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Benthic foraminifera populate a diverse range of marine habitats.
Their ability to use alternative electron acceptors—nitrate (NO3−) or
oxygen (O2)—makes them important mediators of benthic nitrogen
cycling. Nevertheless, the metabolic scaling of the two alternative
respiration pathways and the environmental determinants of foraminiferal denitrification rates are yet unknown. We measured denitrification and O2 respiration rates for 10 benthic foraminifer
species sampled in the Peruvian oxygen minimum zone (OMZ). Denitrification and O2 respiration rates significantly scale sublinearly
with the cell volume. The scaling is lower for O2 respiration than for
denitrification, indicating that NO3− metabolism during denitrification is more efficient than O2 metabolism during aerobic respiration
in foraminifera from the Peruvian OMZ. The negative correlation of
the O2 respiration rate with the surface/volume ratio is steeper than
for the denitrification rate. This is likely explained by the presence
of an intracellular NO3− storage in denitrifying foraminifera. Furthermore, we observe an increasing mean cell volume of the Peruvian foraminifera, under higher NO3− availability. This suggests that
the cell size of denitrifying foraminifera is not limited by O2 but
rather by NO3− availability. Based on our findings, we develop a
mathematical formulation of foraminiferal cell volume as a predictor of respiration and denitrification rates, which can further constrain foraminiferal biogeochemical cycling in biogeochemical
models. Our findings show that NO3− is the preferred electron acceptor in foraminifera from the OMZ, where the foraminiferal contribution to denitrification is governed by the ratio between NO3−
and O2.
eukaryotic denitrification
nitrogen cycle

endobionts in some groomiid and allogromiid species (16, 17), some
rotaliids surely have an eukaryotic denitrification pathway (18, 19).
A recent study of the enzymes involved in the foraminiferal denitrification pathway in rotaliids showed that they are of an ancient
prokaryotic origin (19). The uptake of NO3− and O2 in foraminifera
is likely facilitated by the pores present in the foraminiferal tests,
whereas the pore density can be used as a quantitative NO3− proxy
[e.g., in Bolivina spissa (20–22)]. Recent studies estimated that foraminifera account for a major part of benthic denitrification in
OMZs due to their high abundance in those habitats and their
contribution to biological NO3− transport (11, 23, 24). In the
Peruvian OMZ, foraminifera and sulfur bacteria that perform
DNRA compete for the available NO3− (23–25). The latter process
produces NH4+ that feeds the environment with reactive N. The
NH4+ can subsequently be removed by anammox either by benthic
endosymbiotic bacteria or in the water column (26, 27). Anammox
appears to be the main pelagic sink for dissolved reactive N in the
Peruvian OMZ (28). These complex interactions pinpoint the importance of benthic foraminiferal denitrification for the global N
cycling. Nevertheless, species-specific foraminiferal denitrification
rates are very scarce in the literature and the measured rates vary
by one to two orders of magnitude (9–11, 29, 30). Equally less is
known about foraminiferal O2 respiration rates (11, 31–38). Thus,
Significance
Foraminifera are able to respire nitrate instead of oxygen, a rare
ability amongst eukaryotes. Here, we show that benthic foraminifera from the Peruvian oxygen minimum zone are not just
facultative anaerobes by switching to nitrate respiration when
oxygen is depleted but that denitrification is their preferred respiration pathway. Their metabolic adaptations allow some species to grow larger than predicted by cell physiology of aerobic
organisms due to oxygen limitation. Finally, we formulate, from
our observations, mathematical equations to predict the amount
of foraminiferal denitrification using their cell volume. Nitrate is
an important macronutrient, and denitrification is the main oceanic nitrate sink. Our equations will help to constrain biogeochemical models for marine nitrate cycling.
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ioavailable nitrogen (N) is an essential building block of
amino and nucleic acids in all living organisms (1). Nitrate
(NO3−) is the most abundant form of reactive inorganic N within
the oceans and a limiting nutrient for primary productivity within
the surface ocean (2–4). The two main sinks for bioavailable N
within the oceans are heterotrophic denitrification (i.e., the reduction of NO3− to N2 during organic matter degradation) and
anaerobic ammonium (NH 4 +) oxidation (anammox) (5–7).
About 20–40% of the oceanic N loss takes place in oxygen
minimum zones (OMZs), making them key regions for global
oceanic nutrient cycling (2, 4, 8).
Benthic foraminifera are able to use NO3− as an electron acceptor
for denitrification, which is a rare ability among eukaryotes (9–11).
The only other eukaryotes known to date to perform incomplete
denitrification of NO3− are two fungi (12) and the protist Loxodes
(13). Additional eukaryotes that are able to use NO3− as an electron
acceptor are two diatom species, which perform dissimilatory NO3−
reduction to NH4+ (DNRA) (14, 15). Notably, benthic foraminifera
are the only eukaryotes known to perform complete denitrification
to N2 gas (9, 15). While denitrification seems to be performed by
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Foraminiferal Denitrification Rates. Denitrification rates were
measured for nine benthic foraminiferal species from the Peruvian OMZ (n = 34; SI Appendix, Tables S1 and S2). Active denitrification was determined in all 34 incubations, whereas all
negative controls and blanks showed no N2O production, i.e., no
denitrification (SI Appendix, Fig. S1). Here, we term the metabolic rate of a single foraminifer “individual rate,” while the term
“specific rate” refers to the rate normalized by the cell volume.
Our results show that the individual denitrification rates were
significantly positively correlated with cell volume (Fig. 1A; R2 =
0.49; F = 30; P < 0.0001; power regression). Additionally, the
specific denitrification rates and the cell volume were weakly
correlated (Fig. 1B; R2 = 0.18; F = 6.6; P = 0.015). The correlation between cell volume and individual denitrification rates
can be described according to Eq. 1:

ln RdenðindÞ = 0.68 · lnðVbio Þ – 5:57 or
[1]
0:68
RdenðindÞ = 3:80E − 3 · Vbio
,

where Rden(ind) is the individual denitrification rate in pmol individual (ind)−1 d−1, and Vbio is the cell volume in μm3. We note
that throughout the presented statistical analyses, all underlying
assumptions of the power regression are fulfilled unless mentioned otherwise (SI Appendix, Table S3). We further found a
significant correlation between individual denitrification rates
and the water depth where the foraminifera individuals were
sampled; this observation may be explained by the higher abundance of larger foraminifera in deeper water depth (SI Appendix,
Fig. S2A; R2 = 0.53; F = 37; P < 0.0001; power regression).
Foraminiferal O2 Respiration Rates. Oxygen respiration rates were
determined for nine benthic foraminiferal species from the Peruvian OMZ and two additional species from the hypoxic Alsbäck
deep of the Gullmar Fjord, Sweden (n = 24; SI Appendix, Table S4).
The mean respiration rates measured within this study are within
the range of the O2 respiration rates previously published for other
Glock et al.
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Fig. 1. Log–log plots and power regressions for individual foraminiferal
denitrification rates (A) and volume-specific foraminiferal denitrification rates
(B) against cell volume for benthic foraminifera from the Peruvian OMZ. Error
bars are SEM (1SEM). “Individual rate” refers to the rate per single foraminifer. The cell volume is the mean individual cell volume in each incubation.

foraminiferal species (SI Appendix, Table S5). To test for a correlation between individual O2 respiration rates and cell volume, we
normalized all O2 respiration rates from the literature according to
the temperature present during the experiments (Fig. 2). Fitting a
power regression to the whole dataset, including data from the literature and our measurements, revealed that the individual O2
respiration rates were significantly positively correlated with the cell
volume (Fig. 2A; R2 = 0.70; F = 183; P < 0.0001; power regression).
In contrast, the volume-specific O2 respiration rates were significantly negatively correlated with cell volume (Fig. 2B; R2 = 0.46;
F = 68; P < 0.0001; power regression). The correlation between cell
volume and individual O2 respiration rates can be described
according to Eq. 2:

ln ROxðindÞ = 0:62 · lnðVbio Þ − 3:50 or
[2]
0:62
ROxðindÞ = 3:03E − 2 · Vbio
,
where ROx(ind) is the individual O2 respiration rate in pmol ind−1
d−1 (and Vbio as above). The correlation between cell volume and
the volume-specific O2 respiration rates [ROx(vol)] is described
according to Eq. 3:

ln ROxðvolÞ = −0:38 · lnðVbio Þ − 3:54 or
[3]
−0:38
ROxðvolÞ = 2:90E − 2 · Vbio
.
To further characterize the relation of O2 respiration rates and cell
volume in species from strongly O2-depleted habitats, we divided
the available O2 respiration data into another subset. This dataset
includes the data available for species from the Peruvian OMZ,
including our data and data by Piña-Ochoa et al. (11). Our results
show that the individual O2 respiration rate in the Peruvian dataset
is significantly positively correlated with cell volume, and yet the
slope is much smaller in comparison with that within the dataset,
PNAS | February 19, 2019 | vol. 116 | no. 8 | 2861
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additional rate measurements are crucial to calculate sound estimates for the total benthic foraminiferal denitrification rates and
to constrain the role of foraminifera in benthic O2 respiration and
carbon degradation.
Various characteristics of organisms, from energy consumption to
population growth rate, are known to correlate with body size (39).
The scaling of these characteristics with body size is well described
by a power function with a scaling exponent α (39). The function is
considered superlinear if α > 1, linear if α = 1 and sublinear if α < 1.
According to “Kleiber’s law,” the scaling of metabolic rates with
body size in mammals and birds is sublinear (α = 0.75) (40).
Nonetheless, recent studies showed that the scaling of metabolic
rates with body size varies among different taxa. Metabolic scaling is
superlinear in prokaryotes, linear in protists, and sublinear in
metazoans (39). At extremely large cell sizes, α decreases for prokaryotes and protists, leading to an overlap between large prokaryotes and small protists as well as between large protists and
small metazoans. The larger classes of organisms are more efficient
and competitive at larger body sizes, because more complex respiratory systems help to sustain higher demands for electron acceptors (39). Notably, the concept of metabolic scaling is useful to
compare the efficiency between different metabolic pathways. Thus,
when the rate of different metabolic pathways within a taxon—e.g.,
O2 respiration and denitrification—scale with different exponents
(α), the pathway with the larger α is considered to be more efficient.
Here, we determined rates of denitrification and O2 respiration in benthic foraminifera from the Peruvian OMZ. We analyzed the relationship between these metabolic rates and the
individual cell volume and the surface to volume ratio of the
foraminifera. Finally, we tested for a metabolic preference between denitrification and O2 respiration in foraminifera from
OMZs by comparing the metabolic scaling of the two processes.
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positively correlated with the water depth at the sampling location
(SI Appendix, Fig. S3A; R2 = 0.47; F = 361; P < 0.0001; logarithmic
regression). The presence of Bolivina seminuda in samples from a
wide range of water depths enabled us to further test for the above
correlation within a single species. This revealed that the mean B.
seminuda cell volume was significantly positively correlated with
water depth at the sampling location (SI Appendix, Fig. S3B; R2 =
0.77; F = 55; P < 0.0001; logarithmic regression). The observation
adds further support to the observed positive correlation between
foraminiferal cell size and water depth. Notably, the distribution of
individual cell volumes for all analyzed species is comparable to
the distribution of dissolved [NO3−] at 12°S off Peru (SI Appendix,
Fig. S4A). Furthermore, the correlation between the mean individual foraminiferal cell volume and the mean [NO3−] measured
in the same water depth was significantly positively correlated (R2
= 0.84; F = 32; P = 0.001; SI Appendix, Fig. S4B; logarithmic regression). Similarly, the volume-specific O2 respiration rate was
significantly positively correlated with the surface/volume ratio of
the individual foraminiferal tests (Fig. 4; R2 = 0.84; F = 104; P <
0.0001; power regression). Additionally, we observed a weak but
significant positive correlation between the volume-specific denitrification rates and the surface/volume ratio of the test (Fig. 4;
R2 = 0.25; F = 10; P = 0.003; power regression).
Discussion
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Fig. 2. Log–log plots for individual foraminiferal O2 respiration rates (A) and
volume-specific foraminiferal O2 respiration rates (B) against cell volume for
benthic foraminifera from the Peruvian OMZ and compared with the literature. The regressions are shown globally for all available data points (all) and
for the Peruvian OMZ only. Error bars are 1 SEM. The data for each replicate
are shown when available, but some data points consist only of averages for
each species (10, 11, 36). The rates of ref. 33 were not included due to their
exceptionally high values. “Individual rate” refers to the rate per single foraminifer. The cell volume is the mean individual cell volume in each incubation.
The legends denoting the symbols in A and B cite the following references:
Bradshaw et al. (31), Cesbron et al. (38), Piña-Ochoa et al. (29), Geslin et al. (36),
Høgslund et al. (10), Cesbron et al. (37), and Moodley et al. (35).

