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Response to Reviewers 
We thank both reviewers for their comments and encouragement on this manuscript. We 
provide a detailed response to each comment below (in blue font, reviewers' comments in 
black). We provide details on the relevant changes to the text, with page and line numbers 
(where appropriate) from the original manuscript and line numbers from the new version 
 
 
 
Response to Reviewer 1: 
 
We thank the Dr Luo for his comments and encouragement. We respectfully disagree with two 
key elements of the review: 

• The reviewer cites the fact that a lack of correlation between observed nutrient 
concentrations and diazotroph biogeography undermines the application of resource 
supply ratio theory. However, the theory elucidates that the key relationships are 
between biogeography and nutrient fluxes, not nutrient concentrations. Indeed the theory 
suggests that, over broad regions, limiting nutrients will be drawn down to very small, 
probably uniform subsistence concentrations so we should not expect correlation 
between nutrient concentrations and diazotroph biomass or nitrogen fixation. We have 
revised the text in order to more clearly emphasize the distinction between fluxes and 
concentrations (see below). 

• The reviewer largely discusses nitrogen fixation rates, whereas the theory we employ 
largely relates to diazotroph biogeography (i.e. the range of diazotrophy). We have also 
revised the text to clarify this distinction.  

 

General Comments: 
The authors use nutrient supply ratios to explain the shift of the modeled nitrogen 
fixation biogeography. This is an interesting work for improving our understandings of 
model performance under changing climate. The manuscript is generally concise, well 
written, and the results are well presented. 
 
Thank you for these positive comments. 
 
Although I agree to use the nutrient supply ratios to interpret the results of this SPE- 
CIFIC model, I doubt if they can be extended to predict shifts of the diazotroph bio- 
geography. It depends on how the model is constructed. As in the model of this study 
the diazotroph growth is determined largely by nutrients, the nutrient supply ratios are 
certainly important in the model results. 
 
We disagree that these results only valid for this specific model. The success of the resource 
supply ratio interpretation relies on two key paramterizations: that diazotrophs are never 
nitrogen limited and that they have slow maximum growth rates relative to non-diazotrophs. 
Similar parameterizations are used in a number of published models (e.g. Coles et al 2006, and 
subsequent papers with the same model; Krishnamurphy et al 2009, and subsequent papers 
with the same model; Le Quere et al, 2005, and subsequent papers with the same model) and 
we expect the concepts presented here to be relevant to a many of the current generation of 
such models. We have altered the discussion (new version, line 533--541, but please see 
previous 2 paragraphs for context) to reflect this point more clearly: 
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"The assumptions on growth, iron needs and ability to fix nitrogen have also been made in 
parameterization of diazotrophs in many other recent marine ecosystem models (e.g. Coles et al., 2006; 
Krishnamurphy et al., 2009; Le Qu´er´e et al., 2005; including many involved in the Coupled Model 
Intercomparison Project 5). We suggest, therefore, that our framework could provide a useful tool to 
interpret inter-model differences in diazotroph distributions and changes in future climate scenarios" 
 
Beyond the world of models, we note that this application of resource supply ratio theory 
successfully interprets sharp transitions in surface nutrient concentration climatologies,  
anticipates the pattern of diazotroph biomass from Luo et al (2012) and Moore et al (2009) (see 
Ward et al. 2013)  and explains temporal shifts in biogeographic provinces observed by in situ 
sampling in the Atlantic (Schlosser et al. 2013). We have revised the discussion to emphasize 
this point, for instance including the following sentences (new version line 569-575): 
 
“The theory suggest that strong gradients of nutrient concentrations occur between provinces. The 
theoretical predictions are consistent with the strong transitions in surface phosphate, iron and fixed 
nitrogen concentrations, we well as the distribution of diazotrophs, observed along the Atlantic 
Meridional Transect (Moore et al., 2009; Ward et al., 2103)." 
 
and (new version line 585-588) 
" Consistently, Schlosser et al. (2013) connected the observed movement of the sharp gradients between 
high and low surface iron concentrations and the internannual changes in the aeolian iron supply in the 
Atlantic." 
 
 
 
However, my and colleagues’ recent studies (Luo et al. Earth System Science Data 2012; Luo et al. 
Biogeosciences 2014) based on field measurements do not support that nutrients are the most 
important factors controlling N2 fixation. 
 
Luo et al (2014) did not examine nutrient supply ratios, which are the most important predictors 
according to our theory. Any correlation, or lack thereof, between nutrient concentration and 
diazotroph abundance or nitrogen fixation does not have bearing on the validity of the resource 
supply ratio theory presented here. We clarify these points by added text to a new section 3.4 
(on nitrogen fixation) (new version, line 337-340): 
 
"We note that the theory predicts relationships between fluxes of nutrients and not nutrient 
concentrations. In particular, it does not suggest clear relationships between nitrogen fixation rate and 
iron or phosphate concentrations and consistently, they are not observed (Luo et al, 2014)." 
 
and the Discussion to clarify these points (new version, line 557-569). 
 
