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Materials and Methods 
Sites and sampling 

Sampling was conducted aboard the R/V Thomas G. Thompson in the ETNP in 

March – April 2012 (Fig. S1). Two sites were chosen for intense study: coastal (20.15ºN, 

106.00ºW; water depth 2200 m) and offshore (16.53ºN, 107.11ºW; water depth 3600 m) 

Nitrite and ammonium concentrations were determined by standard photometric methods 

(31). Ammonium was always < 20 nmol L-1 within the oxygen deficient zone. Water for 

incubations was collected from Niskin bottles into 300 mL ground glass stoppered bottles 

and transferred into a N2 flushed glove bag for manipulations. 

Sinking particulate organic matter (POM) was collected at 70 m (coastal) and 105 m 

(offshore) using a NetTrap (32), a large diameter (~2 m), free-drifting sediment trap, 

based on the design of a closing plankton net, capable of collecting large amounts of 

sinking POM (> 50 µm in size) in relatively short time periods (24 – 48 h). Contents of 

the cod end were used as the POM amendment. The POM was analyzed for C/N using an 

EA–IRMS at the UC Davis Stable Isotope Facility (33, 34). 

 
15N tracer experiments 

In addition to 3 µmol L-1 (final concentration) 15N-nitrite tracer, treatments for 

amendment experiments (Fig. 1, 2, Table 1) consisted of 3 µmol L-1 14N-ammonium, 5.7 

µmol C L-1 (coastal) or 4.6 µmol C L-1 (offshore) sinking POM, 37 µmol C L-1 casamino 

acids, 29 µmol C L-1 sucrose plus 3 µmol L-1 ammonium, 3 or 8 µmol L-1 O2 plus 3 µmol 

L-1 ammonium. All organic matter additions were either autoclaved (POM) or filter 

sterilized (sucrose and casamino acids; 0.2 µm pore size). Furthermore, the POM was 

homogenized by pushing the solution repeatedly through a 23-gauge needle The oxygen 

was added by equilibrating water from the same depth with air. 12 mL Exetainers 

(LabCo, UK) were filled with 8 mL of treatment-amended seawater for incubation and 

purged with He for 5 minutes. Air-equilibrated seawater was injected after He-purging 

using a gas-tight syringe. Similarly, a second set of experiments, where only 15NO2
– 

tracer (no 14NH4
+) was added (Fig. 3B) was conducted using the same methods. 

Triplicate vials were poisoned with 50% (w/v) zinc chloride at 5 time points spanning 36-
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48 hours after incubation at 10ºC in the dark, and 29N2 and 30N2 accumulation were 

measured on a Europa 20/20 IRMS. 

Denitrification rates were calculated from the accumulation of 30N2 and anammox 

by using the binomial distribution (7). In parallel experiments encompassing the same 

depths, 46N2O reduction rates, representing denitrification, were also measured (Fig. S2). 

Because these rates were not significantly different from the denitrification rates 

calculated from 15NO2
– reduction rates reported here, we conclude that dissimilatory 

reduction of nitrate to ammonium did not contribute significantly to the 30N2 

accumulation. 
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Derivation of famx equation 
To derive the balance between anammox and denitrification given organic matter of a 

certain composition, we assume that all organic nitrogen and the nitrate used to oxidize it 

are converted to N2 gas. We begin with the stoichiometries of three anaerobic 

metabolisms: dissimilatory nitrate reduction to nitrite (DNRN), denitrification, and 

anammox, using generic organic matter composition CaHbOcNd for the first two 

heterotrophic reactions (4), and an empirical (and therefore slightly imbalanced) reaction 

of anammox (5). 

 

CaHbOcNd + x1HNO3 → aCO2 + dNH3 + x1HNO2 + y1H2O (1) 

CaHbOcNd + x2HNO2 → aCO2 + dNH3 + x2
2

N2 + y2H2O  (2) 

NH3 + 1.32HNO2 + 0.066HCO3
–+ 0.19H+→ 

 1.02N2 + 0.26HNO3 +0.066CH2ON0.15 + 2.03H2O (3)  

 

Where x1= 2a+ !
!
− 𝑐 − !!

!
 and x2=

!!!
!

. Water coefficients yi are calculated to balance H 

and O and are also dependent on the organic matter stoichiometry, but are unimportant 

for this derivation. 

