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Originality-Significance Statement:  

This study contributes new knowledge on the distribution, magnitude, and 

biogeochemical controls of deep-sea benthic nitrogen fixation. It demonstrates nitrogen 

fixation for the first time within whale fall sediments, and extends the range of 

diazotrophy at methane seeps to another geographically distinct seep system (Hydrate 

Ridge, USA). The observed patterns of diazotrophic activity suggest that deep-sea 

nitrogen fixation is paired to catabolically diverse metabolisms and is more sensitive to 

ammonium than previously understood.  
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SUMMARY 

 

Nitrogen fixation, the biological conversion of N2 to NH3, is critical to alleviating 

nitrogen limitation in many marine ecosystems. To date, few measurements exist of N2 

fixation in deep-sea sediments. Here, we conducted >400 bottle incubations with 

sediments from methane seeps, whale falls, and background sites off the western coast of 

the United States from 600 to 2893 m water depth to investigate the potential rates, 

spatial distribution, and biological mediators of benthic N2 fixation. We found that N2 

fixation was widespread, yet heterogeneously distributed with sediment depth at all sites. 

In some locations, rates exceeded previous measurements by >10X, and provided up to 

31% of the community anabolic growth requirement for nitrogen. Diazotrophic activity 

appeared to be inhibited by pore water ammonium: N2 fixation was only observed if 

incubation ammonium concentrations were ≤25 M, and experimental additions of 

ammonium reduced diazotrophy. In seep sediments, N2 fixation was dependent on CH4 

and coincident with sulfate reduction, consistent with previous work showing 

diazotrophy by microorganisms mediating sulfate-coupled methane oxidation. However, 

the pattern of diazotrophy was different in whale fall and associated reference sediments, 

where it was largely unaffected by CH4, suggesting catabolically different diazotrophs at 

these sites.  

 

 

INTRODUCTION  

 

Deep-sea sediments (>100 m water depth) represent an enormous habitat for 

microbial life, hosting up to 10,000 times more microbial cells per unit volume than 

surface marine waters, and covering approximately two thirds of the planet (Jorgensen 

and Boetius, 2007). However, the deep sea is among the most under-studied habitats on 

Earth, and nitrogen cycling on the deep seafloor remains enigmatic. Although marine 

sediments are traditionally thought to be replete with bioavailable nitrogen due to the 

breakdown of organic matter, multiple lines of evidence in recent years have suggested or 

demonstrated N2 fixation (diazotrophy) in deep-sea sediments: microbiological culturing 

(Mehta and Baross, 2006), detection of nif genes and transcripts (Mehta et al., 2003; 

Dang et al., 2009; Dekas et al., 2009; Miyazaki et al., 2009; Dang et al., 2013; Dekas et 
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al., 2014; Dekas et al., 2016; Reese et al., 2018), isotopic modeling (Wankel et al., 2015), 

acetylene reduction assays (Hartwig and Stanley, 1978; Gier et al., 2016; Gier et al., 

2017), and both bulk and single-cell measurements of 
15

N2 assimilation (Dekas et al., 

2009; Dekas et al., 2014; Dekas et al., 2016). Despite this growing body of evidence, few 

direct rate measurements of N2 fixation are available, limiting our ability to assess the 

quantitative significance deep-sea diazotrophy and its biogeochemical controls.  

Much of the evidence for deep-sea N2 fixation to date has been collected at sites 

of localized enhanced productivity, such as methane seeps, mud volcanoes, and 

hydrothermal vents, raising the question of the importance of the chemical inputs at these 

sites to benthic diazotrophy. Experiments conducted with sediment from a methane 

seeping mud volcano offshore of Costa Rica demonstrated much higher rates of N2 

fixation within the methane-laden seep sediments compared to that within nearby 

background sediment, and  it was hypothesized that the input of methane—a non-

nitrogenous carbon source—drove the seep community to nitrogen limitation, and thus 

diazotrophy (Dekas et al., 2014). Indeed, other communities dependent on non-

nitrogenous carbon sources such as CO2 and CH4 are known to host diazotrophs, 

including the upper water column (Sohm et al., 2011) and aerobic soils (Buckley et al., 

2008).  

 Here, we measure and compare N2 fixation rates within diverse deep-sea 

habitats—methane seeps, whale falls, and background sediments—to investigate how 

widely distributed functional diazotrophs are in the deep sea, and how varying types of 

natural carbon loading affects diazotrophy. Methane seeps are natural sites of 

biologically- and/or geologically-sourced methane release, and can be found on 
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continental margins around the world (Jorgensen and Boetius, 2007). Whale falls are sites 

of sunken whale carcasses. In these locales, up to 160 tons of complex organic matter is 

deposited at a rate 2,000 times that of background organic matter deposition to the 

seafloor (Smith, 2003). While both habitats experience elevated carbon loading, 

potentially alleviating both carbon and electron donor limitation, the molecular structure 

and elemental ratio (e.g., C:N) of the incoming material differs. Comparing rates of N2 

fixation at methane seeps and whale falls therefore tests the effect of defined (methane) 

versus complex (whale) carbon additions on benthic diazotrophy, and the importance of 

the C:N ratio of the incoming material. Previous studies in coastal environments have 

shown that the addition of complex organic matter favors net denitrification over nitrogen 

fixation (Fulweiler et al., 2007), suggesting that N2 fixation rates beneath whale falls 

would be lower than those in methane seep sediments.  

A total of 34 deep-sea sediment cores were collected at Hydrate Ridge, OR, USA, 

and Monterey Canyon, CA, USA, within methane seeps (n=19), whale falls (n=5), and 

off-site/background sediments (n=10), from water depths of 600 to 2893 meters, to 

investigate the potential for nitrogen limitation and nitrogen fixation. Chemical analysis 

of sediment pore water was conducted on all cores to assess concentrations of 

bioavailable nitrogen (e.g., ammonium, nitrate and nitrite). Ten of the cores, from 

methane seeps (n=4), whale falls (n=2), and off-site/background sites (n=4) were used for 

bottle incubations (n=420). These were amended with 
15

N2 or 
15

NH4
+
 to measure rates of 

potential N2 fixation and anabolic activity, respectively, as well as sulfate reduction, both 

in the presence and absence of methane. Additionally, an ammonium-addition experiment 

was employed to test the potential inhibitory effect of ammonium on diazotrophy.  
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RESULTS AND DISCUSSION  

I. Sediment and pore water geochemistry across habitats 

To compare bioavailable nitrogen concentrations in methane seeps, whale fall, 

and off-site/background sediments, the ammonium, nitrate and nitrite concentrations in 

pore water from multiple depths of 30 sediment cores were evaluated (Figures 2, S3 and 

S4). Ammonium concentrations were significantly elevated at both methane seeps and 

whale falls relative to off-site/background sediments (p-values in Table S3). Elevated 

ammonium concentrations were not expected at the seep sites; rather, seeps were 

hypothesized to experience nitrogen limitation due to non-nitrogenous carbon loading. 

Pore water ammonium concentrations ranged from 0.5-575 M at seeps (median of 68 

M, n=73), 4-619 M at whale falls (median of 71 M, n=35), and 4-172 M at off-

site/background locations (median of 28 M, n=30) (Figure 2A). Interestingly, and in 

contrast to the whale fall and off-site/background cores, ammonium decreased with depth 

in most methane seep cores (Figures 4A, S3 and S4). 

Nitrate concentrations were lower than ammonium concentrations in almost all 

samples investigated. The highest nitrate concentrations were detected within methane 

seep sediment, where they reached 1228 M, compared to a high of 18 M at whale falls 

and 20 M in off-site/background sediments (Figure 2B). The high concentrations of 

nitrate in seep sediment were detected at the top of cores collected beneath microbial 

mats, likely due to nitrate storage in the mat-forming sulfide-oxidizing bacteria (Figure 

S3). No significant difference was detected in pore water nitrate concentrations between 

the three habitats overall (p-values in Table S3).  Nitrite was also investigated at Hydrate 
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Ridge (methane seeps and off-site/background cores), and was the least abundant of the 

three nitrogen species investigated there (Figure S3).  

