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Dear Dr. Clara A. Fuchsman

Thank you very much for providing your valuable time to review our manuscript. We
also thank you for your constructive feedback because it allowed us to improve the
original version of the manuscript. Please find below answers and related actions for
all your comments and recommendations.

King regards,

Rafael Rasse Hervé Claustre Antoine Poteau
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General Comment

In “The suspended small-particles layer in the suboxic Black Sea: a proxy for delineat-
ing the effective N2-yielding section” by Rasse et al, the authors analyze particle back
scattering, oxygen, HS- and nitrate float data from the Black Sea. The authors can
thus delineate the suboxic zone of the Black Sea with the float, and see productivity
and export events. The authors assume that the particle back scattering data in the
suboxic zone indicates the presence of anammox and heterotrophic denitrifying bac-
teria. This assumption may be problematic in the Black Sea where it is known that
there are high manganese oxide concentrations in the suboxic zone, and it is known
that there is an organic matter maximum at the top of the sulfidic zone composed of
S oxidizers. However, the data in this paper is useful. The writing just needs to be
shifted.

Answer. We agree and understand the main reviewer’s concern about the interpreta-
tion of the bbp-layer.

Actions taken. We changed the writing at the required sections, and added the in-
formation needed to explain the role that other particles (inorganic & biogenic) have
on the formation of the bbp-layer. We are confident you will find this revised version
satisfactory (see details below).

Main Comment #1

Large issues.

The introduction needs a section at the beginning describing the Black Sea. This is
particularly important because the Black Sea differs from oxygen deficient zones in
several important ways. The Black Sea has a sulfidic zone. There are fluxes of re-
duced species out of the sulfidic zone: reduced S, ammonium, reduced manganese,
and methane among other reduced species. Additionally, the zone above the sulfide is
suboxic rather than anoxic. Oxygen deficient zones, on the other hand, are mid-water
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zones that have oxygenated water below them. They are truly anoxic (Revsbech et al.,
2009). They don’t have fluxes of reduced species entering them. In fact, ammonium is
usually below detection (Widner, Fuchsman, et al., 2018; Widner, Mordy, et al., 2018).
In the Black Sea, the flux of ammonium from the sulfidic zone determines the impor-
tance of anammox and its place in the water column. A comparison of depth profiles of
anammox bacteria, ammonium flux and N2 gas can be seen in Fuchsman et al 2012a.
Linkage between aerobic ammonium oxidation of the upward flux of ammonium and
anammox can be found in (Lam et al., 2007) Additionally, the Black Sea is known to
have an organic matter maximum in the redoxycline and quite a bit of information is
known about this maximum. (see below) The authors have data from the Black Sea
and they need to be more focused on understanding that unique system.

Answer. We agree, the Black Sea is an ecosystem that clearly differs from oxygen de-
ficient zones as we indicated very briefly between lines 215-216 (original manuscript).

Action taken. We removed the phrase oxygen deficient zones (ODZs) from the intro-
duction and sections required. Instead, we used the term: “poorly-oxygenated water
masses” (e.g. O2 < 3 uM), which refers to those water masses at which N2 can be
produced independently of the biogeochemical mechanisms driving it. Thus, including
basins (e.g. Black Sea and Cariaco basin) and oxygen deficient zones (e.g. ETNP,
ETSP, and AS).

We also included a “background section” to describe the key biogeochemical pro-
cesses and associated inorganic-biogenic particles contributing to the formation of the
bbp-layer (see more details below). The changes mentioned above are highlighted in
yellow in the following lines of the new manuscript:

- The term “poorly-oxygenated water masses”: 1, 8, 23, 25, 30, 35, 40, 42, 49, 57, 60,
63, 64, 69. . .161, etc.

- The background section: 71-94.
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Main Comment #2

What can this float data tell us about the Black Sea? Are the particle maxima larger on
the edges than in the middle of the Sea? Is there a correlation between euphotic zone
particles and size of the suboxic zone particle max? Are particle flux events correlated
to a season? Not that these particular questions need to be answered. At the moment,
this paper tells us things that we already know (there is a particle maximum between
3uM oxygen and 10 uM sulfide), but I think it could easily tell us more.

