bloom to MIZ bloom area (Table 5.1).

The Barents and Nordic Seas were dominated by ice-free area, (86.1% and 937% of classifiable

area, respectively; Figure 5.4c, Figure 5.5m and n, Table 5.2). While only observed over a small

percentage of classifiable area, UI and MIZ blooms still had sizeable areal coverage (Table 5.2). In

the Barents Sea, UI blooms did not change in frequency across the region as a whole, but declined
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by 2.2% yr-1 from 80-85°N between 2003 and 2021 (Table 5.1). MIZ blooms were also not prevalent

as a proportion of classifiable area in the Barents Sea (8.6%; Figure 5.5m), but again had substantial

areal coverage (Table 5.2). In the Nordic Sea, ice free area expanded substantially from 2003-2021

driven by ice loss from 70-75°N (Table 5.1), driving a decline in UI bloom area and in the proportion

of UI and MIZ blooms across the classifiable area (Table 5.1).

5.3.4 Sensitivity Analysis

We tested the sensitivity of our analysis to two parameters - the sea ice concentration threshold (%)

where we considered sea ice to have retreated and the number of days between sea ice retreat and

the end of period one. Ice retreat thresholds of 10-25% resulted in little change in the areal coverage

of UI and MIZ blooms, nor in the trends in UI area from 2003-2021 (Table 5.3). However, an ice

retreat threshold of 50% resulted in insu�cient observations for most pixels to be classified, reducing

the classifiable area in the seasonally sea ice-covered Arctic Ocean by 56%. This drove a ⇠3.5⇥ 105

km2 decline in both UI and MIZ area, representing a reduction in area of 33-68% for each of these

bloom types. Due to the very low proportion of analyzable area classified as supporting UI or MIZ

blooms, there were no trends in the proportion of UI bloom area at the 50% ice retreat threshold,

but there was an increasing trend in MIZ areal coverage over time (Table 5.3). Our analysis was

also relatively insensitive to changes in the length of time between ice retreat and the end of period

one. Added days disproportionately increased UI bloom area but had little e↵ect on trends in UI or

MIZ blooms (Table 5.3).

5.4 Discussion

In the Arctic Ocean, water column NPP is partitioned between three distinct periods defined by sea

ice cover - the UI, MIZ, and OW periods. While NPP during the UI period was historically considered

negligible (Hameedi , 1978; Perrette et al., 2011), observations of massive UI phytoplankton blooms

in recent years (Arrigo et al., 2012, 2014; Mayot et al., 2018; Mundy et al., 2009; Oziel et al., 2019)

demonstrate that this period can be highly productive. Changes in sea ice conditions, particularly

the thinning of sea ice and the proliferation of melt ponds on the surface of the ice (Kwok , 2018;

Webster et al., 2015), have substantially changed UI light availability (Light et al., 2015), possibly

increasing areal coverage (Horvat et al., 2017) or productivity (Zhang et al., 2015) of UI blooms. The

MIZ period, on the other hand, has long been considered responsible for the largest pulse of NPP

in the Arctic Ocean (Niebauer , 1991; Perrette et al., 2011; Sakshaug and Skjoldal , 1989; Sakshaug ,

2004). Following the MIZ and UI periods, nutrients are stripped from the surface ocean and NPP

during the OW period typically is concentrated in a subsurface Chl maximum (Arrigo et al., 2014;

Brown et al., 2015a; Hill and Cota, 2005; Martin et al., 2010). The OW period may be gaining in

importance; increases in NPP across the Arctic Ocean appear to be driven in part by increases in
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the length of the OW period (Lewis et al., 2020). Our analysis indicated that the area of the Arctic

Ocean supporting an OW bloom of at least 1 mg Chl m-2 increased substantially between 2003 and

2021. However, our analysis, which seeks primarily to understand the relative frequency of UI and

MIZ blooms, uses Chl observations from around the time of sea ice retreat that may not represent

the maximum Chl concentration achieved during the UI period. Consequently, we could not directly

compare the Chl concentrations of UI, MIZ, and OW blooms. Our analysis was further limited by

sea ice and cloud cover, which prevented the classification of nearly three quarters of the seasonally

ice-free Arctic Ocean (3.3⇥ 106 km2) in any given year.

UI phytoplankton blooms have been observed throughout the Arctic Ocean (Figure 5.4a; Ardyna

et al., 2020a). Our analysis found evidence of UI blooms over an area of 0.5 million km2, and

by using the frequency of UI blooms for each region, we estimate that a total of 2.0 million km2,

or 27.4% of the Arctic Ocean as a whole and nearly 40% of the seasonally ice-free Arctic Ocean,

may have supported UI blooms between 2003 and 2021. We found that the Chukchi Sea had the

largest area and highest proportion of UI blooms of any region of the Arctic Ocean. This is perhaps

not surprising given that the UI blooms observed in the Chukchi Sea have been among the most

productive blooms ever observed (Arrigo et al., 2012, 2014), as well as the relatively large number

of years (1998, 2011, 2013, 2014, 2018) where in situ studies found evidence of UI blooms (Arrigo

et al., 2012; Hill et al., 2018a; Lalande et al., 2020; Lowry et al., 2018; Yager et al., 2001). Two

previous studies assessed UI bloom prevalence across the Chukchi Sea. Using remote sensing and a

minimum Chl threshold of 2.5 mg Chl m-3, Lowry et al. (2014) previously found that 72% of the

area of the Chukchi Sea showed evidence of producing UI blooms in any given year between 1998

and 2012. A modeling study by Zhang et al. (2015) found that UI blooms were generated across 46%

of the Chukchi Sea from 1988 to 2013. Our analysis indicated that an average of 56% of classifiable

area hosted UI blooms between 2003 and 2021, in line with previous estimates.

The relative ubiquity of UI blooms across the Arctic Ocean in our analysis stands in contrast to

the findings of Perrette et al. (2011), who used similar satellite-derived estimates of Chl to assess

the importance of MIZ blooms. However, the analysis of Perrette et al. (2011) was published in the

same year that massive UI blooms were first observed in the Chukchi Sea (Arrigo et al., 2012) and

as a result doesn’t di↵erentiate between UI and MIZ blooms. Similar to Perrette et al. (2011), our

analysis found that MIZ blooms are widespread, with evidence that they cover an area of 0.8 million

km2 and a total estimated extent of 3.2 million km2 each year from 2003-2021. We found that MIZ

blooms are likely generated across 36% of the Arctic as a whole and that they are generated across

60% of the seasonally ice free Arctic Ocean. MIZ blooms were revealed to be particularly widespread

in the Kara and Laptev Seas, where they accounted for >60% of the classifiable, seasonally ice free

area.

We also evaluated how UI and MIZ blooms changed between 2003 and 2021. On a pan-Arctic

scale, we found that the areal coverage of UI blooms did not change substantially, but UI blooms
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diminished in their proportional coverage of the seasonally ice free Arctic Ocean by nearly 10%

between 2003 and 2021 as the ice-free area of the Arctic Ocean increased. While our analysis

cannot be directly related to studies that quantify NPP during the UI period, these findings were

qualitatively similar to a previous model inter-comparison study by Jin et al. (2016), which found

that UI blooms declined in their magnitude across the Arctic from 1980 to 2009. Jin et al. (2016)

also found that declines in NPP during the UI period coincided with a substantial 3.2 to 8.0 Tg C

yr-1 increase in total annual NPP across the Arctic Ocean between 1980 and 2009. A similar rate

of increase in NPP across the Arctic was observed in a remote sensing study by Lewis et al. (2020),

which found that annual NPP increased by 6.8 Tg C yr-1 between 1998-2018. While changes in

NPP during the UI period was not evaluated by Lewis et al. (2020), both of these studies found

that increases in total NPP were attributable to an increase in the NPP generated during the OW

period, not the MIZ period.

The pan-Arctic decline in the proportion of UI bloom area in our analysis appeared to be driven

by local processes. Jin et al. (2016) hypothesized that, although thinner sea ice cover and an increase

in first year ice has increased the light penetration and thus increased UI NPP, reductions in sea

ice cover and earlier sea ice retreat has driven an overall reduction in the area of large UI blooms.

One might expect that a reduction in the relative importance of UI blooms might be driven by

changes in UI bloom frequency at lower latitudes, where sea ice loss happens far earlier in the year.

However, we found that the decline in the proportion of UI bloom area was observed over virtually

every latitude band (66.5-70°N, 75-85°N) and was greatest in the second northernmost latitude band

(75-80°N). Instead of a strong latitudinally dependent reduction in UI bloom frequency, we found

that changes in frequency were driven by changes in two regions - the Chukchi Sea (-1.1% yr-1) and

Ba�n Bay (-0.5% yr-1) - that had the highest areal coverage of UI blooms. This declining trend

for UI blooms in the Chukchi Sea contrasts with a modeling study by Zhang et al. (2015) which

found that UI blooms increased their areal coverage by 2% yr-1 between 1988 and 2013. However,

two other Chukchi Sea-based studies found evidence of the waning importance of UI blooms in the

Chukchi Sea. Lowry et al. (2014) found an increase in MIZ blooms (which increased from 13.8%

from 1998-2000 to 36.0% from 2010-2012) and a decline in ‘probable’ UI blooms in the Chukchi Sea

from 1998-2012. Similarly, a one-dimensional model implemented in the southern Chukchi Sea by

Payne et al. (2022) found a large reduction in the magnitude of UI NPP between 1988 and 2018

(with UI blooms generating less than 32% of the NPP between 2009 and 2013 that they did between

1988 and 1992). They attributed this reduction in the importance of UI blooms to earlier sea ice

loss and a shorter UI period at their model location (Payne et al., 2022). Further, they found that

a reduction in NPP during the UI period did not a↵ect total NPP in the southern Chukchi Sea,

which was 22% greater than in the northern Chukchi Sea (Payne et al., 2022). This higher rate of

annual NPP was driven most substantially by higher NPP during the OW period, reminiscent of

the findings of Jin et al. (2016).
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Although UI blooms are likely diminishing in their importance, our analysis indicates that nearly

40% of the seasonally ice-free Arctic may presently support these blooms. Because UI blooms can

substantially contribute to local annual NPP (Arrigo et al., 2012, 2014; Mayot et al., 2018; Mundy

et al., 2009; Oziel et al., 2019), analyses such as ours can be used to identify regions where satellite-

based estimates of NPP may represent a substantial underestimate of annual NPP because of the

unquantified contributions of UI blooms. Further, UI blooms have been found to have important

ecosystem consequences, including reducing zooplankton grazing (Payne et al., 2021), altering the

partitioning of organic matter between benthic and pelagic ecosystems (Arrigo et al., 2014), and

a↵ecting nitrogen cycling, particularly by changing the rate of sedimentary denitrification (Payne

and Arrigo, 2022). Critical next steps include leveraging new technologies, such as moorings, floats,

and AUVs, to better quantify the importance of UI productivity in relation to total annual NPP,

and an increase in in situ studies of the impacts of UI productivity on food availability to upper

trophic organisms, as well as changes in biogeochemical cycling that may result in areas with UI

blooms.
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Marine phytoplankton growth has long been found to be biochemically co-limited

by light and nutrients including iron, nitrogen, and phosphorus. However, de-

spite agreement that nutrient and light co-limitation exists in many places glob-

ally, no laboratory study has generated the data required to explicitly quantify

how simultaneous light and nutrient limitation interact to control phytoplankton

growth. Influential ecosystem models have largely assumed that growth is limited

by either the minimum of two limiting factors or a multiplicative relationship

between the two, but these functional relationships can produce vastly di↵erent

predictions of phytoplankton bloom magnitude, influencing the results of ecosys-

tem models. Here, we present a laboratory experiment that aims to determine

the functional relationship between light, nutrients, and phytoplankton growth

rate. Unfortunately, due to challenges related to quantifying the nitrate concen-

tration and thus in achieving a low nitrate limitation term, we were unable to

meaningfully distinguish between these two functional relationships.
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6.1 Introduction

Marine phytoplankton account for <1% of the plant biomass on Earth but are responsible for nearly

half of the world’s net primary production (Falkowski , 2012). These single celled organisms both

form the base of the oceanic food web and mediate global biogeochemical cycles by drawing down

carbon (C) and nutrients from the surface ocean and subsequently sinking to depth (Volk and

Ho↵ert , 1985). Because of their ecological and biogeochemical importance, accurately representing

growth and primary production rates of phytoplankton in both global climate models as well as

regional or one-dimensional models is critical.

The maximum (non-resource limited) rate of phytoplankton growth is controlled by temperature,

with higher temperatures corresponding to higher growth rates (Eppley , 1972). Phytoplankton

growth is further controlled by the interaction between light and nutrient availability. Co-limitation

happens when two resources (typically light and one or more nutrients) both impair phytoplankton

growth (Arrigo, 2005). To alleviate co-limitation, either a simultaneous addition of both resources

or an addition of one resource is required before phytoplankton physiology changes and growth is

stimulated (Arrigo, 2005). Iron availability, for example, directly a↵ects photosynthetic e�ciency

because of the high iron requirements of portions of the photosynthetic electron transport pathway

(Raven, 1990; Strzepek and Harrison, 2004). When phytoplankton experience low light, the cellular

iron requirement increases. This is because photosynthesizing cells require either a larger number

(Raven, 1990; Sunda and Huntsman, 1997, 2011) or greater size (Strzepek et al., 2012) of iron-

rich photosynthetic units to fix carbon (C) in low light. Phytoplankton growth has been found to

be biochemically co-limited by light and nutrients, including iron (Boyd et al., 1999, 2004, 2007;

Maldonado et al., 1999; Strzepek et al., 2012; Sunda and Huntsman, 1997; Timmermans et al.,

2001), nitrogen (Carter et al., 2005; Laws and Bannister , 1980; Rhee and Gotham, 1981; Rosen

and Lowe, 1984), and phosphorus (Laws and Bannister , 1980; Rosen and Lowe, 1984) in laboratory

experiments and in the field.