Values of sediment total nitrogen (TN), total organic carbon (TOC), 
15

N, 
13

C, 

and pore water methane concentrations were evaluated in the 10 cores selected for 
15

N-

labelling experiments. Overall, both TOC and TN were elevated in whale fall sediment 

relative to seep sediment, as was expected based on the nature of organic matter loading, 

but only slightly (Table 1). Seep sediments generally had lower TOC and TN than the 

background core, however the two top horizons in the core collected beneath clams were 

an exception, with higher levels of both TOC and TN. TOC and TN both decreased with 

depth under the whale-fall cores, starting out elevated relative to off-site cores and ending 

lower, consistent with some previous observations at whale fall sites (Goffredi et al., 

2008). 

 

II. Magnitude and Distribution of Diazotrophy and Total Anabolic Activity 

 

Magnitude of potential N2 fixation rates and comparison to previous measurements 

N2 fixation (
15

N assimilation from 
15

N2) was detected in select depth horizons of 

all 10 cores investigated, including methane seep (n=4 cores), whale fall (n=2 cores) and 

off-site/background (n=4 cores) sediments. The maximum total time-averaged rates in 

triplicate incubation bottles were 52.9 (+/- 24.8), 15.1 (+/- 1.3), and 18.2 (+/- 0.29) pico 

mole N2 per gram dry weight sediment per hour (pmol N2 gdw
-1

 hr
-1

) for seep, whale fall, 

and background sediments, respectively (Table 1, Figure 3). However, the rate of fixation 

was not constant throughout the multi-month experiment (Figures 4, S5, S6, S7), and 
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when rates were calculated for intermediate periods for the subset of bottles selected for 

time-course analysis, the highest rates observed are considerably greater: 114, 95, and 

213 pmol N2 gdw
-1

 hr
-1 

in seep, whale fall, and off-site/background sediments, respectively 

(replicates were not analyzed at the intermediate time points).  

Previous reports of N2 fixation rates are sparse in deep-sea benthic habitats (>100 

m water depth), but these rates exceed most previous measurements. The maximum rates 

of N2 fixation observed here within methane seep sediment are higher than those reported 

previously at methane seeps by over an order of magnitude: 114 pmol N2 gdw
-1

 hr
-1 

 in 

Clam-775 here
 
(775 m water depth)

 
versus 9.6 pmol N2 gdw

-1
 hr

-1 
in Costa Rica methane 

seep sediment (1012 m water depth) (Dekas et al., 2014). The Costa Rica study may have 

underestimated rates of N2 fixation by only measuring rates in limited depth horizons 

(one shallow and one deep) in most cores. That sampling scheme may have missed 

hotspots of diazotrophy located within discrete horizons of the geochemical profile that 

were observed by the more comprehensive experimental plan employed here (see 

discussion below; Figure 5). No previous data are available for whale fall diazotrophy. 

The rates in background sediments observed here are also nearly two orders of 

magnitude higher than that observed previously in background sediments of the north 

Atlantic: 24 pmol N2 gdw
-1

 hr
-1  

in Bkgd600 here (600 m water depth, incubated under a 

headspace of Ar)  versus 0.43 pmol N2 gdw
-1

 hr
-1 

in the north Atlantic (2800 m water 

depth; incubated under a headspace of Ar) (Hartwig and Stanley, 1978). The Atlantic 

measurements may have underestimated the rate of N2 fixation due to the use of the 

acetylene reduction assay, which has been shown to inhibit several anaerobic 

diazotrophs, including methanogens, sulfate reducing bacteria, and anaerobic 

A
cc

ep
te

d 
ar

tic
le

This article is protected by copyright. All rights reserved.



methanotrophic (ANME) archaea (e.g., Oremland and Taylor, 1975; Oremland and 

Capone, 1988; Dekas et al., 2009; Fulweiler et al 2015). However, other environmental 

differences may also explain the difference.  Two recent studies measuring nitrogenase 

activity within oxygen minimum zone (OMZ) sediments off the coast of Peru and 

northwest Africa reported integrated rates 1-2 orders of magnitude higher than those 

observed here (70-1025 m water depth, acetelyene reduction assay) (Gier et al., 2016; 

Gier et al., 2017); one notable difference in the sediments of the Peruvian OMZ is the 

nearly 10 times greater organic carbon content compared to those investigated here.    

Trace levels of 
15

N-ammonium and/or 
15

N-nitrate/nitrite were detected in the 
15

N2 

gases used in these experiments (Table S2), as has been shown previously in some 

commercially supplied 
15

N2 (Dabundo et al., 2014). However, the concentrations detected 

in the 
15

N2 bottles used here were low, and negligible compared to the maximum rates of 

15
N assimilation observed (Table S2). For the Monterey Canyon experiments, only up to 

0.345 nmol perceived total assimilated 
15

N2 gdw
-1

 (0.0350 pmol N2 gdw
-1

 hr
-1

) could 

potentially be attributed to 
15

N-contaminants, with an even lower 0.0015 nmol perceived 

total assimilated 
15

N2 gdw
-1

 (0.0002 pmol N2 gdw
-1

 hr
-1

) for the Hydrate Ridge 

Experiments. The higher rates observed here therefore cannot be explained by 
15

N-

contaminants in the 
15

N2 gases  

Variations between the experimental and in situ conditions may result in 

deviations between measured and in situ rates, and the observed rates are thus discussed 

as potential rates. These may be overestimates if diazotrophic microorganisms became 

more abundant over the course of the experiment. However, we think diazotrophic 

ingrowth is likely insignificant, due to the long doubling times of microbes within cold 
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marine sediments especially when living diazotrophically (Dekas et al., 2009), and 

because for many incubations, the highest rates were observed at the beginning of the 

experiment (see time course discussion below). Alternative approaches requiring shorter 

incubation times, such as the acetylene reduction assay, have their own caveats, including 

inhibition and approximating a conversion value for acetelyene to dinitrogen reduction 

(discussed in, e.g., (Capone, 1988; Angel et al., 2018)). Changing conditions in the 

bottles over time (e.g., ammonium concentrations, discussed below) could result in either 

higher or lower observed rates. Finally, adverse effects on the community due to 

slurrying of the sediment or incubation under a fraction of the in situ pressure (and 

therefore decreased partial pressure of N2) could result in observed underestimates. 

Importantly, the observations here demonstrate the functionality of diazotrophs in diverse 

marine sediments, and increase the maximum potential rates known for methane seeps 

and whale falls.  

 

Distribution of N2 fixation with sediment depth 

N2 fixation potential was heterogeneously distributed, with replicated hotspots of 

diazotrophic activity within discrete depth horizons (Figure 5). In methane seep sediment, 

N2 fixation peaked between 3 and 15 cm below seafloor, corroborating the spatial 

distribution of fixation observed previously within a core from Mound 12 Costa Rica 

(Dekas et al., 2014). As proposed previously, it is likely that the peak in N2 fixation 

corresponds with the sulfate-methane transition zone, and therefore a peak in the activity 

of diazotrophic consortia of anaerobic methanotrophic archaea (ANME) and sulfate-

reducing bacteria (SRB). Indeed, rates of methane-coupled sulfate reduction, a proxy for 
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the anaerobic oxidation of methane (AOM) (Nauhaus et al., 2002), were high at these 

depths (Figure 5). The deeper maximum observed in core Clam775 is likely due to clam 

bioturbation causing deeper oxygen penetration, and a deepening of the sulfate-methane 

transition zone (Orphan et al., 2004; Gieskes et al., 2005).  