Answer. We agree, there are many interesting aspects that can be easily explored with
our data set. However, such aspects are out of the scope of our study. In addition,
we consider that our findings tell more than a single maximum of particles between 3
uM O2 and 10 uM sulphide. This is mainly because they highlight that the bbp-layer
can be exploited as a combined proxy to efficiently delineate and track the effective N2
yielding section. The latter was in part demonstrated by the novel and robust bbpvs
NO3- correlations computed with high spatial and temporal resolutions. The data of
optical particles maxima are only used as complementary information to support our
findings.

Finally, from our point of view, we consider that the key questions would be: how this
optically derived layer of suspended small-particles can be exploited – by first time- to
improve current estimates of N2 yielding via the growing BGC-Argo float network? For
instance, what does this bbp-layer can tell us about how physical forcing drive spatial-
temporal changes in the location and thickness of the effective N2 yielding sections of
ODZs? What can occur to the bbp-layer and related N2 yielding rates, if O2 is injected
from the bottom instead of Mn2+, NH4+ or H2S? How can we exploit the latter two
aspects to improve oceanic estimates of N2 production? Overall, this work is only a
step forward to build the foundations that we need to achieve the main goal of our
ongoing research. We hope the reviewer can also understand our perspective.

Action taken. Not actions were taken.
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Main Comment #3

I think it is important to note that manganese oxides are quite abundant in the Black
Sea and that manganese oxides are also particles in the 0.2-20 um size range. Par-
ticle backscattering detects particles of all kinds. In the Black Sea, both ammonium
and Mn2+ have an upward flux from the sulfide zone. Anammox bacteria use the am-
monium flux to produce N2 gas (Fuchsman et al 2012a) and the Mn2+ is oxidized to
manganese oxides under very low oxygen levels in the same zone (Clement et al.,
2009). Thus excess N2 gas and manganese oxides are correlated. That correlation
is not due to causation however. The authors need to consider how the manganese
oxides affect their results. See (Clement et al., 2009; Dellwig et al., 2010; Yakushev et
al., 2009) for more information about manganese oxides in the Black Sea.

Answer. We agree with the reviewer. The role of manganese oxides and its link with
the suspended small particles layer should be described better.

Action taken. The role of manganese oxides (mainly as MnO2) was included in both
the new “background section” and discussion. The changes indicated above are high-
lighted in yellow in the following lines of the new version: - 71-94, 171-197, and 207-
230.

Main Comment #4

[a] The ability to detect particles in the water is not a measurement that only exists
on floats, but is also present on CTD packages. Thus, let us look at a station in the
Black Sea where we have all the relevant dataâËŸAËĞ T the Western Gyre station in
2005. [b & c] Here the maximum in organic C associated with microbes is found at
sigma theta 16.3 (Figure 1 Fuchsman et al 2011). The maximum in anammox bacteria
at the same cruise/station is at sigma theta 16.0-16.1 and the maximum in biologically
produced N2 gas is at sigma theta 15.9-16.3 (Fuchsman et al 2012a Figure 1d). The
maximum in MnO2 is at sigma theta 15.85 (Fuchsman et al 2011 Figure 6c). There is a
small minimum in transmission from 15.8-15.85. The transmission signal corresponds
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to the manganese oxide peak not the peak in anammox bacteria or organic matter.
However, that particular station didn’t have a large organic matter signal in the redoxy-
cline. From looking at the authors’ data, I would guess that they often see the organic
matter maximum in the redoxycline. The organic matter maximum in the Black Sea re-
doxycline is from S oxidizing bacteria, which may or may not be autotrophic denitrifiers
(Glaubitz et al., 2010; Kirkpatrick et al., 2018). These organic matter maxima can be
dominated by S utilizing autotrophic denitrifiers of the genus Sulfurimonas (Kirkpatrick
et al., 2018 Figure 7). And thus they could be involved in N2 production, but it has not
been proven. Some useful papers about the organic matter maximum in the redoxy-
cline of the Black Sea (Coban-Yildiz et al., 2006; Ediger et al., 2019; Glaubitz et al.,
2010; Yilmaz et al., 2006).

[d] Though anammox and denitrification are very important biogeochemically, they
aren’t actually the most abundant bacteria found in the Black Sea or oxygen deficient
zones. In the ETNP oxygen deficient zone, anammox bacteria reached 10% of the
community and complete denitrifiers reach _5% in the water and 14% of the com-
munity on particles (Fuchsman et al., 2017). The most abundant bacteria in oxygen
deficient zones, by far, are nitrate reducing SAR11, reaching 60% of the community
(Fuchsman et al., 2017; Tsementzi et al., 2016). In the Black Sea, once again SAR11
are the most abundant bacteria (Fuchsman et al., 2011 Figure 2). The SAR11 can-
not make N2 gas. They just reduce nitrate to nitrite. I am just trying to note that for
heterotrophic denitrifiers and anammox, the authors are using a bulk measurement to
look for changes in bacteria that are rarely more than 10% of the community.