 

We first balance NH3 by multiplying Equation 3 by d, or the amount of ammonium 

released by the remineralization of one organic matter unit. HNO2 is balanced by splitting 

the amount of organic matter used in Equation 1 from Equation 2 through multiplying 

them by (1–F) and F respectively. The nitrite balance then results: 

1–𝐹 𝑥! =   𝐹  𝑥! + 1.32𝑑 or 𝐹   =    !!!!.!"!
!!!!!

. 

 

This means that the amount of N2 lost via denitrification is !!
!

!!!!.!"!
!!!!!

, but by 

substituting in with xi=xi(a,b,c,d), 𝑁!!"#$% = 0.4𝑎 + 0.1𝑏 − 0.2𝑐 − 0.564𝑑. 

As 𝑁!!"# = 1.02𝑑, and normalizing to organic carbon content of the organic matter, 
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𝑓!"# =
𝑁!!"#

𝑁!!"# + 𝑁!!"#$%
=

1.02𝑑
0.4𝑎 + 0.1𝑏 − 0.2𝑐 + 0.456𝑑

=
1.02N C

0.4+ 0.1H C− 0.2
O
C+ 0.456

N
C

 

 

Next, by assuming oxidation states of H (+1), O (–2) and N (–3), we can calculate the 

oxidation state of C in the organic molecule: 

𝐶!" = −H C+ 2
O
C+ 3

N
C 

 

This expression can lastly be substituted into the equation for famx, giving the final 

equation plotted in Figure 2: 

𝑓!"# =
1.02N C

0.4− 0.1𝐶!" + 0.756N C
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Fig. S1 
 

 
 
Cruise track of the R/V Thomas G. Thompson cruise number 278 (black circles). 
Asterisks denote the locations at which incubations reported here were performed. 
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Fig. S2 
 

 
 
Rates of denitrification (nmol N L–1 d–1) as measured by 15NO2

– and 46N2O tracers (no 
14NH4

+ addition) at the coastal station 
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Fig. S3 
 

 
 
Changes to the fraction of nitrogen loss attributed to anammox given nitrite accumulation 
as a percentage of the net reduction from nitrate to N2. The relationship breaks down at 
91% accumulation, when there is not enough nitrite to oxidize ammonium via anammox 
and still have denitrification. This has been done for average marine POM stoichiometry 
(6). 
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Table S1. 
 

Treatment Coastal oxycline (60 m) Coastal SNM (100 m) Offshore oxycline (100 m) Offshore SNM (150 m) 

NH4
+ only 4.7  /  3.1 2.6  /  3.3 0.8  /  0.4 2.1  /  0.9 

Sucrose + NH4
+ 7.3  /  2.5 5.9  /  1.9 1.8  /  0.7 2.2  /  0.6 

Casamino acids 9.3  /  7.4 9.2  /  8.6 1.6  /  1.1 3.7  /  2.7 

Sinking POM 31.1  /  14.1 30.1  /  12.7 6.3  /  3.1 15.1  /  6.0 

3 µmol L-1 O2 + NH4
+ 0.4  /  1.1 0.1  /  0.9 0.8  /  0.4 0  /  0.9 

8 µmol L-1 O2 + NH4
+ 0  /  0.4 0  /  0 0  /  0 0  /  0 

 

Measured rates of denitrification / anammox (nmol L-1 d-1) for each treatment at both 
stations at the depths of the oxycline and secondary nitrite maximum (SNM). 
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Table S2. 
 

Property Coastal site Offshore site  

Depth of deployment (m) 70 105 

Time of deployment (hr) 24 48 

Mass collected (mg m-2) 88 87 

Weight % organic C 27 22 

Organic C sedimentation rate (mg m-2 d-1) 24 10 

C/N (mol mol-1) 6.16 7.51 

 

Properties of particles collected via sediment traps at the two sampling sites. 
  



 

References and Notes 
1. F. A. Richards, in Chemical Oceanography, J. P. Riley, G. Skirrow, Eds. (Academic Press, 

London, 1965), vol. 1, pp. 611–643. 