The distribution in N2 fixation with depth in the sediment was also heterogeneous 

in whale fall and background cores, but in these sediments the maximum often occurred 

in the top depth horizon (0-3 cm). Additionally, in MC-Bkgd2893, two maxima in N2 

fixation were observed (Figure 5B). The variation in spatial pattern and different pore 

water chemistry outside of seeps suggest that biogeochemical parameters instead of, or in 

addition to, the methane-sulfate transition zone influence the location of N2 fixation in 

non-seep sediments.  

 

Magnitude of potential total anabolic activity rates 

Anabolic activity (
15

N assimilation from 
15

NH4
+
) was observed in all depths of all 

ten sediment cores analyzed. Since the addition of NH4
+
 may stimulate growth in N-

limited habitats, this is considered a measure of the total potential anabolic activity given 

the experimental conditions. The maximum total time-averaged rates in duplicate 

incubation bottles were over an order of magnitude higher than the N2 fixation rates, at 

657 (+/- 148), 253 (+/- 12), and 222 (+/- 59) pmol NH4
+
 gdw

-1
 hr

-1 
in seep, whale fall, and 

background sediments, respectively (Table 1; Figure 2). As with the N2 fixation rates, 

when total potential anabolic activity rates were calculated for intermediate periods of the 

incubation for the subset of bottles selected for time-course analysis, the highest rates 

observed are greater: 1120, 1610, and 1800 pmol NH4
+
 gdw

-1
 hr

-1 
in seep, whale fall, and 
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background sediments, respectively (Figures S5, S6 and S7). High anabolic activity 

appeared to indicate conditions favorable for, or requiring diazotrophy, with N2 fixation 

only observed in sediment depths with high rates of anabolic activity in paired 

incubations. But, anabolic activity was not an independent predictor of N2 fixation: 

several sediments displaying high anabolic activity did not demonstrate diazotrophy 

(Figures 5 and 6C). This is an expected result, as N2 fixation is thought to be regulated by 

a combination of environmental parameters, not only high growth rates.  

 

III. Biogeochemical Controls on Diazotrophy and Total Anabolic Activity  

 

Effect of methane on N2 fixation and anabolic activity  

Methane stimulated uptake of 
15

N2 and 
15

NH4
+
 in select sediment horizons from 

all three habitats, with the largest effect observed in methane seep sediment (Figure 3). 

The stimulation of both diazotrophy and anabolic activity by methane within methane 

seep sediment was statistically significant at the habitat level (p-values in Table S3). The 

‘methane dependency’ of uptake for each sediment horizon was determined as the 

percent of uptake observed in the presence of methane not observed without methane 

(Table 1).  At methane seeps, the median methane dependency of N2 fixation was 96% 

(0-100% range), in contrast to a median of 0% at both whale falls (0-78% range) and 

background sediments (0-99% range). A similar trend was observed in the total anabolic 

activity experiments, where the median 
15

NH4
+
-uptake was 71% dependent on methane at 

methane seeps (46-88% range), 41% in whale fall sediment (0-68% range) and 8.7% in 

background sediment (0-52% range). Higher methane dependency in seep sediments is 
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consistent with higher pore water methane concentrations as seeps, and therefore long-

term selection for methane-utilizing microorganisms. Perhaps more surprisingly, the high 

methane dependency of diazotrophy in Bkgd600 (62-99%) suggests methane can 

stimulate diazotrophy in sediment not previously acclimated to methane as well.    

 

Comparison of potential N2 fixation rates between habitats: implications for effect of 

carbon loading 

The relationship between diazotrophy and carbon loading in shallow marine 

sediments is complex, with increased carbon typically but not always increasing 

diazotrophy (reviewed in (Capone, 1988) and revisited by (Fulweiler et al., 2007, 2008)). 

The recent pair of reports of benthic N2 fixation rates in OMZs reported opposite trends 

in N2 fixation rates with organic carbon content of sediments, suggesting this complexity 

extends to the deep-sea environment (Gier et al., 2016; Gier et al., 2017). At methane 

seeps,  including as seen here at Hydrate Ridge and in previous studies off-shore Costa 

Rica and in the Eel River Basin, methane appears to consistently stimulate N2 fixation 

(Dekas et al., 2009; Dekas et al., 2014; Dekas et al., 2016). One explanation is that the 

composition of input carbon, not just the quantity, is what drives rates, and that the match 

of the input organic material to the metabolic capabilities of the microorganisms present 

is critical (Capone, 1988).  

We hypothesized that the nitrogen content of source organic matter would 

influence N2 fixation rates at the habitat scale in the deep sea, and therefore that methane 

seeps would host more N2 fixation than whale falls or background sediments. Indeed, the 

highest N2 fixation rates observed were within seep sediment (Figures 3A, 5). However, 
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when the habitats were considered as a whole, N2 fixation was not statistically 

significantly elevated at methane seeps relative to whale falls or background sites, with or 

without the addition of methane (Table S3). This is likely due to the highly 

heterogeneous distribution of diazotrophy within seep sediment, and the high number of 

seep samples not demonstrating diazotrophy (see discussion above). In contrast, anabolic 

activity at seeps was significantly elevated compared to background sediments (though 

not whale falls) in the presence of methane (Figure 3B) (p-values in Table S3). Although 

the high C:N ratio of carbon inputs to the seep environment may contribute to the 

occasionally extremely high rates found there, our results underscore the complexity of 

these systems and the controls on diazotrophy.  

It is also important to note that the three habitats evaluated here may not be as 

geochemically distinct as they initially appear. Due to the one-time nature of the carbon 

loading at whale falls, the geochemistry and biological communities can change 

significantly over time (Goffredi et al., 2008; Lundsten et al., 2010). The whale falls were 

likely in the ‘sulphophilic’ phase of whale fall ecosystems, which can last from about one 

year after deposition to several decades (Smith, 2003). This phase takes place after 

visible flesh is gone, and is characterized by the slow degradation of recalcitrant carbon – 

mostly lipids – by sulfate-reducing bacteria, producing elevated levels of sulfide which 

can support chemoautotrophic macrofaunal communities (Smith, 2003; Treude et al., 

2009). Therefore, despite fundamentally different types of carbon loading, some aspects 

of the geochemistry at whale falls can resemble those at seeps over time.  

Additionally, depending on the distance from the site of organic matter loading, 

the off-site samples may be significantly impacted by the nearby carbon inputs. In 

A
cc

ep
te

d 
ar

tic
le

This article is protected by copyright. All rights reserved.



particular, whale falls have been shown to affect the chemistry and microbial 

communities of sediments over 10 m away from whale deposition (Goffredi et al., 2008; 

Goffredi and Orphan, 2009; Treude et al., 2009). This dispersal is referred to as a ‘bull’s 

eye’ of organic matter loading, and is likely due to increased animal density and 

bioturbation surrounding the whale fall. Indeed, elevated methane concentrations were 

detected in the core collected 28 meters from Whale2983, suggesting that this off-site 

location was impacted by the nearby carbon loading (Table 1).  

 

Effect of ammonium on N2 fixation  

Traditionally, ammonium is thought to be the most direct inhibitor of diazotrophy 

in active cells. Genetic regulatory elements are present in both bacterial and archaeal 

diazotrophs to prevent N2 fixation at high ammonium concentrations at both 

transcriptional and post-translational levels (Kessler and Leigh, 1999; Leigh, 2000; 

Dixon, 2004). Our previous finding of the regulatory nifI1 and nifI2 genes—those required 

for post-translational “ammonium switch-off” regulation (Kessler et al., 2001)—in a nif 

operon associated with deep-sea ANME archaea suggested ammonium sensitivity in deep 

sea diazotrophs, specifically (Dekas et al., 2009). However, the concentration at which 

ammonium inhibition occurs in marine sediments is unclear, with different reports in 

coastal sediments suggesting thresholds of 100-300 M (summarized in (Capone, 1988; 

Knapp, 2012)), with notable exceptions, including recent reports of benthic N2 fixation at 

over 1000 M ammonium (Bertics et al., 2012; Gier et al., 2016). To explain the 

observations of N2 fixation at high concentrations of ammonium, the hypothesis has been 

raised that benthic diazotrophs pursue N2 fixation for purposes other than the generation 
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of new nitrogen, such as for the generation of H2 and/or disposal of reducing equivalents 

(Dekas et al., 2009; Knapp, 2012; Bertics et al., 2013; Wankel et al., 2015; Gier et al., 

2016).  

