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2  As  water  flows  from  the  North P acific  Ocean to t  he  Arctic  Ocean,  it  passes  through t he  shallow  

3  eastern s helf  of  the  Bering S ea  which s erves  as  a  major  sink  of  inorganic  nitrogen.  This  study  

4 explores the physical and biological factors that influence the spatiotemporal variability of this 

5 sink. A regional relationship of dissolved inorganic nitrogen to inorganic phosphorus (DIN:P) 

6 was established for waters entering the shelf. Residuals from this relationship (termed N**) are a 

7 measure of the nitrogen deficit and were determined for bottom waters on the shelf using nutrient 

8 data collected on 52 hydrographic cruises spanning 2003 – 2018. Spatial variability in N** was 

9 related to advection, cross-shelf and vertical mixing, and residence time (using simulated ages of 

10 bottom water over the middle shelf). On average, this deficit accounted for approximately one-

11 third of the inorganic nitrogen that enters the shelf, and the highest deficits (> 8 µM DIN) were 

12 observed on the middle shelf between 60°N and St. Lawrence Island (62°N). Temporal 

13 variability in N** was examined over the middle shelf, and higher nitrogen deficits that occurred 

14 in colder years were hypothesized to result from weaker flow and increased export of organic 

15 matter in the presence of sea ice. On the southern middle shelf, the volume integrated (40 m to 

16 bottom) seasonal change in N** was equivalent to a denitrification rate of 0.7 ± 0.3 mmol N m-2 

d-1 17 . Rates of nitrogen loss were also estimated by combining N** with the simulated residence 

18 time of water on the shelf and found to be 0.20 ± 0.02 mmol N m-2 d-1 . These rates were 

19 comparable to prior measurements of denitrification/anammox reported on the shelf. The 

20 nitrogen deficit could not be wholly ascribed to denitrification/anammox as the N:P 

21 stoichiometric ratio in particulate matter is known to be lower at higher latitudes, and a lower 

22 ratio was observed when dissolved organic matter was measured in a small number of samples. It 

23 remains unclear how future reductions in sea ice might impact the extent of nitrogen loss in the 

24 Bering Sea. 
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27 1. Introduction 

28 Primary producers (phytoplankton and algae) serve as the energy source for the marine 

29 environment through the conversion of nutrients and sunlight into a food base that ultimately 

30 sustains all marine life. In many marine environments, phytoplankton production is limited by 

31 nitrogen which is cycled in various forms (e.g., nitrogen gas [N2], other forms of inorganic 

32 nitrogen, dissolved organic nitrogen) through the atmosphere, ocean, and sediments (Voss et al., 

33 2013; Pajares and Ramos, 2019). Nitrogen fixation (conversion of N2 into ammonia) and 

34 atmospheric deposition (Pearl et al., 2002; Kim et al., 2014) are the major sources of fixed 

35 nitrogen while production of N2 through denitrification and anaerobic ammonium oxidation 

36 (anammox) are the primary sinks (Gruber and Galloway, 2008; Pajares and Ramos 2019). In the 

37 Bering Sea, the loss of inorganic nitrogen as N2 is excessive and greatly alters the nutrient 

38 signature of water that flows from the North Pacific to the Arctic Ocean (Yamamoto-Kawai et 

39 al., 2006). Horak et al. (2013) found that 6.5 – 7.5 Tg yr-1 of fixed nitrogen is lost as N2 through 

40 sedimentary processes (denitrification and/or anammox), an amount equivalent to ~16% of total 

41 nitrogen uptake by phytoplankton in the region. The majority of nitrogen loss (75 – 80%) occurs 

42 on the expansive eastern shelf of the Bering Sea rather than in the deep basin. These results were 

43 based upon direct measurements of the sedimentary N2 flux and represented a 50% increase from 

44 prior estimates that were primarily based upon the sediment flux of dissolved inorganic nitrogen 

45 (DIN; nitrate + nitrite + ammonium) (Horak et al., 2013). The number of flux measurements, 

46 however, are too few to examine the spatiotemporal variability of nitrogen loss over the shelf. 

47 The extent of fixed-nitrogen loss can be estimated from N*, which is the nitrate residual 

48 of the global nitrate:phosphate relationship, with negative values indicative of nitrogen loss 

49 (Gruber and Sarmiento, 1997; Deutsch et al., 2001; Deutsch and Weber, 2012). Utilizing this or 
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50  analogous  parameters,  large  nitrogen d eficits  have  been o bserved i n b ottom w aters  of  the  shelf  

51  (Tanaka  et  al.,  2004;  Mordy  et  al.,  2012;  Granger  et  al.,  2013;  Horak  et  al.,  2013)  along  with  

52  unexplained s easonal  and  interannual  differences  in th e  nitrogen d eficit  reported b etween 2 009  

53 and 2010 (Horak et al., 2013). 

54 Spatiotemporal variability of N* may result from changes in numerous factors, such as 

55 the DIN:phosphate (hereafter DIN:P) signature in source waters that flow onto the shelf (e.g. 

56 Bering Canyon versus Bering Slope Current) (Ladd, 2014; Stabeno et al., 2016); cross-shelf 

57 exchange between source waters and the shelf (Stabeno and van Meurs, 1999; Mizobata et al., 

58 2006, 2008; Mordy et al., 2008, 2010; Sambrotto et al., 2008; Sullivan et al., 2008; Ladd et al., 

59 2012; Stabeno et al., 2016); unmeasured nitrogen pools (e.g. Dissolved Organic Nitrogen, DON) 

60 that may erroneously be described as “missing nitrogen” and attributed to denitrification / 

61 anammox; bottom temperatures, which thermo-regulate these benthic microbial processes; 

62 residence time on the shelf during which the N* signal may accumulate (Stabeno et al., 2016); 

63 export of organic matter (Moran et al., 2012) and its stoichiometric composition during export 

64 and oxidation (Nedashkovskii et al., 2006; Martiny et al., 2013; Mills et al., 2015); and climate 

65 factors that may be related to production and export, including wind mixing (Mordy et al., 2012; 

66 Eisner et al., 2016; Liu et al., 2016) and ice coverage (Stabeno et al., 2012a; Sigler et al., 2014). 

67 The goal of this paper is to examine the physical and biological processes that influence the 

68 spatial and temporal (seasonal to interannual) variability of the nitrogen deficit on the eastern 

69 Bering Sea (EBS) shelf. 

70 In this paper, nutrient data from 52 hydrographic cruises spanning 2003 – 2018 (Table 1) 

71 were used to explore the spatiotemporal variability of the nitrogen deficit on the EBS shelf. 

72 Analogous to Codispoti et al. (2001) and Mordy et al. (2010), a regional DIN:P relationship was 
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73  established f or  waters  entering  the  shelf,  and  a  mixed m odel  regression w as  used t o d etermine  

74  the  DIN  residual  in b ottom w ater  (termed N ** to   differentiate  from N * t hat  is  based u pon th e  

75  global  nitrate:phosphate  relationship;  Gruber  and  Sarmiento,  1997).  The  distribution o f  N** w as  

76 mapped over the shelf, and spatial variability was related to advection, cross-shelf and vertical 

77 mixing, and residence time (using simulated ages of bottom water over the middle shelf). 

78 Temporal variability was examined over the middle shelf, and higher deficits corresponded to 

79 years with excessive sea ice and were hypothesized to result from changes in circulation and 

80 increased export of organic matter in the presence of sea ice. 

