
Dear Editor, 

 

We are pleased to submit the revised version of the manuscript entitled “Distribution of 
planktonic foraminifera in the Subtropical South Atlantic: depth hierarchy of controlling 
factors” for consideration for publication in Biogeosciences.  We apologize for the long 
time needed for the revision, but this was necessary since, considering the reviews, we 
decided to make substantial changes to the design of the analyses, which also required 
substantial changes to the discussion section of the paper. 
 
We are grateful to the reviewers for requesting details on the oxygen and pH parameters 
and on questioning the interpretation of these parameters. This was very much 
warranted as some of the data proved to be unreliable. We have hence removed pH and 
we now use oxygen concentration data from CTD casts made in parallel with our 
sampling. Unfortunately, dissolved oxygen data is not available for two shallow stations 
(202 and 192), but this is more than compensated by the fact the new data are calibrated 
by on-board titration and thus entirely reliable. We have also considered the merit of 
using alkalinity, instead of pH, to explain the faunal variation. Initially, we considered 
that alkalinity at depth would be, like oxygen, to a certain degree related to respiration. 
However, a further examination of reliable alkalinity profiles in the South Atlantic 
convinced us that this parameter is too strongly reflecting the water masses rather than 
local respiration and that there is thus no merit in including it in our analyses as a 
parameter reflecting ecologically relevant processes. 
 
As a result, we have re-calculated all of the ordinations including only reliable 
parameters that could conceivably explain the faunal variability. Whilst the general 
pattern and the main conclusion of our paper remain robust, there are differences in 
details, such as the depth-levels where the controlling parameters change, and, 
considering the comments by Ralf Schiebel, we are now more careful in the 
interpretation of the controlling factors at depth. Previously we were attributing the 
variation explicitly to respiration and thus POM concentration, but now we are more 
general and only state that at depth, the assemblages are likely affected by factors that 
are not analyzed, and that the existing data suggest a role of aggregates and biotic  
interactions. 
 
Together with the extensive comments by both referees, we believe that these changes 
have allowed us to produce a much more robust case, supporting the conjecture of 
different factors affecting the species distribution at different depth layers. Our response 
to the reviews is appended below. We believe that the readers of this journal will find 
the presented dataset and interpretation not only exciting but perhaps also meaningful to 
their studies. 
 
Kind regards, 

 
Douglas Villela de Oliveira Lessa 
On Behalf of all authors 
  



Referee 1: Antje Voelker 

We thank Dr. Antje Voelker for her review, which helped to improve the manuscript. 
We have carefully read the comments and we tried to answer all queries clearly and 
concisely. We also checked carefully the supplement of the comment and all small 
issues will be corrected in both main text and appendix. The reviewer’s comments are 
shown below in black and our response and changes to the manuscript are shown in 
blue.  Referee 1’s comments are stated as “R1C” and our responses are stated as “R”. 
Page and line numbers in our responses refers to the manuscript’s clean version.   

 

R1C: Lessa and co-authors analyzed the planktonic foraminifera fauna in vertical 
plankton 

tows along a transect crossing the subtropical South Atlantic where a dearth of such 

data exists. They correlate the faunal observations to physical and chemical water 
column 

data to unearth water mass specific assemblages and environmental properties 

controlling species presence/abundance. In addition, they infer average living depths 

for the foraminifera species encountered. This study is an important contribution to our 

understanding of planktonic foraminifera diversity and environmental conditions 
controlling their presence and abundance in different regions of the world oceans. 

The paper is well written and well-structured and I do not have any major comments. 

My comments -listed below- just point out small improvements. There are a few 
grammatical issues in the listed that I marked in the uploaded pdf file. Many of them 
occur in the Appendix with the species description.  

 

R1C: One important correction is in the first paragraph of the Conclusions: it needs to 
say "assess" instead of "access". 

 

R: The requested correction was done (page 9, lines 43). 

 

R1C: Specific comments: 1) Figure call-outs/ order of Figures: a) Figure 4 (p. 4, line 28; 
p. 5, line 30) before Figure 3 (p. 5, line 51).  

 



R: We have updated the order in which the figures are mentioned in the text. 

 

R1C: b) Figure 6 is only referred to in the discussion 

(p. 9, line 21) and thus after all the others. 

 

R: We carried out some modifications in this part of the text (now section 4.2) in order 
to insert Fig. 6 (page 6, line 5).  

 

R1C: 2) For the reader it would be helpful if the Results would have sub-headers, i.e. 
the lengthily text gets subdivided. 

 

R: Sub-headers were inserted in the results section.  

 

R1C: 3) relationship between pH values and planktonic foraminifera: this relationship 
or better said the indirect relationship that you infer between organic carbon 
degradation, microbial respiration and pH needs more explanation and references 
supporting this. In general, I am missing a text "justifying" why including pH in the 
CCA makes scientific sense (and is not just done because the parameter was measured). 

 

R: We thank Dr. Voelker for her comment. Our initial reason to include pH in the 
analysis was indeed based on the inferred indirect relationship between degradation and 
pH as a characterisation of the state or organic matter available to the foraminifera 
community. However, based on the critical comments by Referee 2, we discovered that 
the pH probe of the CTD did not function properly. So, we removed pH from the 
manuscript. Please also refer to our cover letter above. 

 

R1C: 4) p. 2 lines 26-27: it would be helpful (for future studies), if you could specify 
which are the relevant environmental parameters and depth ranges a study should cover. 

 

R: The requested statements was done (page 2, lines 29-31) 

 



R1C: 5) p. 31st paragraph: please provide details on the CTD manufacturer (Seabird??) 
and the sensors used to measure oxygen, chlorophyll a and pH. Identifying the 
particular sensor is also relevant information for the data uploaded to Pangaea, so that 
other uses (or oceanographic databases like GLODAP) can judge the quality of the data. 

 

R: Information about the CTD’s manufacturer and sensor types was inserted at Material 
and Methods section (page 2, line 48). 

 

R1C: 6) p. 3 lines 28 and following: include here references to the appendix and the 
plates. 

The same could be done in the first paragraph of the Results. 

 

R: References for the appendix and plates were added (page 3, line 10 and page 4, line 
48) 

 

R1C: 7) p. 5 line 7: you are not delimitating water mass boundaries, but the mixed layer 
and the permanent thermocline. 

 

R: “water masses” was replaced by “mixed layer and permanent thermocline” at page 4, 
line 28. 

 

R1C: 8) p. 5 line 10: DO anomaly: mention here why you calculated it and how (just 
mention the "how" in the figure caption is not enough). 

 

R: As with pH, we re-evaluated the DO data and discovered that the DO probe also did 
not measure properly. Instead we have used calibrated DO data from the shipboard CTD 
rosette. Since we use DO and not DO anomaly in our analyses we decided to remove 
the DO anomaly from the text and figure 2. 

 

R1C: 9) p. 5 line 12: I would point out that station 202 is in the Benguela upwelling, i.e. 
make it easier for the reader. 

 



R: This paragraph (page 4, lines 30 – 37) was rephrased 

 

R1C: 10) p. 6 line 1: List the names of the cold water species and specify if you mean 
the adult or total fauna. I have trouble following your argument/ seeing this in Fig. 3b. 

 

R: The requested corrections were carried out (page 4, line 53 – page 5, line 1). 

 

R1C: 11) p. 6 line 15: refer to Fig. 4 at the end of the paragraph. 

 

R: The Fig. 4 was cited at the end of the paragraph (page 5, line 32). 

 

R1C: 12) p. 6 last paragraph: please refer to Cluster numbers for the different 
oceanographic provinces/faunas. Relating Table 3 to Figure 7 is not easy. I would also 
recommend to provide the province/fauna information together with the cluster number 
in R1C: Table 3, especially as subsequent cluster numbers do not necessary refer to the 
same province/fauna. 

 

R: The respective clusters were inserted in brackets after the fauna entries (page 6, lines 
9 – 12). The final faunal groups were also inserted in the first column of the table 3. 

 

R1C: 13) p. 6 line 52: it would be good if you sometimes specified again that you mean 
the permanent thermocline when you write thermocline. 

 

R: For better clarification, we checked all thermocline entries and we specified them as 
“seasonal” or “permanent” thermocline. We also highlighted that the “thermocline 
group” refers to “communities below the seasonal thermocline” for better clarification 
(page 8, line 10).  

 

R1C: 14) p. 7 line 15: correct/complete the Morey references.  

 



R: The reference was updated, as well as this part was replaced to the section 5.3 (Page 
8, line 41), as requested by the Referee 2. 

 

R1C: In line 17, can you provide a reference for the influence of temperature on 
respiration and growth rates? 

 

R: This paragraph (now section 4.3) was rewritten entirely. 

 

R1C: 15) p. 7 line 49: specify here (or earlier; see comment 3) how respiration 
contributes to pH and in which direction the change is – does higher respiration cause a 
lower pH? 

 

R: This part was excluded from the text, as new CCA plots were carried out due to the 
removal of pH and the replacement of DO data.    

 

R1C: 16) I would have liked to see in the manuscript short comments on/references to: 

a) how does the Agulhas leakage fauna you identify compare to the one defined by 

Peeters et al. (2004; Science) or seen in the Loncaric (2006) paper you are citing? 

 

R: We added a short comparison between our Agulhas Leakage fauna and the ones from 
previous studies (page 8, line 54).  

 

R1C: b) may be highlighting that your Benguela upwelling fauna includes few G. 
bulloides, the species most often associated with upwelling.  

 

R: We inserted G. bulloides in depth integrated CCA plots (figures 8 and S4), since no 
changes occurred in the data dispersion. 

 

R1C: c) can you specify/distinguish if the shape of (some of) your G. truncatulinoides 
specimens agrees with the shape of sp. 3 (or others) defined by de Vargas et al., 2001. 
Pleistocene adaptive radiation in Globorotalia truncatulinoides: genetic, morphologic, 



and environmental evidence. Paleobiology 27, 104-125. It looks to me as if the 
specimens depicted in the plate could belong to sp. 3. However, the presence of right 
coiling specimens in your samples would point to the presence of sp. 2 as well. You 
could mention that in your species description in the appendix. 

R: A short comment about the genetic type (cryptospecies) was inserted at G. 
truncatulinoides description in the appendix A (page 31, lines 29 – 31). 

 

R1C: Supplement pdf:  

RC comment: Figure 1b: station 193 or 293:  

 

R: This station is defined as 193 in the cruise report (Karstensen et al., 2016). Based on 
this, we kept the current station numbering.  
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Referee 2: Ralf Schiebel 

 

We appreciated the comments of Prof. Dr. Ralf Schiebel (Referee 2 – R2), which helped 

us to make important improvements to the manuscript, especially with literature 

suggestions. As indicated above, thanks to the comments we discovered that the pH and 

dissolved oxygen sensors of our plankton sampler did not work properly. Hence we 

now use dissolved oxygen concentration data from the O2 sensor mounted on the CTD 

rosette, these data were calibrated using conventional titration and passed quality 

control. Unfortunately, no reliable pH data are available. We have re-calculated all of 

the ordinations including only reliable parameters. Whilst the general pattern and the 

main conclusion of our paper remain robust, there are differences in details, such as the 

depth-levels where the controlling parameters change and, considering the comments, 

we are now more careful in the interpretation of the controlling factors at depth. 

Previously we were attributing the variation explicitly to respiration and thus POM 

concentration, but now we are more general and only state that at depth, the 

assemblages are likely affected by factors that are not analyzed, and that the existing 

data suggest a role of aggregates and biotic interactions. 

Regarding the taxonomy concerns, our specimens exhibited in the plates were checked 

by all our co-author team and everyone agreed with the current taxonomy.  

We have copied each comment below and provide our response in blue text.  Referee 

2’s comments are stated as “R2C” and our responses are stated as “R”. Page and line 

numbers in our responses refers to the manuscript’s clean version. 

 

R2C: Long passages of the text read nicely narrative, but not scientific (e.g., the second 

paragraph of section 2. Material and Methods). For example, mention that a device 

needs to be switched on is trivial and may want to be skipped in a scientific paper. The 

narrative writing may result from the fact that, for example, the first two paragraphs of 

the chapter 2. Material and Methods read very much like the Meteor M124 cruise report 

(Karstensen et al. 2016). Considering this, Lessa and coauthors may want to be careful 

to avoid unintended plagiarism. 

R: The second paragraph of the Material and methods was partially rephrased to better 

description of on board methods (page 2, lines 48-54 – page 3, lines 1-3) 

R2C: In general, the paper needs some reorganizing. The Results and Discussion 

chapters include information from the other chapters. For example: Page 5, lines 18-27: 

In this section, methodology, results, and discussion are mixed, and should be 

disentangled.  



R: Some rephrasing was made in this paragraph (page 5, lines 29 – 35). However, this 

highlighted part corresponds to the section 3 (Oceanographic Conditions), where CTD 

and satellite data are used to describe the environment along the transect and we 

consider that the data presented here are not part of the main results of our study. 

R2C: Page 5, last paragraph: results and interpretation are mixed up: please disentangle.  

R: Corrections were done along the second paragraph of results (page 5, lines 9 – 19). 

R2C: Page 7, in lines 34-38, and lines 48-49, the “vertical variation of the community” 

is discussed in the Results chapter.  

R: This part was removed as pH data were removed from the manuscript. 

R2C: Page 8, lines 14-15, results on ontogenetic effects are presented in the Discussion 

chapter.  

R: This part was rewritten (Page 7, lines 12 – 15).  

R2C: Page 10, lines 5-6, is Methods, not Discussion; here the results should be 

discussed  

R: This text segment was rephrased so that the discussion aspect is maintained (page 8, 

lines 41 – 45).  

R2C: I don’t understand page 10, lines 18-19; please rephrase.  

R: This paragraph was rephrased as changes in the environmental variable that we 

considered made reinterpretation necessary (page 9, lines 15 – 28). 

R2C: From page 10, line 19, the discussion reads rambling and not to the point. Lines 

24-26: The observation of Fehrenbacher et al has been on N. dutertrei, not 

Neogloboquadrina in general; please be specific.  

R: This paragraph was rephrased as changes on CTD environmental parameters made 

reinterpretation necessary (Page 9, lines 15 – 39). Regarding the misobservation of 

Fehrenbacher et al, we replaced “Neogloboquadrina” for N. dutertrei (page 9, line 28). 

R2C: Line 27, degraded organic matter; ref. to Schiebel and Hemleben (2017).  

R: This paragraph was rewritten completely and the reference was included (page 9, 

lines 15 – 28). 

