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Dear Associate Editor Sonke Zaehle,

Thank you for your evaluation of the manuscript. We also thank the reviewers
for the great effort they made in reviewing the manuscript, and for the
significant improvements they promoted on it. We are sincerely grateful for
the comprehensive review of our manuscript, and we valued each comment
made. We added acknowledgments to reviewers recognizing their effort.

We responded to each comment and revised the manuscript. We made
appropriate changes in the manuscript or have provided an explanation
where we could not follow exactly what reviewers suggested. To the best of
our understanding, no remaining issues are left in this corrected version.

The major changes made on the manuscript are briefly described in the
following. A new title was introduced including a more specific description of
the study. In the introduction, we added the rationale about the limitations of
the 31P NMR method. For the Material and Methods, a complementation was
made on how the structural equation modeling was developed. For the results,
we added the average and range of P extracted by NaOH-EDTA (%) for both
mineral and organic layers. Moreover, most changes were made on the
discussion. These included adding discussion and several references on the
effect of acidifying soils, which may increase the charge of some organic
compounds, and thus increase sorption. Discussion on why inositol
hexakisphosphates proportions increase as soils get more weathered in non-
tropical environments, but no inositol hexakisphosphates have been found in
very weathered soils of tropical environments was added. We also added
discussion on how vegetation change during pedogenesis and how it affects
soil P composition. Ultimately, we discussed future research priorities such as
disentangling confounding effects among soil biotic and abiotic components,
climate and vegetation; and coupling 3P NMR with other important
techniques to better understand P cycling and composition in terrestrial
ecosystems. We excluded the terms “dynamics” and “terrestrial” throughout
the manuscript. Finally, a native person with an affinity to the topic reviewed
the whole manuscript again for precision and clarity of terminology.

Responses to the reviewers' comments are described below under
“Response”. Changes made on the manuscript were all based on these
responses. To facilitate the evaluation, we left the reviewers comments before
each response.



Responses made by the authors are in bold and indicated with the term
“Response”. After the responses to the reviewers comments one can find the
manuscript with all changes marked.



REPORT 1

For the most part, the manuscript has been significantly improved compared to the
original submission. In particular, the authors have constrained the studies used to
avoid methodological differences, and have focused on specific P compounds to
minimize differences among research groups (e.g. with respect to correcting for
degradation), which could hamper the type of global comparisons they are trying to
make. I still think the studies they have included are too heavily skewed to studies
by a single author (Turner) and a single location (New Zealand). However, that is
partially due to issues with analyses by some studies by other groups or from other
locations. Hopefully, future studies will avoid these problems, allowing this type of
analysis to be expanded in time. But for now, this is an interesting first attempt at
this type of analysis.

There are still some problems that will need to be addressed before this is
publishable. The majority of these fall more into minor or moderate revisions, as
indicated below. However, the discussion will need some substantial revision,
because many parts of it, as indicated below, are based merely on speculation, and
are not grounded in fact or even in the authors’ own results.

1. Writing quality: for the most part, the quality of English has improved. However,
there are still some problems with some sections. These are specifically addressed
below, but I still recommend that the authors have the revised version read by a
native English speaker who is familiar with the research topic. There are still
problems with the writing in that the authors make sweeping statements of fact,
without citing any references to support these statements. This is particularly true
in the introduction, and specific instances are noted below.

2. Title: The current title isn’t very informative or very well written (e.g. “soil” by
definition is “terrestrial”, so including both is redundant). I suggest: “A meta-
analysis of ecosystem properties influencing soil phosphorus dynamics in natural
ecosystems”.

Response: The “meta-analysis” term is being avoided because no meta-
analytic methods were used to statistically analyze the data. These statistical
methods were not used due to the lack of error measurements on the
compiled data (e.g., variance or standard error). The title was changed to a
more informative version, as suggested by the reviewer: “Environmental
drivers of soil phosphorus composition in natural ecosystems”. We used
“compounds” instead of “dynamics” as suggested by the Reviewer #2.

3. Abstract: Although the main body of the paper appears to have been revised
with the assistance of a native English speaker, the abstract appears to have been
overlooked.



Line 7: “phosphorus (P) compounds can be modified by distinctive ecosystem
properties” Using the term “modifies” implies that the ecosystem properties directly
change P forms. However, most of the changes are indirect. For example, pH can
change the soil environment to influence sorption of P forms, or it can affect the
organisms that produce P forms, or that produce enzymes to mineralize P forms.
But pH itself isn’'t necessarily changing P forms, except potentially alter the charge of
the P form. As such, I think it would be best to change this to “phosphorus (P)
compounds can be influenced by distinctive ecosystem properties”.

Response: OK. “influenced by” was used instead of

“modifies”.

Line 8: “soil P dynamics on terrestrial natural ecosystems, relating its organic
“should be “soil P dynamics in natural ecosystems, relating organic “

Response: Changes were made.

Line 11: “determined the soil P composition” should be “determined soil P
composition”

Response: Changes were made.

Lines 11-12: “nuclear magnetic resonance of soils extracted with NaOH EDTA”
should be “nuclear magnetic resonance of NaOH-EDTA extracts of soils”

Response: Changes were made.

Line 12: “models were used to better understand the soil P” should be “models were
used to better understand the factors influencing soil P”

Response: Changes were made. We used “environmental properties” instead

of “factors”.

Line 13: “relationships, soil P compounds had similar overall behaviors on mineral
and organic layers but with different slopes”. This analysis does not give any
information about the behavior of soil P compounds; instead, it shows the
relationship of soil P compounds with various factors. As such, this should be
“relationships, trends for soil P compounds were similar for mineral and organic
layers but with different slopes”.

Response: OK.



», «

Line 16: “Soil, particularly” should be “Soil factors, particularly”; “ratio” should be
“ratios”

Response: Changes were made. We used “properties” instead of “factors”.

Line 18: “soil P composition on terrestrial natural ecosystems” should be “soil P
composition in natural ecosystems”

Response: Changes were made.

Lines 19-20: “and after altogether with plant and microbe coexistence” I do not
understand what the authors are trying to say here; something seems to be missing.

Response: It was changed to “and after altogether through plant and microbe
P cycling”.

4. Introduction

p. 2, line 4: “derives essentially” should be “derives predominantly”; “as an eolian
deposit” should be “as eolian deposits”. However, I disagree with this statement,
because it is only relevant for younger soils (e.g. Chadwick et al. 1999 Nature
397:491-497). And because this is a statement of fact, a reference needs to be cited
here.

Response: We added the term “young” before “ecosystem” to fulfill the
statement according to the Chadwick et al. (1999) findings and the reference
was added: “Phosphorus input into a young ecosystem derives predominantly
from the weathering of rocks, with little input as eolian deposits”.

p. 2, lines 5-6: “Phosphorus goes back to soil as organic materials (Noack et al. 2012”
but not necessarily as organic P; Noack et al. showed that much of the P in plant
residues was orthophosphate. I think the authors need to explicitly state that here,
that “organic materials” are not primarily composed of organic P forms.

Response: The sentence was changed to “Phosphorus goes back to soil as
organic materials, which are composed by organic and inorganic P
compounds”.



p. 2, lines 7-9: “Each new cycle...primary minerals” Please cite a reference to support
this statement of fact, because I am not sure that it is in fact true.

