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Abstract 

 

At the intersection of land, sea, and atmosphere, coastal lagoons act as bioreactors, 

processing both terrestrial and autochthonous organic matter production before export to 

the coastal ocean. Approximately half of the Beaufort Sea coast is outlined by barrier 

island chains that enclose shallow lagoons and sounds. These lagoons are subject to 

extreme seasonal variations in ice cover, temperature, and salinity, yet are home to a 

diverse and productive food web. Bound between the arctic tundra and Beaufort Sea, 

these shallow systems receive and process resources from both sea and particularly land 

in the form of coastal erosion and riverine export. While we know these terrestrial inputs 

are driving increasing rates of primary production in the Arctic Ocean, the role of 

nearshore coastal retention and processing of this material before export remains 

underexplored. To that end, the overarching goal of this dissertation was to assess 

seasonal and spatial dynamics of carbon and nutrient cycling in coastal Arctic lagoons as 

part of the Beaufort Lagoon Ecosystems Long-Term Ecological Research (BLE-LTER) 

program from 2018-2022. Water column and sediment samples were collected at five 

lagoons (Elson Lagoon, Simpson Lagoon, Stefansson Sound, Kaktovik Lagoon, Jago 

Lagoon) during Ice Cover (April), Break Up (June), and Open Water (August) in alignment 

with the major hydrological phases. In Chapter 2, Abiotic and biotic controls on nutrient 

cycling in coastal Arctic lagoons, I present seasonally collected water column nutrient 

data and estimated physical vs. biological controls on their concentrations. During Ice 

Cover, inorganic nutrient concentrations likely increased in response to brine exclusion 

and biotic remineralization. In contrast nutrient concentrations rapidly decreased during 

Break Up and Open Water through freshwater input dilution and autotrophic uptake during 

Break Up. In Chapter 3, Physical drivers of sediment distribution and organic matter 

oxidation in coastal Arctic lagoons, I focused on sediment characteristics and the physical 

conditions that drive organic matter distribution and microbial aerobic oxidation. Sediment 

grain size, organic matter content, and isotopic composition consistently differed between 

lagoons and water depths, reflecting the variability in sediment organic matter retention, 

source, and processing. In Chapter 4, Seasonal cycles of benthic productivity and N 

cycling in Beaufort Sea lagoons I present results from seasonal batch sediment 

incubations to quantify benthic metabolism and nitrogen cycling. In general, lagoon 

sediments shifted from net heterotrophy in Ice Cover, exhibiting net inorganic nutrient 

production and net denitrification before transitioning into net autotrophy during Break Up 

and Open Water with increased sediment nutrient consumption and nitrogen fixation. As 

the coastal Arctic undergoes rapid changes in temperature, duration of sea ice, river 

discharge, and coastal erosion, our understanding of seasonal nearshore coastal 

metabolism will help to better constrain future projections of coastal Arctic ecosystem 

productivity. 
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Chapter 1: Introduction 

1.1 Coastal lagoon ecosystems 

Coastal marine zones receive, retain, and process significant amounts of terrestrial 

organic matter, making them among the most biologically active areas of the biosphere 

(Bianchi et al., 2018; Canuel & Hardison, 2016; Duarte, 2017). Coastal lagoons are 

shallow water bodies that are separated from the ocean by natural barriers, intermittently 

connected to the ocean, and characterized by their unique ecological features (Kjerfve, 

1994; Kjerfve & Magill, 1989). Lagoons are effective sediment traps, with sediments 

originating from the shoreline, barrier island overwash during storms, tidal inlet processes 

(e.g., flood-tidal delta and recurved spit accretion), atmospheric deposition, and river 

discharge (Kjerfve & Magill, 1989; Snedden et al., 2023). Their shallow depths seldom 

exceed a few meters, making them distinct from other similar but deeper habitats such as 

estuaries and bays (Hardison et al., 2011; Kjerfve & Magill, 1989; Pérez-Ruzafa et al., 

2011). Because lagoons are such effective sediment traps, the depth of most modern 

lagoons is controlled by their width along the coastline and primary wind direction, which 

determines fetch and therefore effective wave influence (Kjerfve & Magill, 1989; Snedden 

et al., 2023).  

These estuarine coastal bodies exist as a continuum between terrestrial and 

marine ecosystems, encompassing several environmental gradients that host a wide 

variety of organisms including primary producers (Canuel & Hardison, 2016; Pérez-

Ruzafa et al., 2011, 2020). Characterized by high resource availability, long retention 

times, and diverse primary producers, coastal lagoons support a highly productive 
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ecosystem (Kjerfve, 1994; Kjerfve & Magill, 1989; Pérez-Ruzafa et al., 2011; Snedden et 

al., 2023). Since these ecosystems are so shallow, benthic microbial loops also play an 

especially vital role in decomposing organic matter, recycling nutrients, and enhancing 

both benthic-pelagic cycling and primary productivity (Damashek & Francis, 2018; Liefer 

et al., 2014; Manini et al., 2003; Renaud et al., 2008). In turn, they provide essential 

sources of food and habitats that host numerous resident and migrant fish species, 

supporting local communities and overall ecological richness (Dunton et al., 2012; Fraley 

et al., 2021). However, due to climate change, coastal lagoons are subject to new 

environmental pressures such as sea-level rise, increasing temperatures and storm 

activity, and human pollution (Canuel et al., 2012; Carrasco et al., 2016; Ligorini et al., 

2023; Pusceddu et al., 2005). 

Favorable conditions including a shallow depth, high light availability, and benthic 

nutrient cycling, enhance primary production in coastal lagoon ecosystems (Manini et al., 

2003; Pérez-Ruzafa et al., 2011, 2020). The mixing of fresh and marine waters enhances 

nutrient availability, promoting the growth of diverse vegetation and algae contributing to 

the status of coastal lagoons as being one of the most productive marine ecosystems 

globally (Duarte, 2017; Martins et al., 2022; Pérez-Ruzafa et al., 2011). Vegetated coastal 

habitats (i.e., mangroves, salt marshes, seagrass meadows) play a vital role in the ocean 

carbon budget by generating a substantial portion of global marine net primary production 

(Duarte, 2017; Duarte et al., 2005). Macroalgae can also be significant contributors to 

coastal primary production, even in polar regions, where annual primary production may 

be low (Gattuso et al., 2006). 
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The importance of coastal primary production also extends to their role in carbon 

sequestration, with these ecosystems exhibiting a disproportionate role in global carbon 

storage (Brevik & Homburg, 2004; Chen, 2020; Martins et al., 2022). Although coastal 

vegetated habitats, represent < 0.2% of the area of the ocean, they account for at least 

50% of the total marine carbon sequestration (Duarte, 2017; Duarte et al., 2005). In fact, 

McLeod et al. (2011) found carbon storage rates in coastal vegetated areas could be up 

to 40 times higher than tropical rainforests per unit area. These habitats generate a 

surplus of organic carbon, which is often buried in sediments due to low carbon loss rates 

(Brevik & Homburg, 2004; Chen, 2020; Martins et al., 2022).   

The morphological features of coastal lagoons, including the network of barrier 

islands, channels, and tidal flats, all influence water flow and therefore the burial of 

organic carbon in sediments (Bianchi et al., 2018; Petti et al., 2018), with higher residence 

times associated with higher rates of sediment trapping and burial (Hanna et al., 2018; 

Nichols, 1989). The accumulation of organic carbon in lagoon sediments is also 

influenced by sediment characteristics like grain size and organic carbon content, 

constraining redox conditions that dictate respiration and burial efficiency of carbon in 

these environments (Ahmerkamp et al., 2020; Van De Velde et al., 2023; Wilson et al., 

2008). In addition, wind-driven sediment suspension and siltation processes also play a 

role in the burial of organic carbon within lagoon sediments (S. Lawson et al., 2012; S. E. 

Lawson et al., 2007; Petti et al., 2018). 

As the boundary between several ecospheres, coastal lagoons can receive 

nutrients from various sources including groundwater, terrestrial runoff, atmospheric 

deposition, nitrogen fixation, and exchange with the ocean (Cervantes-Duarte et al., 2013; 
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Fertig et al., 2013; Leote et al., 2008; Rodellas et al., 2018). Coastal lagoons can act as 

both a source and sink of nutrients depending on local factors such as internal cycling, 

sediment interactions, and external inputs through groundwater and terrestrial discharge 

(Leote et al., 2008; Liefer et al., 2014; Rodellas et al., 2018). With long water residence 

times and restricted access to the sea, coastal lagoons can act as sites of organic matter 

accumulation, leading to nutrient retention within the lagoon ecosystem (Malta et al., 2017; 

Manini et al., 2003; Middelburg et al., 2004; Vybernaite-Lubiene et al., 2017). However, 

sediments can also act as a source of nutrients via remineralization and release to the 

overlying waters, fueling more primary production (McGlathery et al., 2007; Nowicki & 

Nixon, 1985; Webster et al., 2002). In some cases, coastal lagoons can behave as 

sources of dissolved inorganic nutrients due to high exchange rates with groundwater 

(Rodellas et al., 2018; Wang & Du, 2016). This retention and production highlights 

lagoons as bioreactors capable of fueling production, retaining nutrients, and exporting 

both new and regenerated organic and inorganic nutrients. This variability shows that 

coastal lagoons have the potential to act as both nutrient sinks and sources, depending 

on the specific hydrological conditions and biological processes occurring within the 

ecosystem.  

In coastal lagoon ecosystems, seasonal and spatial variability in environmental 

conditions and resource availability facilitate an abundance of nitrogen (N) cycling 

pathways. The dominant N cycling pathway in sediments determines whether sediments 

act as a net source or sink for bioavailable N to the overlying water. Within anoxic 

sediments, N may be removed via denitrification or anaerobic ammonium oxidation 

(anammox) and released as dinitrogen gas (N2). Denitrification is the stepwise reduction 
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of nitrate (NO3
-) to N2 gas by denitrifying, heterotrophic microbes. Nitrate fueling 

denitrification can come either from the overlying water column (direct denitrification) or 

from ammonium oxidation in the sediment porewater (coupled nitrification-denitrification; 

Devol, 2015). Denitrification rates are controlled by various environmental factors 

including overlying NO3
- concentrations and redox conditions associated with organic 

matter content (Cornwell et al., 2014; Devol, 2015). Anammox is the anaerobic oxidation 

of ammonium (NH4
+) coupled to the reduction of nitrite (NO2

-) to produce N2 gas. In 

contrast to denitrification, anammox is performed by autotrophic bacteria and may be 

more favorable in low organic matter conditions (Thamdrup & Dalsgaard, 2002). 

Dissimilatory nitrate reduction to ammonium (DNRA) is the reduction of NO3
- to NH4

+ 

performed by heterotrophic bacteria in anoxic settings (Giblin et al., 2013). DNRA is not 

considered a N removal pathway because it transforms NO3
- into another bioavailable 

form, NH4
+, thereby retaining the N in the system (Giblin et al., 2013). DNRA tends to 

dominate over denitrification in sulfide- and organic-rich sediments, and high organic 

matter loading can be seen as a prerequisite (Giblin et al., 2013; Hardison et al., 2015). 

1.2 Beaufort Sea lagoons 

As ubiquitous features, coastal lagoons are also found all around the Arctic Ocean. 

In fact, nearly half of the Beaufort Sea coast, located along the northernmost coast of 

Alaska, is bordered by an irregular and discontinuous chain of barrier islands that enclose 

numerous shallow (<7 m) lagoons and sounds (Dunton et al., 2006; Wiseman et al. 1973). 

Variations in barrier island morphology play a crucial role in shaping the hydrological 

balance between fresh and marine waters in the Arctic, creating a wide range of salinities, 
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circulation patterns, and flushing times that impact their hydrodynamics and overall 

ecological function (Snedden et al., 2023; Weingartner et al., 2017).  

Seasonal shifts in temperature, sea ice dynamics, and freshwater inputs create 

large annual fluctuations in ecosystem conditions. Annually, water column temperatures 

range from -2 to 14 oC, and salinities vary drastically, from fresh (0) to hypersaline (45) 

(Harris et al., 2017; Miller et al., 2021; Connolly et al., 2021). The magnitude of seasonal 

temperature fluctuations in Arctic lagoons is notably larger compared to much of the rest 

of the Arctic Ocean (Carvalho & Wang, 2020). As early as October, seasonal sea ice 

begins to form and extends for eight months of the year, with shallow areas of the lagoons 

developing bottom fast ice (Mahoney et al., 2014). During sea ice formation, brine is 

ejected into the underlying water resulting in hypersaline conditions in shallow areas (<3 

m) (Yamamoto-Kawai et al., 2005; McCart, 1977). In Spring, the freshet occurs as snow 

and sea ice melt, resulting in over half of the annual freshwater river discharge within a 

two-week period (McClelland et al., 2012; Stierle & Eicken, 2002). While freshwater inflow 

facilitates ice breakup, the lagoons remain largely ice-covered until late June. This lag 

between the freshet in May and ice break up in June promotes the retention and biological 

processing of river derived inputs, including vast quantities of dissolved organic matter 

(DOM), particulate organic matter (POM), and dissolved inorganic nutrients (McClelland 

et al., 2012). Once all the sea ice melts and the shoreline is exposed, wind and wave 

activity rapidly erode the coast (Barnhart et al., 2014b; Overeem et al., 2011). Located at 

roughly 70oN , daylength varies from periods of no light (“polar night,” ~60 days) to periods 

of constant light (“midnight sun,” ~81 days) during winter and summer, respectively 

(www.timeanddate.com). Although surface sunlight exists for nine months of the year 
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(March – December), underwater light availability is further constrained to the late spring 

and summer months due to the presence of sea ice (Bonsell & Dunton, 2018). 

Although the Arctic Ocean accounts for ~ 1% of total ocean volume, it receives 

>10% of global river discharge, resulting in a disproportionate impact of river inputs on 

the biogeochemistry of Arctic coastal waters (Dittmar & Kattner, 2003; McClelland et al., 

2012). During a short period from May to July, Arctic rivers discharge >90% of their annual 

nutrient and organic matter export and most of their water inputs (Dittmar & Kattner, 2003; 

Holmes et al., 2012; McClelland et al., 2014). Relative to lower latitudes, Arctic rivers have 

some of the highest concentrations of organic matter, with annual exports on par with the 

Amazon River, while inorganic nutrients in the Arctic are among the lowest worldwide 

(Dittmar & Kattner, 2003). This pattern of high organic matter and low inorganic nutrient 

inputs is due to the Arctic watershed, which is primarily composed of permafrost that 

readily leaches high concentrations of dissolved organic carbon (DOC) (Bristol et al., 

2021; Johnston et al., 2019; Connolly et al., 2020).  

As the summer progresses and the lagoons become completely ice free, they 

receive additional terrestrial inputs in the form of permafrost through coastal erosion. 

Coastal erosion in the Beaufort Sea region is limited to the short ice-free season, lasting 

three to four months (Overduin et al., 2014). During this period, wind and wave activity 

along the coastline promotes mechanical permafrost degradation (Barnhart et al., 2014b; 

Overeem et al., 2011). Average rates of coastal erosion for the Arctic (0.5 m year-1) are 

among the highest in the world, due in part to the ice‐bonded nature of the coastal 

sediments (Jones et al., 2009; Lantuit et al., 2011). The Beaufort Sea coastline is 

characterized by the strongest retreat, with coastal erosion rates exceeding 1.1 m year−1 
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on average (Lantuit et al., 2011). Rates have been observed to be even higher in regions 

of the Beaufort Sea coast exposed to northwestern winds and associated waves, leading 

to severe coastal changes (Barnhart et al., 2014a). 

The coastal Arctic Ocean accounts for 80% of the total primary productivity in the 

Arctic Ocean (Hill and Cota, 2005). As with lower latitudes, seagrasses, macroalgae, and 

benthic microalgae (BMA) are present, and these benthic primary producers can be 

dominant in coastal Arctic systems. BMA contribute approximately 40% of total Arctic 

benthic primary production, despite only being found in 10-14% of the Arctic Ocean (Glud 

et al., 2009; Karsten et al., 2012). In shallow water systems, such as coastal lagoons, 

benthic diatoms typically contribute 1.5x more to overall primary production (1.6 x 107 Gt 

C yr -1) than pelagic communities (Glud et al., 2002). This may be due to their access to 

nutrients within sediment porewater, with concentrations typically 5-10x higher than in the 

adjacent water column (Glud et al., 2009; Woelfel et al., 2010). In addition to autotrophic 

production, the diversity of microbial communities and heterotrophic production in coastal 

Arctic ecosystems significantly contributes to lagoon food web productivity (Galand, et al., 

2008; Kellogg et al., 2019). Studies have shown that external organic carbon from 

terrestrial runoff supports and integrates into lagoon food webs in the Arctic (Kellogg et 

al., 2019; Thibodeau et al., 2017).  

In fact, around one third of current Arctic Ocean primary production could be 

sustained by rivers and coastal erosion, with terrestrial nitrogen inputs playing a crucial 

role in supporting Arctic Ocean production (Terhaar et al., 2021). Although the coastal 

Arctic appears to remain productive despite these drastic seasonal changes in 
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environmental conditions, this ecosystem is now subject to new and accelerating changes 

in environmental forces due to climate change. 

1.3 Climate change in the Arctic 

The Arctic climate system is in a transitional state, marked by declining summer 

sea ice extent, altered ecosystem dynamics, shifts in circulation patterns, and potential 

tipping points. Arctic amplification, characterized by enhanced warming in the Arctic 

compared to the global average, is a phenomenon largely attributed to the loss of sea ice 

cover (Previdi et al., 2021; Serreze & Barry, 2011). However, other local feedback loops 

such as the release of greenhouse gases stored in permafrost (Schuur et al., 2022), 

atmosphere-ocean heat transport (Boeke et al., 2020), and increased poleward heat 

transport (Screen & Simmonds, 2013) have all contributed to recent patterns of warming.  

This warming in turn is increasing river discharge from major Arctic rivers with 

noticeable “freshening” of the coastal Arctic (Fichot et al., 2013). Discharge from the four 

largest Arctic-draining rivers along the Eurasian coast has increased 7% from 1936-1999 

(Peterson et al., 2002), and approximately 14% from 1980-2009 (Ahmed et al., 2020). 

This phenomenon is also occurring along the Beaufort Sea coast which has experienced 

a 40% increase in liquid freshwater content from the 1970’s to 2018 (Proshutinsky et al., 

2015). In addition to increased discharge, permafrost thawing and thermokarst formation 

are leading to increased surface water-groundwater interactions on land and increased 

groundwater discharge (Walvoord & Striegl, 2007; Connolly et al. 2020). 

In addition to increasing freshwater inputs, warming atmospheric and water 

temperatures are expanding the open water period of the coastal Arctic by approximately 

1-2 days per year (Markus et al., 2009; Stroeve et al., 2014). However, regional dynamics 
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can drastically amplify this effect with the open water period increasing by 1.2 days per 

year from 1979-2012 to 12.8 days per year from 2000 to 2012 along the Beaufort Sea 

coast (Frey et al., 2015). Several studies have documented a doubling (7 to 13.5 m-1 y-1, 

Jones et al., 2009) or even tripling (6.8 to 19 m-1 y-1, Barnhart et al., 2014) of rates of 

coastal erosion in response to the increasing open water period (Barnhart et al., 2014b; 

Günther et al., 2013; Overeem et al., 2011). With increased thaw of permafrost and more 

physical degradation through winds, waves, and storms, the coastal Arctic is releasing 

large amounts of previously frozen organic carbon, as well as greenhouse gases 

(Knoblauch et al., 2018; Voigt et al., 2017). In response to the thinning and diminishing 

ice cover and increasing light, pelagic and sea ice algal production rates are increasing 

(Lannuzel et al., 2020). In fact, Arctic Ocean primary production has increased ~30% over 

the past several decades (Arrigo et al., 2008; Arrigo & Van Dijken, 2015). 

1.4 Beaufort Lagoon Ecosystems Long-Term Ecological Research program 

To address both spatial and seasonal dynamics of coastal Arctic ecosystem 

metabolism, the research herein was conducted as part of the Beaufort Lagoon 

Ecosystems Long-Term Ecological Research (BLE-LTER) program. The National Science 

Foundation (NSF)-funded LTER program was first established in 1980 to address 

ecological questions that cannot be resolved with short-term observations or experiments. 

Today, there are 28 LTER sites that represent a wide spectrum of ecosystems including, 

but not limited to, temperate forests, coral reefs, deserts, and salt marshes. Although 

diverse in ecosystem type, LTER programs are centered around five consistent themes:  

1) primary production, 2) population studies, 3) organic matter cycling, 4) inorganic 

nutrient cycling, and 5) environmental disturbance.  
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The BLE-LTER (ble.lternet.edu) was funded by NSF in 2017 and renewed again 

in 2023. The BLE-LTER operates out of three villages or “nodes,” Utqiaġvik (BRW), 

Prudhoe Bay (SCC), and Barter Island (BTI), representing spatial variability along the 

western, central, and eastern Beaufort Sea coast, respectively. Each region differs in the 

relative contribution it receives from terrestrial inputs, circulation, oceanic exchange, and 

sea ice dynamics. In the western node, the BLE-LTER samples Elson Lagoon, which 

divides into Elson Lagoon West and Elson Lagoon East for sampling purposes. The 

central node includes Simpson Lagoon and Stefansson Sound, and the eastern node 

includes Kaktovik Lagoon and Jago Lagoon. To study temporal and seasonal dynamics, 

samples were collected three times during each year (2018-2022) to capture key phases 

of the hydrological cycle: Ice Cover (April), Break Up (June), and Open Water (August).  

1.5 Inupiat communities and subsistence hunting 

Coastal lagoons play a significant role in supporting the Iñupiat community in Arctic 

Alaska, particularly in subsistence hunting practices. These ecosystems are crucial 

habitats for various fish species, including whitefishes, cods, and flounders, which are 

essential for subsistence harvesting (Dunton et al., 2012; Fraley et al., 2021). Subsistence 

hunting practices among the Iñupiat are not solely driven by economic considerations but 

are deeply rooted in a profound respect for the environment and a sustainable approach 

to resource utilization (Anthony, 2013). Traditional knowledge holders, such as hunters 

from Alaska Native communities, have observed and documented the impacts of climate 

change while hunting, particularly of marine mammals (Anthony, 2013; Huntington et al., 

2020). Despite external pressures and challenges, subsistence hunting remains a vital 

aspect of Iñupiat life, serving not only as a means of acquiring food but also as a central 



13 
 

component of cultural identity reflected in the traditions of hunting, communal distribution 

of meat, and performance of cultural ceremonies (Sakakibara, 2017). This holistic 

perspective on subsistence hunting reflects a deep understanding of the 

interconnectedness of ecosystems and the need for responsible stewardship of natural 

resources to maintain ecological balance and biodiversity. 

1.6 Dissertation objectives 

Although foundational knowledge of coastal Arctic systems has been gradually 

learned over the past few decades, process studies that quantify nutrient transformations, 

ecosystem metabolism, and exchanges across the sediment-water interface in the 

shallow coastal nearshore are sorely needed to develop a complete understanding of 

complex biogeochemical cycling within the Arctic coast. Understanding seasonal patterns 

and biological mechanisms of coastal Arctic ecosystem metabolism and nutrient cycling 

is urgently needed to form a baseline for predictions about the changing Arctic system.  

To that end, in this dissertation, I assessed carbon and nitrogen cycling in coastal Arctic 

lagoons as part of the BLE-LTER program. In Chapter 2, Abiotic and biotic controls on 

nutrient cycling in coastal Arctic lagoons, I present water column nutrient data collected 

seasonally from several Beaufort Sea lagoons and estimate physical vs. biological 

controls on their concentrations. In Chapter 3, Physical drivers of sediment distribution 

and organic matter oxidation in coastal Arctic lagoons, I focused on sediment 

characteristics and the physical conditions that drive organic matter distribution and 

aerobic oxidation. In Chapter 4, Seasonal cycles of benthic productivity and N cycling in 

Beaufort Sea lagoons, I present results from seasonal batch sediment incubations to 

quantify benthic metabolism and nutrient cycling. processes.  
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Chapter 2: Abiotic and biotic controls on nutrient cycling in coastal 

Arctic lagoons 

2.1 Abstract 

Approximately half of the Alaska Beaufort Sea coast is outlined by barrier island 

chains that enclose shallow lagoons. These lagoons are subject to extreme seasonal 

variations in ice cover, temperature, and salinity, yet are home to a diverse and productive 

food web. Situated at the interface between the Arctic tundra and Beaufort Sea, these 

systems receive and process resources from both land and sea as well as internal loading 

from the sediments. Due to extreme seasonal variations in environmental conditions, the 

input, transformation, and fate of these nutrients are likely dynamic, but not well studied. 

To quantify the impacts of these seasonal forces on lagoon nutrients, we measured 

biogeochemical and physical parameters (temperature, salinity, pH, dissolved oxygen, 

inorganic nutrients, H2O-δ18O) of six lagoons along the Beaufort Sea coast. Samples were 

collected seasonally, during “Ice Cover” (April), “Break Up” (June), and “Open Water” 

(August) periods from 2018-2022. Using a three-end-member mixing model and 

conservative mixing line, we quantified the abiotic and biotic effects associated with 

seasonal changes in inorganic nutrients and, by proxy, net ecosystem productivity. We 

observed seasonal changes in nutrient concentrations likely driven by abiotic processes 

like brine exclusion during Ice Cover and freshwater dilution during Break Up. We also 

observed net accumulation of nutrients during Ice Cover likely due to biotic 

remineralization and uptake during Break Up and Open Water by microalgae. As the 

Open Water period lengthens, along with rapidly increasing Arctic temperatures, there will 
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likely be cascading impacts on winter nutrient accumulation, spring primary productivity, 

and summer organic matter cycling.  
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2.2 Introduction 

Arctic-wide average surface air temperatures have increased at nearly four times 

the rate of global mean temperatures since 1979 (Rantanen et al., 2022) — a 

phenomenon known as Arctic amplification (Serreze & Barry, 2011). Records of 

atmospheric temperature in the Alaskan Arctic indicate warming by 3.1 oC during the cold 

season and 1.8 oC during the warm season since the 1970s (Box et al., 2019). 

Mechanisms for Arctic amplification include reduced summer albedo due to sea-ice and 

snow-cover loss, decreased cloud cover in summer and increased cloud cover in winter, 

and marine heat maintained later into the fall (Pithan & Mauritsen, 2014). In 2011–2020, 

annual average Arctic sea ice area reached its lowest level since 1850, and late summer 

Arctic sea ice area was smaller than at any time in at least the past 1000 years (IPCC 

2021). In addition to decreasing sea ice area, ice formation in the Beaufort Sea, a 

marginal sea of the Arctic Ocean, is occurring progressively later. For example, in 2012, 

sea ice formed five weeks later compared to the 1981-2010 average (Bonsell & Dunton, 

2018).  

Arctic coastal environments are recognized as one of the most vulnerable 

ecosystems on Earth in response to global warming (Lantuit et al., 2011), and represent 

an interface between marine, cryospheric, and terrestrial systems. In many areas, 

sustained warming is changing coastal ice conditions (Mahoney et al., 2014) and 

increasing coastal erosion (Jones et al., 2009). Several studies have highlighted how 

changes in sea ice extent can impact barrier island geomorphology and terrestrial 

processes (Bhatt et al., 2014; Tweedie et al., 2016). For example, permafrost thaw 

controls coastal erosion and, therefore, watershed export to the coastal ocean (Mahoney 
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et al., 2014; Aguirre eta al, 2011). Due to these significant changes in freshwater inflow, 

coastal erosion, ice cover, and exchange with the ocean, Alaska’s northern Arctic coastal 

ecosystem has been primed to undergo dramatic changes in ecosystem function. 

Nearly half of the Alaskan Beaufort Sea coast is bordered by an irregular and 

discontinuous chain of barrier islands that enclose numerous shallow (<7 m) lagoons and 

sounds (Fig. 2.1.). Situated north of the Arctic Circle, the lagoons are subject to extreme 

seasonal variations in physical conditions (i.e., hydrology, temperature). Beginning in 

October, seasonal ice cover extends for eight months of the year, with shallow areas of 

the lagoons developing ice down to the sediment surface (Mahoney et al., 2014). Annually, 

water column temperatures range from -2 to 14 oC, and salinities vary drastically, from 

fresh (0) to hypersaline (45) (Harris et al., 2017; Miller et al., 2021). This large salinity 

range is a result of both the spring freshet introducing large volumes of freshwater into 

the lagoons during the “Break Up” period, and the hypersaline conditions under ice due 

to salt extrusion during sea ice formation (McCart, 1977). The spring freshet, driven by 

snowmelt, delivers over half of the annual freshwater river discharge from Alaska’s North 

Slope during a two-week period from late May to mid-June (McClelland et al., 2014). 

While freshwater inflow facilitates ice break up, the lagoons remain largely ice-covered 

until late June. This lag between the spring freshet and ice break up promotes retention 

and biological processing of river derived inputs, including vast quantities of DOM, POM, 

and dissolved inorganic nutrients (McClelland et al., 2012). During the Open Water period 

(August through September), the absence of sea ice exposes the lagoons to wind energy, 

which promotes wind-driven sediment resuspension and coastal erosion (Stierle and 

Eicken, 2002; Zimmerman et al. 2022).  
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The Arctic coast is characterized by extreme seasonal variability of terrestrial 

discharge, particularly with peak inflows during the freshet. Seasonal changes in water 

discharge alone can account for much of the variation in nutrient and organic matter inputs 

from rivers to the coastal ocean (Holmes et al., 2012). During the freshet, Arctic rivers 

discharge >90% of their annual nutrient and organic matter export and most of their water 

inputs (Dittmar & Kattner, 2003; Holmes et al., 2012; McClelland et al., 2014). In fact, 

although the Arctic Ocean accounts for ~1% of the total ocean volume, it receives >10% 

of global river discharge, resulting in a disproportionate impact of river inputs on the 

biogeochemistry of Arctic coastal waters (Dittmar & Kattner, 2003; McClelland et al., 

2012). Compared globally, Arctic rivers have some of the highest concentrations of 

organic matter, with annual exports on par with the Amazon River. In contrast, inorganic 

nutrients in the Arctic are among the lowest worldwide, except for silicate in some rivers 

(Dittmar & Kattner, 2003). 

In addition to large seasonal differences in river discharge, the presence of the 

Brooks Range mountains in eastern Alaska establishes a gradient in watershed slope, 

with primarily flat coastal plains in the west and steeper terrain toward the east. This 

elevation gradient impacts the stable oxygen isotope value of water (H2O-δ18O) in 

precipitation. As clouds approach the mountains, they are forced up and, in this process, 

cool and precipitate out heavier δ18O isotopes. As these clouds continue to rise and repeat 

this process, isotopically depleted atmospheric moisture is eventually forced to precipitate 

at higher elevations resulting in snow with very depleted H2O-δ18O values (Retamal et al., 

2008). In this way, the hydrology of these lagoons can vary significantly both spatially and 

temporally.  
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Coastal arctic lagoons are subject to extreme seasonal changes in environmental 

forces including large fluctuations in temperature, hydrology, nutrient supply, and light 

availability on an annual scale. Regardless, at the boundary between the land and sea, 

these lagoons play a vital role in coastal carbon (C) and nitrogen (N) cycling within the 

coastal Arctic Ocean accounting for 80% of the total primary productivity in the Arctic 

Ocean (Retamal et al. 2007). Furthermore, a recent study in these coastal Arctic systems 

found that microbial communities mediate terrestrial inputs to the Arctic Ocean, 

determining the form and quantity of resources that sustain over one-third of Arctic Ocean 

production (Terhaar et al., 2021). Increasing rates of primary production in the Arctic 

Ocean are projected due to increasing terrestrial nutrient inputs alongside sea ice retreat 

(Arrigo & Van Dijken, 2015; Lewis et al., 2020); however, the nearshore ecosystem 

processes controlling these inputs are systematically understudied (Fritz et al., 2017), 

particularly outside the open water period. To quantify the potential impacts of these 

environmental forces on net ecosystem productivity, we measured chemical (i.e., 

inorganic nutrients, H2O-δ18O) and physical (i.e., salinity, temperature) parameters of 

water column samples across five lagoons during three seasons. Using a three end-

member mixing model and conservative mixing line, we quantified spatial and temporal 

patterns of water source contribution and deviations from the mixing line to determine 

potential abiotic and biotic processes that drive seasonal changes in inorganic nutrients 

and by proxy ecosystem productivity. 
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2.3 Methods 

2.3.1 Study area 

The study area is composed of several lagoons and sounds along the Alaskan 

coast of the Beaufort Sea in alignment with the Beaufort Lagoon Ecosystems Long-Term 

Ecological Research (BLE-LTER) program (ble.lternet.edu). The BLE-LTER program 

operates out of three nodes, spanning ~100 km of the Alaskan coastline: Utqiaġvik 

(formerly Barrow; BRW), Prudhoe Bay (SCC), and Barter Island (BTI) to represent the 

western, central, and eastern Beaufort Sea coast, respectively (Fig. 2.1). Each region 

differs in the relative contribution it receives from terrestrial inputs, oceanic exchange, and 

sea ice dynamics. Each node has two lagoons. In the western node, the BLE-LTER 

samples Elson Lagoon, which divides into Elson Lagoon West and Elson Lagoon East for 

sampling purposes. The central node includes Simpson Lagoon and Stefansson Sound, 

and the eastern node includes Kaktovik Lagoon and Jago Lagoon.  

The western node is located near the village of Utqiaġvik. Elson Lagoon is the 

largest lagoon among the BLE-LTER lagoons (Fig. 2.1, Table 2.1). It is delineated by a 

25 km chain of barrier islands and receives freshwater inputs from several streams 

(Lewellen, 1972). Exchange between Elson Lagoon and the Beaufort Sea occurs through 

several and sometimes intermittent channels within the barrier island chain (Okkonen, 

2008). The central node is in the oil field region of Prudhoe Bay and contains Simpson 

Lagoon and Stefansson Sound. In Simpson Lagoon, the Kuparuk River discharges 

directly into Gwyder Bay at the eastern end while the largest river on the North Slope of 

Alaska, the Colville River, discharges at the western end (Craig et al., 1984). Stefansson 

Sound which is located roughly 50 km east of Simpson Lagoon primarily receives inputs 

https://ble.lternet.edu/
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from the Sagavanirktok River and has the smallest barrier islands and is the least 

enclosed coastal system among the BLE-LTER lagoons. The eastern node is located 

near the village of Kaktovik. Kaktovik Lagoon receives freshwater input from streams, 

runoff, and groundwater seepage and is only connected to the Beaufort Sea by two 

shallow narrow entrances. In contrast, Jago Lagoon is fed by the Jago River and has 

broader deeper channels connected toward the Beaufort Sea (Alkire & Trefry, 2006). 

2.3.2 Sampling scheme 

Samples were collected as part of the BLE-LTER core sampling program. To 

examine seasonal variations, water samples were collected three times during each year 

to capture key phases of the hydrological cycle: Ice Cover, Break Up, and Open Water. 

To determine spatial variation, samples were collected at the six BLE-LTER lagoons, with 

each lagoon containing one shallow (<1 m water depth) and one deep (3-5 m water depth) 

station, with the latter having surface (10-30 cm below surface) and bottom (10-30 cm 

above sediment) water column sampling depths (Fig. 2.1). During Ice Cover, samples 

were not collected at shallow stations due to the presence of landfast ice but were 

sampled at the deep stations, where surface measurements were made 10-30 cm below 

the bottom of the sea ice. Although sampling efforts are ongoing, this study presents data 

from 2018 to 2022 across all lagoons with some exceptions due to the COVID-19 

pandemic. During 2020, all field excursions were canceled and resumed in April 2021 for 

BRW and SCC and in August 2021 for BTI.  In addition to the lagoon water, surrounding 

water bodies such as the Beaufort Sea and major rivers were sampled during Break Up 

and Open Water to characterize terrestrial and marine end-members (Table 2.1). 
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2.3.3 Water column collection 

Water column samples were collected with a peristaltic pump equipped with 

Masterflex C-flex tubing at the surface (10-30 cm below surface) and at depth (10-30 cm 

above sediment). Water samples were collected in 1 L sample-rinsed high-density 

polyethylene (HDPE) bottles in the field and kept at near-ambient temperatures in a cooler 

during transport to the field lab. In the lab, samples for dissolved inorganic nutrient 

analysis (n=1) were passed through a 0.45 μm high-capacity polyethersulfone (PES) 

capsule filter and frozen in either 2 oz Whirl-Pak bags or sample-rinsed 60 mL HDPE 

bottles at -20 oC until analysis. Unfiltered water (30 mL) for H2O-δ18O (n=1) measurement 

was transferred to a sample-rinsed HDPE bottle without headspace, sealed with electrical 

tape, and stored at room temperature until analysis. 