81 2. Background 

82 The EBS consists of a broad (> 500 km wide), shallow (< 180 m) shelf which is 

83 oceanographically partitioned into three domains; the inner (0 – 50 m bottom depth), middle (50 

84 – 100 m) and outer (100 – 200 m) domains (Kinder and Schumacher, 1981a, b; Coachman, 1986; 

85 Kachel et al., 2002) (Fig. 1); and is further partitioned at ~ 60°N into the northern and southern 

86 shelves (Stabeno et al., 2012a). The primary source of water reaching the inner and the southern 

87 middle shelves is a combination of Gulf of Alaska water that enters primarily through Unimak 

88 Pass and slope water (Ladd et al., 2014; Stabeno et al., 2016). The slope water flows onto the 

89 shelf via Bering Canyon and its extension at the head of the canyon (Stabeno et al., 2016). In 

90 summer, northeastward flow through Bering Canyon is relatively weak and flow onto the shelf is 

91 primarily derived from Unimak Pass. In winter there is intensified northeastward flow through 

92 the canyon and flow onto the shelf is a mixture of waters from the Aleutian North Slope Current 

93 and the shallow eastern Aleutian Passes (primarily Unimak Pass; Ladd, 2014). Along the Alaska 

94 Peninsula, injection of nutrients from Bering Canyon supports high levels of new production 

95 (Kachel et al., 2002). The inner shelf from Bristol Bay to Nunivak Island has limited 
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96  replenishment,  and t he  region is   thought  to b e  primarily  a  regenerative  system  (Granger  et  al.,  

97  2013;  Mordy  et  al.,  2017).  The  inner  shelf  is  usually  fully  mixed ( Kachel  et  al.,  2002;  Mordy  et  

98 al., 2017), and northward flow is ~2 cm s-1 along the inner front (~ 50-m isobath) that separates 

99 the inner and middle shelves (Stabeno et al., 2016). In summer, this front largely restricts the 

100 influence of river discharge to the inner shelf. 

101 The middle shelf is typically well-mixed in winter, and during winter, approximately 

102 50% of the water on the southern middle shelf is replenished with slope water (Whitledge et al., 

103 1986; Granger et al., 2013; Stabeno et al., 2016). There is considerable interannual variability in 

104 these estimates. Based upon wintertime salinities at the long-term mooring site M2 (56.9°N, 

Figure 1. Map of the Bering Sea adapted from Stabeno et al. (2016) showing patterns of flow 

and long-term mooring sites (M2, M4, M5, M8). Gray arrows indicate patterns of flow and 

do not signify current speed. Dotted arrows signify intermittent flow. BSC is the Bering Slope 

Current. 
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105  164.1°W),  70 – 1  00%  of  water  at  M2 w as  replenished in 1  999 a nd 2 000,  ~ 2 0%  of  water  was  

106  replenished in 2  010,  and  there  was  zero  replenishment  in 1 997 ( Stabeno  et  al.,  2016).  In s ummer,  

107 well-defined frontal structures (i.e., the inner front and the front between the middle and outer 

108 shelves) limit cross-shelf exchange on the southeastern shelf, except along the Alaska Peninsula. 

109 The middle shelf in summer is defined by a two-layer system with a strong pycnocline 

110 separating a wind-mixed, nutrient-depleted surface layer from a tidally-mixed, nutrient-rich (5 – 

111 10 µM nitrate) bottom layer (Stabeno et al., 2012a; Mordy et al., 2012). Remineralization of 

112 organic material in the bottom layer of the middle shelf results in summertime ammonium 

113 concentrations that are typically 4 – 8 µM (Mordy et al., 2008, 2010; Cheng et al., 2016) with a 

114 mid-depth ammonium tongue that extends over the outer shelf (Saino et al., 1983; Mordy et al., 

115 2008). At the inner front, water can be entrained from the bottom layer of the middle shelf 

116 thereby introducing nutrients into the euphotic zone and supporting new production (Kachel et 

117 al., 2002; Mordy et al., 2017). 

118 Averaged monthly flow on the middle shelf is generally weak (<1 cm s-1), and the transit 

119 time from the M2 mooring to the northern shelf (~60°N) is a year or more (Stabeno et al., 2016). 

120 Hence, middle shelf waters are modified from one or more seasonal cycles of ice formation and 

121 retreat, winter advection (when the frontal structure has broken down) and mixing, and 

122 production and remineralization. 

123 At the boundary between the middle and outer shelves, flow along the 100-m isobath is 

124 northward, but is weaker than the Bering Slope Current (BSC; Johnson et al., 2004; Johnson and 

125 Stabeno, 2017) with a transit time to Bering Strait of ~15 months (Stabeno et al., 2016). A 

126 number of processes foster exchange between the BSC and waters on the outer shelf including 

127 eddies, flow up canyons and interaction with other bathymetric irregularities (Stabeno and van 
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128  Meurs,  1999;  Mizobata  et  al.,  2006,  2008;  Mordy  et  al.,  2008,  2010;  Sambrotto e t  al.,  2008;  

129  Sullivan e t  al.,  2008;  Ladd e t  al.,  2012;  Stabeno  et  al.,  2016).  On th e  northern s helf,  exchange  

130 between the outer and middle shelves occurs near the long-term moorings M5 and M8, and there 

131 is strong cross-shelf flow associated with the Anadyr Current (Fig. 1) (Coachman, 1975; Stabeno 

132 et al., 2016). 

133 3. Methods 

134 3.1 Hydrography 

135 Data from several survey programs were combined to maximize spatial and temporal coverage 

136 of the shelf (Table 1). The National Oceanic and Atmospheric Administration (NOAA) Alaska 

137 Fisheries Science Center (AFSC) has conducted annual surveys in the Bering Sea in late summer 

138 to assess fish populations along a widely spaced (0.5° latitude x 1° longitude) sampling grid that 

139 encompasses the entire eastern shelf, although not all stations are sampled each year. These 

140 surveys include the Bering Arctic Subarctic Integrated Survey (BASIS), the Ecosystem 

141 Monitoring and Assessment (EMA) Program, and the Bureau of Ocean Energy Management 

142 (BOEM) funded Arctic Ecosystem Integrated Survey (EIS). 

143 The NOAA’s Ecosystems and Fisheries-Oceanography Coordinated Investigations 

144 (EcoFOCI; https://www.ecofoci.noaa.gov/) program conducts spring and late summer/early fall 

145 mooring cruises that usually incorporate hydrographic sampling along portions of the 70-m 

146 isobath. EcoFOCI has also completed several expansive hydrographic surveys, often in 

147 collaboration with larger programs (e.g. the Bering Sea Ecosystem Study [BEST]). During these 

148 surveys, most of these hydrographic transects had ~20-km station spacing to resolve physical and 

149 chemical gradients. Some cruises (e.g. AQ1301) only sampled a few stations during the transit 

150 south from Bering Strait. 
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151 During EcoFOCI cruises, conductivity-temperature-depth (CTD) measurements were 

152 made with a Seabird SBE9111 plus system with dual sensors for temperature and conductivity. 

153 (Profiles of oxygen and chlorophyll fluorescence were also collected, but not used in this 

154 analysis.) These sensors were calibrated by the manufacturer prior to the cruise. Data were 

155 recorded during the downcast, with descent rates of 15 m min−1 to a depth of 35 m, and 30 m 

156 min−1 below that. Salinity calibration samples were collected on most casts and analyzed on a 

157 calibrated laboratory salinometer. 

158 Discrete samples for nutrients were collected at 10-m depth intervals from the surface to 

159 ~5 m off the bottom. Samples were collected from Niskin bottles and filtered through 0.45 µm 

160 cellulose acetate filters. Samples were either frozen for later analysis at a shore-based facility 

161 (typical for mooring cruises) or analyzed at sea (typical for major hydrographic surveys). 

162 Dissolved inorganic nutrients (phosphate, silicic acid, nitrate, nitrite and ammonium) were 

163 measured using automated continuous flow analysis with a segmented flow and colorimetric 

164 detection. Standardization and analysis procedures specified by Gordon et al. (1994) were 

165 closely followed including calibration of labware, preparation of primary and secondary 

166 standards, and corrections for blanks and refractive index. Ammonium was measured using an 

1 Reference to trade names does not imply endorsement by NOAA 
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167 

Table 1. Hydrographic cruises and the number of samples south of Bering Strait between 2003 and 2018 that are within 12 m of the 
bottom; include measurements of nitrate, nitrite, ammonium and phosphate; and have phosphate concentrations ≥ 0.5 µM. If 
multiple samples on a cast fit these criteria, only the deepest sample was included (i.e., there is only one sample per cast). 