To investigate the influence of ammonium on N2 fixation, ammonium 

concentrations were measured in the core pore water, at the beginning and end of the 

experiment for all bottle incubations, and at intermediate time points for the subset of 

incubations selected for time-course analysis. The distribution of N2 fixation with depth 

in the sediment was not overall negatively correlated with in situ pore water ammonium 

concentrations (Figure 5), consistent with previous reports (Gier et al., 2016; Gier et al., 

2017).  However, a negative correlation was evident during the time-course analysis, 

when ammonium concentrations in the incubations were shown to change with time 

(Figures 4, 6, S5, S6, and S7). In several seep sediment incubations, it was only after 

ammonium concentrations had decreased substantially that N2 fixation was observed 

(n=6) (Figures 5, S5, S6 and S7). Overall, N2 fixation was only observed in bottles with 

ammonium concentrations that reached or remained below 25 M during the incubation 

period (Figure 6A).  This trend was observed across all habitats, suggesting an 

ammonium inhibition threshold at or slightly above this value for diazotrophs across 

these communities. 

To directly test the effect of NH4
+ 

on diazotrophy in methane seep sediment, we 

performed an ammonium-addition experiment on methane seep sediment. Incubations of 

a homogenized sediment slurry from an additional core from Hydrate Ridge were 

amended with varying concentrations of NH4
+ 

(0 - 5 mM). A negative effect was 

observed, with decreasing N2 fixation at higher concentrations of ammonium, 
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corroborating the sensitivity to ammonium observed during the time-course experiments 

(Figure S8A). Sulfate reduction measured by sulfide production was equivalent in all 

ammonium-amended bottles and the no-addition control (Figure S8C), indicating that the 

decreased diazotrophy observed was likely due to specific inhibition by ammonium and 

not adverse effects of the ammonium addition on the microbial community. Ammonium 

concentrations were not measured over time in these additional incubations, precluding 

our ability to use them to independently determine the threshold concentration.   

Together, our results suggest that diazotrophy in deep-sea sediments is sensitive 

to ammonium concentrations, with a putative threshold of inhibition as low as 25 M. 

Although 25 M is a lower threshold than previously proposed for marine sediments, it is 

consistent with the onset of ammonium inhibition in the diazotrophic methanogen 

Methanococcus maripaludis. In pure culture, inhibition of N2 fixation in M. maripaludis 

begins at 25 M NH4
+
, with complete inhibition at 100 M (Kessler et al., 2001).  

The range of previously published thresholds may be due to experimental 

limitations, and/or physiological differences between diazotrophic communities. 

Regarding the former, temporal or spatial decoupling of measured N2 fixation rates and 

ammonium concentrations is possible. Our results demonstrate the potential for 

ammonium concentrations to change over time during bottle incubations, compromising 

the comparison of long, incubation-based N2 fixation rates and in situ pore water 

ammonium concentrations. Additionally, the potential for chemical microniches within 

structured sediment pore spaces could result in erroneously coupled bulk measurements 

of N2 fixation rates and ammonium concentrations in previous reports. Homogenization 

of the sediment during slurrying would have reduced the impact of that effect in the 
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bottle incubations investigated here.  Alternatively, true differences in the physiology of 

benthic diazotrophs may explain the discrepancy. The diversity of nifH sequences 

previously detected in deep marine sediments suggests benthic diazotrophs are 

phylogenetically diverse (e.g., Dang et al., 2009, Dang et al., 2013, Dekas et al., 2009, 

Dekas et al., 2016), and ammonium sensitivity may therefore vary by habitat. Either way, 

the high ammonium sensitivity observed here counters the notion that absent or non-

functional genetic regulatory elements facilitate a primary metabolic benefit other than 

acquisition of reduced nitrogen at these sites.  

 

Evidence for multiple diazotrophic guilds   

Two diazotrophic microorganisms have been identified in deep-sea sediments 

previously: the methanogenic archaea Methanocaldococcus jannaschii (Mehta and 

Baross, 2006), and anaerobic methanotrophic ANME-2 archaea in association with 

sulfate-reducing Deltaproteobacteria (Dekas et al., 2009). However, diverse nif 

sequences recovered from deep-sea sediments suggest that many more microorganisms 

present may be capable of fixing nitrogen (Mehta et al., 2003; Dang et al., 2009; 

Miyazaki et al., 2009; Dang et al., 2013), and substantial molecular and geochemical 

evidence has pointed to sulfate-reducing and potentially iron-reducing diazotrophs in 

both coastal and deep sediments (Capone, 1988; Bertics et al., 2010; Bertics et al., 2013; 

Fulweiler et al., 2013; Gier et al., 2016; Gier et al., 2017). 

Our results suggest that diazotrophy is likely mediated primarily by different 

microorganisms at seeps and whale falls. The methane-dependency of N2 fixation within 

the methane seep sediment (Figures 3, 5 and Table 1) suggests that methane-utilizing 
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microorganisms, such as anaerobic methanotrophic archaea (ANME) and/or associated 

sulfate reducing bacteria (SRB), are the primary diazotrophs in the Hydrate Ridge 

sediments. An investigation of nifH sequences in the microbial mat core from Hydrate 

Ridge used for the ammonium-addition experiments showed that 95% of the nif 

sequences present cluster with either those associated with ANME archaea (79%) or 

other anaerobic diazotrophs potentially including the sulfate-reducing bacterial partners 

(16%); (Figure S9B).  Of those sequences associated with ANME archaea, 33% cluster 

with ANME-2 nifH sequences and 46% cluster with ANME-1 nifH homologues (Figure 

S9).  ANME-1 nifH homologues are inferred to be non-functional in N2 fixation based on 

their phylogenetic placement within group IV nif sequences (Meyerdierks et al., 2010). 

We therefore hypothesize that the ANME-2 archaea are the dominant diazotrophs in the 

seep sediments investigated here, as they were demonstrated to be at Costa Rica methane 

seep Mound 12 (Dekas et al., 2014). Consistent with the results found in Costa Rica, high 

levels of methane-dependent sulfate reduction suggestive of active ANME-SRB did not 

always correspond to diazotrophic activity at Hydrate Ridge (Figure 6 and Table 1). This 

highlights the importance of geochemical parameters, in addition to the activity of 

microbes capable of diazotrophy, in the magnitude and distribution of N2 fixation.  

The identities of the relevant diazotrophs are still unknown in the whale fall and 

off-site/background sediments. Although methane-dependent sulfate reduction observed 

in the whale fall sediments here suggested AOM and the presence of ANME-SRB, N2 

fixation was largely not dependent on methane, suggesting ANME-SRB are not the 

primary diazotrophs. Although free-living sulfate-reducing bacteria are an alternative 

possibility, the time-course experiment demonstrated no trend between N2 fixation and 
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sulfate reduction in whale fall sediments (Figure 6B). This does not preclude the role of 

ANME-SRB or free-living sulfate-reducing bacteria in N2 fixation at these locales, but it 

suggests that they are not the only, and perhaps not the dominant diazotrophs present. 

High bacterial diversity has been described previously at Whale2983 (Goffredi et al., 

2008; Goffredi and Orphan, 2009), including relatives of some cultured lineages known 

to fix nitrogen (e.g. within the Firmicutes). leaving open the possibility of a range of 

currently unidentified diazotrophs at these sites.  

