Reviewers' comments:

Reviewer #1 (Remarks to the Author):

This paper nicely shows how the transfer of phosphorus (P) via fisheries has shifted on a global scale
over the past several decades. The findings are quite interesting and certainly relevant to global
environmental issues, food security and sustainability. Overall the methods seem robust and the
paper is well written. | think this will ultimately be an impactful publication, although | do have
several suggestions that | think will improve the paper.

One general issue, which | think is common for ‘budget’ studies such as these, is that it is important
that the authors clearly define the spatial scale, i.e., the boundaries and fluxes. For example, the
study includes fluxes to and from both marine and freshwater systems, but in several places the
authors seem to be most concerned with the oceans, i.e., how much P is delivered to vs. removed
from the oceans. | understand that the oceans can be considered the ‘end point’ of P flows, but from
an environmental perspective, net retention of P in freshwaters is just as important as that in marine
systems. Furthermore, the emphasis on marine systems could confuse readers, who might think that
freshwaters are included in the ‘land-human’ system (as is sometimes the case for global carbon
budgets, for example). Therefore, | ask that the authors 1) clarify that ‘aquatic ecosystem’ includes
both marine and freshwater (e.g., early in the text and in the legend for Fig. 1), and 2) omit
statements that could cause confusion. The text on lines 260-263 is a good example of this —why
single out ponds? They are aquatic ecosystems too, so in principle human-derived P that is stored in
ponds is the same as human-derived P stored in the oceans (in terms of importance, and certainly in
terms of the budget).

The authors mention that reliance on “fish’ (including shellfish) is likely to increase because of
increasing demand for protein. | wonder if they could estimate the relative consequences of reliance
on aquatic protein vs terrestrial protein. For example, if the increase in fish harvest since 1950 was
replaced by an increase in terrestrial protein, what would happen to the P budget? | realize this is a
bit beyond the scope of the paper but nevertheless some quick calculations might be illuminating
and would be of great interest.

Line 95: insert ‘to aquatic ecosystems’ after ‘add’ to make it clear what the fluxes are.

Line 97: is ‘production’ the same as harvest but just different units? (mass for production, P for
harvest)?



Line 160: Seems like Russia/Soviet Union should also be included here.

Figure 1 is really nice, and | wouldn’t be surprised to see this reproduced in textbooks in the future.

Figure 4: The units here seem unnecessarily confusing. Just to be clear, a value (in the legend) of
0.01 would mean 1 Tg P yr-1? Why not just relabel scale to Tg?

Lines 244-247. This is a very confusing sentence. As mentioned earlier, with budget studies like this,
it’s really important to keep things clear, and | think this will confuse many readers.

Lines 286-287. It is curious that efficiency is higher for fish that invertebrates. Fish have much higher
body P concentrations than invertebrates. Thus, invertebrates are likely to consume food that has a
similar P content to their own bodies, which would seem to render them more efficient than fish at
converting food P into body P. Is there a logical explanation for the lower efficiency of invertebrates?

Line 292 and nearby: | don’t fully understand where this number (0.84 Tg P yr-1) comes from.

Line 343: Did calculations use a constant PUE among countries (within a particular culture-system),
or was PUE country-(region)-specific?

Paragraph beginning on line 444. | don’t really understand how uncertainty in body P was explored.
What is meant by ‘1 record as the default’? | think this has to do with sample size for body P content
for specific taxa, but it’s very hard to follow, even after reading the Supplemental Information.

Data: | have a few questions regarding data on body P. First, the authors refer to these data several
times, but | cannot find the data. It is not in any tables, and | don’t see any data files accompanying
the manuscript submission. | can’t even find any reference to the data base. It would be nice to have
access to these data. Also, what do sample sizes refer to in Fig. S3? The number of studies? The
number of individuals? Either way, the sample sizes seem too low, especially for the two
invertebrate groups. But this depends on the scope of the analysis. For example, papers by Ikeda
contain several hundred measures of body P contents for crustaceans, but most of these are for
zooplankton such as copepods. Were these values excluded because zooplankton are not harvested?
The authors refer to a ‘global’ database, but it’s not clear if this means global only in a geographic



sense, or also in terms of the taxonomic pool being considered. In the end, | doubt that this will
affect the conclusions because uncertainty in body P content seems to have little effect on P harvest
rates at the global scale. Nevertheless, it would be best to clarify these points, and to include the
data.

Supplement, Section 3 (Harvested P to be used by land activities). | understand what this means, but
just to be clear, the basic budget (and P-net in particular) did not take this into account, correct?

Fig S7b: This is very confusing with the different scales and colors. Also the legend doesn’t make
sense to me.

Supplement, Section 7 (Recycling and reuse of harvested P). This section seems like ‘Discussion’ and
therefore seems out of place in the Supplement.

Reviewer #2 (Remarks to the Author):

This paper provides a global review of phosphorous cycling associated with fish and seafood. From
the 1950s-1980s, the seafood system was dominated by wild capture, and shifted P from aquatic to
terrestrial systems. More recently, feed-driven aquaculture mean the seafood system brings
terrestrial P, in the form of fertilizers, to the aquatic systems. Seafood thus represents a net
deposition of .96 Tg P yr-1 into aquatic systems, a meaningful portion of net deposition from all
sources.

| am reviewing these results from the perspective of someone knowledgeable about global fish and
aquaculture policy discussions, where they aim to have an impact; I'm not

a biogeochemist or life cycle analyst. With this lens, | appreciate the scale of the calculation exercise
here, but the chosen scope and scale of the analysis does not seem to provide the most important
insights. Rather, | am left concerned that it will mislead consumers or other users of this information
towards other protein sources, which are in fact worse than the environment.



Major Comments

There are three places where | struggled to understand the importance of this work. First, it is not
clear from this article why transfers of P to aquatic systems are a problem. What are the costs of
this, and who experiences them? The planetary boundary is referenced, but is the issue really
planetary, or is it local? Lines 92-94 say the final disposition of P here isn’t the focus of the study, but
then why does the study matter? Where is it OK for P to end up?

Second, it is odd to me to scope the study to combine capture fisheries and aquaculture, as if there
is a natural balance in the two processes simply because they both result in fish in the market. Why
does capture fisheries’ net terrestrial shift only offset aquaculture’s net aquatic shift, rather than the
net aquatic shift driven by intensive food production for all proteins? What if P contributions could
be more effectively reduced through other proteins? Rather, the importance to highlight seems to
be shifting from capturing wild fish which use natural ambient P, to application of chemical
fertilizers, which are much different processes. Each of these sources might be of interest as
components of the food system level, but it is not clear that I've learned something about the state
of the world by aggregating the two, to the exclusion of other methods of food production.

Third, such environmental impact studies are frequently taken in the fish literature to scare
consumers away from fish, depicting it as environmentally unfriendly. However, this is only good for
the environment if what consumers would eat instead has a lower P footprint. Thus, some additional
context is necessary to compare numbers reported here with what is known about P from other
protein sources, or at least to be circumspect about the fact that reducing P from aquaculture might
lead to more P someplace else in the food system.

If there’s all this runoff feeding aquatic and marine systems, isn’t it helpful to extract it (by catching
fish)?

Minor Comments
Does fish mean only finfish, or also invertebrates?

32: having trouble reconciling at “safe global” level with preceding discussion of observed local
saturation. What does a global number mean?

54: This is a very broad statement to make about aquaculture in particular, separate from
agriculture.

61: What is considered state-of-the-art?

89: This is feed and fertilizers specific to producing fish, yes?



Fig 1: Fish aren’t fertilized P directly, right? This goes to plant-based feed components. Also,
harvested fish should link to fish feed, through meal. This diagram should be much clearer about the
transport pathways.

119: “P-harvest” is P from capture fisheries only?
123: Again, this is just farming for aquaculture feed? Needs to be clearer what this is.
124-128: This is hard to unpack.

137: This might be one of comparisons | asked about above, but | cannot tell exactly what is being
said here. This is runoff losses?

141-43: | cannot tell what this says.

189: This feels like a “scare” number that may make little sense practically. “Business as usual”
sounds like the bad IPCC scenario, but that might not apply here. In particular, if people don’t eat
aquacultured fish, what will they eat, and will that be better for P? Also, what are the incentives for
feed producers to increase PUE? Is there a reason to think it would be unchanged? If this can’t be
done sensibly, it should be removed from the paper.

196: This assumes variation in PUE driven by heterogeneity in the efficiency of using a single
technology, rather than heterogeneity in technologies used to produce various species in different
environments. Does this really provide a good indication of potential PUE?

244: Not clear exactly what is being counted here, especially with such a huge range, and probably
considerable reference year dependence.

246: How does this lead to double counting? Does this arise from where things are measured, so
they might be utilized “downstream” of the initial point of measurement?

252: Is this gross or net of utilization?

275: Again unclear on what the planetary boundary means in this application. What will this look
like?

281: This is an odd goal. Why credit aquaculture with the benefits from capture fisheries? Shouldn’t
the goal be to reduce pollution from each form of production to a level where the benefits of
marginal abatement equal the marginal costs?

283: It is not obvious to me why net landward is good. Alternatively, how much would global capture
have to increase?