"Though the theoretical framework specifically uses nutrient supply ratios to predict diazotroph 
biogeography (presence/absence), and the nutrient supply differences to suggest nitrogen fixation rates, it 
does also suggest patterns of nutrient concentrations dictated from the province perspective. In 
particular, the model suggests that in any province, the locally limiting nutrient will be uniformly drawn 
down to a low, subsistence concentration. Thus we do not anticipate any correlation between nutrient 
concentrations themselves and diazotroph biomass or nitrogen fixation: Indeed no such correlation was 
found in the study of Luo et al. (2014) which looked a compilation of observed nitrogen fixation and 
observed nutrient concentrations." 
 
As shown in Fig. 1e of this manuscript, measurements show that diazotrophs are most 
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abundant in tropical Atlantic, while very low in subtropical Atlantic. In our papers we 
also show that N2 fixation rates have same pattern. In addition, we found N2 fixation 
rates are always high in the Pacific. Even in the South Pacific where the diazotroph 
abundance seems low, the N2 fixation rates are still high. We believe the N2 fixation 
activity in tropical Atlantic > Pacific > subtropical Atlantic.  
 
We agree that diazotroph abundance and nitrogen fixation rates may have a more complex 
relationship than assumed in our simulations; for example symbiotic nitrogen fixers may fix 
much more than their own requirements. While the Luo et al (2012) database provides an 
unprecedented overview of global patterns in N-fixation, it does not distinguish between 
autotrophic and heterotrophic N-fixation. Unfortunately, given that our model relates solely to 
autotrophic N-fixation, this means our model and the N fixation data cannot be reliably 
compared in regions like the S. Pacific, where heterotrophic diazotrophy is thought to dominate 
(Halm et al. 2011).  
 
With further assessment of environmental parameters including physical conditions and nutrient 
concentrations, we found: 
 
(1) Solar radiation and subsurface oxygen concentration are the best two predictors for 
the observed spatial distribution of N2 fixation rates. In the model of this manuscript, 
solar radiation (energy supply) may not be set up as important as nutrients in control- 
ling diazotrophs, although both solar radiation and nutrients are both the fundamental 
resources for autotrophs. This could be one of the reasons that the model predicts the 
existence of diazotrophs in cold subarctic regions (Province III&IV in Fig. 3a). 
 
The model does account explicitly for solar radiation as a key factor modulating growth. That 
PAR is a good predictor could also reflect the fact that high Fe:N supply ratios are found 
primarily in low-latitude, well-stratified regions, where mixed layer PAR is also high. We have 
not taken oxygen explicitly into account in this paper but acknowledge its potential physiological 
importance for diazotrophy. We add the following sentence in the discussion to clarify this (new 
version, line 636-638): 
 
" High oxygen may limit nitrogen fixation (e.g. Staal et al., 2007). These issues have not been taken into 
account in this paper ." 
 
 
(2) Iron is not a good predictor on global scale. Apparently dust deposition in Pacific 
is the lowest, but N2 fixation rates in Pacific are higher than the subtropical Atlantic 
where the dust deposition in higher.  
 
We agree: iron alone is not a good indicator of diazotroph biogeography or nitrogen fixation 
rates. In province VI (portions of the subtropical Atlantic) there is high Fe dust and high Fe, but 
no diazotrophs because diazotrophs are phosphate limited there. Again, it is the interplay of 
iron, phosphorus and fixed nitrogen supply rates which is emphasized in our study. Alone they 
tell us little. 
 
If we just pick out Atlantic, both dust deposition and subsurface oxygen concentration have equal 
predicting power for N2 fixation rates. 
 
Luo et al. (2014) do not demonstrate predictive power; the algorithms were not tested against 
independent data. They show correlation, which is not the same as identifying a mechanism. 



4 
 

Although this is not the place to do so, we could speculate that high φFeN and φNP are both also 
correlating with PAR and subsurface oxygen.  
 
 
As shown in Fig 1f of this manuscript, the model does not reproduce this pattern even in 
just Atlantic – why dust deposition is highest in the tropical Atlantic while its diazotroph 
abundance is low? 
 
As stated above, the diazotrophs also need phosphate - and in fact phosphate supply is lowest 
in some regions where iron supply is highest (including tropical Atlantic, see Figure 5a) - and as 
such the diazotroph biomass will be lowest there. Note that we do not account for DOP use, so 
improving the model in this regard might help resolve this anomaly. 
 
 
(3) We also checked P*, a representative of N:P nutrient supply ratio, it does not show 
strong correlation to N2 fixation rates. 
 
P* = (N-16P) is not representative of N:P supply ratios. It is only representative of ambient N 
and P concentrations. We too do not expect P* to be a good indicator of N2 fixation rates, and 
discussed this further in Ward et al 2013. We do not comment on the predictive power of the 
divergence of P* in the manuscript. It does contribute to the relative supply rates of P and fixed 
N. However, as we have emphasized, the relative supply rate of iron also needs to be 
accounted.  
 