which includes all of the species, even the ones from welloxygenated environments (Fig. 2A). A comparison of the volumespecific O2 respiration rates in both datasets showed that the negative slope with cell volume is steeper for the Peruvian species (Fig.
2B). Additionally, the individual O2 respiration rates and water
depth were significantly positively correlated for the Peruvian species (SI Appendix, Fig. S2B; R2 = 0.25; F = 6.8; P = 0.017; power
regression). This correlation may be linked to the higher abundance
of larger foraminifera in deeper water depths.
The Ratio of Denitrification and O2 Respiration. Combining the rates
of denitrification and O2 respiration measured for the Peruvian
species showed that the ratio of species-specific denitrification
and O2 respiration rates increased with the water depth that is
typical for the sampled species (Fig. 3). “Species-specific” refers
to the mean value of an individual from a specific species. The
species-specific denitrification/O2 respiration ratio revealed a
similar relation with water depth as the [NO3−]/[O2] ratios during the sampling period (Fig. 3).
Cell Volumes and Surface/Volume Ratios. The cell volume dependency
to electron acceptor availability was evaluated by testing for a
correlation between individual cell volume, water depth, and
electron-acceptor concentration. This revealed that the individual
cell volume of the foraminifera analyzed here is significantly
2862 | www.pnas.org/cgi/doi/10.1073/pnas.1813887116
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Metabolic Preference for Denitrification over O2 Respiration. Our
results reveal a positive correlation of the individual rates of denitrification and O2 respiration to the cell volume as described by
the power law equations Eqs. 1 and 2 (Figs. 1A and 2A). These
equations are a valuable tool to further constrain foraminiferal
denitrification and O2 respiration rates in biogeochemical models
for marine NO3− and C cycling. Data for species-specific rates of
benthic foraminifera are limited in the literature. Additionally, the
scaling of such functions can be used to determine if foraminifera
have a metabolic preference for denitrification or O2 respiration.
The exponent in the power law relationship between foraminiferal
O2 respiration and cell volume (Eq. 2) is sublinear (α < 1). Such
sublinear metabolic scaling can be found for a wide range of organisms (40, 41). A recent study argued that the sublinear scaling
(α < 1) does not extend to protists (α, ∼1) (39). However, foraminifera are relatively large protists, where the bigger species
overlap in size with many metazoans. The metabolic rates observed in large protists and small metazoans are similar as well.
Consequently, it has been hypothesized that the decrease in
metabolic scaling in large protists is related to the increased demand of electron acceptors to the respiratory complexes. In large
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protists, the cell volume and number of mitochondria are increased;
however, their cell surface area is a limiting factor for the uptake of
resources from the environment (39). The Peruvian OMZ is one of
the most O2-depleted regions in the world’s oceans (42). Indeed, the
O2 respiration rates of foraminifera from the Peruvian OMZ scale
with the cell volume with a much lower exponent (α = 0.41; Fig. 2A)
in comparison with the dataset from an earlier study, which mostly
contains species from more oxygenated environments (from ref. 36
excluding our data from Peru: α = 0.80). Consequently, we conclude
that the Peruvian species metabolize O2 less efficiently compared
with species from other regions. We further show that the exponent
for individual denitrification (α = 0.68, Fig. 1A) is higher than the
exponent calculated for O2 respiration in the Peruvian species (α =
0.41; Fig. 2A). This indicates that denitrification is more efficient
than O2 respiration in species from the Peruvian OMZ.
The foraminiferal volume-specific O2 respiration rate significantly
decreases with cell volume (Fig. 2B). This finding is in agreement
with earlier reports in the literature (33). We suggest that this negative correlation is related to the decrease of the surface/volume
ratio with increasing cell volume, which is a limiting factor for O2
uptake. Indeed, the volume-specific O2 respiration rates were positively correlated with the individual surface/volume ratio (Fig. 4).
Notably, the volume-specific O2 respiration rate of the Peruvian
species decreased with cell volume with a steeper slope compared
with the general trend found for foraminifera, including species from
oxygenated habitats (Fig. 2B). This indicates that the Peruvian species are unable to sustain an increased O2 supply with an increase in
cell size. However, we note that the O2 respiration rates we measured here are potential rates because most of the presented Peruvian species reside within a permanently anoxic habitat. Our results
further revealed that the volume-specific O2 respiration rates of the
Peruvian species scales more strongly with their cell volume and
their surface/volume ratio in comparison with their volume-specific
denitrification rate (Figs. 1B, 2B, and 4). This might be explained by
the supply pathway of the two electron acceptors to the respiratory
complex. Since O2 cannot be stored in the cell, its supply depends on
the environmental [O2]. In contrast, NO3− is readily available for
denitrification through the intracellular NO3− storage. Consequently, the rate of denitrification is not expected to decrease in
bigger cells due to a decrease in surface to volume ratio. We further
hypothesize that the foraminifers even overcome the limitation of
electron acceptor supply imposed by the outer cell surface area, by
performing denitrification. The enigmatic observation that the cell
volume of some foraminiferal species from the Santa Barbara Basin
is negatively correlated with [O2] (43) can be explained by this
availability of an alternative electron acceptor storage. Indeed, several foraminifera in that habitat have been shown to denitrify (18).
Foraminiferal Ecology and the Availability of Electron Acceptors. Our
results indicate that the preference of denitrification over O2
respiration strongly relies on the microhabitat of the foraminiferal
Glock et al.