289: But total P-input might not, if people are eating fish instead of more P-intensive proteins.
301: Is this true? Many least developed countries rely more on capture than aquaculture.

310: Not necessary?



336: Ref? (search throughout methods)
367: Match units.

480: How is whole body P footprint of producing animals pro-rated to that associated with the
byproducts?

Reviewer #3 (Remarks to the Author):

What are the major claims of the paper?

The paper presents a comprehensive assessment of phosphorus (P) fluxes associated with fisheries
and aquaculture with global scale, and sub-continental resolution. It highlights the importance of
Asian economies in reducing the impact of fertiliser application on P retention in aquaculture. The
authors identify a turning point in about 1986 after which the flux of P to aquaculture (fertilisation)
increased relative to the flux out (i.e. harvest) and attribute much of this change to Asia. From 2004
onwards, globally, these fluxes have caused a net loss of P from land to aquatic ecosystems through
aquaculture. The authors identify freshwater finfish aquaculture as a significant driver of P flux from
land to aquatic ecosystem.

These two main conclusions have been drawn elsewhere (Bouwman et al., 2013), although the
identification of the tipping point appears novel and is used here to inform targets for aquaculture
efficiency with respect to sustainable P use, utilising the phosphorus use efficiency (PUE) value,
presented in this context by Huang et al. (2019).

| found the paper very interesting to read, the methods were very well presented and documented
but at times | questioned the interpretation of the results. In response to the questions posed to
reviewers by the Editor, | am left questioning whether (1) the major findings are of sufficient novelty,
and (2) whether the model presented represents an improvement on others (e.g. Bouwman et al.,
2013). The authors should address these concerns in the paper.

At times the claims appeared contradictory leaving me with doubt as to the interpretations being
drawn. For example: Line 300:



“A global P-neutral fishery sector is an idealised target that will be challenging to achieve especially
for developing and least developed countries. We could not detect an improving trend in PUE in our
data set because of the lack of repeated measurements over time; nevertheless aquaculture is
gradually becoming more efficient as modern technology and management play a more important
role. China, especially, is playing a leading role by adopting strict regulations (e.g. Regulation on
Quality and Safety in Aquaculture, 2003) aiming for a green growth of its aquaculture49 although
China’s aquaculture is still dominated by environmentally unfriendly practice.”

This statement appears to conflate evidence from data with statements of policy, in a manner that is
confusing. | can see little evidence that P use is becoming more efficient in their data (Fig 2) which
looks conspicuously like a hockey stick of impending doom. Perhaps the authors could clarify their
interpretation here?

Are they novel and will they be of interest to others in the community and the wider field? If the
conclusions are not original, it would be helpful if you could provide relevant references.

The authors key objectives (P4 Line 68) were to address the need for estimates of ‘net impact of the
global fishery on P flows, improving basic understanding of P biogeochemical cycles and providing
support to identify the P management targets.’ The novelty in this objective is in the consideration of
all fishery activities, where others have presented similar analyses, apparently using the same data
sources, for finfish and seaweed and mollusc data separately (e.g. Bouwman et al. 2011 and 2013),
although it is possible that a synthesis is published elsewhere. The authors should use these studies
should for comparison with the present study to demonstrate novelty and to validate their
approach, where appropriate. For example, the authors indicate that estimating P input values is
complicated and that they use the PUE values to infer them. The authors should be clear how their
model differs from that described by Bouwman et al (2013), and discuss the implications of these
differences with respect to P load estimates. What would be helpful is for the authors to provide a
method that improves confidence in the global estimates for P loading (or net P flux from land to
aquatic ecosystem) from aquaculture, not simply provides an alternative with little context. Should
the methods be sufficiently different, then comparison between estimates will also be of use to the
community. The authors should be clear about how this work advances that presented by their
colleagues in the field.

The paper provides a useful baseline of P use efficiency in aquaculture and focusses efforts on
specific global regions where the biggest gains are to be made.

Please feel free to raise any further questions and concerns about the paper.

Lines 34-44 on land agriculture seems superfluous as does reference to the planetary boundaries,
which are fairly contentious in this field at any rate.



Lines 62-75 presents the crux of the paper which should be introduced earlier.

Fig 1: | prefer the more complex fig in sup file to this — it offers greater insight into the model
construction. It would be very useful if the authors could also include reference to the data used
within this conceptual model.

Line 138: | don’t think ‘leaching ‘ is the correct word here, perhaps, ‘ loading’?

Line 146: should be ‘ at the global scale’.

Line 183-199: other authors have considered more complex scenarios, e.g. the Millennium
Ecosystem Assessment scenarios (Bouwman et al., 2013). Why did the authors pick such simple
scenarios? Are they realistic?

Line 219-240: this may be overly speculative. Could these measures and their relative effects be
summarised in a table instead?

Line 245-279: There are a few sentences in here that need attention. For example: “Historically,
human demand for wild fish may indirectly alleviate P shortage on land, especially in countries
where wild capture fishery is economically important such as Peru and Japan, or in low income food
deficient countries where natural land P resources are strongly limited and P fertiliser too
expensive.” Having read this a few times | am struggling, still, to find the meaning.

Line 273: actually, it took decades (i.e. 1980s to 2000s) of persistent excessive P loading to switch
the global fishery from being an importer of P to land to being a net exporter of P from land — the
authors should not underplay the scale (spatial or temporal) of the cause and effect, here.

Line 516: can the use of the PUE approach be validated in some way against another approach, e.g.
Bouwman et al (2013).



We would also be grateful if you could comment on the appropriateness and validity of any
statistical analysis, as well the ability of a researcher to reproduce the work, given the level of detail
provided.

The paper and supplementary files document comprehensively the approach taken. It is a long and
complex one that requires the user to accept significant uncertainty in the global data sets being
used — as is acceptable in this field.
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Thanksalot for helping usto improve our manuscript. Wewould liketo further emphasize
novelties of our study, which include at least the following points: (1), we have presented a new data
based global quantification of the under -represented yet critical land-aquatic P fluxesdriven by
human demand for fish; (2) we have found a new and largest pathway that transfers P from aquatic
ecosystemsto land; (3) we have revealed a shift of the net land-aquatic P transfers, itstiming,
direction and magnitude and (4) we have provided a target aquacultur e phosphor us use efficiency
for a future P-neutral fish production section. Land-aquatic P transfersarecritical for both food
security and environmental sustainability. No studies, to our knowledge, has provided such a full
historical and novel perspective on fish-driven P transfers. We revised our manuscript to further
emphasize the novelties. We have calculated P budget per unit protein supply for different food
production sectors (fish vs. crop + livestock) and have revised the manuscript according to
Reviewers suggestions. We also modified our writing to make sure we did not over state or

over simplify the conclusions and implications of our research. Please find below our detailed
responsesto each comment and therationale behind our revisions. Line numbers are based on the
manuscript with tracked changes.

Reviewers comments:
Reviewer #1 (Remarks to the Author):

This paper nicely shows how the transfer of phosphorus (P) via fisheries has shifted on aglobal scale over
the past several decades. The findings are quite interesting and certainly relevant to global environmental
issues, food security and sustainability. Overall the methods seem robust and the paper iswell written. |
think thiswill ultimately be an impactful publication, although | do have several suggestionsthat | think
will improve the paper.

Response: Thanksa lot for your positive comments and constr uctive suggestions. We incor por ated
your suggestionsin the revised manuscript. Details are provided in our responsesto your comments
below.

One general issue, which | think is common for ‘budget’ studies such asthese, isthat it isimportant that
the authors clearly define the spatial scale, i.e., the boundaries and fluxes. For example, the study includes
fluxes to and from both marine and freshwater systems, but in several places the authors seem to be most
concerned with the oceans, i.e., how much Pisdelivered to vs. removed from the oceans. | understand
that the oceans can be considered the ‘end point’ of P flows, but from an environmental perspective, net
retention of P in freshwatersisjust asimportant as that in marine systems. Furthermore, the emphasis on
marine systems could confuse readers, who might think that freshwaters are included in the ‘ land-human’
system (as is sometimes the case for global carbon budgets, for example). Therefore, | ask that the authors
1) clarify that *aquatic ecosystem’ includes both marine and freshwater (e.g., early in the text and in the
legend for Fig. 1), and 2) omit statements that could cause confusion. The text on lines 260-263 is a good
example of this—why single out ponds? They are aquatic ecosystems too, so in principle human-derived
P that is stored in ponds is the same as human-derived P stored in the oceans (in terms of importance, and
certainly in terms of the budget).

Response: We added “Her e aquatic systems include both marine and freshwater systems.” in the
main text (line 97) aswell asin thelegend for Fig. 1. In theresult section, we specified “ Freshwater
aquaculture contributes to most (84-94%) of the P-input, though the share of marine aquaculture
increases through time (Figure S8).” (lines 162-164). And we have Figure S8 dedicated to



guantifying the relative contributions from freshwater vs. marine aquaculture. On lines 260-263
(old ms), we used pond as an example. We added “84-94% of the aquaculture P-input went into the
freshwater and only a portion could ultimately enter the ocean.” (lines 310-311) to emphasize P-
input into freshwater ecosystems.