Response: McDowell et al. (2007) was added to support the following sentence
“Each new cycle loop leads to more complex and less bioavailable P
compounds”, and “Walker and Syers (1976) was used to “ultimately seriously
limiting ecosystem productivity in the absence of ‘fresh’ P input as primary
minerals.”

p. 2, line 10: Jenny (1941) described these as the five factors of soil formation, not
ecosystem functioning. Please cite another reference to support using this term in
this way.

Response: “soil formation” was used instead of “ecosystem functioning” in this
sentence and across the manuscript. Therefore, Jenny (1941) was maintained
for this statement.

p. 2, line 14:"main Po compounds are” should be “main Po compound categories
are”, because monoesters, diesters, etc. are compound categories, not forms.

Response: Changes were made.

p. 2, lines 15-16: “orthophosphate monoester” should be “orthophosphate
monoesters”, “orthophosphate diester” should be “orthophosphate diesters” and
“phosphonate” should be “phosphonates”, because these broad compound classes

contain a number of different P compounds.

Response: Changes were made across the manuscript.

p. 2, line 18: “used by” should be “directly taken up by”, because all P compounds
can be used by plants and microbes after transformation, just not directly taken up
by them.

Response: Changes were made.

p. 2, lines 17-19: “Specific phosphatase...and microbes” and “Obviously...optimum”
Please cite references to support these statements of fact.

Response: Changes were made. Turner (2008a) was used for “Specific

phosphatase...and microbes” and Frankenberger and Johanson (1982) was
used for “Obviously...optimum”.



p. 2, lines 19-20: “Phosphomonoesterase is more active in acidic soils while
phosphodiesterase is optimized in basic soils (Turner and Haygarth 2005)” NO! It
simply is not possible to make such a broad, sweeping statement based on a single
study of pasture soils from England. Please rewrite.

Response: The sentence was excluded to avoid the broadening of the

statement, and also because the rationale was supported by the previous
sentence.

p. 2, lines 28-29: “As soil ages..colimitation intermediate stage” Please cite a
reference to support this statement of fact.

Response: Walker and Syers 1976 and Turner and Condron (2013) were used
to supporting the statement.

p. 3, line 4: “precipitations” should be “precipitation”.

Response: Change was made.

p. 3, lines 9-14: I think “parent rock” should be changed to “parent material”,
because soils can form on materials other than a specific type of rock (e.g. sand,
glacial till).

Response: “parent material” was used instead of “parent rock” in all instances

across the manuscript.

p. 3, line 16: “Soil P composition has been studied in soils from ecosystems
worldwide” should be “Soil P composition has been studied in ecosystems
worldwide”

Response: Changes were made.

p. 3, line 17: “(NMR) was a widely used method” should be (NMR) is a widely-used

method”, because to the best of my knowledge it is still being used.

Response: Changes were made.



p. 3, line 19: “NaOH and chelating agent EDTA” should be “NaOH combined with the
chelating agent EDTA”

Response: Changes were made.

p. 3, line 20 (and elsewhere throughout the manuscript): “NaOH EDTA” should be
“NaOH-EDTA”.

Response: It was changed throughout the manuscript.

p. 3, lines 22-24: “The NaOH EDTA...(Turner and Blackwell 2013)” This sentence
does not make any sense as written. How does this demonstrate that NaOH-EDTA is
quantitative? Please rewrite and include more references.

Response: OK. The sentence was changed to “The NaOH-EDTA extraction
method is recognized to quantitatively extract P compounds from the soil.”

p. 3, lines 26-27: “state factors of ecosystem functioning” see previous comment and
rewrite.

Response: Changes were made. “soil formation” was used instead of

“ecosystem functioning”.

p. 3, line 27: “because known responses were obtained from case-specific
conditions”. I do not understand what the authors are trying to say here. Please
rewrite.

Response: the sentence was rewritten to “how soil P composition is affected by
different state factors of soil formation because most know responses were
obtained from specific chronosequences.”

5. Methods

p. 4, line 5: “that namely estimated an adequate delay time” should be “that used an
adequate time”

Response: Changes were made.

p. 4, line 15: “only control (unchanged) was used” should be “only control
(unchanged) samples were used”



Response: Changes were made.

p. 4, lines 23-23: “organic P and its compound” should be “organic P and the
compounds”

Response: Changes were made.

p. 4, line 24: “NaOH EDTA inorganic P, and its compounds” should be “and NaOH-
EDTA inorganic P and the compounds”

Response: Changes were made.

p. 4, line 27: “climate characteristic” should be “climate characteristics”, because it
refers to both precipitation and temperature.

Response: Changes were made.

p. 5, lines 29-30: “how the inorganic and organic P compounds variation” should be
“how variations in inorganicand organic P compounds”

Response: Changes were made.

p. 6, line 4: “Differently” should be “In contrast”

Response: Changes were made.

6. Results:

p. 6, line 13: “McDowell and Steward” should be “McDowell and Stewart”; the name
is spelled correctly in the References section.

Response: Changes were made.
p. 6, line 20: “And temperate rain forest” Don’t some of the New Zealand sites fall
into temperate rain forest? The authors should check to confirm.

Response: According to Whittaker's diagram we found that some of those
plots were classified as intermediates between the temperate rainforest and



boreal forest, and tropical rainforest and temperate rainforest. It is being
described at the beginning of the third paragraph of the discussion section.

p. 6, line 25: “were absented” should be “were absent”

Response: Changes were made.

p. 6, lines 26-27: “All compiled results...polyphosphate” This sentence repeats
information already given (p. 4, lines 22-24), and should be deleted in one of these
locations in the text.

Response: OK. The given sentence was deleted.

p. 7, line 3: “The compounds proportions” should be “The proportioning of
compounds”

Response: Changes were made.

p. 7, line 6: “Into the Pi pool” should be “In the Pi pool”; “layers, the orthophosphate”
should be “layers, orthophosphate”

Response: OK. Both were corrected.

p. 7, lines 12-13: “There was no clay effect on both Pi and Po and their compounds
proportions” should be “Clay had no effect on either Pi or Po, or on the proportions

of compounds in these categories”

Response: Changes were made.

p. 7, line 18: “effect on both Pi and Po” should be “effect on either Pi or Po”

Response: Changes were made.

p. 7, line 24: “in both mineral and organic “ should be “in either mineral or organic”

Response: Changes were made.



p. 7, lines 30-31: “In is important to note...usually comprises the residual P not
recovered by the NaOH EDTA extractant”. This sentence doesn’t make sense to me.
Firstly, the x axes in figures 2 and 3 vary depending on the factor (e.g. %, % organic
P, log scale mg/kg). Secondly, total P doesn’t just include residual P (which is what
“comprises the residual P” means”), it includes both the extracted P and the residual
P. This sentence needs to be rewritten.