2.3.4 Inorganic nutrient (NH4
+, NO3

-, PO4
3-, DSi) analysis 

Water column dissolved inorganic nutrients analyzed included ammonium (NH4
+), 

nitrate + nitrite (NO3
-), orthophosphate (PO4

3-), and dissolved silica (DSi; Beaufort Lagoon 

Ecosystems LTER, Core Program, 2023). Nitrate and nitrite concentrations were 

measured separately during 2018 and 2019, however nitrite values were consistently 

below the detection limit (< 0.05 μmol N L-1), so hereafter NO3
- will refer to combined 

nitrate and nitrite. Nutrients were measured at the Core Facilities Laboratory at the 

University of Texas Marine Science Institute (UTMSI) on a continuous flow-analyzer 

Lachat Quick Chem 8500 (2018-2020) and in the Hardison Lab at the Virginia Institute of 

Marine Science (VIMS) on a multi-channel FIAlyzer-1000 from Fluidic Intelligently 

Automated (FIA, 2021-2022). Duplicates were analyzed on both instruments to test 

precision and continuity during the transition from UTMSI to VIMS. The technical 
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specifications and sample precision for each instrument and parameter are listed in 

Supplemental Table 2.1. 

2.3.4 Oxygen isotope composition of water (H2O-δ18O) analysis 

Oxygen stable isotope composition of water samples was measured at the Core 

Facilities Laboratory at UTMSI (Beaufort Lagoon Ecosystems LTER, Core Program, 

2023). In the lab, 200 μL of sample was placed into a 13 mL glass vial (Exetainer) and 

capped with a rubber septum. The vials were then equilibrated with a mixed helium and 

carbon dioxide (0.3% CO2) gas for 5 days at room temperature. After equilibration, the 

headspace CO2 was analyzed for oxygen-isotope composition (δ18O, mass 46/44) using 

a GasBench II device (Thermo Fisher Scientific) coupled to a Thermo Fisher Scientific 

Delta V stable isotope ratio mass spectrometer (IRMS). All δ values were reported relative 

to VSMOW (Coplen, 1996) using a two-point calibration standard (VSMOW2: 0 ‰, 

SLAP2: -55.50 ‰) from the International Atomic Energy Agency. 

2.3.5 Averaging and statistical analyses 

All statistical analyses were run in R (version 4.3.0). Average concentrations of 

nutrients across season and node were calculated including both surface and bottom 

water samples with each discrete sample treated as an independent data point . The 

effects of season and spatial gradients on biogeochemical parameters (NH4
+, NO3

-, PO4
3-, 

DSi, H2O-δ18O) were assessed with a two-way analysis of variance (ANOVA). Prior to 

analysis, the dataset was tested for normal distribution using a Shapiro Wilk test, and any 

necessary transformations were applied. The ANOVA included fixed effects of seasons 

(Ice Cover, Break Up, Open Water) and geographic node (BRW, SCC, BTI). When the 
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ANOVA indicated a significant effect (a = 0.05), a post-hoc Tukey multiple comparisons 

of means was used, with 95% confidence intervals.  

To identify environmental drivers of measured parameters, multivariate regression 

models were used to find relationships between observed concentrations and 

environmental parameters. A priori, we selected several environmental parameters that 

are known factors to influence or reflect ambient nutrient concentrations. Nutrient 

concentrations were treated as dependent variables while water temperature, salinity, DO 

and H2O-δ18O were treated as independent variables. Four metrics were used to 

determine the influence of each independent variable on explaining data variability:  1) 

slope: the estimated regression coefficient of the linear regression, 2) p-value: the 

statistical significance of the regression coefficient, 3) lmg: the relative importance of each 

parameter in explaining data variability (R package: relaimpo; Groemping, 2006), and 4) 

variance inflation factor (VIF): a measure of collinearity among independent variables (R 

package: car; Fox & Weisberg, 2019), where values between 1 and 4 were considered 

an acceptable level of correlation between independent variables.  

2.3.6 Mixing model calculations 

To quantify the proportion of lagoon water that originated from sea ice melt (SIM), 

runoff/riverine inputs (i.e., meteoric water; MW), and ocean water (i.e., polar mixed layer; 

PML), a three-end-member mixing model was applied using salinity and H2O-δ18O as 

conservative tracers. For freshwater end-member H2O-δ18O and inorganic nutrient values, 

we used BLE-LTER samples collected from lagoon freshwater sources (Table 2.2):  BRW 

(Avak Creek, Mayoeak River, No Name River), SCC (Kuparuk River, Putuligayuk River, 

Sagavanirktok River) and BTI (Jago River), averaged across seasons from 2018 to 2022 
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(Table 2.2). However, the BLE-LTER lacks representative samples of sea ice melt and 

Arctic Ocean water end-members, so literature values from the Beaufort Sea coast were 

applied. SIM and PML salinity and H2O-δ18O were sourced from Alkire and Trefry (2006), 

where seawater and ice cores were collected along a transect from the shore to the 

Beaufort Sea in late May in Stefansson Sound, our central node. PML values represented 

shelf waters off the Beaufort coast as defined by MacDonald et al. (1987).  Sea ice nutrient 

concentrations from Utqiagvik (Manes & Gradinger, 2009) were used for SIM, and 

samples collected in the Beaufort Sea (0.4 km outside of Gwyder Bay) by the BLE-LTER 

(July 2019) were used to represent PML nutrients (Table 2.2).  

To calculate the fractional contribution (f) of each water source (SIM, MW, PML), 

Equations 2.1 through 2.3 were solved simultaneously, following Harris et al. (2017). 

Values for end-member parameters (salinity, H2O-δ18O, inorganic nutrients) are listed in 

Table 2.2. 

Equation 2.1.  fSIM + fMW + fPML = 1. 

 

The observed salinity (Sobserved) was equal to the sum of the salinity of each end-member 

(Table 2.2) multiplied by its fractional contribution, (Equation 2.2):  

Equation 2.2.  (SSIM x fSIM) + (SMW x fMW) + (SPML x fPML) = Sobserved. 

 

The observed δ18O (δ18Oobserved) of the water sample was equal to the sum of the 

measured δ18O of each end-member (Table 2.2) multiplied by its fractional contribution 

(Equation 2.3):  

Equation 2.3.   (δ18O SIM x fSIM) + (δ18O MW x fMW) + (δ18O PML x fPML) = δ18Oobserved. 
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Fractional contributions of end-members (from Equation 2.1) were multiplied by end-

member nutrient concentrations (Table 2.2) to calculate a conservative mixing line that 

represents the potential nutrient concentrations resulting from only the physical mixing of 

the three water sources, following Equation 2.4:  

Equation 2.4.    (NSIM x fSIM) + (NMW x fMW) + (NPML x fPML ) = NConserved. 

The term NConserved quantifies the hypothetical nutrient concentration due to abiotic 

physical mixing without the influence of biotic activity. The disparity (“ΔN”) between the 

NConserved and the observed values (Nobserved) from the lagoons represents either net 

production or net consumption of the nutrient through biological processes (Equation 2.5):  

Equation 2.5. NObserved – NConserved = “ΔN” = Net nutrient production or Net nutrient 

consumption. 

A positive ΔN indicates net nutrient production, while a negative ΔN indicates net nutrient 

consumption. These calculations were performed for NH4
+, PO4

3-, NO3
- , and DSi. These 

estimates rely on salinity and H2O-δ18O as conservative elements in the lagoons and 

assume homogenous mixing of the water sources. 

 

2.4 Results 

2.4.1 Environmental Parameters 

Lagoon water temperatures were coldest during Ice Cover (-1.9 ± 0.1 oC) and 

increased gradually during Break Up (2.9 ± 0.6 oC) and Open Water (7.3 ± 0.3 oC; Table 

2.3; Fig. 2.2). Salinities were lowest during Break Up (6.6 ± 1.5) and increased 

substantially during Open Water (24.4 ± 0.6) before becoming hypersaline during Ice 
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Cover (36.2 ± 0.8; Table 2.3; Fig. 2.2). Salinity reached levels as high as 56 during Ice 

Cover and as low as 0.2 during Break Up (Fig. 2.2). Temperature and salinity were most 

variable during Break Up, with the largest coefficient of variation (CV, temperature: 19.5%, 

salinity: 22.9%) compared to Ice Cover (temperature: 4.4%, salinity: 2.2%) and Open 

Water (temperature: 3.5%, salinity: 2.4%). DO concentrations were lowest during Ice 

Cover (10.5 ± 0.4 mg L-1), peaked during Break Up (12.8 ± 0.2 mg L-1) and returned closer 

to Ice Cover levels during the Open Water period (10.9 ± 0.2 mg L-1; Table 2.3). The 

lowest average pH (7.6 ± 0.1) corresponded with the lowest average DO during Ice Cover 

before increasing slightly during Break Up (7.9 ± 0.2) and staying constant through the 

Open Water period (7.9 ± 0.02; Table 2.3). 

 

2.4.2 Water Column Nutrients and H2O-δ18O 

All inorganic nutrients changed significantly across seasons, with the highest 

concentrations during Ice Cover and the lowest during Open Water (Table 2.4, Fig. 2.3). 

Averaged across all nodes, NH4
+ levels were highest during Ice Cover (2.1 ± 0.5 μmol N 

L-1), decreased by half during break-up (1.0 ± 0.4 μmol N L-1), and decreased again by 

half during Open Water (0.5 ± 0.1 μmol N L-1; Fig. 2.3a, Table 2.4). Averaged across all 

nodes, NO3
- levels were also highest during Ice Cover (5.2 ± 0.4 μmol N L-1), decreased 

by ~70% during break-up (1.5 ± 0.3 μmol N L-1), then decreased another ~70% by Open 

Water (0.5 ± 0.1 μmol N L-1; Fig. 2.3b, Table 2.4). During Ice Cover, average NO3
- levels 

were more than twice as high as NH4
+ levels, while values were comparable during the 

Break Up and Open Water periods. Averaged across all nodes, PO4
3- levels were high 

during Ice Cover (2.2 ± 0.3 μmol P L-1), then decreased ~60% during Break Up (0.9 ± 0.3 
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μmol P L-1) and remained low for Open Water (0.6 ± 0.1 μmol P L-1; Fig. 2.3c, Table 2.4). 

Like PO4
3-, averaged across all nodes, DSi levels were high during Ice Cover (18.8 ± 1.1 

μmol SiO2 L-1), then decreased substantially during Break Up (7.2 ± 1.0 μmol SiO2 L-1) 

and remained low for Open Water (6.6 ± 0.7 μmol SiO2 L-1; Fig. 2.3d, Table 2.4). Relative 

to the lowest concentrations observed during Open Water, all nutrients were significantly 

higher (3-10x) during the Ice Cover period, with maximum values of NH4
+: 20.2 μmol N L-

1, NO3
-: 12.8 μmol N L-1, PO4

3-: 6.4 μmol P L-1, and DSi: 60.3 μmol SiO2 L-1 (Fig. 2.3). 

Nutrient concentration variations between nodes were less consistent than 

between seasons, with a few notable Season-by-Node interactions (Supplementary Table 

2.2, Fig. 2.3). NH4
+ exhibited no significant spatial variability between nodes during any 

season (Fig. 2.3a, Supplementary Table 2.2,). In contrast, NO3
- significantly varied across 

nodes during Ice Cover, with higher concentrations in BRW (5.9 ± 0.5 μmol N L-1) and 

SCC (5.6 ± 0.6 μmol N L-1) than BTI (3.0 ± 0.4 μmol N L-1) (Table 2.4, Supplementary 

Table 2.2, Fig. 2.3b). Likewise, PO4
3- varied between nodes, with lower concentrations at 

SCC (0.5 ± 0.3 μmol P L-1) compared to BTI (2.0 ± 0.9 μmol P L-1) during Break Up (Fig. 

2.3c, Table 2.2). DSi concentrations varied between nodes during Break Up and Open 

Water periods, with generally higher concentrations in SCC (Fig. 2.3d, Table 2.4, 

Supplementary Table 2.2,). 

Seasonal patterns in water column H2O-δ18O values were consistent across all 

nodes, where mean values were most enriched during Ice Cover (-3.5 ± 0.1 ‰) and most 

depleted during Break Up (-11.6 ± 0.9 ‰; Fig. 2.4a, Table 2.5). Lagoon H2O-δ18O also 

displayed notable Season-by-Node interactions, with SCC having more depleted values 

compared to BRW and BTI during Break Up (-15.1 ± 1.3 ‰) and Open Water (-8.0 ± 0.8 
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‰), but there were no node differences during Ice Cover (Table 2.5). Samples collected 

during Break Up and Open Water from riverine end-member inputs exhibited a 

longitudinal gradient across the nodes, with the most enriched riverine H2O-δ18O values 

at the westernmost node, BRW (-11.5 ± 0.4 ‰), intermediate levels at the central node, 

SCC (-18.8 ± 0.5 ‰), and the most depleted values at the easternmost node, BTI (-21.4 

‰; Fig. 2.4b, Table 2.5).  

 

2.4.3 Multiple Linear Regression 

Multiple linear regression analysis demonstrated that water temperature was the 

most consistently highly correlated environmental parameter to the concentrations of all 

four inorganic nutrients (Supplementary Table 2.3). DO displayed the strongest 

correlation with NH4
+ concentration with DO (46%) and temperature (45%) together 

explaining over 90% of the variance. For NO3
-, temperature explained the majority (70%) 

of variance, while salinity (17%) and H2O-δ18O (8%) were smaller, but still significant 

factors. For PO4
3-, temperature (56%) and H2O-δ18O (26%) explained 82% of the total 

variance, while DSi was most correlated with temperature (42%), then H2O-δ18O (31%), 

and salinity (21%). 

 

2.4.4 Water Source Contribution and Conservative Mixing Line 

The three-end-member mixing model displayed consistent seasonal trends in the 

contribution of sea ice melt (SIM), meteoric waters (MW), and polar mixed layer (PML) 

waters (Fig. 2.5, Table 2.6, Supplementary Table 2.5). During Ice Cover, SIM contributions 

averaged across nodes were negative (-16 ± 3%; Fig. 2.5a). Average MW contribution 
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was negligible (1 ± 3%), and the contribution of PML waters exceeded 100% (115 ± 4 %; 

Fig. 2.5a, Table 2.6). During Break Up, MW contributions increased dramatically (64 ± 

5%), with the SIM and PML representing the next major contributors (19 ± 6% and 17 ± 

5%; Fig. 2.5b), respectively. During the Open Water period, PML waters were the 

dominant source (76 ± 2%), with secondary inputs from MW (19 ± 2 %) and some 

remnants of SIM (5 ± 1%; Fig. 2.5c). In addition to the seasonal trends, the ANOVA and 

post-hoc Tukey tests revealed some spatial variability for the source water contributions 

during Break Up, with higher MW inputs into SCC (76 ± 8 %) compared to BTI (35 ± 12%; 

Table 2.6, Supplementary Table 2.5).  

All inorganic nutrients exhibited seasonal deviations from the conservative mixing 

line, indicating net nutrient production and consumption across seasons (Table 2.7; Fig. 

2.6, Supplementary Table 2.7). Averaged across all nodes, NH4
+ exhibited net production 

(i.e., a positive value) during Ice Cover (1.2 ± 0.4 μmol N L-1) and net consumption (i.e., 

a negative value) during Open Water (-0.4 ± 0.09 μmol N L-1; Fig. 2.6a, Table 2.7). NO3
-
 

was also produced during Ice Cover (5.6 ± 0.4 μmol N L-1) before shifting to net 

consumption during both Break Up (-0.7 ± 0.4 μmol N L-1) and Open Water (-0.2 ± 0.1 

μmol N L-1, Fig. 2.6b). PO4
3- was produced during all seasons but decreased in magnitude 

over time from Ice Cover (2.1 ± 0.3 μmol P L-1) to Open Water (0.3 ± 0.1 μmol P L-1, Fig. 

2.6c). Like NO3
-, DSi was produced during Ice Cover (13.4 ± 1.2 μmol SiO2 L-1) before 

shifting to consumption during both Break Up (-6.6 ± 1.0 μmol SiO2 L-1) and Open Water 

(-0.9 ± 0.3 μmol SiO2 L-1, Fig. 2.6d). Significant variability between nodes was not found 

for any of the nutrients; however, DSi exhibited some minor differences during Break Up, 



40 
 

with SCC (-11.2 ± 1.3 μmol SiO2 L-1) having higher net consumption compared to BRW (-

3.1 ± 0.3 μmol SiO2 L-1; Table 2.7, Supplementary Table 2.6).  

 

2.5 Discussion 

2.5.1 Seasonal and spatial variability in environmental parameters 

Environmental conditions fluctuated dramatically between seasons. As anticipated, 

lagoon water temperatures were coldest during Ice Cover (-1.9 ± 0.1 oC), which 

corresponded with hypersaline waters (36.2 ± 0.8), reaching as high as 56. Hypersaline 

waters under sea ice are a known phenomenon related to brine exclusion during the 

formation of sea ice during winter. This brine is a source of salts to underlying waters, 

resulting in hypersaline conditions in shallow areas (<3 m) including lagoons (Yamamoto-

Kawai et al., 2005). As daylight duration increased and atmospheric temperatures 

warmed in late spring during Break Up (May - June), snowmelt fueled numerous streams 

and rivers that drained into the Beaufort Sea (Rawlins et al., 2019), providing a flush of 

freshwater that lowered lagoon salinities (6.6 ± 1.5). During Open Water (July - 

September), storms and wind-driven upwelling are thought to enhance water exchange, 

causing more saline water from the Beaufort Sea to intrude into the lagoons (Schell et al., 

1984; McCart, 1977). Open Water lagoon temperatures were highest (7.3 ± 0.3 oC), and 

salinities were more reflective of a typical estuarine system (24.4 ± 0.6). This dramatic 

seasonal pattern has been previously demonstrated in Arctic lagoons along the Beaufort 

Sea coast (e.g., Connolly et al., 2021; Craig et al., 1984; Harris et al., 2017; McClelland 

et al., 2012) and pan-Arctic lagoon habitats more broadly (Dugan & Lamoureux, 2011; 

Gattuso et al., 2023; Herzog et al., 2019).  
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This seasonal pattern was also reflected in the lagoon water column H2O-δ18O 

content. High freshwater inputs during Break Up coincided with the most depleted H2O-

δ18O levels in the lagoons (-11.6 ± 0.9 ‰). The river H2O-δ18O values were significantly 

depleted (-15.4 ± 0.8 ‰) relative to the PML end-member (-3.5 ‰). Most Arctic rivers tend 

to be depleted in H2O-δ18O because the snow stored over the winter months, which then 

melts, is also characterized by very depleted H2O-δ18O values (Harris et al., 2017). Polar 

precipitation can be particularly depleted relative to marine waters due to Rayleigh 

distillation where, as water vapor moves poleward, isotopically heavier rain is dropped, 

resulting in lighter source water vapor at higher latitudes (Lachniet et al., 2016).  

In addition to the poleward gradient, our rivers exhibited a longitudinal gradient 

across the nodes. The westernmost node (BRW) was most enriched (-11.5 ± 0.4 ‰), 

followed by the central node (SCC; -18.8 ± 0.5 ‰), with the easternmost node (BTI) being 

the most depleted (-21.4 ‰). This longitudinal gradient may be explained by the 

topography of the North Slope, which drains into the Beaufort Sea. The watershed in 

BRW is primarily lowland flat, Arctic coastal plains, while the watersheds at SCC and BTI 

also include the Arctic foothills and the Brooks Range mountains (Lachniet et al., 2016; 

Rawlins et al., 2019). With increasing elevation, the H2O-δ18O of precipitation decreases 

due to the altitude effect, where isotopically depleted atmospheric moisture is forced to 

rain out at higher elevations (Lachniet et al., 2016). Thus, precipitation in the node with 

the highest average watershed elevation (BTI) is more depleted in H2O-δ18O relative to 

the node with the lowest watershed elevation (BRW; Lachniet et al., 2016).  

Transitioning to the Open Water period, the lagoon water column was ~5 ‰ more 

enriched in H2O-δ18O than during Break Up, likely driven by increased inputs and 
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exchange with the Beaufort Sea (Alkire & Trefry, 2006). This was anticipated, as marine 

waters from the Beaufort Sea shelf entering the lagoons are more enriched (-3.5 ‰), 

reflected in the PML end-member value (Alkire & Trefry, 2006).  

We observed a seasonal enrichment of H2O-δ18O from Open Water (-6.1 ± 0.4 ‰) 

to Ice Cover (-3.5 ± 0.1 ‰). If the lagoon water during the Open Water period was used 

during sea ice formation in October, equilibrium isotope fractionation would dictate that 

the ice would be enriched in δ18O while the remaining underlying water would be diluted 

by brine with depleted H2O-δ18O values. Since this is the opposite of what we observed, 

it is likely that water column H2O-δ18O values at the time of freeze up (October) were 

more enriched than what we measured in Open Water (August), suggesting that the 

lagoons became more marine by October (Johnson & Eicken, 2016; Mahoney et al., 

2014).  

DO and pH levels showed some seasonality but at a smaller magnitude compared 

with temperature, salinity, and H2O-δ18O. DO concentrations were highest during Break 

Up, and pH was lowest during Ice Cover. These seasonal high and low periods in DO and 

pH respectively, could be explained by photosynthesis, which would produce DO, 

consume CO2, and increase pH, and respiration, which would consume DO, produce CO2, 

and decrease pH. This is in line with other ice covered systems that exhibit a wide range 

of pH annually (Miller et al., 2021; Muth et al., 2022), with decreases in pH due to 

respiration (Matson et al., 2014) and ice formation (DeGrandpre et al., 2019) during winter 

and increases with atmospheric exchange during the Open Water period (Sievers et al., 

2015).  
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The environmental parameters measured in this study may be categorized into two 

groups: those with primarily abiotic, hydrologic control (i.e., temperature, salinity, H2O- 

δ18O) and those also influenced by biotic factors (i.e., DO, pH). The multivariate 

regression model demonstrated that, of the parameters considered, temperature was the 

dominant driver of most inorganic nutrients (NO3
-, PO4

3-, DSi). Temperature is a well-

known factor influencing metabolic activities such as photosynthesis and respiration 

(Barton et al., 2020), thus temperature is likely to influence nutrient concentrations 

(Marañón et al., 2018). However, in Arctic lagoons, temperature is also tightly linked to 

the large pulse of freshwater during the freshet. Thus, it is difficult to attribute changes in 

nutrient concentrations to either abiotic or biotic forces alone.  

In addition to temperature, other environmental parameters had significant 

influences on nutrient concentrations and may provide insight into abiotic vs. biotic 

controls on each nutrient. For example, variability in NH4
+ concentrations was best 

explained by DO levels, potentially reflecting the link between NH4
+ production during 

respiration, and uptake during photosynthesis. For NO3
- and DSi, salinity and H2O-δ18O 

explained a significant amount of the variability, which may indicate a stronger riverine 

influence for those nutrients compared to NH4
+. Lastly, temperature and H2O-δ18O 

explained 82% of the total variance in PO4
3- concentrations, suggesting primarily riverine 

influence as well. Although temperature largely drove seasonal variability of inorganic 

nutrients, hydrologic influence was also evident. To further tease apart the role of abiotic 

and biotic factors on nutrient variability, we present the results of the water source 

contribution and conservative mixing line below. 
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2.5.2 Ice Cover period 

One of the strongest trends observed in the dataset was consistently high water 

column nutrient concentrations during Ice Cover. Elevated dissolved inorganic nutrients 

and dissolved organic carbon (DOC) concentrations have been observed previously in 

coastal Arctic under-ice waters during the winter (Connolly et al., 2021; Macdonald & Yu, 

2006). Brine excluded during sea ice formation contains concentrated solute levels and 

can accumulate in surface waters, most noticeably for parameters with existing high 

ambient concentrations (Macdonald & Yu, 2006; Yamamoto-Kawai et al., 2005).  

Our water source contribution model indicated negative inputs of SIM (-16 ± 3 %), 

negligible inputs of MW (1 ± 3 %), and dominance by PML contributions (115 ± 4 %) 

during Ice Cover. A negligible contribution from MW was expected during the winter, with 

temperatures well below 0 oC, when freshwater reservoirs on land and sea are frozen in 

place and provide no inputs into the lagoons. The negative SIM values potentially 

represent sea ice formation in the lagoons, where freshwater was removed from and brine 

accumulated in the lagoon water (Yamamoto-Kawai et al., 2005). Similarly, the 

“oversaturation” of PML waters possibly reflects dissolved nutrients and solutes 

condensed in the lagoon during sea ice formation due to freshwater removal and brine 

inputs.  

High nutrient concentrations during Ice Cover can be partially attributed to physical 

controls on solutes such as brine exclusion (Fang et al., 2016; Giannelli et al., 2001; 

Vancoppenolle et al., 2013); however, high ΔN values for all inorganic nutrients (Fig 2.6) 

during Ice Cover also suggest significant biotic controls. Biotic net nutrient production (i.e., 

positive ΔN) was greatest during Ice Cover compared to the warmer seasons. In coastal 
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systems, inorganic nutrient fluxes from benthic remineralization have been shown to be 

a significant source of nutrients to the overlying water (Nixon, 1981). During the Ice Cover 

period, with little to no light under the ice, remineralization likely dominates, resulting in 

the accumulation of inorganic nutrients. Indeed, these lagoons have been observed with 

lower DO concentrations and microbially-derived OM during Ice Cover, reflecting a net 

heterotrophic environment during winter (Connelly et al., 2015). Benthic flux, while an 

important component of Arctic shelf ecosystems (Hardison et al. 2017), with high rates of 

benthic remineralization potentially contributing nutrients to pelagic primary production 

(Albert et al., 2021; Bourgeois et al., 2017; Sun et al., 2021).  

By comparing ambient nutrient concentrations and the assumed biotic flux (ΔN) 

values, we identified the proportion of ambient Ice Cover nutrient concentrations 

represented by biotic processes. During the winter ~60% of ambient NH4
+ was from biotic 

production, leaving ~40% resulting from abiotic processes (Table 2.8). In contrast, biotic 

production was the source of all (108%) ambient NO3
-. This offset between NH4

+ and NO3
- 

production via biological activities was likely driven by the activity of ammonium-oxidizing 

archaea (AOA) during the Ice Cover period. AOA are chemoautotrophs that play an 

important role in nitrogen and carbon cycling of polar ecosystems (Tolar et al., 2016), 

including Beaufort Sea lagoon water, particularly during the winter (Baker et al., 2021). 

As light-independent, aerobic autotrophs that thrive in high NH4
+ concentrations and low 

light conditions, these archaea use the oxidation of NH4
+ into NO3

- as a source of energy 

to fix inorganic carbon (Shiozaki et al., 2019). Through this microbially mediated 

transformation, we observed a greater accumulation of NO3
- compared to NH4

+ during Ice 

Cover, suggesting active nitrification.  
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Despite the significant biotic production of dissolved inorganic nitrogen (DIN = 

NH4
+ + NO3

-), the DIN:DIP ratio of nutrients produced during Ice Cover was ~3:1, which 

is significantly lower than Redfield (16:1; Redfield et al. 1963). One potential explanation 

for this deficit in DIN during Ice Cover is the removal of DIN from the lagoons via 

denitrification. Denitrification is a respiratory process where heterotrophic microbes use 

the stepwise reduction of NO3
- to N2 gas as the terminal electron receptor (Damashek & 

Francis, 2018). Denitrification occurs in suboxic and anoxic sediment and can be fueled 

by NO3
- from the overlying water column (termed direct denitrification) or in conjunction 

with nitrification (coupled nitrification-denitrification; Anderson et al. 2013). In fact, several 

studies in the coastal Arctic have observed significant rates of denitrification (Canion et 

al., 2014; Chang & Devol, 2009; Rysgaard et al., 2004), with some showing rates 

exceeding sediment NH4
+ flux resulting in net inorganic nitrogen removal by the sediment 

(Hardison et al., 2017; McTigue et al., 2016). When comparing DIN and DSi, we observed 

a similar deficit in the N:Si ratio (7.7:15) relative to expected Redfield ratio (16:15), further 

indicating DIN removal during Ice Cover. 

 

2.5.3 Break Up period 

Nutrient concentrations decreased notably transitioning from the Ice Cover period 

to the Break Up period.  NH4
+ levels decreased by 50%, NO3

- levels decreased by ~70%, 

and PO4
3- and DSi levels decreased ~60% compared to Ice Cover. This dramatic change 

in lagoon water nutrients has been previously observed in Arctic coastal systems and 

attributed to both dilution and biological uptake (Carey et al., 2020; Holmes et al., 2012; 

McClelland et al., 2012). With such significant volumes of freshwater draining into the 
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coast during Break Up, the majority of under ice lagoon waters are flushed out into the 

coastal sea and replaced with MW and SIM inputs (Harris et al., 2017; Kellogg et al., 

2019).  

In this study, lagoon waters during Break Up were primarily composed of MW (64 

± 5 %) and secondarily of SIM (19 ± 6 %), together exemplifying the dominant freshwater 

influence during this season. There were spatial differences in the balance between 

freshwater and marine influence during Break Up, with the greatest MW inputs in SCC 

compared to BRW and BTI. SCC is the node with the most MW influence, with several 

major rivers (Kuparuk, Colville, Sagavanirktok, and Atigun) draining into SIL and SSL. The 

Sagavanirktok, Kuparuk, and Colville rivers are the three largest rivers draining the North 

Slope of Alaska, with a combined export of ~23 km3 annually (McClelland et al., 2014). 

As the dominant environmental influence during this period, MW inputs determine the 

delivery and ambient concentrations of organic matter and nutrients in these lagoons 

(McClelland et al., 2014). 

Compared to systems globally, river waters entering the Arctic Ocean are rich in 

organic matter and depleted in inorganic nutrients (McClelland et al., 2012). Nitrate 

concentrations in Arctic rivers fall toward the lower end of global values (McClelland et al., 

2014). In most Arctic rivers, including in this study (Table 2.2), NO3
- strongly dominates 

the DIN pool (Carey et al., 2020; Holmes et al., 2012; McClelland et al., 2014). However, 

previous studies suggest that riverine dissolved organic nitrogen (DON) inputs may play 

a significantly larger role than DIN inputs in supplying coastal N demand (Connolly et al., 

2020; Holmes et al., 2012; Tank et al., 2012). Phosphate concentrations in our rivers were 

low (Table 2.2) and typical of rivers in the region (Carey et al., 2020; Holmes et al., 2012). 
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In Arctic rivers DIN:DIP ratios are generally greater than Redfield, suggesting relative 

scarcity and lack of DIP in waters delivered to the coast (Carey et al., 2020; Holmes et 

al., 2012). This was exemplified in our lagoons, where DIN:DIP ratios increased from 8.7 

± 1.3 during Ice Cover to 89.5 ± 0.3 during Break Up, shifting from moderate nitrogen 

limitation to extreme phosphorus limitation. In contrast, riverine discharge is a well‐known 

control on silica export globally (Carey et al., 2020). Arctic rivers supply ample DSi to 

support primary production, particularly by diatoms, which are a major constituent of Arctic 

Ocean phytoplankton (Holmes et al., 2012). In our lagoons, DIN and DSi concentrations 

were higher in the MW than the PML end-member, and PO4
3- concentrations were lower 

in the MW relative to the PML. Thus, relative to inputs from the Beaufort Sea, our rivers 

acted to enrich the lagoons in DIN and DSi and dilute the lagoons with respect to PO4
3-.  

During Break Up, the replacement of hypersaline, nutrient-rich under ice waters by 

MW and SIM inputs resulted in a significant dilution of inorganic nutrients. However, in 

addition to dilution, net biotic nutrient consumption was observed for NO3
- and DSi, further 

depleting ambient nutrient concentrations. With longer and more intense light availability 

and increased temperatures, NO3
- and DSi uptake suggests diatom production and a shift 

toward net ecosystem autotrophy. In much of the Arctic Ocean, diatoms are the most 

abundant primary producers and account for >80% of high‐latitude marine primary 

productivity (Carey et al., 2020). In addition to marine diatoms (Chaetoceros and 

Thalassiosira) found in the Beaufort and Chukchi Seas, diatoms typically associated with 

freshwater and sea-ice environments (e.g., Melosira, Navicula, Carteria, 

Chlamydomonas) were also found during Break Up in Arctic coastal lagoons (Kellogg et 

al., 2019).  
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Despite expectations for PO4
3- consumption due to biotic uptake for 

photosynthesis as for NO3
- and DSi, we observed net biotic PO4

3- production during Break 

Up. This may be explained by the release of sorbed PO4
3- from terrestrial organic matter 

entering the lagoons. As river-borne terrestrial organic matter flows into the coast and 

mixes with marine waters, the presence of sulfide may enhance the dissolution of Fe-P 

and form Fe-sulfide precipitates, resulting in the release of PO4
3- (Jordan et al., 2008; 

Zhang & Huang, 2011). These lagoons receive large pulses of iron during the spring snow 

melt (Rember & Trefry, 2004). As ion exchange frees the bound PO4
3-, sorbed P is thus 

transported from the watershed to coastal waters. This PO4
3- release may contribute to 

the general shift from P limitation to N limitation along the fresh to marine continuum. In 

contrast to the other three nutrients, NH4
+ exhibited neither net biotic production nor net 

biotic consumption. One possible explanation is rapid turnover rates for NH4
+, where high 

rates of biotic NH4
+ consumption by phytoplankton may be offset by similarly high rates of 

NH4
+ released during remineralization (Baer et al., 2017; Bruesewitz et al., 2013, 2015; 

Fulweiler et al., 2010). 

 

2.5.4 Open Water period 

During the relatively warm Open Water period, nutrients reached their lowest 

values. Lagoon waters were primarily composed of the PML (76 ± 2 %) with secondary 

inputs from MW (19 ± 2 %). Without the physical barrier of sea ice during Open Water, 

marine exchange increases, and waters from the adjacent Beaufort Sea intrude into the 

lagoons (Harris et al., 2017; Hale, 1990). In addition to the PML and MW, we observed 

minor but significant remnants of SIM (5 ± 1 %) within the lagoons. However, because 
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SIM also exists in the coastal Beaufort Sea, it is difficult to isolate its origin as retained 

lagoon SIM or Beaufort Sea SIM advected into the lagoons with marine water intrusion 

(Harris et al., 2017). 

In our conservative mixing model, the PML water end-member had lower NO3
- and 

DSi concentrations but higher PO4
3- concentration relative to the measured BLE riverine 

(MW) end-member. Previous work has shown that Arctic waters are generally N-limited 

during the summer (Ko et al., 2020; Krisch et al., 2020; Lewis et al., 2020), further 

supported by the DIN:DIP ratios observed in our lagoons during Open Water, 7.3 ± 3.2 

which indicated a strong N deficit relative to Redfield (16:1). The lagoons exhibited no 

significant positive or negative Δ values for all nutrients during Open Water, suggesting a 

balance between remineralization and photosynthesis. However, external nutrients (DON) 

and sources (i.e., groundwater) not accounted for in the conservative mixing model may 

limit what we can infer about lagoon productivity, particularly during the Open Water 

period.  

Phytoplankton in temperate systems have been observed comprising up to 10% 

of their N uptake in the form of DON (Mulholland et al., 1998), and uptake of urea has 

been shown to supply as much as 80% of N demand in coastal systems (Bronk et al., 

2007). In the Laptev Sea near Siberia, ~70% of the DON was taken up and removed 

within shelf water (Letscher et al., 2013; Thibodeau et al., 2017). Similarly, primary 

production was heavily dependent on NH4
+ and remineralization of organic substrates in 

Elson Lagoon (Baer et al., 2017). This pattern has also been supported by microbial data, 

which showed a shift from large diatoms during Break Up to a diverse array of small-

celled microbes such as dinoflagellates and heterotrophic bacteria during Open Water 
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(Kellogg et al., 2019; Millette et al., 2024). This aligns with our results from Open Water 

which exhibited low ambient DIN concentrations and little to no deviation from the 

conservative mixing line, likely driven by simultaneous remineralization and uptake.  