 

IV. Significance of diazotrophy on the deep seafloor 

 

Mass balance of the marine nitrogen cycle, i.e., whether the sources of fixed 

nitrogen equal the sinks, has been debated for several decades. Although the sedimentary 

record suggests a long-term imbalance is unlikely, measured and estimated rates of fixed 

nitrogen sinks (particularly denitrification) continually exceed those of fixed nitrogen 

sources (particularly N2 fixation) (Brandes and Devol, 2002; Mahaffey et al., 2005; 

Altabet, 2007; Brandes et al., 2007; Codispoti, 2007; Deutsch et al., 2007; Gruber and 

Galloway, 2008; DeVries et al., 2012). One explanation for this is underestimated rates of 

N2 fixation, and indeed, recent re-evaluated rates of surficial marine nitrogen fixation 

have come closer to balancing the marine nitrogen budget (Grosskopf et al., 2012). 

However, it remains a likely possibility that our inventory of marine diazotrophs is 

incomplete, and particularly that the historical focus of marine N2 fixation on tropical 

surficial waters has neglected other important sources of new nitrogen in the oceans.  

The potential for N2 fixation in geographically distinct and geochemically diverse 

deep-sea sediments observed in this study suggests that functional diazotrophs are 
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broadly distributed on the seafloor. Notably, Whale-2893 and OffWhl-2893 are the 

deepest sediments of any kind (in terms of water depth) to demonstrate diazotrophy to 

date, and thereby extend the known potential habitat space for functional diazotrophs 

considerably. The delay in the onset of N2 fixation in many methane seep sediments until 

ammonium concentrations fell below 25 M suggests that ammonium may inhibit 

diazotrophy in functional diazotrophs that are otherwise metabolically active in situ. 

However, even if 25 M ammonium is conservatively taken as the threshold for N2 

fixation, ammonium would still not inhibit N2 fixation in large swaths of the seafloor: the 

in situ pore water concentrations of ammonium measured here were below 25 M in 

25%, 9%, and 44% of the methane seep, whale fall, and off-site/background sediments, 

respectively. This leaves open the largest potential for diazotrophy in background 

sediments—the largest fraction of the seafloor.  However, additional factors are also at 

play, including the availability of suitable electron acceptors for respiration (e.g., oxygen 

or sulfate), and the quantity and composition of organic material. Greater understanding 

of how multiple factors interact to stimulate diazotrophy, particularly within 

representative ‘background’ sediments, is necessary before large-scale predictions can be 

made for the large yet-tested expanse of the seafloor.  

On a local level, N2 fixation contributed a significant amount of nitrogen to the 

total nitrogen demand in some sediment horizons. By comparing the amount of nitrogen 

assimilated from N2 to that from NH4
+ 

in parallel incubations, we calculate the percentage 

of required nitrogen obtained via diazotrophy (Table 1). This is an estimate of the 

significance of N2 as a local nitrogen source to the community. In seep sediments, 

communities obtained up to 31% of the total nitrogen requirement from diazotrophy, and 

A
cc

ep
te

d 
ar

tic
le

This article is protected by copyright. All rights reserved.



averaged 9.9% (methane-amended incubations only). In whale-fall sediments, the 

maximum was 17% (average 5.5%) and in background sediments it was 22% (average 

5.9%); (Table 1). This estimate of the contribution of N2 fixation is much greater than 

that reported previously in coastal, non-vegetated marine sediments (0.1-11%; 

summarized in (Carpenter and Capone, 2008)), as well as our previous analysis of deep-

sea sediments at Costa Rica methane seep Mound 12, (0.1-3.0%; (Dekas et al., 2014)). 

This suggests that diazotrophy has the potential to be an important source of bioavailable 

nitrogen locally within select sediments at diverse deep-sea habitats.  

 

 

CONCLUSION 

 

The observations reported here indicate that functional diazotrophs are distributed 

broadly in deep-sea sediments, that they likely include catabolically diverse taxa, that 

they have the potential to contribute significant amounts of bioavailable nitrogen locally, 

and that based on in situ ammonium concentrations and even conservative putative 

thresholds for ammonium inhibition, large areas of the surficial seafloor may host active 

diazotrophs.  Together, our results highlight the underappreciated role that diazotrophs 

may play in diverse marine environments, and the need for more measurements across 

the globe to further tease apart the complexities controlling their activity and their impact 

on the marine nitrogen cycle.  
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EXPERIMENTAL PROCEDURES  

Site Descriptions  

Hydrate Ridge (HR) is one of a series of accretionary ridges running north/south 

along the Cascadia convergent margin. The northern ridge peak (HR North; 600 m water 

depth) is characterized by authigenic carbonate pavement, and the southern peak (HR 

South; 800 m water depth) is primarily covered by sediment. Fluid and methane flow up 

from deeper sediments through faults, supplying the surficial ecosystems with methane, 

and either destabilizing shallow hydrates and causing additional methane advection or 

forming secondary hydrates (Suess et al., 1999; Suess et al., 2001; Torres et al., 2002). 

Both HR North and South host benthic communities typical of methane seeps, including 

sulfide-oxidizing microbial mats (Beggiatoa sp.) and clam fields (Calyptogena sp.) 

(Torres et al., 2002; Treude et al., 2003).  

Monterey Canyon extends west out of Monterey, CA, and contains a diverse array 

of benthic environments, including methane seeps (Barry et al., 1996; Girguis et al., 

2003) and whale falls (Lundsten et al., 2010). Whale2983, a 10 m Gray whale, was 

discovered in February 2002 at 2983 m water depth, and is estimated to have naturally 

fallen approximately 1 year prior (Goffredi et al., 2004). Whale633, a 10 m Gray whale, 

and whale1018, a 17 m blue whale, were both intentionally sunk for research purposes by 

the Monterey Bay Aquarium Research Institute in April 2007 and October 2004, to 633 

m and 1018 m water depths, respectively. Whale falls 633 and 1018 are located in the 

Monterey Canyon oxygen minimum zone, defined by oxygen values below 0.5 ml/L. The 

whale falls host diverse and dynamic microbial and macrofaunal populations (Goffredi et 
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al., 2004; Braby et al., 2007; Goffredi et al., 2008; Goffredi and Orphan, 2009; Lundsten 

et al., 2010).  

 

Sample Collection 

Twenty-one pushcores from Hydrate Ridge (average length of 15-20 cm) were 

collected on the R/V Atlantis during cruise AT 15-68 in July-August of 2010 using DSV 

Alvin, operated by the Woods Hole Oceanographic Institute (WHOI). Thirteen pushcores 

from Monterey Canyon (average length of 15-20 cm) were collected on the R/V Western 

Flyer in October 2010 using ROV Doc Ricketts, operated by the Monterey Bay Aquarium 

Research Institute (MBARI). The methane seep cores were collected within sulfide-

oxidizing microbial mats or clam beds (Figure S1D-G). Sediments collected outside of 

active areas of methane seepage and whale deposition are termed ‘off-site’ if collected 

within 50 m of a site of organic matter loading and ‘background’ if further than 1 km. 

Descriptions, maps and images of the sampling sites can be found in Table S1 and 

Figures 1, S1, and S2. Cores were subsampled in 1, 3, or 5 cm depth increments.  Pore 

water was squeezed from sediments using a pore-water pressing bench (KC Denmark 

Research Equipment) under a stream of argon gas immediately after collection, and either 

preserved with zinc acetate or filtered via 0.2 m filters and frozen at -20˚C. For methane 

analysis, 5 ml of sediment was combined with concentrated NaOH in a sealed serum 

bottle and stored at room temperature until analysis. 