Response: The sentence was rewritten as “It is important to note that the
reported total P (x-axis on Figures 2 and 3) is the one obtained by digestion
and it includes both the extracted P and the residual P.”

p. 8, line 2: “As the percentage” should be “As a percentage”

Response: Changes were made.

p. 8, line 12: “on the soil P composition on terrestrial natural ecosystems” should be

“in the soil P composition in natural ecosystems”

Response: Changes were made.

p. 8, line 13: “over total “ should be “on total”

Response: Changes were made.

p. 8, line 18 and line 19: “affected the soil age and CP ratio” should be “affected soil
age and CP ratios”

Response: Changes were made.

p. 8, line 29: “of the ecosystem’s properties” should be “of ecosystem properties”

Response: Changes were made.

p. 8, line 31: “and its compound” should be “and its compounds”

Response: Changes were made.

p. 9, line 2: “poorly defined” should be “poorly-defined”



Response: Changes were made.

p. 9, line 3: “of the ecosystem’s properties” should be “of ecosystem properties”
Response: Changes were made.

p. 9, lines 7-8: “phosphonate had most of its variation explained by” should be “most
of the variation in phosphonates was explained by”

Response: Changes were made.

p. 9, line 19: “by precipitation into the “ should be “by precipitation in the”

Response: Changes were made.

p. 9, line 21: “Into the” should be “in the”

Response: Changes were made.

p. 9, line 26: “Pyrophosphate had a positive influence of” should be “Pyrophosphate
was positively influenced by”

Response: Changes were made.

p.- 9, line 27: “inositol was negatively” should be “inositol phosphates were
negatively”

Response: Changes were made.

p. 9, line 29: “Phosphonate was” should be “Phosphonates were”

Response: Changes were made.

7. Discussion: Much of this is very poorly done, and relies on speculation rather
than data. Major revisions are needed in this part of the manuscript. p. 10, line 2:

“compounds respond to” should be “compounds responded to”

Response: Changes were made.



p. 10, line 3: “at a wide” should be “on a wide”

Response: Changes were made.

p. 10, line 4: “terrestrial nature ecosystems” should be “natural ecosystems”

Response: Changes were made.

p. 10, line 7: “persistence on ecosystems” should be “persistence in ecosystems”

Response: Changes were made.

p. 10, lines 7-11. This is a very long, confusing sentence; as written, the point that
the authors are trying to make with this sentence is not clear. It should be rewritten.

Response: The phrase has been rewritten in order to clarify it.

p. 10, line 14: “the decaying degree of C element is lower than the P” I do not
understand what the authors are trying to say here.

Response: OK. The sentences were changed to “As time passes after the onset
of pedogenesis, the ecosystem accumulates organic matter up to a maximum,
and then starts to decline. Along with this decline, there are also changes in
the chemical composition of organic matter, in which the decaying degree of C
element is lower than the P, and concomitantly there is an increasingly acidic
environment (Walker 1965; Turner and Condron 2013).”

p. 10, line 15: “resulting in the slowed decomposition of the older soil system” Again,
[ do not understand what the authors are trying to say here. As currently written, it
indicates that the soil system itself is decomposing more slowly. However, soils do
not decompose. Do they mean that decomposition is slower in older soil systems? If
so, then decomposition of what? Plant material? Or do they mean mineralization of
specific P forms? This needs to be rewritten for clarity.

Response: The sentence “resulting in the slowed decomposition of the older
soil system” was excluded because it was not being relevant to the
understanding of the manuscript. What we meant was that the organic matter
decomposition is slower in older soil systems due to a higher CP ratio and a
more acidic soil environment.



p. 10, lines 16-19: “more weathered soils are remote from the parent material”.
Again, this is confusing as written. Do the authors mean physically remote? If so,
wouldn’t that depend on the nature of the soil weathering processes, and even on
the soils themselves? Or do they mean “substantially changed”? Please rewrite.

Response: We meant physically remote, but we understood and agreed with
the point the reviewer is making. To fulfill that we changed “remote” to
“substantially changed”.

p. 10, line 25: “occluded P increases at the expense of organic P”. This sentence
implies that organic P compounds cannot be occluded, which isn’t the case - one of
the reasons that inositol phosphates increase with weathering is that they become
occluded in the same way that inorganic P compounds become occluded. The
inaccuracy of this statement is due to citing a dated reference (Crews et al. 1995)
that relied on Hedley fractionation. Please update this statement and cite something
that uses P-NMR or other modern techniques.

Response: The sentence was modified to “In highly weathered soils, occluded
P increases through the encapsulation of the organic and inorganic P
compounds inside of Fe and Al minerals (McDowell et al,, 2007; Turner et al.
2007).”

p. 10, line 31 and p. 11, line 2: “phosphorus” should be abbreviated as P.

Response: Changes were made.

p. 11, line 2: “with species maximum” should be “with species’ maximum”
Response: Changes were made.

p. 11, line 5: “shapes” should be “shaped”, because it is discussing a student that has
been published.

Response: Changes were made.

p.- 11, line 9: “As soil aged” should be “As soils aged”

Response: Changes were made.



p. 11, line 11: “weathering stages had a major role” should be “weathering stage had
a major influence”

Response: Changes were made.

p. 11, line 11: “dynamic” should be “dynamics”

Response: Changes were made.

p. 11, lines 16-23: It is well-established that ectomycorrhizal fungi convert the
orthophosphate that they take up from the soil into polyphosphates, and translocate
the polyphosphate along fungal hyphae, sometimes a great distance from where the
orthophosphate is taken up (e.g. Blicking and Heyser 1999 Mycol. Res. 103:31-39;
Plassard and Dell 2010 Tree Physiol. 30:1129-1139). This needs to be mentioned, as
well as the need to define plant and microbial communities in studies of P forms.

Response: The information about the ectomycorrhizal fungi was added and
the need to define plant and microbial communities in studies of P forms was
emphasized.

p. 11, line 28 to p.12, line 2: Polyphosphates can potentially degrade to
pyrophosphates during extraction and analysis by P-NMR (e.g. Cade-Menun et al.
2006, Environ. Sci. Technol. 40:7874-7880), so pyrophosphate and polyphosphate
shouldn’t be considered as fully distinct P forms, and the authors should use care
when discussing hydrolysis of pyrophosphate separately from polyphosphate.

Response: Changes were made.

p. 12, lines 5-6: “Plant and microorganism breakdown diesters need” should be
“Plant and microorganism breakdown of diesters needs”

Response: Changes were made.

p. 12, lines 8-9: “P limitation increased phosphoesterases synthesis as a way to
increase the organic P breakdown to the bioavailable P”. As written, it doesn’t make
sense. Do the authors want to say: “P limitation may stimulate increased
phosphoesterase synthesis as a way to increase bioavailable P by the mineralization

of organic P”?

Response: The sentence was changed to the proposed one.



p. 12, lines 12-16: “Therefore we hypothesize that as P got scarcer, plant and soil
microorganisms may have been stimulated to produce phosphomonoesterases in
greater amounts compared to phosphodiesterase because of the lower investment
required for the organic P acquisition. Even though acid phosphatases require
greater activation energy than alkaline phosphatases (Hui et al. 2013), breaking
down diesters would require both enzymes; therefore a greater investment in
energy”. These two sentences are baseless speculation, and should be deleted from
the paper. The authors did not include any measures of phosphatase activities of
any kind from any of the published studies, and thus are unqualified to say anything
about how enzyme activity changes with soil factors. Their results in Fig. 3 show
that the proportion of total organic P, as well as the proportions of IHP and DNA
decrease with increasing pH. This is related to increased charge of these compounds
with decreasing pH, and thus increased sorption. This is discussed in detail in
Condron et al. 2005, among other papers.