species. The microhabitat is, among other parameters, characterized
by different ratios of the electron acceptors NO3− and O2 in the
environment. Based on our findings, we propose a conceptual
biogeochemical model describing foraminiferal denitrification
in OMZs according to the environmental [NO3−]/[O2] ratio (Fig.
5; details in SI Appendix, Note 1). Foraminifera residing in the
upper boundary of the Peruvian OMZ (Fig. 5A) showed a relatively low ratio of denitrification/O2 respiration (Fig. 3B). The
upper OMZ boundary is a highly fluctuating environment where
the oxycline can vary between 0–125 m and strong O2 intrusions
from above are common at these water depths (44, 45). The
bottom water [NO3−] is relatively low (SI Appendix, Figs. S4 and
S5) and can, during sulfidic events, be completely consumed (25)
(SI Appendix, Fig. S6). Furthermore, mats of sulfur bacteria capable of performing DNRA are often clustered around the upper OMZ boundary (25, 46); hence, the competition for NO3−
uptake in this region may be intense. The most common foraminiferal species living in these depths is the small B. costata (cell
volume between 2 × 105 and 10 × 105 μm3; n = 67). This species
is characteristic for sulfidic sediments containing high amounts
of labile organic matter, but it can also thrive in well-oxygenated
sediments (45). From previous observations of B. costata (45), we
can assert that species at the upper OMZ boundary are well
adapted to fluctuations of the oxycline, periodic sulfidic conditions,
and limited NO3− availability. In summary, foraminifera thriving in
this environment are small, have a low ratio of denitrification/O2
respiration, and, thus, generally have a low denitrification capacity,
even if they occur in high abundances (Fig. 5A).
In contrast, foraminifera thriving at the lower OMZ boundary
(Fig. 5C) have a relatively high denitrification/O2 respiration ratio,
indicating that they metabolize NO3− more efficiently than O2. Indeed, the [O2] below the OMZ are variable, but only weakly, below
500 m water depth (47). The bottom water in these depths is considered to be anoxic most of the time (see also Fig. 3A and SI
Appendix, Figs. S5A and S6B). Additionally, the [NO3−] is relatively
high at these depths due to the increase of [NO3−] with water depth
(SI Appendix, Fig. S5C). Competition for NO3− is restricted to the
present foraminifers and to denitrifying bacteria. Some of the foraminiferal species present at these depths, e.g., Cancris carmenensis
or Valvulineria inflata, can reach relatively large cell volumes (between 100 × 105 and 1,000 × 105 μm3, n = 24). Notably, the intracellular NO3− uptake rate of foraminifera can be 10-fold higher
than the denitrification rate (10). This observation further supports
our notion according to which there is no limitation of electron
acceptor uptake through the surface/volume ratio due to the availability of an intracellular NO3− storage. In summary, foraminifera
can grow larger with increasing NO3− availability (thus water depth)
and have an increasing denitrification capacity (Fig. 5 B and C).
The species-specific ratio of denitrification/O2 respiration for the
most abundant species at the Peruvian OMZ is directly coupled to
the availability of NO3− and O2 within their habitat (Fig. 3B). Our
results indicate that the availability of different electron acceptors
influences the community structure, and thus the ecology of benthic
foraminifera. Even within individual species, the cell volume can be
a plastic phenotypic trait that can depend on the electron acceptor
concentration in the environment, as shown for B. seminuda (SI
Appendix, Fig. S3). Benthic foraminifera are known to widely disperse as small juveniles or propagules and to form propagule banks
in sediments (48). These banks contain abundant and diverse foraminiferal propagules that grow to maturity when exposed to the
appropriate environmental conditions (48, 49). We hypothesize that
the availability of different electron acceptors constitutes an additional selecting factor for the composition of species that develop
from a propagule bank, in addition to other factors such as water
depth, salinity, pH, and organic matter (Corg) supply. Indeed, the
influence of O2 and Corg on the distribution of foraminifera in
benthic microhabitats has been described by the conceptual trophic
oxygen model (50). A later study pointed out that the influence of
alternative electron acceptors (NO3− in particular) (51) should be
considered as well. Thus, species having high species-specific denitrification rates, like C. carmenensis and V. inflata, could develop
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when [NO3−] is high and competition for NO3− uptake is low.
Other species can grow to larger cell size due to increased [NO3−]
(SI Appendix, Fig. S3B). Such a community composition might
lead to increased denitrification in the habitat. Furthermore, in
habitats where NO3− is scarce and competition for NO3− uptake
high (e.g., due to the presence of sulfur bacteria), species with a
low species-specific denitrification rates (i.e., smaller species)
would be favored. Consequently, the total foraminiferal denitrification is expected to decrease as NO3− availability will become a limiting factor for the total benthic denitrification. Our
data, in combination with data of an earlier study (23) suggest that
the ratio of foraminiferal denitrification over bacterial denitrification is around 20–50% within the Peruvian OMZ core but
only 5% below the lower OMZ boundary (SI Appendix, Note 2 and
Table S8).
Conclusions
Benthic foraminifera are able to perform complete denitrification (9, 11). Nevertheless, benthic foraminifera from O2depleted environments have always been considered only as
facultative anaerobes. Here, we compared the scaling of denitrification and O2 respiration rates of benthic foraminifera
from the Peruvian OMZ to their cell volume. Our findings reveal
that benthic foraminifera from the Peruvian OMZ are not only
able to survive under anoxia, rather, they find favorable conditions in such environments. In contrast to foraminifera from
more oxygenated environments, the Peruvian species studied
here show a metabolic preference for denitrification over O2
respiration. Consequently, these species are better described as
facultative aerobes rather than facultative anaerobes.
Methods
Sampling of Living Foraminifera. Sixteen short-sediment cores from the Peruvian OMZ were retrieved during Research Vessel (R/V) Meteor cruise M137
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Fig. 5. Conceptual model for benthic foraminiferal
denitrification at the Peruvian OMZ. A detailed description of the model is presented in SI Appendix,
Note 1. (A) Upper OMZ boundary within the lower
productive mixed layer: high Corg fluxes and O2
consumption, low [NO3−], high foraminiferal abundances, small foraminifera → Low [NO3−]/[O2] ratios
and low total benthic foraminiferal denitrification.
(B) Anoxic OMZ core: Corg fluxes decrease with water
depth due to remineralization, while [NO3−] increases, which results in larger foraminifera. Depletion of O2 facilitates Corg preservation in the
sediments, causing increased foraminiferal abundances. All this causes high [NO3−]/[O2] ratios and
high total benthic foraminiferal denitrification, both
increasing with water depth. (C ) Lower OMZ
boundary: Corg fluxes are decreasing because most
Corg is already remineralized in the water column
above. While [O2] gradually increases with water
depth, [NO3−] reaches a plateau. Foraminiferal
abundances decrease due to decreased Corg within
the sediments. This results in a sharp decrease of
[NO3−]/[O2] ratios and total benthic foraminiferal
denitrification with water depth. [NO3−] and [O2]
have been schematized after the data shown in the
SI Appendix, Fig. S4.