During the summer, surface waters can flow through deeper seasonally thawed 

active soil layers with leachable organic matter as supra-permafrost ground water (SPGW; 

Connolly et al., 2020). While small by volume compared to river discharge (1-5%),  the 

high DOM concentrations result in 15-70% of total terrestrial DOC and DON export 

annually (Connolly et al., 2020). Unfortunately, the salinity and H2O-δ18O water source 

contribution model does not isolate the inputs of SPGW nor factor in the role of organic 

nutrient supply. However, the source of salinity and H2O-δ18O signals between terrestrial 

MW and SPGW are both local precipitation and therefore likely to be captured in the water 

source contribution model as just MW.  

 

2.6 Conclusion 

Arctic coastal environments are highly dynamic ecosystems at the intersection of 

cryospheric, terrestrial, and marine systems. Although covered in sea ice for most of the 

year, these coastal lagoons experience extreme seasonality, receiving significant 

terrestrial inputs during Break Up and becoming ice free during the summer. In response 

to these seasonal environmental forces, we observed seasonal changes in nutrient 

concentrations likely attributed to abiotic processes like brine exclusion during Ice Cover 

and freshwater flushing during Break Up. We also observed net biotic nutrient production 

during Ice Cover, likely due to remineralization, as well as net biotic nutrient uptake during 

Break Up, likely by diatoms. During the Open Water period, nutrient concentrations were 
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the lowest potentially reflecting a microbial shift from autotrophs during Break Up to mixo- 

and heterotrophs in response to limited inorganic nutrients and high dissolved organic 

nutrient availability.  

As the Arctic rapidly warms, these coastal lagoons will experience significant 

ecosystem state changes in the coming decades from both the land and sea. Warming is 

decreasing sea ice extent during the summer across the Arctic, expanding the duration 

of the Open Water period (Bonsell & Dunton, 2018). Changes in the timing and the 

magnitude of freshwater and marine inputs are likely to impact both hydrologic and 

biological processes in these lagoons. Studies across the Arctic have observed increases 

in nutrient delivery (Le Fouest et al., 2013; Terhaar et al., 2021), temperature, and 

dissolved inorganic carbon (Ardyna & Arrigo, 2020), all linked to enhanced phytoplankton 

production. Specifically on the North coast of Alaska, studies indicate increasing inputs 

from land are providing more resources to support lagoon food webs and coastal primary 

productivity (Connolly et al., 2020; Harris et al., 2017; McClelland et al., 2014).  

Based on the current expansion rates of the Open Water period in the Beaufort 

Sea (Frey et al., 2015; Markus et al., 2009; Stroeve et al., 2014), in 20 years we can 

expect the Open Water period to increase by approximately three weeks. This will result 

in a corresponding contraction of the Ice Cover period with no significant changes to the 

duration of Break Up (Bonsell & Dunton, 2021). Decreasing Ice Cover duration will likely 

diminish the amount of inorganic nutrient accumulation in the water column during the 

winter. In turn, it is possible that limited accumulation of nutrients will result in less supply 

for primary producers initially during Break Up. Furthermore, although net nutrient uptake 

was highest during Break Up potentially indicating net autotrophy, because the duration 
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of Break Up is likely to remain constant, future changes may not facilitate a longer net 

nutrient uptake or net autotrophic season. In contrast, the Open Water period displays a 

net balance between biotic consumption and production possibly reflecting a microbial 

shift from diatoms to mixotrophs and heterotrophs. As this summer period of intense 

organic matter cycling continues to lengthen, it is likely to impact the quantity and quality 

of organic matter within these lagoons. As these lagoons are subject to drastic 

environmental fluctuations and ongoing climate change, it is critical to understand the 

biogeochemical processes and linkages among these distinct, sequential, seasonal 

periods. 
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2.8 Tables 

  
Table 2.1. Lagoon geomorphology (depth (m), length (km), annual river discharge 
(km3), ocean connectivity) at Elson Lagoon, Simpson Lagoon, Stefansson Sound, 
Kaktovik Lagoon, and Jago Lagoon. Freshwater sources sampled by the BLE-LTER 
program are grouped by lagoon. Lagoon length was measured using the base World 
Imagery map on ArcGIS, and depths were derived from Kim et al. (unpublished). 
(---) represents rivers with no published annual discharge rates. *McClelland et al. 
2014 **Stuefer et al. 2017. NA applies to lagoons with primarily diffusive inputs that 
cannot be or are difficult to quantify.  
 

Lagoon 
Average  

depth  
(m) 

Length  
(km) 

Freshwater  sources  
sampled   

Annual  river  
discharge  

(km3) 

Ocean  
connectivity 

Elson  Lagoon  
West  (EWL)  and  
Elson  Lagoon  
East  (EEL) 

2.4 25 
Avak  Creek 

No  Name  River 
Mayoeak  River 

--- 
--- 
--- 

Several  
intermittent  
channels 

Simpson  Lagoon  
(SIL) 

1.8 25 
Kuparak  River 
Colville  River 

1.3* 
19.7* 

Several  
intermittent  
channels 

Stefansson  
Sound  (SSL) 

4.3 35 
Sagavanirktok  River 
Putuligauyuk River 

Atigun  River 

1.6* 
0.05** 

--- 
Semi-enclosed 

Kaktovik  Lagoon  
(KAL) 

2.8 7 Streams,  runoff NA 
1 channel to  

JAL 

Jago  Lagoon  
(JAL) 

2.6 7 Jago  River --- 
1 channel to 
Beaufort Sea 

 

Table 2.2.  End-member (sea ice melt (SIM), meteoric water (MW), and polar mixed 
layer (PML)) values for salinity, H2O-δ18O, and inorganic nutrients used in the water 
source contribution and conservative mixing model. MW inputs were node-specific due 
to spatial heterogeneity in end-member values. All MW salinity, δ18O-H2O, and 
nutrients were collected by the BLE-LTER from 2018-2022. *SIM and PML salinity and 
δ18O-H2O were from Alkire and Trefry, 2006. **SIM nutrients were from Manes and 
Gradinger, 2009. Beaufort Sea surface nutrients collected by the BLE-LTER was used 
for PML nutrients.    

Water Source Salinity δ18O  (‰) 
NH4

+
   

(μmol  N  L
-1

) 

PO4

3-

   

(μmol  P  L
-1

) 

NO3
-

   
(μmol  N  L

-1
) 

DSi   
(μmol  SiO2  L

-1
) 

SIM 5.0* -2.4* 1.3** 1.2** 0.14** 2.7** 

MW BRW 0.1 -11.5 1.5 0.4 2.0 7.7 

SCC 0.1 -18.8 0.4 0.0 3.6 28.8 

BTI 0.1 -21.4 NA 0.1 NA 9.2 

PML 31.6* -3.5* 0.9 0.4 0.0 4.9 
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Table 2.3. Water column temperature (C), salinity, dissolved oxygen (DO, mg L-1), 

and pH during Ice Cover, Break Up, and Open Water seasons, averaged across 

nodes. Average ± standard error (n = sample number). Superscript letters (a,b,c) for 

each parameter indicate statistically significant difference between seasons based 

on ANOVA and post-hoc Tukey tests (a = 0.05).  

Parameter 
Mean  ±  standard  error  (n) 

Ice  Cover Break  Up Open  Water 

Temperature  (C) -1.9  ±  0.1  (n=39)a 2.9  ±  0.6  (n=40)b 7.3  ±  0.3  (n=84)c 

Salinity 36.2  ±  0.8  (n=39)a 6.6  ±  1.5  (n=40)b 24.4  ±  0.6  (n=83)c 

DO  (mg  L-1) 10.5  ±  0.4  (n=39)b 12.8  ±  0.2  (n=40)a 10.9  ±  0.2  (n=84)b 

pH 7.6  ±  0.1  (n=39)a 7.9  ±  0.1  (n=40)b 7.9  ±  0.02  (n=84)b 
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Table 2.4. Water column concentrations of ammonium (NH4
+; μmol N L-1), nitrate (NO3

-; μmol N L-1), phosphate (PO4
3-; 

μmol P L-1), molar N:P ratio, and dissolved silica (DSi; μmol SiO2 L-1) across season (Ice Cover, Break Up, Open Water) 

and node (BRW, SCC, BTI). Average ± standard error (n = sample number). For each nutrient, superscript letters (a,b,c) 

for the All Node averages indicate statistically significant difference between seasons based on ANOVA and post-hoc 

Tukey tests (a = 0.05). Likewise, for each nutrient, superscript letters (a,b,c) indicate significant internodal differences 

within a given season based on ANOVA and post-hoc Tukey tests (a = 0.05).  

Node 

Ice Cover Break Up Open Water 

NH4
+ NO3

- PO4
3- 

NP Ratio 
DSi NH4

+ NO3
- PO4

3- 
NP Ratio 

DSi NH4
+ NO3

- PO4
3- 

NP Ratio 
DSi 

μmol N L-1 μmol N L-1 μmol P L-1 μmol SiO2 L-1 μmol N L-1 μmol N L-1 μmol P L-1 μmol SiO2 L-1 μmol N L-1 μmol N L-1 μmol P L-1 μmol SiO2 L-1 

BRW 
1.9 ± 0.2 
(n=18) 

5.9 ± 0.5 
(n=18)b 

2.0 ± 0.5 
(n=18) 

13.4 ± 2.9 
(n=18) 

20.8 ± 0.9 
(n=18) 

1.4 ± 1.0 
(n=14) 

0.7 ± 0.3 
(n=16) 

1.0 ± 0.4 
(n=17) 

48.5 ± 36.7 
(n=13) 

2.7 ± 0.4 
(n=17)a 

0.6 ± 0.2 
(n=35) 

0.4 ± 0.1 
(n=33) 

0.8 ± 0.2 
(n=35) 

1.1 ± 0.2 
(n=33) 

3.7 ± 0.3 
(n=35)b 

SCC 
1.5 ± 0.6 
(n=20) 

5.6 ± 0.6 
(n=22)b 

2.0 ± 0.4 
(n=21) 

6.8 ± 1.1 
(n=19) 

19.1 ± 2.3 
(n=22) 

0.7 ± 0.1 
(n=17) 

2.2 ± 0.5 
(n=19) 

0.5 ± 0.3 
(n=19) 

128.5 ± 
34.4 (n=16) 

11.8 ± 1.5 
(n=19)b 

0.4 ± 0.1 
(n=31) 

0.7 ± 0.2 
(n=28) 

0.4 ± 0.1 
(n=32) 

17.1 ± 
8.3 

(n=28) 

10.7 ± 1.6 
(n=32)a 

BTI 3.7 ± 1.9 
(n=10) 

3.0 ± 0.4 
(n=10)a 

3.0 ± 0.7 
(n=10) 

3.9 ± 1.1 
(n=10) 

14.4 ± 1.3 
(n=10) 

0.6 ± 0.3 
(n=4) 

0.7 ± 0.7 
(n=2) 

2.0 ± 0.9 
(n=6) 

0.3 
(n=1) 

5.1 ± 1.8 
(n=6)b 

0.8 ± 0.1 
(n=16) 

0.3 ± 0.2 
(n=14) 

0.7 ± 0.2 
(n=16) 

2.3 ± 0.6 
(n=14) 

4.7 ± 0.7 
(n=16)b 

All 

Nodes 

2.1 ± 0.5 
(n=48)a 

5.2 ± 0.4 
(n=50)a 

2.2 ± 0.3 
(n=49)a 

8.7 ± 1.3 
(n=47) 

18.8 ± 1.1 
(n=50)a 

1.0 ± 0.4 
(n=35)b 

1.5 ± 0.3 
(n=37)b 

0.9 ± 0.3 
(n=42)b 

89.5 ± 25.1 
(n=30) 

7.2 ± 1.0 
(n=42)b 

0.5 ± 0.1 
(n=82)b 

0.5 ± 0.1 
(n=75)c 

0.6 ± 0.1 
(n=83)b 

7.3 ± 3.2 
(n=75) 

6.6 ± 0.7 
(n=83)b 
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Table 2.5. Average lagoon and river H2O-δ18O values (‰) separated by node (BRW, 

SCC, and BTI). Lagoon water column H2O-δ18O values are further separated by 

season (Ice Cover, Break Up, Open Water). Average ± standard error (n = sample 

number). Superscript letters (a,b,c) for the All Nodes Averages indicate statistically 

significant difference between seasons based on ANOVA and post-hoc Tukey tests 

(a = 0.05). Likewise, superscript letters (a,b,c) indicate significant internodal 

differences within a given season (for lagoons) or for the rivers based on ANOVA 

and post-hoc Tukey tests (a = 0.05).   

 

H2O-δ18O (‰, mean ± standard error) 

Lagoon 
River 

Ice Cover Break Up Open Water 

BRW -3.3 ± 0.2  (n=14) -7.9 ± 0.6  (n=14)b -4.7 ± 0.3  (n=33)a -11.5 ± 0.4  (n=15)a 

SCC -4.6 ± 0.8  (n=22) -15.1 ± 1.3  (n=18)a -8.0 ± 0.8  (n=29)b -18.8 ± 0.5  (n=15)b 

BTI -3.5 ± 0.3  (n=10) -9.6 ± 2.0  (n=6)b -5.5 ± 0.4  (n=15)a,b -21.4  (n=1)b 

All Nodes 
-3.5 ± 0.1  
(n=46)a 

-11.6 ± 0.9  (n=38)b -6.1 ± 0.4  (n=77)c -15.4 ± 0.8  (n=31) 
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Table 2.6. Contributions (%) of sea ice melt (SIM), meteoric water (MW), and polar mixed layer (PML) 

waters in the lagoons based on outputs of the salinity and H2O-δ18O water source mixing model separated 

by season (Ice Cover, Break Up, Open Water) and node (BRW, SCC, BTI). Average ± standard error (n = 

sample number). For each source, superscript letters (a,b,c) for the All Nodes averages indicate 

statistically significant difference between seasons based on ANOVA and post-hoc Tukey tests (a = 0.05). 

Likewise, superscript letters (a,b,c) indicate significant internodal differences for a specific source within a 

given season based on ANOVA and post-hoc Tukey tests (a = 0.05).  

Node 

Water Source Contribution (%) 

Ice Cover Break Up Open Water 

SIM MW PML SIM MW PML SIM MW PML 

BRW 
-11 ± 4 
(n=14) 

-4 ± 2 
(n=14) 

116 ± 2 
(n=14) 

31 ± 8 
(n=14) 

60 ± 6a,b 

(n=14) 
9 ± 3 

(n=14) 
8 ± 3 

(n=33) 
16 ± 3 
(n=33) 

76 ± 2 
(n=33) 

SCC 
-16 ± 7 
(n=15) 

-8 ± 8 
(n=15) 

108 ± 10 
(n=15) 

10 ± 10 
(n=18) 

76 ± 8b 
(n=18) 

14 ± 8 
(n=18) 

0 ± 2 
(n=28) 

27 ± 5 
(n=28) 

74 ± 4 
(n=28) 

BTI 
-22 ± 4 
(n=10) 

-1 ± 1 
(n=10) 

123 ± 3 
(n=10) 

18 ± 12 
(n=6) 

35 ± 12a 

(n=6) 
46 ± 23 
(n=6) 

6 ± 3 
(n=15) 

12 ± 2 
(n=15) 

83 ± 3 
(n=15) 

All 
Nodes 

-16 ± 3 
(n=39)a 

1 ± 3 
(n=39)a 

115 ± 4 
(n=39)a 

19 ± 6 
(n=38)b 

64 ± 5 
(n=38)b 

17 ± 5 
(n=38)b 

5 ± 1 
(n=76)c 

19 ± 2 
(n=76)c 

76 ± 2 
(n=76)c 
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Table 2.7. Net nutrient production and consumption (ΔN) according to deviations from the conservative mixing line of 

ammonium (NH4
+; μmol N L-1), nitrate (NO3

-; μmol N L-1), phosphate (PO4
3-; μmol P L-1), and dissolved silica (DSi; μmol 

SiO2 L-1) separated by season (Ice Cover, Break Up, Open Water), and node (BRW, SCC, BTI). NA: Fluxes of NH4
+ 

and NO3
- were not calculated due to lack of river nutrient data in BTI. Average ± standard error (n = sample number). 

For each nutrient, superscript letters (a,b,c) for the All Nodes averages indicate statistically significant difference 

between seasons based on ANOVA and post-hoc Tukey tests (a = 0.05).  

Node 

Ice Cover Break Up Open Water 

ΔNH4
+ ΔNO3

- ΔPO4
3- ΔDSi ΔNH4

+ ΔNO3
- ΔPO4

3- ΔDSi ΔNH4
+ ΔNO3

- ΔPO4
3- ΔDSi 

μmol N L-1 μmol N L-1 μmol P L-1 μmol SiO2 L-1 μmol N L-1 μmol N L-1 μmol P L-1 μmol SiO2 L-1 μmol N L-1 μmol N L-1 μmol P L-1 μmol SiO2 L-1 

BRW 
1.2 ± 0.3 
(n=14) 

5.9 ± 2.2 
(n=14) 

2.0 ± 0.7 
(n=14) 

15.9 ± 1.0 
(n=14) 

0.4 ± 1.3 
(n=11) 

-0.7 ± 0.3 
(n=13) 

0.9 ± 0.4 
(n=14) 

-3.1 ± 0.3 
(n=14) 

-0.4 ± 0.2 
(n=32) 

-0.0 ± 0.1 
(n=30) 

0.5 ± 0.2 
(n=32) 

-1.4 ± 0.4 
(n=32) 

SCC 
1.2 ± 0.8 
(n=13) 

5.2 ± 2.6 
(n=15) 

2.0 ± 0.5 
(n=15) 

14.1 ± 3.2 
(n=15) 

0.2 ± 0.1 
(n=16) 

-0.7 ± 0.6 
(n=18) 

0.5 ± 0.3 
(n=17) 

-11.2 ± 1.3 
(n=18) 

-0.3 ± 0.1 
(n=27) 

-0.3 ± 0.2 
(n=25) 

0.1 ± 0.1 
(n=28) 

-0.4 ± 0.7 
(n=28) 

BTI NA NA 
2.5 ± 0.7 
(n=10) 

9.0 ± 1.3 
(n=10) 

NA NA 
1.7 ± 0.8 

(n=6) 
-0.9 ± 1.9 

(n=6) 
NA NA 

0.4 ± 0.2 
(n=15) 

-1.1 ± 0.4 
(n=15) 

All 
Nodes 

1.2 ± 0.4 
(n=27)a 

5.6 ± 0.4 
(n=29)a 

2.1 ± 0.3 
(n=39)a 

13.4 ± 1.2 
(n=39)a 

0.3 ± 0.5 
(n=27)a,b 

-0.7 ± 0.4 
(n=31)b 

0.8 ± 0.3 
(n=37)b 

-6.6 ± 1.0 
(n=38)a,b 

-0.4 ± 0.1 
(n=59)b 

-0.2 ± 0.1 
(n=55)b 

0.3 ± 0.1 
(n=75)b 

-0.9 ± 0.3 
(n=75)b 

   

Table 2.8. Comparison of hypothetical nutrient concentrations from the conservative mixing line (Nconserved), observed nutrient 

concentrations, and deviation (ΔN) likely due to biotic processes during Ice Cover.  Average ± standard error (n =sample 

number). To quantify the magnitude of biotic production (%biotic), ΔN was calculated as a percentage of ambient nutrient 

concentrations during Ice Cover. 

Nutrient Nconserved Nobserved ΔN %biotic 

NH4
+ 0.8 ± 0.0 (n=29) 2.1 ± 0.5 (n=48) 1.2 ± 0.4 (n=27) 57 

NO3
- -0.2 ± 0.1 (n=29) 5.2 ± 0.4 (n=50) 5.6 ± 0.5 (n=29) 107 

PO4
3- 0.4 ± 0.0 (n=39) 2.2 ± 0.3 (n=49) 2.1 ± 0.4 (n=39) 97 

DSi 5.2 ± 0.2 (n=39) 18.8 ± 1.1 (n=50) 13.4 ± 1.4 (n=39) 71 
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2.9 Figures 

  

Figure 2.1 Location of the study sites at the Beaufort Lagoon Ecosystems Long-

Term Ecological Research (BLE-LTER) program. a) Map of Alaska with Beaufort Sea 

Alaskan coast in box. b) Beaufort Sea Coast with BLE-LTER research nodes in 

boxes. c) The westernmost node (BRW) is based out of Utqiaġvik where Elson 

Lagoon is located. The central node (SCC) contains d) Simpson Lagoon and e) 

Stefansson Sound. The eastern node (BTI) is based out of Kaktovik and contains f) 

Kaktovik Lagoon and Jago Lagoon. Each sampled lagoon has two shallow (squares) 

and two deep (circles) stations.  
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Figure 2.2. Water column temperature (C) and salinity 

during Ice Cover (blue), Break Up (green), and Open 

Water (yellow) across all nodes from 2018 to 2021.  
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Figure 2.3. Water column concentrations of a) ammonium (NH4
+; μmol N L-1), b) 

nitrate (NO3
-; μmol N L-1 ), c) phosphate (PO4

3-; μmol P L-1), and d) dissolved silica 

(DSi; μmol SiO2 L-1) across seasons (Ice Cover [blue], Break Up [green], Open Water 

[yellow]) and nodes (BRW, SCC, BTI). The lower and upper extent of the boxplot 

represent the 25th (Q1) and 75th (Q3) percentiles while the lower and upper extent of 

the whiskers represent 1.5 times the interquartile range (Q3-Q1) below Q1 and above 

Q3. The solid black line within each box represents the median concentration, and the 

dashed black lines represent the average concentration across all nodes for that 

season. Brackets and horizontal lines represent significant seasonal and internodal 

differences, respectively. Asterisks represent level of significance (*<0.05, **<0.01, 

***<0.001, ****<0.0001).  
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Figure 2.4. a) Lagoon water column H2O-δ18O (‰) values during Ice 

Cover (blue), Break Up (green), and Open Water (yellow). b) Meteoric 

water H2O-δ18O (‰) values from BLE-LTER river stations during Break 

Up and Open Water separated by node, moving from west to east (BRW, 

SCC, BTI).  
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Figure 2.5. Water source contribution (%) from sea ice melt (SIM; green), riverine 
input (meteoric water, MW; brown), and polar mixed layer (PML; blue), according to 
salinity and H2O-δ18O mixing model output during a) Ice Cover, b) Break Up, and c) 
Open Water. Each panel shows contributions from each water source. Dashed lines 
represent 0% and 100% contribution from a water source. 
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Figure 2.6. Net nutrient production and consumption (ΔN) according to deviations 

from the conservative mixing line of a) ammonium, b) nitrate, c) phosphate, and d) 

dissolved silica during Ice Cover (blue), Break Up (green), and Open Water 

(yellow). Positive ΔN values indicate net production, and negative ΔN values 

indicate net consumption. The solid black lines within each box represent the 

median ΔN concentration. Brackets represent significant seasonal differences with 

asterisks denoting level of significance (*<0.05, **<0.01, ***<0.001, ****<0.0001).  
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2.10 Appendix A 

 

 

 

 

 

  

Supplemental Table 2.1. Summary of nutrient analysis specification for ammonium 

(NH4
+), orthophosphate (PO4

3-), nitrate (NO3
-) and nitrite (NO2

-), and dissolved silica 

(DSi) for the Lachat autoanalyzer and FIAlyzer-1000.  

 Chemistry Unit Reaction 
Wavelength 

(nm) 
Detection 

limit 

Applicable 
Range 

Lachat NH4
+ ug N L-1 Berthelot indophenol blue 540 0.7 5-600 

PO4
3- μg P L-1

 
Phosphomolybdenum blue 

complex 
880 1.0 4-400 

NO2
- + 

NO3
- mg N L-1 

N-1-Napthylethelendiamine 
dihydrochloride (azo dye) 

540 0.025 0.25-30 

SiO2 mg SiO2 L-1 Molybdenum blue 820 0.2 
1202-
6009 

FIA NH4
+ umol N L-1 OPA fluorescence NA 0.5 0.5-20 

PO4
3- μmol P L-1

 
Phosphomolybdenum blue 

complex 
880 0.05 0.25-10 

NO2
- + 

NO3
- μmol N L-1 

N-1-Napthylethelendiamine 
dihydrochloride (azo dye) 

540 0.05 0.5-50 

SiO2 
μmol SiO2 

L-1 
Molybdenum blue 820 0.10 1-100 
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Supplementary Table 2.2. Two-way ANOVA results on the effect of season and node 

on inorganic nutrient concentrations (NH4
+, NO3

-, PO4
3-, DSi). 

2-way ANOVA NH4
+ Sum of Squares Df Mean Square F P 

Season 74.2 2 37.11 8.223 0.000402 

Node 18.3 2 9.17 2.032 0.134587 

Season:node 21.5 4 5.37 1.190 0.317218 

Tukey HSD Season p adj 
    

    

break up - ice cover 0.0446868     

open water - ice cover 0.0002485     

open water - break up 0.5912008     

      

2-way ANOVA NO3
- + NO2

- Sum of Squares Df Mean Square F P 

Season 690.2 2 345.1 131.251 <2e-16 

Node 37.2 2 18.6 7.074 0.00115 

Season:node 47.0 4 11.7 4.468 0.00192 

Tukey HSD Season p adj 
  

    

break up - ice cover 0     

open water - ice cover 0     

open water - break up 0.0096162     

Tukey HSD Node p adj 
P adj  

Under ice Break up Open water  

SCC - BRW 0.238904 ----- ----- -----  

BTI - BRW 0.0374547 0.000 1.000 1.000  

BTI - SCC 0.0008664 0.002 0.948 0.999  

      

2-way ANOVA PO4
3- Sum of Squares Df Mean Square F P 

Season 77.1 2 38.53 19.155 3.31e-8 

Node 12.2 2 6.12 3.045 0.0503 

Season:node 8.4 4 2.10 1.044 0.3861 

Tukey HSD Season P adj 
    

    

break up - ice cover 0.0000883     

open water - ice cover 0     

open water - break up 0.5743207     

Tukey HSD Node P adj 
    

    

SCC - BRW 0.3590742     

BTI - BRW 0.380478     

BTI - SCC 0.0437912     

      

2-way ANOVA DSi Sum of Squares Df Mean Square F P 

Season 5143 2 2571.4 65.76 2e-16 

Node 1231 2 615.7 15.74 5.48e-7 

Season:node 707 4 176.7 4.52 0.00172 

Tukey HSD Season P adj 
  

    

break up - ice cover 0     

open water - ice cover 0     

open water - break up 0.8772881     

Tukey HSD Node P adj 
P adj  

Under ice Break up Open water  

SCC - BRW 0.0000069 0.995 0.001 0.000  

BTI - BRW 0.8533337 ----- ----- -----  

BTI - SCC 0.0000567 0.538 0.346 0.053  
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Supplementary Table 2.3. Multiple linear regression analysis results for 
environmental parameters (water column temperature, salinity, dissolved oxygen 
(DO), H2O-δ18O) that may influence water column inorganic nutrient concentrations. 
For each parameter we calculated 1) slope: the estimated regression coefficient of 
the linear regression, 2) p-value: the statistical significance of the regression 
coefficient, 3) lmg: the relative importance of each parameter in explaining data 
variability, and 4) variance inflation factor (VIF): a measure of collinearity among 
independent variables, where values between 1 and 4 were considered an 
acceptable level of correlation between independent variables.  

Multiple 
Regression 

slope p value lmg VIF 

Ammonium 

Intercept 6.89 0.0001 NA NA 

Temperature (oC) -0.17 0.0001 0.45 1.17 

Salinity -0.02 0.50 0.06 2.74 

DO (mg L-1) -0.40 0.0001 0.46 1.24 

δ18O (‰) 0.02 0.77 0.02 2.22 

Nitrate 

Intercept 1.84 0.21 NA NA 

Temperature (oC) -0.31 3.13 x 10-14 0.70 1.15 

Salinity 0.07 0.0006 0.17 2.89 

DO (mg L-1) -0.16 0.078 0.05 1.34 

δ18O (‰) -0.19 0.0001 0.08 2.28 

Phosphate 

Intercept 3.19 0.006 NA NA 

Temperature (oC) -0.13 7.66 x 10-6 0.56 1.16 

Salinity -0.004 0.78 0.16 2.81 

DO (mg L-1) -0.06 0.36 0.02 1.29 

δ18O (‰) 0.09 0.017 0.26 2.27 

Dissolved Silica 

Intercept 2.39 0.63 NA NA 

Temperature (oC) -0.84 5.86 x 10-10 0.42 1.16 

Salinity 0.38 3.51 x 10-7 0.21 2.81 

DO (mg L-1) -0.60 0.49 0.06 1.29 

δ18O (‰) -1.29 2.36 x 10-12 0.31 2.27 
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Supplementary Table 2.4.  A two-way ANOVA was performed to analyze the effect 

of node and season on lagoon and river H2O-δ18O values. 

Lagoon H2O-δ18O Sum of Squares Df Mean Square F P 

Season 1399.4 2 699.7 74.201 2E-16 

Node 396.2 2 198.1 21.010 8.79 x 10-9 

Season:node 203.7 4 50.9 5.401 0.000429 

Tukey HSD Season p adj 
  

    

break up - ice cover 0     

open water - ice cover 4.21 x 10-5     

open water - break up 0     

Tukey HSD Node p adj 
P adj  

Ice cover Break up Open water  

SCC - BRW 9.25 x 10-9 0.9999767 0 0.00159  

BTI - BRW 0.3305284 ----- ----- -----  

BTI - SCC 0.0009905 1 0.0071498 0.2239404  

      

River H2O-δ18O Sum of Squares Df Mean Square F P 

Season 5.5 1 5.48 1.647 0.211 

Node 436.4 2 218.18 65.555 6.98x10-11 

Season:node 1.3 1 1.26 0.380 0.543 

Residuals 86.5  3.33   

Tukey HSD Node p adj 
    

    

SCC - BRW 9.497 x 10-11     

BTI - BRW 0.0000988     

BTI - SCC 0.5067238     
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Supplementary Table 2.5.  A two-way ANOVA was performed to analyze the effect 

of node and season on the contribution of sea ice melt (SIM), meteoric water (MW), 

and the polar mixed layer (PML) to the lagoon. 

2-way ANOVA SIM Sum of 

Squares 
Df Mean Square F P 

Season 2.263 2 1.1314 21.992 4.63E-9 

Node 0.341 2 0.1706 3.317 0.0391 

Season:node 0.203 4 0.0507 0.987 0.4172 

Tukey HSD Season p adj 
    

    

break up - ice cover 0     

open water - ice cover 0.0000634     

open water - break up 0.0047784     

Tukey HSD Node p adj 
    

    

SCC - BRW 0.034055     

BTI - BRW 0.3015366     

BTI - SCC 0.8284208     

      

2-way ANOVA MW Sum of 
Squares 

Df Mean Square F P 

Season 8.782 2 4.391 101.947 2E-16 

Node 0.669 2 0.334 7.762 0.000629 

Season:node 0.401 4 0.1 2.33 0.058809 

Residuals 6.202 144 0.043   

Tukey HSD Season p adj 
  

    

break up - ice cover 0     

open water - ice cover 2.80E-06     

open water - break up 0     

Tukey HSD Node p adj 
P adj  

Under ice Break up Open water  

SCC - BRW 0.014435 1.000 0.412 0.588  

BTI - BRW 0.3925019 ----- ----- -----  

BTI - SCC 0.0011145 1.000 0.002 0.370  

      

2-way ANOVA PML Sum of 
Squares 

Df Mean Square F P 

Season 19.398 2 9.699 201.991 2E-16 

Node 0.459 2 0.229 4.778 0.00979 

Season:node 0.305 4 0.076 1.589 0.18037 

Residuals 304.42 143 2.13   

Tukey HSD Season P adj 
    

    

break up - ice cover 0     

open water - ice cover 0     

open water - break up 0     

Tukey HSD Node P adj 
    

    

SCC - BRW 0.9968333     

BTI - BRW 0.0170545     

BTI - SCC 0.0142865     
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Supplementary Table 2.6. A two-way ANOVA was performed to analyze the effect of 

node and season on the flux (N deviation between NConserved and Nobserved) of 

inorganic nutrients (NH4
+, NO3

-, PO4
3-, DSi). 

2-way ANOVA ΔNH4
+ Sum of Squares Df 

Mean 
Square 

F P 

Season 46.8 2 23.41 6.943 0.00146 

Node 0 1 0.001 0 0.98574 

Season:node 0.3 2 0.145 0.043 0.95804 

Tukey HSD Season p adj 
    

    

break up - ice cover 0.1509283     

open water - ice cover 0.0009632     

open water - break up 0.2893688     

      

2-way ANOVA ΔNO3
- + 

NO2
- Sum of Squares Df 

Mean 

Square 
F P 

Season 768.1 2 384 136.306 2E-16 

Node 2.8 1 2.8 0.983 0.324 

Season:node 1.8 2 0.9 0.324 0.724 

Tukey HSD Season p adj 
    

    

break up - ice cover 0     

open water - ice cover 0     

open water - break up 0.2815169     

      

2-way ANOVA ΔPO4
3- Sum of Squares Df 

Mean 
Square 

F P 

Season 82.84 2 41.42 19.456 3.36E-08 

Node 6.62 2 3.31 1.555 0.215 

Season:node 5 4 1.25 0.587 0.673 

Tukey HSD Season P adj 
    

    

break up - ice cover 0.000331     

open water - ice cover 0     

open water - break up 0.2416778     

      

2-way ANOVA ΔDSi Sum of Squares Df 
Mean 

Square 
F P 

Season 8486 2 4243 165.864 2E-16 

Node 141 2 70 2.75 0.0673 

Season:node 906 4 227 8.858 2.03E-06 

Tukey HSD Season P adj 
  

    

break up - ice cover 0     

open water - ice cover 0     

open water - break up 3.00E-07     

Tukey HSD Node P adj 
P adj  

Under ice Break up Open water  

SCC - BRW 0.0598149 0.988 0.000 0.998  

BTI - BRW 0.3607088 ----- ----- -----  

BTI - SCC 0.8617228 ----- ----- -----  
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Chapter 3: Physical drivers of sediment distribution and organic 

matter oxidation in coastal Arctic lagoons 

3.1 Abstract 

The Arctic is warming at a rate four times the global average. With this warming, 

Alaska’s northern coastal ecosystem will continue to experience drastic increases in 

temperature, ice-free duration, coastal erosion, and river inputs. At the intersection of land, 

sea, and atmosphere, coastal lagoons act as bioreactors, processing both terrestrial and 

autochthonous organic matter before export to the coastal ocean. While terrestrial inputs 

are driving increasing rates of primary production in the Arctic Ocean, the role of 

nearshore coastal retention and processing of this material before export off the coast 

remains underexplored. In this study, we investigated the seasonal trends and spatial 

distribution of sediment characteristics (SOC, SON, C:N ratio, δ13C, δ15N, porosity, grain 

size) across five coastal Arctic lagoons along the Beaufort Sea coast and identified 

potential environmental drivers of benthic oxygen (O2) consumption. Sediments were 

collected as part of the Beaufort Lagoon Ecosystems Long-Term Ecological Research 

(BLE-LTER) program from 2019 to 2022, and samples for diffusive O2 uptake (DOU) were 

collected in Elson Lagoon in 2022. In alignment with the major hydrological phases, 

samples were collected during complete sea Ice Cover (April), Break Up (June), and the 

Open Water period (August). The results of this study demonstrate that surface sediment 

characteristics in coastal lagoons along the Alaskan Beaufort Sea coast are primarily 

influenced by physical differences in geomorphology and terrestrial inputs. Sediment 

grain size, organic matter content, and stable isotopic composition consistently differed 

between lagoons and water depths, reflecting variability in organic matter source, quantity, 
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and processing. DOU rates for Elson Lagoon ranged from 0.22 - 1.96 mmol O2 m2 d-1 and 

were primarily explained by SOC distribution, while also showing a seasonal component, 

with higher sediment respiration at Deep stations during the Open Water period with 

warmer waters. Here, we discuss the physical and spatial variations within and between 

BLE-LTER lagoon sites that influence the quantity, distribution, and composition of 

surface sediment organic matter and microbial SOC remineralization. 
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3.2 Introduction 

Coastal marine zones receive, retain, and process significant amounts of terrestrial 

organic matter, making them among the most biologically active areas of the biosphere 

(Bianchi et al., 2018; Canuel & Hardison, 2016; Duarte, 2017). The coastal margin is a 

known hotspot of organic carbon burial in the ocean, with river deltas and non-deltaic 

shelf regions burying significantly more carbon (70+ Tg C y-1) compared to the open 

ocean (6 Tg C y-1; Bianchi et al., 2018; Burdige, 2005). These ecosystems function as 

hotspots of carbon burial due to high inputs of autochthonous and allochthonous 

production. Receiving resources from both land and sea, coastal zones support a diverse 

array of primary producers ranging from benthic microalgae to mangrove forests that 

outperform terrestrial counterparts per unit area (Mcleod et al., 2011). In fact, while coastal 

vegetated habitats represent < 0.2% of the area of the ocean, they account for at least 

50% of the total marine carbon sequestration (Duarte, 2017; Duarte et al., 2005) and 

exhibit burial rates up to 40 times higher than tropical rainforests per unit area (Mcleod et 

al., 2011). In addition to autochthonous production, coastal zones receive significant 

inputs of terrestrial organic matter through river discharge and coastal erosion with 

approximately one third of the organic matter in marine sediments being of terrestrial 

origin (Burdige, 2005).  