Response: That part of the discussion was rewritten and our hypothesis
deleted.

p. 12, lines 18-20: As noted for the introduction, it isn’t possible to take the results of
one study into pasture soils from one country and extrapolate to a global model
about enzyme activity, especially when the current study did not include any
measures of enzyme activity. This needs to be deleted.

Response: Sentence and assumption about those results were excluded.

p. 12, lines 23-26: As noted above, the influence of pH on DNA sorption is well-
established (Condron et al. 2005). The authors need to revise these lines of the
discussion.

Response: The discussion was strongly improved following the note above.

p. 12, lines 28 to p. 13, line 12: The authors need to be very precise in their
terminology. In this section, they discuss “inositol phosphates”. However, the data
they include from various studies is for inositol hexaphosphates, which very
specifically are inositols with 6 phosphate groups. These will behave very differently
in soils from inositol phosphates with fewer phosphate groups. Please rewrite this
section to be more precise. In addition, all of the processes discussed here to govern
the behavior of “inositol phosphates” in soil will also apply to other P forms,
especially DNA.



Response: the terms “inositol phosphates” were changed to “inositol
hexakisphosphates” throughout the manuscript. Moreover, the rationale was
changed to include both inositol hexakisphosphates and DNA.

p. 13, lines 9-10: This sentence discusses changes in the concentration of “inositol
phosphate” with soil weathering. However, the authors only present changes in
“inositol phosphates” as proportions of organic P, not as concentrations. As such,
this is all speculation and should be revised or deleted.

Response: The text was revised. We think that the rationale is important in the
manuscript to justify why inositol hexakisphosphates concentrations could
decrease in more weathered soils. In fact, all of our tropical results had
negligible inositol hexakisphosphates concentrations. To complement the
rationale we added a text that describes our results in concentrations from
figure 7.

p. 13, line 14: “there were no inositol phosphates on tropical, more weathered soils”.
Could this not also relate to either inputs from plants or production of phytases by
plants and microbes? The authors did not include any factors that might influence
the cycling of IHP in these types of soils. As such, this is merely speculation and
should be deleted.

Response: The text was rewritten including the plant role on the inositol
hexakisphosphates acquisition and more references were added. The motive
for not excluding the rationale is described in the comment above.

p. 13, lines 20-23: “Recent investigations have contradicted the often-cited
literature” please cite references here to support this statement of fact, both for the
“often cited literature”, and the “recent investigations”.

Response: the phrase was modified excluding the “often cited literature” part
and references for “recent investigations” were added across the present and
next paragraphs. We thought it would be redundant citing the recent
investigations references at the present sentence and again along the
following sentences.

p. 14, lines 10-30: One thing missing from this section is the role of vegetation with
respect to inputs of different P forms. It should also be noted that a greater soil
wetness is not necessarily associated with leaching, if there is impeded drainage of
the soils in some ways (e.g. from the formation of placic horizons). This section of
the manuscript is really vague, and doesn’t add anything to our knowledge of P



cycling in soils. The authors must do a far more thorough literature review to
discuss their results properly.

Response: We agree that vegetation may have played a role on the results, but
we were unsuccessful in finding studies that clearly explained the role of
vegetation, without confounding effects of soil or climate, on specific soil P
compounds. These issues were also recently pointed out by another paper
that dealt with the same dataset (Huang et al. 2017). Therefore, we added a
section to the end of the discussion, along with other suggestions made by the
other reviewer, to point out future research priorities. These included, among
others, a suggestion for studies aiming to disentangle confounding effects
among vegetation, soil biotic and abiotic components, and climate. The terms
“Soil wetness” were excluded and that part was rewritten using “precipitation
(in soils with no impeded drainage)”.

p. 14, line 32: “As the orthophosphate percentage decreased following precipitation,
the pyrophosphate percentage increased”. This does not necessarily mean that the
concentration of orthophosphate decreased, or that of pyrophosphate increased, or
imply a cause-and-effect relationship. This line suggests to me that the authors do
not understand compositional analysis: as the percent of one thing decreases the
percentage of another thing will increase because the total must add to 100%. In my
opinion, reporting and discussing these as percentages is misleading, for this reason.
It would be far better to use concentrations.

Response: We completely agreed with the reviewer’s point so we added the
concentration results from Figure 7, which followed the same behavior, to
imply in the rationale a cause-and-effect relationship.

p. 15, lines 6, 7: “phosphorus” should be “P”

Response: Changes were made.

p. 15, lines 7-8: “greater organic P concentrations were associated with increasing
biomass production”.

Response: Changes were made.

Studies of biomass (e.g. Noack et al. 2012) show that the majority of P in plant

biomass is as orthophosphate, not organic P compounds. As such, this sentence
doesn’t make sense to me, and isn’t supported by the literature. Please revise.



Response: We acknowledge that most of P in crop biomass (e.g. Noack et al.
2012) and possibly native vegetation biomass is as orthophosphate. To clarify
the rationale we added a note “However, it is important to note that the
majority of P in plant biomass (e.g. Noack et al. 2012) is as orthophosphate
and not as organic compounds. We believe that even with higher
orthophosphate inputs through plant biomass, organic P concentrations in
soils would increase altogether with inorganic P concentrations, and also at
expense of soil orthophosphate due to the greater bioavailability to plants and
organisms of that inorganic form.”

8. Conclusions:

p. 15, lines 22-23: “after altogether with plant and microbe coexistence” as noted for
the abstract, [ do not understand what the authors are trying to say here. Something
seems to be missing, or mistranslated.

Response: The sentence was rewritten to “and then altogether through plant
and microbe P cycling”.

9. Figures: In all figures, “phosphonate” should be “phosphonates”, because this is
a general compound category containing a number of specific P compounds. Also,
“inositol” should be IHP or inositol hexakisphosphate.

Response: All figures were changed to correct “phosphonate” to
“phosphonates”, and “inositol” to “IHP”. We also corrected the line 21 of
Figure 7 to a dotted line.

10. References: there are many problems with this section of the manuscript. The
authors need to carefully proof- read and correct this section.

a) Many of the references are out of order alphabetically, including the entire “Y”
section (which should come after W), Deiss et al. 2017 should come after Damon et
al. 2014; Laliberté et al. 2017 should come before Legendre and Legendre 2102 and
Lietal. 2015; Whittaker 1975 should come before Wilson et al. 2013.

Response: All references were ordered. Y is coming after X, Y after W. Deiss
after Damon. Laliberté was placed before Legendre and Legendre. Whittaker
was placed before Wilson.

b) There are formatting differences among references. Cade-Menun et al. 2000
has the volume and page number listed as 30:1714-1725, while other references use
a comma (e.g. Celi et al,, 2013, 367, 121-134). Chen et al. 2004 does not include
periods after abbreviations in the journal title (Aust | Soil Res); Cade- Menun and



Preston 1996, Kizewski et al. 2011, Turner et al. 2013 have all the words capitalized
in the manuscript title.