Year Cruise ID Ship Dates Samples Year Cruise ID Ship Dates Samples 

2003 BASIS - 2003 F/V Sea Storm 08/21 ̶ 10/08 35 2011 DY1101 NOAAs Dyson 05/18 ̶ 05/28 62 

2004 HX288 R/V Alpha Helix 07/27 ̶ 08/17 176 2011 MB1101 F/V Mystery Bay 08/15 ̶ 09/10 9 

2004 BASIS - 2004 F/V Sea Storm 08/16 ̶ 09/28 69 2011 BASIS - 2011 NOAAs Dyson, F/V Bristol Explorer 08/21 ̶ 09/23 110 

2005 BASIS - 2005 F/V Sea Storm 08/16 ̶ 10/05 43 2011 DY1104 NOAAs Dyson 09/22 ̶ 09/27 24 

2005 MF0513 NOAAs Freeman 09/22 ̶ 09/28 61 2012 DY1204 NOAAs Dyson 04/29 ̶ 05/08 21 

2006 TN193 R/V Thompson 04/16 ̶ 05/09 95 2012 AQ1201 F/V Aquilla 08/12 ̶ 09/06 4 

2006 BASIS - 2006 F/V Sea Storm, F/V NW Explorer 08/21 ̶ 09/20 60 2012 BASIS - 2012 NOAAs Dyson, F/V Bristol Explorer 08/19 ̶ 10/10 194 

2006 MF0610B NOAAs Freeman 09/26 ̶ 10/05 76 2013 DY1305 NOAAs Dyson 05/03 ̶ 05/10 52 

2007 HLY0701 USCGC Healy 04/11 ̶ 05/11 195 2013 AQ1301 F/V Aquilla 09/11 ̶ 09/14 3 

2007 BASIS - 2007 F/V Sea Storm, NOAAs Dyson 08/16 ̶ 09/27 36 2013 BASIS - 2013 F/V Bristol Explorer 09/12 ̶ 09/24 34 

2007 TN211 R/V Thompson 09/27 ̶ 10/09 103 2014 DY1405 NOAAs Dyson 05/07 ̶ 05/17 86 

2008 HLY0802 USCGC Healy 04/01 ̶ 05/06 186 2014 DY1408 NOAAs Dyson 08/18 ̶ 08/30 167 

2008 HLY0803 USCGC Healy 07/04 ̶ 07/30 170 2014 AQ1401L3 F/V Aquilla 10/15 ̶ 10/19 4 

2008 8M0823 R/V Melville 08/25 ̶ 09/11 148 2015 DY1504 NOAAs Dyson 04/27 ̶ 05/09 67 

2008 BASIS - 2008 NOAAs Dyson 09/11 ̶ 09/26 30 2015 DY1508 NOAAs Dyson 09/06 ̶ 09/17 42 

2009 HLY0902 USCGC Healy 04/05 ̶ 05/11 188 2015 DY1509 NOAAs Dyson 09/24 ̶ 09/30 70 

2009 6N195J R/V Knorr 06/14 ̶ 07/12 185 2015 AQ1501 F/V Aquilla 09/24 ̶ 09/24 1 

2009 BASIS - 2009 NOAAs Dyson, F/V Epic Explorer 09/01 ̶ 09/22 53 2016 DY1606 NOAAs Dyson 05/05 ̶ 05/14 75 

2009 MF0904L2 NOAAs Freeman 09/25 ̶ 10/09 113 2016 DY1609 NOAAs Dyson 08/23 ̶ 09/18 69 

2010 PS1001 USCGC Polar Sea 03/13 ̶ 04/05 78 2016 CF1601 F/V Cape Flattery 08/28 ̶ 09/12 26 

2010 DY1003 NOAAs Dyson 04/27 ̶ 05/02 18 2016 DY1610 NOAAs Dyson 09/25 ̶ 10/05 68 

2010 TN249 R/V Thompson 05/11 ̶ 06/13 166 2016 AQ1601 F/V Aquilla 09/27 ̶ 09/29 3 

2010 TN250 R/V Thompson 06/17 ̶ 07/13 189 2017 DY1704 NOAAs Dyson 04/27 ̶ 05/05 28 

2010 BASIS - 2010 NOAAs Dyson, F/V Epic Explorer 08/18 ̶ 10/08 132 2017 DY1708 NOAAs Dyson 09/23 ̶ 10/04 49 

2010 W1008B R/V Wecoma 08/24 ̶ 09/09 184 2018 DY1805 NOAAs Dyson 04/30 ̶ 05/10 45 

2010 MF1006 NOAAs Freeman 09/24 ̶ 10/05 28 2018 AQ1801 F/V Aquilla 10/02 ̶ 10/11 23 
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169  indophenol  blue  method  modified f rom  Mantoura  and  Woodward ( 1983).  Standards  were  

170  prepared f or  each c ruise,  and t here  was  frequent  cross-comparison o f  primary  and s econdary  

171 standards. Occasional comparisons were also made with commercial standards provided by 

172 Ocean Scientific International Ltd (OSIL). 

173 During BASIS cruises, CTD measurements were conducted primarily with a Seabird 

174 SBE911plus, but a SBE25 served as a backup and was used on occasion. CTD sensors were 

175 calibrated by the manufacturer prior to the cruise with additional salinity calibration samples 

176 taken daily at one to two sample depths. From 2003 – 2011, discrete nutrient samples were only 

177 collected at three to five depths, and in deeper water, the deepest sample was frequently > 12 m 

178 off the bottom. Samples were stored frozen without filtration. Salinity and nutrient samples were 

179 analyzed at a shore-based facility (University of Washington Marine Chemistry Laboratory). 

180 Nutrient analysis followed colorimetric protocols set forth by Close et al. (1994) and were 

181 comparable to methods used on the EcoFOCI cruise. Replicate frozen samples from the Bering 

182 Sea were analyzed with each method and found to be within 0.5 µM nitrate, 0.04 µM nitrite, and 

183 0.7 µM ammonium (SD, N = 13), and there was no significant difference between filtered and 

184 unfiltered frozen samples (Mordy et al., 2010). Since 2012, BASIS and EcoFOCI cruises have 

185 merged, and samples have been collected and processed according to the EcoFOCI protocols 

186 including sampling depths, sample filtration and analysis. 

187 In the summer of 2017, 71 samples were collected for analysis of total dissolved nitrogen 

188 (TDN) and phosphorus (TDP). Results from this small subsample are presented at the end of the 

189 manuscript to explore the influence of dissolved organic matter on the nitrogen deficit. These 

190 samples were analyzed using the high temperature wet oxidation method of Valderrama (1981) 

191 except for sample dilution. Prior to use, the potassium persulfate oxidant was recrystallized in 
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192  Milli-Q  water  to s ignificantly  reduce  the  nitrogen  background.  Each a nalytical  run i ncluded  a  

193  dilution s eries  of  working  standards  prepared f rom  stock  solutions  of  potassium  nitrate  and  

194 dibasic potassium phosphate, and oxidation efficiency standard solutions using a 15 µM nicotinic 

195 acid standard for nitrogen and 1 µM glycerol-6-phosphate and 1 µM phosphonate for 

196 phosphorus. Oxidized samples were analyzed for nitrate and phosphate content on a Seal 

197 Analytical AA3 system using tubing configurations and flow rates specified by the manufacturer. 

198 Each analytical run also included certified reference standard solutions (OSIL) for nitrate and 

199 phosphate to confirm the accuracy of working standards. Compared to OSIL standards, working 

200 standards yielded recoveries of 98% for nitrate and 102% for phosphate. Oxidation efficiency 

201 standards yielded a recovery of 100% for nicotinic acid and 93-95% for glycerol-6-phosphate 

202 and phosphonate. 