I generally support to publish this manuscript. But I’d like to see this inconsistency 
between the model and the observations to be discussed in this manuscript, to alert 
the readers that diazotroph biogeography cannot be simply predicted by nutrient supply 
ratio. 
 
Thank you for encouraging support.  
 
Here we have used resource supply ratio theory to interpret biogeographical shifts, in particular 
the range of diazotrophy, in climate change simulations. Simplified models and theory provide a 
framework for interpretation and clarification. At the same time, they are simplified and may not 
account for all variability. We do not claim that nutrient supply ratios are the only factor 
controlling this range but we believe it may be a very significant factor. Correlations, or lack 
thereof, with iron supply, P* divergence and nutrient concentrations as reported by Luo et al 
(2014) do not directly test, address or refute the resource supply ratio hypothesis. On the other 
hand the resource supply ratio hypothesis provides a mechanistic understanding. There is 
supporting evidence for our hypothesis in the analysis of Ward et al (2013) and the observed 
short term shifts in the Atlantic (Schlosser et al., 2013).  
 
We agree with the reviewer that it is valuable to discuss the limitations of such models and we 
do so in the revised text, as discussed above, but also including the following paragraph (new 
version, line 630-639): 
  
"The theory and numerical model have additionally only considered autotrophic diazotrophs and not 
addressed all the likely controls on diazotroph biogeography and nitrogen fixation. In some regions of the 
ocean nitrogen fixation may be dominated by heterotrophic diazotrophs (e.g. South Pacific, Halm et al., 
2012). Symbiotic nitrogen fixers may fix more than their own requirements (e.g. Foster et al., 2011). High 
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oxygen may limit nitrogen fixation (e.g. Staal et al., 2007). These issues have not been taken into account 
in this paper" 
 
We also include text that highlights the inconsistencies between the modelled nitrogen fixation 
rates and those of the model, (new version, line 124-134; old version Section 2, line 3 of pg 
7117): 
 
"The numerical model is less consistent with rates of nitrogen fixation found by Luo et al. (2012, and 
further further described in Luo et al., 2014) especially in the South Pacific (where our model suggests 
less nitrogen fixation) and South Atlantic (where the model suggests higher). The Luo et al. (2012) 
compilation does not differentiate between heterotrophic and autotrophic nitrogen fixation, while our 
model focuses only on autotrophic diazotrophy. Nitrogen fixation in the South Pacific is likely dominated 
by heterotrophs (Halm et al., 2012). Using hydrogen super-saturation, Moore et al. (2014) suggests 
higher nitrogen fixation in the South Atlantic than previous observations had found." 
 
 
 
 
Specific Comments: 
 
P7115, ln 11, Luo et al. 2012 
 
Will change, thank you 
 
P7116, ln 15-end, as discussed above, the model does not reproduce the real pattern 
of diazotrophs and N2 fixation activity. 
 
The data is yet too sparse to clearly reject the predicted patterns. We think that the patterns of model 
diazotroph biogeography compare to independent observations relatively well, as was also shown in 
earlier papers with two different compilations of data (Monteiro et al 2010, Ward et al. 2013).  We do 
realize that our nitrogen fixation patterns have more discrepancies to Luo et al (2012, 2014), and we 
have added text to this point as quoted above. 
 
P7118, ln 13, Eqs. 3-5 
 
Corrected, thank you 
 
Table 3 RNij, please give out parameter values used in this study as they are important 
in evaluating the model results. 
 
Eqns 3-5 are only the theoretical framework - the actual values of parameters are irrelevant for the 
theoretical discussion. The values of parameters used in similar (though more complex) equations 
used for the numerical model are given in Dutkiewicz et al 2012 - where we have directed the reader 
for these details. 
 
Section 3.1 & Table 5: It seems to me that from Province I to VI, iron is increasing and 
phosphorus is decreasing. Clarifying this may help readers understand the biogeogra- 
phy. 
 
The provinces are not defined by increasing or decreasing nutrient concentrations: in fact there are 
more likely fairly uniform values within provinces and steep gradients between provinces (see Fig.4 
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and 8; as well as those in Ward et al 2013). The provinces are not really even relate to increasing or 
decreasing nutrient supply, but rather on the gradients in supply ratios.  
 
P7119 ln 18-25 & Table 4 Equilibrium Solutions: I’d prefer to see the definitions of the 
symbols right under the table, instead of buried in the main texts. 
 
We have added definitions of φNP and φFeN to table 3. 
 