Despite of widespread agreement that nutrient and light co-limitation exists in many places

globally, there is no consensus in the modeling community on how to best constrain phytoplankton

growth under co-limiting light and nutrient conditions. While a few complex formulations have been

developed to describe nutrient-light interactions on phytoplankton growth (i.e., Laws and Chalup,

1990), only two have been widely implemented in ecosystem models. These two functional rela-

tionships, developed in the 1970s, both involve calculating a maximum specific growth rate (µmax;

d-1), typically based on temperature (Eppley , 1972), and then proportionately scaling growth by

dimensionless limitation terms for nutrients (Nlim) and light (Llim). The first method for adjusting

phytoplankton growth, originally hypothesized by Blackman (1905), argues that only the minimum

limiting term a↵ects growth rate (Davis, 1976; Rodhe, 1978), such that

µ = [µmax] ·min(Llim, Nlim) (6.1)



CHAPTER 6. DETERMINING FUNCTIONAL RELATIONSHIP UNDER COLIMITATION 107

where µ is the instantaneous growth rate (d-1) and min is the minimum of the two limitation

terms. This minimum or threshold method of addressing the interaction between multiple limits

on phytoplankton growth has been used in many ecosystem models (e.g., Arrigo et al., 1998b,

2003; Franks , 2002; Payne et al., 2021; Tett et al., 1986; Varela et al., 1992; Walsh, 1975). Using

this functional relationship, if light and nutrient concentrations were such that they would each

independently limit phytoplankton to 50% of their maximum growth rate, phytoplankton would

grow at 50% of the maximum growth rate.

The second method, based on laboratory experiments of vitamin B12 limitation in the chryso-

phyte Monochrysis lutheri, assumes that growth scales as a product of light and nutrient limitation

(Droop et al., 1982), such that

µ = [µmax] · Llim ·Nlim (6.2)

This multiplicative limitation term has been adapted into major ecosystem models (e.g., Besiktepe

et al., 2003; Chai et al., 2002; Christian et al., 2002; Fennel et al., 2006; Galbraith et al., 2010; Geider

et al., 1997, 1998; Spitz et al., 2001), perhaps most notably in the North Atlantic Ocean model by

Fasham et al. (1990). Using this functional relationship, if light and nutrient concentrations were

such that they would each independently limit phytoplankton to 50% of their maximum growth

rate, phytoplankton would only grow at 25% of the maximum growth rate, or half the rate of the

minimum model given the same light and nutrient limitation terms. Over the course of a hypothetical

spring season, the minimum method of modeling phytoplankton growth under co-limiting conditions

produces 170% of the primary production that the multiplicative functional relationship would

generate (Figure 6.1). These substantial di↵erences in the growth rate produced by the two models

under co-limiting conditions demonstrate how critical it is to determine which method of calculating

phytoplankton growth under multiple limiting resources is closest to observations.

To determine the functional relationship between simultaneous light and nutrient limitation on

phytoplankton growth, we used a laboratory experiment to test the e↵ects of nitrate (NO –
3 ) and

light co-limitation on rates of phytoplankton growth.

6.2 Methods

6.2.1 Experimental Setup

Nonaxenic cultures of Thalassiosira weissflogii (CCMP1049) were obtained from Provasoli-Guillard

National Center for Marine Algae and Microbiota at Bigelow (NCMA; East Boothbay, ME, USA).

T. weissflogii was chosen because of its ecological relevance as a bloom-forming diatom found in

many temperate ecosystems (Van Heurck , 1882). This culture, originally collected near Amityville,

New York, USA, was acquired in September of 2021 and stock cultures were maintained under

constant light (from 20-300 µmol photons m-2 s-1), at room temperature (23.5 ± 0.5°C), and in



CHAPTER 6. DETERMINING FUNCTIONAL RELATIONSHIP UNDER COLIMITATION 108

0.00

0.25

0.50

0.75

1.00

0 50 100 150
Day of Year

Li
m

ita
tio

n Limitation
Light

Nutrient

0.0

0.1

0.2

0.3

0.4

0 50 100 150
Day of Year

G
ro

w
th

 (%
 o

f µ
m

ax
)

Interaction
Min.

Mult.

A. B.

Figure 6.1: An example of the di↵erent growth rates predicted by the minimum and multiplicative
functional relationships between simultaneous limiting factors and phytoplankton growth rate. A)
Light (orange) and nutrient (black) limitation terms during a bloom period. B) Proportion of maxi-
mal growth rate produced using the minimum (blue) and multiplicative (red) functional relationships
between the two limitation terms.

exponential growth for at least 10 generations before experiments were conducted. Cultures were

maintained in synthetic ocean water (Price et al., 1989) enriched with modified F/2 macronutrients,

micronutrients, and vitamins (Guillard and Ryther , 1962). However, to ensure that nitrate (NO –
3 )

concentrations were the most limiting nutrients, the F/2 mixture was modified such that the NO –
3 to

phosphate (PO 3–
4 ) ratio was reduced to a 16:1 ratio, rather than the 24:1 ratio used by Guillard

and Ryther (1962). To confirm that NO –
3 was more limiting than other nutrients, NO –

3 , PO
3–
4 , or

synthetic sea water (control) was added to cultures across a variety of photosynthetically available

radiation, or PAR (µmol photons m-2 s-1), treatments and initial NO –
3 treatments. Only cultures

with high PAR and low initial NO –
3 that received an addition of NO –

3 grew more rapidly than the

control, indicating that NO –
3 was the most limiting nutrient.

Algal cultures were maintained in optically dense semi-continuous batch cultures, where new

media was dripped in and culture was removed over 3-6 hours each 24 hours. These cultures were

maintained at the experimental PAR and non-limiting NO –
3 concentrations (approximately 10 µmol

NO –
3 L-1) for 3 days prior to being used for an experimental treatment. To ensure that the cultures

were growing exponentially, growth was monitored daily by measuring in vivo chlorophyll a (Chl)
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fluorescence in a Turner Designs fluorometer (model 10-AU). Measurements of NO –
3 concentrations

were also conducted periodically using a WestCo SmartChem 200 discrete analyzer. The rate of new

media added to the culture was adjusted to maintain cultures at a NO –
3 concentration of around 10

µmol L-1.

Subsequently, optically thin batch cultures were used to conduct 24-hour experimental treat-

ments. The short nature of these experimental treatments was crucial to ensuring that nutrient

concentrations remained relatively stable over the entire experimental treatment. Approximately 1

µg Chl L-1 of algal culture and concentrations of f/2 equating to 0.5-10 µmol NO –
3 L-1 were added to

500 mL polycarbonate Erlenmeyer flasks containing 500 mL of synthetic ocean water. Batch cultures

were maintained on magnetic stirring plates for the duration of the experiment. Each experimental

treatment was conducted in triplicate between July and December of 2022.

Targeted experimental PAR treatments included 25, 50, 100, 150, 200, 250, and 300 µmol photons

m-2 s-1. PAR for each experimental treatment was quantified by taking the mean of 10 measure-

ments within each culture by a Biospherical Instruments QSL Quantum Scalar Laboratory Sensor

(Biospherical Instruments Inc., San Diego, CA, USA) at the start of each experiment. Targeted

experimental NO –
3 concentrations included 0.5, 1, 1.5, 2, 5, and 10 µmol NO –

3 L-1. NO –
3 concentra-

tions were quantified by collecting 5 mL water samples at time zero (t0), when the experiment was

initiated, and at time final (tf), 24 hours later. These were subsequently measured in triplicate on

a WestCo SmartChem 200 discrete analyzer. The NO –
3 concentration for each experimental treat-

ment was calculated as the mean of the NO –
3 concentration at t0 and tf. However, to ensure that

NO –
3 concentrations didn’t change too much over the experiment, treatments where NO –

3 concen-

trations varied by >1 µmol L-1 between t0 and tf were excluded from analysis.

6.2.2 Calculated Terms

Growth rate (µ) was quantified by measuring fluorometric Chl concentration in triplicate at both t0

and tf such that

µ =
ln(Cf/C0)

tf � t0
(6.3)

where Cf and C0 are the Chl concentrations at tf and t0, respectively.

Further, to compare the two established functional relationships, light and NO –
3 limitation terms

were calculated. A light limitation term (Llim) was quantified for each experimental treatment

according to

Llim = 1� e�PAR/Ek (6.4)

where Ek is the photoacclimation parameter. Ek was calculated in MATLAB (version 9.12.0) by

fitting the Chl-derived growth rate across experimental treatments to the equation of Platt et al.

(1980). Additionally, a NO –
3 limitation term (Nlim) was calculated according to the Monod (1942)
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equation such that

Nlim =
N

KS + N
(6.5)

where N is the mean NO –
3 concentration of each experimental treatment and Ks is the half saturation

constant of NO –
3 . Ks was calculated in R (version 4.1.0) by comparing the Chl-derived growth rate

to the NO –
3 concentration across experimental treatments as in Eppley and Thomas (1969).

Three parameters - µmax (the maximum growth rate, from eqns. 1 and 2), Ek, and Ks - were fitted

to calculate predicted growth rates. A µmax value of 2.14 d-1 was determined by using the maximum

growth rate observed across all experiments. Ek and Ks values of 76.6 µmol photons m-2 s-1 and 0.59

µmol L-1, respectively, were calculated using the best parameter fit across all experimental data.

These parameters were used to calculate predicted growth rates according to the minimum and

multiplicative functional relationships. Predicted growth rates were calculated for both binned,

interpolated data (42 experimental treatments) as well as for all data (224 experimental treatments;

Figure 6.2).
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Figure 6.2: Number of experimental treatments, binned by PAR (µmol photons m-2 d-1) and
NO –

3 concentration (µmol L-1).
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6.2.3 Statistical Analyses

To quantify the functional relationship between NO –
3 concentration, light, and growth rate, exper-

imental treatments were first binned into discrete PAR and NO –
3 treatments (Figure 6.2). A bin

size of ±12.5 µmol photons m-2 s-1 was used for PAR treatments of 25 and 50 µmol photons m-2

s-1, while a bin size of ±25 µmol photons m-2 s-1 was used for PAR treatments �100 µmol photons

m-2 s-1. For NO –
3 concentrations, a bin size of ±0.25 µmol L-1 was used for NO –

3 treatments of 2

µmol L-1 and a bin size of ±0.5 µmol L-1 was used for treatments of >2 µmol L-1. Bins were further

excluded from analysis if there were either fewer than three experimental replicates of the treatment

or if the experiment was not experimentally targeted (only NO –
3 concentrations of 0.5-2, 5, and 10

µmol NO –
3 L-1 were included). Data were subsequently interpolated linearly using the R ’interp’

package.

Linear regressions were used to compare the growth rates predicted by the minimum and mul-

tiplicative functional relationships to the observed growth rates, and relationships with p-values of

<0.05 considered statistically significant. The functional relationship predictions were evaluated

using the R2, slope, and root mean square error (RMSE) of the linear regressions, computed using

the R Metrics package (version 0.1.4). All statistical analyses were conducted in R (version 4.1.0).

6.3 Results

6.3.1 Growth across light and NO –
3 treatments

Over the 224 experimental treatments conducted as a part of this experiment, growth rate varied

substantially, from 0.31 to 2.14 d-1 (Figure 6.2). Growth was linearly correlated to experimental

PAR (R2=0.289, p<0.001). As PAR increased across the experimental treatments, growth increased,

from under 1.0 d-1 at PAR of 25 µmol photons m-2 s-1 to a peak of 1.2-1.8 d-1 at 150 µmol photons

m-2 s-1 (Figure 6.3a). At the highest experimental light treatments, 250 and 300 µmol photons m-2

s-1, variation between experimental treatments was greatest, with growth rates ranging from 0.7 to

2.1 d-1, indicating photoinhibition among some of the experimental treatments (Figure 6.3a).

Growth rate did not vary predictably as a function of NO –
3 concentration. Growth and NO –

3 con-

centrations were not linearly correlated (p=0.846). The highest growth rates of >2.0 d-1 were

achieved at mean NO –
3 concentrations of 2.3-7.1 µmol L-1 (Figure 6.3b). The lowest growth rates

(<0.5 d-1) were almost exclusively associated with the lowest PAR treatment (25 µmol photons m-2

s-1) across a wide range of NO –
3 concentrations (1.0-15.5 µmol L-1; Figure 6.3b). As a result of the

weak correlation between NO –
3 concentration and growth rate, growth rates across the experimental

light and NO –
3 treatments appear to be most controlled by PAR (Figure 6.3c).

Individual experimental treatments were binned (see section 2.3) and treatments with <3 repli-

cates or with a non-targeted NO –
3 concentration were removed from analysis. Binned data were
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subsequently interpolated so that a contour plot of the relationship between NO –
3 concentration,

PAR, and growth rate could be generated (Figure 6.4). If NO –
3 concentration were the dominant

factor in controlling growth rate, this contour plot would feature a series of vertical lines, with growth

rate increasing as NO –
3 concentration increased. Conversely, if light were the dominant control on

growth rate, the contour plot would feature a series of horizontal lines. The contour plot produced

through our experiments has some vertical features, but is largely dominated by horizontal contours,

demonstrating the importance of light in controlling growth rates across these treatments (Figure

6.4).
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Figure 6.4: Binned, idealized growth rates across a range of NO –
3 concentrations (µmol L-1) and

PAR treatments (µmol photons m-2 d-1).

6.3.2 Comparison of minimum and multiplicative functional relationships

Predicted growth rates generated by the multiplicative and minimum functional relationships were

compared to observed growth rates across binned, interpolated data and all experimental data (Table

6.1). For the binned data, the multiplicative method had a slope closer to 1 and a slightly lower

RMSE, but the minimum method had a higher R2. Among the predicted growth rates generated

from all data, the minimum method had a slope closer to 1 and a slightly higher R2, but the

multiplicative method had a lower RMSE. As a result, the minimum and multiplicative functional
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relationships appear virtually indistinguishable in their ability to predict growth rates across our

experimental treatments.

Table 6.1: A comparison of the growth rates predicted using minimum and multiplicative functional
relationships to binned or all observed growth rates, using either parameters calculated from all
data or a subset of data. Predicted growth rates are evaluated for fit with observed growth rates by
comparing the slope, R2, p value, and RMSE of linear regressions.

Method Data type Slope R
2

p value RMSE

Min. Binned 0.512 0.780 0.002 0.208
Mult. Binned 0.616 0.693 0.005 0.196
Min. All 0.590 0.400 <0.001 0.440
Mult. All 0.546 0.384 <0.001 0.404

6.4 Discussion

Across the 224 experimental treatments conducted as a part of this study, there were no substan-

tial or statistically significant di↵erences between growth rates predicted using the minimum and

multiplicative functional relationships (Table 6.1). In the hypothetical growth scenario depicted

in Figure 6.1, we demonstrated that if the light and nutrient limitation terms were both 0.5, the

multiplicative and minimum functional relationships would produce growth rates of 25% and 50%

the maximum growth rate, respectively, a di↵erence substantial enough to allow the methods to be

easily distinguished. However, the di↵erences between these two functional relationships are less

noticeable if one or both limitation terms are closer to 1. For example, if one of the two limitation

terms is 0.8 rather than 0.5, the functional relationships would predict growth rates of 40% and 50%

of the maximum growth rate, respectively, making it more challenging to discern the di↵erences

between the two functional relationships.