203 3.2 Determination of N** 

204 The primary source of water (and nutrients) to the middle shelf of the Bering Sea is flow through 

205 Unimak Pass and northeastward flow through Bering Canyon (Fig. 1) (Stabeno et al., 2016). To 

206 derive a regional equation of N** for these source waters, a DIN:P relationship was determined 

207 within and just north of Unimak Pass using data from 1111 samples taken at 138 stations that 

208 were sampled between 2003 and 2016 (Figs. 2a, 2b). Stations west of Unimak Pass (Fig. 2a) 

209 were not included in this analysis as some of this water turns north as part of the BSC (Ladd, 

210 2014). In addition, some samples to the west of Unimak Pass had DIN residuals that were not 

211 observed further east, perhaps due to substantial mixing as portions of water flow along or onto 

212 the shelf (Mordy et al., 2005). 

213 The sampling design included multiple measurements per station; therefore, 

214 measurements among stations were not independent. Ignoring this sampling structure, any 
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215  hypothesis  test  would r esult  in a rtificially  inflating  the  degrees  of  freedom,  making  such t ests  

216  invalid.  Therefore,  a  random  intercept  mixed  model  was  used b ased o n r estricted m aximum  

217 likelihood (REML) that includes both fixed and random effects where “station” is treated as a 

218 random factor, thereby preserving the sampling structure. The linear mixed-effects (lme) 

219 function in the R Linear and Nonlinear Mixed Effects Models (nlme) package was used for 

220 analyses (R, ver. 3.3.2, Pinheiro et al., 2018). The residuals from the mixed model (based on 

221 Akaike Information Criteria [Akaike, 1973]) were determined for estimating the nitrogen deficit, 

222 or N** as: 

223 N** = DIN - (16.034* PO4
-3) + 6.914 + ε (1) 

224 where ε is the random effect to account for sample non-independence (0.5 ± 0.5 µM, mean ± 

225 SD). 

226 

13 



D
IN

 (
µ

M
) 

30 
(a) (b) 

25 

20 

15 

10 

5 

0 

0 0.5 1 1.5 2 2.5 

Phosphate (µM) 

(c) 

Figure 2. (a) The location of 144 stations (blue dots, some of which were frequently re-

occupied) within and north of Unimak Pass that were used to determine the DIN:P relationship. 

Crosses are nearby stations not included in the analysis. (b) The DIN:P relationship in source 

waters of the southeastern Bering Sea shelf. Black dots are all data, and red circles are the 

residuals from the mixed model after accounting for sample non-independence (random effect). 

(c) Boxplots show the time series of N** (i.e. the residuals) from a simple linear regression 

(black) and from the mixed model (red) indicating the 1st (Q1) and 3rd (Q3) quartiles including 

the median value and “whiskers” indicating the minimum and maximum values that lie within 

1.5 times interquartile range (Q3-Q1), and the circles indicate outliers. 

227 
228 3.3 Spatiotemporal Variability of N** 
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229  To a ssess  the  spatiotemporal  distribution o f  the  nitrogen d eficit,  N** w as  determined o n t he  

230  deepest  sample  collected  at  each s tation w ith t he  following  criteria:  the  sample  was  within 1 2 m   

231  of  the  bottom;  sample  analysis  included n itrate,  nitrite,  ammonium  and p hosphate;  and p hosphate  

232 concentrations were ≥ 0.5 µM. The final data set includes 4153 stations with the majority of 

233 samples collected between 2007 and 2010 during the BEST program including 795 samples 

234 collected in 2010 (Table 1, Fig. S1). Spring sea ice has been a persistent feature of the northern 

235 middle shelf and limits the ability to sample early in the year in that region. During the BEST 

236 program, icebreakers USCGC Healy (2007 – 2009) and Polar Star (2010) were able to sample in 

237 the region despite icy conditions, and in recent years, reductions in ice cover has allowed more 

238 frequent sampling. Sampling was most frequent in September when the fall mooring cruise and 

239 the BASIS program generally occurred. 

240 Seasonal variability was examined using 2292 samples over a narrow portion of the 

241 middle shelf (60 - 90 m bottom depth, excluding shallower samples near the Pribilof Islands, a 

242 region which behaves dynamically like the inner shelf). The data was partitioned into the 

243 northern (60°N to 63.3°N) and southern shelves (56°N to 60°N) (Stabeno et al., 2012a), and the 

244 data was divided seasonally into spring (March – May), summer (June – July), and fall (August – 

245 October). 

246 3.4 Modeled Residence Times 

247 To estimate the mean age of bottom water on the EBS shelf, an implementation of the Regional 

248 Ocean Modeling System (ROMS) was used. This is a free-surface, primitive equation 

249 hydrographic model (Shchepetkin & McWilliams, 2005; Haidvogel et al., 2008). The Bering Sea 

250 ROMS domain used in this study, hereafter referred to as the Bering10K model, spans the Bering 

251 Sea and northern Gulf of Alaska, with 10-km horizontal resolution and 30 terrain-following 
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252  depth l evels  (Hermann e t  al.,  2013;  Kearney  et  al.,  2020).  This  domain i s  a  subsection o f  the  

253  larger  Northeast  Pacific  (NEP5)  domain  (Danielson e t  al.,  2011).  Bathymetry  derives  from  

254  ETOPO5,  with s moothing  for  numerical  stability  and a   minimum  depth t hreshold o f  10 m .  

255 Mixing follows the algorithms of Large et al. (1994), with both ice (Budgell, 2005) and tidal 

256 dynamics included. At the ocean-atmosphere boundary layer, bulk forcings relate winds, air 

257 temperature, relative humidity, and downward shortwave and longwave radiation to surface 

258 stress and net heat transfer (Large and Yeager, 2008). 

259 For this analysis, an 18-year simulation of the Bering10K model was run beginning on 

260 January 1, 2000 (initialized from a 1970-present hindcast). This period spans years of both high 

261 sea-ice and low sea-ice extent, and therefore encompasses the typical interannual variability on 

262 the EBS shelf. Surface forcings for our simulations were derived from historical reanalyses from 

263 the Climate Forecast System (Saha et al. 2010). Boundary conditions for the open southern and 

264 eastern boundaries use the hybrid radiation-nudging approach of Marchesiello et al. (2001), with 

265 data from the Climate Forecast System reanalysis, while the northern boundary of the Bering10K 

266 domain enforces a northward transport of 0.8 Sv through Bering Strait. Freshwater river runoff 

267 was reconstructed from observed river discharge values (Kearney, 2019) and distributed as a 

268 surface freshwater flux based on river mouth location with an e-folding scale of 20 km. Surface 

269 salinities are restored to the monthly Polar Science Center Hydrographic Climatology (Steele et 

270 al., 2001). Tidal harmonics were provided by the OTPS global tidal model (Egbert and Erofeeva, 

271 2002). When coupled to this input dataset, the Bering10K model replicates observed interannual 

272 variations in ice, bottom temperature, and other physical dynamics (Kearney et al., 2020). 

273 The mean age of water calculation follows Zhang et al.’s (2010) implementation of 

274 constituent-oriented age and residence-time theory. This method implements additional pairs of 
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275  tracers  in t he  ROMS  model;  the  first  tracer  in e ach p air  is  a  conservative  passive  tracer  (i.e.  a  dye  

276  tracer),  while  the  second  tracks  an  age  concentration o f  the  dye  tracer.  Mean a ge  of  the  dye  tracer  

277  can b e  calculated  from  the  ratio b etween t hese  two  tracer  variables.  In o ur  simulations,  three  

278 pairs of dye tracers were added, each with a non-directional input flux of 5 units age-0 dye m-3 

279 day-1 uniformly throughout the water column at a specified location. The first ~5 years of the 

280 simulation (2000 – 2005) represent a spin-up period, where the simulated mean age values on the 

281 eastern shelf accumulate over time. After this point, which corresponds to the maximum mean 

282 age of water on the shelf, drift in age values is minimal and variability reflects interannual 

283 variability in mixing and circulation. 