Response: volume and page number were standardized across all references.
Periods after abbreviations in the journal title were added for Chen.
Capitalized letters of title name of Cade-Menun and Preston 1996, Kizewski et
al. 2011, Turner et al. 2013 were turned to lowercase, and other occurrences
were followed by the same rule.

c) The journal volume number and/or page numbers are missing from Deiss et
al. 2017, Doolette et al. 2016, Li et al. 2015, while George et al. 2017 is missing the
name of the journal as well as the volume number.

Response: Deiss, Doolette, and Li were completed with volume number and/or
page numbers, and George was completed with Journal Name. We did not find
volume number for the latter.

d) Rumpel et al. is 2015 in the References, but 2016 in the text; Blinemann is
“Bunemann” in the text (p. 11, line 16)

Response: Rumpel was corrected to 2015. Biinemann was corrected in the
text.



REPORT 2

Reviewer Comments

The manuscript presents some interesting results and the results are now quite
clearly presented. While some aspects have been improved in the revision, other
aspects remain problematic, including some issues already pointed out by earlier
reviewers. The four main issues I see are:

1. Inadequate understanding / discussion of the limitations of the NMR method

2. Precision and clarity of terminology
3. Adiscussion section that does not go beyond what is already known
4. English language

Limitations of the NMR method.

Liquid 31P NMR is a powerful method to study the presence of certain P forms in
soils, and it is of interest to combine results produced by different studies in a meta-
analysis. However, it is absolutely necessary that the authors are aware and clearly
and transparently communicate the limitations of liquid 31P NMR on NaOH-EDTA
extracts. There are many other methods out there to study P cycling (Kruse et al.
2015), and only if results are correctly interpreted in light of the limitations of the
methods can readers integrate knowledge gained from one method with knowledge
gained from another method.

Response: We added the rationale for the introduction to clarify the
limitations of the 31P NMR following the reviewer suggestions.

Firstly, as already pointed out by reviewer 1 (first round), NaOH-EDTA extraction
never extracts all soil P and often only a small portion of total soil P. Please state the
fraction of total P extracted by NaOH-EDTA for all soils used in your analysis.

Response: The fraction of total P extracted by NaOH-EDTA is being reported
on the Figure S5, and was used in all models as a random factor, but to
complement those, we added the average and range of % extracted by NaOH-
EDTA for both mineral and organic layers to the results section (end of second
paragraph of results section).

Secondly, 31P NMR is a tool for P speciation, providing important information on P
stocks, it does not, however, provide information on dynamics. Turnover, exchange
kinetics, mineralisation rates, etc, which is what I understand under “P dynamics”,
can only be assessed using isotopic techniques (Frossard et al. 2011).



Response: The “dynamics” term was excluded from the manuscript when
referring to soil P composition results.

Thirdly, liquid 31P NMR is not the preferred method for studying inorganic P
species, since it cannot give information on predominant inorganic P species such as
Fe-, Al- and Ca-phosphate. XANES is a more preferred method for looking at
inorganic P species. This does not mean that the results on pyrophosphate,
orthophosphate and polyphosphates concentrations are not useful, however, the
paper reads as if these are the only inorganic P species of importance in soils. Please
be more honest on the potentials and limitations of this approach.

These limitations need to be stated clearly and transparently in the introduction,
since they provide the scope for the meta-analysis.

Response: As described earlier, we added this rationale on the introduction to
clarify the limitations of the 31P NMR and other methods for studying soil P.
Moreover, we included this topic about the orthophosphate speciation as a
main “Research Priority” in the last, new section of discussion.

Precision and clarity of terminology. As mentioned above, the word “dynamics” is
misleading for a study looking at P forms. I suggest changing the title to something
more accurate, e.g. “The impact of soil, climatic, and temporal drivers on inorganic
and organic P compounds”.

Response: The “dynamics” term was excluded from the manuscript, and a new
title was introduced.

An often-recurring term is “complex P compounds”. From my understanding,
“complex” is used to refer to high-molecular weight organic compounds of variable
composition (McLaren et al. 2015). Please use a more precise term than “complex P
compounds”.

Response: The terms “complex P compounds” throughout the manuscript.
Complexity, otherwise, was maintained in some instances to explain
modifications in soil P composition in later stages of pedogenesis.

Discussion section

The discussion section remains the main weak spot of the article. As it stands, the
discussion could be summarized by Fig 1 from the introduction. This is a problem
because Fig 1 is a very generic and commonly used figure in the field. [ suggest the
authors follow Mensh and Kording (2017), who provide useful tips for structuring a
discussion (Mensh and Kording 2017).



There follows a few ideas for rewriting the discussion that authors may use if they
find them helpful. The first paragraph can more or less stay as is, it summarizes the
results.

Response: We thank the reviewer for the suggestions about the paper to
better structure the discussion. We followed it to improve the discussion
presentation and organization. We maintained those initial paragraphs of the
discussion.

The next two paragraphs could be dedicated to outlining the limitations of the
analysis. Here it would

be worth pointing out that climate and weathering drive soil properties, so that it is
not entirely appropriate to compare their influence on P forms, because much of the
variation in soil properties can be explained by climate and weathering. Also, it
might be worth discussing why variation in polyphosphates could not be explained
by the models.

Response: We added the point about interacting effects between climate and
weathering on soils along with the first paragraph of discussion (“While the
soil P composition was mainly directly influenced by soil properties, the
impact of climate and weathering stage occurred mainly through indirect
paths and their influence on soil properties”), and we also included this topic
in the discussion “Research Priorities” section. We added a possible
explanation to the poor response of the polyphosphates at the end of the third
paragraph of the item “4.1 Soil properties and the soil P composition”. The
other reviewer presented an interesting point and we believe that it had a role
in our responses. So we added this specific discussion at that part.

The final two paragraphs could point out how this study adds to the literature. The
focus of these paragraphs should not be comparisons to individual NMR studies,
since they are anyways incorporated into the data, rather it would be interesting to
weave the findings together with insights from studies using XANES, enzyme
activities, or isotopes, to start painting a full picture.

Response: We added a new section in the discussion to point out future
opportunities for studies we struggled to find responses for while exploring
our results.

English language

Authors stated that a native English speaker revised the manuscript. However, |
don’t think that the quality of the writing has improved from the previous version.
There are still many grammatical issues and awkward writing, which make the
manuscript difficult to read at times.