While it has been long established that continental shelves represent the largest 

sink of both terrestrial and marine carbon globally (Bianchi et al., 2018; Burdige, 2005; 

Muller-Karger et al., 2005), the coastal margin exhibits large spatial and temporal 

heterogeneity and will be subject to extreme environmental shifts in the coming decades 

due to climate change (Canuel et al., 2012). There is significant interest in the processing 
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and transformation of organic matter in the continental margin, ranging from identifying 

the source and fate of organic carbon released into the coast (Bianchi et al., 2016; Blair 

& Aller, 2012; Ward, 2017), to determining whether the coastal ocean is a net source or 

sink of CO2 to the atmosphere (Cai, 2011; Miller et al., 2021).  

One such system is coastal Arctic lagoons, which represent >50% of the Alaskan 

Arctic coastline (Wiseman et al. 1973). In Alaska, the Beaufort Sea coast contains 

numerous shallow estuarine lagoons enclosed by barrier islands with tributaries and 

rivers that primarily drain Arctic coastal plains in the west and the Brooks Range in the 

east (Dunton et al., 2006). Forming a physical boundary, barrier islands obstruct the free 

exchange of water between the lagoons and the Beaufort Sea, impacting their 

hydrography and creating shallow systems with a seasonally and spatially variable 

estuarine environment (Fraley et al., 2021; Miller et al., 2021). Variations in barrier island 

morphology play a crucial role in shaping the hydrological balance between fresh and 

marine waters, creating a wide range of salinities, circulation patterns, and flushing times 

that impact their hydrodynamics and overall ecological dynamics (Snedden et al., 2023; 

Weingartner et al., 2017). The morphological features of coastal lagoons, including the 

network of barrier islands, channels, and tidal flats, all influence residence time and 

therefore burial of organic carbon in sediments (Bianchi et al., 2018; Petti et al., 2018), 

with higher residence times associated with higher rates of sediment trapping, 

accumulation, and burial (Hanna et al., 2018; Nichols, 1989). Sediment accumulation 

rates in coastal lagoons vary globally, (0.09 - 0.70 cm y-1, Cuellar-Martinez et al., 2017), 

but the few rates available in Arctic lagoons are within the global range (Simpson Lagoon: 
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0.02 - 0.46 cm y-1, Hanna et al., 2018; Elson Lagoon: 0.23 - 0.27 cm y-1, Naidu et al., 

2003).  

In the Arctic, the large seasonal pulse in the transport of terrestrial material through 

river discharge and permafrost erosion substantially contributes to carbon burial. The 

Arctic Ocean, which is almost land locked, receives the discharge of some of the world’s 

largest rivers, representing 11% of global river discharge while accounting for only 1% of 

the global ocean volume (McClelland et al., 2012). The spring freshet, an annual 

discharge event in major Arctic rivers lasting approximately 2-4 weeks, contributes the 

vast majority of freshwater inflow to the coast and Arctic Ocean (Ahmed et al., 2020). With 

drainage basins consisting of primarily permafrost soils, Arctic rivers function as a major 

vector of ancient organic carbon export to the coastal environment (Benner et al., 2004; 

Connolly et al., 2020; McClelland et al., 2014). In fact, the carbon-rich soils at higher 

latitudes result in a disproportionate export of organic carbon via rivers to the Arctic Ocean 

as compared to other major basins (Dittmar & Kattner, 2003; McClelland et al., 2014). 

While freshwater inflow facilitates ice break up, the lagoons remain largely ice-covered 

until late June. This lag between the freshet in May and ice break up in June promotes 

retention and biological processing of river derived inputs (Weingartner et al., 2017), 

including vast quantities of dissolved organic matter (DOM), particulate organic matter 

(POM), and dissolved inorganic nutrients (McClelland et al., 2012, 2014, 2016). 

Coastal erosion is also a significant source of sediment and carbon to the Arctic 

and may have doubled since 1955 (Rowland et al., 2010). Due to the uneven 

geomorphology along the Beaufort Sea coastline, erosion rates and quantities of 

sediment delivered to the nearshore zone exhibit wide variability (Lantuit et al., 2013). 
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Rates of coastal erosion in the Arctic (0.5 m year-1) are known to be among the highest 

in the world, due in part to the ice‐bonded nature of the coastal sediments (Jones et al., 

2009; Lantuit et al., 2012). Although erosion rates vary along the Beaufort Sea coast, 

ranging from <1 m year-1 in the Yukon and Kaktovik (Couture et al., 2018) to more than 8 

m year-1 at Drew Point (Barnhart et al., 2014), the Beaufort Sea coastline as a whole is 

characterized by the strongest retreat in the Arctic, with coastal erosion rates exceeding 

1.1 m  year−1 on average (Lantuit et al., 2012). Additionally, erosion rates along the Arctic 

coast have been accelerating due to the increasing length of the ice-free period (Barnhart 

et al., 2014; Günther et al., 2013; Overeem et al., 2011). These terrestrial inputs are 

further confirmed by Arctic shelf sediment biomarker and stable carbon isotopes which 

indicate highly degraded materials derived from vascular plants (Goñi et al., 2000; Van 

Dongen et al., 2008), with the potential for preferential burial of permafrost-derived 

organic carbon in Arctic shelf waters (Jong et al., 2024).  

Sediment distribution and preservation dynamics can be seasonally influenced by 

several physical factors including coastal geomorphology, grain size, and water depth. 

During the ice cover period, sea ice reaches the sediments (~November) within narrow 

straits and coastal areas, creating landfast ice (Mahoney et al., 2014; Trishchenko et al., 

2022). On the Beaufort Sea coast, the sea ice is on average 1.7 meters thick, lasting for 

~9 months (Harris et al., 2017; Pedrazas et al., 2020). As the sea ice grows down toward 

the benthos, it can trap sediments, incorporating them into the ice matrix. This process 

can then lead to the transport of sediments and associated organic matter within the ice 

during the spring melt and subsequent release back into the water column during the 

melting season (Eicken et al., 2005; Ito et al., 2019; Wegner et al., 2017). During the open 
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water period when the lagoons are free of sea ice cover, their shallow nature makes the 

sediments particularly susceptible to wave-induced sediment resuspension (Carr et al., 

2010; Lawson et al., 2007; Macdonald et al., 2015). In particular, fine-grained sediments 

such as silt (<65 μm), which are commonly found in the Arctic, are subject to sediment 

resuspension (Macdonald et al., 2015; Radosavljevic et al., 2022) due to their low 

mobilization threshold (Eidam et al., 2024). Through this disturbance and re-working, 

sediments are exposed to oxygenated water, enhancing remineralization of organic 

matter, and decreasing burial efficiency (Burdige, 2005; Wainright & Hopkinson, 1997; 

Yahel et al., 2008).  

Sediments and associated organic matter in the coastal Arctic are therefore 

influenced by a complex interaction of factors including sea ice cover, river export, coastal 

erosion, and microbial activity. With projected decreases in sea ice cover (Frey et al., 

2015; Markus et al., 2009; Stroeve et al., 2014) and increases in coastal erosion (Jones 

et al., 2009; Barnhart et al., 2014b; Günther et al., 2013; Overeem et al., 2011) and river 

discharge (Ahmed et al., 2020; Proshutinsky et al. 2015), the Arctic is undergoing rapid 

changes, and the fate of the organic matter within these lagoons is not well defined. The 

processing of this organic matter as climate changes will have significant implications for 

carbon and nutrient cycling within the coastal Arctic environment. The overarching 

objectives of this study were therefore to 1) quantify and describe sediment grain size 

and organic matter distribution across several Beaufort Sea lagoons, 2) quantify dissolved 

O2 uptake (DOU) rates for Elson Lagoon over time and space, and 3) identify potential 

environmental drivers of DOU rates in Elson Lagoon. 
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3.3 Methods 

3.3.1 BLE-LTER Study Site Description 

The study area is composed of several lagoons and sounds along the northern 

coast of Alaska bordering the Beaufort Sea. These lagoons and sounds are part of the 

Beaufort Lagoon Ecosystems Long-Term Ecological Research (BLE-LTER) program 

(ble.lternet.edu) which spans ~100 km of the Alaskan coastline and operates out of three 

nodes, Utqiaġvik (formerly Barrow; BRW), Prudhoe Bay (SCC), and Barter Island (BTI) 

(Fig. 3.1). These three nodes, which represent the western, central, and eastern portions 

of Alaska’s Beaufort Sea coast, differ in their relative contribution from terrestrial inputs, 

circulation, ocean exchange, and sea ice dynamics (Table 3.1). Each node has two 

lagoons.  

The BLE-LTER’s westernmost node is based out of Utqiaġvik and contains Elson 

Lagoon (Fig. 3.1b,c; Table 3.1). Elson Lagoon sits at the intersection between the Chukchi 

Sea to the west and the Beaufort Sea to the north. Elson lagoon is ~25 km long, and 6 

km wide and bound by well-defined barrier islands. In addition to the three intermittent 

tidal inlets, the eastern side of the lagoon contains the mouth of Avak Creek and a 3.7 

km-wide passage to the Beaufort Sea. The average depth of Elson Lagoon is 2.4 m, with 

an area of 207 km2 and volume of 0.50 km3. Elson Lagoon has the second lowest mean 

depth of the BLE-LTER lagoons partially due to the larger percentage of lagoon area with 

shallow depths (Table 3.1, Supplementary Figure 3.1). Placed in the Arctic lowland and 

foothills, Elson Lagoon receives terrestrial runoff from several small tributaries, creeks, 

and rivers (Rawlins et al. 2021).  

https://ble.lternet.edu/
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The BLE-LTER’s central node is located in the middle of the Alaskan Beaufort Sea 

coastline and is based at the Prudhoe Bay oil field (Fig. 3.1b,d,e; Table 3.1). Simpson 

Lagoon is located to the west of Prudhoe Bay and Stefansson Sound to the east (Fig. 

3.1b). Like Elson Lagoon, Simpson Lagoon is bound by well-defined barrier islands and 

is ~25 km long and 6 km wide (Fig. 3.1d). There are two tidal inlets along the western 

barrier islands and one to the east. To the west and east, Simpson Lagoon opens to the 

Beaufort Sea and the mouths of the Colville and Kuparuk rivers, respectively. In addition 

to the two major rivers at the far ends of Simpson Lagoon, there are also several 

tributaries that flow directly into the lagoon. Simpson Lagoon is the shallowest of the 

lagoons with an average depth of 1.8 m, an area of 173 km2 and a volume of 0.30 km3. 

Although similar in size, Simpson Lagoon and Elson Lagoon differ considerably in terms 

of riverine inputs and marine connectivity. Unlike Simpson Lagoon which receives high 

river inputs from the Colville and Kuparuk rivers, Elson Lagoon receives only minor 

riverine inputs from Avak Creek and some small tributaries and is only open to the 

Beaufort Sea on the eastern end with the western boundary enclosed by a continuous 

barrier island (Point Barrow; Fig. 3.1c). In contrast to the other lagoons, Stefansson 

Sound is the least enclosed study site of the BLE-LTER with four small (3-5 km wide) 

barrier islands located ~14 km off the coast (Fig. 3.1e). With wide openings rather than 

small tidal inlets, Stefansson Sound is exposed to much more marine influence. From 

land, the Sagavanirktok River empties directly into Stefansson Sound with two separate 

inflows. With an average depth of 4.3 m, area of 749 km2, and a volume of 3.25 km3, 

Stefansson Sound is the deepest and largest BLE-LTER coastal system by both area and 

volume (Table 3.1, Supplementary Figure 3.1).  
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The BLE-LTER’s easternmost node is based out of the village of Kaktovik and 

contains Kaktovik and Jago Lagoons, the smallest of the BLE-LTER lagoons (Fig. 3.1b,f; 

Table 3.1). Both lagoons are ~7 km long and are enclosed by well-defined barrier islands. 

Kaktovik Lagoon connects to Arey Lagoon in the west through a series of winding 

channels and to Jago Lagoon in the east through a 1 km wide channel. With no direct 

tidal inlet or major river, Kaktovik Lagoon experiences the least marine exchange and 

freshwater through surface runoff. In contrast, Jago Lagoon receives inputs from the Jago 

River to the east as well as a narrow (0.5 km) tidal inlet to the Beaufort Sea. Both lagoons 

are also relatively shallow (Kaktovik: 2.8 m, Jago 2.6 m) and have the smallest area and 

volume (Table 3.1).   

 

3.3.2 BLE-LTER Core Program sediment sampling 

To investigate spatial variability of surface sediments along the coast and within 

each lagoon, samples were collected at the six BLE-LTER lagoons, with each lagoon 

containing two shallow (<1 m water depth) and two deep (3-5 m water depth) stations 

(Fig. 3.1). To examine potential seasonal dynamics, sediment samples were collected in 

alignment with the major hydrological phases of Ice Cover (April), Break Up (June), and 

Open Water (August). During the Ice Cover period, samples were collected at deep 

stations but not at shallow stations due to the presence of landfast ice. Sediment samples 

were collected annually from 2019 - 2021 across all six lagoons, with some exceptions in 

2020 and 2021 due to the COVID-19 pandemic. In 2020 no sampling occurred; however, 

in 2021, sample collection resumed for BRW and SCC during Ice Cover and BTI during 

Open Water.  
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BLE-LTER Core Program sediment samples were collected using a 20.3 cm2 

sediment PONAR grab for sediment organic carbon and nitrogen, stable carbon and 

nitrogen isotopes (δ13C, δ15N), and benthic pigments. Organic carbon and nitrogen 

content and stable isotopes (n=1) were subsampled from the top 2 cm of the PONAR 

grab sample using a modified 20 mL syringe (I.D.: 1 cm, vol.: 5 mL). Wet sediment 

samples were transferred to a 7 mL snap cap vial, dried in the oven at 60oC, and stored 

at room temperature until analysis at The University of Texas Marine Science Institute 

(UTMSI). Grain size samples (depth: 10 cm) were collected opportunistically from 

PONAR grabs in 2021 using a modified 60 mL syringe (I.D.: 2.5 cm, vol.: 60 mL) and 

frozen at -20oC until analysis.  

3.3.3 Elson Lagoon focused study sampling 

In addition to the BLE-LTER Core Program sediment samples, we conducted a 

focused study in Elson Lagoon (BRW, the westernmost node) during Open Water 2022 

and Ice Cover 2023. Alongside bulk organic matter content, we measured sediment 

porosity, grain size, and benthic diffusive oxygen uptake (DOU) rates to investigate the 

environmental drivers of benthic organic matter respiration. For this focused study, 

sediment samples were collected using a HYPOX sediment corer (Gardner et al., 2009) 

to better retain vertical sediment structure integrity and minimize potential disturbances 

at the sediment-water interface. Sediment cores (I.D.: 5 cm, height: 20 cm, sediment 

depth: 15 cm) were collected in triplicate at 2 deep stations during Ice Cover and 4 deep 

and 4 shallow stations during Open Water. One sediment core was used to measure DOU 

rates while the other two cores were used for sediment characterization. For the sediment 

characterization cores, we gently extruded and collected the top 2 cm, transferred to 18 
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oz Whirl-Pak bags, and froze the samples at -20oC until analysis for grain size, porosity, 

and bulk organic matter content. 

 

3.3.4 Organic carbon and nitrogen content and stable isotopes 

For the BLE-LTER dataset, sediment organic carbon (SOC, %) and sediment 

organic nitrogen (SON, %) content and stable isotopic composition (δ13C and δ15N, ‰) 

were analyzed at the Core Facilities Laboratory at UTMSI. Prior to analysis, samples for 

carbon content and δ13C were acidified with 10% HCl to remove any carbonates (Hedges 

& Stern, 1984). Acidification was carried out in silver capsules using 20-40 mg of dry 

sediment, which were then wrapped in tin capsules. Samples for nitrogen content and 

δ15N were not acidified. Once wrapped, samples were analyzed using a Thermo Fisher 

EA-Isolink-CNSOH coupled to a Thermo Fisher Scientific Delta V continuous flow (He) 

stable isotope ratio mass spectrometer. Isotopic composition is presented using the 

conventional δ-notation (Equation 3.1): 

Equation 3.1.     δ13C or δ15N (‰) = [(Rsample/Rstandard)-1], 

where 

 Rsample and Rstandard = 13C/12C or 15N/14N of the sample and analytical standard, 

respectively. A two-point calibration of δ13C or δ15N to VPDB or AIR, respectively, was 

achieved using USGS-40 (δ13C =−26.39 ‰, δ15N =−4.5 ‰) and USGS-41a (δ13C = 

+36.55 ‰, δ15N = +47.55 ‰) standards. An internal standard (Casein protein; δ13C = -

26.98 ‰, δ15N = +65.94 ‰) was used to confirm instrument accuracy and analytical 

precision (≤ ±0.2‰ standard deviation).  
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3.3.5 Sediment grain size 

For both the BLE-LTER dataset and the Elson Lagoon focused study, sediment 

grain size was analyzed using a Beckman Coulter LS 13 320 Laser Diffraction Particle 

Size Analyzer (LDPSA) with an aqueous module in the Coastal Geology Lab at the 

Virginia Institute of Marine Science (VIMS). The LDPSA applies the theory of Fraunhofer 

diffraction where the size of a particle is proportional to the intensity and angle of light 

scattered (Loizeau et al., 1994). Prior to analysis, wet sediment samples (2-4 mL) were 

vortexed with 5 mL of a surfactant (Calgone) for particle separation and resuspension 

during analysis. When the sample is suspended in the aqueous module, it is pumped 

across the flow-cell, where sensors detect the diffraction of the laser beam and provide 

the grain size distribution. Based on the Udden-Wentworth size classification, we 

calculated the percent composition (%) of each sediment class: gravel (>2000 μm), sand 

(62.5 μm - 2000 μm), silt (4 μm - 62.5 μm), and clay (<4 μm; Wentworth, 1922).  

 

3.3.6 Sediment porosity and bulk organic matter content 

For the Elson Lagoon focused study, we measured porosity, bulk sediment organic 

matter (OM) content, and carbon and nitrogen content. Water content was used as a 

proxy for porosity, where sediment samples were weighed before and after drying at 60°C 

for seven days to observe changes in mass due to loss of water (Equation 3.2). Dry 

sediments were then combusted at 500°C for 5 hours to measure the mass loss on 

ignition (LOI) for bulk OM content (Equation 3.3),  

Equation 3.2.   Porosity (%) = (
mass𝑤𝑒𝑡  − mass𝑑𝑟𝑦 

mass𝑤𝑒𝑡
) ∗ 100 
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Equation 3.3.   Organic matter content (LOI, %) =(
mass𝑑𝑟𝑦 − mass𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑒𝑑  

mass𝑑𝑟𝑦
) ∗ 100. 

In addition to bulk OM content, dried samples were run on a Thermo Scientific Flash 

Elemental Analyzer 1112 Series NC Soil Analyzer at VIMS for SOC (%) and SON (%) 

content (without stable isotopes) using the same sample preparation protocols as for the 

BLE-LTER samples described above, including acidification with 10% HCl.  

 

3.3.7 Diffusive Oxygen Uptake (DOU) 

Diffusive oxygen uptake (DOU) represents aerobic respiration by benthic microbes 

while excluding oxygen (O2) uptake by benthic fauna and is widely used in coastal 

sediments (Arrigo and Dijken, 2011; Hardison et al. 2017; McTigue et al. 2016). DOU was 

modeled from O2 profile measurements using a Unisense O2 microelectrode 

(Supplemental Fig 3.2). Sensors were calibrated using a 2-point calibration: at 0% O2 

saturation, using a 1:1 mixture of 0.1 M sodium ascorbate and 0.1 M sodium hydroxide, 

and at 100% O2 saturation, using fully aerated deionized (DI) water (Unisense, 2020). 

Oxygen microprofiles were conducted by measuring O2 concentrations every 0.5 mm 

moving vertically from the water column, across the sediment-water interface, and into 

the sediments, until O2 concentrations reached 0% (Xu et al., 2021; Hardison et al., 2017; 

Supplemental Fig 3.2). Diffusive O2 flux (mmol O2 m-2 d-1) was calculated using a classic 

steady-state one-dimensional equation (Equation 3.4) because concentration and 

diffusion coefficients are independent of time (Boudreau, 1997): 

Equation 3.4.     𝜑 (
𝐷𝑂2

𝜃2 ) (
𝑑2𝑂2

𝑑𝑡2 ) = 𝑣𝑚𝑎𝑥 (
𝑂2

𝑂2+𝑘𝑂2
), 
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where φ refers to sediment porosity of the core (0-2 cm), DO2 is the diffusive coefficient 

for O2, which is determined by temperature and salinity, θ2 is tortuosity, which refers to 

porosity and can be calculated using Equation 3.5 (Boudreau, 1997): 

Equation 3.5.    𝜃2 = 1 − 𝑙𝑛(𝜑2), 

and vmax and kO2 are Monod-type kinetic parameters that describe O2 consumption in 

sediment (Boudreau, 1997; Brin et al., 2014; Hardison et al., 2017; Xu et al., 2021). The 

model was performed in R (version 4.2.2) using the packages ReacTran (Soetaert and 

Meysman, 2009) and FME (Soetaert and Petzoldt, 2012). 

 

3.3.8 BLE-LTER lagoon bathymetry 

To assess internodal spatial variability in lagoon geomorphology as well as 

sediment distribution patterns, bathymetry maps were created for each lagoon to 

calculate water depth and depth distribution within the lagoons. Between 1945 and 1953, 

the NOAA National Ocean Service (NOS) created hydrographic smooth sheets using 

single beam soundings along the Beaufort Sea coast which are stored at the National 

Centers for Environmental Information (NCEI) database (https://www.ncei.noaa.gov/). 

Although there are more recent surveys with a higher resolution and updated values, the 

NOS survey provides one cohesive dataset that encompasses all the lagoons in this study 

(Supplemental Table 3.1). Descriptions from the surveys indicate some access limitations 

offshore due to sea ice and nearshore due to landfast ice and waters too shallow for safe 

navigation. To describe coastal geomorphology, we used ArcGIS (v.10.8.2, ESRI) to 

measure the width of the lagoons and channels on the World Imagery base map. To 

quantify the bathymetry and volume of each lagoon, we digitized the NOS single beam 



95 
 

sounding transects as described in Zimmermann et al. (2013). First, the scanned NOS 

maps were georectified using the latitude and longitude intersections as source control 

points. Due to significant rates of coastal erosion, barrier island migration, and changes 

in infrastructure, landmarks were not used as reference points. Next, each point depth 

measurement was manually digitized into a multi-point layer with attribute depth. Once 

completely digitized, an inverse distance weighted (IDW) interpolation was performed on 

the multi-point layer, bound by a perimeter polygon with depth 0 m, to create a raster 

bathymetry map across each lagoon.  

 

3.3.9 Statistical analyses 

Due to field logistics and COVID-19 limitations, the dataset was unbalanced. 

Consequently, we performed permutational multivariate ANOVA (PERMANOVA) for non-

parametric data in R (version 4.3.0). PERMANOVA was used to investigate the effects of 

node (BRW, SCC, BTI), season (Ice Cover, Break Up, Open Water), and water depth 

(Shallow, Deep) on sediment parameters (SOC, SON, δ13C, δ15N, porosity, grain size). 

When the PERMANOVA indicated a significant effect at an alpha level of 0.05, a post-hoc 

pairwise comparison was performed (R package: vegan; Oksanen et al., 2024) to identify 

the significant independent or interaction effects.  

To identify the environmental drivers of sediment DOU, a stepwise multivariate 

regression model was used to find relationships between observed DOU and 

environmental parameters. A priori, we selected several environmental parameters that 

are known factors to influence or reflect benthic respiration rates. Sediment DOU was 

treated as a dependent variable, while water temperature, SOC content, benthic 
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SOC:SON ratio, porosity, and median grain size were treated as independent variables. 

In a stepwise selection regression model, predictors are iteratively added and removed 

to find the subset of variables in the dataset resulting in the lowest prediction error (R 

package: leaps; Miller, 2020). With the addition and removal of each parameter, the 

significance of each regression term is tested. Parameter selection and elimination are 

repeated until the model cannot be significantly improved with new parameters. Three 

metrics were used to compare the accuracy of the models: root mean square error (RMSE) 

and mean absolute error (MAE) measure the prediction error of each model, with lower 

values indicating a better model; R2 indicates the correlation between the predicted and 

observed values, with values closer to 1 indicating a better model. 

 

3.4 Results 

3.4.1 BLE-LTER sediment organic carbon and nitrogen content and stable isotopes 

SOC content did not vary significantly by season but did exhibit spatial variability 

across nodes as well as water depth (i.e., Shallow and Deep stations; Table 3.2; 

Supplemental Table 3.2; Fig. 3.2a). Averaged across water depth and season, SOC was 

higher at BRW (2.0 ± 0.2 %) and BTI (1.5 ± 0.1) compared to SCC (1.0 ± 0.1 %) (Fig. 

3.2a, Table 3.2, Supplemental Table 3.2). Averaged across node and season, SOC was 

significantly lower at Shallow stations (1.0 ± 0.2 %) compared to Deep stations (1.9 ± 

0.1 %), with the greatest contrast between Shallow and Deep stations observed in BRW 

(Table 3.2; Fig. 3.2a). There was no significant difference in SOC between Shallow (1.2 

± 0.3 %) and Deep (0.9 ± 0.1 %) stations at SCC (Table 3.2; Supplemental Table 3.2; Fig. 

3.2a). 
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SON also varied by node and water depth, but also by season. Like SOC, 

averaged across all depths and seasons, SON was higher at BRW (0.15 ± 0.02 %) and 

BTI (0.14 ± 0.01 %) compared to SCC (0.08 ± 0.01 %) (Table 3.2; Fig. 3.2b; Supplemental 

Table 3.2). Averaged across all nodes and seasons, SON was about twice as high at 

Deep stations (0.15 ± 0.01 %) compared to Shallow stations (0.08 ± 0.01 %) (Fig. 3.2b, 

Supplemental Table 3.2). And like SOC, there was no significant difference in SON 

between Shallow (0.09 ± 0.02 %) and Deep (0.08 ± 0.01 %) stations at SCC (Table 3.2; 

Supplemental Table 3.2; Fig. 3.2b). 

Although SOC and SON appeared to change in parallel across nodes (Fig. 3.2a,b), 

the ratio of SOC:SON (i.e., C:N; Fig. 3.2c) varied significantly by node, decreasing moving 

from west to east (Supplemental Table 3.2). Averaged across water depth and season, 

the highest C:N ratios were observed in BRW: 15.3 ± 0.6, followed by SCC: 13.6 ± 0.4, 

then BTI: 12.2 ± 0.4 (Table 3.2).  

SOC-δ13C values varied across node, water depth, and season, listed in order of 

significance, although the overall variability was quite small (Table 3.2, Supplemental 

Table 3.3). Averaged across water depth and seasons, SOC-δ13C values were 

significantly more depleted at SCC (-26.3 ± 0.1 ‰) compared to BRW (-25.7 ± 0.2 ‰) 

and BTI (-25.9 ± 0.1 ‰) (Table 3.2, Fig. 3.3a). Furthermore, interaction effects between 

node and season revealed that this pattern of SOC-δ13C primarily occurred during Break 

Up. When averaged across season and node, SOC-δ13C values differed significantly, with 

more enriched SOC-δ13C at Shallow stations (-25.7 ± 0.2 ‰) compared to Deep stations 

(-26.2 ± 0.1 ‰). Seasonally, averaged across node and water depth, SOC-δ13C values 

were most depleted during Ice Cover (-26.4 ± 0.1 ‰) and became slightly enriched during 
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Break Up (-25.8 ± 0.2 ‰) and Open Water (-25.9 ± 0.1 ‰; Table 3.2, Supplemental Table 

3.3).  

SON-δ15N values did not vary by season or water depth but did vary by node, 

although like SOC-δ13C over a narrow range. Averaged across water depth and season, 

SCC had a lower mean δ15N values (2.7 ± 0.1 ‰) relative to BRW (3.3 ± 0.1 ‰) and BTI 

(3.2 ± 0.1 ‰) (Table 3.2, Fig. 3.3b, Supplemental Table 3.3). Significant interaction effects 

between node and water depth also revealed that the significant inter-nodal differences 

were primarily observed at Deep stations rather than Shallow stations.  

 

3.4.2 BLE-LTER sediment grain size distribution 

Grain size distribution for BLE-LTER sediments did not vary appreciably by season 

or node but did differ substantially based on water depth (Fig. 3.4a,b Table 3.3, 

Supplemental Table 3.4). Averaged across nodes, Shallow stations were primarily 

composed of sand (59 ± 10 %), followed by silt (30 ± 7 %), then clay (11 ± 4 %), with a 

median grain size of 105 ± 25 μm (Table 3.3). In contrast, Deep stations were dominated 

by silt (53 ± 3 %), followed by sand (27 ± 4 %), then clay (19 ± 2 %), with a smaller median 

grain size of 28 ± 5 μm (Table 3.3). 

 

3.4.3 Elson Lagoon sediment characteristics 

Sediment characteristics from the focused study of Elson Lagoon (2022) followed 

the overall trends of the BLE-LTER Core Program samples (2019-2021), with most of the 

variability explained by water depth and less explained by season (Table 3.4, 
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Supplemental Table 3.5). Since Shallow stations were not sampled during Ice Cover due 

to the presence of landfast ice, we performed the Shallow vs. Deep comparison only for 

Open Water samples (Supplemental Table 3.5). During Open Water, SOC content was 

higher at Deep stations (2.6 ± 0.1 %) than Shallow stations (0.5 ± 0.2 %) (Fig. 3.5a, Table 

3.4). Similarly, SON content was higher at Deep stations (0.20 ± 0.01 %) compared to 

Shallow stations (0.05 ± 0.01 %). The C:N ratio did not vary over time or space, with an 

average across seasons and nodes of 15.2 ± 0.9 (Fig. 3.5c, Table 3.4).  

Sediment grain size distribution in Elson Lagoon was also consistent with the 

overall trends of the BLE-LTER Core Program samples, with the variability explained by 

water depth and not by season (Table 3.4, Supplemental Table 3.5). During Open Water, 

Shallow stations were primarily composed of sand (70 ± 9 %), and Deep stations were 

primarily composed of silt (56 ± 2 %) (Fig. 3.4c,d, Table 3.4). Median grain size was 

considerably higher at Shallow stations (119 ± 28 μm) versus Deep stations (19 ± 5 μm) 

during Open Water. Grain size for the Deep stations during Ice Cover were similar to Deep 

stations during Open Water, with silt as the dominant fraction (57 ± 4 %), and a median 

grain size of 22 ± 7 μm (Table 3.4). During Open Water, sediment porosity in Deep stations 

(50 ± 3 %) was twice that of Shallow stations (23 ± 2 %; Table 3.4). Porosity for the Deep 

stations during Ice Cover (52 ± 4 %) was similar to that at Deep stations during Open 

Water. The porosity values reflect the unconsolidated, fine-grained nature of surface 

sediments observed at the Deep stations.  
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3.4.4 Elson Lagoon diffusive oxygen uptake 

DOU rates for the Elson Lagoon focused study varied by season and water depth. 

As with the sediment characteristics for the Elson Lagoon focused study, Shallow stations 

were not sampled during Ice Cover due to the presence of landfast ice, so we performed 

the Shallow vs. Deep comparison only for Open Water samples. Similarly, the seasonal 

comparison was performed for Deep stations only in Ice Cover vs. Open Water (Table 3.4, 

Supplemental Table 3.5). Sediment DOU rates were lowest at Shallow stations during 

Open Water (0.48 ± 0.08 mmol O2 m-2 d-1), followed by Deep stations during Ice Cover 

(0.75 ± 0.07 mmol O2 m-2 d-1), and highest at Deep stations during Open Water (1.42 ± 

0.27 mmol O2 m-2 d-1) (Table 3.4; Fig. 3.6a). Average DOU rates at Deep stations were 

nearly three times as high as Shallow rates during Open Water. DOU rates at Deep 

stations during Open Water were twice as high as Deep stations during Ice Cover (Fig. 

3.6a, Table 3.4, Supplemental Table 3.5). 

Previous studies demonstrate that sediment DOU rates can have numerous 

environmental controls including temperature, sediment organic matter content, water 

depth, organic carbon lability, porosity, and median grain size, encompassing all variables 

targeted in this study (Glud, 2008; Jorgensen et al., 2022; Ahmerkamp et al. 2020). To 

identify potential drivers of sediment DOU, we performed a stepwise selection multivariate 

regression model to find the subset out of the five variables (bottom water temperature, 

SOC content (%), C:N ratio, porosity (%), median grain size (μm)) in the data resulting in 

the lowest prediction error. The stepwise selection linear regression function provided four 

models with varying (1-4) numbers of parameters (Supplemental Table 3.6). Based on 

the RMSE, MAE, and adjusted R2 values, which represent the accuracy of the models, 
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Model 2 with two parameters (bottom water temperature and SOC content) was selected 

as the best fitting model. Further analysis of the model demonstrated that SOC content 

(%) was the dominant explanatory variable for DOU rates in Elson Lagoon, accounting 

for 72% of the variance, with temperature accounting for the remaining 28% (Table 3.5, 

Supplemental Table 3.6, Fig. 3.6b).  

 

3.5 Discussion 

This study suggests that surface sediment characteristics in coastal lagoons along 

the Alaskan Beaufort Sea coast are likely linked to physical differences in geomorphology 

and terrestrial inputs. Sediment grain size, organic matter content, and isotopic 

composition consistently differed between nodes and water depths. DOU rates in Elson 

Lagoon also varied by water depth and were primarily explained by SOC distribution, 

while also exhibiting a seasonal trend. Here, we discuss the physical and spatial variability 

within and between BLE-LTER lagoon sites that influences the quantity, distribution, and 

composition of surface sediment organic matter and microbial SOC remineralization.  

 

3.5.1 Sediment organic matter distribution 

In this study of Beaufort Sea coastal lagoons, SOC content (average: 1.5 ± 0.1 %, 

range: 0.1 - 6.7 %) was consistent with previous values for the coasts of the Siberian Sea 

(0.36 - 1.96 %, Guo et al., 2004; Karlsson et al., 2016) and Chukchi Sea (0.66 - 1.99 %, 

Goñi et al., 2013; Schreiner et al., 2013). SOC levels in BLE-LTER lagoon sediments 

varied significantly across nodes and water depths. Between nodes, average SOC 

concentrations were highest at BRW (2.0 ± 0.2 %), then BTI (1.5 ± 0.1 %), and lowest at 
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SCC (1.0 ± 0.1 %;), and all fell within the range of 0.1 % to 6.7 %. Notably, deep stations 

at BTI and BRW had SOC values two to three times higher than SCC deep stations. The 

overall lower SOC levels at SCC may be attributed to the significantly higher discharge 

of two large rivers at SCC during the freshet coupled with wider inlets than the other nodes, 

likely enhancing marine exchange and export to the shelf, rather than entrainment of 

material within the lagoons.  