Answers.

[a] CTD. We agree, CTD packages provide very valuable information about the physi-
cal, optical, and biogeochemical properties of the ocean. For instance, they generate
variables that cannot be measured by the current float sensors as well as of those vari-
ables used to calibrate them. However, they can only provide a snapshot for a given
time of the sampling day, while discrete samples are often collected with poor vertical
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resolution. We thus consider that alternative methods need to be developed to comple-
ment CTD packages, and ultimately better understand biogeochemical cycles in poorly
oxygenated regions as proposed here (please see also our answer in the main com-
ment #1, section 4.4. e.g. and refs: Chai et al., 2020; Claustre et al., 2020; Martin et
al., 2020).

Action taken. No actions were taken.

[b] Comparison between the vertical profiles of the particles measured by CTD and
floats. We reviewed all figures and articles cited by the reviewer. Again, this is a very
interesting description of the vertical profiles of N2, and particles using data collected
via CTD packages. Even though we used the profile of March 2005 to highlight the
qualitative relationship between N2 excess and optical particles only in the effective N2
production section; we consider these data are not the most suitable to compare the
vertical profiles of particles derived from CTD and floats (including those from Coban-
Yildiz et al., 2006; Ediger et al., 2019; Glaubitz et al., 2010; Yilmaz et al., 2006). The
main reason is that the vertical profiles of particles cited by the reviewer are representa-
tive of the region impacted by the Bosporus plume. In this region, lateral advection via
the Bosporus plume drives a maximum of particles ∼ 16.3 kg m-3 (or higher) because
it fuels chemoautotrophic activities by injecting NO3- (e.g. ∼ 700 m depth, Stanev et al.
2017). Thus, these CTD-profiles of particles must be similar to those excluded in our
analysis (e.g. see our Figure 2 between May-June). Note that we focus on the in-situ
1D processes driving the local formation of the bbp-layer (this was indicated between
lines 83-84 of the original manuscript). Thus, our data set is more representative of the
profile described in Figures 1c-1d of Lam et al. 2017 indicated below. Also note that
our bbp maxima are located between the isopycnals 15.79 kg m-3 and 16.3 kg m-3
(Figure 2, and Figure 3g of the manuscript).

Action taken. No actions were taken.

[c, d] Vertical profile of biogenic and organic particles. We thank the reviewer for this
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didactic and constructive comment.

Again, we agree. There are different biogenic and inorganic particles that contribute to
the bbp-layer, as we briefly recognize between lines 196-197 of the original manuscript
. We only indicate that annamox-denitrifying bacteria are at least partial contributors
of the bbp-layer because they should have the major contribution to N2 yielding and
removal rates of NO3-. Hence, we did not suggest that such bacteria are the main
microbial component (or organic particles) that contribute to the bbp-layer. It is clear
that bbp signal is a black box that cannot be attributed to a single type of organic-
inorganic particles.

As mentioned above, we are only trying to highlight two aspects: (1) the bbp-layer is
systematically delineating and tracking the effective N2 yielding section, independently
of the physical (e.g. NH4+, Mn2+, H2S pumped from the sulfidic zone) and biogeo-
chemical mechanisms driving both N2 yielding and the small-particles content, and (2)
similar results should also be expected for the bbp-layer of the ODZ because this layer
must be mainly due to the microbial communities involved in N2 yielding (see also the
answer of the main comment # 1, section 4.4, and refs: Martin and Knauer, 1984;
Johnson et al., 1996; Lewis and Luther, 2000).

Action taken. We added information about the other inorganic and biogenic particles
that contribute to the formation of the bbp-layer, and modified the writing at the required
sections. Such changes are highlighted in yellow in the following lines of the new
manuscript: - 71-94, 171-197, and 207-230.