Response: A different native person with an affinity for the topic revised the
English again throughout the manuscript.
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1 INTRODUCTION

Phosphorus (P) is a key nutrient in animal, microbial and plant nutrition and ‘bears light’ to terrestrial ecosystem

functioning, regulating primary and secondary productivities (Walker and Adams 1958; Vitousek et al. 2010). Phosphorus
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physico-chemical and biological reactions, Each jteration of this cycle, alters the form and bioavailability of the phosphorus,

leading to_decreasing levels of pioavailable P compounds (McDowell et al. 2007),In the absence of ‘fresh’ P inputs, this

results in severe P) Jimitations to, ecosystem productivity {Walker and Syers 1976). The, five state factors of soilsoil

formation (time, parent materialmaterial, climate, topography and, biota) determine the rate at which the cycle is completed

(Jenny 1941). Therefore, a better understanding of the role of the five state factors as drivers of soil P composition is crucial
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(species). The main P, compound categories are: i) orthophosphate monoestersmonoesters (single ester linkage to
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orthophosphate) such as ribonucleic acid, deoxyribonucleic acid, lipoteichoic acid, phospholipid fatty acids, and iii)

phosphonates (Nash et al 2014). Inorganic P compounds include, orthophosphate, polyphosphate and pyrophosphate (Cade-
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orthophosphate, which is the P compound directly taken upup, by plants and microbes (Turner 2008a). AsAs most, enzymes. Il

the activity of soil P_cycling enzymes are very sensitive to thethehydrogen potential (pH) with specific enzyme optimum |

(Frankenberger and Johanson, 1982)However, qfher, O, soil variables are also involved in regulating P; and P, |

transformations. For example, inositollnositol hexakisphosphates bind strongly to metal oxides and other soil components,
which strongly Jimitsconstrained their bioavailability (Turner et al. 2007). Similarly, aming, group protonation of adenine,

guanine and cytosine bases in the DNA molecule can cause adsorption of positively charged DNA to, the negatively charged || ‘
clay surface (Yu et al. 2013). As a result,

many, soil properties regulate soil P composition but sheir relative importance

across contexts is unclear,

The absolute and relative abundances of P, and P; forms and compounds are likely related to ecosystem |
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development and soil weathering, as conceptualized by the Walker and Syers model (e.g., Walker and Syers 1976; Yang and |

Post 2011) (Figure 1, upper panel). As soils underga pedogenesis, ecosystem productivity progresses from nitrogen (N) to P “

limitation with ecosystem productivity peaking at the N-P colimitation intermediate stage of pedogenesis (Walker and Syers

1976: Turner and Condron, 2013). Parallel changes occur in soil properties including a decrease in total exchangeable bases,
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an_increase inacidification Al and Fe oxide concentration, (Albrecht 1957, Walker 1965). As a result, some P, and P; |
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3 RESULTS
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and Engelbrecht 2011, n=19; Turner et al. 2003, n=1, Turner et al. 2007, n=8; Turner 2008b, n=1; Turner et al. 2014, n=20;

Vincent et al. 2013, n=8; Vincent et al. 2010, n=1). Most of the papers were excluded (from more than 2,000 papers found
during the search) because they failed to meet the eligibility criteria including land use (e.g., crop, pasture, planted forest or
wetlands) and *'P NMR features. The results selected were from the following countries: Australia (n=5), Finland (n=1),
Italy (n=1), New Zealand (n=59), Republic of Panama (n=21), Russia (n=4), Sweden (n=8) and the United States of America
(n=1). These results comprised most of the global biomes classified according to Whittaker's diagram (Whittaker 1975),
except for the subtropical desert, tundra and temperate rain forest. The six chronosequences studies (5 in New Zealand, 1 in
Sweden; 5 on A layer, 2 on O layer) were the most important contributors to the data (45/74 sites on A layer, 18/20 sites on

O layer).,
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3.1 Edaphic properties

All surveyed edaphic properties affected soil P; and P, pools and compounds. These results are summarized in Figures 2 and

3. Both total P; (Figure 2A) and P, (Figure 3A) concentrations in NaOH-EDTA extracts (mg kg™ soil) had a quadratic

layers. In mineral layers, the proportion of NaOH-EDTA P in the form inorganic P increased with pH (Figure 2B), whereas
the proportion in the form of organic P decreased with pH (Figure 3B). NaOHNaOHNaOHHowever, there was no pH effect

on both pools in the organic layers. The distribution of compounds in both, P; (Figure 2C-E) and P, (Figure 3C-D) pools |

responded dynamically to the pH. In, the P; pool (% of P;) of mineral layers, orthophosphate decreased, and pyrophosphate

accounted for the remaining P; as the pH decreased. The pH had no effect on these inorganic compounds in the organic layer
(even though there is an apparent trend, these relationships became insignificant after including sampling depth as a random

effect on models; additional Appendix S3 shows the sampling depth effect over the soil P composition). In the P, pool (% of

P,), both inositol hexakisphosphates (mineral layer) and DNA (mineral and organic layers) proportions increased as the pH
decreased. Phosphonates response to edaphic properties (insignificant) is presented in additional Appendix S6,,

Both total P; and P, concentrations in NaOH-EDTA extracts (mg kg™ soil) responded quadratically to the clay
concentration, with higher values occurring at intermediate textural classes (Figures 2F and 3E). Clay impactedjmpacted on

neither Pj and P, nor on the proportions of P compounds (% of NaOH-EDTA P) (Figures 2G-J and 3F-H),

Total P; and P, concentrations in NaOH-EDTA extracts (mg kg soil) increased as the soil C concentration
increased in mineral layers, whereas in organic layers there was no C concentration effect on P; and P, concentrations

(Figures 2K and 3I). As a percentage of NaOH-EDTA P, P; decreased and P, increased (% of NaOH-EDTA P) as the soil C

concentration increased in mineral layers, and there was no C concentration gffect on either P; and P, proportions in organic
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layers (Figures 2L and 3J). In the P; pool (% of P;) of mineral layers, orthophosphate and pyrophosphate proportions
decreased and increased, respectively, as the soil C concentration increased (Figure 2M-O). As the soil C concentration
increased in the organic layer, orthophosphate decreased, at a greater extent when compared to the mineral layer,
pyrophosphate decreased (in contrast to the mineral layer, in which it increased), while the polyphosphate proportion
increased, and gradually dominated the P; pool at greater soil C concentrations. In the P, pool (% of P,), there was no C
concentration effect on the soil organic P composition (phosphonates, inositol hexakisphosphates and DNA) in either

mineral or organic Jayers (Figure 3K-L; additional Appendix S6),

Both total P; and P, concentrations inNaOH-EDTA extracts (mg kg soil) from both mineral and organic layers
increased as the total soil P concentration increased (Figures 2P and 3M). Only the DNA compound from the P, pool (% of
P,) in the mineral layer was affected by the total soil P concentration (Figure 3P). As the total soil P concentration increased,

the DNA proportion in the P, pool decreased. It is important to note that the reported total P (x axis on Figures 2 and 3) is the

one obtained by digestion and it includes both the extracted P and the residual P.P, The recovery of the total P by NaOH-

EDTA extraction varies depending on soil characteristics and laboratory procedures (Cade-Menun and Liu 2014).
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Total P; and P, concentrations in NaOH-EDTA extracts (mg kg soil) were only affected by the soil CP ratio in
organic layers. Both total P; and P, concentrations decreased as the soil CP ratio increased (Figures 2U and 3Q). As aa,

percentage of NaOH-EDTA extract (% ofNaOH-EDTA P), P; decreased while P, increased, both exponentially, as the soil

CP ratio increased in mineral layers (Figures 2V and 3R). As proportions in the P; pool (% of P;) of mineral layers,
orthophosphate decreased and pyrophosphate increased as the soil CP ratio increased (Figure 2W-X). In the P; pool (% of P;)
of organic layers, proportions of orthophosphate decreased and polyphosphate increased, gradually dominating the P; pool as
the soil CP ratio increased (Figure 2W-Y). In the P, pool (% of P,), the DNA proportion increased as the soil CP ratio

increased, only in the mineral layer (Figure 3T).