The authors mention that reliance on ‘fish’ (including shellfish) is likely to increase because of increasing
demand for protein. | wonder if they could estimate the relative consequences of reliance on aquatic
protein vsterrestrial protein. For example, if the increase in fish harvest since 1950 was replaced by an
increase in terrestrial protein, what would happen to the P budget? | realize thisis a bit beyond the scope
of the paper but nevertheless some quick calculations might be illuminating and would be of great interest.

Response: We calculated total global protein supply from terrestrial sour ces (from vegetation and
livestock) aswell asfrom “fish”. We also sear ched through literature about the global P-load into
aquatic ecosystems from the crop-livestock system. Section 7 of the revised Supplementary
Information presents” Comparing aquatic vs. terrestrial P budget (per unit protein)”. When we
took capture fisheries and aquaculturetogether, P loads per unit food protein supply was smaller
than that from terrestrial sources. If historical fish P protein had been supplied by the crop-
livestock system instead, there would have been more P loaded into aquatic ecosystems. However,
when we investigated aquaculture separately, P loading islarger than the crop-livestock system.
Theseresults are presented around lines 287-294 in the main text.

Line 95: insert ‘to aquatic ecosystems’ after ‘add’ to make it clear what the fluxes are.
Response: We added these words.
Line 97: is‘production’ the same as harvest but just different units? (mass for production, P for harvest)?

Response: When we use “ production”, werefer to biomass. For “ harvest”, sometimes we specified
“harvesting wild and cultivated fish” or “P-harvest”. Yes. They refer to the same activity, but
sometimes for different subjects and thereforewith different units.

Line 160: Seems like Russia/Soviet Union should also be included here.

Response: We added Russia and also Chile and Denmark as examples.

Figure 1isredly nice, and | wouldn’t be surprised to see this reproduced in textbooks in the future.
Response: Thank you.

Figure 4: The units here seem unnecessarily confusing. Just to be clear, avalue (in the legend) of 0.01
would mean 1 Tg P yr-1? Why not just relabel scaleto Tg?

Response: We maodified thefigure legend to use Tg P yr-1 asthe unit.

Lines 244-247. Thisis avery confusing sentence. As mentioned earlier, with budget studies like this, it's
really important to keep things clear, and | think this will confuse many readers.

Response: We removed this part.

Lines 286-287. It is curious that efficiency is higher for fish that invertebrates. Fish have much higher
body P concentrations than invertebrates. Thus, invertebrates are likely to consume food that has a similar
P content to their own bodies, which would seem to render them more efficient than fish at converting
food P into body P. Isthere alogical explanation for the lower efficiency of invertebrates?



Response: One paper from Vanni et al. (2002) said “With regard to even broader phylogenetic
patterns, vertebrates will generally sequester relatively more P in their bodiesthan invertebrates
because of the higher P content of vertebrate bodies’. In their paper, they showed a negative
correlation between body P content and P excretion rate (per mass per time, Figure 1 from their
paper), that isa higher P use efficiency for specieswith higher P content. Despite their study
focused mor e on vertebrate aquatic species, their study may serve as an explanation. In this study,
we use culture system level PUE, which also dependson farmers' practicein raising different
species and may deviate from a pure physiological per spective. Specific to this sentence, we meant
to compar e with other major animal protein sources, so we added (e.g., compar ed to beef and pork)
to this sentence.

Vanni, M. J., Flecker, A. S., Hood, J. M. & Headworth, J. L. Stoichiometry of nutrient recycling by
vertebratesin atropical stream: linking species identity and ecosystem processes. Ecology L etters 5,
285-293, doi:10.1046/j.1461-0248.2002.00314.x (2002).

Line 292 and nearby: | don’t fully understand where this number (0.84 Tg P yr-1) comes from.

Response: 0.84 Tg P yr* isthe difference between total harvested fish P and P that was reused as
fishmeal and fish ail in year 2010. We rewr ote this supplementary section to makeit clearer. The
new section reads:

“We calculate the amount of harvested P that can be further recaptured by land-based human
activitiesthrough subtracting from total harvested P by the amount of P that ends up as fishmeal
and fish oil. Here, we document the calculation for year 2010, because for thisyear we found data
on global fishmeal and fish oil production aswell asthe portion used as aquaculture feed. In 2010,
total P-harvest is0.98 Tg P. With 18.5 Tg (live weight equivalent) of captured forage fish being used
to produce fishmeal and fish oil in 2010% and with a global average P concentration of 0.76% from
our data, we estimated that 0.14 Tg P endsup in fishmeal and fish oil. Harvested P that could be
further recaptured by land activities, excluding fishmeal and fish oil, istherefore 0.84 Tg P (0.98
minus 0.14). We separated P in fishmeal and fish ail into two fractions. onethat goes asfeed to
aquaculture and the other that serves asfood/supplementary for human and land animals. In 2010,
aquaculture consumed 73% of fishmeal with therest being fed to poultry and swine and other
sector s°. For fish oil, we only found statistics for 2012 when 74% of fish oil was reported to be used
by aquaculture with the rest going to direct human consumption or being used in other sector s4.
Wetherefore assumed that 73% of fish oil was applied to aquaculturein 2010 to simplify the
calculation. Thetotal harvested P that directly goes back into aquaculturethrough fishmeal and
fish 0il is0.10 Tg P (73% x 0.14), leaving 0.4 Tg P being used by human and land animals.”

Line 343: Did calculations use a constant PUE among countries (within a particular culture-system), or
was PUE country-(region)-specific?

Response: We did not differentiate PUE by countrieswithin a particular culture-system. We do not
have enough PUE data to separate country-level differencein PUE. Aquaculture production is
dominated by countriesin Asia, where PUE varieswidely within each country which does not allow
usto detect a statistical difference among countries. We added thisto the M ethods section (line 626).

Paragraph beginning on line 444. 1 don’t really understand how uncertainty in body P was explored. What
ismeant by ‘1 record as the default’ ? | think this has to do with sample size for body P content for
specific taxa, but it's very hard to follow, even after reading the Supplemental Information.



Response: Yes. It isrelated to the sample size for body P content. The uncertainty quantification is
done using the Monte Carlo method. We randomly sample the P content for each speciesand then
calculate P-harvest budget as presented earlier (lines545-550). The sample sizeis different from
different species. Therange of the body P content covered in our database may not reflect the
whole range of body P concentration for under-sampled species, astheliterature may be biased
towar ds mor e economically or scientifically important species. So we borrowed information from
higher taxonomic levelsto cover awider uncertainty range especially when the sample size of the
corresponding speciesis small. The criterion to decide when we should borrow information from
higher taxonomic levelsiswhen we put ‘1 record asthe default’. To makethispart clearer, we
moadified thispart and now it reads as:

“Werandomly sampled the whole-body P concentration 1000 timesfor each speciesin our database
and calculated P-harvest budget. The number of compiled whole-body P concentration entries
differsfor different species. P concentration for each species may not cover the whole range of
uncertainty. To avoid under-estimation of uncertainty associated with P concentration, we made
use of information from higher taxonomic levels. If the number of P concentration entrieswereno
mor e than a cut-off criterion (1 record, for example), then therandom samplesfor the

cor responding species wer e gener ated from the selection pool with P concentration infor mation
covered by the taxonomic order which this species belongsto. P budgets wer e not sensitiveto the
cut-off criterion that determined the population from which random sampleswere drawn (see Sl
5), wethereforereported results from setting the cut-off criterion to be 1 entry. When the species
level averageisdifferent to the average of the taxonomic order level, random samplestaking
directly from the bigger taxonomic order pool would deviate the average P concentration from the
specieslevel pool. In order to keep the same aver age while covering a reasonable uncertainty range,
we conducted normal sampling using the species level aver age and the standar d deviation that is
rescaled by the coefficient of variation at the taxonomic order leve........ ”

Data: | have afew questions regarding data on body P. First, the authors refer to these data several times,
but I cannot find the data. It is not in any tables, and | don’t see any data files accompanying the
manuscript submission. | can't even find any reference to the data base. It would be nice to have access to
these data. Also, what do sample sizesrefer to in Fig. S3? The number of studies? The number of
individuals? Either way, the sample sizes seem too low, especially for the two invertebrate groups. But
this depends on the scope of the analysis. For example, papers by Ikeda contain several hundred measures
of body P contents for crustaceans, but most of these are for zooplankton such as copepods. Were these
values excluded because zooplankton are not harvested? The authors refer to a‘global’ database, but it’s
not clear if this means global only in a geographic sense, or also in terms of the taxonomic pool being
considered. In the end, | doubt that thiswill affect the conclusions because uncertainty in body P content
seems to have little effect on P harvest rates at the global scale. Nevertheless, it would be best to clarify
these points, and to include the data.

Response: We uploaded these datasets as supplementary data. We have three .xlsx filesnamed as
Datal Fish_P_Concentration, Data2 Fish_P_Use Efficiency and Data3 Fish P_Retention_v1.0.
Datal also covers meta-data related to r efer ence, sour ces, fish common name, scientific name,
family name, order name, habit, experimental type, location, treatment and whether it iswild or
raised in addition to whole body P concentration. Data2 cover s meta-data related to reference,
culture system, sour ce, location, fish common name, scientific name, marine or fresh, fish type and
culture system level P use efficiency. And Data3 documentsr efer ence, sour ce, raising system type,



location, fish common name, scientific name, experimental treatment and P retention. We double
checked thistime we have successfully uploaded these data files.