Main Comment #5

Thus, in the Black Sea, I think the assumption that the particle layer represents anam-
mox and heterotrophic denitrifiers is not ideal. First, there are high concentrations of
particulate metals in the Black Sea, particularly mananese oxides. Second, the organic
matter maximum in the redoxycline is from S oxidizers. Some of these S-oxidizers may
be autotrophic denitrifiers. Some aren’t. Thus I think the way the particle maximum is
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talked about in the paper needs to be shifted. Additionally all this information should
be in the introduction and discussion.

Answer. We agree

Action taken. We changed how the maximum of optical particles is described (see all
details above and in the new version).

Specific comments [ES].

ES comment # 1

Was the oxygen data from the floats calibrated? See the work of Seth M. Bushinsky to
understand the importance of calibration. This information is glossed over in the meth-
ods. I think that in previous float work in the Black Sea, scientists used the sulphide
zone as a zero to at least track the drift of the oxygen optode over time. Also, it would
be good to have a detection limit for all the different float sensors. Bushinsky et al 2016
Limnology and Oceanography Methods

Answer. Yes, the optodes 43330 are multi-point calibrated. The oxygen data is ad-
justed and corrected following the Argo quality control manual for dissolved oxygen
concentration as cited in the manuscript (Thierry et al. 2018).

Action taken. We added both the range of O2 concentrations that can be measured by
the Optode sensors and their accuracy. This information is reported by the manufac-
turer. In addition, we cited the work related to the O2 Optode Drift correction applied to
the sensors (Bittig, and Körtzinger. 2015).

ES comment # 2

Line 8: This sentence is not accurate as written.

Answer. Agree

Action taken. We modified this sentence.
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ES comment # 3

Line 22-23: I am confused what this sentence is trying to say. I note that N2 gas
concentrations can be between 400 and 500 microM in the water due to abiotic gas
exchange of N2 from the atmosphere. So the authors really mean to say N2 production
not concentration. The use of the word respectively in line 23 implies that denitrification
is 20% of N2 production and anammox is 40%. Rather, I think the authors are talking
about how 20-40% of N2 production occurs in the water column as opposed to in the
sediments. The best citation for this is (DeVries et al., 2013).

Answer. We did not understand this observation because N2 concentration is not men-
tioned in this sentence. We only indicate that N2 is mainly produced via anammox-
denitrification.

Action taken. We modified this sentence and removed the word “respectively”.

ES comment # 4

Line 25: perhaps “where the bacteria that mediate the process mainly reside”

Answer. OK.

Action taken. Not action was taken because this is only a semantic issue.

ES comment # 5

Line 26-27: I am confused as to the meaning of this sentence? Are the authors trying
to say that 90% of the N2 production occurred in the upper ODZ? Perhaps it would be
better to say that 90% of N2 production occurred in the upper 50 meters of the ODZ.
Additionally, one should either say N2 production or N loss. N loss refers to the loss of
nutrients. The N2 is produced not lost. I also note that anammox rates are not always
highest at the top of the ODZ. See (De Brabandere et al., 2014)

Answer. OK.
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Action taken. The term ODZs was removed from the introduction. We now use the term
“shallower poorly-oxygenated water masses” and replaced the word “loss” by “yielding”
throughout the manuscript.

ES comment # 6

Paragraph 1: I am having issues with oxygen deficient zones being called suboxic. The
deficient part of oxygen deficient zone implies that the system is anoxic. No oxygen.
The word was coined to differentiate these anoxic systems from suboxic systems which
are called oxygen minimum zones.

Answer. We agree, the application of the term suboxic is not accurate and very con-
fusing because the O2 levels used to define it can potentially overlap with hypoxic (O2
< 60 uM, e.g. Stramma et al. 2008 ) and anoxic conditions (O2 < 1-2 uM). Example,
for the Black Sea, the suboxic zone is set between O2 levels ranging between 1.8 uM
and 39 uM (Fuschman et al., 2011; Stanev et al., 2018 and references therein).

Action taken. We now use the term “poorly oxygenated water masses” to describe
the section where N2 is effectively produced. We also introduced the term, “chemical
zones” because this is more suitable (or accurate) to explain the biogeochemical re-
actions that drive N2 yielding and the small-particle content in the poorly oxygenated
water masses (Canfield and Thamdrup, 2009).

The changes indicated above are highlighted in yellow in the following lines of the new
manuscript: - Lines: 71-94, 171-197, and 207-230.

ES comment # 7

Line 93: The best citation is (Dalsgaard et al., 2014). The authors do cite this paper
later. To be consistent it should be noted here as well.