3.2 Climatic properties

Climatic properties affected soil P; and P, pools and their composition only through the mean annual precipitation. These

results are summarized in additional Appendices S7 and S8. The mean annual temperature, ranging from -0.4 to 27 C°, did

not promote any change in the soil P composition in natural ecosystems, There was no effect of climatic variables ony, total

P; and P, concentrations in NaOH-EDTA extracts (mg kg soil) (additional Appendices S7A and S8A). As a fraction of the
NaOH-EDTA extract (% of NaOH-EDTA P), P; decreased and P, increased as the precipitation increased (additional

Appendices S7B and S8B). As the precipitation increased, proportions of orthophosphate decreased and pyrophosphate

increased as compounds of the P; pool (% of P;) (additional Appendix S7C-D).

3.3 Soil weathering stages

Soil weathering stages determined from the soil type and chronosequence positions affected soil age and CP ratios

ratiosfollowing an expected effect of pedogenesis (Figure 4). As soil weathering stages increased, the soil age and CP ratio

also increased. Both P; and P, pools were affected by the soil weathering stage (Figure 5). Total P; and P, inNaOH-EDTA N\

extracts (mg kg soil) were more concentrated in soils at moderate weathering stages when compared to low and high
weathering stages (n=79, Figure 5A, F). As percentages in the P; pool (% of Pj), orthophosphate decreased and
pyrophosphate increased as the soil weathering stage increased (n=79 for all inorganic compounds, Figure 5C-D). In the P,
pool (% of P,), the DNA (n=64) proportion was greater in more weathered stages, and there was no effect of weathering
stages on phosphonates (n=79) and _ inositol hexakisphosphates (n=52) proportions (Figure SH-J). Using available data
(n=49), we observed no effect of soil weathering stages on short range ordered (poorly crystalline) Al and Fe minerals

estimated with oxalate extraction (p>0.1, additional Appendix S9).

3.4 Variation partitioning among edaphic, climatic and weathering on the soil P composition
| The variation partitioning of ccosystem, properties governing the soil P composition (in mg kg'1 soil) was generally more
pronounced for soil variables (pH, clay concentration and total P and C concentrations) than climatic variables (precipitation
| and temperature) and soil weathering (Figure 6). For the total P; concentration and its compounds orthophosphate and

8
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pyrophosphate, the total variation explained by models ranged from 46% to 89%, and they were mostly explained by soil

variables and combined effects of soil and weathering. Polyphosphates had a poorly-defined yesponse to the variation

partitioning ofgcosystem, properties (<0.01% of the total variation explained).,
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In the P, pool, the total variation explained by models ranged from 41 to 86% (Figure 6). The total P,, inositol

hexakisphosphates and DNA had their total variation mostly explained by soil variables, and to a lower degree, but more

pronounced for the DNA compound, by combined effects of soil variables and weathering. In contrast, most of the variation

in phosphonates was explained by,combined effects of climate and soil variables, followed by uniquely soil variables.

3.5 Interdependences between environmental variables and soil P compounds

We used path analyses to explore the interdependences between edaphic and climatic variables and how they relate to the
soil organic and inorganic P compounds (Figure 7; additional Appendix S10). The parent material was used as a latent
variable (set by the pH) in both models (organic and inorganic P). Climate and soil weathering drivers were independently
related to soil variables (total P, pH, clay and total soil C), and soil variables were considered direct effects in the models.
The most parsimonious path analysis model explained up to 78% of P, compounds variation and 89% of P; compounds

variation,,

Following an expected effect of pedogenesis, the path analysis indicated that the parent material (latent variable)
was positively related to the soil total P, clay and pH. Greater mean annual precipitation was negatively related to the soil
total P, pH, and it positively influenced soil total C, while clay was negatively influenced by precipitation in, the P, model
only. In the P, model, precipitation promoted soil weathering, whereas in the P; model, soil weathering was positively
affected by temperature. The mean annual temperature positively affected the clay and pH. Soil weathering was negatively

related to the soil pH, and positively related to the soil clay and total C. In, the P; model only, soil weathering negatively

affected soil total P. There were also significant direct and positive effects between soil total C and clay, and total P, in both
P; and P, models, and there was a positive relationship between soil total C and pH in the P, model only.,
In the P; model, orthophosphate was negatively related to precipitation, and it was positively influenced by soil total

P and total C. Pyrophosphate was positively influenced by precipitation, soil total P and total C. Polyphosphate wasas,
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negatively influenced by temperature, and it was positively related to soil pH. In the P, model, inositol hexakisphosphates

werewere, negatively affected by precipitation and temperature, but positively affected by the soil total P, total C and pH. In

contrast, total P and total C positively affected DNA, and there were no effects of climatic variables over DNA.

Phosphonates weregre, negatively affected by temperature and weathering, but positively affected by precipitation and soil
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Our results showed how soil P; and P, compounds responded to edaphic variables (Figures 2 and 3), climatic
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total organic P and increase and eventual dominance of occluded P during the soil development (Yang and Post 2011). In
highly weathered soils, occluded P increasesthrough the encapsulation of the, organic and inorganic P compounds inside of
Fe and Al minerals (McDowell et al. 2007; Turner et al. 2007). 2007,

Even though most results were from New Zealand and Panama, our dataset comprised several biomes according to

boreal forest, tropical rain forest, tropical forest savanna and intermediates between the temperate rain forest and boreal

forest, and tropical rain forest and temperate rain forest (additional Appendix S2); however, quantitative data on the he ssoil

the influence of vegetation and organisms on the soil P composition (Huang et al. 2017), especially for *'P NMR results.

What is clearer is how soil P availability shapes the ecosystem’s overall primary productivity, and to a lesser extent, soil
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food webs. In a global analysis, Maire et al. (2015) demonstrated that the soil available P is a key environmental dimension

increasing leaf P content along withwith species’ maximum photosynthetic rates and lower stomatal conductance,However,

this, trend js expected to gradually decline in more weathered soils,due to a lower P availability. Conducted at a narrower

scale, Laliberté et al.’s study (2017) showed that soil fertility (including P availability) strongly shapedgd, underground food

webs, promoting changes such as a shift in dominance from bacterial to fungal energy channels with increasing soil age.