 

Bottle incubations with 
15

N-substrates 

Five push-cores from Hydrate Ridge (3 microbial mats: Mat-774, Mat-602, and 
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Mat-794; 1 clam bed: Clam-775; and 1 background site: Bkgd-600) and five push-cores 

from Monterey Canyon (2 whale falls: Whale-2983 and Whale-633; 2 outside whale falls 

(28 m and 38 m from the whale sites, respectively): OffWhl-2893 and OffWhl-633; 1 

outside of a clam bed (~10 cm outside): OffClam-2883) were selected for microcosm 

incubations. The HR incubations were set up within hours of sediment collection and the 

MC incubations were set up 1-4 days after sediment collection, after anaerobic storage in 

mylar bags at 4˚C. Sediment was mixed under anoxic conditions 1:1 with argon-sparged 

filtered bottom water. 20-25 ml of slurry from each core depth horizon was aliquoted into 

each of ten 60 ml serum bottles. Bottles were sealed with butyl stoppers and aluminum 

crimp caps. The headspaces were flushed and replaced with Ar or CH4. 
15

N was added 

either as 
15

N2 (Cambridge Isotopes lot I1-10077 or I1-10798 for HR incubations, and 

Sigma-Isotech lot SZ1694 for MC incubations; see section below for assessment of 
15

N2 

purity) or 
15

NH4Cl.  Five ml of a 1:1 mixture of 
15

N2 and unlabeled N2 was added to each 

15
N2 incubation (final at% 

15
N of 49.2%), and 

15
NH4Cl was added to a final concentration 

of 1 mM in 
15

NH4
+
 incubations (final at% 

15
N 74-99%, calculated for each sediment 

horizon depending on the initial concentration of pore water NH4
+
). MC incubations were 

immediately pressurized to 30 psi by addition of Ar or CH4, while HR incubations were 

pressurized after 27 days, due to restrictions on traveling with over-pressured vessels. 

Incubations were performed in triplicate (
15

N2), or duplicate (
15

NH4
+
), resulting in a total 

of 228 incubations from MC and 192 incubations from HR.  

Bottles were incubated at 4˚C (near in situ temperature; Table S1), and sub-

samples were taken at t=0, 34 days, 111 days, and 258 days for the HR incubations, and 

at t=0, 66 days, 200 days, and 411 days for the MC incubations. Incubation times were 
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selected based on the 
15

N-incorporation rates observed in previous studies of deep-sea 

sediments (e.g., Dekas et al., 2009; Dekas et al. 2014). Slurry was removed via syringe at 

each time point and centrifuged briefly before freezing 0.2 m-filtered supernatant (500-

1000 l) and pelleted sediment (200-500 l) separately at -20°C.  

For the ammonium inhibition experiment, sediment from core HR-Mat602b, 0-12 

cm, was homogenized with Ar-sparged filtered bottom water after anaerobic storage in a 

mylar bag at 4˚C. Approximately 29 ml of slurry was aliquoted into each of fourteen 60 

ml bottles. The bottles were amended with 
15

N2 and increasing concentrations of 

unlabeled NH4Cl (none added, 200 M, 500 M, 1000 M and 5000 M), and a 

headspace of CH4 or Ar at 30 psi. Bottles were incubated at 4˚C and sub-sampled at t=0 

and 236 days.  

 

Assessment of 
15

N2 purity 

15
N2 gases used in this study were tested for contaminating 

15
N-nitrate/nitrite and 

15
N-ammonium following the method in Dabundo et al, 2014 (Dabundo et al., 2014). 

Briefly, 30 mL serum bottles containing 15 mL of natural abundance 10 μM sodium 

nitrate or ammonium were supplemented with injections of 3 mL and 6 mL 
15

N-N2 gas 

respectively, in triplicate. Control bottles were supplemented with room air. To 

equilibrate headspace, solutions were shaken overnight at 125 rpm. Nitrate solutions were 

then frozen and shipped to the UC Davis Stable Isotope Facility (Davis, California), 

where 
15

N-N2O was measured after conversion by bacterial denitrification. Ammonium 

was converted to N2O via the hypobromite-azide method (Zhang et al., 2007) before 

shipment to the same facility. Analysis of 
15

N-N2O was performed using a 
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ThermoFinnigan GasBench + PreCon trace gas concentration system interfaced to a 

ThermoScientific Delta V Plus isotope-ratio mass spectrometer (Bremen, Germany). The 

quantity of contaminating 
15

N-ammonium or 
15

N-nitrate/nitrite per mole 
15

N2 gas was 

determined using previously published equations (Zhang et al., 2007; Dabundo et al., 

2014). To conservatively approximate the amount of 
15

N-contaminants potentially added 

to each incubation, the sum of the 
15

N-nitrate/nitrite and 
15

N-ammonium mean 

concentration values plus two standard deviations was considered.  

 

Pore water chemistry of cores and bottle incubations 

Concentrations of nitrate, nitrite (HR only), ammonium, sulfate, sulfide and 

methane were measured in pore water extracted from 30 sediment pushcores (MC, n=13; 

HR, n=17), as well as from selected bottle incubations. For the latter, one 
15

N2-

ammended incubation bottle was analyzed for each unique depth horizon, core, and 

headspace gas combination at t=0 and t=final. Additionally, two intermediate time points  

were analyzed for bottles showing high 
15

N2 incorporation. 

Parallel ion chromatography systems operated simultaneously (Dionex DX-500, 

Environmental Analysis Center, Caltech) were used to measure ammonium, nitrate, 

nitrite and sulfate in the porewater samples as described in (Green-Saxena et al., 2014). 

Standard deviation of repeated injections of a standard (250 uM for ammonium, nitrite 

and nitrate; 8000 uM for sulfate) throughout the analysis were 5.0 uM, 4.2 uM, 5.8 uM, 

and 113 uM, respectively. Standard ranges were 10 uM – 2 mM (ammonium, nitrite, and 

and nitrate) and 500 uM – 32 mM (sulfate). Concentrations of sulfide were measured in 

pore water preserved with zinc acetate via the colorimetric Cline Assay (Cline, 1969). 
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Concentrations of methane in serum bottles were measured by gas chromatography and 

back-calculated to porewater concentrations using porosity values determined 

empirically. Pore water measurements were not performed with replicates, due to low 

sample volume. Two-tailed Mann-Whitney U Tests were conducted to compare ion 

concentrations between habitats, with a Bonferroni correction of the 95% confidence p-

value to compensate for multiple hypothesis testing. All p-values are reported in Table S3 

 

Sediment isotopic and elemental analyses 

Nitrogen isotopic (
15

N) and elemental (total nitrogen, TN) analysis was 

performed on incubated sediment at t=0 (one measurement per unique 

core/depth/headspace, n=45), t=final (all bottles, n=420), and two intermediate time 

points (one 
15

N2 bottle of CH4 and/or Ar headspace from each of 17 sediment horizons 

selected for time-course analysis based on high 
15

N incorporation at the final time point, 

plus the paired 
15

NH4
+
 bottle if available, n=51). For samples incubated with 

15
NH4

+
, 

sediment was washed before drying as described in (Dekas et al., (in prep)). Dried 

sediment in tin cups was analyzed on a Costech ECS 4010 Elemental Analyzer coupled 

to a Delta V Plus Isotope Ratio Mass Spectrometer (EA-IRMS) at Washington 

University. Instrumental precision on the standards was <0.2‰ (1).  

Carbon isotopic (
13

C) and elemental (total organic carbon, TOC) analysis was 

performed on non-incubated sediment.  Sediments were acid fumigated to remove 

carbonate as described by (Harris et al., 2001) prior to analysis and analyzed on a 

Costech ECS 4010 coupled to a Thermo Scientific Delta V Plus Isotope Ratio Mass 
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Spectrometer at the California Institute of Technology. Instrumental precision on the 

standards was <0.1‰ (1). 

 

Calculation of metabolic rates 

Rates of nitrogen fixation (uptake of 
15

N2 uptake) and total potential growth 

(uptake of 
15

NH4
+
) during the bottle incubations were calculated using the equations in 

(Montoya et al., 1996). Consistent with previous studies (e.g., (Dekas et al., 2014)), and 

despite washing sediments incubated with 
15

NH4
+
 to remove residual 

15
NH4

+
, killed 

controls incubated with 
15

NH4
+
 had 

15
N values of an average of 139‰ (n=6). This is 

likely due to abiotic binding of 
15

NH4
+ 

to clay
 
particles. To account for this residual 

15
NH4

+
 in the samples, the initial 

15
N of incubations amended with 

15
NH4

+
 was 

estimated to be 139‰. Two-tailed Mann-Whitney U Tests were performed to compare 

15
N incorporation rates between habitats, with a Bonferroni correction of the 95% 

confidence p-value to compensate for multiple hypothesis testing. All p-values are 

reported in Table S3. 