Samplesizein Fig. S3referstoindividual experiments. Wethink it isa decent number of samples (>
1000) that covers 224 species (almost all economically important aquacultur e species) across 175
peer-reviewed publications. This database contains whole-body P concentration for each species. A
lot of studiesin literature only reported P content in fish meat. We only incor porated studies that
recor ded whole body P concentration. So we needed to filter out alot of studies. To our knowledge,
our study isthefirst study that collect such alarge number of whole body P concentration of fish.
Yes. We do not include zooplankton despite there are large samples. Thank you for the constructive
suggestions. We added to Fig. S3 “Number s correspond to individual studies. The entire database
covers 224 fish species.” to clarify it.

Supplement, Section 3 (Harvested P to be used by land activities). | understand what this means, but just
to be clear, the basic budget (and P-net in particular) did not take this into account, correct?

Response: P-harvest tracksthetotal P harvested from fish (lines 545-561). A small part of this
harvested P ends up asfishmeal and fish oil (SI, section 3). Thefraction of fishmeal and fish ail that
isapplied back to feed aquaculture (herel use Pf in short) isaccounted in P-input (lines 603-651).
P-net isthe difference between P-harvest and P-input. So Pf isan internal exchange for P-net and
does not directly affect P-net aslong asthereisno shift in PUE. However, in practice, an increasein
Pf may indirectly affect culture system level PUE through changing the allocation of feedswith
different PUES, therefore, alter P input from other sources, and ultimately affect total P-input and
P-net. Other than Pf, the fate of other harvested P isnot explicitly tracked. For example, the
harvested P may go through human bodies and enter sewage systems, and then end up in water
bodies wher e fish growth may benefit. The fate of these harvested P depends on, for example, the
recovery of P in sewage water processing facilities, which differsalot between cities and countries.
Wedo not track explicitly these secondary transfersasthey areindirect fluxes and we do not have
enough datato get good quantifications.

Fig S7b: Thisisvery confusing with the different scales and colors. Also the legend doesn’t make sense
to me.

Response: We maodified the legend and separated this panel into 3 panels, with one panel for one
fish group. We also modified Fig S8b in a similar way. Wethink in the new version, Figs. S7 and S8
are easy to under stand.

Supplement, Section 7 (Recycling and reuse of harvested P). This section seems like ‘ Discussion’ and
therefore seems out of place in the Supplement.

Response: We merged this section with the discussion in the “ Outlook for a global P-neutral fishery
management” . We also moved part of the text that isrelated to PUE from the result section into the
discussion in “Outlook for a global P-neutral fishery management” to make the writing more
coherent.

Reviewer #2 (Remarks to the Author):

This paper provides aglobal review of phosphorous cycling associated with fish and seafood. From the
1950s-1980s, the seafood system was dominated by wild capture, and shifted P from aguatic to terrestrial



systems. More recently, feed-driven aguaculture mean the seafood system brings terrestrial P, in the form
of fertilizers, to the aguatic systems. Seafood thus represents a net deposition of .96 Tg P yr-1 into aguatic
systems, a meaningful portion of net deposition from all sources.

| am reviewing these results from the perspective of someone knowledgeable about global fish and
aquaculture policy discussions, where they aim to have an impact; I’m not a biogeochemist or life cycle
analyst. With thislens, | appreciate the scale of the calculation exercise here, but the chosen scope and
scale of the analysis does not seem to provide the most important insights. Rather, | am left concerned
that it will mislead consumers or other users of this information towards other protein sources, which are
in fact worse than the environment.

Response: We appreciate your feedbacks. We did not intend to lead consumer s towar ds other
protein sources. Instead, we intended to quantify the global land-aquatic P transfersfocusing more
on the biogeochemical cycle. We would like to emphasize that human demand for fish playsa
uniquerolein land-aquatic P transfer asit can extract P from the aquatic ecosystems. The
extraction perspectiveisa critical anglethat can provide potential solutionsto P issues faced by our
society, but largely overlooked in literature. Land food production islimited by P availability and
thusland food production benefited from P extracted from aquatic ecosystems historically. We
intended to raise people s attention towar ds this unique biogeochemical role of fish production,
improve aquaculture P use efficiency and ideally inform management options of fish production
which benefit both food supply and environmental sustainability. Thisis one novel aspect of our
study aswe view human demand for fish not only asa P polluter, but also a provider of P for land.
We compiled alarge dataset to reconstruct thereturn flux of P from aquatic to land ecosystems and
demonstrated that thisflux isnon-trivial. We also compiled phosphor us use efficiency through
literature and showed that thereisroom for improving PUE in the future. The impact of human
consumption of fish meat on land-aquatic P transfers depends critically on how we manage our
aquatic ecosystems. Weintended to advocate for improving PUE instead of misleading consumers
towar ds other protein sources.

Toclarify it, and to deal with thisinsightful concern of thereferee, we calculated P load from
fish vs. terrestrial protein sources (crop + livestock) per unit of food protein supply, as also
suggested by reviewer 1. Section 7 of the revised Supplementary Information presents“Comparing
aquatic vs. terrestrial P budget (per unit protein)”. When we took capturefisheriesand
aquaculturetogether, P loads per unit food protein supply issmaller than that from terrestrial
sources. If historical fish P protein would have been supplied by the crop-livestock system, there
would be more P loaded into aquatic ecosystems. However, aquaculture alone hasa P loading
which islarger than the crop-livestock system (lines 287-293). We car efully checked our manuscript
to reduce expressions that might mislead consumers. Please check our detailed responsesto your
comments below.

Major Comments

There are three places where | struggled to understand the importance of thiswork. First, it is not clear
from this article why transfers of P to aguatic systems are a problem. What are the costs of this, and who
experiences them? The planetary boundary is referenced, but is the issue really planetary, or isit local?
Lines 92-94 say the final disposition of P hereisn’t the focus of the study, but then why does the study
matter? Whereisit OK for Pto end up?

Response: We put the paper in the context of the P dilemma: on the one hand we are in shortage of
P for crop production, and on the other hand we ar e facing widespread eutrophication which are



primarily driven by excessive P input into water bodies. Anthropogenic activities haveresulted in
an imbalanced P transfers between land and aquatic systems, characterized by almost
unidirectional P transfers, from land to aquatic ecosystems. The main focus of this study isnot on
why excessive P transfer sinto aquatic ecosystems are a problem (pleaserefer to, for example,
Correll 1998 and Daniel et al., 1998 for thistopic), but to quantify the P transfer fluxes from fish
production, which was not done before with the level of details we achieved, and a full historical
per spective linked to increasing aquaculture. The costs and who experiences them are also not the
main focus of this manuscript, but they are valuable questions worth future explorations. We add
this point to the discussion (lines 337-338).

We acknowledge that the topic of “planetary boundary” iscontroversial. A global threshold does
not necessarily mean it appliesto every place on the Earth. Weinterpret it asawidespread unsafe
condition if the value goes beyond. Take the mor e accepted concept of global warming asan
example. A broad global estimation of warming could not predict whether the temperature will
increase or not at a specific location and time. But this broad global estimation doesyield important
scientific and practical values. From O'Neill et al., (2018), only 44 countries are within this global P
boundary if expressed in a per capital level. Wethink excessive P input into aquatic ecosystemsis
not only alocal issue, but a global one. We cited the per capital number in the revised manuscript
to make the number morerelevant (lines 35-36).

Wedo not explicitly track the fate of harvested P aswe do not have solid data to correctly separate
these fluxes, e.g. the amount of P captured in sewage depends on facility types and countries. We
did estimate the harvested fish P that ends up asfishmeal and fish oil for oneyear in which we
could find all data needed and we extended the discussion section (SI, section 7; Main text, lines
388-392). Asafirst step, it isvaluable to provide an overall quantification of the fluxes. We hope
this study will attract people’s attention to help collect more relevant data and to guide best
management of P resour ces.

It isokay for P toend up, for example, in the crop that servesas human food. However, the
guestion ‘Whereisit OK for Pto end up? isnot trivial to answer as elements are constantly
cycling, and thuswill not permanently end up in onelocation. The answer will depend on thetime
scalewelook into it and thusthe answer will differ for different communities.

O'Neill, D. W., Fanning, A. L., Lamb, W. F. & Steinberger, J. K. A good lifefor all within planetary
boundaries. Nature Sustainability 1, 88-95, doi:10.1038/s41893-018-0021-4 (2018).

Corrél, D. L. Theroleof phosphorusin the eutrophication of receiving waters: A review. Journal
of Environmental Quality 27, 261-266, doi:10.2134/jeq1998.00472425002700020004x (1998).

Daniel, T. C., Sharpley, A. N. & Lemunyon, J. L. Agricultural phosphorus and eutrophication: A
symposium overview. Journal of Environmental Quality 27, 251-257,
doi:10.2134/jeq1998.00472425002700020002x (1998).