284 Three distinct passive dye tracers were simulated to estimate aspects of the residence 

285 time of bottom water over the shelf (Fig. 3). All dye tracers were identical with the exception of 

286 their source locations: dye tracer 1 was released in Unimak Pass and Amukta Pass (52.4°N, 

287 171.7°W); dye tracer 2 was released in every grid cell between 250 and 350 m bottom depth, i.e. 

288 along the continental slope ; and dye tracer 3 was released at the M2 mooring location. The first 

289 two tracers approximate the mean age of water since arriving on the shelf, either from the passes 

290 or from the shelf break. The third dye tracer provides an estimate of where water on the southeast 

291 middle shelf travels. 

292 4. Results 

293 4.1 Determination of N** 

294 In Eq. 1, the proportion of variance explained by the fixed effect in the mixed model, or the 

295 marginal R squared value was 0.97. The slope from this model was not significantly different 

296 than the Redfield (1958) N:P relationship of 16 (the 95% confidence interval [CI] of the mixed 

297 model was 15.92 – 16.15), however, the slope was significantly higher (p < 0.001) than the N:P 
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298  ratio o bserved o ver  the  outer  shelf  and  along  the  continental  slope  of  the  Bering  Sea  (15.5;  

299  Mordy  et  al.,  2010).  

Figure 3. Simulated mean age of near-bottom water (temporally averaged over last 2 simulation 

years). Dye sources (red dots) uniformly emit a passive dye tracer through the water column (a) 

just north of Unimak Pass and Amukta Pass, (b) in every grid cell between 250 and 350 m 

bottom depth along the shelf break, and (c) at the M2 mooring. White contours are age in years, 

and dark gray contours are the 50, 100, and 200 m isobaths. 

300 To test for a temporal trend in N** in source waters flowing northeastward through 

301 Bering Canyon, the time series of N** near Unimak Pass was determined using a mixed model 

302 and a simple linear regression. When calculated from the mixed model with station random 

303 effects, there was no significant temporal trend between 2003 and 2016 (p = 0.11) (Fig. 2c, red). 

304 Nor were there significant differences between annual means as the random effects partially 

305 account for these. When a simple linear regression was applied (Fig. 2c, black), however, there 

306 were significant differences in annual means (using Bonferroni correction), with the most 

307 notable differences being that averaged means from 2003-2005 and 2010 (-1.5 ± 0.3, ± standard 
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308  error  of  the  mean  [SEM])  were  significantly  lower  (P  <  0.0001)  than in 2  006-2009 a nd 2 011-

309  2016 ( 0.2 ±   0.1  SEM).  Systematic  errors  include  the  preparation o f  standards  for  each r esearch  

310 cruise. Nitrate and phosphate standards typically vary by approximately 0.1 µM and 0.02 µM, 

311 respectively (unpublished data), and this translates into an additive error of ~ 0.4 µM in N** or, 

312 for example, ~ 50% of the median residual in 2010. 

313 4.2 Spatiotemporal Variability of N** 

314 The relationship of DIN:P for all near-bottom samples is shown in Fig. 4a colored by 

315 latitude. Most of the samples were well below the Eq. 1 regression line indicating a nitrogen 

316 deficit relative to the Redfield ratio of water entering Bering Canyon. From Eq. 1, N** was 

317 determined for each sample and mapped over the eastern shelf (Fig. 4b). The largest deficits (> 8 

318 µM DIN) were observed on the inner and middle shelf south of St. Lawrence Island and north of 

319 ~ 60°N. The smallest deficits were observed on the outer shelf and slope, north of St. Lawrence 

320 Island, and south of Nunivak Island. Temporal variability of N** was examined over the middle 

321 shelf. Tukey multiple comparison tests found that, on the southern middle shelf, spring, summer, 

322 and fall were all significantly different (α = 0.05; Table 2, Fig. 5a). On the northern middle shelf, 

323 the nitrogen deficit was significantly different between spring and fall (α = 0.05), but summer did 

324 not differ significantly from either spring or fall. To expand the early season data set, spring and 

325 summer data on the northern middle shelf were combined. 

326 Seasonal and interannual variability of N** over the northern and southern middle shelf 

327 are shown in Table 3 and Figs. 5b and 5c. In both regions there were periods with small seasonal 

328 and interannual variability (e.g. 2008 – 2010), and other periods when the variability was 

329 relatively large (e.g. 2014 – 2018). On the southern middle shelf, the largest seasonal increases in 

330 the nitrogen deficit were observed in 2006 – 2007 and 2014 – 2018. For these years, the mean 

19 



 

 

                  

   

                  

                  

                 

              

                      

                 

 
           

  
           

  
       

  
      
  

Season 
North 

N** (µM) 
South 

N** (µM) 
South Cold 
N** (µM) 
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331  seasonal  (153 d )  change  in N ** w as  -2.6  ±  1.1 µ M  N  (±  SD),  which i s  equivalent  to a   

332  denitrification r ate  of  0.7  ±  0.3  mmol  N  m-2  d-1  when i ntegrated o ver  the  bottom  40 m   of  the  

333 water column, the typical thickness of the bottom layer on the middle shelf (Mordy et al., 2012; 

Figure 4. (a) The DIN:P relationship with data colored by latitude. The regression line is 

from Equation (1), and black dots indicate samples having < 0.5 µM phosphate that are not 

included in the analysis. (b) The distribution of N** for near-bottom samples in the eastern 

Bering Sea. The diamonds indicate the location of long-term mooring sites M2, M4, M5 and 

M8, and the black lines indicate the 50- and 100-m isobaths. 

334 

335 

336 

337 

338 

339 

340 

Table 2. Seasonal variability of N** in near-bottom samples over a narrow portion (60 – 90 m 

bottom depth) of the northern (> 60°N) and southern (≤ 60°N) middle shelf [mean ± 95% CI 

(number of samples)]. Data on the southern shelf is also shown for cold (2007-2010, 2012, 2013) 

and warm (2003-2005, 2014-2016, 2018) years with the largest nitrogen deficits occurring in 

cold years (P < 0.0001 in spring, P = 0.02 in fall). Spring is defined as March – May, summer is 

June – July, and fall is August – October. Sample criteria are identical to Table 1. 
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Spring -5.9 ± 0.4 (133) -2.6 ± 0.2 (578) -3.0 ± 0.2 (310) -1.3 ± 0.2 (145) 

Summer -6.2 ± 0.5 (108) -3.6 ± 0.3 (250) 

Fall -6.7 ± 0.3 (274) -4.0 ± 0.2 (949) -4.1 ± 0.2 (400) -3.8 ± 0.2 (401) 
341 

342 
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Figure 5. Seasonal trends (a) and interannual variability of N** on the northern (b) (> 60°N) and 

southern (c) middle shelf of the eastern Bering Sea. The colored bar above (c) indicates warm 

(red), cold (blue) or neutral (gray) conditions in the southern Bering Sea (Stabeno et al., 2012a, 

2016; Stabeno and Bell, 2019). Error bars are the 95% CI. Open symbols indicate mean values 

with < 5 data points. Note that the y-axis shows increasing nitrogen deficit (more negative 

values). Spring is defined as March – May, summer is June – July, and fall is August – October. 

Sample criteria are identical to Table 1. 
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344 Table 3. Seasonal and interannual variability of N** in near-bottom samples on the northern and 

345 southern middle shelf [mean ± 95% CI (number of samples)]. Spring is defined as March – May, 

346 summer is June – July, and fall is August – October. Sample criteria are identical to Table 1. 