BRW and SCC had the highest and lowest average SOC levels, respectively. In 

contrast to Simpson Lagoon and Stefansson Sound (SCC), Elson Lagoon (BRW) had 

lower river discharge, and smaller inlets, leading to less exchange with the adjacent 

Beaufort Sea. With less freshwater input and less marine connectivity, Elson Lagoon likely 

has a longer residence time than lagoons at SCC, allowing for more sediment retention 

and deposition. In comparison, Kaktovik and Jago Lagoons (BTI) are also more closed 

off than Simpson Lagoon and Stefansson Sound, and even Elson Lagoon, with only one 

direct channel reaching the Beaufort Sea. Overall, the two nodes with less marine 

exchange (BRW, BTI) tended to have higher SOC in Deep stations relative to Shallow 

stations.  

Within each lagoon, the sites were categorized as Shallow or Deep based on water 

depth, with deep stations (>1.5 m) representing a majority of the lagoons by area (>70%, 

Table 3.1). The sediments at the Deep stations were mostly fine-grained unconsolidated 

silt with low settling velocities, suggesting a zone of deposition (Falco et al. 2004). In 

contrast, Shallow stations had a larger median grain size and were primarily composed 

of sand, which indicated persistent higher energy conditions and winnowing of low density 

and fine sediments (Radosavljevic et al., 2022). The separation in median grain size 
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between Shallow and Deep stations was reflected in SOC, with highest SOC in Deep 

stations for BRW and BTI and the lowest SOC at Shallow stations for BRW and BTI. This 

positive relationship between SOC and silt content has been consistently observed in silt 

and clay-rich sediments which provide a larger surface area and better binding sites for 

organic carbon (De Falco et al., 2004; Ramaswamy et al., 2008). Although the lagoon 

sediments are likely subject to frequent resuspension events and some export off the 

coast, based on the relatively high sediment organic matter content and fine sediment 

grain composition at deep sites, it appears that the deeper portion of the lagoons function 

as deposition zones with lower hydrodynamic energy. 

 

3.5.2 Sediment organic matter source 

In estuaries, sediment organic matter can be derived from a variety of sources 

including terrestrial material, tidally advected marine inputs, as well as autochthonous 

production by a wide variety of pelagic and benthic primary producers (Canuel & Hardison, 

2016). Bulk proxies of organic matter source such as C:N ratio and δ13C values can be 

used to determine organic matter sources in various sedimentary environments (Cloern 

et al., 2002). In general, C:N ratios are higher in terrestrial primary producers (>12) than 

in marine producers (3-10) due to the presence of carbon-rich structures (i.e., cellulose, 

lignin) in the former but not the latter. Similarly, the δ13C values of primary producers are 

also distinct due to the source of their carbon and specific carbon fixation pathway, with 

terrestrial carbon fixation resulting in more depleted values compared to marine primary 

production (Cloern et al., 2002 and references therein). However, without distinct and 
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defined organic matter source end-members for a given system, interpretation of C:N 

ratios and δ13C values may be qualitative and ambiguous.    

Averaged across seasons, water depths, and nodes, the lagoons had a relatively 

high C:N ratio (13.9 ± 0.3) indicating substantial terrestrial contribution to the coastal 

sediment. These relatively high C:N values have also been observed in the Beaufort Sea 

shelf sediments (7.3 - 11.5, Morris et al., 2015; Simpson Lagoon: 13.2 - 18.4, Schreiner 

et al., 2013; Herschel Basin: 11.3 - 25.9, Couture et al., 2018). Notably, sediment C:N 

ratios exhibited a spatial gradient decreasing eastward along the coast, with the highest 

average values in BRW (15.3 ± 0.6), followed by SCC (13.6 ± 0.4), and lowest in BTI 

(12.2 ± 0.4). Consistent with patterns of SOC distribution, the dominant pattern of 

sediment organic matter stable isotopes and C:N ratio was inter-nodal. SOC- δ13C and 

SON- δ15N values were similar to previous values for Arctic sediments (Dunton et al., 

2012; Goñi et al., 2013; Naidu et al., 2000), but varied by node, with more depleted values 

at SCC (δ13C: -26.3 ± 0.1 ‰, δ15N: 2.7 ± 0.1 ‰) compared to BRW (δ13C: -25.7 ± 0.2 ‰, 

δ15N: 3.3 ± 0.1 ‰) and BTI (δ13C: -25.9 ± 0.1 ‰, δ15N: 3.2 ± 0.1 ‰).  

For the Arctic coast, riverine POM export and coastal erosion of permafrost bluffs 

are two important vectors of sediment and organic matter transport (Goñi et al., 2013; 

Macdonald et al., 2015; Whalen et al., 2022). For the Alaskan Beaufort Sea (Reimnitz et 

al., 1988) and the Laptev Sea (Rachold et al., 2000), sediments derived from coastal 

erosion can be greater than the riverine influx. Coastal erosion rates widely vary along 

the Beaufort Sea coast depending on local geomorphology, ranging from <1 m year -1 in 

the Yukon and Kaktovik (Couture et al., 2018) to more than 8 m year-1 at Drew Point 

(located ~midway between BRW and SCC; Jones et al., 2009). Typically, exposed bluffs 
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occur on the eastern and western ends of the Beaufort Sea coast (Jorgenson & Brown, 

2005) and hold large stocks of organic-rich soils, particularly in the upper active layers 

(12 - 45% TOC), primed to enter the nearshore (Bristol et al., 2021). A study of permafrost 

along the Beaufort Sea, including the regions of this study, found an average C:N ratio of 

26.3 with no significant longitudinal trend (Ping et al., 2011). Other studies along the 

Beaufort Sea coast also exhibit a high C:N ratio, although with more variability within a 

local region of coastline and between permafrost depth horizons (Bristol et al., 2021; Goñi 

et al., 2000; Tanski et al., 2017). Although the sediments in this study clearly reflect a 

terrestrial signal of permafrost inputs, the large gap in C:N ratio between the sediments 

(13.9, this study) and permafrost (26.3, Ping et al., 2011) suggests significant 

contributions of organic matter with a lower C:N ratio.  

From land, Arctic rivers also export POC with C:N values slightly elevated above 

the Redfield ratio (C:N, 6.6) ranging from 9 to 13.2 (Bell et al., 2016; Connelly et al., 2015; 

Lobbes et al., 2000; McClelland et al., 2016). The C:N ratio of Arctic river POC export is 

relatively consistent across watersheds and more variable between seasons (McClelland 

et al., 2016), suggesting the eastward decrease in sediment C:N ratio is a result of 

differences in relative contributions from eroding coastlines (higher C:N ratio) and river-

borne POM (lower C:N ratio) rather than C:N variability of the source organic matter along 

the coast.  

The impacts of these relative contributions are reflected in sediment δ13C values 

in Beaufort Sea sediments. Patterns and values of settling POC-δ13C and surface 

sediments in the Beaufort Seas are consistent and similar highlighting the tight benthic-

pelagic connections between riverine POC discharge and rapid deposition to the 
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sediments (Dunton et al., 2012; Naidu et al., 2000). For example, in the Beaufort Sea 

coast, water column POC exhibits depleting values with longitude (west to east along the 

coast) in response to increasing terrestrial loads from the Mackenzie River delta (-21 to -

27 ‰; Dunton et al., 2012; Goñi et al., 2013; Naidu et al., 2000). However, while sediment 

patterns of δ13C align with higher terrestrial inputs via river discharge at SCC, the lowest 

C:N ratios were not observed at SCC but rather BTI.  

Interestingly, this decreasing eastward trend in C:N ratio was also observed for 

water column DOM along the Beaufort coast, explained by an  eastward increase in 

landscape elevation and an associated decrease in terrestrial microbial degradation 

rather than organic matter composition (Connolly et al., 2021). This spatial pattern in 

microbial degradation created by elevation on land may parallel in lagoon sediments in 

the form of sediment resuspension. Sediment resuspension facilitates benthic gas 

exchange and the transport of organic matter into the water column, enhancing 

remineralization and nutrient cycling in coastal areas (Moriarty et al., 2021; Pusceddu et 

al., 2005; Wainright & Hopkinson, 1997). Indeed, Stahlberg et al. (2006) observed a five 

time increase in sediment respiration during controlled incubations with resuspension 

events. In shallow coastal systems such as lagoons, stronger interactions between the 

atmosphere, water, and sediments result in more continuous resuspension events, 

facilitating even more enhanced organic matter remineralization (Moriarty et al., 2018; 

Niemistö & Lund-Hansen, 2019). While organic matter degradation may not significantly 

impact δ13C signals on shorter time scales (months), it may be reflected in C:N ratios with 

the preferential breakdown of labile N-containing fractions (Lehmann et al., 2002; 

McArthur et al., 1991). Spanning a relatively long length of coastline, allowing for a longer 
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fetch, and also representing the two shallowest lagoons, Elson Lagoon and SIL are likely 

to experience frequent resuspension events during the Open Water period. Although SSL 

is the deepest lagoon, large inputs from the Sagavanirktok River and open access to the 

Beaufort Sea are likely to facilitate sufficient water turbulence to initiate resuspension. In 

contrast, Jago and Kaktovik Lagoons represent the smallest lagoons with the most land 

protection resulting in minimal resuspension activity. 

 

3.5.3 Sediment microbial respiration in Elson Lagoon 

Given the large variability in SOC between BLE-LTER lagoons, we conducted a 

focused study in a single lagoon (Elson Lagoon) to more accurately assess controls on 

sediment microbial activities. Although the general patterns were consistent, the sampling 

techniques used between the BLE-LTER Core Program (0-10 cm) and Elson Lagoon 

2022 (0-2 cm) differed slightly, with the latter providing a more precise and accurate 

representation of surface sediments. Notably, compared to the BLE Core Program 

samples, the samples from Elson Lagoon 2022 displayed a more prominent distinction 

between Shallow and Deep stations across almost all sediment characteristics. 

The DOU rates in Elson Lagoon ranged from 0.22 – 1.96 mmol O2 m2 d--1, 

displaying both seasonal and spatial variability. During Open Water, DOU rates were three 

times as high at Deep stations compared to Shallow stations, while Deep stations during 

Open Water were only twice as high as Deep stations during Ice Cover. The stepwise 

multiple linear regression of DOU rates indicated that 72% and 28% of the variance was 

explained by SOC and temperature, respectively. Thus, in this study, DOU rates were 

more strongly controlled by SOC than temperature, despite the large seasonal 
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temperature difference in bottom waters (min (Ice Cover): -2.1oC, max (Open Water): 

8.6oC).   

DOU rates in this study were on the lower end of the range when compared to 

global shelf (9 – 21 mmol O2 m2 d-1; Jørgensen et al., 2022), pan-Arctic (10.5 mmol O2 

m2 d-1, Bourgeois et al., 2017) and coastal Arctic (2.8 – 13.4 mmol O2 m2 d-1, Jorgenson 

& Brown, 2005; 4.5 – 9.1 mmol O2 m2 d-1, Glud et al., 1998; 2.5 – 2.8 mmol O2 m2 d-1, 

Attard et al., 2016; 2.8 – 6.8 mmol m−2 d−1, Sørensen et al., 2015) sediments. However, 

DOU rates comparable to this study have been observed on the Barent Sea shelf (0.16 

– 1.13 mmol O2 m2 d-1; Kiesel et al., 2020) and in the Arctic Fram Strait (0.5 – 2.1 mmol 

O2 m2 d-1, Hoffmann et al., 2018), suggesting spatial heterogeneity along the Beaufort 

Sea and Arctic coast.  

Several studies have also observed that sediment respiration rates in the Arctic 

appear to be limited by the availability of organic matter more than temperature 

(Bourgeois et al., 2017; Glud et al., 1998; Kiesel et al., 2020; Renaud et al., 2008). SOC 

is often correlated with sediment O2 demand due to tight benthic-pelagic connections 

supplying labile organic matter to the sediments (Link et al., 2011, 2013; Renaud et al., 

2008). In addition to quantity, the composition and quality of POM reaching the benthos 

are particularly related to sediment O2 use especially during the winter with low export to 

the benthos (Morata & Renaud, 2008). 

Although temperate coastal environments are characterized by high rates of 

sediment O2 uptake and remineralization during summer and low rates during winter, 

attributed to temperature controls on metabolic rates (Thamdrup et al., 1998), respiration 

rates in Arctic sediments do not appear to be limited by the predominantly low 
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temperatures (Glud et al., 1998; Thamdrup & Fleischer, 1998). Arctic benthic microbial 

communities are well-adapted to the cold with optimal growth yields at low in situ 

temperature maintaining relatively high activity (Arnosti & Jørgensen, 2006; Knoblauch et 

al., 1999; Rysgaard et al., 1998; Thamdrup & Fleischer, 1998) and O2 consumption rates 

similar to those in temperate sediments (Glud et al., 1998).  

To quantify the ecosystem scale impact of sediment DOU, annual benthic DOU 

rates were calculated by applying depth-specific SOC content, temperature, and lagoon 

area to the stepwise regression model (Table 3.6). The vast majority (95%) of sediment 

respiration occurred at Deep stations, which represented more than 70% of the lagoons 

by area and have higher SOC content. Surprisingly, even though daily rates of DOU were 

the lowest during Ice Cover, the long duration of the winter (~7.5 months) resulted in Ice 

Cover representing nearly half  (~49%) of annual sediment respiration. In contrast, even 

though it was a shorter period of the year (~2.5 months), Open Water constituted 42% of 

annual DOU facilitated by higher daily respiration rates. Annually, Elson Lagoon benthic 

microbial respiration consumed ~138 Mmol O2 y-1 or released approximately 1.65 Gg C 

y-1 assuming a 1:1: C:O2 respiratory quotient (RQ).  

For comparison, carbon inputs from coastal erosion and pelagic primary 

production were calculated for Elson Lagoon. Using the length of coastline (34 km, 

(Rawlins, 2021) and permafrost characteristics for Elson Lagoon described by Ping et al. 

(2011), who measured annual rates of coastal erosion (1.27 m y-1), average bluff height 

(2.5 m) and permafrost carbon values (50 kg m-3), annual erosional inputs into Elson 

Lagoon were estimated to be ~5.40 Gg C y-1. Similarly, assuming consistent rates of 

pelagic primary production within Elson Lagoon and Beaufort Sea shelf waters (~24 g C 
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m-2 y-1, Brugel et al., 2009; Lavoie et al., 2009), when scaled up to the area of Elson 

Lagoon (207 km2), annual pelagic carbon fixation rates occurred at levels (4.97 Gg C y-1) 

on par with carbon inputs from coastal erosion. Relative to these potential sources 

individually, sediment DOU in Elson Lagoon could be responsible for the remineralization 

of approximately ~16% of organic carbon inputs from coastal erosion and marine primary 

production with the remaining ~84% being buried or exported out of the lagoons. 

 

3.6 Conclusion 

Using grain size data and bulk geochemical indicators of SOC, we determined the 

patterns of SOC distribution in Arctic coastal lagoons along permafrost coasts of the 

Beaufort Sea. The association of SOC with fine grain size fractions indicated that 

geochemical parameters generally followed spatial trends in grain size. Although their 

shallow depths and silt dominant composition are conducive to sediment resuspension, 

the lagoons still function as deposition zones of organic matter due to the presence of the 

barrier islands which inhibit the offshore export of sediments. This was reflected in 

internodal variability, where SOC was higher at BRW and BTI with less connectivity to the 

Beaufort Sea. Lagoon sediments exhibited a relatively high C:N ratio, suggesting 

significant terrestrial inputs, but values fell between permafrost, riverine POM, and 

autochthonous marine production, suggesting considerable input from sources other than 

erosion of permafrost. Furthermore, sediment C:N ratios varied spatially, decreasing 

eastward between BLE nodes, suggesting higher permafrost organic carbon inputs 

relative to riverine and pelagic POM inputs. Alternatively, this pattern may be driven by 

higher rates of overall organic matter degradation in response to higher sediment 
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resuspension frequency. In the sediments, DOU rates were primarily driven by SOC but 

also increased seasonally in response to rising water temperatures. On an annual scale, 

Elson Lagoon sediments respired approximately 1.7 Gg C y-1, representing ~16% of 

carbon inputs into the lagoon from coastal erosion and pelagic primary production .  
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3.8 Tables 

  

Table 3.1. Lagoon geomorphology (length (km), average depth (m), area (km2), volume (km3), % shallow, % deep), 
annual river discharge (km3), and ocean connectivity at Elson Lagoon (EWL, EEL), Simpson Lagoon (SIL), Stefansson 
Sound (SSL), Kaktovik Lagoon (KAL), and Jago Lagoon (JAL). Freshwater sources sampled by the BLE-LTER program 
are grouped by lagoon. Lagoon geomorphology was measured using the base World Imagery map on ArcGIS. 
(---) represents rivers with no published annual discharge rates. 
*McClelland et al. 2014, Rawlins et al. 2019 
**Stuefer et al. 2017 
NA applies to lagoons with primarily diffusive inputs that cannot be or are difficult to quantify.  

Lagoon 
Length  

(km) 

Average  
depth  

(m) 

Area 
(km2) 

Volume 
(km3) 

% shallow | % deep 
(by area) 

Freshwater  
sources  sampled 

Annual  
river  

discharge  
(km3)* 

Ocean  
connectivity 

Elson  Lagoon  
West  (EWL)  and  
Elson  Lagoon  
East  (EEL) 

25 2.4 207 0.50 21% | 79% 
Avak Creek 

No Name River 
Mayoeak River 

--- 
--- 
--- 

Several 
intermittent 
channels 

Simpson  Lagoon  
(SIL) 

25 1.8 173 0.30 30% | 70 % 
Kuparak River 
Colville River 

1.3-1.4* 
13.3-19.7* 

Several 
intermittent 
channels 

Stefansson  
Sound  (SSL) 

35 4.3 749 3.25 15% | 85% 

Sagavanirktok  
River 

Putuligauyuk River 
Atigun River 

1.6-3.0* 
0.05** 

--- 

Semi-
enclosed 

Kaktovik  Lagoon  
(KAL) 

7 2.8 20 0.05 14% | 86% Streams,  runoff NA 
1 channel to 

JAL 

Jago  Lagoon  
(JAL) 

7 2.6 28 0.07 13% | 87% Jago River --- 
1 channel to 
Beaufort Sea 
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  Table 3.2. Sediment organic carbon (SOC, %) and nitrogen (SON %) content, C:N ratio, and carbon (13C) and nitrogen 

(15N) stable isotope composition (‰) in Shallow and Deep stations or averaged across Shallow and Deep stations (All 

Depths), at each node (BRW, SCC, BTI) or averaged across nodes (All Nodes) across all three seasons (Ice Cover, 

Break Up Open Water) or averaged across Seasons (All Seasons). Values are average +/- standard error (n = number 

of samples). (---) represents samples not collected due to the presence of landfast ice. 

 
 

Node 
Shallow Deep All Depths 

C % N % C:N δ13C ‰ δ15N ‰ C % N % C:N δ13C ‰ δ15N ‰ C % N % C:N δ13C ‰ δ15N ‰ 

Ice Cover 
BRW --- --- --- --- --- 

2.6 ± 0.1 

(n=7) 

0.19 ± 0.00 

(n=7) 

15.8 ± 0.6 

(n=7) 

-22.7 ± 0.1 

(n=7) 

3.1 ± 0.1 

(n=7) 

2.6 ± 0.1 

(n=7) 

0.19 ± 0.00 

(n=7) 

15.8 ± 0.6 

(n=7) 

-22.7 ± 0.1 

(n=7) 

3.1 ± 0.1 

(n=7) 

SCC --- --- --- --- --- 
0.9 ± 0.2 

(n=7) 
0.07 ± 0.02 

(n=7) 
13.0 ± 1.9 

(n=7) 
-26.3 ± 0.2 

(n=7) 
2.6 ± 0.1 

(n=7) 
0.9 ± 0.2 

(n=7) 
0.07 ± 0.02 

(n=7) 
13.0 ± 1.9 

(n=7) 
-26.3 ± 0.2 

(n=7) 
2.6 ± 0.1 

(n=7) 

BTI --- --- --- --- --- 
1.9 ± 0.1 

(n=5) 
0.17 ± 0.01 

(n=5) 
12.5 ± 0.7 

(n=5) 
-26.1 ± 1.2 

(n=5) 
3.6 ± 0.2 

(n=5) 
1.9 ± 0.1 

(n=5) 
0.17 ± 0.01 

(n=5) 
12.5 ± 0.7 

(n=5) 
-26.1 ± 1.2 

(n=5) 
3.6 ± 0.2 

(n=5) 

All 
Nodes 

--- --- --- --- --- 
1.8 ± 0.2 
(n=19) 

0.14 ± 0.01 
(n=19) 

13.9 ± 0.5 
(n=19) 

-26.4 ± 0.1 
(n=19) 

3.1 ± 0.1 
(n=19) 

1.8 ± 0.2 
(n=19) 

0.14 ± 0.01 
(n=19) 

13.9 ± 0.5 
(n=19) 

-26.4 ± 0.1 
(n=19) 

3.1 ± 0.1 
(n=19) 

Break Up 
BRW 

0.6 ± 0.2 
(n=6) 

0.05 ± 0.01 
(n=6) 

14.1 ± 2.2 
(n=6) 

-24.8 ± 0.4 
(n=6) 

4.0 ± 0.5 
(n=6) 

3.9 ± 1.6 
(n=3) 

0.35 ± 0.16 
(n=3) 

13.6 ± 1.0 
(n=3) 

-24.5 ± 0.7 
(n=3) 

2.7 ± 0.7 
(n=3) 

1.7 ± 0.7 
(n=9) 

0.15 ± 0.07 
(n=9) 

13.9 ± 1.4 
(n=9) 

-24.7 ± 0.3 
(n=9) 

3.6 ± 0.4 
(n=9) 

SCC 
1.8 ± 0.6 

(n=8) 
0.13 ± 0.04 

(n=8) 
15.8 ± 0.8 

(n=8) 
-26.7 ± 0.3 

(n=8) 
2.2 ± 0.2 

(n=8) 
1.0 ± 0.3 

(n=4) 
0.08 ± 0.01 

(n=4) 
13.8 ± 1.7 

(n=4) 
-26.4 ± 0.1 

(n=4) 
2.8 ± 0.1 

(n=4) 
1.5 ± 0.4 
(n=12) 

0.11 ± 0.03 
(n=12) 

15.1 ± 0.8 
(n=12) 

-26.6 ± 0.2 
(n=12) 

2.4 ± 0.1 
(n=12) 

BTI 
1.5 ± 1.3 

(n=2) 
0.12 ± 0.1 

(n=2) 
11.2 ± 3.6 

(n=2) 
-25.9 ± 1.2 

(n=2) 
2.3 ± 0.6 

(n=2) 
1.8 ± 0.3 

(n=2) 
0.16 ± 0.02 

(n=2) 
12.9 ± 0.4 

(n=2) 
-26.0 ± 0.1 

(n=2) 
3.3 ± 0.3 

(n=2) 
1.6 ± 0.6 

(n=4) 
0.14 ± 0.04 

(n=4) 
12.1 ± 1.6 

(n=4) 
-25.9 ± 0.5 

(n=4) 
2.8 ± 0.4 

(n=4) 

All 
Nodes 

1.3 ± 0.3 
(n=16) 

0.10 ± 0.02 
(n=16) 

14.6 ± 1.0 
(n=16) 

-25.9 ± 0.3 
(n=16) 

2.9 ± 0.3 
(n=16) 

2.1 ± 0.7 
(n=9) 

0.19 ± 0.06 
(n=9) 

13.6 ± 0.8 
(n=9) 

-25.7 ± 0.4 
(n=9) 

2.9 ± 0.2 
(n=9) 

1.6 ± 0.3 
(n=25) 

0.13 ± 0.03 
(n=25) 

14.2 ± 0.7 
(n=25) 

-25.8 ± 0.2 
(n=25) 

2.9 ± 0.2 
(n=25) 

Open 

Water BRW 
1.0 ± 0.4 

(n=12) 

0.07 ± 0.02 

(n=12) 

14.7 ± 1.2 

(n=12) 

-25.3 ± 0.3 

(n=12) 

3.5 ± 0.3 

(n=12) 

2.8 ± 0.3 

(n=13) 

0.19 ± 0.01 

(n=13) 

16.7 ± 0.9 

(n=13) 

-26.2 ± 0.3 

(n=13) 

3.1 ± 0.1 

(n=13) 

1.9 ± 0.3 

(n=25) 

0.14± 0.02 

(n=25) 

15.7± 0.7 

(n=25) 

-25.8 ± 0.2 

(n=25) 

3.3 ± 0.2 

(n=25) 

SCC 
0.7 ± 0.2 
(n=12) 

0.06 ± 0.02 
(n=12) 

12.0 ± 0.9 
(n=12) 

-25.9 ± 0.2 
(n=12) 

2.8 ± 0.3 
(n=12) 

1.0 ± 0.1 
(n=11) 

0.08 ± 0.01 
(n=11) 

14.1 ± 0.4 
(n=11) 

-26.4 ± 0.1 
(n=11) 

2.9 ± 0.1 
(n=11) 

0.8 ± 0.1 
(n=23) 

0.07 ± 0.01 
(n=23) 

13.0 ± 0.5 
(n=23) 

-26.1 ± 0.1 
(n=23) 

2.8 ± 0.2 
(n=23) 

BTI 
1.0 ± 0.3 

(n=8) 
0.09 ± 0.03 

(n=8) 
11.2 ± 1.2 

(n=8) 
-25.6 ± 0.4 

(n=8) 
2.7 ± 0.2 

(n=8) 
1.8 ± 0.1 
(n=10) 

0.16 ± 0.01 
(n=10) 

13.0 ± 0.3 
(n=10) 

-26.0 ± 0.2 
(n=10) 

3.6 ± 0.1 
(n=10) 

1.4 ± 0.2 
(n=18) 

0.13 ± 0.01 
(n=18) 

12.2 ± 0.6 
(n=18) 

-25.9 ± 0.2 
(n=18) 

3.2 ± 0.2 
(n=18) 

All 
Nodes 

0.9 ± 0.2 
(n=32) 

0.07 ± 0.01 
(n=32) 

12.8 ± 0.7 
(n=32) 

-25.6 ± 0.2 
(n=32) 

3.1 ± 0.2 
(n=32) 

1.9 ± 0.2 
(n=34) 

0.15 ± 0.01 
(n=34) 

14.8 ± 0.5 
(n=34) 

-26.2 ± 0.1 
(n=34) 

3.2 ± 0.1 
(n=34) 

1.4 ± 0.1 
(n=66) 

0.11 ± 0.01 
(n=66) 

13.8 ± 0.4 
(n=66) 

-25.9 ± 0.1 
(n=66) 

3.1 ± 0.1 
(n=66) 

All 
Seasons 

BRW 
0.9 ± 0.3 
(n=18) 

0.07 ± 0.01 
(n=18) 

14.5 ± 1.0 
(n=18) 

-25.1 ± 0.2 
(n=18) 

3.7 ± 0.3 
(n=18) 

2.9 ± 0.3 
(n=23) 

0.21 ± 0.02 
(n=23) 

16.0 ± 0.6 
(n=23) 

-26.1 ± 0.2 
(n=23) 

3.0 ± 0.1 
(n=23) 

2.0 ± 0.2 
(n=41) 

0.15 ± 0.02 
(n=41) 

15.3 ± 0.6 
(n=41) 

-25.7 ± 0.2 
(n=41) 

3.3 ± 0.1 
(n=41) 

SCC 1.2 ± 0.3 

(n=20) 

0.09 ± 0.02 

(n=20) 

13.5 ± 0.7 

(n=20) 

-26.2 ± 0.2 

(n=20) 

2.6 ± 0.2 

(n=20) 

0.9 ± 0.1 

(n=22) 

0.08 ± 0.01 

(n=22) 

13.7 ± 0.4 

(n=22) 

-26.4 ± 0.1 

(n=22) 

2.8 ± 0.1 

(n=22) 

1.0 ± 0.1 

(n=42) 

0.08 ± 0.01 

(n=42) 

13.6 ± 0.4 

(n=42) 

-26.3 ± 0.1 

(n=42) 

2.7 ± 0.1 

(n=42) 

BTI 
1.1 ± 0.3 
(n=10) 

0.09 ± 0.03 
(n=10) 

11.2 ± 1.1 
(n=10) 

-25.7 ± 0.4 
(n=10) 

2.6 ± 0.2 
(n=10) 

1.8 ± 0.1 
(n=17) 

0.16 ± 0.00 
(n=17) 

12.8 ± 0.3 
(n=17) 

-26.0 ± 0.1 
(n=17) 

3.5 ± 0.1 
(n=17) 

1.5 ± 0.1 
(n=27) 

0.14 ± 0.01 
(n=27) 

12.2 ± 0.4 
(n=27) 

-25.9 ± 0.1 
(n=27) 

3.2 ± 0.1 
(n=27) 

All 
Nodes 

1.0 ± 0.2 
(n=48) 

0.08 ± 0.01 
(n=48) 

13.4 ± 0.6 
(n=48) 

-25.7 ± 0.2 
(n=48) 

3.0 ± 0.2 
(n=48) 

1.9 ± 0.1 
(n=62) 

0.15 ± 0.01 
(n=62) 

14.3 ± 0.3 
(n=62) 

-26.2 ± 0.1 
(n=62) 

3.1 ± 0.1 
(n=62) 

1.5 ± 0.1 
(n=110) 

0.12 ± 0.01  
(n=110) 

13.9 ± 0.3  
(n=110) 

-26.0 ± 0.1 
(n=110) 

3.1±  0.1  
(n=110) 
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Table 3.3. Grain size average contribution (%) from sand (62.5 μm - 2000 μm), silt (4 μm - 62.5 μm), and clay (<4 μm) 

fractions (Wentworth, 1922) and median grain size values (μm) of BLE-LTER core program sediment samples (0 -10 

cm) grouped by water depth (Shallow, Deep), and node (BRW, SCC, BTI). Values are average +/- standard error (n = 

number of samples).       

Node 
Shallow Deep All depths 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Median 
(μm) 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Median 
(μm) 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Median 
(μm) 

BRW 
61 ± 26 
(n=3) 

23 ± 14 
(n=3) 

17 ± 12 
(n=3) 

95 ± 45 
(n=3) 

28 ± 6 
(n=7) 

54 ± 3 
(n=7) 

19 ± 3 
(n=7) 

30 ± 8 
(n=7) 

37 ± 9 
(n=10) 

44 ± 6 
(n=10) 

18 ± 4 
(n=10) 

50 ± 16  
(n=10) 

SCC 
58 ± 11 
(n=6) 

34 ± 9 
(n=6) 

8 ± 2 
(n=6) 

109 ± 36 
(n=6) 

32 ± 6 
(n=7) 

49 ± 5 
(n=7) 

19 ± 2 
(n=7) 

31 ± 2 
(n=7) 

44 ± 7 
(n=13) 

42 ± 5 
(n=13) 

14 ± 2 
(n=13) 

67 ± 20  
(n=13) 

BTI --- --- --- --- 
6 ± 5 
(n=2) 

68 ± 2 
(n=2) 

26 ± 3 
(n=2) 

9 ± 1 
(n=2) 

6 ± 5 
(n=2) 

68 ± 2 
(n=2) 

26 ± 3 
(n=2) 

9 ± 1 
(n=2) 

All nodes 
59 ± 10 
(n=9) 

30 ± 7 
(n=9) 

11 ± 4 
(n=9) 

105 ± 25 
(n=9) 

27 ± 4 
(n=16) 

53 ± 3 
(n=16) 

19 ± 2 
(n=16) 

28 ± 5 
(n=16) 

34.5 ± 5.4 
(n=25 

45 ± 4 
(n=25 

55 ± 12 
(n=25) 

56 ± 12 
(n=25) 
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Table 3.4. Elson Lagoon Focused Study: Sediment grain size, porosity (%), organic carbon 

(SOC, %) organic nitrogen (SON, %), C:N ratio, bottom water temperature (C), and DOU 

rate (mmol O2 m-2 d-1) from Elson Lagoon surface sediments (0-2 cm) at Shallow and Deep 

stations during Ice Cover and Open Water. Values are average ± standard error (n = 

number of samples). Shallow stations were not sampled during Ice Cover due to landfast 

ice. Asterisk (*) indicates p < 0.10 from t-tests comparing Water Depth (Shallow vs. Deep) 

during Open Water; # indicates p < 0.10 from t-tests comparing deep stations across 

Season (Ice Cover vs. Open Water).    

Parameter 
Ice Cover Open Water 

Shallow Deep Shallow Deep 

Sand (%) --- 22 ± 7 (n=4) 70 ± 9 (n=6)* 23 ± 4 (n=4)* 

Silt (%) --- 57 ± 4 (n=4) 21 ± 7 (n=6)* 56 ± 2 (n=4)* 

Clay (%) --- 21 ± 3 (n=4) 7 ± 3 (n=6)* 21 ± 2 (n=4)* 

Grain Size Median (m) --- 22 ± 7 (n=4) 119 ± 28 (n=6)* 19 ± 5 (n=4)* 

Porosity (%) --- 52 ± 4 (n=4) 23 ± 2 (n=6)* 50 ± 3 (n=4)* 

SOC (%) --- 2.5 ± 0.1 (n=4) 0.5 ± 0.2 (n=6)* 2.6 ± 0.1 (n=4)* 

SON (%) --- 0.20 ± 0.01 (n=4) 0.05 ± 0.01 (n=6)* 0.20 ± 0.01 (n=4)* 

C:N ratio --- 15.7 ± 0.6 (n=4) 15.0 ± 2.9 (n=6) 14.8 ± 0.8 (n=4) 

Temperature (C) --- -2.0 ± 0.1 (n=4)# 7.1 ± 0.8 (n=6)* 4.3 ± 0.5 (n=4)*, # 

DOU (mmol O2 m-2 d-1) --- 0.75 ± 0.07 (n=4)# 0.48 ± 0.08 (n=6)* 1.42 ± 0.27 (n=4)*, # 

         

Table 3.5. Multiple linear regression analysis results for select characteristics 
(bottom water temperature, SOC content (%), C:N ratio, porosity (%), median grain 
size (μm)) that may influence benthic diffusive oxygen uptake (DOU, mmol O2 m-2 d-

1). For each parameter we calculated 1) slope: the estimated regression coefficient 
of the linear regression, 2) p-value: the statistical significance of the regression 
coefficient, 3) lmg: the relative importance of each parameter in explaining data 
variability, and 4) variance inflation factor (VIF): a measure of collinearity among 
independent variables, where values between 1 and 4 were considered an 
acceptable level of correlation between independent variables. 

Multiple 
Regression 

slope p value lmg VIF 

Intercept -0.75 0.0646 NA NA 
Temperature (oC) 0.13 0.0055 0.28 2.36 
SOC (%) 0.68 0.0009 0.72 2.36 
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Table 3.6. Benthic DOU was scaled up to the area of Elson Lagoon (207 km2) over 
all three seasons (Ice Cover, Break Up, Open Water) between shallow and deep 
stations to calculate an annual sediment microbial respiration rate.  

Depth 
Annual DOU (megamoles O2 ) 

% Total 
Ice Cover 

(7.5 month) 
Break Up 
(1 month) 

Open Water 
(3.5 months) 

Shallow NA 1.1 6.1 5% 

Deep 67.9 11.4 51.1 95% 

% Total 49% 9% 42%  
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3.9 Figures 

 

 

Figure 3.1 Location of the study sites at the Beaufort Lagoon Ecosystems Long-Term 

Ecological Research (BLE-LTER) program. a) Map of Alaska with Beaufort Sea Alaskan 

coast in box. b) Beaufort Sea Coast with BLE-LTER research nodes in boxes. c) The 

westernmost  node (BRW) is based out of Utqiaġvik where Elson Lagoon is located. 