Second, it is odd to me to scope the study to combine capture fisheries and aquaculture, asif thereisa
natural balance in the two processes simply because they both result in fish in the market. Why does
capture fisheries' net terrestrial shift only offset aguaculture’ s net aquatic shift, rather than the net aquatic
shift driven by intensive food production for all proteins? What if P contributions could be more
effectively reduced through other proteins? Rather, the importance to highlight seems to be shifting from



capturing wild fish which use natural ambient P, to application of chemical fertilizers, which are much
different processes. Each of these sources might be of interest as components of the food system level, but
itisnot clear that I’ ve learned something about the state of the world by aggregating the two, to the
exclusion of other methods of food production.

Response: We put fisheries and aquaculture together asthey areboth driven by human’s demand
for fish from aquatic ecosystems. Wethink they are well defined in terms of market, economy,

social recognition, product and food grow environment, etc. For example, the Food and Agriculture
Organization of the United Nations (FAO) reported capture fisheries and aquaculturefish
production together through the Global Fishery Production database, not together with crop and
livestock. In addition to Fig. 2 where wereported the overall budget of P-harvest, P-input and P-net,
we also provided Fig. S7 where we showed P-harvest, separating wild capture and aquaculture. In
thisway, we provide information on both aggregating and separ ating wild capture and aquaculture.

Historically, capturefisheries net terrestrial shift did not only offset aquaculture' s net P input
into aquatic, but also the net aquatic P input caused by terrestrial food production, asit is shown by
the positive P-net in our Fig.2. At the current stage, P-harvest isnot enough to offset P-input from
aquaculture. Asafirst step, we set a future goal to reach a zero P-net flux. A more ambitious goal is
to go beyond the zer o P-net and to also offset P load from the crop-livestock food production system.
Wethink it ismorelogical to discuss whether we can double current PUE to reach 48% by 2050 in
order to have a zero P-net flux from capture fisheries and aquaculturefirst. If we can reach this
goal easily, then the next step isto go further to investigate how much our demand for fish meat can
offset the P load from the crop-livestock food production system into aquatic environment. We
hope this manuscript can raise attention on aquacultur e management to improve PUE and to push
aquaculturetowardsthe direction of offsetting terrestrial’s P input into aquatic.

Third, such environmental impact studies are frequently taken in the fish literature to scare consumers
away from fish, depicting it as environmentally unfriendly. However, thisis only good for the
environment if what consumers would eat instead has alower P footprint. Thus, some additional context
is necessary to compare numbers reported here with what is known about P from other protein sources, or
at least to be circumspect about the fact that reducing P from aquaculture might lead to more P someplace
elsein the food system.

Response: We now added a section in the supplementary infor mation on calculating P load into
aquatic ecosystems per unit food protein supply from different food production sectors. We
discussed in the main text that “If historical fish P protein had been supplied by the crop-livestock
system, ther e would have been more P loaded into aquatic ecosystems’. Please also refer to our
responseto your first general comment.

If there's all this runoff feeding aguatic and marine systems, isn’t it helpful to extract it (by catching fish)?

Response: One unique point of our study isthat we showed that fish catching transferred a
significant P flux that goesfrom aquatic to terrestrial ecosystems. We showed that thisflux is
bigger than any other known fluxesthat transfer P from aquatic to terrestrial ecosystems. Thisisa
novel point we intended to emphasizein our study. It isdesirable to make good use of runoff that is
rich in nutrientsto raise fish and then extract it by catching fish. It sharesa similar idea asthe
integrated aquaculture and agriculture systems (IAA, Costa-Pier ce, 2002), wher e wastes from
agriculture serve asfood for fish, and harvested fish or fish wastes act to fertilize crops and feed
livestock. In practice, it requires good managements and lar ge effortsto effectively recycle
nutrients as mentioned in the main text when we talk about 1AA (Lines 360-380). Nevertheless, we



agree with the Reviewer that we should pay attention to therole of capturefisheriesand
aquaculturein returning P back into theterrestrial ecosystems and thisiswhat we stated in lines
381-382.

Costa-Pierce, B. Ecological aquaculture: the evolution of the bluerevolution. (2002).
Minor Comments
Does fish mean only finfish, or also invertebrates?

Response: In thisstudy, “ Finfish, crustaceans and mollusks, her eafter generalized as* fish” (lines
51-53). Thistype of generalization is also a convention in FAO reports.

32: having trouble reconciling at “ safe globa” level with preceding discussion of observed local
saturation. What does a global number mean?

Response: We acknowledge that the topic of “planetary boundary” or “safe global” is controversial.
A global threshold does not necessarily reflect local conditions. In the case for “planetary
boundary”, weinterpret it asa widespread unsafe condition if the value goes beyond. We
acknowledge that local studieswould provide meaningful information under specific conditions.

We also think thiskind of global studiesare valuablein a certain way asit provides broadscale
information. Wekeep “ planetary boundary” for the context of thisstudy asit existsin current
science literature. Please also refer to our responseto your first major comment.

54: Thisisavery broad statement to make about aquaculture in particular, separate from agriculture.

Response: We added “along with growing sustainability concernson other food production sectors’
(lines 61-62) to say other food production sectors also raise concer ns about sustainability.

61: What is considered state-of-the-art?

Response: Asaquacultureisconcentrated in Asia and Chinatakesthe leading sharein aquaculture
fish production, we think it is pertinent to use China, not the developed countries, asan exampleto
show the value of PUE. The paper we cited was published in 2015 and isrelativerecent. It isa
synthetic research on previous studies focusing on China. If the referee’ squestion iswhether values
we cited arerepresentative, wethink the answer isyes.

89: Thisisfeed and fertilizers specific to producing fish, yes?

Response: In thisstudy, “ Finfish, crustaceans and mollusks, hereafter generalized as*“fish”” (lines
51-53). So P from feeds and fertilizersinclude all P that are used to purposely raise these species
through feeds and fertilizers.

Fig 1: Fish aren’t fertilized P directly, right? This goes to plant-based feed components. Also, harvested
fish should link to fish feed, through meal. This diagram should be much clearer about the transport
pathways.

Response: We moved a complex version of Fig. 1. from the supplementary information to the main
text asthe new Fig. 1. The purpose of fertilizer isto boost aquatic primary productivity to increase
food supply (e.g., algae, plant) especially for herbivores and omnivores. In the main text, we
explained “through fertilizer sthat enhance the primary productivity of aquatic ecosystems (e.g., for
her bivorous and omnivor ous species).” (lines 64-65).



119: “P-harvest” is P from capture fisheries only?

Response: P-harvest include P harvested from both capture fisheries (wild) and aquaculture. We
added “(wild + aquaculture)” to makeit clearer. In the introduction and method sections, we have
explained what P-harvest refer to.

123: Again, thisisjust farming for aquaculture feed? Needs to be clearer what thisis.

Response: we added (aquaculture feed and fertilizer) when we mention P-input. In theintroduction
and method sections, we have explained what P-input refer to.

124-128: Thisis hard to unpack.

Response: Werewrote here as” P-harvest estimated hereisthelargest known pathway that
transfer P from aquatic ecosystemsto land, compared to 0.0056 Tg P yr™* from anadromous
(migratory) fish', 0.099 Tg P yr™* from seabird colonies’ and 0.16 Tg P yr™* from sea salt deposition®.
99% of P-harvest came from wild capture (mostly marine capture) in 1950, and thisshare
decreased to 62% in 2016 (Figures S7, S8).”

137: This might be one of comparisons | asked about above, but | cannot tell exactly what is being said
here. Thisis runoff losses?

Response: werewrotethispart as“ln comparison, leaching, runoff and erosion losses of fertilizer
P from croplands® to freshwater werereported to be 0.6 Tg P yr™* from Mekonnen and Hoekstra
(2018) over 2002-2010 and Lun et al. (2018) reported alarger P lossrate of 3.7 TgP yr™ from
croplandsto water bodies through runoff over the same period.”

141-43: | cannot tell what this says.

Response: Thefirst sentence here describesthe per centage contributionsto P-input from differ ent
fish groups (finfish, crustaceans and molluscs) when we take freshwater aquaculture asthe
boundary to calculate the total. And the second sentence describes the per centage contributionsto
P-input from different fish groups (finfish, crustaceans and molluscs) when we take marine
aquaculture asthe boundary to calculate thetotal. We report results separately for freshwater vs.
marine aquacultureto give mor e details as also suggested by another referee. Werealize it was not
clear hereasFigure S8 was complex. We redrew Figure S8. We modified the legend and separated
Fig S8b into 3 panels, with one panel for one fish group. Wethink in the new version, the figure and
text together make this part easier to under stand.

189: Thisfeelslike a“scare” number that may make little sense practically. “Business as usual” sounds
like the bad IPCC scenario, but that might not apply here. In particular, if people don’'t eat aquacultured
fish, what will they eat, and will that be better for P? Also, what are the incentives for feed producers to
increase PUE? Is there areason to think it would be unchanged? If this can’t be done sensibly, it should
be removed from the paper.