R2C: Lines 32-34: syntax?!  



R: The last paragraph of the section 5.3 was rewritten and syntax errors were corrected 

(page 9, lines 36 – 39). 

R2C: Line 38: please change “hidden in” to “from”.  

R: This issue was excluded as the paragraph was reworded completely. 

R2C: Lines 39-41: any proof? Please refer to data or figures or literature references!  

R: We inserted references to figures 2 and 7, and we changed “… along the transect …” 

for “ … observed between eastern and western thermocline faunas …” at line page 9, 

lines 37 – 38 for better clarification. 

R2C: From Figure 2, I have the impression that some of the environmental data are 

wrong. This might result from the fact that “raw data” are presented instead of “final 

data”, i.e. calibrated data. In a publication (not preliminary report), calibrated values 

should be presented, which have undergone quality control. In particular, the high pH 

values (near 8.8) are possibly not realistic in open marine waters, and the data should 

not be used. I would guess that the pH probe was broken or not correctly calibrated. In 

addition, DO values are very high, and may be revisited / calibrated. Having said that, I 

would suggest to revisit all data to guarantee correct values.  

R: We thank the Referee for spotting these issues with pH and dissolved oxygen data 

from the sensors mounted on the plankton sampler. We checked environmental data 

again and found that there was indeed a problem with pH and dissolved oxygen sensors. 

No alternative pH or alkalinity measurements were made, but dissolved O2 (DO) data 

were measured using a different sensor mounted on the ship CTD rosette. However, at 

the time of writing calibrated DO data were not yet available, but we have been able to 

make use of quality controlled and calibrated DO data for this revision (Karstensen et 

al., 2016; data available at: https://doi.pangaea.de/10.1594/PANGAEA.895426).  

We have repeated the multivariate analyses and changed the results and discussion 

where necessary (sections 3, 4.3 and 5.3). The depth integrated CCAs were recalculated 

with six variables (chlorophyll-a, temperature, salinity, SSH, UML depth and mixed 

layer depth) and depth separated CCAs were plotted with four CTD variables 

(chlorophyll-a, temperature, salinity and DO) and stations 202 and 192 excluded 

because i) for these stations we do not have all environmental data at our disposal and 

ii) the fauna at these stations was not characterised down to 700 m water depth. 

We would like to stress that these new analyses with reliable data did not fundamentally 

affect the main conclusion that the planktonic foraminifera community is shaped by 

different environmental variables at different levels in the water column. There are 

however some differences in details, such as the depth-levels where the controlling 



parameters change. Considering the comments, we are now more careful in the 

interpretation of the controlling factors at depth. Previously we were attributing the 

variation explicitly to respiration and thus POM concentration, but now we are more 

general and only state that at depth, the assemblages are likely affected by factors that 

are not analyzed, and that the existing data suggest a role of aggregates and biotic  

interactions. 

R2C: The use of the term “permanent thermocline” (e.g., page 4, line 36), given in the 

manuscript, is wrong. Actually, multiple seasonal thermoclines are observed (Figure 

S1), out of which even the deepest seasonal thermoclines are not the permanent 

thermocline. In some profiles, even deeper seasonal thermoclines can be seen (e.g., Pro- 

file 370 near 200 m). The permanent thermocline is much deeper at possibly all of the 

case shown in Figure S1. Unfortunately, there is not much literature available on this 

topic for the very stations discussed here (for a start, Chiessi 2008, and Gordon 1981 

may be consulted).  

R: Based on Gordon (1981), our 700 m profile reached near to the bottom of the 

permanent thermocline. Thus, we kept the layer below the seasonal thermocline as 

permanent thermocline. However, Referee 1 stated issues with thermocline entries 

(seasonal or permanent), so we checked all thermocline entries and we specified them as 

“seasonal” or “permanent” thermocline for better clarification. We also highlighted that 

the “thermocline group” refers to “communities below the seasonal thermocline” (page 

8, line 10). 

R2C: Classification: Given the rough surface texture, closed umbilicius, and shape and 

number of chambers in the final whorl (6) of the specimens depicted in Plate 3 images 

1-3, this is possibly T. humilis, and certainly not N. dutertrei.  

R: The specimens displayed in plates were carefully rechecked by the author team and 

we remain convinced that the depicted specimen is N. dutertrei. The shape of tests 1 to 

3 on plate 3 is quite normal for small N. dutertrei specimens. There are no spines, the 

surface is ornamented with ridges, small N. dutertrei can have six or more chambers at 

the last whorl, and a small "tooth" is often seen inside the penultimate chamber's 

aperture, see e.g. Brummer and Kroon (1988): page 12 figure 2 and page 259 Plate 3, 

figures 11-13. 

 

R2C: I do also have a different idea about T. iota, shown in Plate 5, images 9-10  

R: Specimens 9 and 10 from the plate were also carefully checked by the authors. We 

removed specimen 10 from plate 5 due to a not much didactic shape. However, both 

specimens follow all morphologic requisites to be classified as T. iota. The specimen 9 



had four chambers in the last whorl, microperforate surface, and sparse but distinct 

pustules on the umbilical side. Specimen 10 also has a microperforated surface and the 

pustules can be seen near to the periphery of the spiral side. The identification of the 

specimens in our samples is consistent with the work by Parker (1962), cf specimen 29 

on plate 10. We are therefore confident about the accuracy of our taxonomy. 

R2C: and the rather unusual distribution pattern of T. iota (page 8, lines 47-49, “...the 

shallow habitat of T. iota is at odds with its concentration maximum around 300 m in 

the NE Atlantic reported by Rebotim et al. (2017). Clearly, the ecology of this species 

requires further investigation”) may result from misidentification.  

R: The ecology of T. iota is very poorly constrained, so it is expected that the depth 

habitat range of this species may be wide and variable depending on oceanic realm and 

season. Other species of planktonic foraminifera also show a wide and variable vertical 

distribution. For example, G. crassaformis, was observed with very shallow distribution 

in the Eastern Azores current (Rebotim et al, 2017), whereas it is distributed below 100 

m in other parts of the tropical Atlantic (this study, Jentzen et al, 2018, Meilland et al, 

2019). Given the lack of evidence that T. iota is a species strictly confined to the 

subsurface and our rigorous taxonomic control (see the point above), we interpret the 

shallow habitat of the species in South Atlantic Subtropical Gyre during the late 

summer as evidence of a wider vertical dispersion globally than observed near the 

Azores. 

R2C: Another misunderstanding concerns the classification of adult versus pre-adult 

individuals (lines 31-33): “...were classified as “pre-adult” when their identification was 

performed at a magnification higher than 100x and surface features typically found in 

adults (e.g., spines, pustules, large pores) were lacking.” This is not a valid method. To 

distinguish adult from pre-adult individuals, GAM calcification should be looked at to 

get an idea about the average size of adult vs. pre-adult individuals. If this is not 

possible, the terms small (i.e., smaller than ...) and large (i.e., larger than...) tests may be 

used.  

R: We thank the Referee for pointing this out. Based on the comment, we rephrased this 

part of the manuscript in order to clarify the method for separation of adult and pre-

adult specimens (page 3, lines 16 – 20). The classification of adults and pre-adult 

specimens was based on morphological aspects described by Brummer et al (1986). The 

“pre-adult” term was used to separate specimens in juvenile and neanic stages from 

specimens showing characters typical for adult and terminal stages. GAM calcification 

is only present during the terminal stage and thus rarely seen among living specimens in 

the plankton and we therefore abstained from distinguishing the ontogenetic stages with 

any greater precision (i.e. not separating adult and terminal stages). 



R2C: The use of statistics is this paper is the wrong way round, or presented in the 

wrong way. In general, statistics may be used to confirm and explain observations, and 

may not be an end in itself in paleoceanography (in mathematics, this may be the other 

way round).  

R: The statistical analyses used in our study have the purpose to give numerical support 

to our observations and to provide objective information about the foraminifera fauna 

and their relationship with environmental variables. We have made effort to express 

more clearly the purpose of each analysis in the methods and results, which we hope 

addresses the concerns by the reviewer. 

R2C: In general, referencing in the manuscript is selective, and much important 

information has not been included in the paper. This is particularly inadequate, because 

little has so far been known on the planktic foraminifers from the region sampled here, 

and the results would need to be discussed in comparison to existing studies in a similar 

setting, as, for example, the northern limit of the North Atlantic subtropical gyre. 

Referring only to Rebotim et al. (2017) is not sufficient. Most importantly, the paper of 

Kemle-von- Mücke and Hemleben (1999), in “South Atlantic Zooplankton” needs to be 

discussed.  

R: We thank Referee 2 for his suggestions, which we have now included in the 

discussion section. 

R2C: Page 2, line 2: Temperature is possibly an indicator, not “control”; see, e.g., 

Jentzen et al. 2018  

R: We changed the segment “…dominant temperature control on…” for “…strong 

relationship of the temperature with…” and citing Jentzen et al (2018) (page 2, lines 1 – 

3). 

R2C: Page 2, lines 8-9: please see also Schiebel et al. 2001 (among others)  

R: The citation was inserted (page 2, line 8). 

R2C: Page 2, line 18: please see also Schiebel 2002 (among many others)  

R: The reference was inserted together with Bé, 1960 (page 2, line 18). 

R2C: Page 8, line 12: please refer to Bijma et al 1990  

R: The reference was inserted prior to figure S3 call (page 7, line 10). 



R2C: Page 8, line 37: “in many other studies/regions”: please be specific; which 

studies/regions? Refer to the papers of Bé, Bijma, Jentzen, Salmon, Schmuker, 

Schiebel, etc  

R: The sentence was rephrased to improve clarity (page 7, lines 29 – 31). 

R2C: Page 8, line 39: why only “thermally constrained”; please discussion with 

reference to the existing literature (e.g., Jentzen et al. 2018, etc)  

R: The sentence was rephrased to make it clearer (page 7, line 31) 

R2C: Page 9, line 6: what is meant by majority? Please be specific, and discuss the 

different species.  

R: We have rewritten this section and hope that it is now clearer and more specific 

(page 7, line 52). 

R2C: Page 9, lines 41-42: “G. truncatulinoides replaces G. scitula towards. . .”; please 

compare to the distribution of G. truncatulinoides and G. scitula in the Azores Front 

Current System, which is a similar hydrological and ecological setting as studied here.  

R: A comparison with the Azores System was inserted in this paragraph (page 8, lines 

32 – 34). 

R2C: Page 9, line 54: “. . .the result of seasonal superposition of. . .”; please discuss in 

comparison to earlier papers. You may start from Schiebel and Hemleben, 2000, and 

Schiebel et al. 2001  

R: Citations were inserted in this part (page 8, lines 41 – 45). 

R2C: Finally, the chapter 6. Conclusions may be rewritten following the changes in the 

manuscript.  

R: The conclusion were reworded in order to reflect the new analyses with calibrated 

environmental variables (page 10, lines 8 – 12). 

R2C: Some details: Title: I wonder why a rather self-limiting title has been chosen for 

the much broader topic presented in the paper. I would suggest to skip “Vertical” and 

make the title “Distribution…”. 

R: The change was implemented. 

 R2C: Page 2, line 39: not “cod-end” (which are soft) have been used, but “sampling 

cups”  



R: The correction was done (page 2, line 43 and elsewhere) 

R2C: Page 2, line 51: I wonder how the nets were changed “manually” at grate depth: I 

guess that the right expression is “changed by remote control”  

R: This paragraph (page 2, lines 48-54 – page 3, lines 1-3) was rephrased. 

R2C: Page 3, line 3: pH, not PH Page 3, line 9: skip “planktonic”  

R: Since pH was removed from the manuscript, this issue was excluded. Regarding the 

issue at page 3, line 9, this part of the text is completely rewritten. 

R2C: Page 3, line 39: change “concentrations” to “standing stocks“  

R: In this segment, we refer to the general concentration calculation, which includes 

both living and dead shells. Since “standing stock” is only referring to the living shells, 

we decided to maintain the word “concentration” (page 3, line 27). 

R2C: Page 4, line 5: change “trace” to “confirm”  

R: This sentence was rephrased (page 3, lines 29 – 31) 

R2C: Page 4, lines 42-44: change “first” to “upper”  

R: The change was done (page 4, line 13) 

R2C: Page 5, lines 18-19: unfinished relative clause: higher than what?  

R: The sentence was rephrased for a superlative clause (page 5, lines 38 – 39) 

R2C: Page 5, lines 44-45: unfinished relative clause: higher than what?  

R: The sentence was rephrased (page 5, lines 9 – 10) 

R2C: Page 6, line 44: change “revealed” to “confirmed”  

R: The change was done (page 6, line 8) 

R2C: Page 7, line 15: (refs Moery etc) is not the correct way of referencing  

R: Corrected (page 8, line 41) 

R2C: Page 8, lines 29-30: better change “this reference” to “this depth level”  

R: The change was done (page 7, lines 22 – 23) 



R2C: Page 11, line 9: How should pH affect species distribution? Any data that may 

support the statement?  

R: Since pH was removed from the manuscript, this sentence was excluded. 

R2C: Page 13, lines 17-18: not eds. but authors  

R: The correction was done (page 13, line 20) 

R2C: Figure 4: The upper 260 m max are displayed, not 700 m as stated in the caption.  

R: “700” was changed by “550” in order to include the second panel of the figure 4 

(Page 17, line 1). 

R2C: Figure 9: What shall "light“ to "dark“ mean in this context? The different 

parameters from Chl-a to O2 may not be easily put into relation.  

R: The figure 9 was modified; they grey scaling represents CCA loading ≥ 0.4. 

R2C: Plates: I congratulate the authors on the quality of the light micrographs. 

However, using a ring light produces light rings on the reflecting surface of chambers. 

The authors may want to play with more diffused light to produce even better images in 

the future.  

R: We thank the Referee for their comment about our light micrographs. We have done 

our best to minimize the effect using the current light settings, but because many of the 

specimens were photographed wet (the specimens were kept deep frozen on the slides) 

to preserve the color of the cytoplasm, the effect could not be completely avoided. We 

keep working on other light combinations in order to remove the reflectance effect over 

smooth tests and hope to find a solution in the future.  

R2C: Plate 2: change second (12) to (13)  

R: The correction was carried out 

R2C: Appendix A: The species descriptions read good in general, but some typos (e.g., 

page 25, line 6, change “trocospiral” to “trochospiral”; 

R: We have done our best to avoid any typos 

 R2C: page 29, line 39, change pakerae to parkerae; etc etc) may be corrected.  