We were not able to observe significant di↵erences between these two functional relationships

primarily because of challenges in quantifying the NO –
3 concentration at low NO –

3 values, and thus

in experimentally attaining a low NO –
3 limitation term. The NO –

3 limitation term is controlled by the

NO –
3 concentration and by the half saturation constant, Ks. Ks values are often 0.2-1.5 µmol L-1 for

marine phytoplankton (Carpenter and Guillard , 1971; Eppley and Thomas, 1969; Falkowski , 1975),

and our study found a Ks value of 0.59 µmol L-1, in line with previously reported values. As a result

of this experimentally-derived Ks value, the algal culture used in this study would not experience a

NO –
3 limitation term of 0.5 unless NO –

3 concentrations were 0.6 µmol L-1. This NO –
3 concentration,

however, was close to the detection limit of the discrete analyzer used to measure NO –
3 , which

we quantified at 0.3 µmol L-1. Additionally, triplicate measurements of the NO –
3 concentration

of the same sample often revealed standard deviations of >0.5 µmol L-1, impeding our ability to

meaningfully di↵erentiate between the 0.5-2.0 µmol L-1 NO –
3 treatments. Thus, it was impossible to
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accurately determine a functional relationship between growth rate and NO –
3 concentrations, which

required accurate measurements of NO –
3 in the 0.1-2.0 µmol L-1 range.

Determining the functional relationship between light and nutrient limitation terms and phyto-

plankton growth rate remains a critical research question. Haney and Jackson (1996) drew attention

to the lack of experimental e↵orts to understand this functional relationship, noting that despite

extensive e↵orts to understand the role of nitrogen and light in controlling phytoplankton growth

rates individually, there had been no studies seeking to address this fundamental relationship. How-

ever, establishing the functional relationship between light and nutrient co-limitation is likely more

important in some ecosystems than others. For example, in ecosystems with large boom-bust cycles

of phytoplankton, such as the polar and subpolar regions (Behrenfeld et al., 2017; Ducklow and

Harris , 1993; Falkowski , 1994), algal biomass can accumulate to high levels (Arrigo et al., 2014),

allowing it to rapidly draw down nutrients. In these systems, nutrient concentrations may rapidly

(over a few days) go from non-limiting to scarce (Palmer et al., 2014), indicating that the mul-

tiplicative and minimum functional relationships may have little to no e↵ect on predicted growth

rates in these systems. On the other hand, in ecosystems where nutrient supply is intermittent and

where most primary production is generated in a deep chlorophyll maximum (Cullen, 1982; Huisman

et al., 2006), models will produce drastically di↵erent rates and magnitudes of net primary produc-

tion depending on their choice of functional relationship (e.g., minimum or multiplicative; Varela

et al., 1992). Thus, our study demonstrates that identifying the functional relationship between

light and nutrient limitation terms is likely experimentally challenging, but would have important

implications for both regional and global marine ecosystem models, particularly in regions with

intermittent nutrient supply.
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Chapter 7

Conclusions

In this thesis, I investigated the partitioning of NPP between the under-ice (UI), marginal ice zone

(MIZ), and open-water (OW) periods across the Arctic Ocean using a combination of laboratory

experiments, ecosystem modeling, and satellite remote sensing. I first developed a one-dimensional

ecosystem model, CAOS-GO, which I implemented in the northern (72°N) and southern (68°N)
Chukchi Sea to investigate the magnitude of UI blooms across the region, as well as the biogeochem-

ical consequences of these blooms (Chapters 2-4). I found that, while UI blooms were generated

frequently between 1988 and 2018 in both the northern and southern Chukchi Sea, the importance

of these blooms was strongly dependent on latitude. In the northern Chukchi Sea, UI blooms were

responsible for nearly half of total NPP, and the increase over time in annual NPP was driven by the

interannual variability of UI blooms. Zooplankton grazing was also depressed in years with large UI

blooms in the north, implying that these blooms may result in an increasing mismatch between the

timing of zooplankton and phytoplankton blooms (Conover and Huntley , 1991). Further, I found

that sedimentary denitrification was substantially higher in the northern Chukchi Sea in years with

large UI blooms, and that interannual variability in this N loss was driven by increases in particle

export in the first half of the year, implying a correlation with UI blooms. In the southern Chukchi

Sea, however, UI blooms substantially declined in magnitude between 1988 and 2018, and the years

with the highest total NPP were years without UI blooms. At this southern location, total NPP

was 22% higher than in the north, driven largely by increases in NPP during the OW period, and

both zooplankton grazing and denitrification were also higher as a result. The southern Chukchi Sea

has substantially earlier sea ice retreat than the north, implying that, as sea ice continues to retreat

earlier in the year in the northern Chukchi Sea, the partitioning of NPP between the UI, MIZ, and

OW periods will increasingly resemble the south.

In Chapter 5, I considered the importance of UI blooms on a pan-Arctic scale by using satellite

remote sensing data to assess the frequency and distribution of UI bloom generation between 2003

and 2021. My work demonstrated that UI blooms are likely a widespread feature across the Arctic
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as a whole, since 40% of the observable seasonally ice-free Arctic Ocean experienced a UI bloom in

any given year. However, this analysis also demonstrated that UI blooms are likely waning in their

importance across the Arctic Ocean. While sea ice retreat led to an increase in the ice-free area

from 2003-2021, there was a nearly 10% decline in the proportion of observable, seasonally ice-free

area that hosted UI blooms over time. While my previous modeling work found that the change

in UI bloom frequency was driven by declines at lower latitudes, this analysis revealed that the

declines in UI bloom prevalence were greatest at relatively high latitudes (75-80°N). Additionally,

this analysis determined that certain regions - particularly the Chukchi Sea, where UI blooms were

most prevalent - drove most of the changes in UI bloom frequency across the Arctic as a whole.

Finally, in Chapter 6, I sought to use laboratory experiments to determine the functional relation-

ship between phytoplankton growth and co-limiting light and nutrient conditions, which is critical

to accurately modeling phytoplankton net primary production (NPP) in the world’s oceans. Due to

problems in accurately quantifying the nitrogen (N) concentration in my experimental treatments,

I was not able to meaningfully distinguish between the two primary functional relationships, the

multiplicative and minimum methods, which are typically employed in regional and global ecosys-

tem models. However, these experiments demonstrated that there is little di↵erence between the

two functional relationships until N concentrations are very low (<1 µmol L-1), which implies that

in regions like the Arctic Ocean, where surface ocean nutrients can be rapidly depleted from being

non-limiting to undetectable (e.g., Arrigo et al., 2014), the choice of functional relationship likely

has minimal impact on predicted phytoplankton growth rates in this area.

Because of the challenges to quantifying UI NPP, this early period of NPP has often been

neglected in estimates of the productivity of Arctic ecosystems. My work demonstrates that UI

phytoplankton blooms are an important feature across the Arctic Ocean that can produce half of

the NPP generated over the year and drive biogeochemical cycling and food availability within a

region. Consequently, there should be an increase in studies aiming to quantify the contributions of

these blooms to total NPP. However, this work also demonstrates that UI blooms are likely declining

in importance across the Arctic, driven by declines in the Chukchi Sea. As sea ice cover continues

to retreat earlier in the year, UI blooms are likely to further decline in importance.
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Chapter 2 Supplemental Material

This supplementary material supports the conclusions of Payne et al. (2021). These additional

methods describe modifications made to the physical model, GOTM; model equations used for the

biogeochemical model, CAOS, introduced in this paper; model forcing; and model performance

methods and results.

Payne, C. M., Bianucci, L., van Dijken, G. L., & Arrigo, K. R. (2021). Changes in under-ice primary

production in the Chukchi Sea from 1988 to 2018. Journal of Geophysical Research: Oceans, 126.

https://doi.org/10.1029/2021JC017483

A.1 Physical Model

A.1.1 Albedo Modifications.

Because GOTM only uses latitude to determine albedo, it was necessary to alter the model’s albedo

to account for surface type, as in Perovich and Polashenski (2012). Albedo of the sea ice prior to

snow melt was set to 0.85. Over the snow melt period, albedo declined to 0.6 to reflect the albedo

of melting snow. As melt ponds expanded their areal coverage (see A.3.3), albedo diminished as a

function of melt pond areal coverage, with an albedo of 0.52 for bare ice and 0.2 for ponded ice.

During the ice retreat period, albedo diminished linearly with ice coverage to the open water albedo

value of 0.07. When ice advanced in the autumn, albedo was gradually increased by 0.0082 d-1. At

the start of each year, albedo was re-set to 0.85 (Figure A.1).

A.1.2 Idealized profiles.

Idealized profiles (Figure A.2a and b) were used to approximate sea ice melt and retreat-drive

temperature and salinity changes. Salinity and temperature were relaxed towards these idealized
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profiles on a timescale of 5 d and 15 d, respectively. The first idealized profile, reported by Pacini

et al. (2019) as representative of conditions during the SUBICE cruise in early 2014, was used to

represent the well-ventilated winter water conditions present in the winter and spring. The second

and third profiles were used to reflect the rapid increase in surface water temperatures following ice

retreat. The mixed layer temperatures for these profiles were set using weighted means of maximum

and minimum satellite-derived SST (0.6 * (Max - Min) + Min and 0.9 * (Max - Min) + Min for

spring and summer, respectively) for each year. Di↵erent weights were evaluated by comparing

the RMSE and R2, and the weights that resulted in the best correlation were chosen. Based on

observations from the 2011 ICESCAPE cruise, the mixed layer was set to 18 m for the first profile

and 23 m for the second profile. Below the mixed layer, there was an exponential reduction in water

temperature until 35 m, where winter profile conditions are maintained throughout the year (Figure

A.2a).

The first idealized temperature profile for winter/spring was used at the start of sea ice retreat,

when satellite-derived ice concentration fell below 90%, and following sea ice advance, when satellite-

derived ice concentration rose above 10%. The second idealized temperature profile was used on

the first date at which satellite-derived SST exceeds the temperature used in the mixed layer (the

60% weighted mean). The third idealized temperature profile was used on the first and last dates

at which SST exceeds the temperature used in the mixed layer (the 90% weighted mean value).

Five idealized profiles were used to approximate the sea ice retreat-driven salinity changes (Figure

A.2b). The first salinity profile was adapted from the profile reported by Pacini et al. (2019) as

representative of conditions during the 2014 SUBICE cruise. The Pacini et al. (2019) profile featured

a change in salinity of 0.025 between 26 and 33 m. However, the deep-water salinity was fresher (32.7)

in 2014 than the water observed in the summer of 2011 (33.1), likely due to the meltwater-driven

freshening of the Arctic (Mauritzen, 2012; Woodgate et al., 2005). As a result, our winter salinity

profile replicated the magnitude and depth of salinity change observed by Pacini et al. (2019), but

used the higher salinity (33.1) observed in 2011. Although salinity has changed over time in the

Chukchi Sea (Woodgate et al., 2012), the modeled winter idealized salinity profile is identical from

year to year.

The remaining idealized profiles were created to fit with salinity observations from the 2011

ICESCAPE cruise, with di↵erent profiles evaluated by comparing the RMSE and R2. The profiles

that resulted in the best correlation with observations were chosen. To reflect annual di↵erences

in fresh water input to the water column due to di↵erences in local ice melting, the salinity in the

mixed layer for each year’s idealized profiles was scaled linearly from the 2011 profiles depending on

the length of the sea ice melt period. In 2011, the second profile had a salinity of 32.8 over a mixed

layer of 30 m. The third profile had a salinity of 31.1 over a mixed layer of 12 m. The fourth had

a salinity of 32 over a mixed layer of 22 m, and the final profile had a salinity of 32.9 over a mixed

layer of 27 m. Each of these profiles had an exponential increase in salinity below the mixed layer
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and until 35 m, below which winter profile conditions were maintained throughout the year.

The dates of the idealized salinity profiles were centered around ice melt timing. The first salinity

profile is used on the date of sea ice melt, when air temperatures rise above 0°C, and on the date of

sea ice advance, when satellite-derived ice concentrations rise above 10%. The second salinity profile

is used two-thirds of the way between the date of ice melt onset and the start of sea ice retreat, when

ice concentrations reduce below 90%. The third salinity profile is used on the date of sea ice retreat,

while the fourth and fifth profiles are used one-third of the length of the ice melt period (ice melt

date to start of ice retreat) and the full length of the melt period after sea ice retreat, respectively.

A.2 Biogeochemical Model

A.2.1 Spectral Irradiance.

Spectral irradiance at the air-sea interface was determined using a spectral atmospheric radiative

transfer model (Gregg and Carder , 1990, as modified by Arrigo et al., 1998a), which was used to

calculate direct and di↵use spectral downwelling solar irradiance. Atmospheric inputs were obtained

from the National Centers for Environmental Prediction/National Center for Atmospheric Research

(NCEP/NCAR) Reanalysis Project 1 (4x daily) and TOMS ozone as described in Arrigo (2003).

Surface spectral irradiance was corrected for scattering by clouds as in Dobson and Smith (1988) -

see Figure A.3. Spectral irradiance was binned into 31 wavelengths at 10 nm increments between

400 and 700 nm.

Surface irradiance was specularly reflected depending on one of three surface types - snow, ice,

and water/melt pond as in Arrigo et al. (1991). For more on how snow, ice, and melt pond timings

and thicknesses were established for 1988-2018, see section A.3. When snow-covered, 5% of di↵use

and direct light was specularly reflected. For bare ice cover, 5% of di↵use light was specularly

reflected, while the reflection of direct light was dependent on sun angle. For melt pond-covered ice,

both di↵use and direct light were specularly reflected depending on sun angle, while for open water

wind also impacted specular reflection. Light not specularly reflected was assumed to penetrate the

surface layer.