2. M. Bender, R. Jahnke, W. Ray, W. Martin, D. T. Heggie, J. Orchardo, T. Sowers, Organic 
carbon oxidation and benthic nitrogen and silica dynamics in San Clemente Basin, a 
continental borderland site. Geochim. Cosmochim. Acta 53, 685–697 (1989). 
doi:10.1016/0016-7037(89)90011-2 

3. D. E. Canfield, F. J. Stewart, B. Thamdrup, L. De Brabandere, T. Dalsgaard, E. F. Delong, N. 
P. Revsbech, O. Ulloa, A cryptic sulfur cycle in oxygen-minimum-zone waters off the 
Chilean coast. Science 330, 1375–1378 (2010). doi:10.1126/science.1196889 Medline 

4. W. Koeve, P. Kahler, Heterotrophic denitrification vs. autotrophic anammox - quantifying 
collateral effects on the oceanic carbon cycle. Biogeosciences 7, 2327–2337 (2010). 
doi:10.5194/bg-7-2327-2010 

5. M. Strous, J. J. Heijnen, J. G. Kuenen, M. S. M. Jetten, The sequencing batch reactor as a 
powerful tool for the study of slowly growing anaerobic ammonium-oxidizing 
microorganisms. Appl. Microbiol. Biotechnol. 50, 589–596 (1998). 
doi:10.1007/s002530051340 

6. L. A. Anderson, On the hydrogen and oxygen content of marine phytoplankton. Deep Sea Res. 
Part I Oceanogr. Res. Pap. 42, 1675–1680 (1995). doi:10.1016/0967-0637(95)00072-E 

7. B. B. Ward, A. H. Devol, J. J. Rich, B. X. Chang, S. E. Bulow, H. Naik, A. Pratihary, A. 
Jayakumar, Denitrification as the dominant nitrogen loss process in the Arabian Sea. 
Nature 461, 78–81 (2009). doi:10.1038/nature08276 Medline 

8. P. Lam, G. Lavik, M. M. Jensen, J. van de Vossenberg, M. Schmid, D. Woebken, D. 
Gutiérrez, R. Amann, M. S. Jetten, M. M. Kuypers, Revising the nitrogen cycle in the 
Peruvian oxygen minimum zone. Proc. Natl. Acad. Sci. U.S.A. 106, 4752–4757 (2009). 
doi:10.1073/pnas.0812444106 Medline 

9. T. Kalvelage, G. Lavik, P. Lam, S. Contreras, L. Arteaga, C. R. Löscher, A. Oschlies, A. 
Paulmier, L. Stramma, M. M. M. Kuypers, Nitrogen cycling driven by organic matter 
export in the South Pacific oxygen minimum zone. Nat. Geosci. 6, 228–234 (2013). 
doi:10.1038/ngeo1739 

10. T. Dalsgaard, B. Thamdrup, L. Farías, N. Peter Revsbech, Anammox and denitrification in 
the oxygen minimum zone of the eastern South Pacific. Limnol. Oceanogr. 57, 1331–
1346 (2012). doi:10.4319/lo.2012.57.5.1331 

11. A. R. Ravishankara, J. S. Daniel, R. W. Portmann, Nitrous oxide (N2O): The dominant 
ozone-depleting substance emitted in the 21st century. Science 326, 123–125 (2009). 
doi:10.1126/science.1176985 Medline 

12. B. Kartal, M. M. Kuypers, G. Lavik, J. Schalk, H. J. Op den Camp, M. S. Jetten, M. Strous, 
Anammox bacteria disguised as denitrifiers: Nitrate reduction to dinitrogen gas via nitrite 
and ammonium. Environ. Microbiol. 9, 635–642 (2007). doi:10.1111/j.1462-
2920.2006.01183.x Medline 

http://dx.doi.org/10.1016/0016-7037(89)90011-2
http://dx.doi.org/10.1126/science.1196889
http://dx.doi.org/10.1126/science.1196889
http://dx.doi.org/10.5194/bg-7-2327-2010
http://dx.doi.org/10.1007/s002530051340
http://dx.doi.org/10.1016/0967-0637(95)00072-E
http://dx.doi.org/10.1038/nature08276
http://dx.doi.org/10.1038/nature08276
http://dx.doi.org/10.1073/pnas.0812444106
http://dx.doi.org/10.1073/pnas.0812444106
http://dx.doi.org/10.1038/ngeo1739
http://dx.doi.org/10.4319/lo.2012.57.5.1331
http://dx.doi.org/10.1126/science.1176985
http://dx.doi.org/10.1126/science.1176985
http://dx.doi.org/10.1111/j.1462-2920.2006.01183.x
http://dx.doi.org/10.1111/j.1462-2920.2006.01183.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17298364&dopt=Abstract