Response: We use “Business asusual” to show if we do not improve PUE, how much P-net we will
get with the future growing need for aquaculture fish. We use this scenario aswethink it iseasy for
peopleto understand as a lot of readers might be familiar with the IPCC scenario. The purpose
hereisnot to say we will do nothing in reality. We also have a scenario in which people will take
action, and we calculated the goal in improving PUE if we want, asleast a P-neutral fish production.
Wethink it is useful to estimate these numbersunder “if” conditions. We add the discussion about



P load from other food production sectors and compar ed them on a per unit protein supply scale.
Please also check our responseto your previous comments.

196: This assumes variation in PUE driven by heterogeneity in the efficiency of using a single technology,
rather than heterogeneity in technol ogies used to produce various species in different environments. Does
thisreally provide a good indication of potential PUE?

Response: As PUE and PRE data are compiled from different aquaculture production systems and
weusearangeinstead of a single value, these upper valuesrepresent multiple technologies, instead
of one single technology. Efficient aquaculture systems are certainly not diver se enough to cover all
aquaculture practice, but they demonstrated the capacity for improvementsunder current
technology and practice.

244: Not clear exactly what is being counted here, especially with such a huge range, and probably
considerable reference year dependence.

Response: Weredid aliterature search and wrotethispart as“ Thetotal P load into aquatic
ecosystems from crop-livestock isreported to be4 Tg Plyr (fertilizer and manure sour ces only) in
2000 from Bouwman, et al. (2013), 5 Tg P /yr (fertilizer and manure), or 13.5-25 Tg P/yr if land use
change was additionally accounted from Pefiuelas et al. (2013) over 2005-2011, 12.9 Tg P from
Chen and Graedel (2016) in 2013, and 9.7 TgP /yr from Lun et al. (2018) during 2002-2010.”

246: How does this lead to double counting? Does this arise from where things are measured, so they
might be utilized “downstream” of theinitial point of measurement?

Response: We meant to say P lost from crop-livestock systems may function as aquaculture feed.
Werealized that thelogic here did not need this sentence as we only compar ed the budget. So we
deleted this expression.

252: Isthis gross or net of utilization?

Response: We do not under stand what the comment refer to. Herewerefer to only theinput side.
275: Again unclear on what the planetary boundary means in this application. What will thislook like?
Response: Pleaserefer to our responseto your first major comment.

281: Thisisan odd goal. Why credit aquaculture with the benefits from capture fisheries? Shouldn’t the
goal be to reduce pollution from each form of production to alevel where the benefits of marginal
abatement equal the marginal costs?

Response: Pleaserefer to our response to your second major comment.

283: It is not obvious to me why net landward is good. Alternatively, how much would global capture
have to increase?

Response: We put our study under the context of P limitation for terrestrial food production and
widespread eutrophication with excessive P input into aquatic ecosystems. We think landward P
transfer isgood for land and removal of excessive P out of aquatic ecosystemsisgood for aquatic
ecosystems. The global capture of fish isdriven by human demand for fish meat. The historical
global fish production isbased on FAO and the Sea Around Us (http://www.seaar oundus.or g/)
databases, while the future increase of aquaculture fish production and stabilization of wild capture
arefrom the projection that consider s assumptions of fish supply and demand, health of wild




fisheries, fish prices, human population growth, GDP growth, and technological progress (Waite et
al., 2014).

Waite, R. et al. Improving productivity and environmental performance of aquaculture. (2014).
289: But total P-input might not, if people are eating fish instead of more P-intensive proteins.

Response: Thank you for thisinsightful point. Weremoved this sentence and wrote this discussion
section by merging part of the supplementary information and part of the content in the result
section. Specifically, we compar ed between P load from fish vs. crop + livestock sectorson a per
unit protein supply baseto reduce the confusion here.

301: Isthistrue? Many least developed countries rely more on capture than aquaculture.

Response: We removed this sentence.

310: Not necessary?

Response: We removed this sentence.

336: Ref? (search throughout methods)

Response: We do not under stand what did thereviewer mean by this comment.

367: Match units.

Response: We changed million tonnesto Tg.

480: How iswhole body P footprint of producing animals pro-rated to that associated with the byproducts?

Response: We collected data on whole body P content of different fish species. Depending on the
specific studies that measured fish P content, some studies measur ed P concentrations from
different fish organsand calculated theintegral P content taking into account weights of different
organs, and other studies extracted P from the whole fish. For animals other than fish, we did not
collect data for whole body P content data. Tacon, et al., 2009 provided a broad estimation of P
content from different feeding sour ces.

Tacon, A. G. J., Metian, M. & Hasan, M. R. Feed ingredients and fertilizersfor farmed aquatic
animals: sources and composition. FAO Fisheries and Aquaculture Technical Paper. No. 540. Rome,
FAQ. 2009. 209p. (2009).

Reviewer #3 (Remarks to the Author):
What are the mgjor claims of the paper?

The paper presents a comprehensive assessment of phosphorus (P) fluxes associated with fisheries and
aquaculture with global scale, and sub-continental resolution. It highlights the importance of Asian
economies in reducing the impact of fertiliser application on P retention in aguaculture. The authors
identify aturning point in about 1986 after which the flux of P to aguaculture (fertilisation) increased
relative to the flux out (i.e. harvest) and attribute much of this change to Asia. From 2004 onwards,
globally, these fluxes have caused a net loss of P from land to aquatic ecosystems through aquaculture.



The authors identify freshwater finfish aquaculture as a significant driver of P flux from land to aquatic
ecosystem.

These two main conclusions have been drawn elsewhere (Bouwman et a., 2013), although the
identification of the tipping point appears novel and is used here to inform targets for aguaculture
efficiency with respect to sustainable P use, utilising the phosphorus use efficiency (PUE) value,
presented in this context by Huang et al. (2019).

| found the paper very interesting to read, the methods were very well presented and documented but at
times | questioned the interpretation of the results. In response to the questions posed to reviewers by the
Editor, | am left questioning whether (1) the major findings are of sufficient novelty, and (2) whether the
model presented represents an improvement on others (e.g. Bouwman et al., 2013). The authors should
address these concerns in the paper.

Response: Thank you for your time and positive comments. Wewould liketo further emphasize
novelties of our study, which include at least the following points: (1), we presented a data based
global quantification of the under-represented yet critical land-aquatic P fluxesdriven by human
demand for fish; (2), wefound a new and largest pathway that transferred P from aquatic
ecosystemsto land; (3), we revealed a shift of the net land-aquatic P transfers, itstiming, direction
and magnitude; (4), we provided a target aquaculture phosphor us use efficiency for a future P-
neutral fish production section. We strengthened these novel pointsin the revised manuscript. For
example, we added sentenceslike “ Through a new data based global quantification of the under-
represented yet critical land-aquatic P fluxes, we found a new and lar gest pathway that transferred
P from aquatic ecosystemsto land...... " and “Wealsorevealed, for thefirst time, a shift of the net
land-aquatic P transfersdriven by human demand for fish”.

Our study isdifferent from Huang et al. (2019) spatially asthey only focused on one location (city),
Zhangzhou in China, while our study coversthe globe. We do not know why thereis“global” in
their title. They showed that improving PUE isurgent based on the large P loading into aquatic
environment, while our study proposed baseline PUE, future PUE target and potential zoom for
improving PUE through analyzing a wide range of aquacultur e systems. We added thisreferenceto
the main text while we talked about aquaculture PUE in China (Line 375). For the comparison with
Bouwman et al., 2013, please refer to our specific responsesto your comments below.

At times the claims appeared contradictory leaving me with doubt as to the interpretations being drawn.
For example: Line 300:

“A global P-neutral fishery sector is an idealised target that will be challenging to achieve especially for
developing and least developed countries. We could not detect an improving trend in PUE in our data set
because of the lack of repeated measurements over time; neverthel ess aquaculture is gradually becoming
more efficient as modern technology and management play a more important role. China, especidly, is
playing aleading role by adopting strict regulations (e.g. Regulation on Quality and Safety in Aquaculture,
2003) aiming for a green growth of its aguaculture49 although China s aquaculture is still dominated by
environmentally unfriendly practice.”

This statement appears to conflate evidence from data with statements of policy, in amanner that is
confusing. | can see little evidence that P use is becoming more efficient in their data (Fig 2) which looks
conspicuously like a hockey stick of impending doom. Perhaps the authors could clarify their
interpretation here?



Response: From our data, we could not detect an improvement in PUE through time. We expect the
aquaculture would become mor e efficient in the futurein countrieslike Chinataking strict
regulations on aquaculture. Werewr ote this sectionsas*“ We could not detect an improving trend in
PUE in our data set because of the lack of repeated measur ements over time. Nevertheless, weare
optimistic in aquaculture becoming mor e efficient with moder n technology and management
playing a moreimportant rolein future....... " (lines 350-353), followed by the paragraph discussing
the moder n technology. We car efully modified the manuscript to reduce the ambiguity like this one.

Arethey novel and will they be of interest to others in the community and the wider field? If the
conclusions are not original, it would be helpful if you could provide relevant references.