(May 2017) using a video-guided multiple corer (inner tube diameter, 10 cm).
A map with the sampling locations is shown in the SI Appendix, Fig. S6 and
Table S6. After retrieval, the supernatant water of each core was removed and
the top 3 cm of sediment sliced in 1-cm intervals. The sediment core slices were
immediately sieved through a 63-μm mesh using fresh surface seawater, and
the 63- to 2,000-μm fraction was collected in polypropylene beakers. Living
foraminiferal specimens within this residue were identified according pseudopodial activity as well as cytoplasm abundance and color based on a live/
dead CellTracker Green fluorescent dye (ThermoFisher) assessment of each
species. Viable foraminiferal specimens were cleaned with a brush and washed
twice in NO3−-free artificial seawater (Red Sea Salt), directly before rate
measurements incubations. Typically, it took 60–90 min after core retrieval
before specimens were incubated for rate measurements.
Determination of Foraminiferal Denitrification and O2 Respiration Rates. Foraminiferal denitrification and O2 respiration rates were calculated from
linear steady-state gradients of nitrous oxide (N2O) or O2 in glass microcapsules (9–11, 29). For each experiment, 4–13 specimens were incubated.
The number of specimens depended on the size of the randomly selected
living individuals. In total, 34 incubations for the determination of denitrification rates and 24 incubations for the determination of O2 respiration
rates were made, excluding the negative control and blanks. Negative
controls were done by measuring rates from chambers with empty foraminiferal tests and blanks with empty chambers. Both negative control and
blank showed no N2O production after acetylene inhibition (52) (SI Appendix, Fig. S1). For more details about the determination of the denitrification and O2 respiration rates, see SI Appendix, Note 3.
Cell Volume Determination. We estimated the total foraminiferal volume for
each specimen according to ref. 36. The test volume was estimated by using
the best resembling geometric shape (SI Appendix, Table S7) and the cell
volume by the assumption that the internal test volume corresponds to 75%
of the whole test volume and is completely filled with cytoplasm (33). For
more details about the cell volume determination, see SI Appendix, Note 4.
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Environmental Data. [NO3−] and [O2] in the benthic boundary layer were
determined during 49 conductivity, temperature, and depth casts during
cruise M137 within the same transect as the sediment samples were taken
for the foraminiferal analyses. For more details, see SI Appendix, Note 6.