 

13. H. Ogawa, Y. Amagai, I. Koike, K. Kaiser, R. Benner, Production of refractory dissolved 
organic matter by bacteria. Science 292, 917–920 (2001). doi:10.1126/science.1057627 
Medline 

14. J. Martin, G. Knauer, D. Karl, W. W. Broenkow, VERTEX: Carbon cycling in the northeast 
Pacific. Deep Sea Research Part A 34, 267–285 (1987). doi:10.1016/0198-
0149(87)90086-0 

15. A. H. Devol, H. E. Hartnett, Role of the oxygen-deficient zone in transfer of organic carbon 
to the deep ocean. Limnol. Oceanogr. 46, 1684–1690 (2001). 
doi:10.4319/lo.2001.46.7.1684 

16. B. A. Van Mooy, R. G. Keil, A. H. Devol, Impact of suboxia on sinking particulate organic 
carbon: Enhanced carbon flux and preferential degradation of amino acids via 
denitrification. Geochim. Cosmochim. Acta 66, 457–465 (2002). doi:10.1016/S0016-
7037(01)00787-6 

17. F. Lipschultz, S. C. Wofsy, B. B. Ward, L. A. Codispoti, G. Friedrich, J. W. Elkins, Bacterial 
transformations of inorganic nitrogen in the oxygen-deficient waters of the eastern 
tropical South Pacific Ocean. Deep-Sea Res. A, Oceanogr. Res. Pap. 37, 1513–1541 
(1990). doi:10.1016/0198-0149(90)90060-9 

18. W. M. Berelson, The flux of particulate organic carbon into the ocean interior: A comparison 
of four US JGOFS regional studies. Oceanography (Wash. D.C.) 14, 59–67 (2001). 
doi:10.5670/oceanog.2001.07 

19. W. G. Zumft, Cell biology and molecular basis of denitrification. Microbiol. Mol. Biol. Rev. 
61, 533–616 (1997). Medline 

20. L. A. Codispoti, T. Yoshinari, A. H. Devol, Suboxic Respiration in the Oceanic Water 
Column, P. A. DelGiorgio, P. J. B. Williams, Eds., Respiration in Aquatic Ecosystems 
(Oxford Univ. Press, New York, 2005), pp. 225–247. 

21. M. M. Jensen, M. M. Kuypers, G. Lavik, B. Thamdrup, Rates and regulation of anaerobic 
ammonium oxidation and denitrification in the Black Sea. Limnol. Oceanogr. 53, 23–36 
(2008). doi:10.4319/lo.2008.53.1.0023 

22. A. Paulmier, D. Ruiz-Pino, Oxygen minimum zones (OMZs) in the modern ocean. Prog. 
Oceanogr. 80, 113–128 (2009). doi:10.1016/j.pocean.2008.08.001 

23. T. Kalvelage, M. M. Jensen, S. Contreras, N. P. Revsbech, P. Lam, M. Günter, J. LaRoche, 
G. Lavik, M. M. Kuypers, Oxygen sensitivity of anammox and coupled N-cycle 
processes in oxygen minimum zones. PLOS ONE 6, e29299 (2011). 
doi:10.1371/journal.pone.0029299 Medline 

24. D. Bianchi, J. P. Dunne, J. L. Sarmiento, E. D. Galbraith, Data-based estimates of suboxia, 
denitrification, and N2O production in the ocean and their sensitivities to dissolved O2. 
Global Biogeochem. Cycles 26, n/a (2012). doi:10.1029/2011GB004209 