R: The correction was carried out 



R2C: I have no clue what is meant by granules (in T. iota, and T. fleisheri), and pustules 

may be meant.  

R: We changed “granules” for “pustules” along the appendix. 
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Vertical distributionDistribution of planktonic foraminifera in 
the Subtropicalsubtropical South Atlantic: depth hierarchy of 
controlling factors 
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Abstract. Temperature appears to be the best predictor of species composition of planktonic foraminifera 
communities, making it possible to use their fossil assemblages to reconstruct sea surface temperature (SST) 
variation in the past. However, the role of other environmental factors potentially modulating the spatial and 15 
vertical distribution of planktonic foraminifera species is poorly understood. This is especially relevant for 
environmental factors affecting the subsurface habitat. If such factors play a role, changes in the abundance of 
deeper subsurface-dwelling species may not solely reflect SST variation. In order to constrain the effect of 
subsurface parameters on species composition, we here characterize the vertical distribution of living planktonic 
foraminifera community across an E-W transect through the subtropical South Atlantic Ocean, where SST 20 
variability iswas small but the subsurface water mass structure changeschanged dramatically. Four planktonic 
foraminifera communities could be identified across the top 700 m of the E-W transect. Gyre and Agulhas 
Leakage surface faunas were predominantly composed of Globigerinoides ruber, Globigerinoides tenellus, 
Trilobatus sacculifer, Globoturborotalita rubescens, Globigerinella calida, Tenuitella iota and Globigerinita 
glutinata, and only differed in terms of relative abundances (community composition). Upwelling fauna was 25 
dominated by Neogloboquadrina pachyderma, Neogloboquadrina incompta, Globorotalia crassaformis and 
Globorotalia inflata. Thermocline fauna was dominated by Tenuitella fleisheri, Globorotalia truncatulinoides 
and Globorotalia scitula in the western sidewest, and by G. scitula in the eastern side of the basineast. The 
largest part of the standing stock was consistently found in the surface layer, but SST was not the main predictor 
of species composition, neither for the totaldepth-integrated fauna at each stationacross the stations nor in 30 
analyses considering eachat individual depth layer separatelylayers. Instead, we identified a consistentpattern of 
vertical pattern in stacking of different parameters controlling species composition at different depths, in which 
the parameters appear to reflect, reflecting different aspects of the pelagic habitat. Whereas productivity appears 
to dominate in the mixed layer (0- - 60 m), physical-chemical parameters are properties (temperature, salinity) 
become important at depth immediately below (60-100 m), followed by parameters related to the degradation of 35 
organic matter (100-300 m),intermediate depths and parameters describing the dissolvedin the subsurface, a 
complex combination of factors including oxygen availability (>300 m).concentration is required to explain the 
assemblage composition. These results indicate that the seemingly straightforward relationship between 
assemblage composition and SST in sedimentary assemblages reflects vertically and seasonally integrated 
processes that are only indirectly linked to SST. ThisIt also implies that fossil assemblages of planktonic 40 
foraminifera should also contain a signature of subsurface processes, which could be used for paleoceanographic 
reconstructions. 

 

Key words: plankton net, planktonic foraminifera, species composition, South Atlantic, vertical distribution, 
ecology, micropaleontology, plankton multinets 45 
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500–300 m, 300–200 m, 200–100 m, was 100–0 and 500 m. This sampling scheme provides a nine-level 
resolution of the water column. At the shallow station 192, only a shallow MPS cast was done., respectively 
(Table 1). 

For all deployments, the MPS was slacked with all the nets closed to avoid contamination. The slacking was 
done at a speed of 0.5 m/s and stopped when the rope length equaled the lowest depth plus 10 to 20 meters to 5 
account for the angle of the rope. The MPS was hoisted at a speed of 0.5 m/s and the successive closing/opening 
depth level were automatically triggered by an in-house software running under MATLAB 2011b based on the 
absolute depth determined by the pressure sensor of the MPS. Rough sea was encountered at station 265 and the 
hoist speed was lowered at 0.3 m/s to reduce the tension on the nets. The triggering was activated 2.5 meters 
before the MPS reached a given depth to account for the time needed for the net to open/close. For 2 MPS 10 
deployments at stations 202 and 306, the opening and closing of the nets was done manually because of 
connectivity problems between the software and the controlling unit of the MPS. After each haul, the nets were 
carefully rinsed using seawater. The collected plankton was recovered in the cod-ends and brought to the lab and 
empty cod-ends were mounted on the MPS for the next cast. At the end of each station the MPS was carefully 
rinsed with soft water and the nets were inspected to ensure that they were not damaged during the deployment. 15 

In addition to the MPS sensors that measure the pressure and activate the opening/closing of the nets, a CTD was 
mounted on the MPS to measure physical and chemical characteristics of the water column (Temperature, 
Salinity, Oxygen, Chlorophyll-a, PH) during the cast. The CTD was set on a recording mode to make 
measurement every second. The CTD was switched on before starting the operation and was running during the 
whole station. We also obtained sea surface height (SSH) data from SSALTO/DUACS for each station during 20 
the sampling day. SSH data was used to recognize the presence of eddies related to Agulhas Leakage in our 
stations and possible relationship between planktonic foraminifera species and eddies environment. 

The recovered plankton samples were transferred from the cod-ends to glass cups. The cod-ends were carefully 
rinsed with filtered sea water several times to ensure that all planktonic particles were recovered. After having 
recovered each sample, the cod-ends were rinsed thoroughly using freshwater and cleaned in an ultrasonic bath 25 
to remove the finest planktonic particles that may have clogged the mesh. The samples were swirled to 
concentrate the planktonic foraminifera in the middle of the dish and separate them from other zooplankton and 
organic particles. The planktonic foraminifera were pipetted out on a filter and transferred onto micro 
paleontological slides with a brush. All small patches of organic matter were also checked to pick exhaustively 
all foraminifera. When each cardboard was fully covered with foraminifera, the cardboard slides were air-dried 30 
for at least one hour and stored at –80°C. For all stations, except for the station 192, all the samples have been 
processed during one working day. The samples of the station 192 were only partially processed on board and 
the plankton residues were placed into sampling bag and frozen. All samples were kept frozen during their 
transport back to the Bremen University in Germany. 

The picked planktonicThe MPS was equipped with a Sea & Sun CTD providing in-situ measurements of 35 
temperature, salinity and chlorophyll-a concentration. Dissolved oxygen (DO) content was measured during 
separate CTD casts using a Seabird Electronics sensor mounted on the rosette. The sensor was calibrated on 
board through comparison with oxygen concentrations determined by titration (Karstensen et al., 2016). 
Concentration data were averaged for the plankton net intervals and in cases where a plankton haul was not 
accompanied by a CTD cast (Table 1); values were linearly interpolated along longitude. For the westernmost 40 
multinet we used DO data from the nearest CTD cast. Due to a sensor failure DO data are not available for 
stations 192 and 202. To assess the influence of eddies (a prominent feature of South Atlantic oceanography, 
Stramma and England, 1999) on the planktonic foraminifera distribution, sea surface height data were obtained 
from SSALTO/DUACS for each station at the day of sampling. 

All planktonic foraminifera specimens were picked onboard and dried on micropaleontological slides and frozen, 45 
with the exception of the station 192. At this station, the samples were partly picked, and the remaining plankton 
samples were frozen in sampling bag and further processed on shore. All samples were shipped frozen to 
Bremen University (Germany). A detailed description of the planktonic foraminifera sampling process is given 
in Karstensen et al. (2016). Planktonic foraminifera were counted and identified to species level following 
Schiebel and Hemleben (2017). Living Descriptions and dead specimens were recognized by their cytoplasm 50 
contentimages of the most abundant species can be found in Appendix A and considered separately and 
specimens that showed adult morphology were separated from pre-adult ontogenetic stages.Plates 1-5. 
Specimens with cytoplasm in the last whorl were considered as living, whereas tests with noneno (or almost 
none)no) visible cytoplasm in the last whorl, given bydisplaying a distinctive white coloration of the test wall, 
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were considered dead. This distinction is likely overestimating the number of living specimens, because the 
presence of cytoplasm itself does not guarantee that a specimen was alive during collection. This simplification 
should resultIt results in a slightly deeper estimate of the living depth, caused by dead specimens with cytoplasm 
being found beneath their original habitat (see Rebotim et al, 2017). In addition, specimens that showed adult 
morphology were separated from pre-adult ontogenetic stages. The ontogenetic classification of specimens 5 
followed the morphological differences between pre-adult and adult stages as summarized by Brummer et al 
(1986). Species with relatively small morphological differences among the ontogenetic stages (e.g. 
Globigerinella calida, Globigerina bulloides, Globorotalia scitula and Globorotalia truncatulinoides) were 
classified as “pre-adult” when their identification was performed at a magnification higher than 100x and surface 
features typically found in adults (e.g. spines, pustules, large pores) were lacking.they lacked morphological 10 
features that define the neanic to adult stage transition as proposed by Brummer et al (1986). In many small sized 
species (e.g. Tenuitella fleisheri, Turborotalita clarkei, Turborotalita quinqueloba, Globigerinita glutinata and 
Globigerinoides tenellus), pre-adults could not be identified due to the high morphologicmorphological 
similarity among them and pre-adults of big species and such specimens were grouped together in the category 
“unidentified juveniles”. Initial ontogenetic stages of Globigerinoides ruber white and Globigerinoides 15 
elongatus were lumped together as “G. ruber juveniles”, because the diagnostic trait of the two species is only 
observed among adult specimens. Species counts were converted to concentrations using the volume estimated 
from the thickness of the collection interval. The concentrations of living specimens were subsequently used to 
calculate average living depth (ALD) and vertical dispersion (VD) following Rebotim et al. (2017). 

The countsMultivariate analyses were used to calculate concentrations (shells per cubic meter) for each station 20 
through the formula 

ݏ݈݈݄݁ݏሺ	݅ܥ ݉ଷ⁄ ሻ ൌ ܰ݅ ܸ⁄  

Where “Ci” is the concentration of the identify co-varying species “i” “Ni” is the number of 
counted specimens for the specie “i”(faunas) and “V” is the filtered volume by the plankton net (in m³),to assess 
which was obtained by multiplying the haul depth and the multinet opening area.  

Concentration values of the “living” category (standing stocks) were used to calculate the average living depth 25 
(ALD) and vertical dispersion (VD) using the following equations proposed by Rebotim et al. (2017) in order to 
determine the preferential depth habitat and the estimated potential vertical range of species. 

ܦܮܣ ൌ
∑ሺ݅ܥ ∗ ሻ݅ܦ

݅ܥ∑
 

 

ܦܸ ൌ
∑ሺሺ஺௅஽ି஽௜ሻ∗஼௜ሻ

∑஼௜
 

Where Ci is the concentration of a specie or the total number of foraminifera (shells.m-3) and Di is the middle 30 
value of the depth interval i. ALD and VD were calculated only for species with at least five counted shells at a 
station.  

In addition to depth habitat calculations, we performed multivariate analysis in order to trace faunal groups andof 
the tested environmental variables, which determined determine the spatial and vertical distribution of 
theindividual species and species communities. Faunal groupsCo-varying species (faunas) were distinguished 35 
usingidentified by cluster analysis using the concentration of species transformed to percentages (relative 
abundance) of species in each depth level, allowing a joint vertical and zonal analysis across the transect. The 
cluster analysis was carried out using Bray- Curtis distance and the unweighted pair-group average (UPGMA) 
cluster method. with arithmetic mean algorithm. The relationship between living planktonic foraminifera 
tospecies concentrations and environmental parameters was determined by a multivariate ordination analysis. 40 
We chose the canonical correspondence analysis (CCA),) as the data presents a huge standard deviation, 
suggestinggradient length indicated that methods for unimodal distribution are more appropriate (standard 
deviation > 4, Legendre and Gallagher, 2001). For that, the concentration of species was analyzed together with 
the CTD data. We performed CCAs with two different data matrices: (1) grouped by station (no depth 
separation) and correlated with environmental parametersThe spatial distribution of the planktonic foraminifera 45 
communities across stations was tested against SST and SSS at the surface as well as data on thermocline and 
maximum (accounting for conditions affecting most of the fauna at each station) and subsurface (250 m, 
accounting for conditions affecting the subsurface component of the fauna), SSH and mixed-layer depth 
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The salinity anticorrelated with the temperature with high values in the mixed layer and a permanent halocline at 
the depth of the permanent thermocline. The salinity maximum was found at the surface, except in the Western 
Subtropical Gyre, where it occurred between 50 and 100 m. The Dissolved Oxygen (DO) was relatively high 
along the studied transect with value ranging, and permanent halocline coincided with the permanent 
thermocline at around 200 m. The DO content varied between 4.5 and 96 ml/l and lowerwith high concentrations 5 
found only at station 202 (14 °E). In a DO anomaly plot (Fig. 2f); the highest values were usually in the 
subsurface, especially in the Western Subtropical Gyre. The lowest anomaly values occurred between 200 and 
600 m coinciding with the SACW domain. In the lowest part of the water column, LML and low values below 
300 m. The DO content in the surface mixed layer was higher DO anomalies were observed at the Eastern 
Subtropical Gyre than in the Western Subtropical Gyre and Agulhas Leakage regions, demonstrating the 10 
presence of the AAIW. In the Eastern Subtropical Gyre, low DO anomalies were observed down to the deepest 
studied layers, indicating that the SACW/AAIW boundary(Fig. 1e). At the permanent thermocline, DO content 
was located deeper than 700 m.generally low with lowest values occurring in a broad area of the Western 
Subtropical Gyre where values below 5.0 ml/l can be seen up to 150 m. The central Subtropical Gyre around 
10°W is marked by oxygen concentrations above 5.7 ml/l. Towards the eastern Subtropical Gyre, oxygen 15 
concentrations decrease, but remain higher and more variable than in the west.   

The highest chlorophyll-a concentration was higher concentrations (63 to 77 µg./l-1)) occurred between stations 
214 and 192 (11 – 17 °E) with the Deep Chlorophyll Maximum (DCM) at about 50 m. (Fig. 2d). Moderate 
chlorophyll-a concentrations (55 – 65 µg./l-1) and a DCM between 50 and 100 m was seen at stations 265, 
229239 and 227 (3 – 7 °E). The other stations had lower values ranging from 38 to 45 µg./l-1 and a DCM below 20 
100 m. High chlorophyll-a values in the east are associated with the Benguela upwelling system (station 192) 
and its tongues that mix with oligotrophic waters of Agulhas Leakage (stations 214 and 202). On the other hand, 
lowLow chlorophyll-a concentrations in western and central South Atlantic are associated with strong 
stratification of the Subtropical Gyre. Surface water pH varied in opposite direction to primary productivity with 
high values (up to 8.8) on the western side and lower (down to 8.3) on the eastern side. Lower pH values were 25 
observed in deeper layers, especially in the east where values ≤ 8.0 were observed below 500 m.  