Response: Please see our responsesto your previous comments about the novelties of this study. We
added the references of Huang et al. (2019) and Bouwman et al. 2011 and 2013

The authors key objectives (P4 Line 68) were to address the need for estimates of ‘ net impact of the
global fishery on P flows, improving basic understanding of P biogeochemical cycles and providing
support to identify the P management targets.” The novelty in this objective isin the consideration of all
fishery activities, where others have presented similar analyses, apparently using the same data sources,
for finfish and seaweed and mollusc data separately (e.g. Bouwman et al. 2011 and 2013), athoughiitis
possible that a synthesisis published elsewhere. The authors should use these studies should for
comparison with the present study to demonstrate novelty and to validate their approach, where
appropriate. For example, the authors indicate that estimating P input values is complicated and that they
use the PUE values to infer them. The authors should be clear how their model differs from that described
by Bouwman et al (2013), and discuss the implications of these differences with respect to P load
estimates. What would be helpful is for the authors to provide a method that improves confidence in the
global estimates for P loading (or net P flux from land to aguatic ecosystem) from aquaculture, not simply
provides an aternative with little context. Should the methods be sufficiently different, then comparison
between estimates will also be of use to the community. The authors should be clear about how this work
advances that presented by their colleaguesin the field.

Response: Our study focuses on the global land-aquatic P budget and is data-driven. Asland-
aquatic P transfersare very important for both food and environmental sustainability, therearea
lot of local studies quantifying P budgets. However, there are not many global scale studies. In
addition to studies from Bouwman et al. 2011 and 2013 that quantifying lar ge scale P loads of
aquaculture, Hall et al., 2011 isthe other study reporting on aquaculture P budget. Firstly, we
arguethat these studiesarelessdata driven asthey rely on model parameters and assumptions
related to these parameters. Bouwman et al (2013) aggregated aquacultur e finfish speciesinto 15
major groups and assigned a set of parametersfor each major group. These parametersare
inferred (or calibrated) from data, but may not well represent aquaculture practice duetothe
highly diver se nature of aquaculture and the limited data references. For example, in Bouwman et
al. 2013, the feed conversion ratio (FCR, P in feed per unit P gain in fish) of non-compound feed is6
for all fish groups except the Tuna, bonito and billfish group (with a value of 10). In practice, FCR
islikely to vary among fish species, feeding material, feeding practice etc. We think our data driven
approach ismorelikely toreflect the real aquaculture practice than earlier modelling studies.
Secondly, we would like to emphasize on the P-harvest flux and the landward P transfersduring
the historical period. We showed in this study, that historically, fish harvest transferred a
significant amount of P from aquatic to terrestrial ecosystems, and isthe biggest P pathway that
brings P from aquatic to land systems. We think thisnovel finding is scientifically important asthis
flux isnon-trivial. Bouwman et al. 2013 focused more on the P-input through aquaculture, and less



attention was paid to the P-extraction perspective. Our finding of historical P-extraction relieson
our new whole body P concentration database. No other studies, to our knowledge, have put such
an effort to reconstruct historical P budget driven by human demand for fish. For other novelties of
our study, please refer to our responseto your overall comment.

We added the discussion with regard to the aquaculture P-input in our study vs. that from
Bouwman et al. 2011 and 2013 in lines 306-310: “ The higher aquaculture P-input from our data
driven estimation compar ed to the modeling result of Bouwman, et al. (2013) and Bouwman, et al.
(2011) can partly be explained by the fate of P after it entersthe aquatic ecosystems. For example,
Bouwman et al. (2013) quantified P release from ponds and assumed that particulate P were not
released from pond systems.” IntheMethod: Overview part we also mentioned the difference
between our study and Bouwman, et al. (2013)

Hall, S. J., Delaporte, A., Phillips, M. J., Beveridge, M. & O’Keefe, M. Blue Frontiers: Managing the
Environmental Costs of Aquaculture. The WorldFish Center, Penang, Malaysia (2011).

The paper provides a useful baseline of P use efficiency in aguaculture and focusses efforts on specific
global regions where the biggest gains are to be made.

Please fedl freeto raise any further questions and concerns about the paper.
Response: Thank you for the positive comments.

Lines 34-44 on land agriculture seems superfluous as does reference to the planetary boundaries, which
arefairly contentiousin thisfield at any rate.

Response: we acknowledge this controversy in thefield. Pleaserefer to our response to the major
point raised by the second reviewer with regard to the planetary boundary. Two reviewers
suggested to compare P budget between fish protein production sector and terrestrial protein
production (vegetation + livestock). Wethink it isbetter to provide the context here.

Lines 62-75 presents the crux of the paper which should be introduced earlier.

Response: Weintroduced the broad scale context first and then went into the specific issues with
regard to fish P budget. We agree with the Reviewer that it will gain more attention if we put the
issue even earlier. Wethink our current order of presentation isalso logical and easy for the
readersto follow.

Fig 1: | prefer the more complex fig in sup file to this— it offers greater insight into the model
construction. It would be very useful if the authors could also include reference to the data used within
this conceptual model.

Response: We replaced thisfigurewith the complex version, and referred to the methods section in
which we gave details about data sour ces.

Line 138: | don’t think ‘leaching * is the correct word here, perhaps, * loading’ ?
Response: We changed.

Line 146: should be * at the global scale'.

Response: We changed into “ Continentally”



Line 183-199: other authors have considered more complex scenarios, e.g. the Millennium Ecosystem
Assessment scenarios (Bouwman et al., 2013). Why did the authors pick such simple scenarios? Are they
realistic?

Response: We argue that the objectives of the Millennium Ecosystem Assessment scenarios
(Bouwman et al., 2013) and those of our study are different. We use the scenariosto derivethe PUE
level we should reach in order to have a P-neutral fish production system, whereas Bouwman et al.,
2013 derived P release from aquatic ecosystemsif some of the model parametersisincreased or
decreased by a certain value under assumptions. As mentioned earlier, Bouwman et al., 2013isa
model driven study. A more complex model does not necessarily yield to a better prediction
especially when there are not enough data to support. In the case of predicting aquaculture P-input,
supporting data are limited and associated with large uncertainties. I n this situation, we think a
simple scenario ismore straightforward for readersto understand. For future fish biomass
production, our projection from Waite et al., 2014 also takes into account fish supply and demand,
health of wild fisheries, fish prices, population growth, GDP growth, and technological progress,
which isnot necessarily less realistic compared to Bouwman et al., 2013. To makeit clearer, we
added “ after accounting for fish supply and demand, health of wild fisheries, fish prices, population
growth, GDP growth, and technological progress’ in thefish production projection.

Waite, R. et al. Improving productivity and environmental perfor mance of aquaculture. (2014)

Line 219-240: thismay be overly speculative. Could these measures and their relative effects be
summarised in atable instead?

Response: Herewe used infor mation from upper PUE and PRE to show that current technology is
capable of achieving the aquaculture PUE of 48% . We used the 95 and 75 per centilesinstead of a
single maximum value. We calculated the average PUE if we use the 75 per centile PRE values and
the historical average relative contributions of P gains from finfish, crustacean and molluscs species.
Thevaluereached 48%. It isa strong signal to demonstrate that current technology can bring the
aquaculture P use efficiency to the 48% if everything elseis not considered. Wewrotethispart as
“Finfish dominated the farmed fish production and contributed to 87% of total P in harvested fish
(mean, 1950-2016), while the shar e of crustacean species grew from near zeroin 1950 to 6% in 2016
dueto the declinein cultivating molluscs (Fig. S7). If we assume a PRE of 21% from raising
molluscs and with 87% of harvested fish P from finfish, the 75th per centile of PREswould
correspond to an aquaculture PUE of 48%.”. Fig. S7 showstherelative contributions from
different fish groups.

Line 245-279: There are afew sentences in here that need attention. For example: “Historically, human
demand for wild fish may indirectly alleviate P shortage on land, especially in countries where wild
capture fishery is economically important such as Peru and Japan, or in low income food deficient
countries where natural land P resources are strongly limited and P fertiliser too expensive.” Having read
thisafew times | am struggling, till, to find the meaning.

Response: Herewe emphasized theimportance of P transfer from aquatic to land ecosystems
through harvested fish. Thisflux isfrequently overlooked in P quantification. However, from our
calculation, thisflux isthe largest pathway that return P from aquatic to terrestrial ecosystems. We
rewrotethispart as“Historically, human demand for fish may indirectly alleviate P shortage on
land as wastes associated with fish processing or consumption would serve as crop fertilizer or feeds
for livestock. Compared to current known pathwaysthat transfer P from aquatic to land systems



(0.0056-0.16"* Tg P yr™), fish driven landward P flux was the biggest yet largely overlooked, at least
in the 1980s.”

Line 273: actually, it took decades (i.e. 1980sto 2000s) of persistent excessive P loading to switch the
global fishery from being an importer of P to land to being a net exporter of P from land — the authors
should not underplay the scale (spatial or temporal) of the cause and effect, here.

Response: We modified our expressionsto be mor e objective on the cause and effect.

Line 516: can the use of the PUE approach be validated in some way against another approach, e.g.
Bouwman et al (2013).