Radiative transfer for each wavelength bin was calculated through each layer of snow, ice, and

water for each time step using Beer’s law such that

Ed(z,�) = Ed(z � 1,�)e�Kd(z,�)z (A.1)

where Ed(z,�) is the spectral irradiance (µmol photons m-2 s-1 nm-1) at depth z (m) and wavelength

� (nm), Ed(z-1,�) is the spectral irradiance at the bottom of the previous layer, and Kd(z, �) is the

layer-specific spectral di↵use attenuation coe�cient (m-1). Di↵erent di↵use attenuation coe�cients

(Kd) were used for dry snow, wet (melting) snow, interior white ice, the scattering layer of white ice,
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melting blue ice, and pure water (Perovich et al., 1986). Kd values were further modified by ice algal

absorption in the bottom layer of sea ice and water column absorption by phytoplankton, non-algal

particles (NAP), and colored dissolved organic matter (CDOM). Absorption spectra for CDOM

and NAP vary seasonally in the water column (Lewis et al., 2020), while the chlorophyll-specific

phytoplankton absorption spectrum increases over the period of ice retreat each year (Perovich

et al., 1986).

Photosynthetically available radiation (PAR; µmol photons m-2 s-1) and photosynthetically us-

able radiation (PUR; µmol photons m-2 s-1) were integrated over these wavelength bins for each

depth of the water column (Morel , 1978), such that

PAR(z, t) =

Z 700

�=400
Ed(z,�, t)d� (A.2)

and

PUR(z, t) =

Z 700

�=400
Ed(z,�, t)

↵⇤(�)

↵⇤
max

d� (A.3)

where ↵*
max is the maximum value attained by the spectral phytoplankton absorption coe�cient,

↵*(�).

Layer PUR was averaged over the mixed layer and over a 24 hr period to ensure that phyto-

plankton growing anywhere in the mixed layer were exposed to the same light levels. The depth of

the mixed layer was set using the GOTM-derived depth of maximum buoyancy frequency, averaged

over a 24 hr period.

A.2.2 Sea Ice Algae

Sea ice algae were modeled prescriptively based on light conditions. Because NH +
4 made up 0.3% of

the total N available during the sea ice algal bloom, algal biomass grew using only the NO –
3 available

in the first layer of the water. Once the hourly layer PAR exceeded an algal compensation irradiance

(µmol photons m-2 s-1; McMinn et al., 1999), algae were presumed to grow in the bottom 0.05 m of

the sea ice layer (Selz et al., 2018). Ice algae (IA) concentrations changed according to

dIA

dt
= µIA � lossIA · ⇤IA (A.4)

where µIA represents the growth rate of ice algae and lossIA is the rate of ice algal disassociation (5%

of total ice algal biomass). Ice algae grew logistically in an approximation of Welch and Bergmann

(1989) but using a maximum Chl layer concentration of 30 mg m-2 (Arrigo, 2017). Layer chlorophyll

(Chl) increased according to

Chl =
L

1 + e�k(x�x0)
(A.5)
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where k is the logistic growth rate (mg Chl a m-2 d-1), x is the date, and x0 is the x value of the

sigmoid midpoint (d). Ice algal Chl a concentration was converted to N to allow for the calculation

of µIA and lossIA. However, if there was insu�cient NO –
3 to support this growth rate, N-based ice

algal growth was set to match available NO –
3 . After the ice melt date, ice algae sloughed o↵ at a

rate of 20% d-1 of the biomass present on the ice melt date. Ice algae that disassociated or sloughed

o↵ at the end of the ice algal period was added to the top layer of the detrital pool.

A.2.3 Phytoplankton.

The two functional groups of phytoplankton represented in this model are large diatoms (Arrigo

et al., 2012; Hill and Cota, 2005) and small flagellates (Hill and Cota, 2005). Phytoplankton func-

tional groups di↵er in their nutrient utilization, growth rate, and photoacclimation parameters.

The rate of change for each of the two phytoplankton functional groups (Phy) for each timestep

and at each depth is calculated as

dPhy

dt
= (µphy �mortphy)Phy � (gzoo!phy)Zoo+Difffphy +Advphy (A.6)

where di↵erent phytoplankton (Phy) groups grow as a function of specific relationships with tem-

perature, PUR, and nutrients (µphy; Arrigo, 2003) and are lost through mortality (mortphy) and

grazing by zooplankton (gzoo!phy), a function of zooplankton biomass (Zoo). Layer concentrations

can increase or decrease due to positive or negative transport processes between layers (Di↵phy and

Advphy - see section A.2.7).

The phytoplankton growth rate (µphy) is calculated at each depth and every timestep for both

phytoplankton functional groups, such that

µphy = µmax ·min(Llim, Nlim) (A.7)

where µmax is the temperature-specific maximum growth rate and phytoplankton grow proportion-

ally to the minimum of two limitation terms, Llim (the light limitation term) and Nlim (the nutrient

limitation term).

The temperature-specific maximum growth rate (µmax) is calculated at each depth and every

timestep for both phytoplankton functional groups, such that

µmax = µ0 · e(T ·r0) (A.8)

where µ0 is the specific growth rate at 0°C, T is the temperature, and r0 is 0.0633, the growth

constant for phytoplankton (Eppley , 1972).

The light limitation term, Llim, is a function of PUR, calculated for each depth and at each
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timestep, and of the photoacclimation parameter, Ek, for each phytoplankton functional group:

Llim = 1� e�PUR/Ek (A.9)

Large phytoplankton Ek varied between 54.9 and 67.6 µmol photon m-2 s-1 depending on light

history (Arrigo et al., 2014). These Ek values were measured for using photosynthetron-produced

PAR on the ICESCAPE 2011 cruise. Since phytoplankton functional groups were modeled using

PUR, these values were modified to reflect that only 38.3% of photosynthetron-produced light is

usable by phytoplankton. For layer daily mean PUR values below 21.0 or above 25.9, Ek is set to

21.0 and 25.9, respectively. For PUR values between this minimum and maximum value, Ek equals

PUR.

Nlim is the maximum of the two nutrient sources, such that

Nlim = max(NO –
3 lim,NH +

4 lim) (A.10)

where NO –
3 lim is the NO –

3 limitation term and NH +
4 lim is the NH +

4 limitation term.

The NO –
3 limitation term, NO –

3 lim, is a function of the NO –
3 concentration of each depth and

each timestep and the half-saturation constant for NO –
3 uptake (Ks NO3) by each phytoplankton

functional group (Table 2):

NO –
3 lim =

NO –
3

KS NO3 + NO –
3

(A.11)

The NH +
4 limitation term, NH +

4 lim, is a function of the NH +
4 concentration of each depth and

each timestep and the half-saturation constant for NH +
4 uptake (Ks NH4) by each phytoplankton

functional group (Table 2):

NH +
4 lim

=
NH +

4

KS NH4 + NH4
(A.12)

In order to ensure that phytoplankton assimilation of the two dissolved organic nutrient pools

(µphy!NO3 and µphy!NH4) is a function of the nutrient concentration in the layer and the half-

saturation constant of the phytoplankton class, assimilation at each timestep and each depth is a

function of the NO –
3 lim and NH +

4 lim terms, such that

µphy!NO3 = µphy ·
NO –

3 lim

NO –
3 lim +NH +

4 lim

(A.13)

and

µphy!NH4 = µphy ·
NH +

4 lim

NO –
3 lim +NH +

4 lim

(A.14)
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A.2.4 Zooplankton

The two functional groups of zooplankton represented in this model approximate the large copepods

(Ashjian et al., 2003; Sherr et al., 2008) and phagotrophic protists (Sherr et al., 2009) common

in the Arctic. Small zooplankton graze small phytoplankton, while large zooplankton graze both

large phytoplankton and small zooplankton (Ashjian et al., 2003). Zooplankton functional groups

are di↵erentiated by di↵erent food sources (and can be di↵erentiated using di↵erent temperature-

dependent growth rates). The rate of change at each timestep and depth for both zooplankton

functional groups is calculated as

dZoo

dt
= (1� �)(gzoo)Zoo�mortzoo · Zoo� exzoo · Zoo+Diffzoo +Advzoo (A.15)

where zooplankton (Zoo) biomass grows through temperature and food availability-dependent graz-

ing rates (gzoo) and is lost through mortality (mortzoo, a fraction of zooplankton biomass), excretion

(exzoo, a fraction of zooplankton biomass), and assimilation ine�ciency (�). For large zooplankton,

mortality is assumed to add to the biomass of upper trophic levels, while small zooplankton mor-

tality instead contributes to the detrital pool. Layer concentrations can increase or decrease due to

positive or negative transport processes between layers (Di↵zoo and Advzoo - see section A.2.7).

The grazing rate is set as a function of temperature and food source limitation, such that

gzoo = g0Flim (A.16)

where g0 is the temperature-dependent maximum growth rate at a given depth and timestep and

Flim is the maximum of the food source limitation terms.

Maximum zooplankton growth rate is calculated based on a relationship between temperature

and N-based growth rate (Campbell et al., 2001) such that

g0 = 0.0175T + 0.0443 (A.17)

where T is the temperature (°C). The experiments that yielded this relationship were conducted

by incubating stage N3 to C5 Calanus finmarchicus individuals in tanks with variable temperature

treatments (4°C, 8°C, 12°C). The N-based specific growth rate (d-1) over this temperature range

increased linearly with temperature. This relationship is used for both zooplankton classes.

Unlike in the Campbell et al. (2001) lab experiment, modeled zooplankton growth is often limited

by food scarcity. A Monod-style limitation term for each food source i for each zooplankton species,

Flim, is used, such that

Flim(i) =
F (i)� F (i)min

KS F (i) + F (i)� F (i)min
(A.18)

where F(i) is the food source, F(i)min is the minimum concentration of the food source (to ensure F(i)
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never becomes negative - see Table 1) and Ks F (i) is the half-saturation constant for the food source

(Table 2). For large zooplankton, which have two food sources, the maximum Flim(i) term modifies

the growth rate, while for small zooplankton, Flim is set by the availability of small phytoplankton.

For large zooplankton, which consume both large phytoplankton and small zooplankton func-

tional groups, zooplankton grazing (gzoo) of the two groups is partitioned fractionally by the relative

concentration of each to the total food in the layer at that timestep, such that

(glzoo!lphy) = glzoo
Lphy

Lphy + Szoo
(A.19)

and

(glzoo!szoo) = glzoo
Szoo

Lphy + Szoo
(A.20)

where glzoo!lphy and glzoo!szoo are the grazing of large zooplankton on large phytoplankton (Lphy)

and small zooplankton (Szoo), respectively.

A.2.5 Detritus

The model includes a single detrital class. Rates of change for detrital N at each timestep and for

each depth are calculated as

dDet

dt
= mortIA + (mortphy)Phy + (mortszoo)SZoo+ �(gzoo)Zoo

�(Remindet!NH4)Det� w
dDet

dz
+Diffdet +Advdet (A.21)

where detritus is produced through ice algal or phytoplankton mortality, small zooplankton mortal-

ity, and zooplankton assimilation ine�ciency (�), and is lost due to remineralization (ReminDet!NH4,

a fraction of the detrital pool) and sinking (w). Layer concentrations can increase or decrease due

to positive or negative transport processes between layers (Di↵det and Advdet - see section A.2.7).

A.2.6 Inorganic Nutrients

The model includes both NO –
3 and NH +

4 , the most abundant components of the dissolved inorganic

N pool (Codispoti et al., 2005). Other inorganic nutrients, such as phosphate and silicate, do not

limit phytoplankton growth in the Chukchi Sea (Sakshaug , 2004) and are not included in the model.

Rates of change for NO –
3 and NH +

4 at each timestep and for each depth are calculated as

dNO�
3

dt
= (NitrNH4!NO3)NH+

4 � (µphy!NO3)Phy � (µIA)IA+DiffNO3 +AdvNO3 (A.22)
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and

dNH+
4

dt
= exzoo + (Remindet!NH4)Det� (µphy!NH4)Phy

�(NitrNH4!NO3)NH+
4 +DiffNH4 +AdvNH4 (A.23)

where NO –
3 is produced through nitrification (NitrNH4!NO3, a linear function of depth and NH +

4 con-

centration) and is lost due to assimilation by ice algae and phytoplankton (µphy!NO3). NH +
4 is pro-

duced through zooplankton excretion and detrital remineralization and lost due to phytoplankton

assimilation of NH +
4 (µphy!NH4) and nitrification. Layer concentrations of NO –

3 and NH +
4 can in-

crease or decrease due to positive or negative transport processes between layers (Di↵NO3, AdvNO3,

Di↵NH4, and AdvNH4 - see section A.2.7).

A.2.7 Di↵usion and Advection

In addition to the growth and loss processes described above, all state variables can have their

concentrations altered in any given layer due to di↵usion and advection.

Di↵usion between layers is calculated according to Fick’s law at each timestep such that, in the

absence of a boundary condition,

DiffX =
X(z+1) �X(z)

dz2
·D(z+1) +

X(z�1) �X(z)

dz2
·D(z) (A.24)

where Di↵X is the change in any state variable concentration X at depth z and time t due to di↵usion

and D is the time- and depth-dependent di↵usion coe�cient (m2 s-1). This di↵usion coe�cient is

the sum of the GOTM-derived turbulent di↵usivity coe�cient for salt (ranging between 0 and 0.17

m2 s-1) and a background turbulent di↵usivity (5 · 10-4 m2 s-1 - Rainville and Winsor , 2008).

The Chukchi Sea is characterized by strong advection. Water enters the sea through the narrow

Bering Strait and empties into the Canada Basin. Between 2001 and 2011, advection increased

by 50%, with throughflow at the Bering Strait reaching 1.1 Sv per year by 2011 (Woodgate et al.,

2012). In order to run the model for multiple years without substantially reducing the available N

each year, the model must include advection. We simulated advection by relaxing all water column

state variables towards prescribed profiles. This was accomplished in the same way that relaxation

towards idealized profiles was performed in GOTM (Burchard et al., 1999):

AdvX = � 1

⌧R(X)
· (X �Xm) (A.25)

where AdvX is the change in state variable concentration X due to advection, ⌧R(X) is the relaxation

timescale (in seconds), and Xm is a prescribed profile of that state variable. Using this formulation, a

long relaxation timescale produces a weak forcing of the state variable profile towards the prescribed
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profile. As the state variable profile approaches the prescribed profile, the rate of change of the state

variable profile towards the prescribed profile diminishes. A relaxation timescale of 30 d for the mixed

layer and 60 d for bottom waters was used. This timescale was the weakest relaxation strength that

still enabled bottom-water concentrations of NO –
3 to fully restore to the winter concentration before

the beginning of the under-ice bloom period the following year.

There are not su�ciently high-quality observational data to provide prescribed profiles of all state

variables between 1988 and 2018. To circumvent this issue, we used manipulated model output as

the prescribed profiles. This was accomplished by running the model two times. In the first run

only, state variables were reset to the initial conditions on January 1st of each year. This first

run was then used to produce prescribed profiles, which provided input to the second model run.