North North South South South 

Year 
Spring & Summer Fall Spring Summer Fall 

2003 -1.9 (1) -2.8 (1)

2004 -14.1 (1) -2.3 ± 0.6 (97)

2005 -7.0 ± 1.0 (19) -5.4 ± 0.8 (52)

2006 -8.4 ± 1.0 (22) -1.3 ± 0.8 (45) -3.6 ± 0.7 (62)

2007 -5.1 ± 0.8 (30) -6.9 ± 1.0 (21) -2.0 ± 0.6 (77) -3.9 ± 0.7 (59)

2008 -5.3 ± 0.6 (52) -5.1 ± 0.9 (28) -3.0 ± 0.6 (72) -3.0 ± 0.4 (66) -3.6 ± 0.6 (79)

2009 -6.1 ± 0.6 (56) -6.0 ± 0.9 (28) -3.4 ± 0.6 (69) -3.0 ± 0.4 (73) -3.7 ± 0.7 (63)

2010 -6.6 ± 0.5 (83) -6.7 ± 0.7 (48) -3.8 ± 0.6 (63) -4.3 ± 0.3 (111) -4.3 ± 0.5 (106)

2011 -7.1 (3) -7.3 (3) -5.4 ± 0.7 (51) -3.9 ± 0.8 (53)

2012 -7.8 ± 0.9 (24) -1.3 (1) -4.9 ± 0.6 (91)

2013 -2.6 ± 1.0 (28) -1.9 (2)

2014 -2.6 (1) -4.2 ± 0.8 (31) -1.3 ± 0.8 (45) -3.0 ± 0.6 (83)

2015 -8.0 ± 1.0 (22) -0.7 ± 0.9 (30) -4.4 ± 0.7 (69)

2016 -4.3 (4) -6.1 ± 1.9 (6) -0.9 ± 0.8 (46) -4.7 ± 0.6 (81)

2017 -9.3 ± 1.2 (15) -1.8 ± 1.0 (27) -5.3 ± 1.0 (33)

2018 -7.7 ± 0.5 (12) -5.8 ± 2.0 (5) -3.0 ± 1.0 (24) -4.2 ± 1.3 (18)

347 

348 

349 Stabeno et al., 2012a). In contrast, there was little seasonal change in other years, and in 2011 the 

350 nitrogen deficit on the southern middle shelf decreased from spring to fall. Interannual variability 

351 of N** in the northern and southern middle shelves were correlated in spring (p = 0.02) and fall 

352 (p = 0.006) (Fig. 6). This implies that factors influencing the nitrogen deficit are not confined to 

353 the biophysical boundaries that define the region (e.g. Stabeno et al., 2012a). 

354 4.3 Modeled Residence Time 

355 Patterns of dye dispersion generally reflect known patterns of flow (Kearney et al., 2020). 

356 Water from the passes flow northeastward through Bering Canyon towards M2 and into Bristol 

357 Bay, and flow northward along the 100-m isobath (Fig. 3a). Dye injected at the shelf break 
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Figure 6. Relationship of N** between the northern and southern middle shelf of the eastern 

Bering Sea for individual years in spring (left) and fall (right). Note that the axes show increasing 

nitrogen deficit. 

358 

359 

360 occupies the outer shelf and most of the middle shelf (Fig. 3b), and younger water north of St. 

361 Lawrence Island is consistent with flow from the Anadyr Current. Modeled flow suggests that 

362 the oldest water on the middle shelf occurs between St. Lawrence and St. Matthew Islands (Figs. 

363 3a, b), consistent with the distribution of N** (Fig. 4b). On the southeastern shelf, the mean age 

364 of water flowing north from M2 to the northern shelf (60°N) is two years (Fig. 3c). Patterns of 

365 flow from M2 are weak and ill-defined, and while some water may transit to the northern shelf 

366 within a year, water appears to recirculate in the northern region thereby increasing the mean 

367 age. 
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368 To estimate a rate of nitrogen loss over the middle shelf, ages from the dye tracer 2 

369 experiment (Fig. 3b) were assigned to each sample collected on a narrow portion of the middle 

370 shelf (60 – 90 m bottom depth, all latitudes) by aligning locations and sample date. Ages were 

371 unavailable for samples collected prior to January 1, 2006 and after December 31, 2017 (during 

372 spin-up and after the model simulation ends). When regressed with N**, there was a significant 

373 relationship (F = 657, P < 0.0001) with an estimated rate of nitrogen loss of 0.0050 ± 0.0004 

374 mmol N m-3 d-1 (± 95% CI, N = 2062, Fig. 7). 

375 5. Discussion 

376 The EBS shelf is a significant sink of 

377 inorganic nitrogen for waters transiting 

378 between the North Pacific Ocean and the 

379 Arctic Ocean (Haines et al., 1981; 

380 Henriksen et al., 1993; Koike and Hattori, 

381 1979; Tanaka et al., 2004). This results in a 

382 significant nitrogen deficit relative to the 

383 Redfield ratio that increases northward 

384 over the shelf and varies on seasonal and 

385 interannual time scales (Tanaka et al., 

386 2004; Granger et al., 2013; Mordy et al., 

387 2012; Horak et al., 2013). Herein, 

388 hydrographic data spanning 2003-2018 were used to further investigate processes influencing the 

389 spatiotemporal variability of the nitrogen deficit. 

390 5.1 The influence of residence time on the distribution of N** 

Figure 7. Linear regression of N** (µM) on 

modeled age of bottom water over a narrow 

portion of the middle shelf (60 – 90 m bottom 

depth). Note that the y-axis shows increasing 

nitrogen deficit. 
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391 Negative values of N* are generally ascribed to the loss of inorganic nitrogen through 

392 denitrification / anammox (Gruber and Sarmiento, 1997). On the EBS shelf, this is 

393 predominantly a benthic process that modifies DIN:P ratios in the bottom mixed layer (Horak et 

394 al., 2013). During BEST (2007 – 2010), denitrification rates across the eastern shelf of the 

395 Bering Sea were obtained from direct measurements of the sedimentary N2 flux and derived from 

396 benthic respiration rates and the sedimentary flux of DIN (Horak et al., 2013). On average, the 

397 denitrification rate in 2009 – 2010 was 1.0 ± 0.3 mmol N m-2 d-1 (± SEM, N = 27), and there was 

398 no apparent latitudinal trend in denitrification rates between the northern and southern EBS shelf 

399 (Supplemental Fig. S2). In the absence of a latitudinal trend in denitrification rates, spatial 

400 variability in N** may simply be related to the residence time of water over the shelf. 

401 The nitrogen deficit was smallest along the slope and outer shelf (Fig. 4b) where 

402 northwestward mean currents are relatively strong (Fig. 1). Using several decades of satellite-

403 tracked drifter trajectories, Stabeno et al. (2016) estimated that the transit time along the 100-m 

404 isobath from Bering Canyon to the northern shelf was ~8-9 months. Assuming a uniform 

405 denitrification rate of 1.0 mmol N m-2 d-1 , a nitrogen deficit of ~ 6 µM would accumulate in a 40-

406 m bottom mixed layer along this path. The absence of this signal in Fig. 4b may be a 

407 consequence of substantial mixing between the outer shelf and slope (discussed in Background). 

408 Exchange between more denitrified water over the outer shelf with slope water may also explain 

409 a slightly lower DIN:P ratio found along the slope (Mordy et al., 2012) than in Bering Canyon 

410 (discussed in Results). 