PHYSIOLOGY

Statistics. Linear regressions were used to analyze our data after logarithmic
and double logarithmic transformations. For statistical details, see SI Appendix, Note 7 and Table S3.

ACKNOWLEDGMENTS. The scientific party and crew on R/V Meteor cruise
M137 and Bettina Domeyer, Gabriele Schüssler, and Asmus Petersen are
gratefully acknowledged for their support at sea. We thank Andrew Dale
for additional support at sea and thorough language editing of the manuscript. N.G. thanks Anton Eisenhauer and Volker Liebetrau for fruitful
scientific discussions. Joachim Schönfeld is acknowledged for interesting
discussions about the taxonomy of the Peruvian species. We thank Julia
Wukovits for sampling support with the Swedish foraminifera. Lars Borregaard Pedersen and Preben Sørensen are thanked for construction of
microsensors and general help in the laboratory. Main funding was provided by the Deutsche Forschungsgemeinschaft through the Sonderforschungsbereich 754 “Climate–Biogeochemistry Interactions in the Tropical
Ocean.” A.-S.R. thanks the Royal Swedish Academy of Sciences from the University
of Gothenburg for financial support to analyze the Swedish samples. N.P.R. was
supported by the Poul Due Jensen Foundation.

Respiration Rates from Literature. All O2 respiration rates from the literature
were converted into pmol ind−1 d−1 and normalized to 13 °C according to the
method described in ref. 36 to produce a sufficient database for data comparison. A more detailed description on how the literature data were treated
is presented in SI Appendix, Note 5.