Because water is advected from the south, sea ice cover of the advecting water diminishes earlier,

allowing an earlier start to primary production. Thus, model profiles generated for Day+1 (first

run) were used as prescribed profiles for Day+0 (second run), with further modification made to

restore NO –
3 concentration in the winter.

NO –
3 prescribed profiles were further manipulated from model data by gradually restoring to

the winter NO –
3 concentration of 16 mmol m-3 throughout the water column in the standard run.

This restoration initiated on the autumn freeze date, the first 24-hr period in the autumn when

NCEP-NARR 2 m air temperatures averaged below 0°C at the model location. If air temperatures

diminished below 0°C before October 25th (DOY 300) when incident irradiance was still high,

nudging the water column NO –
3 concentrations substantially changed the total annual production.

As a result, for years with an early autumn freeze date, DOY 300 was used as the starting date for

NO –
3 restoration. NO –

3 profiles were restored to the winter concentration using linear interpolation.

This interpolation extended between the autumn freeze date and the date when ice concentration

exceeded 50% plus 7 days. For example, in 2011, air temperature first fell below 0°C on DOY

294 and ice concentration exceeded 50% on DOY 328. When restoration started on DOY 300, the

profiles that the model is relaxing towards had NO –
3 concentrations of 0 - 0.02 mmol m-3 in the top

15 m. NO –
3 concentrations in the relaxation profiles increase linearly such that, by DOY 335, the

profiles have NO –
3 concentrations of 16 mmol m-3 throughout the water column.

A.3 Model Ice Condition Forcing

A.3.1 Sea ice thickness

Modeled sea ice layer thickness for each year was set using remote sensing reanalysis products.

Because ice thickness increases with age, an Arctic sea ice age product (Tschudi et al., 2019) was

used to approximate ice thickness. This conversion was fit using the Tschudi et al. (2016) compilation

of average spring (February-March 2004-2008) Ice, Cloud, and land Elevation Satellite (ICESat) ice
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thicknesses by age, such that

thickness = max
age

k + age
(A.26)

where age is the ice age (d), thickness is the ice thickness (m), and a least squares regression gives

k = 155.08 (d-1) and max = 2.90 (m). Ice greater than 5 years old was omitted from the regression

because higher age estimates are considered imprecise (Tschudi et al., 2019).

For each year between 1988 and 2018, weekly ice age in years (Tschudi et al., 2019) was extracted

between March 1st and the ice melt date for the 62.5 by 62.5 km box centering on the model location.

The choice of box size (12.5 km, 37.5 km, or 62.5 km) altered the ice thickness within a given year

but had no impact on the mean ice thickness over the time series or the lack of trend through time.

Ice age in days was calculated as the time between the date when satellite-derived ice concentration

surpassed 50% in the previous year and the date of ice melt (when mean air temperatures were above

0°C for at least 24 hrs). For ice >1 yr old, 365 days per year were added to the ice age. Because

ice age at the model location was often variable week to week within a given year, ice thickness was

computed for each week and a weighted mean of sea ice thickness for the March 1 to ice melt date

period was used as the maximum ice thickness input to the model.

Following the ice melt date, ice thickness diminishes linearly until the start of ice retreat. The

rate of change in ice thickness was calculated using 50% of the total ice melt necessary to produce

the idealized salinity profiles from (see section A.1.2) and assumed to be constant (0.0073 m d-1)

between 1988 and 2018 - thus, the longer the ice melt to ice retreat period, the greater the reduction

in ice thickness.

A.3.2 Snow and melt pond thickness

Thicknesses for the modeled snow and melt pond layers were set using model results. Two di↵erent

snow models, SnowModel-LG (Stroeve et al., 2020; Liston et al., 2020) and CPOM (Zhou et al., 2021),

were used to set the maximum snow thickness. Both of these models used the European Centre

for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis products: SnowModel-LG

used 5th Generation (ERA5) reanalysis products, while CPOM used the ERA-Interim products. For

model location, SnowModel-LG (resolution of 25 km) had consistently thicker snow cover predictions,

while for CPOM (12.5 km resolution) the model location predicted thinner snow cover. The snow

thickness used as input in the model was a mean of SnowModel-LG and CPOM-computed thicknesses

for January 1st to the snow melt date for each year (see section A.3.4).

Final melt pond thickness was derived from snow thickness. Melt ponds concentrate the water

formed as snow and the sea ice surface melts, but water is more dense than the snow. As a result, in

this model, melt ponds were assumed to grow to 90% of the thickness of the maximum snow depth

between melt pond formation and ice breakup date. Between sea ice reduction and break-up, melt

ponds are assumed to maintain their maximum thickness.
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A.3.3 Melt pond areal coverage

As in Webster et al. (2015), melt pond areal coverage increases linearly over time from 0% areal

coverage on the day prior to melt pond formation to a maximum of 54% for first-year ice and 38%

for multi-year ice. For first-year ice, areal coverage increases at 1.39% per day (reaching maximum

extent in 37 days), while for multi-year ice, melt pond coverage increases at 0.64% per day (reaching

their maximum extent in 58 days). For years where mean age is between first- and second-year ice, a

weighted mean of ice age is used to calculate the maximum and rate of increase for melt pond areal

coverage. Between the start of sea ice breakup and retreat, melt ponds are assumed to maintain

their maximum areal extent.

A.3.4 Snow melt date

Modeled snow melt date was set for each year using the mean NSIDC snow melt onset date (75 km

resolution; Anderson et al., 2019). Following this date, the snow layer Kd changed to melting snow

(from dry snow) and snow thickness diminished linearly until the ice melt and melt pond formation

date. If snow melted close to or after the ice melt date, the snow melt date was moved to 5 days

prior to the ice melt date.

A.4 Model Performance Methods

A.4.1 Comparing modeled and observed data

Modeled NPP was validated using MODIS-derived NPP (Lewis et al., 2020). Surface Chlorophyll

a (Chl) concentrations were determined from Level 3 MODIS Aqua ocean color data. A modified

version of the standard empirical NASA-Chl a algorithm was used to reflect the high pigment

packaging and chromophoric dissolved organic matter (CDOM) concentrations that make the Arctic

Ocean bio-optically unique (Lewis et al., 2020; Lewis and Arrigo, 2020). Daily NPP for 2003-2018

was computed for a 125 km by 125 km box centered on the model location from satellite-derived

Chl a, SST, and sea-ice cover using the algorithm of Arrigo et al. (2008) as modified by Pabi et al.

(2008). This large box size was chosen to reduce data loss due to cloud cover, as a smaller box size

greatly reduced the available observations.

Because remote sensing-derived estimates of NPP are computed from observations of ocean color

over approximately the top 10 m of the water column, comparisons are restricted to NPP modeled

in just the upper 10 m.

Modeled NO –
3 was validated using surface NO –

3 concentrations observed during the ICESCAPE

and SUBICE cruises (Arrigo et al., 2017; Lowry et al., 2015) in 2011 and 2014 and from mooring

data (Mordy et al., 2020) from 2010 to 2017. These observations were compared to mean daily

NO –
3 concentrations across the top 15 m of the water column for 2010-2017.
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A.4.2 Sensitivity Analysis

In order to test how sensitive the model was to specific parameter values, the model was run using

forcing data for the year 2011. The 27 parameters were then altered one at a time by ± 20%.

The impact of each parameter on the model results was evaluated by calculating the change in

annual NPP and the change in the date of maximum NPP when compared to the run with standard

parameters.

A.5 Model Performance Results

A.5.1 GOTM Performance

Modeled SST between 1988 and 2018 reproduced 83.8% of the variance in the satellite-derived SST

(slope=0.805, RMSE=0.9836, p<0.001, n=11313). Modeled SST was most biased in the late summer

and autumn (<DOY 200; Figure A.4), when GOTM temperatures tended to diminish earlier than

observations. However, this part of the year accounted for a small proportion of total NPP (under

7% on average).

A.5.2 CAOS model

The spectral irradiance model used here was modified from a previously validated model used in

the Antarctic (Arrigo et al., 1998a). When using observed ice and melt pond thicknesses from

ICESCAPE 2011 (Light et al., 2015), the spectral irradiance model replicates the observed percent

transmission of surface irradiance. Transmission ranged from 13% to 58% for ponded ice during

ICESCAPE 2011, while the ice model produced transmissions ranging from 16% to 53% (mean

transmission was 30.4%). Through un-ponded ice, ICESCAPE observations of transmission ranged

and from 5% to 22%, while the model produced transmissions ranging from 3% to 21% (mean

transmission was 6.7%). On average, observed ponded ice transmitted 4.4 times more light than

bare ice (Light et al., 2015), while modeled melt pond-covered ice transmitted 4.5 times more light

than bare ice.

Satellite-derived NPP is unlikely to e↵ectively replicate modeled NPP because of the high pro-

portion of NPP in the UI and MIZ periods. Despite this challenge, satellite-derived NPP in the MIZ

and OW periods compared favorably to modeled NPP over the top 10 m for 2003-2018 (Figure A.5a).

In one year, 2015, MODIS-derived NPP peaked at 1.2 g C m-2 d-1 while the model location was still

12% ice-covered, indicating a bloom that was initiated in the under-ice period (Lowry et al., 2014).

The slope and timing of declining daily NPP over the open-water period generally matched but was

delayed by 1-2 weeks in some years, in part due to the model assuming homogeneity in ice condition

timing over an area where ice retreat timing varies. Additionally, in a few years (2007 and 2017,

in particular), the model did not replicate an increase in NPP in late September, as was produced
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by the satellite-derived record. Because the model assumed very slow advection and restoration of

nitrate to the mixed layer, it may under-predict the frequency of autumn blooms.

Modeled surface NO –
3 concentrations also matched well with cruise and mooring-derived obser-

vations from 2010-2017 (Figure A.5b), particularly over the spring bloom period. Both observed

and modeled wintertime NO –
3 concentrations peaked at 15.8 mmol m-3. Observed and modeled

NO –
3 concentrations diminished from 13.04 mmol m-3 on day of year (DOY) 138 and 139, respec-

tively, and to 0.04 mmol m-3 on DOY 178 and 174, respectively. Observed NO –
3 concentrations at

the moorings remained between 0 and 2.2 mmol m-3 throughout the summer and autumn, finally

increasing from 3 mmol m-3 on DOY 309 to 15 mmol m-3 by DOY 331. This wintertime increase

in NO –
3 concentration was substantially slower in the model due to the slow relaxation simulating

advection in the model; modeled surface NO –
3 concentrations increased from 3 to 15 mmol m-3

between DOY 322 and DOY 38. This discrepancy in observed and modeled surface NO –
3 concen-

trations, however, is during the polar night at the model location and as a result does not impact

annual NPP values.

A.5.3 Sensitivity Analysis

The model was sensitive to only 3 of the 26 model parameters tested. Altering the large phytoplank-

ton Ek or µ0 or the winter NO –
3 concentration by ±20% altered bloom magnitude by >5% (Table

A.1). The model was most sensitive to the winter NO –
3 concentration, altering by 16-17% when this

parameter was altered by 20%. The date of maximum production was altered by 3-6 days when

large phytoplankton Ek and µ0 were altered by 20% (Table A.1).

A.5.4 Annual cycles for di↵erent water column bloom types

The three di↵erent water column bloom types (UI-dominated, MIZ-dominated, and mixed-dominance

blooms) have substantially di↵erent annual cycles of NO –
3 , NH +

4 , large and small phytoplankton,

and large and small zooplankton (Figures A.6, A.7, and A.8 feature UI-dominated, MIZ-dominated,

and mixed-dominance years, respectively). The UI-dominated bloom features large phytoplankton

production down to 30 m during the UI period and a small SCM from 30-35 m in the OW pe-

riod (Figure A.6c). Both the MIZ-dominated and mixed-dominance years featured shallower initial

blooms (12 and 15 m, respectively; Figure A.7c and A.8c) and slightly shallower SCMs (< 30 m)

than the UI-dominant years. There is also greater NO –
3 drawdown in UI-dominated years than

in other years, and lower small phytoplankton NPP and zooplankton concentrations than in MIZ-

dominant and mixed dominance years. Years with very low ice algal production, including the year

used as an example of a MIZ-dominant year (2010), do not feature a significant increase in surface

NH +
4 concentrations that results due to the remineralization of sinking ice algal biomass.
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Figure A.1: Albedo used in the standard model run (2011) in GOTM. Periods of changing albedo
(labeled brackets) are initiated and terminated based on satellite-derived changes in snow and sea
ice conditions. Rates of albedo change during each period are provided by Perovich and Polashenski
(2012).
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Figure A.2: Idealized profiles for the standard model run for (A) temperature (°C) and (B) salinity,
informed by in situ observations from the 2011 ICESCAPE campaign. GOTM is relaxed towards
these profiles, producing annual (C) temperature (°C) and (D) salinity conditions for the model
location between January 1 and December 31, 2011.
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Figure A.5: Comparison of modeled (black lines) to observed (circles) (A) primary production (g C
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surface observations (Arrigo et al., 2017; Lowry et al., 2015; Mordy et al., 2020) between 2010 and
2017.
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Figure A.6: Annual depth vs. time plots of (A) nitrate (NO –
3 ), (B) ammonium (NH +

4 ), (C) large
phytoplankton (Lphy), (D) small phytoplankton (Sphy), (E) large zooplankton (Lzoo), and (F)
small zooplankton (Szoo) for 2013, a UIB-dominant bloom year. Black lines (A-D) represent the
mixed layer depth, calculated based on GOTM-derived buoyancy frequency. Grey dashed lines on
each subplot represent, from left to right, the date of ice melt, the start of ice retreat (which marks
the end of the UI period and start of the MIZ period), and the end of ice retreat (marking the end
of the MIZ period and beginning of the OW period).
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Figure A.7: Annual depth vs. time plots of (A) nitrate (NO –
3 ), (B) ammonium (NH +

4 ), (C) large
phytoplankton (Lphy), (D) small phytoplankton (Sphy), (E) large zooplankton (Lzoo), and (F)
small zooplankton (Szoo) for 2005, a mixed-dominance bloom year. Black lines (A-D) represent the
mixed layer depth, calculated based on GOTM-derived buoyancy frequency. Grey dashed lines on
each subplot represent, from left to right, the date of ice melt, the start of ice retreat (which marks
the end of the UI period and start of the MIZ period), and the end of ice retreat (marking the end
of the MIZ period and beginning of the OW period).
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Figure A.8: Annual depth vs. time plots of (A) nitrate (NO –
3 ), (B) ammonium (NH +

4 ), (C) large
phytoplankton (Lphy), (D) small phytoplankton (Sphy), (E) large zooplankton (Lzoo), and (F)
small zooplankton (Szoo) for 2010, an MIZ-dominant bloom year. Black lines (A-D) represent the
mixed layer depth, calculated based on GOTM-derived buoyancy frequency. Grey dashed lines on
each subplot represent, from left to right, the date of ice melt, the start of ice retreat (which marks
the end of the UI period and start of the MIZ period), and the end of ice retreat (marking the end
of the MIZ period and beginning of the OW period).
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Table A.1: Sensitivity analysis. Parameters were increased (Treatment = +) or decreased (Treat-
ment = -) by 20%. Changes in the magnitude (%) of annual NPP, date (d) of maximum production,
and depth (m) at which biomass exceeded 1 g C m-3 on the date of maximum production are listed.
Bold indicates parameters that changed annual NPP by >5%.