The central node (SCC) contains d) Simpson Lagoon and e) Stefansson Sound. The 

eastern node (BTI) is based out of Kaktovik and contains f) Kaktovik Lagoon and Jago 

Lagoon. Each sampled lagoon has two shallow (squares) and two deep (circles) 

stations.  
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Figure 3.2. BLE-LTER Core Program dataset (2019-2021) of a) sediment organic carbon (SOC, %), b) sediment 

organic nitrogen (SON, %), and c) C:N ratio across nodes (BRW, SCC, BTI), separated by water depth (Shallow, 

Deep) and colored by season: Ice Cover (blue), Break Up (green), and Open Water (yellow). The lower and upper 

extent of the boxplot represent the 25th (Q1) and 75th (Q3) percentiles, while the lower and upper extent of the 

whiskers represent 1.5 times the interquartile range (Q3-Q1) below Q1 and above Q3. The solid black line within 

each box represents the median value and the dashed black line and parentheses at the top of each panel denote 

the mean across all nodes at each depth. The solid red line in c) represents the Redfield ratio of 106C:16N. 
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Figure 3.3. a) δ13C and b) δ15N values (‰) of lagoon sediments across nodes (BRW, 

SCC, BTI), separated by water depth (Shallow, Deep) and colored by season: Ice Cover 

(blue), Break Up (green), and Open Water (yellow). The lower and upper extent of the 

boxplot represent the 25th (Q1) and 75th (Q3) percentiles, while the lower and upper 

extent of the whiskers represent 1.5 times the interquartile range (Q3-Q1) below Q1 and 

above Q3. The mean across all nodes at each depth is denoted by the dashed black line 

and written in parentheses at the top of the panel. 
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Figure 3.4. a) Ternary plot of grain size distribution showing % Sand (62.5 μm - 

2000 μm), % Silt (4 μm - 62.5 μm), and % Clay (<4 μm) at Shallow (empty circle) 

and Deep stations (filled circle) for BLE-LTER sediments and c) Elson Lagoon 

case study sediments. b) The same grain size  data grouped by season (Ice 

Cover, Break Up, Open Water) and water depth (Deep, Shallow) for BLE-LTER 

sediments and d) Elson Lagoon case study sediments. Shallow stations were not 

sampled during Ice Cover and Break Up was not sampled in the Elson Lagoon 

case study.   
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Figure 3.5. Elson Lagoon focused study: Surface sediment (0-2 cm depth) 

characteristics of a) SOC (%), b) SON (%), c) C:N ratio, d) porosity (%), and e) median 

grain size (μm) in Elson Lagoon separated by water depth (Deep, Shallow) and 

colored by season (blue=Ice Cover, yellow=Open Water). The lower and upper extent 

of the boxplot represent the 25th (Q1) and 75th (Q3) percentiles, while the lower and 

upper extent of the whiskers represent 1.5 times the interquartile range (Q3-Q1) below 

Q1 and above Q3. The solid black line within each box represents the median value. 

In the Elson Lagoon focused study, samples were not collected during Break Up or at 

shallow stations during Ice Cover. 

 

Figure 3.6. a) Diffusive oxygen uptake (DOU, mmol O2 m-2 d-1) for Elson Lagoon 

focused study (2022) grouped by season (Ice Cover, Open Water) and water depth 

(Deep, Shallow). The average DOU rate for each season and depth is denoted in 

parentheses at the top of the panel. b) Regression of sediment organic carbon content 

(SOC, %) and DOU (mmol O2 m-2 d-1) grouped by season (blue=Ice Cover, 

yellow=Open Water) and water depth (filled=Shallow, hollow=Deep), with associated 

slope, R2, and p-value. DOU was not measured during the Break Up season.  
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3.10 Appendix B 

  

Site 
Smooth Sheet 

ID 
Scale Correction 

Elson Lagoon H07071 1:20,000 digitized 

Simpson Lagoon 
H07917 1:20,000 digitized 

H07196 1:20,000 digitized 

Stefansson Sound 

H07760 1:20,000 digitized 

H07857 1:20,000 digitized 

H07757 1:20,000 digitized 

H07758 1:20,000 digitized 

Kaktovik Lagoon 
H07657 1:20,000 digitized 

Jago Lagoon 

 

Supplemental Table 3.1. List of historical (1945-53) smooth sheets created from 

National Ocean Service (NOS) hydrographic surveys. Soundings were collected by 

fathometers, and navigation was conducted by hydrographic sextant (visual 

triangulation) or Shoran (radio).  
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SOC Df Sum of Squares R2 F P 

node 2 1.2957 0.08682 7.1093 0.0004 

season 2 0.3803 0.02548 2.0866 0.0915 

depth 1 2.4583 0.16472 26.9765 0.0001 

node:season 4 0.7237 0.04849 1.9854 0.058 

node:depth 2 1.2128 0.08127 6.6545 0.0004 

season:depth 1 0.0739 0.00495 0.8107 0.4171 

node:season:depth 2 0.1222 0.00819 0.6702 0.5929 

ADONIS pairwise node p adj     
central - west 0.0036     
east - west 1     

east - central 0.0144     

ADONIS pairwise depth p adj 
node:depth p_adj  

West Central East  
shallow - deep 0.0001 0.0015 1 0.009  

      

SON Df Sum of Squares R2 F P 

node 2 1.3065 0.10554 9.3237 0.0001 

season 2 0.3782 0.03055 2.6993 0.0463 

depth 1 2.2386 0.18084 31.9521 0.0001 

node:season 4 0.6606 0.05336 2.3572 0.0322 

node:depth 2 0.9575 0.07734 6.8329 0.0006 

season:depth 1 0.0386 0.00312 0.5514 0.5318 

node:season:depth 2 0.1433 0.01158 1.0228 0.3743 

ADONIS pairwise node p adj     

central - west 0.0036     

east - west 1     

east - central 0.0012     

ADONIS pairwise season p adj 
node:season p_adj  

West Central East  

break up - open water 1 1 1 1  

break up - ice cover 0.2031 0.198 1 1  

open water - ice cover 0.2115 1 1 1  

ADONIS pairwise depth p adj 
node:depth p_adj  

West Central East  

shallow - deep 0.0001 0.0015 1 0.0135  

      

CN Ratio Df Sum of Squares R2 F P 

node 2 0.18135 0.12463 8.2302 0.0003 

season 2 0.00372 0.00256 0.169 0.9037 

depth 1 0.07751 0.05327 7.0351 0.0063 

node:season 4 0.0797 0.05477 1.8084 0.1196 

node:depth 2 0.01117 0.00767 0.5067 0.6303 

season:depth 1 0.03514 0.02415 3.1898 0.0715 

node:season:depth 2 0.01985 0.01364 0.9008 0.402 

ADONIS pairwise node p adj 
node:depth p_adj   

shallow deep   

central - west 0.072 1 0.0285   

east - west 0.0015 0.6285 0.0015   

east - central 0.1452 1 1   

ADONIS pairwise depth p adj     

shallow - deep 0.0255     

 

Supplemental Table 3.2. PERMANOVA results on the effect of node, season and 

water depth on sediment organic carbon (SOC, %), organic nitrogen (SON, %), and 

C:N ratio. When significant, post-hoc pairwise comparisons were performed on 

independent and interaction factors.  
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Supplemental Table 3.3. PERMANOVA results on the effect of node, season and 

water depth on sediment organic carbon and nitrogen stable isotopes (δ13C and δ15N, 

‰). When significant, post-hoc pairwise comparisons were performed on 

independent and interaction factors.  

δ13C Df 
Sum of 
Squares 

R2 F P 

node 2 0.003122 0.08729 6.5431 0.002 

season 2 0.001883 0.05265 3.9462 0.0216 

depth 1 0.0013 0.03636 5.45 0.0192 

node:season 4 0.005421 0.15158 5.6807 0.0006 

node:depth 2 0.000188 0.00525 0.3932 0.6747 

season:depth 1 0.001025 0.02865 4.2955 0.0434 

node:season:depth 2 0.000161 0.00451 0.3381 0.7096 

ADONIS pairwise season p adj     

break up - open water 1     
break up - ice cover 0.1302     

open water - ice cover 0.0792     

ADONIS pairwise node p adj 
node:season p_adj  

West Central East  
central - west 0.0066 1 0.0036 1  

east - west 1 1 1 1  

east - central 0.0723 1 1 1  

ADONIS pairwise depth p adj 
node:depth p_adj  

West Central East  

shallow - deep 0.008 --- 1 0.053  

      

δ15N Df 
Sum of 
Squares 

R2 F P 

node 2 0.19879 0.07593 4.7548 0.0018 

season 2 0.04601 0.01757 1.1006 0.3538 

depth 1 0.03231 0.01234 1.5458 0.1867 

node:season 4 0.0899 0.03434 1.0751 0.3778 

node:depth 2 0.19202 0.07334 4.5929 0.0024 

season:depth 1 0.00476 0.00182 0.2277 0.8 

node:season:depth 2 0.06849 0.02616 1.6381 0.1781 

ADONIS node p adj 
node:depth p_adj   

shallow deep   
central - west 0.0036 0.0855 0.0036   

east - west 1 0.267 0.0495   

east - central 0.0219 1 0.0015   
ADONIS pairwise depth p adj     

shallow - deep 0.0255     
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Clay (%) Df Sum of Squares R2 F P 

node 2 0.18924 0.08711 1.517 0.2207 

season 2 0.21508 0.099 1.7241 0.175 

depth 1 0.46731 0.2151 7.4921 0.0076 

node:season 2 0.29339 0.13505 2.3519 0.103 

node:depth 1 0.07309 0.03364 1.1718 0.3005 

season:depth 1 0.03378 0.01555 0.5415 0.558 

node:season:depth 1 0.02735 0.01259 0.4385 0.6148 

ADONIS depth p adj     
shallow - deep 0.0007     

 

Grain Size Median (um) Df Sum of Squares R2 F P 

node 2 0.18924 0.08711 1.517 0.2207 

season 2 0.21508 0.099 1.7241 0.175 

depth 1 0.46731 0.2151 7.4921 0.0076 

node:season 2 0.29339 0.13505 2.3519 0.103 

node:depth 1 0.07309 0.03364 1.1718 0.3005 

season:depth 1 0.03378 0.01555 0.5415 0.558 

node:season:depth 1 0.02735 0.01259 0.4385 0.6148 

ADONIS depth p adj     
shallow - deep 0.0025     

      
 

Sand (%) Df Sum of Squares R2 F P 

node 2 0.68355 0.22743 3.0339 0.0385 

season 2 0.09479 0.03154 0.4207 0.8181 

depth 1 0.23764 0.07907 2.1095 0.1273 

node:season 2 0.30841 0.10261 1.3689 0.2619 

node:depth 1 0.03103 0.01032 0.2754 0.8229 

season:depth 1 0.04483 0.01492 0.398 0.7097 

node:season:depth 1 0.02819 0.00938 0.2503 0.8165 

ADONIS node p adj 
    

central - west 0.8739   
  

east - west 0.0555 
  

  

east - central 0.2211     
 

Silt (%) Df Sum of Squares R2 F P 

node 2 0.10634 0.05281 0.7689 0.4974 

season 2 0.08941 0.0444 0.6465 0.5964 

depth 1 0.46657 0.2317 6.747 0.0102 

node:season 2 0.21472 0.10663 1.5525 0.2235 

node:depth 1 0.06405 0.03181 0.9262 0.3829 

season:depth 1 0.00488 0.00242 0.0706 0.9478 

node:season:depth 1 0.09959 0.04946 1.4402 0.2516 

ADONIS depth p adj     
shallow - deep 0.002     

 

Supplemental Table 3.4. PERMANOVA results on the effect of node, season and 

water depth on sediment grain size distribution (Sand %, Silt %, Clay %) for BLE-

LTER core program sediment samples. When significant, post-hoc pairwise 

comparisons were performed on independent and interaction factors.  
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Supplemental Table 3.5. p values for T-tests comparing sediment characteristics 

(Sand %, Silt %, Clay %, median grain, porosity %) and organic matter content 

(SOC %, SON %, C:N ratio) between deep stations across Seasons (Ice Cover vs. 

Open Water) and Water Depth (Shallow vs. Deep) during the Open Water period.  

Parameter 
T-test p value 

Season Water Depth 

Sand (%) 0.9069 0.0028 

Silt (%) 0.6983 0.0027 

Clay (%) 0.8496 0.0054 

Median Grain Size (um) 0.7407 0.0166 

Sort 0.7859 0.5490 

Skew 0.7235 0.0554 

Kurtosis 0.5716 0.1517 

Porosity (%) 0.6966 0.0002 

SOC (%) 0.4557 0.0025 

SON (%) 0.478 0.0030 

C:N 0.3981 0.9443 

Temperature (C) 0.0012 0.0347 

DOU (mmol O2 m-2 d-1) 0.0844 0.0348 
 

Model Nvmax RMSE MAE Adj R2 

1 1 17.97 17.88 0.38 

2 2 12.13 11.96 0.63 

3 3 19.40 17.42 0.62 

4 4 18.23 16.46 0.75 

 

Model 
Factor 

Temp (C) SOC (%) C:N Porosity (%) Median grain size (um) 

1    *  

2 * *    

3 * * *   

4 * *  * * 

  

Supplemental Table 3.6. The stepwise selection regression model output  for DOU 

rates displays the model with the lowest prediction error using a defined number of 

parameters (1-4). For each model, we calculated RMSE and MAE, which measure 

the prediction error of each model, with lower values indicating a better model. 

Adjusted R2 values represent the correlation between values observed and 

predicted by the model, with higher values indicating a better model. 
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Supplemental Figure 3.1. Bathymetry of study sites derived from inverse 

distance weighted (IDW) interpolation of point depth soundings from National 

Ocean Services surveys from 1945 to 1953 for a) Elson Lagoon, b) Simpson 

Lagoon, c) Stefansson Sound, Kaktovik Lagoon (d, left) and Jago Lagoon (d, 

right). Lagoon depth is colored in 0.5 m increments with white denoting a depth of 

0 and black representing a depth > 5.0 m.  

a
) 

b
) 

c
) 

d
) 

 

Supplemental Figure 3.2. Example 

sediment O2 microprofiles from 

Unisense oxygen sensor. Two 

profiles during Open Water are 

shown to highlight the differences 

between Deep (EEL D1, filled 

circles) and Shallow (EWL S1, 

empty circles) stations.  
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Chapter 4: Seasonality of benthic metabolism and nutrient cycling in 

Beaufort Sea lagoons 

4.1 Abstract 

Alaska’s Beaufort Sea coast is bordered by a discontinuous chain of barrier islands that 

enclose numerous shallow lagoons and sounds. Seasonally influenced by river discharge 

and coastal erosion, these lagoons receive and process ample terrestrial material and 

nutrients creating a “hotspot” of biogeochemical activity. Because of their shallow nature, 

sediments can exhibit high rates of primary production (PP) removing nutrients from the 

overlying water column. In contrast, organic matter remineralization can release nutrients 

from the sediments potentially fueling water column PP. While rising rates of PP in the 

Arctic Ocean appear to be driven by increasing terrestrial inputs, the seasonal trends and 

microbial processes driving nearshore coastal productivity remain underexplored. To that 

end, we quantified seasonal and spatial variations in sediment metabolism and nutrient 

fluxes in five Arctic lagoons. As part of the BLE-LTER program, we sampled the lagoons 

during Ice Cover, Break Up, and Open Water in alignment with the major hydrological 

phases. Sediment cores were incubated in the lab to measure net benthic fluxes of O2, 

DIC, N2, and dissolved inorganic nutrients (NH4
+, NO3

-, PO4
3-, DSi). We calculated daily 

rates of benthic respiration (BR), gross benthic primary production (GBP), and net benthic 

metabolism (NBM). During Ice Cover, we observed net heterotrophy (3.3 ± 1.1 mmol C 

m-2 d-1), inorganic nutrient release, and net nitrogen removal through denitrification (1.9 ± 

0.6 mmol N m-2 d-1). With melting sea ice and light availability during Break Up, benthic 

microalgae rapidly colonize the benthos, turning the sediments net autotrophic (Break Up: 

-20.8 ± 8.0 mmol C m-2 d-1, Open Water: -8.9 ± 2.6 mmol C m-2 d-1). This shift in 

productivity increased sediment nutrient demand which was shown through net nutrient 
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uptake and nitrogen fixation. As the coastal Arctic undergoes rapid changes in 

temperature, duration of sea ice, terrestrial nutrient export, and coastal erosion, our 

understanding of seasonal metabolism will help to better constrain future projections of 

coastal Arctic ecosystem productivity. 
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4.2 Introduction 

Coastal lagoons are present on all continents making up ~12% of global (De Witt, 

2011) and over half of the Alaskan Arctic coastline (Wiseman et al. 1973; Dunton et al., 

2006). They are unique compared to deeper estuaries due to their shallow depth which 

allows for an extended photic zone, tight benthic-pelagic coupling, and high rates of 

productivity and nutrient cycling (Borges & Abril, 2011; McGlathery et al., 2001, 2007). 

Along the Alaskan Beaufort Sea coast, there are several irregular and discontinuous 

chains of barrier islands that enclose numerous shallow (<7 m) lagoons and sounds (Fig. 

4.1). Beginning in late September, seasonal ice cover extends for nine months of the year, 

with shallow areas of the lagoons developing ice down to the sediment surface (Fig. 4.2). 

Annually, water column temperatures range from -2 to 14 oC, and salinities vary drastically, 

from fresh (0) to hypersaline (45+) (Harris et al., 2017). This large salinity range is a result 

of both the spring freshet introducing large volumes of freshwater into the lagoons during 

the break up period, and the hypersaline conditions under ice due to salt exclusion during 

ice formation (Harris et al., 2017; Macdonald & Yu, 2006; Yamamoto-Kawai et al., 2005). 

In addition to extreme fluctuations in temperature, salinity, and sea ice conditions, the 

lagoons are subject to polar light conditions, which include low overall sunlight intensities 

due to the low angle of incidence as well as months-long periods of continuous light 

(“midnight sun”) or dark (“polar night”; Fig. 4.2). Despite these extreme seasonal 

variations in environmental conditions, the biota in these shallow waters are abundant 

and diverse, including a variety of benthic infauna and epifauna that represent nearly 

every major invertebrate taxonomic group, along with several species of fish such as 

Arctic cod (Boreogadus saida) (Craig et al., 1984; Dunton et al., 2012).  
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During a short period from May to July, Arctic rivers discharge >90% of their annual 

nutrient and organic matter export and most of their water inputs (Dittmar & Kattner, 2003; 

Holmes et al., 2012; McClelland et al., 2014). Relative to lower latitudes, Arctic rivers have 

some of the highest concentrations of organic matter, with annual exports on par with the 

Amazon River, while inorganic nutrients in Arctic rivers are among the lowest worldwide 

(Dittmar & Kattner, 2003). This pattern of high organic matter and low inorganic nutrients 

is due to the Arctic watershed, which contains large areas of permafrost and wetlands 

that release high concentrations of dissolved organic carbon (DOC) (Bristol et al., 2021; 

Johnston et al., 2019; Connolly et al. 2020).  

During the summer when the coast is free of sea ice cover for 3-4 months, the 

lagoons receive additional terrestrial inputs in the form of eroding tundra soils and 

underlying permafrost (Overduin et al., 2014). During this period, coastal bluffs are 

exposed to wind and wave activity that facilitate erosion. This is exacerbated by 

mechanical permafrost degradation (Barnhart et al., 2014b; Overeem et al., 2011). 

Average rates of coastal erosion for the Arctic (0.5 m year-1) are among the highest in the 

world, due in part to the ice‐bonded nature of the coast (Jones et al., 2009; Lantuit et al., 

2011). The Beaufort Sea coastline is characterized by the strongest retreat, with coastal 

erosion rates exceeding 1.1 m year−1 on average (Lantuit et al., 2011).  

Due to climate change and changes in freshwater inflow, coastal erosion, ice 

cover, and exchange with the ocean, Alaska’s northern Arctic coastal ecosystem is 

experiencing dramatic changes in the input and availability of organic matter and 

nutrients. For example, primary production in the Arctic Ocean has increased ~30% over 

the past several decades (Ardyna & Arrigo, 2020; Arrigo et al., 2008; Arrigo & Van Dijken, 
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2015; Lannuzel et al., 2020) with terrestrial nitrogen inputs playing a crucial role in 

supporting Arctic Ocean production (Terhaar et al., 2021; Thibodeau et al., 2017). 

Although thick sea ice and surface snow can diminish irradiance to <2% of surface PAR, 

Arctic marine productivity is supported by benthic microalgae (BMA) and macroalgae, 

pelagic phytoplankton, and sea ice algae (Attard et al., 2024; Glud et al., 2009; Lannuzel 

et al., 2020). In addition to sea ice algae and phytoplankton waters, the shallow nature of 

coastal lagoons allows for an extended photic zone to the sediments, supporting the 

prolific growth of benthic primary producers such as micro- and macroalgae (Hardison et 

al., 2013; Karsten et al., 2006, 2006, 2012). In fact, in a low-nutrient, oligotrophic 

environment like the coastal Arctic, benthic primary production tends to exceed pelagic 

primary production since BMA can gain nutrients from the sediments as well as the water 

column (R. N. Glud et al., 2009; Karsten et al., 2012).  

While coastal lagoon sediments can be a source of nutrients (from remineralization 

of organic matter) released to the overlying waters, fueling benthic and pelagic primary 

production (Dalsgaard, 2003; Manini et al., 2003; McGlathery et al., 2007; Nowicki & 

Nixon, 1985), they can also function as sites of nutrient retention through biomass 

accumulation, removal through denitrification, and input through nitrogen fixation (Canion 

et al., 2014; Damashek & Francis, 2018; Fulweiler, 2023; Hardison et al., 2011; Newell et 

al., 2016). Within anoxic sediments, nitrogen (N) may be removed via denitrification or 

anaerobic ammonium oxidation (anammox) and released as dinitrogen gas (N2). 

Denitrification is the stepwise reduction of nitrate (NO3
-) to N2 gas by denitrifying microbes. 

Recent work in the Chukchi Sea shelf shows sediments can be a source of ammonium 

(NH4
+) release, but high rates of denitrification resulted in net N removal by the sediments 
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(Hardison et al., 2017; McTigue et al., 2016). However, recent studies have shown that 

benthic nitrogen fixation may also play an important role in marine systems with rates on 

par or even exceeding rates of denitrification (Newell et al., 2016).  

Currently, the Arctic climate system is in a transitional state, marked by declining 

summer sea ice extent, altered ecosystem dynamics, shifts in circulation patterns, and 

potential tipping points. Arctic-wide average surface temperatures have increased at four 

times the rate of global mean temperatures (Rantanen et al., 2022) — a phenomenon 

known as Arctic amplification (Serreze & Barry, 2011). Arctic amplification is largely 

attributed to the loss of sea ice cover (Previdi et al., 2021; Serreze & Barry, 2011). In 

response to increasing atmospheric temperatures, more snow and ice on land is melting, 

driving increasing river discharge from major Arctic rivers, with a noticeable “freshening” 

of the coastal Arctic (Ahmed et al., 2020; Fichot et al., 2013; Peterson et al., 2002; 

Proshutinsky et al., 2015). Increasing atmospheric and water temperatures are expanding 

the open water period of the coastal Arctic by approximately 1-2 days per year (Markus 

et al., 2009; Stroeve et al., 2014), leading to increased thaw and more physical 

degradation of permafrost through winds, waves, and storms. 

While recent studies have confirmed an increase in primary production in the Arctic 

in response to increasing terrestrial inputs alongside sea ice retreat (Arrigo and Dijken 

2015; Lewis et al. 2020), the nearshore ecosystem processes that determine the 

magnitude and form of these nutrient exports are systematically understudied (Fritz et al. 

2017). To that end, in this study, we conducted batch sediment incubations to measure 

benthic metabolism, N2 fluxes, and nutrient fluxes during three distinct hydrological 
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seasons (Ice Cover, Break Up, Open Water) to quantify annual rates of nearshore benthic 

carbon and nitrogen cycling in coastal Arctic lagoons along the North coast of Alaska. 

 

4.3 Methods 

4.3.1 Study site 

The study area is composed of several lagoons and sounds along the Alaskan 

coast of the Beaufort Sea in alignment with the Beaufort Lagoon Ecosystems Long-Term 

Ecological Research (BLE-LTER) program (ble.lternet.edu). The BLE-LTER program 

operates out of three nodes, spanning ~100 km of the Alaskan coastline: Utqiaġvik 

(formerly Barrow; BRW), Prudhoe Bay (SCC), and Barter Island (BTI) to represent the 

western, central, and eastern Beaufort Sea coast, respectively (Fig. 4.1). Each node has 

two lagoons. In the western node, the BLE-LTER samples Elson Lagoon, which divides 

into Elson Lagoon West and Elson Lagoon East for sampling purposes. The central node 

has Simpson Lagoon and Stefansson Sound, and the eastern node has Kaktovik Lagoon 

and Jago Lagoon. The western node is located near the village of Utqiaġvik at the 

boundary between the Chukchi Sea to the west and the Beaufort Sea to the north (Fig. 

4.1). It is delineated by a 25 km chain of barrier islands and receives freshwater inputs 

from many streams (Lewellen, 1972). Exchange between Elson Lagoon and the Beaufort 

Sea occurs through three channels within the barrier island chain (Okkonen, 2008). In 

addition to these channels, the eastern side of the lagoon contains the mouth of Avak 

Creek as well as a wide passage to the Beaufort Sea. The central node, based in the 

Prudhoe Bay oil field region, contains Simpson Lagoon and Stefansson Sound. Simpson 

Lagoon receives the most of its freshwater inputs from the Kuparuk and Colville Rivers 

file:///C:/Users/brian/OneDrive%20-%20vims.edu/Chapter_intro/ble.lternet.edu
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(Craig et al., 1984). Stefansson Sound, which has the smallest barrier islands and is the 

least enclosed of the BLE-LTER lagoons, is located roughly 50 km east of Simpson 

Lagoon and receives inputs from the Sagavanirktok River. The two smallest sites, 

Kaktovik Lagoon and Jago Lagoon represent the eastern node and are located near the 

village of Kaktovik. With no tidal inlet or major river, Kaktovik Lagoon experiences the 

least marine exchange and freshwater through surface run off. In contrast, Jago Lagoon 

receives freshwater inputs from the Jago River and connects directly to the open ocean 

through a passage near its eastern end. 

 

4.3.2 Sampling scheme 

Samples were collected as part of the BLE-LTER program. To examine seasonal 

and interannual variations of benthic metabolism, N2 fluxes, and inorganic nutrient fluxes, 

incubations were conducted three times during the year in conjunction with key phases 

of the hydrological cycle (i.e., Ice Cover, Break Up, and Open Water periods; Fig. 4.2) 

from 2019-2022. To determine spatial variation, six BLE-LTER lagoons were sampled, 

with each lagoon consisting of one shallow (<1 m water depth) and one deep (3-5 m water 

depth) station (Fig. 4.1). During the Ice Cover period, samples were not collected at 

shallow stations due to the presence of landfast ice. Sample timing was impacted by the 

COVID-19 pandemic. In 2019, samples were collected in all six lagoons. In 2020, no 

samples were collected due to travel restrictions. In 2021 and 2022 sampling resumed, 

but only for Elson Lagoon. At each station, undisturbed, intact sediment cores (inner 

diameter: 10 cm, core height 30 cm, sediment height ~10 cm) were collected in triplicate 

using a modified HYPOX corer (Gardner et al., 2009) along with 20 L of unfiltered bottom 
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water using a bilge pump. Once collected, sediment cores were transported to the field 

lab, aerated, and kept at in-situ temperatures in the dark to equilibrate overnight before 

incubations commenced.  

 

4.3.3. Batch sediment incubations 

After the equilibration period, two sediment cores from each station were set up 

for batch sediment incubations as described by Rysgaard and colleagues (2004). Two 

cores containing sediment with overlying water were sealed with a gas-tight lid containing 

a built-in stir bar. To isolate the influence of benthic activity, a third core was filled with 

site water only and sealed and incubated to quantify and subtract the influence of water 

column metabolism. The water blanks and water overlying sediment were stirred slowly 

with built-in stir bars throughout the incubations. Dark incubations were run first. The 

cores were wrapped in aluminum foil, incubated at in-situ temperatures in the dark, and 

sampled four times over 12 to 30 hours to determine dark fluxes. After the dark 

incubations, full spectrum (430 – 740 nm) 1000-watt grow lights were turned on and 

adjusted with shade sheets until in-situ light levels were achieved (range: 18.0 – 238 μmol 

s-1 m-2). Sediment cores were exposed to the light for at least four hours to allow for 

acclimation to the lights. Then, cores were sampled four times over 12 hours to measure 

light fluxes.  During the Ice Cover period, the dark incubations were longer than 12 hours 

in anticipation of slow rates due to low temperatures, and light incubations were not 

conducted due to the presence of thick (>1.5m) sea ice and snow and little to no light 

availability at the sediment surface (Bonsell and Dunton, 2018; Dunton, 1984). 
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For each sampling during the dark and light incubations, water from each core was 

collected using an outflow port connected to Tygon tubing to measure dissolved oxygen 

(DO), dissolved inorganic carbon (DIC, n=2), N2 gas (n=2), and dissolved inorganic 

nutrients (n=1). To create flow during sampling and to offset the volume removed during 

each sampling (~15% core water volume), an elevated carboy containing site water was 

connected through a series of airtight valves and tubing to the inflow port at the top of 

each core. By opening and closing these valves, we were able to direct and control the 

gravity-fed flow of water through the air-tight incubation system (following Cornwell et al. 

2014; Miller-Way et al. 1994; Margalhaes et al., 2002).  

 

4.3.4 Dissolved oxygen (O2)  

Dissolved oxygen (mmol O2 L-1) was measured using an optical fiber flow-through 

cell oxygen sensor (PreSens FTC-PSt7) connected to the core outflow Tygon tubing. 

Outflow rates were approximately 1.0 mL s-1, and DO measurements took ~90 seconds 

to stabilize before measurements were recorded in triplicate. 

 

4.3.5 Dissolved inorganic carbon (DIC) 

To collect DIC samples, the outflow tube was placed into the bottom of a 13mL 

Exetainer (Labco) before allowing the water to slowly fill and overflow for 3 volume 

equivalents before collecting the sample. Care was taken to avoid bubbles in the 

Exetainer. Once collected, the samples were preserved with 20 μL of a saturated mercuric 

chloride (HgCl2) solution and refrigerated submerged in water until analysis. DIC samples 

were transported in a cooler to the Virginia Institute of Marine Science (VIMS), where DIC 
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concentration was determined with an infrared CO2 detector-based DIC analyzer (Apollo 

SciTech-C3/LICOR-7000). Standards were made by dissolving known amounts of 

sodium carbonate in deionized water and purging it with helium before running dilution 

standards and checks. Occasionally, certified reference materials from A. G. Dickson of 

Scripps Institution of Oceanography were used as external reference checks.  

 

4.3.6 N2 gas 

N2 samples were collected in the same manner as for DIC but were preserved 

using 20 μL saturated zinc chloride (ZnCl2). Samples were transported submerged in a 

cooler to VIMS, where they were analyzed for dissolved N2 on a Bay Instruments 

membrane inlet mass spectrometer (MIMS) and quantified relative to 40Ar using the N2/Ar 

calculation (Kana et al. 1994). Samples were referenced against an air-equilibrated, 

deionized water standard at incubation temperature. This method provides net N2 flux 

only and does not differentiate or quantify individual N cycling pathways (i.e., 

denitrification, nitrogen fixation). For this reason, positive N2 fluxes indicate net 

denitrification, while negative fluxes indicate net nitrogen fixation. 

4.3.7 Inorganic nutrients 

For nutrients, water from the outflow tube was collected in a 30 mL acid-washed 

syringe, passed through a 0.45 μm polyethersulfone (PES) filter, and then frozen in a 

Whirl-Pak bag at -20 ̊C until analyses. Dissolved inorganic nutrient analyses included 

ammonium (NH4
+), nitrite + nitrate (NO2

-
 + NO3

-), orthophosphate (PO4
3-), and dissolved 

silica (DSi, only for 2021-2022). Nutrients were measured at the Core Facilities 

Laboratory at the University of Texas Marine Science Institute (UTMSI) on a continuous 
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flow-analyzer Lachat Quick Chem 8500 (2018-2020) and in the Hardison Lab at VIMS on 

a multi-channel FIAlyzer-1000 from Fluidic Intelligently Automated (FIA, 2021-2022). 

Duplicates were analyzed on both instruments to test precision and continuity during the 

transition from UTMSI to VIMS.  

4.3.8 Benthic flux calculations 

To calculate areal hourly benthic flux rates (mmol m-2 hr-1) for dark and light 

incubations, a simple linear regression model was applied to each parameter using 

Equation 4.1 (Boynton et al. 2018): 

Equation 4.1.   Net benthic flux (mmol m-2 hr-1) = (
𝑑𝐶𝑠

𝑑𝑡
−

𝑑𝐶𝑏

𝑑𝑡
) 𝑥 (

𝑉

𝐴
), 

where dCs/dt is the rate of change in concentration (mmol L-1 hr-1) in the “sediment + 

water” core, dCb/dt is the rate of change in concentration (mmol L-1 hr-1) in the “water 

blank” core, V is the volume of water in the “sediment + water” core (L), and A is the 

surface area of the sediment core (m2). Note that the estimated water activity from the 

“water blank” was subtracted from the “sediment + water” core to isolate “sediment only” 

flux. Positive fluxes indicate net benthic production of each parameter (DO, DIC, N2, etc.) 

while negative fluxes indicate net benthic consumption of each parameter. 

4.3.9. Benthic metabolism calculations 

Rates of daily benthic respiration (BR), gross benthic production (GBP), and net 

benthic metabolism (NBM) were calculated using hourly light and dark benthic fluxes of 

O2 using the following equations (Kemp & Testa, 2011):  

Equation 4.2.   BR (mmol O2 m-2 d-1) = FD x 24 hrs 

Equation 4.3.   GBP (mmol O2 m-2 d-1) = (FL – FD) x hL 
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Equation 4.4.   NBM (mmol O2 m-2 d-1) = BR + GBP, 

where FD and FL are fluxes of DO (mmol O2 m-2 h-1) during dark and light incubations 

respectively, and hL represents the hours of daylight (www.timeanddate.com) during the 

season (Ice Cover = 17 hours; Break Up = 24 hours; Open Water = 19 hours). Based on 

the respiratory quotient (RQ) derived from the linear regression of DO and DIC fluxes of 

dark and light incubations for each season (this study), the units were then converted to 

units of carbon (mmol C m-2 d-1).  

Similarly, hourly rates of N2 and inorganic nutrient (NH4
+, NO3

-, PO4
3-, DSi) fluxes 

were also scaled up to daily net benthic flux rates (Eq. 4.5): 

Equation 4.5. Net benthic flux (mmol [N2, nutrients] m-2 d-1) = (FL x hL) + (FD x hL). 

 

4.3.10. Environmental data 

At each sampling point, a suite of environmental parameters was measured in the 

field to identify potential physical and biological drivers of benthic fluxes. Handheld YSI 

ProDSS sonde meters were used to measure water column temperature, salinity, DO, pH, 

chlorophyll-a (chl-a), and phycoerythrin. Water column dissolved inorganic nutrients 

(NH4
+, NO3

-, PO4
3-, DSi) were also analyzed. Surface sediment parameters were 

measured for sediment organic carbon (SOC), SOC-δ13C, C:N ratio, and porewater 

inorganic nutrients (NH4
+, NO3

-, PO4
3-, DSi). All environmental data, except for 

photosynthetically active radiation (PAR), were sourced from the BLE-LTER core program, 

available at the Environmental Data Initiative (EDI) data catalog (Beaufort Lagoon 

Ecosystems LTER, Core Program, 2024). Light at the sediment surface (PAR) for this 

study was measured with a LICOR-193SA. 

https://www.timeanddate.com/sun/usa/utqiagvik
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4.3.11. Statistical analyses 

Given the unbalanced nature of the dataset due to COVID travel restrictions, 

lagoons were combined, and the data were analyzed to assess the impact of season and 

water depth (not node) on all benthic fluxes (DO, N2, DIC, NH4
+, NOx

-, PO4
3-, DSi). We 

used a two-way analysis of variance (ANOVA) to assess the impact of season (Ice Cover, 

Break Up, Open Water) and water depth (shallow <1.5 m, deep >1.5 m) on benthic fluxes. 

Because of the presence of landfast ice and frozen sediments at shallow stations during 

Ice Cover, for the ANOVAs, we assumed a benthic flux rate equal to 0 for the factorial 

combination of Ice Cover / shallow, with a sample size of 8 (n = 8, the average n of all 

other factorial treatments). When the ANOVA showed a significant effect (a = 0.05), a 

post-hoc Tukey multiple comparisons of means was used to determine how benthic fluxes 

varied across these season and water depth with 95% confidence intervals.  

To identify potential environmental drivers of the benthic fluxes, a stepwise 

multivariate regression model was used to find relationships between flux rates and 

environmental parameters. A stepwise selection linear regression functions by iteratively 

adding and removing predictors in the model to find the subset of variables in the dataset 

resulting in the lowest prediction error (R package: leaps; Miller, 2020). With the addition 

and removal of each parameter, the significance of each regression term is tested. 