P7120, ln 16, ln 23-25: It is not precise to use “slightly above one”. What is amount 
of “slightly”? It also does not have a clear explanation why the threshold will not be 
exactly one.j 
 
We cannot give an exact number since it will be determined when the excess supply of P and Fe is 
enough for the ambient P and Fe to reach P*D and Fe*D. Thus these values depend on the actual IN, 
IFe, IP as well as the diazotrophs' growth rates and half saturation. By trying to keep the framework 
general we can only say that it needs to be >1. But this is an important point to clarify and was poorly 
written in the original version of this paper and thank the reviewer for pointing this out. In the revised 
version we will explain this further (new version, line 267-274, old version pg 7129, line 16): 
 
"Both φPN and φFeN need to be great enough for excess P and Fe to accumulate to reach P*D and Fe*D 
respectively for diazotrophs to survive (see Ward et al., 2013). This happens when φPN and φFeN need 
are greater than a critical threshold slightly above one. The exact amount though will be dependent on 
the actual values of the sources IP and IFe as well as diazotroph maximum growth rate and nutrient half 
saturation constant." 
 
P7120, ln 22: do not use subscripts for “>1” 
 
Thank you, this was a typo, >1 should not have been in the subscript 
 
P7124, ln 13, remove “an” 
 
Done, thank you. 
 
P7127, ln 13-14, (Luo et al., 2012) 
 
Fig 1. Caption line 5, Luo et al. (2012) 
 
Thanks - will change 
 
Fig 2. Caption “Dashed blue line...Qpn=1 & Qfen=1”. That does not make sense to 
me as Qpn and Qfen cannot be identical. Do you mean that one of them >1 and the 
other=1? Same for Fig 6. 
 
Apologies, this is confusing. The dashed blue line indicates regions where phi_NP and phi_FeN are 
both greater than 1 (i.e. regions where diazotrophs are theoretically able to coexist) - the lines are 
indeed equal to one φand greater than one for the other φ. We have explained this more carefully in 
the revised figure caption (and thank the reviewer for pointing this out): 
 
"Dashed blue line bound regions where both φPN >1 and φFeN >1 (discussed in Sect. 3.3)." 
 
 
Fig. 4&7: Put legend of the lines instead of explaining the color of the lines in text. Also 
please label the x-axis (I assume the numbers are in degree North). 
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Good idea - and yes x-axis is latitude. We have corrected this in the revised version and newer 
versions of the figures. Thanks 
 
Fig. 7: Mark the new province boundaries as you have done in Fig. 4 
 
There are no new boundaries in the HighDust case - the whole region is in province III. This is 
indeed confusing though, so we now add the following sentence in the revised figure (note that 
this is now figure 8) caption: 
 
"Note that in HiIron the whole transect is Province III (see Fig. 3c)." 
 
 
 
 
 
 
 
Response to Reviewer 2: 
 
We thank Prof Gruber for a thoughtful review. We have considered his points very carefully and 
have adjusted the text and figures in revised version of the paper to take these into account.  
 
1 Summary 
Dutkiewicz and her co-authors investigate the possible response of marine diazotrophs 
to future climate change using a global ocean biogeochemical/ecological model forced 
with output from an Earth System model of intermediate complexity. The model predicts 
a biogeographic expansion of the diazotrophs, particularly in response to a presumed 
increase in the atmospheric deposition of dust, but also in response to warming 
and the associated increase in vertical stratification and reduction in the vertical 
supply of macronutrients. Using concepts from classical resource competition theory, 
Dutkiewicz et al. show that these changes can be successfully predicted by changes in 
the nutrient supply ratios, which alter the distribution of the niches where diazotrophs 
can successfully compete against the other phytoplankton. 
 
 
2 Evaluation 
Understanding and predicting the future evolution of marine ecosystems is one of the 
key challenges facing the marine research community. Of particular concern is the 
response of the lower trophic-level ecosystems, and particularly that of the primary 
producers, as they provide the basis of (nearly) the entire marine food web. Thus, 
Dutkiewicz and her co-authors address an issue of high concern, making this study 
interesting for a broader community. Of particular interest is their use of a theoretical 
framework to analyze and understand their model-based projections, which makes 
this paper stand out relative to most other studies that have looked at future changes 
in lower trophic-level marine ecosystems. The employed model is adequate for the 
intended task, the results are clearly described, illustrated and discussed, and the conclusions 
are solidly based upon the presented material. The paper is well written and 
generally easy to follow. In summary, this is a very good paper, whose publication I am 
glad to support. 
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We thank Dr Gruber for his positive remarks. 
 
There are, however, a few of major comments that I would like the authors to consider 
when preparing the final version of their paper. 
 
• (i) Strengths and limits of resource competition theory: I am convinced by the 
author’s arguments and the presented evidence in this paper as well as those by 
Ward et al., (2013) and Dutkiewicz et al. (2012). At the same time, I think the authors 
should also emphasize more the caveats and limits of this approach. Some 
of this has been discussed by Ward et al. (2013), i.e., strong bottom up control, 
higher Fe requirements and lower growth rates relative to "normal" phytoplankton, 
and steady-state assumption, but I think it would be good if some of this was 
revisited in the light of the 3-D simulations presented here and in light of potential 
future changes. But I would like to submit that the most important limitation is 
that the resource competition theory works relatively well for the biogeography of 
N-fixers, but is of limited use to actually predict the magnitude of N-fixation, which 
- in the end - is the more important quantity. 
 