Parameter Treatment % � Magnitude � Max Date

Standard Run NA - -

Winter NO
–
3 + 16.4 0

Winter NO
–
3 - -17.0 -2

IA L + -0.4 -1

IA L - 0.4 0

IA x0 + 0.1 0

IA x0 - -0.1 -1

IA k + 0 0

IA k - 0 0

IA comp.irrad. + 0.2 0

IA comp.irrad. - 0 0

mortIA + 0.3 0

mortIA - -0.4 -1

Ek Lphy + --5.2 3

Ek Lphy - 6.2 -6

µ0 Lphy + 5.3 -4

µ0 Lphy - -6.8 4

mortLphy + 0.3 0

mortLphy - -0.4 -1

KS NO3 Lphy + 0 0

KS NO3 Lphy - 0 0

KS NH4 Lphy + 0 0

KS NH4 Lphy - 0 0

Ek Sphy + 0 0

Ek Sphy - 0 -1

µ0 Sphy + 0 -1

µ0 Sphy - -0.1 0

mortSphy + 0 0

mortSphy - -0 0

KS NO3 Sphy + 0 0

KS NO3 Sphy - 0 0

KS NH4 Sphy + 0 0
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KS NH4 Sphy - 0 0

mortLzoo + 0.1 0

mortLzoo - -0.2 0

exLzoo + -0.2 0

exLzoo - 0.2 -1

�Lzoo + 0 -1

�Lzoo - -0.4 0

KS Lzoo Lphy + 0 0

KS Lzoo Lphy - 0 0

KS Lzoo Szoo + 0 0

KS Lzoo Szoo - 0 0

mortSzoo + 0 0

mortSzoo - 0 0

exSzoo + 0 0

exSzoo - -0.1 0

�Szoo + -0.9 0

�Szoo - -0.5 -1

KS Szoo Sphy + 0 0

KS Szoo Sphy - 0 0

NitrNH4! NO4 + 0 0

NitrNH4! NO4 - 0 0
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Table A.2: Modeled ice algal (IA), under ice (UI), marginal ice zone (MIZ), and open water (OW)
NPP (g C m-2 yr-1) for 1988-2018. Water column NPP is further split into new and regenerated
(“Reg.”) production.

Year IA UI New UI Reg. MIZ New MIZ Reg. OW New OW Reg. Total

1988 0.0 41.5 3.5 20.6 10.8 0.0 0.0 76.3
1989 1.8 48.5 14.3 4.3 5.3 13.2 3.4 90.8
1990 1.5 31.9 3.4 12.0 4.5 21.0 7.8 82.1
1991 0.8 28.3 2.8 20.2 7.7 11.9 3.7 75.4
1992 0.0 26.6 2.1 15.9 5.7 17.0 7.3 74.7
1993 1.9 1.7 0.3 42.0 12.2 21.4 9.9 89.4
1994 3.6 52.6 21.1 5.5 2.2 7.8 1.4 94.2
1995 0.0 50.3 14.2 9.2 5.2 14.6 2.1 95.6
1996 3.2 48.8 17.2 5.7 4.5 17.3 3.4 100.1
1997 1.7 44.3 7.4 3.4 6.3 17.3 6.0 86.4
1998 0.0 1.2 0.0 43.8 11.7 20.0 9.5 86.2
1999 0.0 23.6 0.9 16.4 6.0 28.4 11.9 87.2
2000 0.1 22.8 1.0 23.5 9.9 14.7 5.5 77.4
2001 2.7 44.7 7.9 3.8 6.2 14.4 5.2 84.9
2002 2.6 50.2 18.7 1.4 1.6 17.5 4.7 96.7
2003 3.3 48.2 15.3 6.7 6.0 13.4 2.7 95.6
2004 1.9 4.1 0.6 42.2 13.7 15.4 6.1 84.0
2005 2.4 20.8 1.5 17.7 7.7 25.9 9.9 85.8
2006 0.0 47.3 9.0 4.4 3.3 17.3 4.4 85.6
2007 4.4 45.9 12.8 3.1 4.7 20.9 5.5 97.2
2008 2.2 49.2 16.5 3.9 4.6 13.5 3.4 93.2
2009 0.0 52.4 21.4 6.5 3.5 12.7 2.5 99.0
2010 0.0 0.6 0.0 42.1 12.3 19.3 7.6 81.9
2011 2.8 47.5 15.3 3.5 4.9 19.8 4.8 98.6
2012 0.0 34.7 3.0 14.4 7.5 16.4 5.1 81.2
2013 3.4 50.4 19.4 4.3 2.9 16.1 3.2 99.7
2014 0.0 31.7 3.1 16.2 6.5 19.5 5.1 82.1
2015 3.6 45.2 10.9 4.1 5.7 22.2 5.7 97.4
2016 2.4 30.2 3.3 12.6 5.1 21.7 8.1 83.4
2017 3.8 40.1 5.7 5.1 7.1 28.2 7.0 97.5
2018 3.8 45.0 9.7 5.9 7.3 22.1 4.9 98.8
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Table A.3: Modeled ice algal (IA), under ice (UI), marginal ice zone (MIZ), and open water (OW)
NPP (g C m-2 yr-1) for 1988-2018. Water column primary production is further split into surface
(“Surf.”) and subsurface (“SCM”) NPP.

Year IA UI Surf. UI SCM MIZ Surf. MIZ SCM OW Surf. OW SCM Total

1988 0.0 45.4 0.0 10.2 20.8 0.0 0.0 76.3
1989 1.8 61.3 1.9 6.3 3.2 0.8 15.4 90.8
1990 1.5 35.7 0.0 3.5 13.0 0.8 27.6 82.1
1991 0.8 31.4 0.0 2.3 25.6 0.3 14.9 75.4
1992 0.0 29.0 0.0 2.7 18.9 0.8 23.2 74.7
1993 1.9 2.1 0.0 43.5 11.1 3.1 27.6 89.4
1994 3.6 64.8 9.2 1.0 6.8 0.1 8.7 94.2
1995 0.0 64.3 0.6 5.1 9.2 0.2 16.1 95.6
1996 3.2 63.5 2.9 4.2 6.0 0.6 19.8 100.1
1997 1.7 52.2 0.0 8.9 0.7 2.0 20.9 86.4
1998 0.0 1.3 0.0 45.5 10.5 2.8 26.0 86.2
1999 0.0 25.1 0.0 4.5 17.9 1.5 38.4 87.2
2000 0.1 24.2 0.0 4.1 30.5 0.4 18.2 77.4
2001 2.7 53.1 0.0 8.8 1.2 1.6 17.5 84.9
2002 2.6 65.4 3.8 1.8 1.2 1.7 20.1 96.7
2003 3.3 60.8 3.1 6.0 6.7 0.4 15.3 95.6
2004 1.9 5.6 0.0 24.4 31.0 0.6 20.6 84.0
2005 2.4 24.6 0.0 6.0 17.5 1.1 34.3 85.8
2006 0.0 56.6 0.0 3.9 4.0 0.8 20.3 85.6
2007 4.4 56.2 2.9 5.6 2.3 1.1 24.8 97.2
2008 2.2 64.1 1.9 4.8 3.6 1.0 15.5 93.2
2009 0.0 68.1 6.1 2.0 7.9 0.5 14.4 99.0
2010 0.0 0.6 0.0 45.3 9.4 1.9 24.6 81.9
2011 2.8 60.8 2.4 5.8 2.5 0.9 23.4 98.6
2012 0.0 38.2 0.0 5.3 16.8 0.4 20.4 81.2
2013 3.4 64.3 5.8 2.1 5.2 0.7 18.2 99.7
2014 0.0 35.2 0.0 2.5 20.3 0.4 23.7 82.1
2015 3.6 56.5 0.0 7.1 2.7 1.0 26.4 97.4
2016 2.4 34.0 0.0 3.8 14.1 0.7 28.4 83.4
2017 3.8 46.6 0.0 9.2 3.1 1.4 33.5 97.5
2018 3.8 55.2 0.0 8.2 5.0 0.4 26.2 98.8
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Chapter 3 Supplemental Material

This supplementary material supports the conclusions of Payne et al (2022). These additional

methods describe modifications made to the physical model, GOTM; model equations used for the

biogeochemical model, CAOS, introduced in this paper; model forcing; and model performance

methods and results.

Payne, C. M., & Arrigo, K. R. (2022). Increases in benthic particulate export and sedimentary

denitrification in the northern Chukchi Sea tied to underice primary production. Journal of Geo-

physical Research: Oceans, 127. https://doi.org/10.1029/2021JC018110.

B.1 Sensitivity analysis

The coupled CAOS-GO model is composed of a biogeochemical model (CAOS, Figure B.1; Payne

et al., 2021), a physical model (GOTM; Burchard et al., 1999) and a sedimentary chemistry model

(OMEXDIA; Soetaert et al., 1996b,a). Water column processes are governed by 31 parameters

(Table S1), while OMEXDIA processes are controlled by 14 parameters and 6 variables output by

either CAOS or GOTM (Table S2).

To evaluate the sensitivity of our model to these parameters, we conducted a sensitivity analysis.

First, 25 CAOS parameters were altered one at a time by ±20% and run for a single representative

year, 2011. Model sensitivity to these parameter changes was evaluated by comparing the magnitude

in change of total NPP as well as the change in peak bloom date to the run with standard parameters.

Next, the most sensitive CAOS parameters (six parameters) and the OMEXDIA parameters were

also altered one at a time by ±20% for 2011. Model sensitivity to these parameter changes was

evaluated by comparing the change in magnitude of total NPP, C export to the sediments, water

column nitrification, and sedimentary nitrification and denitrification to the run with standard

parameters.

144
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Additionally, we evaluated our model’s sensitivity to the choice in start and end dates for our

periods of water column production (UI, MIZ, and OW). In our standard model run, the UI period

extended from the initiation of exponential phytoplankton growth (when phytoplankton N assimila-

tion exceeded 0.5 mmol N m-2 d-1) and lasted until the start of sea ice retreat, when satellite-derived

sea ice concentration diminished below 90%. The MIZ period extended from the start of sea ice

retreat until its conclusion, when sea ice concentrations diminished below 10%. Finally, the OW

period began at the conclusion of ice retreat and terminated on the earliest date when either ice

advanced in the autumn or light diminished below 1% the maximum value reached in the mixed

layer, or on DOY 300±6. We altered these choices in a range surrounding the initial value (Table

S5) and measured the e↵ect of these changes on the length of the period and on the NPP during

that period.

B.2 Sensitivity analysis results

Total NPP was sensitive (altering by >5%) to 3 of the 25 parameters tested. It was most sensitive

to the winter NO –
3 concentration, with a 20% change in NO –

3 concentration altering NPP by 16.4-

17.0%. Total NPP was also sensitive to two large phytoplankton parameters - Ek Lphy and µ0 Lphy,

which both altered annual NPP by 5.2-6.8%. These same parameters led to the largest changes in

the timing of peak NPP, with parameters altering the peak bloom date by 0-6 days.

Sediment processes were sensitive (with the magnitude of one or more of POC export to the

sediments, water column nitrification, sedimentary nitrification, and sedimentary denitrification al-

tering by >5%) to 7 of the 16 parameters tested (Table B.4). The two tested large phytoplankton

parameters (Ek Lphy and µ0 Lphy) altered POC export by ±8.2-10.7%, sedimentary nitrification by

±7.0-9.2%, and denitrification by ±8.9-11.6%. Three of the tested parameters (initial NO –
3 con-

centration, ReminDet!NH4, and wdet) substantially a↵ected all five metrics of sensitivity, with total

annual NPP altered by ±5.4-16.6%, POC export by ±13.2-17.4%, water column nitrification by

±13.1-18.1%, sedimentary nitrification by ±9.9-15.3%, and denitrification by ±11.4-19.6%.

Of the OMEXDIA parameters, only an increase in the proportion of fast-decaying C (pfast)

or a change in the bottom-water O2 concentration (O2 bw) had a >5% impact on sedimentary

nitrification or denitrification, with nitrification changing by ±2.4-5.5% and denitrification changing

by ±5.9-6.1%.