4. Results 

4.1. Concentration and distribution of living and dead planktonic foraminifera  
We identified 38 species of planktonic foraminifera of which 22 species yielded five or more individuals per 
station, which allowedallowing an the analysis of their habitat depth and the zonal variation (Table 2, Fig. 30 
4).Appendix A, Plates 1 – 5 in the supplementary material). We observed high standing stocks of 
GlobigrinoidesGlobigerinoides ruber, (pink and white), Globigerinoides elongatus, Trilobatus sacculifer, 
Globoturborotalita rubescens, Globigerinoides tenellus, Tenuitella iota and Globigerinita glutinata in the mixed 
layer of the Subtropical Gyre and Agulhas Leakage region. In the Benguela Current and the subsurface sector of 
the Agulhas Leakage area, we observed high abundances of Neogloboquadrina dutertrei, Neogloboquadrina 35 
pachyderma, Neogloboquadrina incompta, rounded specimens of Globorotalia crassaformis and Globorotalia 
inflata. In contrast, theThe water column below 100 m (permanent thermocline layer) inacross the whole transect 
had high abundances of Tenuitella fleisheri, Globorotalia truncatulinoides (left coiling) and), Globorotalia 
scitula and Hastigerina pelagica. Apart from the Benguela and permanent thermocline dwelling species, some 
other species also had restricted distributions. The pink morphotype of G. ruber pink was found only in the 40 
Western Subtropical Gyre, Candeina nitida occurred between the stationsfrom station 356 (Western Subtropical 
Gyre) andto 265 (Eastern Subtropical Gyre), Globorotalia menardii occurred in high abundances in the first 100 
m at the three western stations (394, 382 and 370), and conical specimens of G. crassaformis were observed 
rarely in the permanent thermocline of the Western Subtropical Gyre. 

The total concentrationConcentrations of planktonic foraminifera was higher at stations 332, 344, 356 and 370 45 
with values up to 12increased from around 10 shells.m-3. However, if we consider concentration values/m3 in the 
upper 100 m, high concentrations occurred only in the western stations (Fig. 3a), with up to east to a maximum 
of 75 shells.m-3 in the surface layer of station 370 compared to 25 shells.m-3 in the surface layer/m3 in the central 
part of the station 192.Western Subtropical Gyre (Fig. 3a). Concentrations of living specimens were always 
higher in the upper 100 m of the water column (Fig. S2), with a gradual increase in the proportion of dead 50 
(empty shells) specimens below 100 m and almost no living specimens occurring below 500 m. The lowest 
concentrations (living and dead specimens) were observed in the deepest sections of stations 394, 370 and 227 
that were under influence of AAIW. Pre-adults. Pre-adult specimens were abundant in central gyre stations (Fig. 
3), where station 306 (11 °W) had almost 100 % neanic and juvenilepre-adult specimens in the upper 40 m (Fig. 
S3). The number of adults tended to increase downwardwith depth (> 40 m depths) in relation towith pre-adults 55 
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that werebeing virtually absent below 100 m depth. The exception was Globorotalia crassaformis in the eastern 
stations. The concentrations of living adults were higher than those of living pre-adults (near 100 % adult) at 
stations 214 and 192, where most of the fauna was composedconsisted of cold-water speciesN. pachyderma, N. 
incompta, G. inflata and G. crassaformis. 

The species G. ruber (pink and white), T. sacculifer, Orbulina universa and Globigerinoides conglobatus had an 5 
ALD between 20 and 30 m with a VD up to 16 m (Fig. 5) and these values showedwith little zonal variation 
(Fig. 4, 5). G. ruber white and T. sacculifer were present at all stations,; the other two species were only found 
on the western side of the Subtropical Gyre, where temperature and salinity values were high. Most of the 
specimens of G. conglobatus were pre-adult. The ALDs of C. nitida, G. rubescens, T. iota, G. menardii, G. 
calida, G. tenellus, and G. glutinata were between 30 and 40 m and the VD between 20 and 30 m (Fig. 5). We 10 
observed more zonal variation in both ALD and VD for these species. Most of the G. calida individuals found at 
stations 332 and 320 were pre-adult and they inhabited the upper 40 m, contrasting with others stations where 
the ALD varied between 40 and 70 m (Fig. 4). Specimens of G. menardii were identified in stations of the 
Western Subtropical Gyre and the Agulhas Leakage area, but the low abundance in the latter area did not allow 
reliable ALD and VD estimates. The species C. nitida was most abundant in the Eastern Subtropical Gyre 15 
stations (station 320 to 265),); whereas G. rubescens, G. tenellus, T. iota and G. glutinata were found at similar 
abundances along the entire transect. (Fig. 4). 

The ALD of species G. elongatus, G. crassaformis, N. dutertrei, N. incompta and N. pachyderma was between 
50 and 70 m with a VD between 25 and 50 m (Table 2, Fig. 4). This depth range corresponds to the seasonal 
thermocline. Specimens of G. elongatus occurred at higher abundances in the Western Subtropical Gyre and at 20 
stations 320 and 306 of the Eastern Subtropical Gyre, where their ALD was largest (between 80 and 90 m, Fig. 
4). The remaining four species were more abundant in the Benguela Current and subsurface watersseasonal 
thermocline of the Agulhas Leakage, which are associated with upwelling-induced productivity.. However, 
specimens of G. crassaformis found on the eastern side of the transect were usually pre-adult (small size, about 
4½ to 5 chambers in the last whorl and arched aperturemorphologically similar to Globorotalia inflata,  (see 25 
appendix 1 and plate 3). Typical adult specimens (conical equatorial view, four chambers in the last whorl and a 
low arched aperture with an imperforate lip, see appendixAppendix 1 and platePlate 4) were found in the 
permanent thermocline layer in the Western Subtropical Gyre at insufficient abundance to calculate a reliable 
ALD. 

The ALD of Tenuitella fleisheri, Hastigerina pelagica, Globorotalia inflata, Globorotalia truncatulinoides and 30 
Globorotalia scitula ranged between 95 and 250 m with VDs between 36 and 110 m (Table 2, Fig. 4). 
Specimens of G. inflata were present in small numbers only in the seasonal and permanent thermocline layer of 
stations 192, 202 and 214 (Benguela and Agulhas Leakage). Specimens of H. pelagica were encountered below 
200 m in the entire Subtropical Gyre and large living specimens were also present in the surface layer of station 
278 (East Subtropical Gyre). However, the number of empty tests was usually high for this species, and only five 35 
stations had enough numbers of living specimens to calculate a reliable ALD. Specimens of G. truncatulinoides 
were most abundant inside the Subtropical Gyre (stations 394 to 265) and were usually sinistral. Dextral coiling 
G. truncatulinoides were very rare, which did not allow distinguishing the ALDs of the two coiling variants. T. 
fleisheri and G. scitula were abundant at most stations, but the highest concentrations tended to differ zonally 
and vertically. Specimens of T. fleisheri were more abundant between 100 and 300 m in the Western Subtropical 40 
Gyre. Specimens of G. scitula were more abundant in the East Subtropical Gyre and Agulhas Leakage with ALD 
usually below 200 m. At stations under influence of Benguela upwelling (stations 202 and 192), G. scitula and 
other permanent thermocline dwelling species were encountered in shallower waters, but for T. fleisheri and G. 
truncatulinoides, the number of individuals was insufficient to estimate ALD. 

The community variation across the 4.2. Subtropical South Atlantic was analyzedplanktonic foraminifera 45 
communities 
The distribution of species ALDs across the stations indicates the presence of three groups of species occupying 
different portions of the water column (Fig. 6). The upper 100 m layer is inhabited by clusterupper and 
ordination multivariate analyzes. The lower surface-dwelling species, separated from each other more distinctly 
in the center of Subtropical Gyre than in the Benguela region. This pattern was confirmed by the cluster analysis 50 
of the community composition (relative abundance without cut level) for each depth and station revealed, 
confirming the presence of twelve clusters, composed of sevenfive principal faunas, consistently separated by 
region and depth (Fig. 7). These were the Subtropical Gyre fauna that was further divided in surface, (clusters 4 
and 6), western subsurface (cluster 5) and eastern subsurface;  (clusters 7 and 9); the Agulhas Leakage fauna; 
Thermocline (cluster 8); the permanent thermocline fauna (clusters 2, 10, 11 and 12) that was further divided in 55 
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western (clusters 2 and 12) and eastern; (clusters 10 and 11); and finally the Benguela fauna. (clusters 1 and 3). 
The average relative abundances for the most important species in each cluster are summarized onin Table 3. 
This reveals that the warm and oligotrophic areas are inhabited by the same species, but that their proportions 
vary. Thus, theThe subdivision of the Subtropical Gyre fauna reflects increased abundance of G. rubescens and 
G. tenellus in the west and G. glutinata in the east and the. The Agulhas Leakage fauna iswas characterized by a 5 
higherhigh contribution of T. sacculifer. In contrast, Thermocline, and the presence of G. rubescens and G. 
tenellus. The Agulhas Leakage fauna was only present in the UML. At the LML, species belonging to the 
Benguela faunal cluster dominated the assemblages. Permanent thermocline and Benguela communities 
comprised distinctly different species assemblages. Thermoclinegroups. Permanent thermocline fauna is 
characterized by G. scitula, T. fleisheri and G. truncatulinoides, whereas Benguela upwelling fauna is 10 
characterizeddefined by G. crassaformis and N. pachyderma. In contrast to the Subtropical Gyre stations, where 
surface and subsurface faunas were recognized, the Agulhas Leakage lower mixed layer was occupied by theThe 
Benguela fauna also contained small contributions of G. inflata, N. incompta and G. bulloides that are besides 
upwelling fauna (Fig. 7b), which could beconditions also associated to high levels of chlorophyll-a 
(productivity) due to upwelling filaments (Fig. 2).with the Subtropical Front. The deepest samplesintervals at 15 
stations 394, 370 and 227 had too littlefew or no living planktonic foraminifera and, therefore, could not be 
clustered. 

To identify which variables or 4.3. Variables and processes were associated with controlling the observed 
planktonic foraminifera distribution across the subtropical South Atlantic, we performed canonical 
correspondence analyses (CCA) in two ways: (1) a station separated analysis comprising species concentrations 20 
and environmental parameters (temperature, salinity, dissolved oxygen and pH at 30 and 200 m of depth, and 
total chlorophyll-a concentration) with collapsed depth sections (Fig. 8); and (2) station separated analysis of 
species concentrations and environmental parameters for each single depth interval (Fig. 9). The first,  
The depth-integrated, CCA shows that most68 % of the variability in species composition along the transect can 
be constrained by the tested environmental factors, with more than half of the total inertia being explained with 25 
two CCA axes (Fig. 8). The first axis (43 % of the total inertia explained 85 %). Most) orients most species are 
oriented along a productivity (chlorophyll-a)-temperature gradient, with the Benguela upwelling species on the 
high productivity end and the warm surface and gyre subsurface groupsspecies on the other; G. scitula and G. 
ruber pink, T. iota plot on opposite ends of the warm oligotrophic end. The second axis (Fig. 8). Such an 
important role of productivity11 % of the total inertia) appears to contrast with global studies that have 30 
documented temperature as the most important predictor of foraminifera assemblages (refs Moery etc). 
However, in our area SST and chlorophyll-a (productivity) are anticorrelated, since low temperatures mean less 
stratification, which causes enhanced nutrient availability at the photic zone. Moreover, temperature influences 
respiration and growth rates, rendering be related to the influence of temperature and productivity difficult to 
separatedepth of the mixed layer and is responsible for the remaining variation in the non-upwelling faunas. It 35 
orients G. scitula at the extreme positive end opposite to G. ruber pink, G. calida and G. conglobatus. Due to the 
distinct foraminiferal community in the Benguela upwelling system, station 192 stands out in relation to the 
other stations and hence may be responsible for a large proportion of the variability. If the station 192 is removed 
from theTherefore, we carried out an additional analysis (Fig. S4), the mentioned anti-without this station, 
revealing that the negative correlation between SST and productivity is still evident, influenced by stations in 40 
remains at the ordination along the tested environmental variables still explains more than half of the variability 
in species composition (Fig. S4), reflecting the fact that the Agulhas Leakage domain that wereis also influenced 
by cold and productive waters below 40 m during the sampling time. However, the explained variance of the 
first axis decreases to 41%.. Thus, the first principal component axis (Fig. 8) can be linked to productivity 
modulated by weak water stratification or upwelling. 45 

The second axis, which explains 15% of the observed variance (Fig. 8), separates species with distinct depth 
habitats andvs temperature, salinity and pH at the thermocline layer. Most of explanation for the second factor is 
influenced by G. scitula, which had the deepest ALD (234 m). In this study, G. scitula was significantly 
abundant in the whole transect with its highest concentrations occurring at stations with a higher and shallower 
chlorophyll-a maximum (Fig. 5). On the opposite side of the axis, G. ruber pink was classified as upper mixed 50 
layer dwelling (Fig. 5) and T. iota was classified as a whole mixed layer dwelling in this study with ALD down 
to 37 m. Both G. ruber pink and T. iota concentrations were higher in highly stratified areas with low 
chlorophyll-a concentration. The scatter suggests that living depth can be linked to this axis and that different 
vertical patterns of environmental parameters play a very important role in determining the foraminiferal 
community. That vertical gradient describes the faunal variation of the community can be linked to organic 55 
matter budget from mixed layer to permanent thermocline , whose amount depends to local productivity. High 
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sinking organic matter budget increases the microbial respiration rate that has influence over pH at thermocline. 
These different vertical patterns of environmental parameters play a very important role in determining the 
foraminiferal community in both surface and thermocline layers.in the Subtropical South Atlantic even outside 
of the Benguela upwelling.    