Response: Our PUE based P-input is compar able with the model estimation from Hall et al., 2011
through multiplying estimated farming area by the parameter representing per unit area nutrient
and feed input (lines 135-138). Our data-based estimation of P-input isnot directly comparable
with the modeling study of Bouwman et al (2013). We quantified P load into the aquatic ecosystems,
while Bouwman et al (2013) estimated P release from aquacultureinto other water bodies based on
assumptionson P retention in different aquaculture systems. We added the discussion with regard
to the aquaculture P-input in our study vs. that from Bouwman et al. 2011 and 2013 in lines 311-
316: “ The higher aquaculture P-input from our data driven estimation compared to the modeling
result of Bouwman, et al. (2013) and Bouwman, et al. (2011) can partly be explained by the fate of P
after it enter sthe aquatic ecosystems. For example, Bouwman et al. (2013) quantified P release
from ponds and assumed that particulate P were not released from pond systems, while our study
guantified the total P-input into aquatic systemsthat include ponds’ Please also refer to our
responsesto your previous commentsrelated to Bouwman et al (2013).

We would also be grateful if you could comment on the appropriateness and validity of any statistical
analysis, aswell the ability of aresearcher to reproduce the work, given the level of detail provided.

The paper and supplementary files document comprehensively the approach taken. It isalong and
complex one that requires the user to accept significant uncertainty in the global data sets being used — as
is acceptablein thisfield.

Response: Thank you. All new data on fish P content and PUE have been made freely available so
that they can support further research analysis



REVIEWERS' COMMENTS:

Reviewer #1 (Remarks to the Author):

The authors have done a nice job addressing my comments and | am generally satisfied with the
revision. | have a few minor points:

Page 4: When defining phosphorus use efficiency here, | think it would be clearer to say 'We define
PUE as P harvested via fish biomass divided by P input via feed and fertlizer. PUE was calcuated at
the farm level.' And then go into the details that follow the current sentence. | think clearly stating
the equation here is more transparent and allows the reader to understand without having to look
at the Methods.

In the Fig 1 legend, state that the dashed grey arrows are 'complex interactions..." (as you state
clearly in Fig S1).

Page 7, around lines 140-150 when comparing P harvest and P input with other fluxes, it would be
informative to include global P transport from rivers to oceans (not just transport to freshwaters).
Bennett et al (2001; Bio Science) give a flux of 22 Tg P/yr from land to oceans via rivers. This flux is a
lot higher than any of those mentioned. | am not sure if this value has been revised since the
Bennett al paper, which is nearly 20 years old.

Fig 4 units can still be clarified better. If | interpret this correctly it's (Tg P in the 1980s minus Tg P in
the recent decade)/(yrs of time elapsed). Is that correct? | would state this clearly in the legend. And
if you can specify the years involved (i.e., the denominator) that would be even better.

Michael J Vanni

Reviewer #2 (Remarks to the Author):

Thank you for your thoughtful response to my concerns.



Reviewer #3 (Remarks to the Author):

| thank the authors for addressing the reviewers comments - you have done a good job. | offer below
some general and specific corrections. | have identified some passages that were not easy to follow
and | hope you can work with the editorial team to address these, prior to your manuscript being
accepted for publication.

| would also request the following revisions be made:

line 34: load from/to what?

passage 132-134: some confusing passages

Passage 149-153: some confusing passages

Figure 3: why is there a large spike in Eastern Europe in the
1980s?

Line 239-240: confusing end of sentence

Line 247: what is 'residues P'?

Passage 258-282: some confusing passages

Line 260: define 'region’

Line 261: perhaps here to balance your statement you could refer to large literature on internal
loading and make the point that aquaculture operating in natural lakes may result in a large legacy P
problem, potentially extending poor water quality for decades following changes in practices
(Sharpley et al., 2013: https://dl.sciencesocieties.org/publications/jeq/abstracts/42/5/1308).

Line 317: define 'recently’
Line 342-343: some issues here - not completely clear what you mean by 'fish P' or 'P use..'

Line 355: 'reserches'?



REVIEWERS COMMENTS:
Reviewer #1 (Remarks to the Author):

The authors have done a nice job addressing my comments and | am generally satisfied with the revision.
| have afew minor points:

Reply: Thank you for your positive comments.

Page 4: When defining phosphorus use efficiency here, | think it would be clearer to say 'We define PUE
as P harvested viafish biomass divided by P input viafeed and fertlizer. PUE was calcuated at the farm
level." And then go into the details that follow the current sentence. | think clearly stating the equation
here is more transparent and allows the reader to understand without having to look at the Methods.

Reply: We modified here “ We define PUE as P harvested viafish biomass divided by P input viafeed
and fertilizer. PUE are calculated at the farm level” as suggested by the reviewer to make it easier for
readers.

Inthe Fig 1 legend, state that the dashed grey arrows are ‘complex interactions...' (as you state clearly in
Fig S1).

Reply: We added dashed grey arrow to the Fig caption.

Page 7, around lines 140-150 when comparing P harvest and P input with other fluxes, it would be
informative to include global P transport from rivers to oceans (not just transport to freshwaters). Bennett
et al (2001; Bio Science) give aflux of 22 Tg P/yr from land to oceans viarivers. Thisflux isalot higher
than any of those mentioned. | am not sureif this value has been revised since the Bennett a paper, which
isnearly 20 years old.

Reply: We added “ For reference, 4-22 Tg P yr ™ aretransported from riversto oceans (Ref ®: 4 Tg

Pyr™ Ref*: 9TgPyr? Ref*: 22 TgP yr™).” to the main text. We searched through literature that
quantified P transfer from river to ocean. The budget varies among studies. We cited 3 studiesthat

represent therange of estimations.

Fig 4 units can still be clarified better. If | interpret this correctly it's (Tg P in the 1980s minus Tg P in the
recent decade)/(yrs of time elapsed). Isthat correct? | would state this clearly in the legend. And if you
can specify the yearsinvolved (i.e., the denominator) that would be even better.

Reply: Yes. We added to the Figure log(mean,goz.2016 — MeaN1080-1989) 10 help reader s better
understand the metric.

Reviewer #2 (Remarks to the Author):

Thank you for your thoughtful response to my concerns.
Reply: Thank you for your positive comments.
Reviewer #3 (Remarks to the Author):

| thank the authors for addressing the reviewers comments - you have done agood job. | offer below
some general and specific corrections. | have identified some passages that were not easy to follow and |
hope you can work with the editorial team to address these, prior to your manuscript being accepted for
publication.



Reply: Thank you for your positive comments. We modified the text to make the manuscript
Clearer.

| would also request the following revisions be made:
line 34: load from/to what?
Reply: Weadded to the ocean (mostly from theland) to makeit clearer.

passage 132-134: some confusing passages

Reply: Wefollowed the editorial suggestionsto removewordslike “novel”, “new” and rewritethe
sentence as “ P-harvest estimated here is the largest pathway that transfer P from aquatic ecosystemsto
land, compared to currently known pathways, i.e., 0.0056 Tg P yr™ from anadromous (migratory) fish®,
0.099 Tg P yr'* from seabird colonies® and 0.16 Tg P yr™ from sea salt deposition” to make it easier to
understand.

Passage 149-153: some confusing passages

Reply: we rewrite here as “Within the freshwater aguaculture, most of P-input ends up in raising finfish
(95-100%), and the share from raising crustaceans slightly increases with time, to reach 5.31% in 2010.
In the marine agquaculture, most of P-input (> 90%) ends up in finfish aquaculture during 1950-1970;
however, after 1990, around 50% of marine aguaculture P-input goes into raising crustacean species
(Supplementary Fig. 8).”

Figure 3: why isthere alarge spike in Eastern Europe in the 1980s?

Reply: The spikeisrelated to how wetreat Soviet Union. Previously we did not put Soviet Union in
the plot. We modified this plot by incor por ating the contribution from Soviet Union and put a note
in the caption of the figure saying: “Note Soviet Union is assigned as part of East Europe before its
collapse and countries are assigned into different continents according to their geo-location after the
collapse.”

Line 239-240: confusing end of sentence

Reply: Werewrite hereas“The global fishery Pinput into aguatic ecosystems reached 2.06 Tg Pyr™in
2016, which is significant despite smaller than P load through crop-livestock.” to reduce confusing.

Line 247: what is'residues P?

Reply: Weremoved “wastesor residues’ here.

Passage 258-282: some confusing passages

Reply: We are not sure about the location of the unclear part thereviewer refersto.
Line 260: define 'region’

Reply: we changed ‘region’ to ‘local’.

Line 261: perhaps here to balance your statement you could refer to large literature on internal loading
and make the point that aquaculture operating in natural 1akes may result in alarge legacy P problem,
potentially extending poor water quality for decades following changes in practices (Sharpley et al., 2013:
https:.//dl.sciencesoci eties.org/publications/jeqg/abstracts/42/5/1308).




Reply: we followed thereviewer’s suggestions and added “Such internal P loading, if not managed

properly, would result in the legacy P problem that might extend poor water quality issues for decades

after adopting good management practice™ .”

Line 317: define 'recently’
Reply: We changed “recently” to “during therecent decade’
Line 342-343: some issues here - not completely clear what you mean by ‘fish P or 'P use..’

Reply: Werewritethispart as*” These technol ogies are promising to recover most P transferred from
the aquatic to land-human systems through harvested fish in future” to make it less confusing.

Line 355: 'reserches?

Reply: we do not find “reserches’. We double checked on the text to make sure we have the right
spelling.