In the new text in the discussion we have reiterated some of these caveats and limitations. We 
note though that although the theoretical framework is almost purely bottom up controlled, the 
numerical model includes grazers. 
In the discussion have added (new version, lines 534-532): 
 
"However the numerical simulation included additional nutrient constraints, several diazotroph and 
non-diazotroph species, grazers as well as full three dimensional transport and mixing. The numerical 
simulations were never in steady state. However, as suggested by our previous studies (e.g. Dutkiewicz et 
al., 2009), we find that the theoretical framework provided crucial insight into the results of the 
numerical model in the low latitude regions where diazotrophs typically occur (Luo et al., 2012)." 
 
and (new version, lines 630-638) 
"The theory and numerical model have additionally only considered autotrophic diazotrophs and not 
addressed all the likely controls on diazotroph biogeography and nitrogen fixation. In some regions of the 
ocean nitrogen fixation may be dominated by heterotrophic diazotrophs (e.g. South Pacific, Halm et al., 
2012). Symbiotic nitrogen fixers may fix more than their own requirements (e.g. Foster et al., 2011). High 
oxygen may limit nitrogen fixation (e.g. Staal et al., 2007). These issues have not been taken into account 
in this paper" 
 
With respect to the " higher Fe requirements and lower growth rates relative to "normal" 
phytoplankton", we suggest that there is a good body of evidence (Berman-Frank 
et al., 2001; Kustka et al., 2003, among others) to support this assumption. If this is not the 
case, then our "theory" does not work. We make this more apparent as well: 
Replacing much of the first paragraph of the Discussion (new version, lines 508-517): 
 
"Essential assumptions of the theoretical framework is that the diazotrophs grow slower than other 
phytoplankton and that they are never nitrogen limited. The former has good empirical support (e.g. 
Berman-Frank et al., 2001) and the latter is reasonable since they can fix the abundant nitrogen gas. 
Though we do note that there are likely cases where high oxygen may limit the nitrogen fixation: 
something we have not taken into account in this paper. A third, though not essential assumption, that we 
make in the theoretical framework is that diazotrophs require more iron than other phytoplankton (also 
supported empirically, e.g. Berman-Frank et al., 2001; Kustka et al., 2003)." 
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The paper focuses on diazotroph biogeography (presence/absence) so we had not brought up 
any theoretical ideas on nitrogen fixation rates. But given Dr Gruber and reviewer 1's comments 
we have decided to include a short section on nitrogen fixation, since the theoretical framework 
can provide us some insight. Thus, in addition to steady state solutions for the nutrients in Table 
4, we now include solutions for the diazotroph biomass D*. This is a function of the absolute (not 
ratio) of net excess supply of the limiting nutrient for diazotrophs. We also provide a new figure 
(number 6) which shows that this does provide a measure of D*. And with assumption that 
nitrogen fixation = µD, we can make similar arguments about nitrogen fixation. The results are 
not as clean as the supply ratio arguments for the biogeography, but does add insight into the 
changes seen in altered climate experiments. 
 
We have new Section 3.4 (lines 320-358): 
 
"3.4 Nitrogen Fixation 
Theory: the biomass of the diazotrophs is a function of the net, excess rate of supply of P or Fe 
(whichever is liming) over N, relative to the non-diazotroph elemental requirements (Eqs 11 and 12, 
Table 24). It is also a function of the diazotroph loss rates. In the theory we assume that the diazotrophs 
fix all the nitrogen that they require (though note that this assumption does not qualitatively change the 
results, see Dutkiewicz et al., 2009), and that all nitrogen goes to growth, such that Nfix =μDD. In steady 
state this implies that nitrogen fixation is a function of both growth rate and the biomass of diazotrophs, 
which in turn is a function of the net excess supply of P or Fe. Thus we formally relate the rate of supply 
of excess P to nitrogen fixation, in accord with Gruber and Sarmiento (1997) and Deutsch et al (2007), 
but also explicitly incorporate the role of excess iron supply. We note that the theory predicts 
relationships between fluxes of nutrients and not nutrient concentrations. In particular, it does not 
suggest clear relationships between nitrogen fixation rate and iron or phosphate concentrations and 
consistently, they are not observed (Luo et al, 2014). 
Numerical Model: we find that the diazotroph biomass and nitrogen fixation rates are related to the net 
excess supply of Fe or P (Fig. 26 e,f): where there is excess supply of both nutrients (top, right quadrant) 
there is higher biomass and nitrogen fixation, and most grid cells have no (or very low) values in the 
other quadrants. That some diazotroph are outside their prescribed provinces (discussed above) does 
lead to some scatter, but about 80% of both diazotroph and nitrogen fixation rates do occur in the 
anticipated quadrant. However even within the quadrant there is not a strong correlation between 
biomass/nitrogen fixation and net excess supply of Fe or P. This is because both biomass and nitrogen 
fixation rates are also modulated by grazing pressure, and, in the case of nitrogen fixation, by diazotroph 
growth rate which is a function of temperature and light. Thus these scatter plots in terms of absolute 
excess in supply rates are not as clean as those in supply resource ratio (Fig. 26 a–d) used to describe 
diazotroph biogeography." 
 