Sulfate reduction rates were estimated by measuring changes in sulfate 

concentration over time, and is calculated per ml of wet sediment added to the slurry. 

Methane-dependent sulfate reduction was determined by comparison of sulfate reduction 

rates between paired incubations amended with and without methane. The approximate 

rate of the anaerobic oxidation of methane (AOM) was estimated by assuming a 1:1 

coupling of methane oxidation and methane-dependent sulfate reduction (Nauhaus et al., 

2002).  
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Detection and analysis of nifH sequences 

DNA was extracted from a sub-sample of the homogenized sediment slurry of 

HR-M602b before aliquots were taken for individual incubations using the Ultraclean 

Soil DNA Isolation Kit (MoBio Laboratories, CA) as in (Dekas et al., 2009). nifH gene 

sequences were amplified with primers modified from (Mehta et al., 2003) to include 

inosine in place of triplicate and quadruplicate degeneracies 

(nifHfa10aa_5i:GGIAARGGIGGIATIGGIAARTC, 

nifHra132aa_4i:GGCATIGCRAAICCICCRCAIAC, ordered from Integrated DNA 

Technologies, Inc.).  Please note, we do not recommend use of these primers in future 

studies as later comparisons revealed lower amplification efficiency compared with 

degenerate primers in lieu of inosine (data not shown). Three parallel PCRs were 

performed with HotMaster Taq DNA Polymerase (5 PRIME Inc, MD) with the following 

program: 2 min 94°C; 25 cycle of 30 s 94°C, 30 s 55°C, 1 min 72°C; 10 min 72°C.  All 

three PCRs were pooled and cleaned with a Multiscreen Filter Plate for PCR cleanup 

(Milipore, MA), and cloned into the TOPO TA cloning kit for Sequencing (Invitrogen, 

CA).  Thirty-seven clones were sequenced by Laragen Inc. (Culver City, CA) using the 

T7 vector primer. Sequences have been deposited at NCBI Genbank under accession 

numbers MG912956- MG912992. 

The nifH subgroup assignments were determined by a multiple sequence 

alignment of the amino acid sequences and subgroup reference sequences followed by 

phylogenetic tree construction in the Geneious software package (publically available at 

http://www.geneious.com/) (Drummond et al., 2011).  Alignment was performed by the 

Geneious Alignment method with the Blosum62 cost matrix and default gap 
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penalties.  Tree construction employed the Jukes-Cantor genetic distance model and the 

Neighbor-Joining tree building method with 1000 bootstrap replicates.   
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Table and Figure Legends  

 

Table 1. Sediment geochemistry and corresponding total metabolic activity in bottle 

incubations over 258 (Hydrate Ridge) or 411 (Monterey Canyon) days.  Cores collected 

within sites of methane seepage are named “Mat-” or “Clam-” (dark shading), cores 

collected at whale fall sites are named “Whale-” (light shading), cores collected outside 

but within 50 m of a clam or whale site are noted as “OffClam-” and “OffWhl” 

respectively (no shading), and the core collected >1 km from any known site of 

anomalous carbon loading is named “Bkgd-” (no shading).  The water depth (m) at which 

the core was collected is indicated in the name after the dash. nm = not measured; nd = 

not detected; ***results of triplicate incubation bottles; **results of duplicate incubation 

bottles. *results of single incubation bottles (or single measurements, in the case of the in 

situ data). †estimated assuming 1:1 SO4
2-

:CH4 reduction/oxidation ratio. Headspace gas 

(CH4 or Ar) for the incubations is indicated. A value of 42.0 mol SO4
2-

 reduced per ml 

sed indicates complete depletion of incubation sulfate. Bold indicates incubations for 

which 
15

N and porewater data collected over time during the incubation are available in 

Figures S5, S6 and S7. Additional information about core collection and geochemistry is 

available in Table S1.  

 

A
cc

ep
te

d 
ar

tic
le

This article is protected by copyright. All rights reserved.



Figure 1. Maps of sampling sites at (A) Hydrate Ridge, Oregon, USA and (B) Monterey 

Canyon, California, USA. Black contour lines show 100 m water depth increments, with 

depths of select contours in italic. Core sampling locations are indicated with small 

circles, and the names of cores used for incubation experiments are listed. Additional 

maps showing detail in the areas indicated with white boxes, as well as photos of the 

sampling sites, can be found in Figures S1 and S2.  

 

Figure 2. Magnitude of ammonium (A) and nitrate (B) porewater concentrations in 

sediments  collected at methane seeps (including mat and clam sites, n=73), whale falls 

(n=35), and off-site/background locations (n=30). Boxes enclose data within the 2
nd

 and 

3
rd

 quartiles; the median is shown. Each dot shows the pore water concentration within a 

discrete sediment depth horizon. In (A), the shaded area highlights the 0-25 M range. In 

(B), three additional points exist above the maximum displayed for the seep samples, at 

97, 230, and 1230 M.  

 

Figure 3. Magnitude of nitrogen fixation (A) and ammonium assimilation (B) rates by 

habitat, during incubation with methane (gray) or argon (no fill). Each data point 

represents the average of triplicate (N2) or duplicate (NH4
+
) incubation bottles for a given 

core depth horizon. Boxes enclose data within the 2
nd

 and 3
rd

 quartiles; the median is 

shown.  

 

Figure 4. 
15

N of sediment (solid lines) and porewater ammonium concentrations 

(dashed lines) measured over time during incubation with 
15

N2 and either methane (solid 

circles) or argon (x's). The periods during which ammonium concentrations were at times 

< 25 M are indicated with gray shading; these periods also correspond to the periods of 

increasing 
15

N (i.e., N2 fixation). For clarity, the trend for only one representative 

incubation bottle from each habitat is shown (see stars in Figure 1); data for additional 

bottles and porewater parameters are shown in Figures S5, S6 and S7. 

 

Figure 5. Distribution of porewater nitrogen concentrations (in situ) and metabolic 

activity (in incubation bottles) with depth below the seafloor at (A) Hydrate Ridge, and 

(B) Monterey Canyon. Nitrogen concentrations: solid line is ammonium (circles) on top 

axis, dashed line is nitrate (squares) and dotted line (triangles) is nitrite, both on bottom 

axis. Metabolic activity: bars show average of triplicates (N2 fixation), duplicates (NH4
+
 

assimilation) or single bottles (sulfate reduction) with individual bottles overlaid as 

symbols. Dark bars and open circles indicate incubations with methane, light bars and x's 

indicate incubations without methane. 
†
Methane oxidized is estimated by determining 

methane-dependent sulfate reduction and assuming a 1:1 SO4
2-

:CH4 reduction/oxidation 

ratio. Stars indicate samples for which time series data is plotted in Figure 3.  The 

porewater nitrogen profiles are from the same core from which the sediment used for 

incubations was collected, except HR-Mat774 and HR-Clam775 when immediately 

adjacent cores were used for the two sets of analyses. Data is provided numerically when 

above the scale. Insets show data on an adjusted scale. 