Finally, we altered the values used to set the start and end dates for the three water column

periods - the UI, MIZ, and OW periods. A few of the larger changes in values resulted in substantial

changes in the lengths of these periods. In particular, using a far lower minimum N assimilation

threshold (0.1 mmol m-2 d-1) caused the UI period to start 19 days earlier, leading to a 36% increase

in the length of the UI period (Table S5). Similarly, ending the MIZ period when ice concentration

first diminished below 25% led to a MIZ period 9 days (and 41%) shorter than the original model
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choice, and choosing higher light thresholds (2%, 5%) to end the OW period led to a decrease in

the length of the OW period (10 and 16 days, 9% and 14.3% shorter total period) However, even

fairly drastic changes in these parameters resulted in only a small shift in the proportion of NPP

that occurred during these periods (with NPP estimates during these periods almost always altering

by <1.5 g C m-2 yr-1). Only substantial changes in the parameter used to set the end of the MIZ

period/start of the OW period led to substantial changes in the partitioning of NPP between these

two periods (3.3 g C m-2 yr-1). However, our original choice of the end of the MIZ period coinciding

with the date when ice concentration reached 10% is much closer to the definitions used by other

studies (e.g., Lowry et al., 2014; Perrette et al., 2011), which typically define the MIZ period as

stretching past the retreat of sea ice and into what we here consider the OW period.
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Detritus

Small
Phytoplankton

Large
Phytoplankton

Small
Zooplankton

Large
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Nitrate

OMEXDIA 
model

Ammonium

AmmoniumNitrate

Ice

Upper 
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Detritus

Snow Melt Pond

Ice 
Algae

Figure B.1: A diagram of the biogeochemical component of the CAOS-GO model. Light passes
through snow, ice, and/or melt ponds depending on ice conditions. Black arrows represent N ex-
change between state variables (text). Upper trophic levels are not explicitly modeled, but mortality
of zooplankton is assumed to contribute to upper trophic levels. Detritus that is exported to the
benthos and the bottom layer concentrations of two inorganic nitrogen state variables (nitrate and
ammonium) are also used as input for the sediment model, OMEXDIA. From Payne et al. (2021).
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a Arrigo (2017), b Welch and Bergmann (1989), c McMinn et al. (1999), d Arrigo et al. (2014),

e Fasham et al. (1990), f Brzezinski (1985); Lomas et al. (2019), g ICESCAPE 2011 data, h Lewis

et al. (2019), i Redfield (1958), j Sakshaug (2004), k Davis and Benner (2007), l SUBICE 2014 data

⇤ Reported Ek values were measured for PAR. Since phytoplankton functional groups were mod-

eled using PUR, these values were modified in the model to reflect that only 38.3% of photosynthetron-

produced light is usable by phytoplankton.

⇤⇤ Reported growth rates of 0.89 and 1.6 d-1 were observed at -1.6 °C. These values were adjusted
using the Eppley (1972) temperature/growth relationship to calculate specific growth rates at 0 °C.
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Table B.3: Sensitivity analysis for water column parameters. Parameters were increased (Treatment
= +) or decreased (Treatment = -) by 20%. Changes in the magnitude (%) of annual NPP and
date (d) of maximum production are listed. Bold indicates parameters that changed annual NPP
by >5%.

Parameter Treatment % � Magnitude � Max Date

Standard Run NA - -

Winter NO
–
3 + 16.4 0

Winter NO
–
3 - -17.0 -2

IA L + -0.4 -1

IA L - 0.4 0

IA x0 + 0.1 0

IA x0 - -0.1 -1

IA k + 0 0

IA k - 0 0

IA comp.irrad. + 0.2 0

IA comp.irrad. - 0 0

mortIA + 0.3 0

mortIA - -0.4 -1

Ek Lphy + --5.2 3

Ek Lphy - 6.2 -6

µ0 Lphy + 5.3 -4

µ0 Lphy - -6.8 4

mortLphy + 0.3 0

mortLphy - -0.4 -1

KS NO3 Lphy + 0 0

KS NO3 Lphy - 0 0

KS NH4 Lphy + 0 0

KS NH4 Lphy - 0 0

Ek Sphy + 0 0

Ek Sphy - 0 -1

µ0 Sphy + 0 -1

µ0 Sphy - -0.1 0

mortSphy + 0 0

mortSphy - -0 0

KS NO3 Sphy + 0 0

KS NO3 Sphy - 0 0

KS NH4 Sphy + 0 0
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KS NH4 Sphy - 0 0

mortLzoo + 0.1 0

mortLzoo - -0.2 0

exLzoo + -0.2 0

exLzoo - 0.2 -1

�Lzoo + 0 -1

�Lzoo - -0.4 0

KS Lzoo Lphy + 0 0

KS Lzoo Lphy - 0 0

KS Lzoo Szoo + 0 0

KS Lzoo Szoo - 0 0

mortSzoo + 0 0

mortSzoo - 0 0

exSzoo + 0 0

exSzoo - -0.1 0

�Szoo + -0.9 0

�Szoo - -0.5 -1

KS Szoo Sphy + 0 0

KS Szoo Sphy - 0 0

NitrNH4! NO4 + 0 0

NitrNH4! NO4 - 0 0
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Table B.4: Sensitivity analysis. Parameters were increased (Treatment = +) or decreased (Treat-
ment = -) by 20%. Changes in the magnitude (%) of oxic mineralization, anoxic mineralization,
nitrification, and denitrification are listed. Bold indicates parameters that changed magnitudes by
>5%.

Parameter Treatment � NPP � C. Exp. � WC. Nitr. � S. Nitr. � S. Denit.

Standard Run NA - - - - -
Ek Lphy + -5.0 -8.2 -1.1 -7.0 -8.9

Ek Lphy - 6.0 10.6 2.2 8.3 10.7

µ0 Lphy + 5.1 8.9 1.3 7.0 9.1

µ0 Lphy - -6.6 -10.7 -0.3 -9.2 -11.6

Nitr. rate + 0 0 0 0 0
Nitr. rate - 0 0 0 0 0
NO

–
3 + 15.9 13.2 18.1 10.4 19.0

NO
–
3 - -16.6 -14.1 -17.9 -12.4 -19.6

ReminDet!NH4 + 6.3 -13.9 14.4 -12.0 -13.8

ReminDet!NH4 - -6.6 15.5 -16.1 11.7 13.3

wdet + -5.4 13.0 -13.1 9.9 11.4

wdet - 7.7 -17.4 17.4 -15.3 -17.5

Db0 + 0 0 0 1.6 1.8
Db0 - 0 0 0 -2.2 -2.3

kin(NO –
3 anox) + 0 0 0 0 -0.4

kin(NO –
3 anox) - 0 0 0 0 0.5

kin(O2 anox) + 0 0 0 0 0
kin(O2 anox) - 0 0 0 0 0
kin(O2 denit) + 0 0 0 0 3.1
kin(O2 denit) - 0 0 0 0 -3.4

pfast + 0 0 0 -5.5 -6.1

pfast - 0 0 0 4.7 4.7
por + 0 0 0 -0.5 -2.2
por - 0 0 0 -0.7 1.3
Rfast + 0 0 0 -1.3 -2.0
Rfast - 0 0 0 1.5 2.5
Rslow + 0 0 0 -0.6 0.1
Rslow - 0 0 0 0.7 -0.4
O2 bw + 0 0 0 2.4 -6.0

O2 bw - 0 0 0 -5.3 5.9

w + 0 0 0 0.2 0
w - 0 0 0 -0.2 0
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Table B.5: The sensitivity of the length of and NPP during the UI, MIZ, and OW periods to the
choice of start and ending value for 2011 (units: UI start = mmol N m-2 d-1, OW end = % of
maximum PAR, all others = % satellite-derived sea ice coverage). The values chosen to define these
start and end dates were altered (value) and sensitivity was assessed by comparing the change in
DOY for the period start/end dates (d), the change in period length, and the change in NPP during
the period (g C m-2 yr-1).

Parameter Value � DOY � % period � period

length NPP

UI start 0.5 - - -
UI start 0.1 -19 35.8 0.4
UI start 0.25 -6 11.3 0.2
UI start 0.75 6 -11.3 -0.4
UI start 1 7 -13.2 -0.5
UI end 90% - - -
UI end 95% -2 -3.8 -0.8
UI end 85% 2 3.8 0.7
UI end 80% 3 5.7 1.1
UI end 75% 4 7.5 1.5

MIZ start 90% - - -
MIZ start 95% -2 9.1 0.9
MIZ start 85% 2 -9.1 -0.8
MIZ start 80% 3 -13.6 -1.1
MIZ start 75% 4 -18.2 -1.5
MIZ end 10% - - -
MIZ end 5% 1 4.5 0.4
MIZ end 15% -3 -13.6 -1.1
MIZ end 20% -3 -13.6 -1.1
MIZ end 25% -9 -40.9 -3.3
MIZ end 30% -9 -40.9 -3.3
OW start 10% - - -
OW start 5% 1 -0.9 -0.4
OW start 15% -3 2.7 1.1
OW start 20% -3 2.7 1.1
OW start 25% -9 8 3.3
OW start 30% -9 8 3.3
OW end 1% - - -
OW end 0.50% 6 5.4 0.4
OW end 2% -10 -8.9 -1
OW end 5% -16 -14.3 -1.5
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Chapter 4 Supplemental Material

This supplementary material supports the conclusions of Payne et al. (2022). These additional

methods describe modifications made to the physical model, GOTM; model performance methods

and results; and a description of annual cycles of N, phytoplankton, and zooplankton in the southern

Chukchi Sea.

Payne, C. M., van Dijken, G. L., & Arrigo, K. R. (2022). North-south di↵erences in under-ice pri-

mary production in the Chukchi Sea from 1988 to 2018. Journal of Geophysical Research: Oceans,

127. https://doi.org/10.1029/2022JC018431.

C.1 GOTM Configuration

Several modifications were made to the idealized profiles to implement CAOS-GO at the southern

model location. These modifications were made to ensure that GOTM generated profiles as consis-

tent as possible with in situ observations. Di↵erent methods for generating the mixed layer depth

(MLD), thickness of the mixed layer, and the bottom water temperature of profiles were evaluated by

comparing the RMSE and R2 of GOTM-generated profiles with observations, and the mathematical

relationships that resulted in the best correlation were chosen.

The first idealized temperature profile, based on observations by Arrigo et al. (2014); Pacini

et al. (2019), was used to represent the well-ventilated winter water conditions present in the winter

and spring. This profile was used at the start of sea ice retreat, when satellite-derived ice concen-

tration fell below 90%, and following sea ice advance, when satellite-derived ice concentration rose

above 10%. The first profile featured a surface temperature of -1.63°C and a temperature at depth

of -1.76°C, with a thermocline between 31 and 38 m Maslowski et al. (2004); Peralta-Ferriz and

Woodgate (2015).

155
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The second and third idealized temperature profiles were used on the first date at which satellite-

derived SST exceeded weighted means of maximum and minimum satellite-derived SSTs (0.6 * (Max

- Min) + Min and 0.9 * (Max - Min) + Min for the second and third profiles, respectively). The

surface temperatures for these profiles were set to the 60% and 90% weighted means of satellite-

derived SST values (see Payne et al., 2021, supplementary information for more details). The surface

temperature for these profiles extended through the top of the mixed layer (ML), which was set such

that (DP - DER)*0.37, where DP is the day of year (DOY) of the profile and DER is the DOY of the

end of sea ice retreat. For example, if SST reaches 60% of the maximum SST 22 days after the end of

ice retreat, the top of the ML of this profile is set to 8 m. Temperature declined exponentially until

the bottom of the mixed layer, which was set according to MLtop + (DP - DER)*0.3, where MLtop

is the the depth of the top of the mixed layer. In the above example, the bottom of the ML would

be set to 15 m. Below the mixed layer, observed water temperatures did not remain constant below

the MLD through the summer (Grebmeier , 2017), as it did further to the north (Arrigo et al., 2014;

Payne et al., 2021). As a result, the bottom-water temperature for the second and third profiles was

set to equal -1.76 + (TS + 1.76) * 0.59, where TS is the surface temperature.

Sea ice retreat-driven salinity changes were approximated through the use of five idealized profiles.

The first profile, the wintertime profile, featured an increase in salinity from 32.35 to 32.40 over the

pycnocline (from 31 to 38 m). The remainder of the profiles had fixed MLDs and varied in their

surface salinity depending on the length of the sea ice melt period, as in Payne et al. (2021). However,

unlike at the northern station featured in Payne et al. (2021), seven of the 31 years modeled here

featured ice retreat that started prior to ice melt and melt pond formation. In those seven years,

salinity was relaxed towards the wintertime profile year-round.

C.2 Comparing modeled and observed NPP

Validation of NPP and N concentrations at the northern model location can be found in the supple-

ment of Payne et al. (2021), while a comparison between modeled and observed denitrification rates

produced by our model configuration in the northern Chukchi Sea can be found in the discussion

section of Payne and Arrigo (2022).

For the southern Chukchi Sea location, modeled NPP was validated using MODIS-derived NPP

(Lewis et al., 2020). Surface Chlorophyll a (Chl) concentrations were determined from Level 3

MODIS Aqua ocean color data. A modified version of the standard empirical NASA-Chl a algorithm

was used to reflect the high pigment packaging and chromophoric dissolved organic matter (CDOM)

concentrations that make the Arctic Ocean bio-optically unique (Lewis et al., 2020; Lewis and Arrigo,

2020). Daily NPP for 2003-2018 was computed for a 125 km by 125 km box centered on the model

location from satellite-derived Chl a, SST, and sea-ice cover using the algorithm of Arrigo et al.

(2008) as modified by Pabi et al. (2008). This large box size was chosen to reduce data loss due to
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cloud cover, as a smaller box size greatly reduced the available observations. Remote sensing-derived

estimates of NPP were compared to modeled estimates of NPP over the full 50 m water column.

While satellite-derived estimates of NPP present numerous challenges in the Arctic, particularly in

regions such as the southern Chukchi Sea where there are deep subsurface Chl a maxima (SCM), a

pan-Arctic estimate of NPP (Arrigo and Van Dijken, 2011) found that satellites only underestimated

NPP by 8% when an SCM was present, indicating that satellite-derived NPP can act as a reasonable

estimate of total NPP.

Further, we validated modeled vertical profiles of mean (and standard deviation) Chl a and

dissolved inorganic N (DIN; NO –
3 + NO –

2 + NH +
4 ) in the southern Chukchi Sea by comparing

them to in situ measurements made during two ICESCAPE cruises (June-July 2010 and 2011)

and repeated Distributed Biological Observatory (DBO) cruises (July-August 2010-2018). Only

observations taken within 0.5°latitude and longitude of our model location were included. Nine

ICESCAPE stations met our criteria for comparison, with dates falling between 21 and 30 June

2010 and 2011. Forty-nine DBO cruises stations (stations 3.1-3.8) measured conditions near to the

model location between 17 and 20 July 2010 to 2018 (Figure C.3 c and d).

C.3 Model Performance

Modeled SST between 1988 and 2018 reproduced 92.4% of the variance in the satellite-derived SST

(slope=0.897, RMSE=0.9878, p<0.001, n=11313). Modeled SST had a relative bias of 0.476, with

a slight over-prediction of temperature in the spring and an under-prediction of temperature in the

fall (Figure C.1).

Due to the much smaller proportion of NPP in the under-ice period in the southern Chukchi

Sea, satellite-derived and modeled NPP were very similar between 2003-2018 (Figure C.2). Satellite-

derived NPP, for example, averaged 110.1±35.1 g C m-2 yr-1 while modeled NPP averaged 105.9±5.6

g C m-2 yr-1 between 2003 and 2018.