and additional text in Section 4.3  
(new version, lines 471-473; Old version pg 7124, lines 6-8) "In HiIron, the increase in 
biogeographical area and the increase in net excess supply of iron relative to the non-diazotroph needs 
leads to mostly higher local nitrogen fixation." 
(new version, lines 493-496; Old version pg 7124, lines 21-23) "Reduction in phosphate supply led 
to more areas being phosphate limited, and little change in the net excess supply of phosphate relative to 
the non-diazotroph needs leads to lower nitrogen fixation." 
 
a paragraph in the Discussion (new version, lines 550-556): 
"The framework also suggests that the change in nitrogen fixation rates will be related to the changes in 
diazotroph growth rates and to alterations in the net excess supply of phosphate or iron relative to the 
non-diazotroph needs. The changes in the numerical model are also modulated by how temperature alters 
growth rates and the intensity of the grazing." 
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and extra text in the Conclusion (new version, lines 673-678): 
" The theory lays out nicely how the ratio of the nutrient supply dictates the diazotroph biogeography. 
The absolute changes in the net excess supply of the limiting nutrient and the alteration to the diazotroph 
maximum growth rate (e.g. through increase temperature) determines the shifts in nitrogen fixation 
rates." 
 
 
• (ii) : Ocean interior changes: The paper leaves the impression that all the 
changes we see in the surface ocean are solely driven by the response of the 
lower trophic-level ecosystem to changes in the supply ratio, thereby disregarding 
the fact that changes in the ecosystem might have important consequences 
on these supply ratios, i.e., leading to potentially important feedbacks. For example, 
Sarmiento et al. (2004) and others have shown that e.g. iron fertilization 
induced changes in upper ocean ecosystem structure (and physiology) in the 
Southern ocean have worldwide repercussions, as the changes in diatom growth 
there alter the (preformed) nutrient concentrations of the mode and intermediate 
waters that are exported toward the lower latitudes and fuel an important part of 
primary production there. Similar effects can occur elsewhere, e.g., by changes 
in the remineralization depth of the exported nutrients in response to changes in 
the nature (and timing) of the exported material. Therefore, I was a bit surprised 
to see no discussion whatsoever on how nutrients (and their ratios) change in 
the ocean interior. As written the text implies that all the changes are driven by 
changes in the physical transport, but not by changes in the concentrations (or 
their ratios). I doubt that this is truly the case. 
 
We realize given Prof Gruber's comment and a reread of the paper that we do not make enough 
of the ecosystem driven changes to nutrient supplies. This was never our intent - in fact we 
believe that such changes are indeed very important.  And though they are a couple of points in 
the old version  where such "feedback" were mentioned (e.g. New version, lines 585-593; Old 
version pg 7121, last bullet point; and New version, lines 406-409; Old version pg 7122, line 15) 
we rewritten several sections in the paper to make this more apparent: 
(new version, lines 366-375; Old version, pg 7121 line 14 ("4.1. Shifts in provinces"): 
 
"In Phys, we find a marked decrease in the supply of macronutrients (IN and IP). Increased stratification 
and slower overturning circulation lead to a reduction in the supply from the deep ocean. Moreover, 
increased primary production in the high latitudes (a response to higher temperatures and higher light 
with increased stratification, see Dutkiewicz et al., 2013) leads to higher consumption of nutrients at 
these latitudes and less makes it through mode and intermediate water supply to the lower latitudes (see 
e.g. Sarmiento et al., 2004)." 
 
and (new version, lines 397-402; Old version pg 7122 line7-9): 
"In HiIron we also find an increase in regions where φFeN > 1 (Fig. 26b). The increased supply of iron 
and a small biologically driven decrease in DIN supply (due to higher productivity, especially in higher 
latitudes) leads to an increased φFeN and is enough to allow accumulation of Fe to Fe*D." 
 
• (iii) Monitoring: The authors suggest that the monitoring of surface nutrient concentrations 
could be a "clear and easily interpreted indicator of ongoing global 
change". I have very strong doubts. In fact, even the authors themselves downplay 
this later on in the paper, given the fact that other processes could completely 
mask any trend. Perhaps the most important reason for doubt is the potential 
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flexibility of marine phytoplankton with regard to their nutrient stoichiometry (es- 
pecially with regard to iron). While this does not cause the resource competition 
theory to fall apart completely, it does cause a substantial shift in the exact location 
of the transitions between the individual provinces. Furthermore, I have 
some doubts regarding the transferability of the resource competition theory to 
other phytoplankton functional groups, i.e., groups where grazing control, seasonal 
succession, etc, might be more important than for diazotrophs. Therefore, 
I would remove this aspect from the paper. 
 