Considering the importance of vertical gradients in environmental variables for the distribution of planktonic 5 
foraminifera in the subtropical South Atlantic, CCA(s) for individual depth intervals were performed (Fig. 9 and 
Table S1). Those CCA showed four hierarchical changes of processes that define planktonic foraminifera 
community composition. For the first three depth sections (0 – 20, 20 – 40 and 40 – 60 m), chlorophyll-a was the 
most important variable explaining between 40 and 70 % of the variation, indicating that productivity is the most 
important factor in the subtropical South Atlantic. Physical-chemical parameters (temperature, salinity and pH) 10 
explained most of the variation of the community in the 60 – 80 and 80 – 100 m depth intervals (60 and 40 % of 
inertia explained, respectively). For the 100 – 200 and 200 – 300 m depth sections, the community was 
predominantly explained by pH variations with a low, but downward increasing, contribution of dissolved 
oxygen (50 and 60 %, respectively).  This suggests that the species distribution was influenced by degradation of 
organic matter produced in the surface layer since microbial respiration contributes to pH and dissolved oxygen 15 
variability in mesopelagic waters. It is interesting to note that the secondary contributor variables change from 
temperature and salinity at 100 – 200 m section to dissolved oxygen at 200 – 300 m section. This last 
environmental parameter reached the highest contribution at 300 – 500 m (50 % of the variation), which could be 
linked to the oxygen minimum layer. Even though chlorophyll-a appears as the most important variable at the 
deepest interval (500 – 700 m), species standing stocks were too low to define a significant pattern in the 20 
community distribution. Besides, the chlorophyll-a concentration as a main controlling factor at this depth seems 
unrealistic, since photosynthetic activity is greatly reduced below 200 meters. separate CCA(s) were performed 
on faunas from the nine depth layers (Fig. 9, Table 4 and Fig S5). These analyses revealed a pattern of vertical 
stacking in the relative contribution of the tested environmental factors on the planktonic foraminifera 
community composition. In the surface layer (0-60 m), chlorophyll-a shows the highest absolute loading on the 25 
first CCA axis, and the four tested environmental variables together explain up to 57 % of the inertia in the 
fauna. Below 60 m, the tested variables explain less than 45 % of the total inertia, chlorophyll-a concentrations 
cease to be the most important variable and temperature becomes more important. The temperature-chlorophyll 
gradient, identified as the dominant control of the total faunal composition across the stations (Fig. 8), is 
manifested in the depth-resolved CCAs only between 20 and 80 m. It is not present at the surface (where 30 
chlorophyll a dominates) and below 100 m. Instead, from 80 m, dissolved oxygen concentration start explaining 
a considerable amount of variance in the fauna and between 80-100 m and 300-500 m it appears most important. 
Temperature and salinity are the most important variables between 100 and 300 m, where the species are ordered 
along a temperature-oxygen gradient. Counter-intuitively, the faunal variation at the deepest level (500-700 m) 
appears to be best explained by chlorophyll-a concentration, but we note that the analysis at this depth level is 35 
strongly affected by the small number of living specimens and the resulting pattern should be interpreted with 
caution. 

5. Discussion 

5.1. Synchronized reproduction and ontogenetic vertical migration 

Before interpreting the vertical distribution of planktonic foraminifera in the water column as a function of 40 
changing environmental properties across the studied transect, it is important to evaluate the possible effect of 
reproductive processes on species concentration and living depth. The M124 cruise lasted for 16 days with new 
moon occurring on the 10th day of the cruise and the preceding full moon occurring 7 days before the sampling at 
the first station. If some of the species reproduced consistently in phase with full moon (Spindler et al., 1979; 
Jonkers et al., 2015; Venancio et al, 2016) then the proportion of pre-adult specimens should have been higher 45 
during the first half of the cruise. Three species show elevated abundance of pre-adults consistent with such a 
pattern: G. ruber white, O. universa and G. calida (Bijma et al, 1990; Fig. S3). The remaining species show an 
even proportion of pre-adults throughout the cruise, which is not consistent with synchronized reproduction. For 
the three species that may have reproduced at full moon, we evaluated by periodic regression analysis whether 
the living depth of the populations could show signs of an ontogenetic vertical migration – a However, when 50 
analyzed statistically, G. ruber white, O. universa and G. calida showed no systematic change in depth habitat 
with progressive maturity of the reproductive cohort. We observe neither that their ALD is correlated 
withrelationship between the proportion of pre-adults nor that there is any systematic change of ALD of these 
species during the and lunar cycle. Taken together, the relatively constant proportions of pre-adult and adult 
specimens day, nor a periodic change in their ALD in the majority of the analyzed species speakphase with the 55 
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lunar cycle, which speaks against a strict synchronization of their reproduction, and even in the three species 
where the proportion of pre-adults was higher during one part of the lunar cycle, there was and provides no 
evidence for ontogenetic vertical migration. InHence, in the absence of a strong evidence for the control of 
reproductive or ontogenetic processes on the vertical habitat, and ruling out an effect of daily vertical migration 
based on detailed observations elsewhere (Meilland et al., 2019), we proceed by interpretinganalyzing if the 5 
ALD of the individual species and analyzing if the ALD varied predictably as a function of environmental 
parameters. 

5.2. Species vertical distribution across the Subtropical South Atlantic 

 

The ALD of planktonic foraminifera species shows a consistent depth ranking pattern and a mixture of stable 10 
and variable depth habitats (Fig. 5). Since the main feature of the water column relevant for the vertical 
distribution of non-motile plankton is the mixed-layer depth, we consider the observed ALD against this 
referencedepth level (Fig. 6). First, we observe a group of species whose ALD was consistently in the Upper 
Mixed Layer (UML). Species in this group had an ALD shallower than 40 m and a low VD (up to 30 m) that 
usually was belowdid not range deeper than 40 m. This depth range corresponds to the extent of the warm 15 
thermally mixed surface layerUML (Fig 22c). The most abundant species in this group were G. ruber (pink and 
white), G. conglobatus, O. universa and T. sacculifer. These species all bear algal endosymbionts (Takagi et al., 
2019) and), which likely explains their observed habitat is consistent with the high abundances in the high light 
and low nutrient conditions inof the SML. TheUML. Such a shallow depth habitat of G. ruber was also observed 
by Berger (19691968) and Rebotim et al (2017), but the observed ALDALDs for O. universa and G. 20 
conglobatus and partly also for T. sacculifer iswere shallower in the South Atlantic than in many other 
studies/regions,the North Atlantic (Schiebel et al, 2002; Rebotim et al., 2017; Jentzen et al, 2018), indicating that 
globally this species has a more variable habitat than observed in the studied section. Clearly,Overall, our results 
confirm observations elsewhere that the dominant habitats of these species are not reaching below the seasonal 
thermocline, indicating that they may be thermallyare constrained to the uppermost summer mixed layer, as light 25 
is not limited. photic zone within the UML (Kemle-von-Mücke and Oberhänsli, 1999; Kuroyanagi and 
Kawahata, 2004; Rebotim et al, 2017; Jentzen et al, 2018). 

A second group of species also inhabits preferentially the upper water layer (ALD usually aboveshallower than 
50 m), but their larger VD (dispersionup to 50 m) indicates that their vertical habitat comprises the Whole 
Mixed Layer (WML). The most abundant species in this group are C. nitida, G. glutinata, G. calida, T. iota, G. 30 
rubescens, G. tenellus and G. menardii. With the exception of T. iota, these species alsoall bear algal 
endosymbionts (Takagi et al., 2019), which is consistent with their habitat within the photic zone, but they. 
However, in contrast to the UML species group, these species appear less tightly linked to the surface layer, 
implying either a broader thermal tolerance or adaptation of their symbionts to lower light levels. Whereas for 
most species the observed habitat is comparable with previous work (Rebotim et al., 2017, Kemle-von-Mücke 35 
and Oberhänsli, 1999; Rebotim et al., 2017), the shallow habitat of T. iota is at odds with its concentration 
maximum around 300 m in the NE Atlantic reported by Rebotim et al. (2017). Clearly, the ecology of this 
species requires further investigation. For the remaining species of the UML and WML groups, it is clear that 
their habitat is above the deep chlorophyll maximum, suggesting that their vertical distribution is influenced by 
other parameters than the availability of fresh phytoplankton.(2017), indicating a highly variable depth habitat 40 
that requires further investigation.  

In contrast, species of the Lower Mixed Layer (LML) have a habitat that is still dominantly within the seasonal 
thermocline (above the permanent thermocline),, but whose vertical distribution overlaps with the deep 
chlorophyll maximum (Fig. 22c). The species in this group hadexhibit an ALD between 50 and 100 m and a VD 
similar to the UML group. The most abundant species in this group were G. elongatus, N. dutertrei, N. 45 
pachyderma, N. incompta, G. crassaformis and G. inflata. With exception of G. elongatus, these species 
occurred in the Eastern Subtropical South AtlanticAgulhas Leakage and Benguela stations, indicating that this 
group may respond primarily to variations in productivity, since here the chlorophyll a concentration was higher, 
the DCM shallower and the water column less stratified than on the western side of the gyreat these stations (Fig. 
2). This is consistent with the majority of these species being non-symbiotic (Takagi et al., 20192c). At station 50 
192, which is influenced by Benguela upwelling, the planktonic foraminifera community was dominated by the 
LML group at all depths.vertical levels. The species G. elongatus was the only LML classified species in the 
Subtropical Gyre. This species was the most abundant form of the Globigerinoides plexus, but we caution 
against a too strict interpretation of its apparently substantially deeper habitat than the remaining G. ruber morph 
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typesother from the Globigerinoides plexus because thesethe species cancould only be distinguished in theirits 
adult stagesstage (Aurahs et al., 2011).; Morard et al, 2019), and its apparently deeper habitat may reflect the 
habitat of adult specimens only. Nevertheless, the observed depth stratification between G. elongatus and G. 
ruber (white) is consistent in sign with previous studies based on observations in the plankton (Kuroyanagi and 
Kawahata, 2004) and oxygen isotope and Mg/Ca ratios (Wang, 2000, Steinke et al., 2005). Thus, at least in 5 
summer, adult G. elongatus live below the warm and stable SMLUML in the South Atlantic. 

A Species of the Thermocline group show a distinctly different ALD distribution, with the largest part of the 
population livingoccurring below the mixed layer was shown by species of the Thermocline group.seasonal 
thermocline. Species in this group have a variable ALD within the permanent thermocline (belowdeeper than 
100 m) and do not show a clear relationship withthat is in general independent of the position of the DCM. In 10 
fact, most of their populations occur often below the DCM. The most abundant species belonging to this group 
are T. fleisheri, G. truncatulinoides, G. scitula and H. pelagica. Thermocline dwelling species represent a clearly 
defined clustergroup distinct from other species assemblages (Fig. 6), suggesting that they constitute a distinct 
community that may not be shaped by surface processes. Since within their habitat photosynthesis is inhibited 
due to insufficient light, within their habitat, species of the thermocline speciesgroup are likely to feed on either 15 
zooplankton or sinking organic matter (Schiebel and Hemleben, 2017). Thus, species of the thermocline group 
may respond not only to productivity that supplies food, but also to processes related to organic matter 
degradation below the DCM, as dissolved oxygen concentration and pH are influenced depending on the organic 
matter budget. Little is known about the ecological preferences of T. fleisheri because this species is small and 
hence often overlooked since most studies only investigate the specimens >150 μm. Rebotim et al (2017) 20 
classified T. fleisheri as a surface to subsurface dweller. However, the species was rare in their study, rendering 
this classification uncertain. In our, transect, T. fleisheri was abundant between 100 and 300 m at all Subtropical 
Gyre stations with specimens up to 200 μm in size (see platePlate 5, 11-13). Within the Subtropical Gyre, the 
ALD of T. fleisheri was close to the DCM in ten out of 13 stations within the subtropical Gyre, suggesting a link 
between depth habitat and the depth of the chlorophyll maximum for this species (Fig. 5). 25 

 The ALD of G. scitula was the deepest (235 m) and most variable (VD 109 m) in our study. The mesopelagic 
habitat of G. scitula has also been observed in others regions such as Atlantic and Indian Oceanselsewhere (Bé 
and Tolderlund, 1971; Itou et al, 2001; Field, 2004; Storz et al, 2009; Rebotim et al, 2017), NE Pacific off 
California (Field, 2004) and Western North Pacific off Japan (Itou et al., 2001).; Jentzen et al, 2018). This 
demonstrates that the species is a clearconsistent permanent thermocline dweller, living below the deep 30 
chlorophyll maximum, where it must feed on sinking organic matter.. The species G. truncatulinoides had an 
ALD near 170 m with a relatively low VD (55 m), which associates it to the lower part of the DCM and the 
permanent thermocline below. The cytoplasm color of G. truncatulinoides was similar to G. scitula (see 
platesPlates 4 and 5 in the supplementary material) perhaps indicating a similar diet. TheHowever, the spatial 
distribution of the two species shows that G. truncatulinoides replaces G. scitula towards the west at stations in 35 
the Subtropical Gyre. Dissolved oxygen and pH were ; similar to the most zonally variable environmental 
parameters withinAzores Current System where G. truncatulinoides linked to North Atlantic Subtropical Gyre is 
replaced by G. scitula when transitional waters from the permanent thermocline layer (Fig. 2). Consequently, the 
zonal distinction of the two species may be due to variations of processes expressed in these two environmental 
parameters.Azores Front migrated southwards (Storz et al, 2009). The habitat of H. pelagica is dominantly 40 
subsurface but highly variable, likelyperhaps reflecting the presence of both the surface and the subsurface 
genetic types of this species (c.f. Weiner et al., 2012). 

5.3. Depth hierarchy of relationships between planktonic foraminifera and environmental parameters  

Plankton net samples represent a snapshot of the plankton state in an exact placespace and during an exact time. 
In this way they allow us to observe the direct response of the plankton community to environmental parameters. 45 
This is fundamentally different from relationships extracted from sedimentary assemblages, which represent 
long-term (years to millennia) integrated fluxes of species (Jonkers et al., 2019). Since temperature 
consistentlyTemperature appears to be the single and dominant parameter explaining variation in community 
composition in sediment assemblages (Morey et al., 2015), our results can be interpreted as evidence for the 
effect of temperature on 2005). However, sedimentary assemblages being the result of from vertical and 50 
temporal (seasonal superposition of assemblages driven by a more diverse set of) integration of assemblages, and 
the effect of temperature on their composition may therefore be indirect. Indeed, our results confirm earlier 
suggestions (Schiebel and Hemleben, 2000; Schiebel et al, 2001) that abiotic and biotic parameters, varying 
seasonally and, as our analysis shows, also with depth. 
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A consideration of  other than temperature play an important role in explaining the distribution of planktonic 
foraminifera in the water column. Both the habitat depth and their variability among species (Fig. 5, 6) as well as 
the distribution of the species along the transect (Fig. 7)), provides clear hints for the effect of multiple 
environmental parameters on the habitat and the abundance of the species. This observation isThese hints are 
reinforced by the results of the CCA (Fig. 8). Since), where the foraminiferal communities showed a strongerfirst 5 
axis sorts the community according to the productivity in the mixed layer. The subtropical gyre stations are 
further separated along the second dimension of the CCA, which appears to be related to the vertical than 
horizontalgradient in the water column. This separation is mirrored by a distinct grouping of species 
characterizing the end-members of the CCA gradient (Fig. 8). SSH does not appear to systematically affect the 
species distribution, indicating that the observed spatial pattern and many of the considered environmental 10 
parameters only varied at certain depths, weis not affected by the presence of eddies or Agulhas Rings with 
distinct fauna (Peeters et al., 2004) carried out a series of CCAsfar into the South Atlantic. 