 

Figure 6. N2 fixation rates in marine sediment versus (A) ammonium concentrations, (B) 

sulfate reduction rates, and (C) total potential anabolic activity (
15

N-ammonium 

A
cc

ep
te

d 
ar

tic
le

This article is protected by copyright. All rights reserved.



assimilation rates) during bottle incubation with or without methane (o’s and x's, 

respectively). A: Rates and concentrations for intermediate time periods for one bottle 

from each unique core/depth horizon demonstrating N2 fixation during one or more 

periods (27 bottles). Gray bars indicate the range of ammonium concentration in the 

bottle during the time period; the symbol indicates the average.  The dashed vertical line 

is at 25 M in all plots. Data is separated by habitat for clarity. B and C: Rate data from 

all samples over the entire length of the incubation (not individual time periods); data 

from one bottle with and without methane for each unique core/depth horizon 

investigated is shown (68 bottles).  N2 fixation and sulfate reduction were measured in 

the same bottle, ammonium uptake was measured in a paired incubation. One seep data 

point with an ammonium assimilation rate above the range shown (0.6628 nmol gdw
-1

 hr
-

1
), and no N2 fixation, is not shown. 
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NH4
+ CH4 TN δ

15N TOC δ
13C 

(µM) (µM) (wt%) (‰) (wt%) (‰) CH4 Ar CH4 Ar

307 nm nm 7.8 1.19 -23.0 41.9 9.2 0.1 ± 0.1 nd 2181 ± 650 901 ± 148 0 0

252 nm nm 7.5 0.32 -23.1 38.2 5.8 327.8 ± 153.3 0.0 ± 0.1 2303 273 ± 10 28 0

198 nm nm 7.5 nm nm 5.4 4.0 0.7 ± 0.1 0.0 ± 0.0 317 ± 66 172 ± 17 0 0

141 nm nm 8.9 1.21 -22.4 nm nm 1.9 ± 2.3 nd nm nm

75 nm 0.14 6.1 0.81 -28.6 41.4 nm 0.4 ± 0.7 0.2 ± 0.3 nm nm

nm nm 0.12 6.1 1.29 -25.2 41.7 nm 0.4 ± 0.6 0.7 ± 0.6 nm nm

nm nm nm nm nm nm 29.0 nm 1.2 ± 1.4 0.8 ± 0.5 nm nm

nm nm 0.12 5.9 0.70 -25.7 6.0 nm 1.7 ± 0.5 1.6 ± 0.4 nm nm

nm nm 0.13 4.7 1.31 -23.3 5.4 nm 1.9 ± 0.9 1.1 ± 0.3 nm nm

266 nm 0.17 5.1 0.97 -23.9 33.8 10.1 1.4 ± 0.4 0.9 ± 0.4 nm nm

299 nm 0.12 6.7 0.83 -23.6 32.3 4.0 41.0 ± 15.5 1.7 ± 1.4 nm nm

47 nm 0.13 7.0 0.98 -22.2 26.4 5.1 37.3 ± 4.7 2.2 ± 2.7 nm nm

69 nm 0.13 6.9 1.11 -22.2 24.1 4.3 2.0 ± 0.2 3.6 ± 3.5 nm nm

68 nm 0.16 7.5 1.26 -23.6 nm nm 1.3 ± 0.1 0.6 ± 0.2 nm nm

24 nm 0.42 9.1 2.92 -24.4 nm nm 0.2 ± 0.4 nd 4104 ± 925 991 ± 185 0 0

33 nm 0.39 8.9 2.11 -29.7 42.0 8.7 0.0 ± 0.1 nd 2345 ± 390 808 ± 4 0 0

35 nm 0.33 8.5 0.95 -28.3 42.0 7.8 154.4 ± 28.8 0.1 ± 0.1 2275 ± 196 435 ± 15 14 0

49 nm 0.26 8.6 1.51 -29.5 41.9 7.1 149.2 ± 47.1 0.2 ± 0.4 2107 ± 145 277 ± 50 14 0

61 nm 0.21 8.4 1.33 -27.5 41.7 6.7 317.7 ± 119.7 nd 2089 ± 318 998 ± 106 30 0

5 nm 0.27 8.6 1.79 -21.1 6.7 4.5 83.1 ± 74.5 15.5 ± 10.9 813 ± 57 815 ± 92 20 4

28 nm 0.27 8.6 1.84 -21.0 4.4 2.7 17.8 ± 22.4 0.2 ± 0.3 435 ± 49 352 ± 14 8 0

29 nm 0.27 8.5 1.82 -20.7 0.8 1.0 1.1 ± 1.8 0.4 ± 0.5 312 ± 43 289 ± 39 1 0

29 nm 0.26 8.5 1.89 -20.8 1.4 1.5 0.5 ± 0.7 0.0 ± 0.1 365 ± 71 280 ± 55 0 0

58 nd 0.35 9.8 1.46 -35.8 3.2 2.6 110.5 ± 20.3 161.9 ± 31.7 1652 ± 199 1878 ± 187 13 17

116 10 0.28 11.0 2.21 -18.3 5.6 6.1 2.3 ± 3.5 5.1 ± 0.7 770 ± 47 817 ± 13 1 1

380 14 0.19 8.1 1.06 -22.0 6.0 4.0 8.8 ± 1.1 7.7 ± 1.4 564 ± 49 550 ± 48 3 3

587 37 0.10 7.0 0.78 -22.6 25.1 3.0 5.7 ± 1.3 4.2 ± 1.2 750 ± 41 259 ± 60 2 3

619 54 0.18 7.2 1.12 -22.3 9.8 1.9 6.9 ± 0.4 5.8 ± 0.4 714 ± 71 229 ± 13 2 5

15 57 0.19 7.4 1.20 -22.0 12.2 8.4 146.4 ± 122.2 179.5 ± 2.9 2226 ± 588 2055 ± 95 13 17

22 22 0.19 7.5 1.38 -21.8 9.6 8.1 4.4 ± 0.5 5.1 ± 0.8 719 ± 215 1443 ± 419 1 1

30 nd 0.19 7.3 1.43 -21.7 5.4 6.8 7.3 ± 1.5 58.7 ± 23.0 586 ± 13 528 ± 11 2 22

38 4 0.20 7.4 nm nm 9.9 8.1 88.2 ± 17.9 76.6 ± 12.1 1114 ± 190 1011 ± 164 16 15

40 nd 0.22 7.3 1.41 -21.0 5.9 7.2 6.7 ± 1.0 19.1 ± 8.6 540 779 ± 323 2 5

23 nd 0.23 7.9 1.57 -21.8 nm nm 5.1 ± 0.8 8.9 ± 4.8 2529 ± 123 1559 ± 9 0 1

6 nd 0.21 7.7 1.51 -21.6 25.7 8.9 5.3 ± 1.0 5.7 ± 0.4 1614 ± 159 943 ± 45 1 1

60 nd 0.16 7.1 1.10 -21.3 22.5 6.7 6.3 ± 0.5 6.7 ± 0.3 1147 ± 41 679 ± 41 1 2

71 nd 0.14 6.8 0.71 -21.8 23.2 8.3 62.1 ± 14.7 62.9 ± 33.9 1422 ± 32 751 ± 22 9 17

87 nd 0.14 6.7 0.70 -22.2 24.7 24.5 148.9 ± 12.9 32.9 ± 30.7 1827 ± 107 526 ± 49 16 13

112 nd 0.21 7.1 1.48 -21.8 22.1 8.1 6.3 ± 0.8 6.5 ± 0.8 1766 1348 ± 61 1 1

106 nd 0.18 7.0 1.17 -21.9 23.3 4.6 36.1 ± 16.3 48.4 ± 20.1 1674 1000 ± 221 4 10

25 nd 0.11 5.1 1.35 -22.3 nm nm 4.4 ± 0.3 4.4 ± 1.8 720 ± 15 637 ± 51 1 1

53 nd 0.11 5.9 0.96 -22.1 nm nm 7.5 ± 0.7 56.5 ± 41.6 759 ± 181 677 ± 21 2 17

19 nd 0.09 6.1 0.75 -22.0 nm nm 5.1 ± 2.0 6.8 ± 3.4 529 ± 53 618 ± 247 2 2

136 14 0.13 6.1 nm nm nm nm 7.6 ± 1.8 29.9 ± 19.4 763 ± 33 768 ± 18 2 8

172 nd 0.10 6.2 0.70 -22.8 nm nm 4.0 ± 0.8 6.1 ± 0.5 523 ± 109 251 ± 355 2 5
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