411 On the inner shelf, there is a latitudinal gradient in N** between Bristol Bay and Norton 

412 Sound (Fig. 4b). The inner shelf is generally well mixed and there is stronger, well-defined flow 

413 along the ~50-m isobath that is associated with the inner front (Kachel et al., 2002; Mordy et al., 
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414  2017).  These  two p rocesses  reduce  the  residence  time  of  bottom  water  on th e  inner  shelf.  The  

415  riverine  influence  on N ** i s  uncertain a s  the  nitrogen d eficit  was  lower  south o f  Nunivak I sland,  

416  a  region l ikely  influenced b y  the  Kuskokwim  River,  but  not  in th e  vicinity  of  the  Yukon R iver.  

417 North of St. Lawrence Island, nutrient-rich Anadyr Water flows east into Chirikov Basin 

418 flushing this portion of the shelf with water from the outer shelf and slope (Coachman, 1975; 

419 Stabeno et al., 2017), thereby reducing the nitrogen deficit of waters flowing through Bering 

420 Strait and into the Chukchi Sea. 

421 5.2 Estimating denitrification rates on the Middle Shelf 

422 The latitudinal gradient in N** was greatest over the middle shelf, with the lowest N** 

423 values in the region between St. Lawrence Island, M5 and M8. North of 61°N, the nitrogen 

424 deficit on the middle shelf represents approximately one third (34 ± 9%, ± SD, N = 333) of 

425 inorganic nitrogen supplied through 

426 Bering Canyon (Fig. 8). This is 

427 comparable to results of Tanaka et al. 

428 (2004) who estimated that a third of 

429 nitrate entering the EBS shelf is lost 

430 through denitrification. 

431 Transport over the middle shelf 

432 is weak with net flow being stronger in 

433 warm years (years with little or no ice; 

434 Stabeno et al., 2016). Model results 

435 suggest that net flow from M2 to M8 

436 may take several years (Fig. 3c), which 

Figure  8.  The  fraction o f  missing  inorganic  

nitrogen o ver  a  narrow  portion o f  the  middle  

shelf  (60-90  m  bottom  depth)  relative  to a   

mean [ DIN]  of  20.8 µ M  from  334 n ear  

bottom  samples  collected  over  the  middle  

shelf  near  Bering  Canyon ( 55°-56°N,  163°-
27 

166°W,  50-100  m b ottom d epth).   



 

 

                   

                

                

                   

                 

       

               

                 

                 

                    

                  

                     

                 

             

                  

                 

                 

         

               

                 

               

437  is  consistent  with th e  results  of  Stabeno e t  al.  (2016).  Hence,  during  northward f low  over  the  

438  middle  shelf  the  system w ill  cycle  through m ore  than o ne  summer  where  the  two-layer  system  

439 confines the N** signal to the bottom ~40 m of the water column (Horak et al., 2013). The 

440 system will also cycle through one winter where the water column is fully mixed, thereby 

441 reducing the residence time of the bottom water and evenly distributing the deep N** signal 

442 through the water column (see Figs. 4A and 5A in Horak et al., 2013). Strong winter winds can 

443 also result in strong cross shelf fluxes on the southeastern middle shelf that replenish the water 

444 column (Stabeno et al, 2016). 

445 The Bering10K model simulates these seasonal processes and was used to estimate an 

446 age of bottom water corresponding to each N** sample from 2006 through 2017; the rate of 

447 nitrogen loss over the middle shelf was then calculated based on the resulting regression (Fig 7). 

448 Integrated over the bottom 40 m of the water column, the rate of nitrogen loss was 0.20 ± 0.02 

449 mmol N m2 d-1 (± 95% CI, N = 2062). Among the reported denitrification rates that are 

450 summarized in Table 5 of Horak et al. (2013), this rate is among the lowest, and is only ~20% of 

451 the mean denitrification rate. Model bias does not appear to be the primary source of this 

452 discrepancy as modeled flow along the 100-m isobath was consistent with drifter-derived 

453 estimates of flow (Stabeno et al., 2016; Kearney et al., 2020). Winter mixing of the bottom water 

454 N** signal through the water column is one process that could partially account for this low 

455 estimated rate of denitrification, and integrating over a 70 m water column provides a rate of 

456 0.35 ± 0.03 mmol N m2 d-1 . 

457 5.3 Spatiotemporal variability of N** on the Middle Shelf: Influence of circulation and ice 

458 The high degree of seasonal and interannual variability in N** (Fig. 5), and the 

459 correlation of variability over the northern and southern shelves (Fig. 6) indicates that physical 
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460  and/or  biological  factors  that  influence  N** o ccur  over  relatively  short  time  scales  and l arge  

461  spatial  scales.  Two s uch  factors  include  changes  in c irculation p atterns  that  alter  the  residence  

462 time of water over the shelf, and the extent of ice coverage and concomitant export of organic 

463 matter. Both processes are forced by prevailing winds that alter the winter climate of the Bering 

464 Sea, and vary depending upon the position of the Aleutian low and corresponding storm tracks 

465 (Rodionov et al., 2007; Stabeno et al., 2016). 

466 The seasonal cycle of the Bering Sea is defined by the presence or absence of sea ice 

467 (Stabeno et al., 2012a, 2012b). Sea-ice formation typically occurs on the northern shelf, and, 

468 with the prevailing northerly winds, polynyas generally occur south of all major islands (Kozo et 

469 al., 1990; Stabeno et al., 2012a) and sea ice is usually transported southward (Sullivan et al., 

470 2014). 

471 5.3.1 Interannual variability of N** on the southeastern middle shelf: circulation and mixing 

472 While winter sea ice is a perennial feature on the northern shelf, ice is highly variable on 

473 the southeastern shelf with extensive ice in “cold” years due to persistent northerly winds that 

474 transport ice onto the southern shelf and little or no ice in “warm” years when periods of 

475 southerly winds limit the southern extent of sea ice (Sullivan et al., 2014; Stabeno et al., 2012b). 

476 Prior to 2000, there was high interannual variability between warm and cold years. Since 2000, 

477 there have been stanzas of warm (e.g., 2000–2005) and cold (e.g., 2007–2010) years interrupted 

478 by years with intermediate ice extent (Fig. 5) (Stabeno et al., 2012a, 2016, 2019). 

479 During warm winters, periods of southerly winds result in net northward flow at the M2 

480 and M4 moorings (see Fig. 14 in Stabeno et al., 2016). There is also evidence of on-shelf flow 

481 near the M5 mooring in warm years (Mordy et al., 2010; Stabeno et al., 2017). In contrast, 

482 during cold winters, the net surface flow at the M2 and M4 moorings is west-to-southwestward 
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483  and n et  bottom  flow  is  weak  (Stabeno  et  al.,  2016).  These  different  flow  patterns  are  consistent  

484  with in creased  replenishment  of  shelf  water  during  warm  years  and r eflected i n t he  model  results  

485 showing simulated ages being younger in warm years (Fig. 9a). The weak but significant (P = 

486 0.03) relationship between N** and modeled age suggests that interannual variability of N** in 

487 spring on the southern shelf may partially be related to variability in the residence time of the 

488 water over the shelf (Fig. 9a). 

Figure 9. Linear regression of annual mean N** (µM) on the simulated age of water (a) and 

salinity (b) in spring (April-May) for bottom water over a narrow portion of the southern (≤ 

60°N) middle shelf (60 – 90 m bottom depth). Colors represent warm (red), cold (blue) and 

transition (gray) years as in Fig. 5c. Note that the y-axis shows increasing nitrogen deficit. 

489 Bottom salinities on the southeastern shelf also vary between warm and cold years (Fig. 

490 9b). In warm years, stronger northward flow increases advection of higher salinity slope water 

491 that replenishes the middle shelf (Stabeno et al., 2016). In cold years, surface waters are 

492 freshened from a combination of ice melt and westward surface flow of fresher water near the 

493 inner shelf (Stabeno et al., 2016, Mordy et al., 2017). As ice retreat on the southern shelf 
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494  typically  occurs  prior  to t he  cessation o f  storm m ixing,  surface  freshening  is  often m ixed t hrough  

495  the  water  column  (Stabeno e t  al.,  2012a).   