The analysis of species distribution along the transect (without the two easternmost stations) separately for each 
of the nine depth intervals (Fig. layers provides further details on how the vertical structure of the water column 
affects the assemblages. This analysis reveals9). These analyses reveal the presence of a vertical 15 
successionhierarchy of environmental parameters drivingaffecting community composition, (Fig. 9), indicating 
that the vertical changes in the community composition shown by the cluster analysis (Fig. 7) may be the 
consequence of vertically varying influenceimportance of different environmental processes. This is because the 
vertical succession of communities matches with changes of most important environmental parameters. 

Because of its vertically stacked design, the analysis in Fig. 9 must not be interpreted as an explanation for the 20 
vertical succession of species habitats (Figs 5, 6). Instead, it explains which variable controls the species 
composition within each depth interval. For example, thefactors. The UML fauna inhabits the surface likely 
because of itshas an affinity to high light and high temperature, but variations in the composition of the 
communities in this layer across the studied transect seem to be driven by chlorophyll concentration at the 
surface. This may hint at differences in the adaptation of the UML species with respect to productivity. 25 
Remarkably, below 60 m, i.e. at the depth where the WML and LML fauna occur, temperature, salinity and pH 
explained most of the variation of the community within the layer. This likely reflects the effect of the thickness 
of the seasonal mixed layer, which is most expressed at those depths (Fig. 2). Below 100 m, the communities 
appear to be most influenced by the rate of degradation of organic matter produced in the mixed layer, which is 
reflected by pH and dissolved oxygen concentration. This is logical, since these communities are dominated by 30 
asymbiotic species that live below the permanent thermocline, where temperature variations are subdued. We 
note that the distribution of these species appeared not to be linked to the deep chlorophyll maximum and that 
variability in chlorophyll-a concentrations do not explain much of the variability in species composition at those 
depths. Dietary preferences of these species are poorly known, although indirect observations on 
Neogloboquadrina indicate an affinity to marine snow (Fehrenbacher et al, 2018). Our observations also suggest 35 
that, rather than feeding on fresh organic matter, the species at these depths feed on degraded organic matter. 
Below 300 m, oxygen concentration shows highest explanatory power (50 % of variation), which could be 
linked to direct effect of low oxygen on metabolic processes. Under such scenarios, the small and flat G. scitula 
should be better adapted to oxygen limitation than G. truncatulinoides, which is consistent with the observed 
distribution of these thermocline dwelling species (Fig. 4).the uppermost layer along the studied transect seems 40 
to be driven by chlorophyll-a concentration. This may hint at differences in the adaptation of the UML fauna 
with respect to productivity. From the LML, the influence of physical oceanographic parameters on the 
composition of the WML and LML faunas become visible, with temperature and salinity displaying higher 
loadings on the first CCA axis.  The importance of chlorophyll-a concentrations is reduced below 60-80 m and 
the variation in the LML and Thermocline faunas is less well explained by the CCA models (inertia explained 45 
dropping to below 40 %) and requires combinations of multiple variables, including DO, with temperature and 
salinity linked to DO and chlorophyll-a with different sign at different depth levels.  

Considering the actual DO values, the role of this parameter must be indirect, as O2 concentrations throughout 
the studied water column are far above levels at which foraminifera species begins to display differential 
adaptations (~3.5 mmol/l for benthic foraminifera, Kaiho, 1999; see also Kuroyanagi et al., 2013) and therefore 50 
cannot have a direct physiological effect. The relationship therefore likely arises from collinearity with other 
environmental and/or biotic factors. Indeed, the apparent importance of chlorophyll a at depths where it no 
longer can reflect primary production and the effect of DO at concentrations which cannot incur a direct 
physiological effect both point to processes related to food availability. Such processes (e.g., aggregate 
composition and abundance) are not captured directly by any of the tested variables and the presence of 55 
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additional, untested controls on the assemblage is indicated by the lower portion of the faunal variance explained 
by the ordinations at those depths (Fig. 9). TheWe therefore infer that abundance and quality of food, and 
perhaps the interaction with other plankton, likely play an important role in shaping planktonic foraminifera 
community within the permanent thermocline. Dietary preferences of thermocline-dwelling species are poorly 
known, although indirect observations on N. dutertrei indicate an affinity with marine snow (Schiebel and 5 
Hemleben, 2017; Fehrenbacher et al, 2018).  

Whatever the exact environmental and biotic controls on community composition at depth may be, the existence 
of a vertical succession of parameters best explainingconstraining community composition of planktonic 
foraminifera implies thatadds a new dimension to ecological models derived from sedimentary assemblages 
integrate seasonally and vertically separate assemblages, whose composition is driven by different processes. It 10 
means that SST reconstructions using census counts of planktonic foraminifera (e.g. (transfer functions) may not 
directly reflect temperature, as well as the inverse efforts to model planktonic foraminifera assemblages from 
upper ocean properties. Our results reinforce the notion that even though statisticallynear sea surface temperature 
appears the most important explanatory variablebest predictor of sedimentary species composition (Telford et al 
., 2013).assemblages, this relationship may not be always direct and may at least in part arise from the 15 
integration of vertically (and seasonally) separated assemblages. Theoretically, it should thus be possible to 
make use of the extract information hidden in the seasonally and vertically integrated assemblages to obtain 
information on the state of the vertically acting processes in on vertical characteristics of the past. water column 
through targeting specific species groups. For example, the progressive replacement of G. scitula by G. 
truncatulinoides along the transectobserved between eastern and western thermocline faunas is clearly not driven 20 
by temperature (Fig. 2; 7) and if this replacement is preserved across the seasonal cycle, it could represent a 
powerful proxy for organic matter degradation below the surfacebe an indication for the properties of subsurface 
waters in the South Atlantic. 

6. Conclusions 

We investigated the zonal and vertical distribution of planktonic foraminifera at 1417 stations across the 25 
subtropical South Atlantic region during the late austral summer 2014. Using in-situ vertically resolved 
environmental data from, CTD profiles and satellite observations, we accessedassessed which factors drive the 
observed foraminifer species distribution: 

 Species specific standing stocks varied regionally, with the most pronounced differences among 
communities observed between the Benguela (station 192) and Subtropical Gyre (stations from 394 to 30 
239) and with an intermediate community in the Agulhas Leakage region (stations from 227 to 202).   

 The highest standing stock was observed in the upper 60 m of the water column, whereas the numbers 
of dead specimens (no cytoplasm)  increased below 100 m. The highest concentrations of planktonic 
foraminifera occurred at stations in the oligotrophic western Subtropical Gyre, indicating that the total 
standing stock is not positively correlated with productivity during the summer. 35 

 The species G. ruber, G. calida and O. universa had a high number of pre-adults consistent with 
reproductive cycle at full moon. However, the average living depth (ALS) of those species did not 
show a significant lunar periodicity, suggesting that environmental factors are the prime drivers of their 
depth habitat variability. 

 We observed no strong evidence for synchronized reproduction affecting the species distribution, and a 40 
distinct pattern of species-specific habitat depth, resulting in the existence of distinct vertically 
stratified faunas. 

 The permanent thermocline layer (200 – 700 m) hashosts a planktonic foraminifera community distinct 
from  the mixed layer. In the western South Atlantic, high abundances of G. truncatulinoides, T. 
fleisheri and G. scitula were observed, whereas G. scitula dominated the community in the eastern 45 
South Atlantic. Zonal differences in the mixed layer communities were less pronounced. 

 TheOverall, the zonal distribution of species was primarily affected by the inverse relationship between 
chlorophyll-a and water temperature, and secondarily by the amountvertical structure of exported 
organic matter from the mixed layer to thermocline that reflects specially pH differences between 
western and eastern South Atlantic within the thermocline layerwater column in the Subtropical Gyre. 50 

 The vertical distribution of planktonic foraminifera showed a clear depth-dependent hierarchy in the 
environmental parameters explaining abundanceassemblage variability. The variability in the upper 
4060 m was mainly influenced by productivity (chlorophyll-a concentration (productivity), followed). 
Below 60 m, the community composition was more difficult to explain by physic-chemicalthe tested 
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variables (and we infer that next to temperature, salinity and pH) between 40 and 100 m. Below 100 m, 
variables related to microbial respiration (and salinity) the abundance and quality of sinking organic 
matter were the mostfood, or other biotic interactions, likely played an important to determine species 
distribution with pH influencing between 100 and 300 m and dissolved oxygen between 200 and 500 
mrole. 5 

Overall, planktonic foraminifera communities of the subtropical South Atlantic seem to respond to a horizontally 
and vertically variable combination of environmental parameters. This should be taken ininto account when 
interpreting sedimentary assemblages for paleoceanographyand in efforts to model foraminifera production from 
environmental parameters. 
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Figure 1. Map of the South Atlantic Ocean showing the locations of the stations of the M124 cruise. (a) March sea 

surface temperature (SST) from World Ocean Atlas 2013 and the main surface current systems (modified from 

World Ocean Atlas 2013 and Stramma and England, 1999). (b) Average 2002 – 2018 of surface chlorophyll-a 

measured by satellite from MODIS – AQUA. (c) Sea surface height anomaly above the sea level on March 1st 2016 5 

(sampling of station 202) from Ssalto/Duacs. Acronyms: SAC - South Atlantic Current ACC - Antarctic Circumpolar 

Current; SEC - South Equatorial Current; BOC - Benguela Oceanic Current; AC - Agulhas Current; BC - Brazil 

Current; MC –Malvinas Current; AL - Agulhas Leakage; BMC – Brazil – Malvinas Confluence zone. 
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Figure 4. Variation of the depth habitat and standing stock (integrated over the upper 700550 m) of main species 

across the subtropical South Atlantic. Species data is compared with temperature in °C (color filling), chlorophyll-a 

with thin lines delimiting layers with 0.2 mg.m-3 and thick line indicating the chlorophyll-a apex, sea surface height 

(SSH) and boundaries of surface mixed layer and mixed/permanent thermocline layers (white continuous lines). Note 5 

that panels have different depth scales.  
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Figure 4. Continued.  
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(comprising UML and LML); SSH: sea surface and thermocline layers as well as their boundary depths.height 

anomaly; SST: sea surface temperature; SSS: sea surface salinity).  
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Figure 9. Variable loadings for CCA resultscarried out separately for single depth resolved sections. color the nine 

depth levels and the proportion of  inertia constrained by the four tested environmental parameters. The shading 

shows the first axis loadings values (absolute) for each analyzed environmental parameter. The CCA outputs 

including the first CCA axis eigenvalue are shown onin table S14. Graphical outputs of each depth separated CCA are 5 

shown in the Fig. S5 in the supplementary material.  
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Table 1. Stations of the M124 cruise, location, time (day/month/year), environmental parameters for the mixed and permanent thermocline (250 m) layers, depth 

intervals, method used for preservation of the sample, counting size and filtered seawater volume. 

Statio

n 

Latitud

e       

(degree 

decimal

) 

Longitud

e (degree 

decimal) 

Date 
DO

Y 

Luna

r day 

MLD 

(m) 

SST 

(°C) 

Temperatur

e at 250 m 

(°C) 

SSS Salinity at 250 m 

Dissolved 

oxygen at 

30 m (ml/l) 

Dissolved 

oxygen at 

250 m 

(ml/l) 

pH at 30 
m 

pH at 250 
m 

Total 

chlorophyll

-a 

DCM 

(m) 

SSH 

anomaly 

(cm) 

Depth sections 
Maximum 

depth (m) 

Count 

size 

Filtere

d 

volum

e (m³) 

394* -26.25 -36.12 
16/03/201

6 
76 7 

121.0

0 

27.4

9 
16.49 

36.8

3 
35.77 5.784,85 6.044,73 

8.88 8.75 

41.60 
109.0

0 
16.20 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

382* -26.89 -33.89 
15/03/201

6 
75 6 78.00 

26.4

9 
14.97 

35.2

6 
35.55 7.934,73 7.694,78 

8.80 8.71 

42.42 
121.1

0 
9.00 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

370* -26.88 -28.69 
14/03/201

6 
74 5 

121.0

0 

27.5

9 
18.72 

36.7

2 
36.15 7.315,08 7.654,96 

8.70 8.72 

38.23 
114.0

0 
8.75 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

356 -26.87 -24.63 
13/03/201

6 
73 4 

206.0

0 

26.5

9 
15.93 

36.2

5 
35.59 5.59,30 6.5,09 

8.72 8.65 

38.46 
116.0

0 
25.00 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

344* -29.18 -20.05 
12/03/201

6 
72 3 

144.7

0 

25.7

9 
15.09 

36.3

3 
35.50 5.59,18 5.81,06 

8.67 8.63 

39.71 
144.7

0 
16.45 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

332 -29.56 -16.28 
11/03/201

6 
71 2 

102.0

0 

24.2

5 
14.38 

35.9

7 
35.39 6.165,08 6.245,04 

8.58 8.58 

42.73 
128.4

0 
9.70 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

320* -30.03 -11.66 
10/03/201

6 
70 1 86.30 

24.3

5 
14.11 

36.2

2 
35.33 5.72,35 5.67,12 

8.56 8.47 

41.67 
141.7

0 
8.50 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

306* -32.05 -10.67 
09/03/201

6 
69 0 

228.6

0 

23.1

8 
15.73 

36.0

6 
35.58 7.715,44 7.265,14 

8.54 8.53 

45.02 
131.4

0 
24.60 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

Células Excluídas

Células Excluídas
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193* -31.17 -8.22 
08/03/201