25. M. Strous, E. Van Gerven, J. G. Kuenen, M. Jetten, Effects of aerobic and microaerobic 
conditions on anaerobic ammonium-oxidizing (anammox) sludge. Appl. Environ. 
Microbiol. 63, 2446–2448 (1997). Medline 

http://dx.doi.org/10.1126/science.1057627
http://dx.doi.org/10.1126/science.1057627
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11340202&dopt=Abstract
http://dx.doi.org/10.1016/0198-0149(87)90086-0
http://dx.doi.org/10.1016/0198-0149(87)90086-0
http://dx.doi.org/10.4319/lo.2001.46.7.1684
http://dx.doi.org/10.1016/S0016-7037(01)00787-6
http://dx.doi.org/10.1016/S0016-7037(01)00787-6
http://dx.doi.org/10.1016/0198-0149(90)90060-9
http://dx.doi.org/10.5670/oceanog.2001.07
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9409151&dopt=Abstract
http://dx.doi.org/10.4319/lo.2008.53.1.0023
http://dx.doi.org/10.1016/j.pocean.2008.08.001
http://dx.doi.org/10.1371/journal.pone.0029299
http://dx.doi.org/10.1371/journal.pone.0029299
http://dx.doi.org/10.1029/2011GB004209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16535633&dopt=Abstract


 

26. Dalsgaard et al., Association for the Sciences of Limnology and Oceanography Aquatic 
Sciences Meeting, New Orleans, LA, 21 February 2013. 

27. H. E. Hartnett, A. H. Devol, Role of a strong oxygen-deficient zone in the preservation and 
degradation of organic matter: A carbon budget for the continental margins of northwest 
Mexico and Washington State. Geochim. Cosmochim. Acta 67, 247–264 (2003). 
doi:10.1016/S0016-7037(02)01076-1 

28. A. Körtzinger, W. Koeve, P. Kähler, L. Mintrop, C:N ratios in the mixed layer during the 
productive season in the northeast Atlantic Ocean. Deep Sea Res. Part I Oceanogr. Res. 
Pap. 48, 661–688 (2001). doi:10.1016/S0967-0637(00)00051-0 

29. L. Stramma, G. C. Johnson, J. Sprintall, V. Mohrholz, Expanding oxygen-minimum zones in 
the tropical oceans. Science 320, 655–658 (2008). doi:10.1126/science.1153847 Medline 

30. U. Riebesell, K. G. Schulz, R. G. Bellerby, M. Botros, P. Fritsche, M. Meyerhöfer, C. Neill, 
G. Nondal, A. Oschlies, J. Wohlers, E. Zöllner, Enhanced biological carbon consumption 
in a high CO2 ocean. Nature 450, 545–548 (2007). doi:10.1038/nature06267 Medline 

31. J. D. H. Strickland, T. R. Parsons, A Practical Handbook of Seawater Analysis (Fisheries 
Research Board of Canada, Ottawa, Canada, ed. 2, 1972). 

32. M. L. Peterson, S. G. Wakeham, C. Lee, M. A. Askea, J. C. Miquel, Novel techniques for 
collection of sinking particles in the ocean and determining their settling rates. Limnol. 
Oceanogr. Methods 3, 520–532 (2005). doi:10.4319/lom.2005.3.520 

33. J. I. Hedges, J. H. Stern, Carbon and nitrogen determinations of carbonatecontaining solids. 
Limnol. Oceanogr. 29, 657–663 (1984). doi:10.4319/lo.1984.29.3.0657 

34. T. Komada, M. R. Anderson, C. L. Dorfmeier, Carbonate removal from coastal sediments for 
the determination of organic carbon and its isotopic signatures, δ13C and Δ14C: 
Comparison of fumigation and direct acidification by hydrochloric acid. Limnol. 
Oceanogr. Methods 6, 254–262 (2008). doi:10.4319/lom.2008.6.254 

http://dx.doi.org/10.1016/S0016-7037(02)01076-1
http://dx.doi.org/10.1016/S0967-0637(00)00051-0
http://dx.doi.org/10.1126/science.1153847
http://dx.doi.org/10.1126/science.1153847
http://dx.doi.org/10.1038/nature06267
http://dx.doi.org/10.1038/nature06267
http://dx.doi.org/10.4319/lom.2005.3.520
http://dx.doi.org/10.4319/lo.1984.29.3.0657
http://dx.doi.org/10.4319/lom.2008.6.254

	Babbin.SM.refs.pdf
	References and Notes

	Babbin.SM.cover.page.pdf
	Organic Matter Stoichiometry, Flux, and Oxygen Control Nitrogen Loss in the Ocean