We have particularly spend much time thinking on this point. When Prof Gruber states " In fact, 
even the authors themselves downplay this later on in the paper", we assume he means old 
version pg 7125, line 27-39 though pg 7126. These sentence were not supposed to downplay 
the issue, but to relay when and when not we anticipate a noticeable change. The theory states 
that the limiting nutrient will be drawn down to low levels, and a non-limiting nutrient will not: this 
is the real delineation of provinces that we anticipate being able to monitor  - flexible 
stoichometry will only minorly alter the actual values in the in situ nutrient concentrations, and 
thus not detract from our hypothesis. Moreover much of the province discussion relates to 
presence absence of diazotrophs. Even in the model with several non-diazotroph types, the 
provinces remain strongly delineated. We would agree that the theory will not extend into highly 
seasonal areas (and thus where there is strong coupling and decoupling of grazing control), and 
plan to make this point clearer in several point (including discussion and conclusions) of the 
revised version of the paper. 
  
We are particularly struck by the strong delineation of provinces found in observations in Ward 
et al (2013) and Schlosser et al (2013), making us believe that this result is important and will be 
a helpful in future monitoring of the ocean. Thus we have decided to keep this aspect in the 
paper, and in fact believe it is a major point of the paper. We include additional text though to 
bolster this perspective: 
We change 3rd paragraph of Discussion (New version, lines 557-599; Old version pg 7125, 
lines22-29 and pg 7126 1-10) and add 2 additional paragraphs: 
 
"Though the theoretical framework specifically uses nutrient supply ratios to predict diazotroph 
biogeography (presence/absence), and the nutrient supply differences to suggest nitrogen fixation rates, it 
does also suggest patterns of nutrient concentrations dictated from the province perspective. In 
particular, the model suggests that in any province, the locally limiting nutrient will be uniformly drawn 
down to a low, subsistence concentration. Thus we do not anticipate any correlation between nutrient 
concentrations themselves and diazotroph biomass or nitrogen fixation: Indeed no such correlation was 
found in the study of Luo et al. (2014) which looked a compilation of observed nitrogen fixation and 
observed nutrient concentrations. The theory suggest that strong gradients of nutrient concentrations 
occur between provinces. The theoretical predictions are consistent with the strong transitions in surface 
phosphate, iron and fixed nitrogen concentrations, as well as the distribution of diazotrophs, observed 
along the AtlanticMeridional Transect (Moore et al., 2009; Ward et al., 2103). 
 The resource supply ratio framework provides a useful tool for interpreting and synthesizing the 
shifts in province boundaries, and attendant changes in these sharp nutrient gradients, in the climate 
change simulations. Local changes from a very low to a high concentration in the surface concentration 
of a particular nutrient typically reflects a transition away from ecological control (and visa versa). Thus 
the movement of these sharp transitions in surface nutrient concentrations provides a simple measure of 
the shifting province boundary. Consistently, Schlosser et al. (2013) connected the observed movement of 
the sharp gradients between high and low surface iron concentrations and the internannual changes in 
the aeolian iron supply in the Atlantic. 
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 We suggest that the sharp gradients in surface nutrient concentrations associated with the 
province boundaries provides a relatively simple metric by which to monitor shifts both in numerical 
simulations and in nature. Changes in nutrient concentrations will be amuch simpler measure of the 
shifting boundary than the changes in the supply ratio that are actually responsible for the shift. Provided 
it is applied appropriately to sharp gradients associated with actual boundaries (and not indiscriminately 
to any nutrient gradient) this simple metric reflects complex underlying ecological dynamics. We note 
that the resource ratio perspective is not likely to be useful in strongly seasonal regimes." 
 
and add a caveat to in the Conclusions at the end of the fourth paragraph (new version, lines 
688-690): 
 
"A good prior mapping of current provinces will be important to ascertain before major changes occur." 
 
• (iv) Biogeography as an emergent property: Although the authors provide convincing 
arguments, I have not found a good answer to the question of whether the 
good agreement between model and theory is simply a consequence of the fact 
that the model was built according to the concepts of competition theory. Or in 
other words, that the good agreement between the modeled biogeographic pattern 
and the nutrient supply ratio is not a truly emergent property of the model, 
but rather a consequence of the design of the model. There are several elements 
that point in this direction, e.g., the lack of top-down control for the diazotrophs, 
the low growth rate and the high Fe demand, etc. This is perhaps more a philosophical 
comment than one that one can respond to in a straightforward manner. 
But I encourage the authors to reconsider their conclusions about the real-world 
applicability of their results." 
 