Parameter selection and elimination are repeated until the model cannot be significantly 

improved with new parameters. Three metrics were used to compare the accuracy of the 

models. Root mean square error (RMSE) and mean absolute error (MAE) measure the 

prediction error of each model, with lower values indicating a better model. R2 indicates 
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the correlation between the predicted and observed values, with values closer to 1 

indicating a better model. To narrow down the number of input parameters, the 

environmental variables were grouped into five categories (physical, water column 

nutrients, sediment organic matter, sediment nutrients, and sediment pigments). Within 

each category, a Pearson’s correlation was performed to identify and remove highly 

correlated variables. Prior to the stepwise regression, the environmental data were tested 

for normality using a Shapiro-Wilk test, and any necessary transformations were applied. 

4.4 Results 

4.4.1 Benthic metabolism 

For all seasons, sediment DO fluxes were negative for dark incubations and 

positive for light incubations (Fig. 4.3a; Table 4.1). Averaged across depths and seasons, 

dark O2 fluxes were -0.38 ± 0.04 mmol O2 m-2 h-1, and light fluxes were 0.99 ± 0.19 mmol 

O2 m-2 h-1 (Table 4.1). Sediment DIC fluxes exhibited a complementary pattern, with 

mostly DIC production during dark incubations and DIC consumption during light 

incubations (Fig. 4.3b, Supplementary Table 4.1). Averaged across depths and seasons, 

dark DIC fluxes were 0.06 ± 0.15 mmol C m-2 h-1 and light DIC fluxes were -0.96 ± 0.20 

mmol C m-2 h-1. Dark O2 fluxes were more negative during Break Up (-0.37 ± 0.08 mmol 

O2 m-2 h-1) and Open Water (-0.48 ± 0.06 mmol O2 m-2 h-1) compared to Ice Cover (-0.19 

± 0.06 mmol O2 m-2 h-1) (Fig. 4.3a; Table 4.1; Supplementary Table 4.2). This was reflected 

in dark DIC fluxes which increased from consumption during Break Up (-0.38 ± 0.22 mmol 

C m-2 h-1) to production during Open Water (0.42 ± 0.26 mmol C m-2 h-1) (Fig. 4.3b; 

Supplementary Table 4.1). During light incubations, there was consistent production of O2 

during both Break Up (1.41 ± 0.38 mmol O2 m-2 h-1) and Open Water (0.79 ± 0.19 mmol 
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O2 m-2 h-1) (Fig. 4.3a; Table 4.1; Supplementary Table 4.2). In concert, we saw a 

significant negative flux of DIC during Break Up (-1.22 ± 0.34 mmol C m-2 h-1) and Open 

Water (-0.83 ± 0.24 mmol C m-2 h-1) (Fig. 4.3b; Supplementary Table 4.2).  

Linear regressions of sediment DIC and DO fluxes across seasons and averaged 

annually displayed seasonally distinct respiratory quotients (RQ; i.e., DIC flux : DO flux, 

molar units), (Fig. 4.3c). The RQ value for Ice Cover was 0.53, though not statistically 

robust (p = 0.66). The RQ value for Break Up was 0.50 (p < 0.001), and the RQ value for 

Open Water was 0.89 (p < 0.001). The RQ values for Ice Cover and Break Up were lower 

than expected, while the value for Open Water fell within established literature values for 

marine sediments (0.69 - 1.31; Jorgensen et al. 2022 and citations therein). To best 

represent all of the DO and DIC fluxes, the overall RQ value (0.71, p < 0.001) using all 

data from all seasons was used to convert sediment flux units from O2 to C (Supplemental 

Table 4.14).  

Daily benthic metabolism rates revealed consistent seasonal patterns but no effect 

of water depth (Table 4.2, Supplemental Table 4.3, Fig. 4.4). The lowest BR rates were 

observed during Ice Cover (3.3 ± 1.1 mmol C m-2 d-1), then rates doubled during Break 

Up (6.4 ± 1.3 mmol C m-2 d-1), and then increased again during Open Water (8.2 ± 1.1 

mmol C m-2 d-1) (Fig. 4.4a). Averaged across depths, GBP was higher during Break Up (-

29.7 ± 7.1 mmol C m-2 d-1) compared to Open Water (-17.1 ± 2.9 mmol C m-2 d-1) (Table 

4.2, Fig. 4.4b). Due to the lack of light during Ice Cover, light incubations were not 

conducted, and thus GBP was set to 0 mmol C m-2 d-1. Like BR and GBP, NBM varied 

seasonally, shifting from net heterotrophy during Ice Cover (3.3 ± 1.1 mmol C m-2 d-1) to 
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net autotrophy during both the Break Up (-24.0 ± 6.5 mmol C m-2 d-1) and Open Water (-

8.9 ± 2.6 mmol C m-2 d-1) (Table 4.2, Fig. 4.4c).  

 

4.4.2 Sediment N2 gas and nutrient (NH4
+, NO3

-, PO4
3-, DSi) fluxes 

Benthic nutrient fluxes did not exhibit as strong a seasonal pattern as benthic 

metabolism, but ANOVAs did reveal seasonal effects on benthic fluxes of N2, NH4
+ and 

potentially some effects of depth on DSi (Table 4.3, Supplemental Table 4.4, Fig. 4.5). Net 

N2 fluxes varied significantly across seasons, with high rates of N2 production (i.e., net 

denitrification) during Ice Cover (1903 ± 580 μmol N m-2 d-1) compared to both the Break 

Up (-164 ± 382 μmol N m-2 d-1) and Open Water (-352 ± 251 μmol N m-2 d-1) periods, 

which not only showed smaller fluxes but also net N2 uptake by the sediments (i.e., net 

N-fixation)(Fig. 4.5, Supplemental Fig. 4.1).  

Net NH4
+ fluxes varied seasonally, with average net NH4

+ production during Ice 

Cover (38.5 ± 73.9 μmol N m-2 d-1), which decreased closer to zero during Break Up (8.1 

± 26.4 μmol N m-2 d-1), and then shifted to consistent net uptake during the Open Water 

period (-76.1± 22.1 μmol N m-2 d-1) (Table 4.4, Supplemental Table 4.5, Fig. 4.6a). Benthic 

fluxes for NO3
- and PO4

3- did not vary significantly across seasons or depth (Table 4.4, 

Supplemental Table 4.5, Fig. 4.6b,c). Averaged across seasons and depth, NO3
- fluxes 

were 22.3 ± 23.6 μmol N m-2 d-1, and PO4
3- fluxes were 5.2 ± 17.9 μmol P m-2 d-1. When 

sediment fluxes of NH4
+ and NO3

- were combined to represent dissolved inorganic 

nitrogen flux (DIN = NH4
+ + NO3

-), DIN concentrations shifted from net production to net 

consumption from Ice Cover (103 ± 99 μmol N m-2 d-1) to Open Water (-67 ± 36 μmol N 

m-2 d-1) (Table 4.3, Supplemental Table 4.4, Fig. 4.5b). In contrast to all other parameters, 
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net DSi fluxes varied mostly by depth (p-value= 0.13) and not season, with annual net 

production at deep stations (69.5 ± 49.4 μmol SiO2 m-2 d-1) and annual net consumption 

at shallow stations (-61.9 ± 45.0 μmol SiO2 m-2 d-1, Table 4.4, Supplemental Table 4.5, 

Fig. 4.6d).   

 

4.4.3 Environmental drivers 

From a dataset of 23 measured environmental parameters, Pearson’s Correlation 

was used to identify nine parameters to represent the environmental factors in the model. 

The correlation analysis identified parameters that displayed strong correlations so that 

they would not be added together in the model (i.e., avoiding collinearity in the model). 

The selected parameters fell broadly into categories representing physical variables 

(temperature, salinity, PAR), water column nutrients (DIN concentration), sediment 

porewater nutrients (NO3
-, DSi concentrations), and sediment organic matter (SOC, δ13C-

SOC, chla) (Supplemental Table 4.6). Prior to analysis, the selected environmental data 

were normalized using log (water column DIN, sediment chla, porewater DSi), square 

root (PAR), or cube root (SOC, porewater NO3
-) transformations, if required for normality. 

We then ran separate multiple linear regression models for metabolism parameters (BR, 

GBP, NBM), N2 fluxes, and nutrient fluxes.  

Based on accuracy metrics of the model (RMSE, MAE, Adj R2), the stepwise 

multiple linear regression of BR identified the model with two parameters as the best fit 

(Table 4.6). Analysis of the model demonstrated that SOC and temperature were the 

dominant drivers of benthic respiration accounting for 47% and 53% of the variance, 

respectively. Based on the slope of the regressions, both SOC and temperature 
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correlated positively with BR (Table 4.6). For GBP the model of best fit indicated that two 

parameters (PAR and sediment chl-a) best explained the variance in rates (Supplemental 

Table 4.7). The model showed that GBP was primarily driven by PAR (75%), followed by 

sediment chlorophyll-a (25%). As expected, both PAR and sediment chlorophyll-a 

correlated negatively with GBP. Interestingly, when identifying the drivers of NBM, a metric 

that combines both BR and GBP, the stepwise regression identified a one parameter 

model with salinity having a positive relationship with NBM (Supplemental Table 4.8).  

Variances in net N2 flux were best explained by a one parameter model with a 

strong positive relationship with bottom water DIN concentrations (Supplemental Table 

4.9). In contrast, net NH4
+ and DSi fluxes were best explained by one parameter models 

with strong negative relationships to temperature (Supplemental Tables 4.10, 4.13). 

Environmental factors included in the model did not sufficiently explain net benthic fluxes 

of NO3
- or PO4

3-. Although not significant, net NO3
- was best explained by a three 

parameter model (temperature, salinity, and δ13C-SOC; Supplemental Table 4.11) while 

net PO4
3- flux was best explained by a one parameter model (sediment chlorophyll-a; 

Supplemental Table 4.12). 

 

4.5 Discussion 

Studying seasonal variability in the Arctic is challenging due to logistical constraints 

posed by the darkness, extensive sea ice cover, and very low temperatures during the 

winter months. As a result, observations recorded during the winter are scarce (Bourgeois 

et al., 2017). Benthic metabolism (BR, GBP, NBM) in the Beaufort Sea coastal lagoons 

changed seasonally in response to physical factors such as temperature, light availability, 
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and salinity. However, BR, as well as net N2 production (denitrification), were also 

influenced by biogeochemical factors like SOC and bottom water DIN, respectively. 

During Ice Cover, the sediments were net heterotrophic, facilitating sediment nutrient 

release from remineralization as well as anaerobic processes like denitrification. In 

contrast during Break Up and Open Water, high rates of benthic primary production 

resulted in significant carbon fixation as well as sediment nutrient demand and drawdown. 

On an annual scale, coastal sediments along the Beaufort Sea were a net sink of C and 

N from the environment. Here, we will discuss the seasonal dynamics and environmental 

constraints on nearshore benthic metabolism and nutrient cycling in coastal Arctic 

lagoons. 

 

4.5.1 Seasonal patterns of benthic metabolism 

Benthic respiration increased seasonally, more than doubling from Ice Cover to 

Break Up and increasing again to Open Water. The rates observed in this study (range: 

3.3 – 8.5 mmol C m-2 d-1) fell within the range previously observed in the Arctic Ocean 

basin (0 – 52.6 mmol C m-2 d-1; Bourgeois et al., 2017) and were very similar to rates 

observed in the Beaufort Sea (1.3 – 8.0 mmol C m-2 d-1, Renaud, Morata, et al., 2007; 

1.26 – 14.36 mmol C m-2 d-1, Renaud, Riedel, et al., 2007; 0.36 – 8.17 mmol C m-2 d-1 

Link et al., 2013; 0.97 – 3.7 mmol C m-2 d-1, Link et al., 2011). In general, studies of benthic 

respiration in Arctic sediments suggest that SOC remineralization is primarily influenced 

by organic matter supply in the form of fresh and labile particulate organic carbon (POC) 

deposition (Bourgeois et al., 2017; Hoffmann et al., 2018; Kiesel et al., 2020; Kotwicki et 

al., 2018) rather than temperature. However, the stepwise regression in this study 
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identified SOC (47%) as a secondary driver to temperature (53%) of BR in Beaufort Sea 

coastal lagoons.  

Although multi-season studies in the Arctic are uncommon, especially those 

outside of the summer Open Water period, a synthesis by Bourgeois et al. (2017) reported 

that sediment DO demand in the Beaufort Sea exhibited the lowest values in winter and 

increased through the spring until peaking in summer. This trend is also confirmed by 

multi-season studies that reported an increase in sediment DO demand from winter to 

spring caused by increased macroinfaunal activity in response to temperature (Kotwicki 

et al., 2018; Renaud, Riedel, et al., 2007) and from spring to summer in response to 

increasing sediment chl-a concentrations (Link et al., 2011, 2013). Therefore, in these 

lagoons, while baseline sediment microbial respiration rates (DOU) may be driven by 

SOC (Chapter 3), temperature, and by proxy microbial as well as infaunal activity, played 

a crucial role in enhancing benthic community respiration during the Break Up and Open 

Water periods.  

Seasonally, as light became available, the lagoons shifted from net heterotrophy 

during Ice Cover to net autotrophy during Break Up and Open Water. BMA can contribute 

significantly to benthic primary production under polar conditions, serving as a crucial 

food source for both heterotrophs and higher trophic consumers in high-latitude regions 

(Attard et al., 2024; Bridier et al., 2021; Woelfel et al., 2010). In shallow coastal areas 

where light reaches the sediment surface, benthic primary production from BMA can 

exceed that of the water column by up to a factor of 1.5 for water depths down to 30 

meters (Glud et al., 2009). The GBP rates observed in this study (13.0 - 31.2 mmol C m-

2 d-1) were comparable to those found previously in coastal Arctic sediments (1.4 - 46.2 
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mmol C m-2 d-1, Woelfel et al., 2010; 16.4 mmol C m-2 d-1, Ask et al., 2016; 28.3 - 35 C m-

2 d-1, Glud et al., 2000).  

The stepwise regression identified PAR (70%) and sediment chlorophyll-a (30%) 

as the primary drivers of GBP. The northern distribution limit of benthic algae in the Arctic 

is 80oN, where the annual solar radiation is 30–50% lower than in temperate or tropical 

regions (Karsten et al., 2012). Although Arctic regions receive less light overall, the 

primary producers they host are remarkably adapted to low-light conditions (Glud et al., 

2009; Karsten et al., 2006). The minimum light requirement for BMA is not well defined, 

but communities of benthic diatoms have been observed at depths down to 200 meters 

with maximum light availability < 0.2 μmol photons m-2 s-1 (McGee et al., 2008). In fact, 

polar BMA production has been recorded with light ranges down to 0.5 and 2.5 μmol 

photons m-2 s-1 (Glud et al., 2009; Karsten et al., 2006; Woelfel et al., 2014). However, it 

is important to note that the lagoons are also covered in sea ice for 8 months of the year, 

with ice onset occurring in late September and break up occurring in late May (Mahoney 

et al., 2014). Due to the presence of thick and sediment-laden sea ice, light levels at 

Simpson Lagoon are essentially undetectable from December to April, and increase to 

detectable levels (1.16 - 4.63 μmol photons m-2 s-1) during the Break Up and Open Water 

periods (Bonsell & Dunton, 2018). Even then, during the Open Water period, light 

transmittance also decreases due to the formation of pelagic phytoplankton blooms, 

turbid river discharge, and wind-driven sediment resuspension (Aumack et al., 2007; 

Bonsell & Dunton, 2021; Hanelt et al., 2001) which was reflected in our study with higher 

rates of GBP during Break Up compared to Open Water. 
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Although benthic primary production clearly occurred during both the Break Up and 

Open Water periods, the higher BR and lower GBP during Open Water resulted in a lower 

NBM during Open Water compared to Break Up. The stepwise regression identified a one 

parameter model with salinity expressing a positive relationship to NBM. Salinity was 

likely a significant factor because it is very distinct during each season, going from 

hypersaline (37.6 ± 0.8) during Ice Cover to fresher (10.3 ± 3.7) during Break Up and 

estuarine (24.7 ± 0.8) during Open Water (Table 4.5). Previous studies in the coastal 

Arctic have observed this seasonal shift from net heterotrophy to net autotrophy from Ice 

Cover to the Open Water period. Ice Cover has been characterized by under-ice nutrient 

accumulation (Connolly et al., 2021; Cota et al., 1996; Macdonald & Yu, 2006), a decrease 

in POC and DOC quantity and quality (Connolly et al., 2021; Riedel et al., 2008), as well 

as decreased DO and pH (Miller et al., 2021), all reflecting a respiration-dominant system. 

In contrast, during the spring and summer, inorganic nutrients tend to be very low (Carey 

et al., 2020; Holmes et al., 2012; McClelland et al., 2012) and lagoon microbial 

communities shift toward primary producers in response to increasing availability of light 

for photosynthesis (Kellogg et al., 2019). 

 

4.5.2 Seasonal net denitrification and nitrogen fixation 

Arctic shelf sediments have been identified as substantial contributors to global N 

removal, with denitrification rates influenced by organic carbon burial rates (Canion et al., 

2014; Chang & Devol, 2009; Christensen, 2008; Hardison et al., 2017). The high rates of 

denitrification in coastal marine sediments lead to the conversion of NO3
- and NO2

- to N2 

gas, resulting in the loss of fixed N from the system. This denitrification process is crucial 
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for maintaining N balance in coastal marine environments and has large implications for 

coastal nutrient export. In this study, sediment net N2 flux varied seasonally, shifting from 

net denitrification (N2 removal) during Ice Cover to net N fixation (N2 production) during 

Break Up and Open Water, reflecting seasonal shifts in water column DIN availability and 

benthic DIN demand.  

During Ice Cover, sediments exhibited extremely high rates of denitrification (mean: 

1903 μmol N m-2 d-1), far exceeding associated benthic fluxes of DIN (-106 – 397 μmol N 

m-2 d-1). Previous studies in the coastal Arctic have observed the presence of net N2 

production, although with significant variability in magnitude. On the lower end, rates <500 

μmol N m-2 d-1 were observed in the fjords and shelves of Greenland (34 – 344 µmol N 

m−2 d−1, Rysgaard et al., 2004; 110 - 480 μmol N m-2 d-1, Glud et al., 2000; 168 μmol N 

m-2 d-1, Sørensen et al., 2015), Norway (160 – 630 μmol N m-2 d-1, Glud et al., 1998; 11 - 

35 μmol N m-2 d-1, Gazeau et al., 2014), and both the Beaufort (32 - 200 μmol N m-2 d-1, 

Devol et al., 1997) and Chukchi Seas (-27 - 286 μmol N m-2 d-1, Souza et al., 2014; 152-

453 μmol N m-2 d-1, Gihring et al., 2010; 108 - 490 μmol N m-2 d-1, McTigue et al., 2016). 

However, in these same regions, patches of sediments could also exhibit rates of net 

denitrification that are double or even an order of magnitude higher, exemplifying the 

heterogeneity of sediments and their metabolic processes. These hotspots of net 

denitrification have been observed across the Arctic including the Chukchi (576 - 1320 

μmol N m-2 d-1, Hardison et al., 2017; 1600 μmol N m−2 d−1, Chang & Devol, 2009) and 

Beaufort Seas (293 - 2534 μmol N m-2 d-1, Christensen, 2008)). 

Arctic sediments have been identified as active sites of denitrification, with 

microbial communities playing a crucial role in mediating this process. Denitrifying 
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bacteria in permanently cold Arctic fjord sediments have been found to be psychrophilic, 

exemplifying microbial adaptations to the extreme Arctic conditions (Canion et al., 2014). 

As denitrification is an anaerobic process that requires the presence of NO3
- as an 

electron acceptor, the availability of oxygen, SOC and NO3
- concentrations in sediments 

are critical factors driving N2 production (Damashek & Francis, 2018). In addition to SOC 

content and water column DIN, variability of denitrification rates in the Arctic suggests that 

the source of OC can be a critical factor (Payne & Arrigo, 2022), as well as interactions 

with other redox processes such as sulfate reduction and the subsequent inhibition of 

denitrification by sulfide accumulation (Damashek & Francis, 2018).  

The results of the stepwise regression for net N2 flux selected a one-parameter 

model driven solely by bottom water DIN concentration, which provides support for the 

importance of electron acceptors (NO3
-) in Arctic sediments. In this study, rates of net 

denitrification may have been particularly high due to the ideal, conducive condition during 

Ice Cover. Due to the heterotrophic and enclosed nature (both to the atmosphere and the 

Beaufort Sea) of the lagoons during ice cover, water column oxygen can easily become 

suboxic, facilitating anaerobic respiration in the sediments (Miller et al., 2021; 

Spangenberg et al., 2021). Furthermore, with the presence of sea ice up to 1.5 m thick 

(Pedrazas et al., 2020) which significantly reduces light to the benthos (Bonsell & Dunton, 

2018), there is a lack of competition for sediment porewater and accumulated water 

column DIN by photosynthetic primary producers (Risgaard-Petersen et al., 2004). A 

combination of high bottom water DIN, a cold-adapted microbial community, and a 

hypoxic sediment-water interface likely resulted in the high rates of N removal from the 

system.  
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As the lagoons shifted from Ice Cover to Break Up and eventually Open Water, we 

observed a significant decrease in net sediment N2 flux, switching from net denitrification 

to net N fixation. This shift likely reflects the depletion of DIN in the water column by the 

spring diatom bloom fueling sediment N demand (Chapter 2). This is reflected in previous 

microbial work in the lagoons that observed a shift in the dominance of inorganic N-using 

chemoautotrophs (nitrifiers) during Ice Cover to organic N-consuming microbes with the 

depletion of DIN when light limitation was released (Baker et al., 2021). Several studies 

have confirmed an inverse relationship between DIN and N fixation rates due to the higher 

energetic cost of fixing N2 than of assimilating NH4
+ or NO3

- (Damashek & Francis, 2018). 

Nitrogen fixation has not been considered a prevalent process in Arctic sediments 

(Hardison et al., 2017; McTigue et al., 2016);, but it has been detected at low levels 

throughout the coast (0.96 – 7.92 μmol N m−2 d−1, Haines et al., 1981), shelf 

(4.89 μmol N m−2 d−1, Knowles & Wishart, 1977), and fjords (0 –

19.92 μmol N m−2 d−1, Gihring et al., 2010). In comparison to N fixation found in these 

regions, our rates were high (184 – 478 μmol N m−2 d−1). Once water column DIN is 

depleted, N fixation occurs to compensate for ecosystem N demand. In fact, although 

sediment N fixation is often disregarded in nutrient budgets, particularly in bare sediments, 

we now know that rates of sediment N fixation can exceed rates of denitrification 

(Fulweiler, 2023) by up to a factor of eight times (Newell et al., 2016) in response to N 

demand. Additionally, the high rates observed in this study may be due to the shallow 

nature (< 5 m) of these lagoons (Chapter 3), which likely amplifies benthic-pelagic 

interactions including nutrient use by both pelagic and benthic primary producers. Thus, 

the seasonal pattern observed in the sediments mirrors water column dynamics and 
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reinforces the concept of strong pelagic-benthic coupling in the Arctic (Bourgeois et al., 

2017; Link et al., 2011, 2013). 

 

4.5.3 Sediment inorganic nutrient supply and demand 

In general, sediment fluxes of inorganic nutrients reflected the seasonal shift from 

net heterotrophy during Ice Cover to net autotrophy during Break Up and Open Water. 

Sediment fluxes of nutrients were variable during Ice Cover, but generally exhibited net 

nutrient release into the water column. During Break Up, the sediment fluxes were more 

balanced (~ net 0 flux) and showed less variability, and then fluxes became more negative 

during Open Water, particularly for NH4
+ and DSi.  

Net sediment fluxes of NH4
+ and DSi were both best explained by a one-parameter 

model with a strong negative relationship to temperature. Temperature was likely the most 

significant factor due to its distinct values for each season, changing from sub-zero (-1.9 

oC) during Ice Cover, to 2.8 oC by Break Up, and to 8 oC during Open Water (Table 4.5). 

Sediments exhibited mean net NH4
+ and DSi production during Ice Cover and net 

consumption during Open Water. This seasonal shift in net NH4
+ and DSi flux reflects the 

patterns of net benthic metabolism observed in this study, with net heterotrophy during 

Ice Cover transitioning to net autotrophy during Break Up and Open Water. During Ice 

Cover, the respiration-dominated system breaks down organic matter releasing inorganic 

nutrients into the overlying water column. The accumulation of inorganic nutrients during 

winter has been previously documented in these enclosed coastal Arctic systems (Cota 

et al., 1996; Macdonald & Yu, 2006). In fact, in Beaufort Sea lagoons, inorganic nutrients 

in the water column are highest during Ice Cover (NH4
+: 2.1 μmol N L-1, NO3

-: 5.2 μmol N 
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L-1, PO4
3-: 2.2 μmol P L-1, DSi: 18.8 μmol SiO2 L-1), and then decrease during Break Up 

and Open Water due to biological uptake and physical dilution from freshwater inputs 

(Chapter 2). 

As BMA proliferated during Break Up and Open Water, the sediments shifted to 

net autotrophy, and high rates of benthic primary production quickly increased sediment 

N demand. BMA play a critical role in sediment nutrient uptake, influencing the movement 

of dissolved nutrients across the sediment-water interface by forming biofilms (Alsterberg 

et al., 2012; Tyler et al., 2003) that retain the nutrients within sediments as well as the 

ecosystem (Dalsgaard, 2003; Tyler et al., 2003). In fact, in shallow systems particularly, 

BMA can dominate sediment uptake of C and N, accounting for 100% of total nutrient 

uptake in certain environments (Hardison et al., 2011). 

 

4.6 Conclusion 

Arctic coastal environments are highly dynamic ecosystems at the intersection of 

cryospheric, terrestrial, and marine systems. Although covered in sea ice for most of the 

year, Arctic coastal lagoons experience intense productivity during ice-free summers. In 

response to these seasonal environmental changes, we observed seasonal shifts in 

benthic metabolism and sediment nutrient demand. We observed benthic net 

heterotrophy, inorganic nutrient production, and net denitrification during Ice Cover. 

During Break Up and Open Water, the sediments became net autotrophic, and sediment 

nutrient demand increased, supported by N fixation and sediment nutrient uptake. When 

scaled to annual rates by multiplying seasonal rates by season duration (Ice Cover: 7.5 

months, Break Up: 1 month, Open Water: 3.5 months), the lagoon sediments were a net 
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sink of N mainly through denitrification and net autotrophic, acting as a carbon sink (Table 

4.7).  

BMA can make a substantial contribution to Arctic marine food webs, serving as a 

vital food source for both benthic and pelagic heterotrophs. These microalgae likely play 

a crucial role in supporting energy flow and trophic interactions in Arctic coastal 

ecosystems (Zacher et al., 2009). In fact, the Arctic ecosystem is particularly sensitive to 

changes in primary production due to its low number of trophic links (Arrigo et al., 2008). 

The loss of summer sea ice in the Arctic Ocean has been associated with an increase in 

annual primary production both in the water column as well as the sediments (Arrigo & 

Van Dijken, 2015; Attard et al., 2024). The lengthening growing season (Bonsell & Dunton, 

2018) and enhanced nutrient fluxes from land (Ardyna & Arrigo, 2020; Le Fouest et al., 

2013; Terhaar et al., 2021) play a crucial role in driving these changes in production.  

Based on the current expansion rates of the Open Water period in the Beaufort 

Sea (~11 days per decade, Frey et al., 2015; Markus et al., 2009; Stroeve et al., 2014), 

in 20 years we can expect the Open Water period to increase by three weeks. This will 

result in a corresponding contraction of the Ice Covered period with no significant changes 

to the duration of Break Up (Bonsell & Dunton, 2021). As the Ice Cover period shrinks, 

winter nutrient accumulation, which fuels the spring bloom, will likely decrease. However, 

lower levels of DIN accumulation may decrease rates of winter denitrification resulting in 

more retention of N within the system. With the expansion of the Open Water period, 

annual BR will likely increase with rising water temperatures that begin earlier and persist 

later. In parallel, as benthic light exposure increases with decreasing sea ice duration, 

GBP is likely to increase as well. With regard to NBM, there are many complex 
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interactions to consider. A longer growth season may support more expansive microalgal 

mats decreasing sediment resuspension and potentially facilitating more benthic primary 

production. However, increasing terrestrial inputs and more frequent resuspension by 

wind and wave activity may reduce primary production and enhance respiration. As these 

lagoons are subject to drastic environmental fluctuations among seasons, it is critical to 

understand the drivers of primary production, nutrient cycling, and benthic-pelagic 

coupling between the sediment and water column during these distinct, sequential, 

seasonal periods. 
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Table 4.1. Average hourly sediment fluxes of O2 (mmol O2 m-2 h-1) and DIC 

(mmol C m-2 h-1) across seasons (Ice Cover, Break Up, Open Water, Annual) 

and water depth (Deep, Shallow, Combined). n = sample size. Superscript 

letters denote significant differences between seasons. Asterisks (*) denote 

values which were set to 0 due to the lack of light incubations during ice cover. 

(---) represents samples not collected due to the presence of landfast ice. 

  
Season 

Dark (mmol O2 m-2 h-1) Light (mmol O2 m-2 h-1) 

Deep Shallow Combined Deep Shallow Combined 

Ice Cover 
-0.19 ± 0.06 

(n=10) 
--- 

-0.19 ± 0.06 
(n=10)a 

0* 
(n=10) 

--- 
0* 

(n=10)a 

Break Up 
-0.46 ± 0.19 

(n=4) 
-0.33 ± 0.08 

(n=8) 
-0.37 ± 0.08 

(n=12)b 

0.66 
(n=1) 

1.50 ± 0.42 
(n=8) 

1.41 ± 0.38 
(n=9)b 

Open Water 
-0.52 ± 0.07 

(n=8) 

-0.45 ± 0.10 
(n=10) 

-0.48 ± 0.06 
(n=18)b 

1.13 ± 0.36  
(n=8) 

0.51 ± 0.17 
(n=10) 

0.79 ± 0.19 
(n=18)a,b 

Annual 
-0.36 ± 0.06 

(n=22) 
-0.39 ± 0.07 

(n=18) 
-0.38 ± 0.04 

(n=40) 
1.07 ± 0.32  

(n=9) 
0.95 ± 0.32 

(n=18) 
0.99 ± 0.19 

(n=27) 
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Table 4.2. Average benthic respiration (BR; mmol C m-2 d-1), gross benthic production (GBP; mmol C m-2 d-1), and net 

benthic metabolism (NBM; mmol C m-2 d-1) across seasons (Ice Cover, Break Up, Open Water, Annual) and water 

depth (Deep, Shallow, Combined). n = sample size. Superscript letters denote significant differences between 

seasons. Asterisks (*) denote values which were set to 0 due to the lack of light incubations during Ice Cover. (---) 

represents samples not collected due to the presence of landfast ice. 

Season 
BR (mmol C m-2 d-1) GBP (mmol C m-2 d-1) NBM (mmol C m-2 d-1) 

Deep Shallow Combined Deep Shallow Combined Deep Shallow Combined 

Ice 
Cover 

3.3 ± 1.1 
(n=10) 

--- 
3.3 ± 1.1a 

(n=10) 

0 ± 0* 

(n=10) 
--- 

0 ± 0*a 

(n=10) 

3.3 ± 1.1 
(n=10) 

--- 
3.3 ± 1.1a 

(n=10) 

Break 
Up 

7.9 ± 3.3 
(n=4) 

5.6 ± 1.3 
(n=8) 

6.4 ± 1.3b 
(n=12) 

-17.9 
(n=1) 

-31.2 ± 7.8 
(n=8) 

-29.7 ± 7.1b 
(n=9) 

-11.2 
(n=1) 

-25.5 ± 7.2 
(n=8) 

-24.0 ± 6.5b 
(n=9) 

Open 
Water 

8.5 ± 1.2 
(n=8) 

7.6 ± 1.7 
(n=10) 

8.2 ± 1.1b 
(n=18) 

-22.3 ± 5.6 
(n=8) 

-13.0 ± 2.3 
(n=10) 

-17.1 ± 2.9c 
(n=18) 

-13.4 ± 4.7 
(n=8) 

-5.4 ± 2.3 
(n=10) 

-8.9 ± 2.6c 

(n=18) 

Annual 
6.2 ± 1.0 
(n=22) 

6.7 ± 1.1 
(n=18) 

6.4 ± 0.7 
(n=40) 

-10.3 ± 3.4 
(n=19) 

-21.0 ± 1.2 
(n=18) 

-15.5 ± 2.8 
(n=37) 

-4.5 ± 2.8 
(n=19) 

-14.3 ± 4.1 
(n=18) 

-9.3 ± 2.6 
(n=37) 
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Table 4.3. Net benthic N2 fluxes (μmol N m-2 d-1) and DIN fluxes (μmol N m-2 d-1) across seasons 

(Ice Cover, Break Up, Open Water, Annual) and water depth (Deep, Shallow, Combined). n = 

sample size. Superscript letters denote significant differences between seasons. (---) represents 

samples not collected due to the presence of landfast ice. 

Season 
N2 Flux (μmol N m-2 d-1) DIN Flux (μmol N m-2 d-1) 

Deep Shallow Combined Deep Shallow Combined 

Ice Cover 
1903 ± 580 

(n=10) 
--- 

1903 ± 580a 

(n=10) 

103 ± 99 
(n=10) 

--- 
103 ± 99 
(n=10) 

Break Up 
-7 

(n=1) 
-184 ± 433 

(n=8) 
-164 ± 382b 

(n=9) 

-6 
(n=1) 

12 ± 30 
(n=8) 

10 ± 27 
(n=9) 

Open Water 
-195 ± 158 

(n=8) 

-478 ± 441 
(n=10) 

-352 ± 251b 
(n=18) 

-67 ± 73 
(n=8) 

-67 ± 33 
(n=10) 

-67 ± 36 
(n=18) 

Annual 
919 ± 390 

(n=19) 
-347 ± 304 

(n=18) 
301 ± 268 

(n=37) 
26 ± 62 
(n=19) 

-32 ± 24 
(n=18) 

-2 ± 34 
(n=37) 
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Table 4.4. Net benthic fluxes of NH4
+ (μmol N m-2 d-1), NO3

-
  (μmol N m-2 d-1), PO4

3- (μmol P m-2 d-1) and DSi 

(μmol SiO2 m-2 d-1) across seasons (Ice Cover, Break Up, Open Water, Annual) and water depth (Deep, 

Shallow, Combined). n = sample size. Superscript letters denote significant differences between seasons. (-

--) represents samples not collected due to the presence of landfast ice. 