6 
68 29 

116.1

0 

22.6

0 
14.80 

36.0

4 
35.42 7.865,33 7.055,09 

8.50 8.55 

43.24 
128.3

0 
11.70 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

278* -31.10 -3.57 
07/03/201

6 
67 28 86.44 

23.0

3 
14.03 

36.0

2 
35.30 7.545,19 6.685,04 

8.49 8.46 

54.65 
116.0

0 
10.15 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

265* -31.41 0.58 
06/03/201

6 
66 27 

102.7

0 

22.6

9 
15.26 

35.9

1 
35.49 6.135,10 7.265,08 

8.34 8.46 

65.44 
118.6

0 
9.58 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

252* -29.92 1.01 
05/03/201

6 
65 26 

240.9

0 

23.2

7 
15.50 

35.9

5 
35.51 7.765,53 7.355,21 

8.27 8.39 

42.02 76.00 19.50 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

239 -31.89 3.63 
04/03/201

6 
64 25 

120.1

0 

22.7

1 
13.33 

35.8

6 
35.21 7.785,13 6.815,02 

8.20 8.21 

61.80 
105.7

0 
0.30 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

227 -33.89 7.39 
03/03/201

6 
63 24 

202.0

0 

21.7

1 
14.86 

35.9

0 
35.39 

8.02 7.35 

8.5,23 8.225,34 57.52 86.30 32.00 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

214 -34.45 11.09 
02/03/201

6 
62 23 82.19 

21.3

0 
12.59 

35.6

3 
35.13 7.165,27 6.565,05 

8.17 8.15 

63.94 49.40 1.00 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-500, 500-

700 

700 
> 100 

µm 
175 

202 -34.13 14.94 
01/03/201

6 
61 22 61.72 

21.6

7 
- 

35.3

3 
- 5.74- - 

7.91 - 

56.81 49.30 -32.00 

0-20, 20-40, 40-60, 60-

80, 80-100, 100-200, 

200-300, 300-400, 400-

500 

500 
> 100 

µm 
125 

192 -34.39 17.56 
29/02/201

6 
60 21 85.35 

21.4

1 
- 

35.4

6 
- 8.00- - 

8.29 - 
76.93 48.50 9.60 

0-20, 20-40, 40-60, 60-

80, 80-100 
100 

> 100 

µm 
25 

*Dissolved oxygen measurements were obtained by interpolation or DO measurements from the nearest stations (see Karstensen et al., 2016) 

 

Células Excluídas

Células Excluídas

Células Excluídas

Células Excluídas
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Table 2. Average living depth and vertical dispersion of the 30 species with at least two living individuals 

counted in a station. The list was sorted by the maximum number of occurrences of living individuals 

within the samples. Interpretations of depth habitat and its corresponding variability or stability were 

performed for species with enough number of individuals. Species with * had an insufficient number of 5 

living individuals or the population was dominated by pre-adults, rendering interpretations about the 

depth habitat doubtful. 

Specie 
Maximum 

N 
ALD 

SD 

ALD 
VD Depth habitat 

Depth habitat 

variability 

Globigerinoides ruber (white) 375 
28.0

4 
6.95 16.7 Surface mixed layer stable 

Globigerinella calida 328 39 90.0 25.1 Mixed Layer variable 

Globigerinoides ruber (pink) 252 
25.6

1 
15.81 12.1 Surface mixed layer stable 

Trilobatus sacculifer 209 26 7.3 15.1 Surface mixed layer stable 

Tenuitella iota 123 37 16.3 25.0 Mixed Layer stable 

Neogloboquadrina pachyderma 80 68 123.6 47.5 Subsurface variable 

Globoturborotalita rubescens 76 39 11.6 25.9 Surface mixed layer stable 

Globigerinoides tenellus 67 
41.1

1 
17.51 24.0 Mixed Layer stable 

Globorotalia scitula 41 235 81.3 
108.

8 
Permanent Thermocline variable 

Tenuitella fleisheri 39 141 92.5 63.7 Permanent Thermocline variable 

Candeina nitida 33 34 15.9 20.5 Mixed Layer stable 

Globorotalia truncatulinoides 

(sinistral) 
31 173 57.1 55.7 Permanent Thermocline stable 

GlobirerinitaGlobigerinita glutinata 28 45 20.0 29.2 Mixed Layer stable 

Globigerinoides conglobatus 27 
27.5

0 
16.56 15.3 Surface mixed layer * 

Globorotalia crassaformis 20 65 116.8 30.5 
Subsurface to permanent 

thermocline 
variable 

Globigerinella siphonifera 15 89 63.8 22.4 Mixed Layer variable 

Hastigerina pelagica 14 193 189.4 74.5 Permanent Thermocline variable 

Globigerinoides elongatus 13 
54.5

9 
47.72 25.3 Subsurface variable 

Neogloboquadrina incompta 11 57 28.7 34.2 Subsurface stable 

Neogloboquadrina dutertrei 9 52 18.9 32.0 Subsurface stable 

Turborotalita clarkei 8 77 102.4 65.8 * * 

Orbulina universa 7 
30.3

5 
15.72 11.1 Surface mixed layer * 

Turborotalita quinqueloba 6 152 120.5 7.4 * * 

Globorotalia menardii 6 39 53.2 22.2 Mixed Layer * 

Globorotalia inflata 5 95 166.3 36.1 
Subsurface to permanent 

thermocline 
* 

Dentigloborotalia anfracta 4 219 158.2 8.2 * * 

Globigerina bulloides 3 57 54.2 10.7 * * 

Berggrenia pumilio 3 155 196.1 10.4 * * 
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Globorotalia truncatulinoides 

(dextral) 
2 275 144.3 

 
* * 

 

 

Table 3. Contribution of most abundant planktonic foraminifera species (> 5 %) in each cluster (given by 

average relative abundance).  

 5 

 

Cluster species 
Contribution 

(%) 
  Cluster specie 

Contribution 

(%) 

1  

(Upwelling) 

G. inflata 28.8   

7 

(Eastern 

Subtropical 

Gyre 

subsurface) 

G. ruber white 29.7 

T. clarkei 14.3 T. fleisheri 10.1 

G. calida 13.8 G. glutinata 9.7 

N. incompta 11.7 G. rubescens 9.0 

N. pachyderma 8.6 T. iota 8.8 

G. siphonifera 6.3 G. calida 6.0 

T. quinqueloba 6.3     

2  

(Thermocline) 

T. fleisheri 51.4   

8 

(Agulhas 

Leakage) 

T. sacculifer 37.9 

T. iota 11.2 G. rubescens 9.4 

G. inflata 11.1 G. glutinata 8.9 

G. calida 6.0 G. ruber white 8.6 

G. 

crassaformis 6.0     

3  

(Upwelling) 

G. 

crassaformis 19.7   9 

(Eastern 

Subtropical 

Gyre 

subsurface) 

G. rubescens 40.4 

N. pachyderma 18.8 G. calida 10.5 

T. sacculifer 10.2 T. sacculifer 10.4 

G. scitula 8.2 T. fleisheri 8.6 

G. inflata 5.8 G. tenellus 7.3 

G. ruber white 5.2     

4  

(Western 

Subtropical 

Gyre surface) 

T. sacculifer 21.4   

10 

(Lower 

Thermocline)

G. scitula 37.6 

G. ruber white 16.5 G. glutinata 15.4 

G. calida 14.7 N. pachyderma 11.3 

G. ruber pink 12.7 T. sacculifer 10.4 

G. rubescens 8.6 G. rubescens 6.2 

G. tenellus 7.4 G. calida 5.8 

T. iota 6.1     
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5 

(Western 

Subtropical 

Gyre 

subsurface) 

G. ruber white 21.8   

11 

(Eastern 

Thermocline)

  

G. tenellus 20.1 

G. rubescens 9.0 

G. glutinata 7.5 G. scitula 54.9 

G. elongatus 7.1 T. fleisheri 8.7 

T. iota 6.5 

T. sacculifer 5.7     

6 

(Eastern 

Subtropical 

Gyre surface) 

    

12 

(Western 

Thermocline)

T. fleisheri 17.7 

G. ruber white 42.8 G. truncatulinoides (s) 14.4 

T. sacculifer 15.5 G. scitula 12.1 

G. rubescens 11.9 G. tenellus 8 

T. iota 5.5 G. calida 6.1 

G. glutinata 5.3 G. rubescens 5.8 

    H. pelagica 5.3 

 

Table 4. Depth-resolved CCA results, including the loadings of the four tested environmental parameters 
on the first canonical axis, the total proportion of inertia in the faunal composition explained by the 
constrained ordination and the proportion of constrained inertia explained by the first CCA axis. 

Depth layer temperature salinity DO Chlorophyll-a
Total inertia  

explained (%)
Axis 1 (%)

0-20 m 0.52 0.41 -0.44 0.94 47.4 62.4 

20-40 m 0.71 0.64 -0.20 -0.84 52.0 39.7 

40-60 m -0.51 -0.54 -0.19 0.99 57.3 62.3 

60-80 m 0.89 0.78 -0.08 -0.73 45.5 46.1 

80-100 m -0.20 -0.09 -0.68 0.12 44.8 37.9 

100-200 m 0.88 0.84 -0.47 0.23 32.4 51.5 

200-300 m 0.75 0.84 -0.74 0.23 33.6 50.5 

300-500 m 0.33 0.39 0.79 -0.03 39.2 56.8 

500-700 m 0.24 0.26 -0.55 -0.80 44.0 44.8 
 5 

 

Appendix A 

Description and plates of main planktonic foraminifera species found during the M124 Cruise. Plates 
are found inprovides as the supplementary material 

Spinose species 10 

Globigerinella calida Parker (1962) (Plate 1, 1 – 2) 

Specimens with very low trocospiraltrochospiral coiling. The last whorl comprises from four to five 
chambers that rapidly increase in size. Chambers are elongated and muchclearly separated with a 
spined and cancelated surface. Sutures are slightly curved and deep in both umbilical and spiral sides. 
The main aperture is extraumbilical with a long arch (1/4 circle) from the umbilicus to the periphery 15 
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bordered by a lip. Pre-adult specimens have the same morphological characteristics than adult 
specimens. Living specimens have a brownish stained cytoplasm. 

Globigerinoides conglobatus Brady (1879) (Plate 1, pictures 3 – 5) 

Only immature adult specimens of G. conglobatus were found during the cruise. Specimens were 
marked by low trocospiraltrochospiral coiling with four rough and densely spined chambers in the last 5 
whorl. All chambers were spheric in pre-adult specimens (plate 1: picture 5), immature adult 
specimens have a slight flattened last chamber (Plate 1: pictures 3 and 4). The main aperture is 
umbilical, a low arch bordered by a rim similar to Globigerina bulloides in adult specimens. The 
primary aperture of pre-adult specimens is droplet shaped arch slightly displaced from the umbilicus. 
There are two small supplementary apertures by chamber in the spiral side, which are placed near to 10 
each other and they are visible in both adult and pre-adult specimens. Living specimens have a 
brownish stained cytoplasm. Pre-adult G. conglobatus is distinguished offrom G. calida by the 
umbilical aperture and the presence of supplementary apertures in the spiral side. G. conglobatus can 
be distinguished ofdifferentiated from G. bulloides by the rough and densely spinnedspined chamber’s 
surface, and/or by the presence of supplementary apertures in the spiral side. 15 

Globigerinoides ruber d’Orbigny (1839) (Plate 1, pictures 6 -13)  

Adult specimens of G. ruber werehad low or moderate trocospiraltrochospiral tests, with large size 
and three spherical and symmetric placed chambers in the last whorl. Most of specimens presented a 
ruber-type wall structure (rougher than G. bulloides, but less than G. calida or Globoturborotalita 
rubescens, Schiebel and Helembem, 2017) with spines. Most of the specimens found in the Agulhas 20 
Leakage and Benguela realms presented sacculifer-type wall structure (honeycomb-like spines base, 
Schiebel and Helembem, 2017) wall surface. The primary aperture is an umbilical semicircular arch 
centralized over the suture of the two previous chambers. Two secondary apertures are found in the 
spiral side placed moderately far to each other. Pre-adults specimens diverge to adult specimens, their 
tests presented 3 ½ (neanic stage) to 4 ½  (juvenile stage) chambers in the last whorl. The surface is 25 
composed byof very few spinespines and pores and looks like microperforate in the stereomicroscope 
view. The primary aperture is umbilical-extraumbilical reaching the periphery in juvenile specimens, 
migrating to the center in posterior ontogenetic states. No secondary apertures are visible in the spiral 
side. Living G. ruber specimens presents a brownish cytoplasm. Adult G. ruber pink specimens 
present bright pink chambers and pre-adult specimens presents pallid to bright pink chambers. It is 30 
difficult to separate pre-adult G. ruber pink and pre-adult G. rubescens, the best way is to observe the 
equatorial periphery that tends to follow both adult G. ruber and G. rubescens. These same properties 
can be used to separate the neanic stage of G. ruber from the late neanic stage of Trilobatus sacculifer. 
The neanic stage of G. ruber white can be separated from Globigerinita glutinata in stereomicroscope 
view by the presence of a semicircular primary aperture in G. ruber and the brownish cytoplasm. 35 

Globigerinoides elongatus (Plate 1, pictures 14 and 15) 

The test morphology is the same than for G. ruber. G. elongatus is distinguished offrom G. ruber 
white by the flattening of chambers, especially the last one. The primary aperture is a reverse U-
shaped arch in spite of a perfect semicircular G. ruber aperture. G. elongatus also presents a less deep 
umbilicus than G. ruber white. Living specimens presented a brownish cytoplasm. Pre-adult G. ruber 40 
and G. elongates cannot be easily distinguished. 

Trilobatus sacculifer  (Plate 2, pictures 1 – 6) 

Test with large size, low trocospiraltrochospiral with sacculifer-type wall structure in adult specimens. 
Immature adult specimens (variants T. trilobus, T. immaturus and T. quadrilobatus) presenthave 
spheric lobular chambers, 3 ½ in the last whorl. Mature adult specimens (variant T. sacculifer) present 45 
an elongated sac-like last chamber and four chambers in the last whorl. Chambers are rather separated 
and increase size quickly. In immature adult specimens, the umbilicus is narrow and the primary 
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aperture is interiomarginal umbilical, a long arch bordered by a rim. MatureIn mature adult specimens, 
the primary aperture is a more pronounced arch centralized over the third chamber, bordered by a rim. 
Adult specimens present one supplementary aperture by chamber in the spiral side. The morphology 
of pre-adult T. sacculifer diverges from adults. Early neanic specimens present near to smooth wall 
structure with six or more compacted globoid chambers. Late neanic specimens present four chambers 5 
in the last whorl, the sacculifer-type wall structure is already present, but the equatorial view 
resembles more Globorotalia inflata than a typical Globigerinoides. The primary aperture is equatorial 
in juvenile specimens (ShiebelSchiebel and HelembenHemleben, 2017), migrating to umbilicus in the 
next ontogenetic states. In neanic specimens, the primary aperture is interiormarginal, a near to 
semicircle arch bordered by a rim and no supplementary aperture is visible. Late neanic T. sacculifer 10 
differs of neanic G. ruber white by the Globorotalia inflata-like chambers and more chambers visible 
in the spiral side. 