This is an interesting point. We are not attempting to say that the biogeography is an surprising 
"emergent property". If we only looked at the numerical model results - they are complex and 
reasons for the expansion of diazotroph ranges in future warmer or dustier world is a priori not 
obvious. Why in particular are the results similar between two very different scenarios? It took 
using the theoretical framework for us to understand. The fact that such a simple theory can 
help us understand the much more complex 3-D, non-steady state results from the numerical 
model is impressive. And yes, there is enough of the same assumptions (lower diazotroph 
growth rate, similar Michaelis-Menton nutrient parameterization). But I am not sure that I would 
also a priori believe that transport, non-steady state, additional phytoplankton types etc would 
still allow there is a be a clear interpretation between the theory and model. We try to include 
some of this idea in the newer version. 
 
We have altered the second paragraph of the Discussion (new version, lines 518-532): 
"The results from our simulations (increase diazotroph geographic range) in both higher iron supply or a 
warming ocean were not a priori understood without the simpler theoretical framework. The 
parameterizations in the numerical simulation made the same assumptions as discussed above for 
diazotrophs growth, iron needs and ability to fix all required nitrogen. However the numerical simulation 
included additional nutrient constraints, several diazotroph and nondiazotroph species, grazers as well 
as full three dimensional transport and mixing. The numerical simulations were never in steady state. 
However, as suggested by our previous studies (e.g. Dutkiewicz et al., 2009; 2012), we find that the 
theoretical framework provided crucial insight into the results of the numerical model in the low latitude 
regions where diazotrophs typically occur (Luo et al., 2012)." 
 
As stated above: the theoretical considerations have already proved useful in the "real world": 
Ward et al (2013) and Schlosser et al (2013). 
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3 Recommendation 
I recommend acceptance of this manuscript with minor revisions. I do encourage the 
authors to consider my comments. 
 
Thank you, we found these comments very helpful in re-considering the paper and have helped 
us add some really important clarifying and caveat paragraphs to the paper.  
 
4 Minor comments 
p7120, line 19: "remineralization of organic matter". I don’t understand why this has to 
be included here. It is not really an external input to the upper ocean ecosystem, but 
an internal one. Please explain. 
 
In our framework "I" (the input of nutrients) includes ALL inputs of nutrients into a grid cell. As 
written in the theoretical equations (Table 4, Eq 3-5) there is no differentiation between 
"external" and "internal" sources. So "I" would include nutrients formed as a process of 
remineralization of organic matter. The numerical model does include DOM and POM explicitly, 
and thus we include remineralization of DOM/POM as a source/input. In fact we believe that this 
supply from DOM/POM is becomes quite important in the most oligotrophic regions of the 
ocean. 
 
p7122, line 10ff: "growth rates of the plankton do not change". I am a bit puzzled here. 
First, why do the phytoplankton in the Fe limited regions of the Southern Ocean and the 
Equatorial Pacific not respond to the increased supply of Fe? Second, why aren’t we 
seeing also changes in the nutrient distribution within the thermocline, driven by the Fe 
induced changes in production and export in the regions that determine the pre-formed 
concentrations of these nutrients. See my major comment (ii) above. 
 
This was very poorly worded section of the paper! Thank you for bringing this to our attention. In 
terms of "growth = µj(N/N_K)", we had meant the µj (which is a function of temperature and light) 
does not change: growth rate obviously changes as nutrients (particularly iron) change. But this 
is not apparent from what we wrote in the paper. And in fact this is not an important point to 
make at this stage in the paper anyway. We reword that paragraph more clearly. Phytoplantkon 
in the Southern Ocean (and any other iron limited region) do indeed respond with increased 
growth rate. And yes, there is a feedback on the nutrient supply through the thermocline. We do 
see a reduction in macro-nutrient supply to downstream regions. We had glossed over this in 
the original text for simplicity.  We now include the following text to address these issues: 
As already stated, (new version, lines 406-410; Old version, pg 7122 lines 7-13) 
 
"In HiIron we also find an increase in regions where φFeN > 1 (Fig. 6b). The increased supply of iron 
and a small biologically driven decrease in DIN supply (due to higher productivity, especially in higher 
latitudes) leads to an increased φFeN and is enough to allow accumulation of Fe to Fe*D." 
 
 
p7128, line 14: "potentially sensitive and powerful indicator". I disagree (see main 
comment (iii) above). 
 
As replied above - the fact that this has been a powerful indicator in Schlosser et al (2013) in 
seeing changes in provinces in the real ocean make us believe this is a important point to make 
in this paper. We change 3rd paragraph of Discussion (old version, pg 7125, lines22-29 and pg 
7126 1-10) with as discussed above. 
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Figures: The figures have some room for improvement, e.g. better resolution, labeling 
of axes, choices of colors and relative line widths, etc. 
 
We have included axes labeling in Figure 4 and 8 (note that this was figure 7 in old version) (an 
omission before), and increased line widths. We are not sure about the concern on the colours 
or the resolution. The actual figures have quite high resolution and we wonder whether these 
are degraded in the type-setting stage and/or the landscape rendition. We will work with the 
type-editors on a revised version so that the figures look better. 
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