Season 
NH4

+ flux (μmol N m-2 d-1) NO3
- flux (μmol N m-2 d-1) PO4

3- flux (μmol P m-2 d-1) DSi flux (μmol SiO2 m-2 d-1) 

Deep Shallow Combined Deep Shallow Combined Deep Shallow Combined Deep Shallow Combined 

Ice 
Cover 

38.5 ± 73.9 
(n=10) 

--- 
38.5 ± 73.9a 

(n=10) 

64.5 ± 65.3 
(n=10) 

--- 
64.5 ± 65.3 

(n=10) 

13.0 ± 56.1 
(n=10) 

--- 
13.0 ± 56.1 

(n=10) 

143.0 ± 94.4 
(n=4) 

--- 
143.0 ± 94.4 

(n=4) 

Break 
Up 

-2.7 
(n=1) 

9.5 ± 29.8 
(n=8) 

8.1 ± 26.4ab 
(n=9) 

-2.5 
(n=1) 

2.4 ± 8.0 
(n=8) 

1.8 ± 7.1 
(n=9) 

-2.5 
(n=1) 

-6.9 ± 4.6 
(n=8) 

-6.4 ± 4.1 
(n=9) 

31.2 
(n=1) 

-16.8 ± 48.1 
(n=3) 

-4.8 ± 36.1 
(n=4) 

Open 
Water 

-103.3 ± 38.4 
(n=8) 

-54.4 ± 25.2 
(n=10) 

-76.1 ± 22.1b 
(n=18) 

36.0 ± 63.7 
(n=8) 

-12.5 ± 31.4 
(n=10) 

9.1 ± 32.7 
(n=18) 

-18.0 ± 42.6 
(n=8) 

26.4 ± 18.7 
(n=10) 

6.7 ± 21.5 
(n=18) 

5.9 ± 49.8 
(n=4) 

-95.7 ± 70.9 
(n=4) 

-44.9 ± 44.5 
(n=8) 

Annual 
-23.4 ± 44.1 

(n=19) 
-26.0 ± 20.2 

(n=18) 
-24.7 ± 24.3 

(n=37) 
48.0 ± 42.5 

(n=19) 
-5.9 ± 17.5 

(n=18) 
22.3 ± 23.6 

(n=37) 
-0.9 ± 33.7 

(n=19) 
11.6 ± 11.1 

(n=18) 
5.2 ± 17.9 

(n=37) 
69.5 ± 49.4 

(n=9) 
-61.9 ± 45.0 

(n=7) 
12.0 ± 37.0 

(n=16) 
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Multiple Regression slope p value lmg VIF 

Intercept -2.77 0.287 NA NA 

SOC 6.40 0.003 0.53 1.076 

Temperature 0.51 0.002 0.47 1.076 

 

BR 
Model 

Factors in Model Model Fit Metrics 
Temp Sal δ13C SOC PW NO3

- PW DSi Sed chl-a DIN PAR RMSE MAE R2 

1 *         8.38 7.32 0.14 
2 *   *      5.94 5.07 0.38 
3 * * *       7.42 6.51 0.06 
4 * *  *    *  6.97 6.06 0.44 
5 * *  *   * *  7.43 6.33 0.47 

  

Table 4.6 The stepwise selection regression model output for Benthic Respiration 

(BR) displaying the model with the lowest prediction error with two parameters 

(temperature, SOC; Model 2). For each model, we calculated RMSE and MAE, which 

measure the prediction error of each model, with lower values indicating a better 

model. Adjusted R2 values represent the correlation between values observed and 

predicted by the model, with higher values indicating a better model. Once selected, 

the final model was assessed for 1) slope: the estimated regression coefficient of the 

linear regression, 2) p-value: the statistical significance of the regression coefficient, 

3) lmg: the relative importance of each parameter in explaining data variability, and 4) 

variance inflation factor (VIF): a measure of collinearity among independent variables, 

where values between 1 and 4 were considered an acceptable level of correlation 

between independent variables. 

Parameter Ice Cover Break Up Open Water 

Temperature (oC) -1.9 ± 0.1 (n=10) 2.8 ± 0.9 (n=12) 8.0 ± 0.3 (n=18) 

Salinity 37.6 ± 0.8 (n=10) 10.3 ± 3.7 (n=12) 24.7 ± 0.8 (n=18) 

PAR (μmol m-2 s-1) --- 93.1 ± 22.9 (n=12) 88.5 ± 15.0 (n=18) 

DIN (μmol N L-1) 9.6 ± 1.7 (n=10) 1.6 ± 0.8 (n=12) 0.9 ± 0.2 (n=18) 

Sed NOx (μmol N L-1) 2.4 ± 0.5 (n=7) 2.01 ± 1.2 (n=10) 1.5 ± 0.9 (n=10) 

Sed DSi (μmol SiO2 L-1) 88.7 ± 8.0 (n=7) 64.2 ± 17.3 (n=10) 165.1 ± 42.4 (n=10) 

SOC (%) 2.0 ± 0.3 (n=9) 2.0 ± 0.7 (n=11) 1.5 ± 0.2 (n=18) 

Sediment 13C (‰) -26.4 ± 0.2 (n=9) -25.1 ± 0.3 (n=11) -25.9 ± 0.2 (n=18) 

Sediment chl-a (mg m-2) 28.7 ± 7.9 (n=10) 78.2 ± 28.5 (n=10) 47.2 ± 14.7 (n=17) 

 

Table 4.5. Seasonal average ± standard error (n=sample number) of environmental 

parameters that were selected as input variables for the stepwise multiple linear 

regression model. n = sample size. 
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Season 
(duration in months) 

BR GBP NBM N2 DIN Net N flux 

(mmol C m-2 d-1) (mmol N m-2 d-1) 

Ice Cover (7.5) 3.3 0 3.3 -1.90 0.10 -1.80 

Break Up (1) 6.4 -29.7 -24.0 0.16 0.01 0.17 

Open Water (3.5) 8.2 -17.1 -9.3 0.35 -0.07 0.29 

Annual Flux 
(mmol C, N m-2 y-1) 

1.9 -2.8 -0.9 -0.39 0.02 -0.37 

 

Table 4.7. Seasonal rates of benthic metabolism (BR, GBP, NBM) and net nitrogen 

fluxes (N2, DIN) were scaled up to annual rates based on the duration of each 

season (Ice Cover, Break Up, and Open Water).    
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4.9 Figures  

 

Figure 4.1. Location of the study sites at the Beaufort Lagoon Ecosystems Long-

Term Ecological Research (BLE-LTER) program. a) Map of Alaska with Beaufort 

Sea Alaskan coast in box. b) Beaufort Sea Coast with BLE-LTER research nodes in 

boxes. c) The westernmost node (BRW) is based out of Utqiaġvik where Elson 

Lagoon is located. The central node (SCC) contains d) Simpson Lagoon and e) 

Stefansson Sound. The eastern node (BTI) is based out of Kaktovik and contains f) 

Kaktovik Lagoon and Jago Lagoon. Each sampled lagoon has two shallow 

(squares) and two deep (circles) stations.  
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Figure 4.2. Conceptual diagram based on Mahoney et al. (2007) showing annual 
cycles of landfast sea ice (background color, freeze-up = dark blue, ice cover = light 
blue, break up = turquoise, open water = grey) and river discharge (solid blue line) 
along the Alaskan Beaufort Sea coast (Mahoney et al. 2007). Diagram has been 
modified to denote periods with 24 hours of light (“midnight sun”) and 24 hours of 
darkness (“polar night”).  
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Figure 4.3. a) Hourly sediment O2 flux (mmol O2 m-2 h-1) and b) hourly sediment DIC 
flux (mmol C m-2 h-1) from dark (grey bars) and light (white bars) incubations across 
seasons (Ice Cover, Break Up, Open Water) and water depth (Deep = filled circles, 
Shallow = empty circles). The lower and upper extent of the boxplot represent the 
25th (Q1) and 75th (Q3) percentiles while the lower and upper extent of the whiskers 
represent 1.5 times the interquartile range (Q3-Q1) below Q1 and above Q3. The 
solid black line within each box represents the median rate. Brackets represent 
significant seasonal differences (p-value: ~<0.10, *<0.05, **<0.01, ***<0.001, 
****<0.0001). c) Scatterplot of sediment O2 flux and DIC flux during light (open circles) 
and dark (filled circles) incubations across Ice Cover (blue), Break Up (green), and 
Open Water (yellow). The dashed red line through the scatterplot represents a 1:1, 
C:O2 ratio (i.e., respiratory quotient, RQ), while the solid black line represents the 
linear regression between O2 and DIC fluxes averaged across the entire year for this 
study (Annual RQ: 0.71). Season-specific linear regression lines are also shown for 
Ice Cover (blue), Break Up (green), and Open Water (yellow), with accompanying 
slopes, R2, and p values.  
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Figure 4.4. Daily rates of a) benthic respiration (BR, mmol C m-2 d-1), b) gross benthic 

production (GBP, mmol C m-2 d-1), and c) net benthic metabolism (NBM; mmol C m-2 d-

1) across seasons (Ice Cover [blue], Break Up [green], Open Water [yellow]) and water 

depth (Deep = filled circles, Shallow = empty circles). The lower and upper extent of 

the boxplot represent the 25th (Q1) and 75th (Q3) percentiles while the lower and upper 

extent of the whiskers represent 1.5 times the interquartile range (Q3-Q1) below Q1 

and above Q3. The solid black line within each box represents the median rate. 

Brackets represent significant seasonal differences (p-value: ~<0.10, *<0.05, **<0.01, 

***<0.001, ****<0.0001). Average rates of BR, GBP, and NBM (mmol C m-2 d-1) by 

season are denoted in parentheses along the x-axis.  
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Figure 4.5. Daily net benthic a) N2 flux (μmol N m-2 d-1) and b) DIN flux (μmol N m-

2 d-1) across seasons (Ice Cover [blue], Break Up [green], Open Water [yellow]) and 

water depth (Deep = filled circles, Shallow = empty circles). The lower and upper 

extent of the boxplot represent the 25th (Q1) and 75th (Q3) percentiles while the 

lower and upper extent of the whiskers represent 1.5 times the interquartile range 

(Q3-Q1) below Q1 and above Q3. The solid black line within each box represents 

the median rate. Brackets represent significant seasonal differences (p-value: 

~<0.10, *<0.05, **<0.01, ***<0.001, ****<0.0001). Average rates of sediment N2 and 

DIN flux by season are denoted in parentheses along the x-axis. Note the difference 

in scale for y-axis in panels a and b. 
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Figure 4.6. Daily benthic fluxes of a) NH4
+ (μmol N m-2 d-1), b) NO3

- (μmol N m-2 d-1), c) PO4
3- (μmol P m-2 d-1), and 

d) DSi (μmol SiO2 m-2 d-1) across seasons (Ice Cover [blue], Break Up [green], Open Water [yellow]) and water 

depth (Deep = filled circles, Shallow = empty circles). The lower and upper extent of the boxplot represent the 25 th 

(Q1) and 75th (Q3) percentiles while the lower and upper extent of the whiskers represent 1.5 times the interquartile 

range (Q3-Q1) below Q1 and above Q3. The solid black line within each box represents the median rate. Brackets 

represent significant seasonal differences (p-value: ~<0.10, *<0.05, **<0.01, ***<0.001, ****<0.0001). Average rates 

of sediment nutrient flux by season are denoted in parentheses along the x-axis. 
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4.10 Appendix C 

Supplementary Table 4.1. Average hourly sediment fluxes of DIC (mmol C m-2 h-1) 

across seasons (Ice Cover, Break Up, Open Water, Annual) and water depth (Deep, 

Shallow, Combined). n = sample size. Superscript letters denote significant 

differences between seasons. Asterisks (*) denote values which were set to 0 due to 

the lack of light incubations during ice cover. (---) represents samples not collected 

due to the presence of landfast ice. 

Season 
Dark (mmol C m-2 h-1) Light (mmol C m-2 h-1) 

Deep Shallow Combined Deep Shallow Combined 

Ice Cover 
-0.05 ± 0.21 

(n=10) 
--- 

-0.05 ± 0.21 
(n=10)a,b 

0* 
(n=10) 

--- 
0* 

(n=10)a 

Break Up 
-0.99 ± 0.54 

(n=4) 
-0.07 ± 0.12 

(n=8) 
-0.38 ± 0.22 

(n=12)a 
-1.00 
(n=1) 

-1.24 ± 0.39 
(n=8) 

-1.22 ± 0.34 
(n=9)b 

Open Water 
0.15 ± 0.21 

(n=8) 
0.63 ± 0.44 

(n=10) 
0.42 ± 0.26 

(n=18)b 
-1.21 ± 0.36 

(n=8) 
-0.52 ± 0.31 

(n=10) 
-0.83 ± 0.24 

(n=18)a,b 

Annual 
-0.15 ± 0.17 

(n=22) 
0.32 ± 0.26 

(n=18) 
0.06 ± 0.15 

(n=40) 
-1.19 ± 0.32 

(n=9) 
-0.84± 0.25 
1.0 (n=18) 

-0.96 ± 0.20 

(n=27) 
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Supplemental Table 4.2. Two-way ANOVA results on the effect of season (Ice 

Cover, Break Up, Open Water) and water depth (Shallow, Deep) on sediment fluxes 

of O2 and DIC in dark and light incubations.  

2-way ANOVA Dark DO Sum of Squares Df Mean Square F P 

season 1.3135 2 0.6568 11.385 0.000112 

water depth 0.1261 1 0.1261 2.185 0.146817 

season:water depth 0.0083 2 0.0042 0.072 0.930671 

Tukey HSD Season p adj     

ice cover-break up 0.01289     

open water-break up 0.46565     

open water-ice cover 0.00009     

 

2-way ANOVA Light DO Sum of Squares Df Mean Square F P 

season 8.384 2 4.192 6.170 0.00585 

water depth 0.541 1 0.541 0.796 0.37950 

season:water depth 1.771 2 0.885 1.303 0.28714 

Tukey HSD Season p adj     

ice cover-break up 0.00412     

open water-break up 0.17630     

open water-ice cover 0.07948     

 

2-way ANOVA Dark DIC Sum of Squares Df Mean Square F P 

season 4.726 2 2.3630 3.517 0.0387 

water depth 2.185 1 2.1847 3.252 0.0785 

season:water depth 1.122 2 0.5612 0.835 0.4408 

Tukey HSD Season p adj     

ice cover-break up 0.49765     

open water-break up 0.03367     

open water-ice cover 0.24217     

      

2-way ANOVA Light DIC Sum of Squares Df Mean Square F P 

season 6.570 2 3.285 3.880 0.0321 

water depth 1.088 1 1.088 1.285 0.2663 

season:water depth 1.055 2 0.527 0.623 0.5435 

Tukey HSD Season p adj     

ice cover-break up 0.02843     

open water-break up 0.56185     

open water-ice cover 0.10347     
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Supplemental Table 4.3. Two-way ANOVA results on the effect of season 

(Ice Cover, Break Up, Open Water) and water depth (Shallow, Deep) on 

benthic respiration (BR), gross benthic production (GBP) and net benthic 

metabolism (NBM). 

2-way ANOVA BR Sum of Squares Df Mean Square F P 

season 381.4 2 190.7 11.976 0.000112 

water depth 36.6 1 36.6 2.185 0.146817 

season:water depth 2.4 2 1.21 0.072 0.930674 

Tukey HSD Season p adj     

ice cover-break up 0.01289     

open water-break up 0.46565     

open water-ice cover 0.00009     

 

2-way ANOVA GBP Sum of Squares Df Mean Square F P 

season 5852 2 2926.1 20.240 9.35E-07 

water depth 106 1 0.732 0732 0.397 

season:water depth 439 2 1.520 1.520 0.231 

Tukey HSD Season p adj     

ice cover-break up 0.0000013     

open water-break up 0.0375421     

open water-ice cover 0.0003485     

 

2-way ANOVA NBM Sum of Squares Df Mean Square F P 

season 4038 2 2019.0 16.573 6.18E-06 

water depth 29 1 29.1 0.239 0.628 

season:water depth 456 2 228.2 1.873 0.167 

Tukey HSD Season p adj     

ice cover-break up 0.0000037     

open water-break up 0.0052331     

open water-ice cover 0.0155014     
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Supplemental Table 4.4. Two-way ANOVA results on the effect of 

season (Ice Cover, Break Up, Open Water) and water depth 

(Shallow, Deep) on net benthic N2 and DIN fluxes.  

2-way ANOVA N2 Sum of Squares Df Mean Square F P 

season 19.81 2 9.904 5.506 0.00783 

water depth 3.78 1 3.778 2.1 0.15526 

season:water depth 2.36 2 1.179 0.656 0.52478 

Tukey HSD Season p adj     

ice cover-break up 0.07845     

open water-break up 0.93702     

open water-ice cover 0.00852     

      

2-way ANOVA DIN Sum of Squares Df Mean Square F P 

season 140626 2 70313 2.029 0.145 

water depth 5285 1 5285 0.152 0.698 

season:water depth 11799 2 5900 0.170 0.844 

Tukey HSD Season p adj     

ice cover-break up 0.8093     

open water-break up 0.5727     

open water-ice cover 0.12498     

      

 

Supplemental Table 4.5. Two-way ANOVA  results on the effect of season (Ice 

Cover, Break Up, Open Water) and water depth (Shallow, Deep) on net benthic 

inorganic nutrient fluxes (NH4
+, NO3

-, PO4
3-, DSi).  

2-way ANOVA NH4
+ Sum of Squares Df Mean Square F P 

season 94682 2 47341 2.693 0.0803 

water depth 2418 1 2418 0.138 0.7128 

season:water depth 10721 2 5361 0.305 0.7389 

Tukey HSD Season p adj     

ice cover-break up 0.96751     

open water-break up 0.27629     

open water-ice cover 0.08259     

 

2-way ANOVA NO3
- Sum of Squares Df Mean Square F P 

season 9499 2 4749 0.259 0.773 

water depth 14851 1 14851 0.81 0.374 

season:water depth 2189 2 1094 0.06 0.942 

      

2-way ANOVA PO4
3- Sum of Squares Df Mean Square F P 

season 1280 2 640 0.06 0.942 

water depth 3217 1 3217 0.3 0.587 

season:water depth 5855 2 2927 0.273 0.762 

      

2-way ANOVA DSi Sum of Squares Df Mean Square F P 

season 41831 2 20915 1.495 0.251 

water depth 34069 1 34069 2.436 0.136 

season:water depth 1908 2 954 0.068 0.934 

Tukey HSD Depth p adj     

shallow – deep 0.15403     
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Supplemental Table 4.6. Matrix of p-values from Pearson’s correlation of all environmental parameters. Colors denote level 

of significance (yellow <0.1, green <.05, red <0.01).  

 wc_chla btm_DO WC_phy pH sal temp_C d13C SOC d15N SON CN PW_NH4 PW_PO4 PW_Dsi PW_Nox PW_DIN sed_chla sed_pheo wc_NH4 wc_PO4 wc_Dsi wc_Nox wc_DIN 

wc_DIN 0.00 0.00 0.84 0.00 0.00 0.00 0.02 0.02 0.49 0.04 0.62 0.81 0.78 0.83 0.03 0.39 0.59 0.37 0.00 0.00 0.00 0.00  

wc_Nox 0.00 0.23 0.55 0.00 0.15 0.00 0.01 0.00 0.01 0.02 0.35 0.32 0.79 0.53 0.00 0.03 0.18 0.57 0.03 0.02 0.00  0.00 

wc_Dsi 0.01 0.00 0.87 0.00 0.00 0.00 0.03 0.55 0.54 0.45 0.98 0.65 0.19 0.94 0.43 0.88 0.41 0.59 0.00 0.02  0.00 0.00 

wc_PO4 0.02 0.59 0.39 0.01 0.06 0.00 0.84 0.39 0.24 0.42 0.30 0.42 0.60 0.59 0.11 0.44 0.85 0.40 0.00  0.02 0.02 0.00 

wc_NH4 0.03 0.00 0.94 0.00 0.01 0.00 0.58 0.55 0.56 0.41 0.57 0.89 0.13 0.69 0.54 0.88 0.92 0.07  0.00 0.00 0.03 0.00 

sed_pheo 0.77 0.98 0.19 0.94 0.12 0.06 0.80 0.00 0.90 0.00 0.54 0.90 1.00 0.20 0.13 0.92 0.00  0.07 0.40 0.59 0.57 0.37 

sed_chla 0.88 0.36 0.82 0.07 0.49 0.84 0.30 0.84 0.00 0.48 0.18 0.90 0.30 1.00 0.15 0.92  0.00 0.92 0.85 0.41 0.18 0.59 

PW_DIN 0.51 0.03 0.34 0.09 0.81 0.10 0.24 0.14 0.07 0.12 0.06 0.00 0.02 0.00 0.72  0.92 0.92 0.88 0.44 0.88 0.03 0.39 

PW_Nox 0.37 0.48 0.45 0.67 0.18 0.19 0.02 0.30 0.10 0.65 0.01 0.42 0.44 0.07  0.72 0.15 0.13 0.54 0.11 0.43 0.00 0.03 

PW_Dsi 0.42 0.02 0.32 0.86 0.13 0.01 0.16 0.38 0.05 0.50 0.42 0.00 0.03  0.07 0.00 1.00 0.20 0.69 0.59 0.94 0.53 0.83 

PW_PO4 0.00 0.19 0.24 0.66 0.19 0.47 0.16 0.13 0.69 0.18 0.83 0.01  0.03 0.44 0.02 0.30 1.00 0.13 0.60 0.19 0.79 0.78 

PW_NH4 0.44 0.08 0.57 0.14 0.71 0.15 0.08 0.43 0.21 0.31 0.03  0.01 0.00 0.42 0.00 0.90 0.90 0.89 0.42 0.65 0.32 0.81 

CN 0.97 0.59 0.34 0.64 0.57 0.16 0.18 0.01 0.67 0.27  0.03 0.83 0.42 0.01 0.06 0.18 0.54 0.57 0.30 0.98 0.35 0.62 

SON 0.33 0.63 0.42 0.94 0.36 0.01 0.27 0.00 0.00  0.27 0.31 0.18 0.50 0.65 0.12 0.48 0.00 0.41 0.42 0.45 0.02 0.04 

d15N 0.36 0.27 0.02 0.26 0.53 0.24 0.11 0.00  0.00 0.67 0.21 0.69 0.05 0.10 0.07 0.00 0.90 0.56 0.24 0.54 0.01 0.49 

SOC 0.30 0.51 0.80 0.86 0.39 0.04 0.19  0.00 0.00 0.01 0.43 0.13 0.38 0.30 0.14 0.84 0.00 0.55 0.39 0.55 0.00 0.02 

d13C 0.27 0.00 0.90 0.07 0.00 0.48  0.19 0.11 0.27 0.18 0.08 0.16 0.16 0.02 0.24 0.30 0.80 0.58 0.84 0.03 0.01 0.02 

temp_C 0.00 0.97 0.86 0.00 0.18  0.48 0.04 0.24 0.01 0.16 0.15 0.47 0.01 0.19 0.10 0.84 0.06 0.00 0.00 0.00 0.00 0.00 

sal 0.92 0.00 0.86 0.00  0.18 0.00 0.39 0.53 0.36 0.57 0.71 0.19 0.13 0.18 0.81 0.49 0.12 0.01 0.06 0.00 0.15 0.00 

pH 0.16 0.00 0.66  0.00 0.00 0.07 0.86 0.26 0.94 0.64 0.14 0.66 0.86 0.67 0.09 0.07 0.94 0.00 0.01 0.00 0.00 0.00 

WC_phy 0.00 0.68  0.66 0.86 0.86 0.90 0.80 0.02 0.42 0.34 0.57 0.24 0.32 0.45 0.34 0.82 0.19 0.94 0.39 0.87 0.55 0.84 

btm_DO 0.19  0.68 0.00 0.00 0.97 0.00 0.51 0.27 0.63 0.59 0.08 0.19 0.02 0.48 0.03 0.36 0.98 0.00 0.59 0.00 0.23 0.00 

wc_chla  0.19 0.00 0.16 0.92 0.00 0.27 0.30 0.36 0.33 0.97 0.44 0.00 0.42 0.37 0.51 0.88 0.77 0.03 0.02 0.01 0.00 0.00 
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GBP - Multiple Regression slope p value lmg VIF 

Intercept 15.62 0.039 NA NA 

Sed Chla -4.95 0.025 0.25 1.078 

PAR -2.16 1.00e-05 0.75 1.078 

 

GBP 
Model 

Factors in Model Model Fit Metrics 

Temp Sal δ13C SOC PW NO3
- PW DSi Sed chl-a DIN PAR RMSE MAE R2 

1         * 17.35 14.05 0.41 

2       *  * 17.32 14.06 0.47 

3  *     *  * 18.23 14.55 0.51 

4  *     * * * 22.38 19.25 0.60 

5  *    * * * * 22.23 18.69 0.59 

  

Supplemental Table 4.7. The stepwise selection regression model output for gross 

benthic production (GBP) displaying the model with the lowest prediction error with 2 

parameters (Model 2; PAR, sediment chlorophyll-a). For each model, we calculated 

RMSE and MAE, which measure the prediction error of each model, with lower values 

indicating a better model. Adjusted R2 values represent the correlation between values 

observed and predicted by the model, with higher values indicating a better model. Once 

selected, the final model was assessed for 1) slope: the estimated regression coefficient 

of the linear regression, 2) p-value: the statistical significance of the regression 

coefficient, 3) lmg: the relative importance of each parameter in explaining data variability, 

and 4) variance inflation factor (VIF): a measure of collinearity among independent 

variables, where values between 1 and 4 were considered an acceptable level of 

correlation between independent variables. 

 

NBM - Multiple Regression slope p value lmg VIF 

Intercept -27.34 3.87e-07 NA NA 

Salinity 0.77 4.65e-05 NA NA 

 

NBM 
Model 

Factors in Model Model Fit Metrics 

Temp Sal δ13C SOC PW NO3
- PW DSi Sed chl-a DIN PAR RMSE MAE R2 

1  *        22.09 18.54 0.34 

2  *       * 23.41 19.02 0.42 

3  *     *  * 26.34 22.52 0.49 

4  *     * * * 27.06 23.18 0.53 

5  *    * * * * 28.70 24.55 0.55 

  

Supplemental Table 4.8. The stepwise selection regression model output for net 

benthic metabolism (NBM) displaying the model with the lowest prediction error with 

one parameter (Model 1; salinity).  
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N2 - Linear Regression slope p value lmg VIF 

Intercept 0.23 0.28 NA NA 

DIN 0.63 1.49e-05 NA NA 

 

N2 

Model 
Factors in Model Model Fit Metrics 

Temp Sal δ13C SOC PW NO3
- PW DSi Sed chl-a DIN PAR RMSE MAE R2 

1        *  1.22 1.05 0.31 

2     *   *  1.60 1.36 0.32 

3   *  *   *  1.64 1.37 0.35 

4 * * * *      1.58 1.38 0.24 

5 *  *  *  * *  1.90 1.63 0.38 

  

Supplemental Table 4.9. The stepwise selection regression model output for net 

sediment N2 flux displaying the model with the lowest prediction error with one 

parameter (Model 1; water column DIN concentration). 

NH4
+ - Linear Regression slope p value lmg VIF 

Intercept 23.16 0.48 NA NA 

Temperature -11.19 0.04 NA NA 

 

NH4
+ 

Model 
Factors in Model Model Fit Metrics 

Temp Sal δ13C SOC PW NO3
- PW DSi Sed chl-a DIN PAR RMSE MAE R2 

1 *         147.28 129.47 0.16 

2 *      *   169.51 147.50 0.17 

3 *     *  *  173.00 155.49 0.16 

4 * * * *      168.62 148.11 0.04 

5 * * * * *     190.92 163.67 0.00 

  

Supplemental Table 4.10. The stepwise selection regression model output for net 

sediment NH4
+ flux displaying the model with the lowest prediction error with one 

parameter (Model 1; temperature). 

NO3
- - Linear Regression slope p value lmg VIF 

Intercept -254.06 0.71 NA NA 

Temperature -4.16 0.50 0.44 1.16 

Salinity 1.10 0.66 0.33 1.38 

Sediment δ13C -10.60 0.70 0.23 1.25 

 

NO3
- 

Model 
Factors in Model Model Fit Metrics 

Temp Sal δ13C SOC PW NO3
- PW DSi Sed chl-a DIN PAR RMSE MAE R2 

1      *    182.56 156.78 0.03 

2   *  *     179.20 154.50 0.05 

3 * * *       154.36 135.69 -0.04 

4 *  * * *     169.29 150.00 0.07 

5 *  * * *     182.08 158.78 0.03 

  

Supplemental Table 4.11. The stepwise selection regression model output for net 

sediment NO3
- flux displaying the model with the lowest prediction error with three 

parameters (temperature, salinity, and δ13C-SOC). The parameters of the final 

model were not significant.  
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DSi - Linear Regression slope p value lmg VIF 

Intercept 91.43 0.52 NA NA 

Temperature -21.14 0.02 NA NA 

 

DSi 
Model 

Factor in Model Model Fit Metrics 

Temp Sal δ13C SOC PW NO3
- PW DSi Sed chl-a DIN PAR RMSE MAE R2 

1 *         39.86 39.86 0.71 

2 *     *    42.15 42.15 0.90 

3 *   * *     195.33 195.33 0.94 

4 *   * * *    331.93 331.93 0.94 

5 * *   * * *   194.00 194.00 0.99 

  

Supplemental Table 4.13. The stepwise selection regression model output for net 

sediment DSi flux displaying the model with the lowest prediction error with one 

parameter (temperature). 

PO4 - Linear Regression slope p value lmg VIF 

Intercept -96.91 0.16 NA NA 

Sediment chl-a 0.12 0.20 NA NA 

 

PO4
3- 

Model 
Factors in Model Model Fit Metrics 

Temp Sal δ13C SOC PW NO3
- PW DSi Sed chl-a DIN PAR RMSE MAE R2 

1       *   120.41 101.94 0.02 

2    *   *   135.64 113.34 0.03 

3    * *  *   122.72 102.18 0.01 

4 *   * *  *   134.53 117.33 -0.01 

5  *  * *  *  * 163.34 144.84 -0.05 

  

Supplemental Table 4.12. The stepwise selection regression model output for net 

sediment PO4
3-- flux displaying the model with the lowest prediction error with one 

parameter (sediment chlorophyll-a). The final model was not significant.  

Season 
Dark 

(RQ - C:O2) 
Light 

(PQ - O2:C) 
Combined 
(RQ - C:O2) 

Ice Cover 0.53 NA 0.53 
Break up 1.35  -1.43* -0.5** 
Open Water 0.22 -1.11*** -0.89*** 

Annual 0.23 -1.27*** -0.71*** 
 

Supplemental Table 4.14. Respiratory quotient (RQ, C:O2) and photosynthetic 
quotient (PQ, O2:C) calculated from linear regressions (R2) of DO and DIC fluxes 
during dark and light incubations, respectively. Asterisks denote the levels of 
significance of the linear regression (p-value: ~<0.10, *<0.05, **<0.01, ***<0.001, 
****<0.0001). RQ and PQ values were calculated for each season and annually. 
Due to the lack of significance of dark RQ values, RQ values were also calculated 
using both dark and light incubations.   
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Supplementary Figure 4.1. Hourly net benthic a) N2 flux (μmol N m-2 h-1) and b) 

DIN flux (μmol N m-2 h-1) across seasons. Fluxes are separated between dark (gray 

boxplot) and light (white boxplot) incubations with water depth denoted by filled 

circles (Deep) or empty circles (Shallow). The lower and upper extent of the boxplot 

represent the 25th (Q1) and 75th (Q3) percentiles while the lower and upper extent 

of the whiskers represent 1.5 times the interquartile range (Q3-Q1) below Q1 and 

above Q3. The solid black line within each box represents the median rate. Note 

the difference in scale for y-axis in panels a and b. 
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Chapter 5: Conclusion 

5.1 Changing Arctic coastlines 

Approximately half of Alaska’s Beaufort Sea coast is fringed by barrier island 

chains that enclose shallow lagoons. These lagoons are subject to extreme seasonal 

variations in ice cover, temperature, and salinity, yet are home to a diverse and productive 

food web. Situated at the interface between the Arctic tundra and Beaufort Sea, these 

shallow systems receive and process resources from both land and sea as well as internal 

loading from the sediments. As the Arctic rapidly warms, these coastal lagoons will 

experience significant ecosystem state changes in the coming decades from both the 

land and sea. Warming is decreasing sea-ice extent during the summer across the Arctic, 

expanding the duration of the Open Water period. Changes in the timing and the 

magnitude of freshwater and marine inputs are likely to impact both hydrologic and 

biological processes in these lagoons. Studies across the Arctic have observed increases 

in nutrient delivery, temperature, and dissolved inorganic carbon, all linked to enhanced 

phytoplankton production. Specifically on the North coast of Alaska, studies indicate 

increasing inputs from land are providing more resources to support lagoon food webs 

and coastal primary productivity. 

Although foundational knowledge of coastal Arctic systems has gradually 

developed over the past few decades, process studies that quantify nutrient 

transformations, ecosystem metabolism, and exchanges across the sediment-water 

interface in the shallow nearshore are sorely needed to develop a complete 

understanding of complex biogeochemical cycling within these lagoons. Understanding 

seasonal patterns and biological mechanisms driving coastal Arctic ecosystem 
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metabolism and nutrient cycling is urgently needed to form a baseline for predictions 

about the changing Arctic system.  

5.2 Summary of Results 

In Chapter 2, we observed that inorganic nutrient concentrations in coastal Arctic 

lagoons change seasonally in response to both biotic and abiotic influences. Nutrients 

accumulated during Ice Cover likely due to net heterotrophic conditions and potentially 

brine exclusion during sea ice formation. Notably, the concentrations of DIN were lower 

than expected compared to PO4
3- and DSi, suggesting high rates of N cycling and removal. 

During Break Up, waters within the lagoons were quickly replaced by freshwater river 

discharge and sea ice melt with low inorganic nutrients. Regardless, uptake of inorganic 

nutrients was highest during Break Up signaling a transition into net ecosystem 

autotrophy. During the Open Water period, nutrients became depleted and nominal 

deviation from the conservative mixing line suggested high rates of turnover and microbial 

recycling.  

In Chapter 3, we found that coastal sediment characteristics were likely associated 

with lagoon geomorphology, terrestrial organic matter source, and internal lagoon 

processing. SOC content was consistent with values observed along Arctic shelf 

sediments but exhibited spatial variability between nodes with lower values at SCC 

compared to BRW and BTI likely due to higher connectivity with the Beaufort Sea and 

larger riverine discharge. Within the lagoons, deeper regions were zones of deposition 

and reflected higher SOC content and finer grain sizes. Lagoon sediments had a clear, 

defined terrestrial signal with C:N ratios falling between coastal permafrost and riverine 

POC. The influence of riverine POC was reflected in SOC-δ13C which was more depleted 
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at SCC which is characterized by higher riverine POC inputs. Notably, this spatial pattern 

was not reflected in C:N ratios which demonstrated decreasing values moving eastward. 

However, diagenetic signals of δ13C and C:N ratios can decouple over shorter time scales, 

suggesting δ13C may better reflect source while C:N ratio reflects coastal processing. 

Sediment microbial respiration (DOU) was primarily driven by SOC content, then 

temperature, with higher rates observed at deeper stations during the Open Water period. 

On an annual scale, Elson Lagoon sediments respired approximately 1.7 Gg C y-1 

representing roughly one third of carbon inputs into the lagoon from coastal erosion.  

In Chapter 4 environmental drivers of benthic metabolism gleaned from Chapters 

2 and 3 were confirmed with batch sediment incubations. Benthic metabolism (BR, GBP, 

NBM) in the Beaufort Sea coastal lagoons changed seasonally in response to physical 

factors such as temperature, light availability, and salinity. During Ice Cover, the 

sediments were net heterotrophic and released nutrients into the overlying water column, 

but high DIN concentrations also facilitated denitrification resulting in net N loss. During 

Break Up and Open Water, high rates of benthic primary production by microalgae made 

sediments net autotrophic, and this increase in nutrient demand was reflected in 

increased benthic nutrient uptake and a switch to benthic N fixation. On an annual scale, 

the lagoon sediments functioned as a sink of both carbon (-1.9 mmol C m-2 y-1) and 

nitrogen (-3.7 mmol C m-2 y-1), highlighting their role in processing organic matter and 

nutrients along the land to sea continuum.  

5.3 Future Implications 

Based on the current expansion rates of the Open Water period in the Beaufort 

Sea (~11 days per decade), in 20 years we can expect the Open Water period to increase 
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by almost three weeks. This will result in a corresponding contraction of the Ice Cover 

period with no significant changes to the duration of Break Up. Decreasing ice cover 

duration will likely diminish the amount of inorganic nutrient accumulation in the water 

column during the winter. In turn, it is possible that reduced accumulation of inorganic 

nutrients will result in decreased pelagic primary production during Break Up. However, 

a shorter Ice Cover period could also result in less benthic denitrification and more 

accumulation of nutrients in the water column. With the expansion of the Open Water 

period, primary production is likely to increase with the reduction of light limitation. 

However, lagoon sediments may not persist as coastal carbon sinks into the future due 

to increasing organic matter loading and enhanced respiration. With benthic respiration 

limited by SOC, increasing rates of permafrost erosion and riverine POC exports will likely 

increase carbon release from lagoon sediments. In addition, increasing storm frequency 

and duration during the Open Water period will promote more sediment resuspension, 

amplifying organic matter remineralization. However, it is also possible that as the growing 

season expands, BMA may be able to develop extensive algal mats, suppressing 

sediment resuspension and enhancing ecosystem primary productivity. As long-term 

changes accelerate, it is critical to understand these biogeochemical processes and the 

linkages between these distinct, sequential, seasonal periods to provide a more accurate 

and wholistic representation of annual coastal Arctic ecosystem dynamics.   
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