Globoturborotalita rubescens Hofker (1956) (Plate 2, pictures 7 – 109) 

Specimens are small or medium size, low to medium trocospiraltrochospiral with ruber-type wall 
structure. The axial view is diamond-shaped (�) with four chambers in the last whorl. Chambers are 15 
globoid and spheric with cancelate surface and small size increase by chamber. The primary aperture 
is umbilical, a semicircle ach bordered by a rim. No supplementary aperture visible. Pre-adult 
individuals present five to six near to smooth chambers in the last whorl and umbilical-extraumbilical 
aperture. Specimens presenthave in general pink stained chambers, the living ones present brownish 
cytoplasm and a more pronounced pink stained chambers. It is difficult to differ G. rubescens and 20 
neanic G. ruber pink/white. The difference is the diamond-shaped axial periphery. Pre-adult G. 
rubescens present more visible chambers in the juvenile whorl than G. ruber. 

Globigerinoides tenellus Parker (1958) (Plate 2, pictures 10 and 11) 

Tests are morphologically similar to G. rubescens. Specimens of G. tenellus have more cancelate 
chambers and are never pink stained. The primary aperture’s arch goes more thanis a 25 
semicirclereversed U-shape and there isexists a supplementary aperture in the spiral side, not always 
easily visible. 

Orbulina universa d’Orbigny (1839) (Plate 2, pictures 12 and 13) 

Mature adult specimens of O. universa have a big size with a single spheric chamber that covers the 
whole organism. The chamber is translucent and presents pores of diverse sizes and some spines. 30 
Pores and the observation of previous Globigerina-like growing inside the spheric chamber are some 
features that allow differdistinguishing O. universa from sphericspherical Radiolarians. Immature 
adult specimens present a Globigerina-like growingshape with a low trocospiraltrochospiral test, four 
chambers in the last whorl and an umbilical aperture, ana long arch sometimes bordered by a rim that 
covers almost all previous chambers  (similar to Globigerina bulloides). In some tests, a 35 
supplementary aperture in the spiral side was observed. Chambers are smooth and very delicate and 
fragile, which can be broken with a moderate brush pressure. Living O. universa has a brownish 
cytoplasm, very dark brownish cytoplasm in immature adults. Pre-adult O. universa specimens were 
also present in the M124 collection, they differsdiffer from immature adults by having five chambers 
in the last whorl a near to planispiral test, with can be differedwhich differs from G. calida and G. 40 
siphonifera by smooth and very fragile chambers. 

No spinose and macroperforate species 

Genera Neogloboquadrina (Plate 3, pictures 1- 7) 

Individuals of N. dutertrei and others Neogloboquadrinid species of the M124 collection were found 
in the east-most stations belonging to Benguela and Agulhas Leakage fauna. Neogloboquadrinid 45 
species tended to diverge morphologically from global Neogloboquadrina pattern.  
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Neogloboquadrina dutertrei d’Orbigny (1839) (Plate 3, pictures 1- 3) 

Individuals with medium – bigsizebig sized and low trocospiraltrochospiral. Rounded axial view. 
Chambers with a ridge-like wall structure (Neogloboquadrina type), 4 ½ or more unities in the last 
whorl. The morphology of chambers in M124 specimens diverged from the expected 
Neogloboquadrina pattern. They are more spheric and separated. Umbilicus opened and the aperture 5 
of two or three last chambers covers the upper side. The aperture is interiormarginal extraumbilical, 
sometimes with a tooth-like structure. Living individuals presented a hazel-greenish cytoplasm. Tests 
with four or four and a half chambers in the last whorl were considered as N. dutertrei only if the 
tooth-like structure was present inside the aperture. 

Neogloboquadrina incompta and Neogloboquadrina pachyderma (Plate 3, pictures 4 – 7) 10 

N. incompta and N. pachyderma were classified according to specimen coiling direction. Right coiling 
specimens were classified as N. incompta and left coiled specimens were classified as N. pachyderma. 
Tests with the size varying from small to medium and low trocospiraltrochospiral. The axial periphery 
is squared, with 4 or 4 ½ chambers in the last whorl. N. incompta and N. pachyderma specimens of the 
M124 cruise collection present the Neogloboquadrina-type wall structure. However, this feature 15 
demanded more than 100 x magnifications in order to visualize in estereomicroscope.under the 
stereomicroscope. In < 100 x magnifications, tests looks smooth, similar to microperforate species. 
Similar to N. dutertrei, chambers of N. incompta and N. pachyderma were much more spheric and 
separated byfrom each other, diverging from the typical Neogloboquadrina pattern. Umbilicus almost 
closed and the primary aperture is interiormarginal extraumbilical, an almost straight arch with a 20 
pronounced lip. Living individuals presented a transparent or pallid green cytoplasm color. Tests of N. 
incompta or N. pachyderma were differeddistinguished from N. dutertrei with four or four and a half 
chambers in the last whorl if the aperture was bordered by a lip and the test presented a squared axial 
periphery and a very smooth surface. The extraumbilical aperture with a lip and the moderate 
chambers’schambers size increase allowed us differ these atypical smooth tests from Globigerinita 25 
glutinata and Tenuitella iota in low estereomicroscopestereomicroscope magnification. 

Globorotalia crassaformis (Plate 3, pictures 8 – 10; plate 4, pictures 1 – 3) 

Individuals of G. crassaformis were encountered rarely in the Subtropical Gyre (western side of the 
transect) stations and in low abundances in Agulhas Leakage and Benguela (east side of transect) 
stations. However, test morphology differed strongly between westwestern (Subtropical Gyre) and 30 
easteastern (Agulhas Leakage and Benguela) stations. Specimens classified as G. crassaformis have a 
test very low trocospiraltrochospiral with a flat spiral side and a conic umbilical side. The outline is 
angular with a squaresquared appearance. The equatorial border is sharp giving a plan-convex aspect 
if side viewed. Specimens present 4 – 4 ½ chambers in the final whorl. Chambers are smooth with 
visible pores in the spiral side and pustules in the umbilical side forming a strong calcite crust. Sutures 35 
strongly curved in the spiral side and almost straight in the umbilical side.  

In specimens offrom the Subtropical Gyre (Plate 4, pictures 1 – 3), the chambers border is strongly 
sharpensharpened with a keel appearance, with strictly four unities in the last whorl. The umbilical 
view resembles Globorotalia truncatulinoides, with the aperture inside the umbilicus, which is 
interiormarginal extraumbilical, a slit with a lip.  Living individuals presented a strong dark hazel 40 
stained cytoplasm. Those specimens can be differedseparated from G. truncatulinoides by having four 
chambers in the last whorl and a squared outilineoutline. 

In specimens offrom Agulhas Leakage and Benguela faunas (Plate 3, pictures 8 – 10), the chambers 
have a slight globular shape, but they still maintain a concave side view. Most of them were small 
individuals with 4 ½ chambers in the last whorl. The umbilical view resembles Globorotalia inflata, 45 
but the aperture is a short semicircle arch. Living specimens presented a pallid green stained 
cytoplasm. Those individuals can be differed from G. inflata by having more than four chambers in 
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the last whorl, a plan-convex side view, curved sutures in the spiral side and a short arch of the 
aperture. 

Globorotalia menardii (Plate 4, pictures 4 – 6) 

Tests very low trocospiraltrochospiral, rounded outline with a peripheral keel and a very bi-flat side 
view. Chambers are smooth with pores, flat and sharp with five or six unities in the last whorl. Some 5 
carbonate pustules are common near to the aperture. Sutures curved and keeled in the spiral side, slight 
curved and deepen in the umbilical side. The aperture is interiormarginal extraumbilical, a slit arch 
bordered by a lip. Some specimens presented a flap going outextending on the aperture. Living 
specimens presented a greenish cytoplasm with a strong red spot in early chambers. 

Globorotalia inflata (Plate 4, pictures 7 – 9). 10 

Tests very low trocospiraltrochospiral, in general medium sized. The outline is very slightedslightly 
angulated and the side view is a not sharp plan-convex. Chambers are globoid, smooth with some 
tooth-like calcite pustules, bean-shaped in the spiral side and triangle-shaped in the umbilical view, 
three to four unities in the last whorl. Sutures very slight curved deepen in both spiral and umbilical 
side. The aperture is a long arch interiormarginal extraumbilical, sometimes bordered by a rim. Living 15 
specimens presentscontain a pallid green or light hazel cytoplasm. G. inflata was found only in 
Agulhas Leakage and Benguela stations occupying the subsurface and upper thermocline layers. 
Despite the not easy identification, individuals of G. inflata can be differed from eastern G. 
crassaformis by presenting three chambers in the last whorl, globoid chambers, a smoother surface, 
very slight curved sutures and a big aperture in long arch. 20 

Globorotalia scitula (Plate 4, pictures 10 – 12) 

Tests very low trocospiraltrochospiral; rounded outline without keel and a biconvex side view. 
Chambers are smooth with big pores and sharp border, five unitieaunities in the last whorl. Sutures are 
verymuch curved and almost flat in the spiral side and slightly curved and deepened in the umbilical 
side. The aperture is an slit bordered by a lip interiormarginal extraumbilical. Living individuals had a 25 
dark hazel cytoplasm. G. scitula differed from G. crassaformis by having more chambers in the last 
whorl, a near to flat biconvex side view and a rounded outline. 

Globorotalia truncatulinoides (Plate 5, pictures 1 – 3) 

Tests very low trocospiraltrochospiral and conic, adults reach more than 400 µm. The spiral side is flat 
and the umbilical side is triangular, giving a plan-convex (cone-shaped) side view. The outline is very 30 
round with a thick keel. Chambers are pyramidal, keeled border calcite encrusted umbilical side by 
high number of pustules, five unities in the last whorl.  The umbilicus is deep, similar to a volcano 
crater in some specimens. The aperture is located in the bottom of the umbilicus, a slit bordered by a 
lip, interiormarginal extraumbilical. Living specimens presented a browbrown to dark hazel 
cytoplasm. G. truncatulinoides is differed from G. crassaformis of the Subtropical Gyre by having a 35 
round outline, five chambers in the last whorl and a thick peripheral keel. Regarding the genetic types 
(Vargas et al, 2001); M124 specimens had many spiked-shaped calcite crusts suggesting higher 
morphologic similarity with the genetic type 2 than the type 3, although most of specimens were left-
coiled.   

Microperforate non-spinose species 40 

Globigerinita glutinata (Plate 5, pictures 4 and 5) 

Test low trocospiraltrochospiral, small or medium sized. The wall structure is, smooth with very small 
calcite granulespustules, pores isare not visible in estereomicroscopeunder the stereomicroscope, 3 ½ 
or four chambers in the last whorl. Chambers are globoid and spheric, compressed on each other and 
increase size moderately. Mature adults of G. glutinata develop a “bulla” last chamber over the 45 
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umbilicus, but it was very rare in the M124 collection. Umbilicus near to closed and the primary 
aperture is umbilical, a very narrow arch bordered by a lip or rim. A secondary aperture in the spiral 
side may be present in the last chamber of some specimens. Living specimens presentedhad a green or 
orange stained cytoplasm. Pre-adult specimens differ morphologically from adults, but they cannot be 
differed easily from pre-adults of Tenuitella species and immature Turborotalita clarkei inunder the 5 
stereomicroscope. 

Candeina nitida (Plate 5, pictures 6 – 8) 

Test low trocospiraltrochospiral, medium to big sized. The wall structure is very smooth, with very 
few calcite granulespustules, giving a transparent and reflective surface. Micropores are not visible 
inunder the stereomicroscope. There are three chambers in the last whorl, which are globoid and 10 
spheric and compressed. AdultsAdult specimens doesdo not present an unique primary aperture. 
Instead this, several sutural small apertures are present. Pre-adult specimens present a small primary 
aperture and resemblesresemble G. glutinata, which can be differeddistinguished by the much 
smoother surface and the persistence of three chambers in the juvenile whorl (visible inon the spiral 
side). Living adult specimens presented between green and orange colored cytoplasm color. 15 

Tenuitella iota (Plate 5, picturespicture 9 and 10) 

Tests low trocospiraltrochospiral, tiny to small sized. The wall structure is smooth with many thick 
spike-shaped calcite granulespustules. Micropores are not visible inunder the stereomicroscope. 
Chambers are globoid spheric, separated amongfrom each other, four unities in the last whorl. Mature 
adults of T. iota develop a “bulla” last chamber over the umbilicus, but no specimens with this feature 20 
waswere observed in the M124 collection. The primary aperture is umbilical-extraumbilical, a short 
arch bordered by a rim. Living specimens presentscontain a green to hazel colored cytoplasm, with 
orange or red stained early chambers. Adults T. iota differ from G. glutinata by presenting thick and 
spike-shaped calcite granulespustules and more separated chambers. Pre-adultsadult specimens have 
five chambers in the last whorl, globoid chambers with a flattened side view, and extraumbilical 25 
aperture, but other pre-adultsadult Tenuitella species and G. glutinata present a similar morphology, 
turning difficultmaking the separation difficult. 

Tenuitella fleisheri (Plate 5, pictures 11 – 1310 – 12) 

Tests low trocospiraltrochospiral, tiny to medium sized (up to 200 µm). The wall structure is smooth, 
some specimens present few calcite granulespustules, and others specimens have many. Chambers are 30 
flattened globoid, elongated, becoming ampulatedslightly ampullate in mature adults. The growing 
morphology shows four to five separated chambers in the last whorl with a moderate 
increasemoderately increasing rate. The aperture is interiormarginal extra umbilical with a flap-like 
lip. There is no difference between pre-adultsadult and adults specimensadult specimen, but other pre-
adultsadult Tenuitella species and G. glutinata present a similar morphology, turning 35 
difficulthampering the separation. Living individuals presented greenish hazel or hazel colored 
cytoplasm. Adult T. fleisheri differ from T. iota by having a flattened side view. Adult T. fleisheri 
diffediffer from T. pakeraeparkerae by not having pronounced elongated chambers and more calcite 
granulespustules on the surface. 
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