Vertical profiles of Chl a from the ICESCAPE and DBO cruises demonstrate that in June and

July, Chl a is highly variable, with concentrations ranging from 0 to 47 mg Chl a m-3 (Figure

C.3 a and c). Modeled Chl a concentrations are comparable to observations in surface waters and

through the SCM, but are lower than mean Chl a concentrations at depth (Figure C.3 a and c). In

the surface, both modeled Chl a and observed profiles demonstrate that phytoplankton biomass is

elevated in June, but that phytoplankton biomass has largely shifted to an SCM by July. Below 40

m, modeled Chl a concentrations are less consistent with observations, where the model produces

low Chl a concentrations. However, phytoplankton observed at depths greater than 40 m in waters

where surface Chl a concentrations are high are likely not contributing substantially to total NPP.

Similarly, observations of DIN during ICESCAPE and DBO cruises demonstrate the high spatial

variation. Modeled DIN profiles indicate that DIN is largely unavailable in surface waters during
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June and July and that the nitricline diminishes over this period from 23 m to 29 m between June

21-30 and July 17-20, consistent with observations (Figure C.3 b and d). Modeled bottom-water

DIN concentrations are somewhat higher than observations but are still within the range of variation

(Figure C.3 b and d).

C.4 Annual cycles of N, phytoplankton, and zooplankton

In the southern Chukchi Sea, the phytoplankton bloom began on average in late April, on DOY

111±10. Peak phytoplankton biomass was reached at the end of May (on DOY 151±14), or on

average 5.9±12.3 d prior to the end of the MIZ period (Figure C.4c and d). On this peak day,

phytoplankton biomass averaged 688.7±96.0 g Chl a m-2, and daily NPP rates peaked at 5.3±2.4

g C m-2 d-1. These blooms depleted water column N, which featured wintertime concentrations of

16 mmol m-3 throughout the water column but diminished below 1 mmol m-3 in the mixed layer

on average in late May (on DOY 142±9), shortly before the peak in water column phytoplankton

biomass (Figure C.4a and b). Through remineralization and nitrification, water-column N inventories

rose to 36.4±1.4 mmol N m-3 in the bottom 10 m of the water column. Surface N concentrations

increased above 1 mmol m-3 in the surface of the water column in mid November (on DOY 320±9)

as stratification diminished. Zooplankton concentrations also increase following the initiation of the

phytoplankton bloom, peaking at 5.0±1.7 mmol N m-2 in mid-September (on DOY 259±9; Figure

C.4e and f).
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Figure C.1: Scatterplot of daily satellite-derived vs. GOTM-produced sea surface temperature
(SST) by DOY (colorbar) for 1988 to 2018. The blue line is the best fit and the black line is the the
one-to-one fit line.
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Figure C.2: Comparison of modeled (black lines) to observed MODIS-derived (blue points, with
standard deviation lines) net primary production (g C m-2 d-1) for 2003 to 2018.
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Figure C.3: Comparison of modeled (mean in black lines, standard deviation in grey) to observed
ICESCAPE (boxplots in A and B) and DBO (boxplots in C and D) Chl a (mg m-3; A, C) and
Nitrogen (mmol DIN m-3; B, D) concentrations.
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Figure C.4: Annual depth vs. time plots of (A, B) nitrogen (nitrate + ammonium), (C, D) phyto-
plankton (large + small), and (E, F) zooplankton (large + small) for 2008 (a year with a UIB and
a moderate autumn bloom; subplots A, C, and E) and 2006 (a year without a UIB or an autumn
bloom; subplots B, D, and F). Black lines (A-D) represent the mixed layer depth, calculated based
on GOTM-derived buoyancy frequency. Grey dashed lines on each subplot represent, from left to
right, the date of ice melt, the start of ice retreat (which marks the end of the UI period and start
of the MIZ period), and the end of ice retreat (marking the end of the MIZ period and beginning of
the OW period).Sub
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T. Ilyina, R. Séférian, J. Tjiputra, and M. Vichi (2013), Multiple stressors of ocean ecosystems in

the 21st century: Projections with CMIP5 models, Biogeosciences, 10, 6225–6245, doi:10.5194/

bg-10-6225-2013.

Boyd, PW., J. Laroche, M. Gall, R. Frew, R. M. L. Mckay, and A. Phytoplankton (1999), Role of

iron, light, and silicate in controlling algal biomass in subantarctic waters SE of New Zealand,

Geo, 104 (C6), 395–408, doi:10.1029/1999JC900009.

Boyd, PW., A. C. Crossley, G. R. DiTullio, F. B. Gri�ths, D. A. Hutchins, B. Queguiner, P. N.

Sedwick, and T. W. Trull (2004), Control of phytoplankton growth by iron supply and irradiance

in the subantarctic Southern Ocean: Experimental results from the SAZ Project, Journal of

Geophysical Research: Oceans, 106 (C12), 31,573–31,583, doi:10.1029/2000jc000348.

Boyd, PW., T. Jickells, C. S. Law, S. Blain, E. A. Boyle, K. O. Buesseler, K. H. Coale, J. J. Cullen,

H. J. De Baar, M. Follows, M. Harvey, C. Lancelot, M. Levasseur, N. P. Owens, R. Pollard,

R. B. Rivkin, J. Sarmiento, V. Schoemann, V. Smetacek, S. Takeda, A. Tsuda, S. Turner, and

A. J. Watson (2007), Mesoscale iron enrichment experiments 1993-2005: Synthesis and future

directions, Science, 315 (5812), 612–617, doi:10.1126/science.1131669.



BIBLIOGRAPHY 167

Bradstreet, M. S., and W. E. Cross (1982), Trophic Relationships at High Arctic Ice Edges, ARCTIC,

35 (1), 1–12, doi:10.14430/arctic2303.

Bricaud, A., M. Babin, A. Morel, and H. Claustre (1995), Variability in the chlorophyll-specific

absorption coe�cients of natural phytoplankton: Analysis and parameterization, Journal of Geo-

physical Research, 100 (C7), 13,321–13,332, doi:10.1029/95JC00463.

Brown, Z. W., K. L. Casciotti, R. S. Pickart, J. H. Swift, and K. R. Arrigo (2015a), Aspects of the

marine nitrogen cycle of the Chukchi Sea shelf and Canada Basin, Deep-Sea Research Part II:

Topical Studies in Oceanography, 118, 73–87, doi:10.1016/j.dsr2.2015.02.009.

Brown, Z. W., K. E. Lowry, M. A. Palmer, G. L. Van Dijken, M. M. Mills, R. S. Pickart, and

K. R. Arrigo (2015b), Characterizing the subsurface chlorophyll a maximum in the Chukchi Sea

and Canada Basin, Deep-Sea Research Part II: Topical Studies in Oceanography, 118, 88–104,

doi:10.1016/j.dsr2.2015.02.010.

Brzezinski, M. A. (1985), The Si:C:N ratio of marine diatoms: Interspecific variability and the e↵ect

of some environmental variables, Journal of Phycology, 21 (3), 347–357.

Burchard, H., K. Bolding, and M. Ruiz-Villarreal (1999), GOTM, a General Ocean Turbulence

Model. Theory, Implementation and Test Cases, Space Applications Institute.

Cabré, A., I. Marinov, and S. Leung (2015), Consistent global responses of marine ecosystems to

future climate change across the IPCC AR5 earth system models, Climate Dynamics, 45 (5-6),

1253–1280, doi:10.1007/s00382-014-2374-3.

Campbell, R. G., M. Wagner, G. Teegarden, C. Boudreau, and E. Durbin (2001), Growth and

development rates of the copepod Calanus finmarchicus reared in the laboratory, Marine Ecology

Progress Series, 221, 161–183, doi:10.3354/meps221161.

Campbell, R. G., E. B. Sherr, C. J. Ashjian, S. Plourde, B. F. Sherr, V. J. Hill, and D. A. Stockwell

(2009), Mesozooplankton prey preference and grazing impact in the western Arctic Ocean, Deep

Sea Research Part II: Topical Studies in Oceanography, 56 (17), 1274–1289, doi:10.1016/j.dsr2.

2008.10.027.

Carmack, E., and D. C. Chapman (2003), Wind-driven shelf/basin exchange on an Arctic shelf:

The joint roles of ice cover extent and shelf-break bathymetry: WIND-DRIVEN SHELF/BASIN

EXCHANGE, Geophysical Research Letters, 30 (14), doi:10.1029/2003GL017526.

Carpenter, E. J., and R. R. L. Guillard (1971), Intraspecific Di↵erences in Nitrate Half-Saturation

Constants for Three Species of Marine Phytoplankton, Ecology, 52 (1), 183–185, doi:10.2307/

1934753.



BIBLIOGRAPHY 168

Carter, C. M., A. H. Ross, D. R. Schiel, C. Howard-Williams, and B. Hayden (2005), In

situ microcosm experiments on the influence of nitrate and light on phytoplankton commu-

nity composition, Journal of Experimental Marine Biology and Ecology, 326 (1), 1–13, doi:

10.1016/j.jembe.2005.05.006.

Chai, F., R. C. Dugdale, T. Peng, F. P. Wilkerson, and R. T. Barber (2002), One-dimensional

ecosystem model of the equatorial Pacific upwelling system . Part I : Model development and

silicon and nitrogen cycle, Deep Sea Research Part II: Topical Studies in Oceanography, 49, 2713–

2745.

Chang, B. X., and A. H. Devol (2009), Seasonal and spatial patterns of sedimentary denitrification

rates in the Chukchi sea, Deep-Sea Research Part II: Topical Studies in Oceanography, 56 (17),

1339–1350, doi:10.1016/j.dsr2.2008.10.024.

Christian, J. R., M. A. Verschell, R. Murtugudde, and A. J. Busalacchi (2002), Biogeochemical

modelling of the tropical Pacific Ocean . I : Seasonal and interannual variability, Deep-Sea Research

Part II, 49, 509–543.

Clement Kinney, J., W. Maslowski, R. Osinski, M. Jin, M. Frants, N. Je↵ery, and Y. J. Lee (2020),

Hidden Production: On the Importance of Pelagic Phytoplankton Blooms Beneath Arctic Sea Ice,

Journal of Geophysical Research: Oceans, 125 (9), doi:10.1029/2020JC016211.

Codispoti, L. A., C. Flagg, V. Kelly, and J. H. Swift (2005), Hydrographic conditions during the 2002

SBI process experiments, Deep-Sea Research Part II: Topical Studies in Oceanography, 52 (24-26),

3199–3226, doi:10.1016/j.dsr2.2005.10.007.

Codispoti, L. A., C. N. Flagg, and J. H. Swift (2009), Hydrographic conditions during the 2004 SBI

process experiments, Deep-Sea Research II, 56, 1144–1163, doi:10.1016/j.dsr2.2008.10.013.

Comiso, J. C. (2012), Large decadal decline of the arctic multiyear ice cover, Journal of Climate,

25 (4), 1176–1193, doi:10.1175/JCLI-D-11-00113.1.

Conover, R., and M. Huntley (1991), Copepods in ice-covered seas—Distribution, adaptations to

seasonally limited food, metabolism, growth patterns and life cycle strategies in polar seas, Journal

of Marine Systems, 2 (1-2), 1–41, doi:10.1016/0924-7963(91)90011-I.

Cooper, L. W., and J. M. Grebmeier (2018), Deposition patterns on the Chukchi shelf using ra-

dionuclide inventories in relation to surface sediment characteristics, Deep Sea Research Part II:

Topical Studies in Oceanography, 152, 48–66, doi:10.1016/j.dsr2.2018.01.009.

Corlett, W. B., and R. S. Pickart (2017), Progress in Oceanography The Chukchi slope current,

Progress in Oceanography, 153, 50–65, doi:10.1016/j.pocean.2017.04.005.



BIBLIOGRAPHY 169

Cota, G., and E. Home (1989), Physical control of arctic ice algal production, Marine Ecology

Progress Series, 52, 111–121, doi:10.3354/meps052111.

Coyle, K., B. Konar, A. Blanchard, R. Highsmith, J. Carroll, M. Carroll, S. Denisenko, and

B. Sirenko (2007), Potential e↵ects of temperature on the benthic infaunal community on the

southeastern Bering Sea shelf: Possible impacts of climate change, Deep Sea Research Part II:

Topical Studies in Oceanography, 54 (23-26), 2885–2905, doi:10.1016/j.dsr2.2007.08.025.

Crawford, A. D., K. M. Krumhardt, N. S. Lovenduski, G. L. Dijken, and K. R. Arrigo (2020),

Summer High-Wind Events and Phytoplankton Productivity in the Arctic Ocean, Journal of

Geophysical Research: Oceans, 125 (9), doi:10.1029/2020JC016565.

Cullen, J. J. (1982), The Deep Chlorophyll Maximum: Comparing Vertical Profiles of Chlorophyll

a, Canadian Journal of Fisheries and Aquatic Sciences, 39 (5), 791–803, doi:10.1139/f82-108.

Darby, D., J. Ortiz, L. Polyak, S. Lund, M. Jakobsson, and R. Woodgate (2009), The role of currents

and sea ice in both slowly deposited central Arctic and rapidly deposited Chukchi–Alaskan margin

sediments, Global and Planetary Change, 68 (1-2), 58–72, doi:10.1016/j.gloplacha.2009.02.007.

Davis, CO. (1976), Continuous culture of marine diatoms under silicate limitation. E↵ect of light

intensity on growth and nutrient uptake of Skeletonema Costatum, Journal of Phycology, 12,

291–300.

Davis, J., and R. Benner (2007), Quantitative estimates of labile and semi-labile dissolved organic

carbon in the western Arctic Ocean: A molecular approach, Limnology and Oceanography, 52 (6),

2434–2444, doi:10.4319/lo.2007.52.6.2434.

De Robertis, A., K. Taylor, C. D. Wilson, and E. V. Farley (2017), Abundance and distribution

of Arctic cod (Boreogadus saida) and other pelagic fishes over the U.S. Continental Shelf of the

Northern Bering and Chukchi Seas, Deep Sea Research Part II: Topical Studies in Oceanography,

135, 51–65, doi:10.1016/j.dsr2.2016.03.002.

Deutsch, C., and T. Weber (2012), Nutrient Ratios as a Tracer and Driver of Ocean Biogeochemistry,

Annual Review of Marine Science, 4 (1), 113–141, doi:10.1146/annurev-marine-120709-142821.

Devol, A. H., L. A. Codispoti, and J. P. Christensen (1997), Summer and winter denitrification rates

in western Arctic shelf sediments, Continental Shelf Research, 17 (9).
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