Answer. OK

Action taken. We cited Dalsgaard et al., 2014 as well.
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ES comment # 8

Line 121-122: This sentence needs clarification for two reasons. The authors are
comparing depth and density. The Black Sea is much more consistent in density space
than depth. It would be good to give the density range as well as the depth in line 121.
Additionally, the authors compare a depth where sulfide is 11 uM to a depth where it is
10 nM. It is not surprising that the 11 uM depth is deeper than the 10 nM depth. That’s
an order of magnitude different in concentration. What is the HS- detection limit of the
float?

Answer. OK

Action taken. We reported the detection limit of HS-, as well as the ranges of depth and
density. We also modified the sentence between lines 121-122 of the old manuscript.

ES comment # 9

Lines 133-148: The particle layer is between 3 uM oxygen and 11 uM sulfide. Both
manganese oxides, and S oxidizers are also found in this range as well as methane
oxidizers (Kirkpatrick et al 2018 Figure 6D)– not just anammox and denitrifiers. It is
true however, that lots of microbial activity is occurring in this zone. These processes
also could all affected by intrusions of oxygen. Lines 142-144: This is interesting.

Answer. OK

Action taken. This sentence was modified. We included the presence of other bacteria
and MnO2, and described their links with O2 and NO3- levels according to the case.
Such changes are highlighted in yellow in the following lines of the new manuscript: -
Lines: 71-94, and 207-230.

ES comment # 10

Line 150-151: This sentence is confusing. I am glad that the authors acknowledge
manganese oxides existence. However, manganese oxides are formed by manganese
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oxidizing bacteria not by denitrifiers. Perhaps autotrophic denitrifiers and manganese
oxides, as concepts, should be separated into two sentences

Answer. OK

Action taken. This sentence was removed.

ES comment # 11

Line 171: Are the authors that confident in their oxygen concentrations? This would
only be true if the sensors are calibrated. Can the optode see the difference between
0.2 uM and 0 uM??

Answer. Yes. According to the manufacturer
(https://www.aanderaa.com/media/pdfs/d378_aanderaa_oxygen_sensor_4330_4330f.pdf),
the Optode sensors can measure O2 concentrations between 0 to 1000 uM with an
accuracy of 1.5%. Thus, in theory, we should be able to see the difference between
0.2 uM and 0 uM. However, the minimum value of O2 measured by the sensor and
used in our calculation was 0.22 uM. Thus, we cannot confirm (or regret) that such
sensors can see such difference.

Action taken. We added the range of O2 concentrations and accuracy of the Optode
sensor reported for the manufacturer. Finally, we indicated that 0.22 uM was the min-
imum value of O2 measured by the sensor, and suggested that the O2 level can be
also lower (see line 219 in the new one)

ES comment # 12

Line 190: Can you actually differentiate correlations with temperature from correlations
with density in these deep layers? There is no biological reason that a change < 0.1
in temperature should matter. However, I think many things, such as sulfide, correlate
with temperature in this basin.

Answer. Correlations between bbp vs T were computed between two reference isopy-
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cnals delineating the two sub-zones of the bbp-layer. The same principle was applied
for bbp vs NO3 –. Thus, these correlations are consistently found in the water layers
of the two sub-zones (or “chemical zones”) defined for the bbp-layer. which ultimately
validates -in part- our main hypothesis. However, our data cannot explain why such
correlation is found.

Action taken. The following sentence was added:

Finally, more information is needed to investigate the physical and/or biogeochemical
processes driving the correlation between the increase rates of T, and declines rates of
NO3- in the first sub-zone. The former is, however, out of the scope of our study. (lines
238-240 in the new version)

ES comment # 13

Line 235: (Cavan et al., 2018) Line 237: (Margolskee et al., 2019)

Answer. OK

Action taken. We cited Margolskee et al., 2019 and Cavan et al., 2017 because the
latter is more suitable for this context (see also Rasse and Dall’Olmo, 2019 for the
ETNA-OMZ case; http://dx.doi.org/10.1029/2019GB006305).

ES comment # 14

3.4 New perspectives for studying N2 losses in suboxic ODZs : This section would be
more compelling if the floats measured N2 gas. There is such a deviceâËŸA ËĞTReed
et al 2018 Deep Sea Research Part I 139: 68-78.

Answer. OK

Action taken. We cited Reed et al., 2018 and indicated that N2 can be measured by
BGC-floats.

References not cited in the new version of the manuscript
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