496 

497 5.3.2 Interannual variability of N** on the southeastern middle shelf: Export production 

498 There was a significant (P = 0.001) relationship between N** and bottom salinities on the 

499 southern shelf in spring with the largest nitrogen deficits occurring in cold years (Fig. 9b, Table 

500 2). This finding implies that sea ice contributes to the seasonal and interannual variability of 

501 N**. Sea ice exerts large impacts on the ecosystem (Stabeno et al., 2012a, 2012b, 2019) and 

502 influences export production (Baumann et al., 2013). The biomass of ice algae in the Bering Sea 

503 is among the highest reported in subarctic and Arctic regions, and its release during melting 

504 promotes the rapid export of organic material to the benthos (Szymanski and Gradinger, 2016). 

505 In a cold ice-covered spring, enhanced export of organic material to the benthos likely stimulates 

506 early remineralization of nitrogen into inorganic and organic nitrogen pools and 

507 denitrification/anammox (Fig. 9b). 
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508 Enhanced export of organic matter in cold years may also be promoted by secondary 

509 producers. Zooplankton abundance is generally higher in cold stanzas (Hunt et al., 2011, 2016; 

510 Stabeno et al., 2012b; Durbin and Casas, 2014; Coyle and Gibson, 2017; Ressler 2018, but see 

511 Kimmel et al., 2018) and due to diel vertical migratory behavior (Schabetsberger et al., 2000) 

512 zooplankton likely enhance the export of organic matter as fecal pellets directly to the benthos. 

513 This hypothesis is supported by a significant relationship between N** and euphausiid 

514 abundance (Fig. 10; P = 0.040 black, P = 0.026 green). While provocative, this relation may be 

515 coincidence and requires further study. 

Figure 10. N** measured in spring on the southern middle shelf verses two 

summertime acoustic measurements of euphausiids: euphausiid biomass on the 

southeast middle domain spanning 2006-2012 (black; see Regions 3 and 6 in Table 2 

of Hunt et al., 2016) and euphausiid abundance over the outer shelf and middle 

domains spanning 2006-2018 (green; Ressler, 2018). 

516 Warm – cold differences in N** on the southern shelf are smaller in fall than in spring 

517 (Table 2). On the southern shelf, if ice is absent (or retreats prior to mid-March), the spring 

518 bloom is delayed until thermal stratification in May or early June (Sigler et al., 2014). While the 
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519  spring  bloom  may  be  delayed in w  arm  years,  overall  primary  production i n  warm  years  may  be  

520  enhanced r elative  to  cold  years  (Brown e t  al.,  2011;  Brown a nd A rrigo,  2013;  Lomas  et  al.,  

521 accepted). If primary production is higher, but delayed in warm years, this may provide 

522 extensive export production that occurs after the spring sample collection and could account for 

523 more similar N** values between warm and cold years in fall. 

524 5.4 Variability of N** on the northern middle shelf 

525 As the northern middle shelf has been characterized by perennial winter ice, the warm – 

526 cold designations used on the southern shelf generally do not apply. Similarity in spring and fall 

527 N** from 2007-2011 might result if export production is dominated by ice algae, and 

528 remineralization and denitrification/anammox is sustained prior to spring sampling (Fig. 5b). 

529 Between 2014 and 2018, ice extent and conditions were highly variable with lowest winter ice 

530 extent observed in 2018 (Stabeno and Bell, 2019; Stabeno et al., 2019), and these variable ice 

531 conditions likely influence export production and may account for the high variability in N** 

532 during these years (Fig. 5b). There was no trend in N** associated with variable ice conditions, 

533 which precludes predictions on how the nitrogen deficit may be impacted by future warming. 

534 Higher deficits on the northern middle shelf, however, will likely remain due to the longer 

535 residence time of this water. 

536 5.5 Stoichiometry of dissolved organic nutrients 

537 It remains unclear if the nitrogen deficit represents nitrogen loss through denitrification / 

538 anammox, pools of unmeasured nitrogen relative to phosphate (e.g. urea, other DON), or 

539 variability in stoichiometric ratios of exported organic matter (Martiny et al., 2013). In the 

540 summer of 2017, some additional samples were collected near Bering Canyon and along the 70-

541 m isobath at multiple depths for determination of total (inorganic and organic) dissolved nitrogen 
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Figure  11.  Relationship b etween D IN  and  DIP  for  all  bottom  samples  over  the  shelf  as  in  Fig.  

1 ( gray)  overlaid w ith a   subset  of  data  from t he  summer  of  2017 ( cruise  DY1708)  with D IN  

versus  dissolved i norganic  phosphate  (DIP)  in b lue  and T DN  versus  TDP  in o range.  The  

black  line  is  from  Eq.  1,  and t he  orange  line  represents  an N :P  ratio o f  12.5  with a n i ntercept  

of  0.26 µ M  phosphate.  

542 (TDN) and phosphate (TDP) (Fig. 11). These findings imply that while inorganic nutrients 

543 reflect the Redfield ratio in Bering Canyon as in Eq. 1, the lower slope and intercept that results 

544 when including dissolved organic nutrients could reflect the lower N:P stoichiometric ratios of 

545 plankton observed at higher latitudes (Quigg et al., 2003; Martiny et al., 2013; Lomas et al., 

546 2019; Schiffrine et al., 2020) that sink and remineralize in the benthos. Comparing N** 

547 calculated from a) Eq. 1 and dissolved inorganic nutrients versus b) the lower slope and total 

548 (inorganic + organic) dissolved nutrients, the nitrogen deficit in this subsample is reduced by 

549 ~10% when accounting for dissolved organic nutrients. 

550 6. Summary 

551 Extensive sampling during the past 15 years provides a unique view into the spatiotemporal 

552 variability of the bottom water nitrogen deficit (N**) on the EBS shelf. Spatially, the highest 

34 



 

 

               

              

                  

                

                    

                   

              

               

                 

                

              

              

              

                   

              

               

               

               

    

  

553  deficits  are  observed o n t he  middle  shelf  south o f  St.  Lawrence  Island,  a  region w here  net  flow  is  

554  weak,  residence  time  is  high,  there  are  frequent  winter  polynyas,  and b ottom w aters  are  

555 seasonally isolated from surface waters. In this region the nitrogen deficit in bottom water 

556 represents approximately one third of inorganic nitrogen that enters the shelf through Bering 

557 Canyon. But these high deficits do not extend into Bering Strait due to onshelf flow of slope 

558 water via the Anadyr Current. Rather bottom waters entering the Chukchi Sea have a moderate (-

559 3.9 ± 0.4 µM N [± SEM], N = 34) nitrogen deficit, and additional nitrogen loss occurs in the 

560 Chukchi Sea as this region is also a significant nitrogen sink (Chang et al., 2009; Mills et al., 

561 2015). Temporally, seasonal and interannual variability in N** appears to be related to warm-

562 cold conditions on the shelf which influence circulation patterns and the export of organic 

563 material (see Ward, 2013). While ice promotes the export of organic material in spring, in warm 

564 years, primary production is delayed until the system begins to stratify, and productivity is higher 

565 thereby increasing export production later in the spring and into the summer. 

566 While distributions of N** are useful for examining the spatiotemporal distribution of the 

567 nitrogen deficit over the shelf, this deficit cannot be fully ascribed to denitrification/anammox 

568 (Mills et al., 2015). The derivation in this study (Eq. 1) is relative to inorganic nutrient ratios in 

569 Barrow Canyon, and does not account for the assimilation, export and remineralization of 

570 particulate matter at higher latitudes known to have lower N:P stochiometric ratios, or variability 

571 in burial efficiency or in oxidation rates of organic nitrogen and phosphorus (Nedashkovskii et 

572 al., 2006). Indeed, lower N:P ratios were found when considering both inorganic and organic 

573 nutrient pools. 
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