4.1 Soil properties and the soil P composition

As soils aged, pyrophosphate and polyphosphate may have accumulated because of the incorporation and stabilization of

these compounds (biological origin) into soil organic matter (Turner et al. 2007). The soil pH, total carbon and CP ratio, as

well as weathering stage had a major influence on the soil P; pool composition. As the orthophosphate proportion decreased

in more weathered, acidic, organic-rich, and P-limited soil environments (Figures 2C, M, W and 5C), pyrophosphate and, \

polyphosphate proportion increased and dominated the P; pool (Figures 2D, N, O, X and Y and 5D).,

Even though pyrophosphate and polyphosphate are inorganic compounds, they have a biological origin (Turner and

Engelbrecht 2011). Condensed forms of P (including pyrophosphate and polyphosphates) are found in every bacterial,

archaeal and eukaryotic cell, but in highly variable amounts (Kornberg et al. 1999). Biinemannji, et al. (2008) found a

positive relationship between the proportion of fungi and the amount of pyrophosphate, and Reitzel and Turner (2014) found
a positive link between the pyrophosphate proportion and soil microbial P. Polyphosphate can originate from
ectomycorrhizal fungi (Koukol et al. 2008), and there are some ectomycorrhizal fungi specialized for P uptake in low P,
acidified soil conditions (Wang and Qiu 2006). Ectomycorrhizal fungi convert the orthophosphate that they take up from the

soil into polyphosphates, and translocate the polyphosphate along fungal hyphae, sometimes at a great distance from where

the orthophosphate is taken up (Biicking and Heyser 1999; Plassard and Dell 2010). Therefore, we believe that

pyrophosphate and polyphosphate dominated the P; pool in acidic, P-limiting (CP ratio), and high organic matter (total C)

soils because of the microbial origin of these P sources, but much information is still needed in regard to plant and microbial
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communities characterization in studies of P forms. These organisms could have helped to deplete and transform the

bioavailable orthophosphate, turning it into more microbial, biomass derived P compounds as pedogenesis progressed in

these environments.
. Moreover, polyphosphates tend to occur in abundance only in soils where decomposition is slowed, such as
acidified soil conditions, or cold and wet soils high in organic matter (e.g., Cade-Menun et al. 2000; Turner et al. 2004).
Studying wetland soils, Cheesman et al. (2014) found that polyphosphates played a preeminent role in P-limited systems,
predominantly in acidic, high-organic-matter systems. Adding to that, pyrophosphate hydrolysis was found to be more rapid
with greater biological activity and higher agricultural soil pH (Sutton and Larsen 1964), and this may have contributed to

reducing the pyrophosphate proportion at a higher pH in mineral soils (Figure 2D). As the C concentration increased in

organic layers, polyphosphate dominated the soil P; pool (Figure 2M-O) possibly because of its lesser lability when
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Soil clay concentration affected both soil total P, and P; concentrations (Figures 2F and 3E), but had a minor

association with soil P compounds. Recent investigations have foundfound thatprganic compounds stabilization, may be
\
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of the P was organically bound (Werner et al. 2017). Yang et al. (2016) also showed that only limited portions of fine
mineral surfaces contributed to soil organic matter stabilization. So, these facts could justify the minor association between
bulk soil clay concentration and soil P compounds as observed in our study,

Soil organic matter stabilization could be facilitated in more weathered soils by the potential increase in amorphous
Al and Fe oxides (Albrecht 1957; Walker 1965), and consequently more reactive surface area availability to absorb and
stabilize soil organic matter; however, we did not observe a significant overall soil weathering effect on Al and Fe oxide
concentrations (additional Appendix S9), suggesting that it may depend on other factors such as the parent material or
specific soil orders. Moreover, contrasting soil organic matter responses to short-range-ordered (amorphous) Fe or Al oxides
have been found in literature. Some investigations found a pronounced role promoted by Al oxides (Heister 2016; Kaiser et
al. 2016), whereas others found Fe oxides as the main soil organic matter stabilizing mechanism (Wilson et al. 2013; Catoni
et al. 2016; Deiss et al. 2017). Investigations also found no apparent relationship between soil organic matter and both Al

and Fe oxides (Cloy et al. 2014; Vogel et al. 2015; Rumpel et al. 20155). Therefore, we could not confirm the role of Al and

Fe oxides as influenced by soil weathering stages over the soil P composition.

4.2 Climate and the soil P composition

Climatic variables exerted an important role on the soil P composition but to a lesser extent when compared to soil variables
(Figure 6). Contradicting what we expected, our results showed that temperatures ranging from -0.4 to 27 C° had no effect on
both P; and P, pools and their compounds (additional Appendices S7 and S8). It was expected that the soil P, concentration
would decrease with increasing temperatures because higher temperatures are optimal for the breakdown of the soil P,
compounds by the microbial biomass through phosphatase enzymes release (Turner et al. 2002). Another investigation
confirmed that greater maximum phosphatase activity occurred at incubation temperatures >25°C when compared to 20°C,
but no differences were observed among temperatures greater than 25°C (Hui et al. 2013). Therefore, phosphatase activity
may depend on the range and magnitude of temperatures; and our results covered a greater range of markedly lower
temperatures, which may reduce microbial activity variability even more due to a slowdown in the microorganisms’
metabolism,,

In contrast, precipitation affected several variables in the soil P; pool. This result was also expected based on the
classic paper of Walker and Syers (1976), which suggested that pedogenesis depends predominantly on the volume of water
leached through soil. In our results, precipitation was negatively related to the soil total P concentration and pH (Figure 7),
and decreased orthophosphate proportion (additional Appendix S7C). As precipitation increased (additional Appendix 7C)
and the soil was in a higher weathering stage (Figure 5C), the orthophosphate proportion (% of NaOH-EDTA P) possibly
decreased because of increased leaching (Walker and Syers 1976; Feng et al. 2016). Feng et al. (2016) evaluated P

transformations along a climosequence and observed that greater precipitation (in soils with no impeded drainage) reduced

the inorganic concentration of P linked to Ca, corresponding to a marked decline in soil exchangeable Ca and suggesting an
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enhanced leaching of P along with weatherable cations. Moreover, greater soil water availability, and consequent greater
primary productivity, may have increased the demand for P in its bioavailable form and contributed to the orthophosphate

depletion. |

As the orthophosphate percentage,and concentration (additional Appendix 7C and Figure 7, respectively) decreased

following greater precipitation, the pyrophosphate percentage and concentration (additional Appendix 7D and Figure 7,

respectively) increased suggesting that this compound predominates undeginder these environmental conditions, As

previously described, this may be due to the incorporation of these compounds into recalcitrant soil organic matter (Turner et
al. 2007). Moreover, given the microbial origin of pyrophosphate and its association with the microbial P biomass (Koukol

et al. 2008; Turner and Engelbrecht 2011; Reitzel and Turner 2014), pyrophosphate (Figure 7. additional Appendix 7D)

possibly mirrored the response of the total P, (additional Appendix 8B) to climatic variables, which may have resulted from

greater soil organic matter accumulation following greater productivity (i.e., plants and organisms) ini these ecosystems with

greater water availability. Evaluating the P budget of the whole ecosystem, Turner et al. (2013) demonstrated the dominance

of microbial P in mature soils. Wang et al. (2014) found that greater organic P concentrations were associated with

increasing biomass production (i.e., primary production and microbial biomass) because plants and microbes incorporate P

into biomass and return it to the soil. However, it is important to note that the majority of P in plant biomass is as

orthophosphate (e.g. Noack et al. 2012) and not as organic compounds. Even though, we believe that with higher

orthophosphate inputs through plant biomass, soil organic P concentrations would increase altogether with orthophosphate P

these alterations along with soil changes. Vitousek et al. (1995) showed that as ecosystems develop, the pattern of P

concentration in plants leaves follows a non-linear response to time, in which lower concentrations occur at either early or

affect the magnitude of that maximum response (intermediate stage), where the P concentration in plant leaves is higher in

mesic gradients when compared to more wet gradients (Vitousek et al. 1995). Moreover, as described earlier, the soil

available P, along with other climatic variables, governs maximum photosynthetic rates, but a trend that is expected to

become sufficiently intense in the late stages of ecosystem development (also known as the retrogressive phase) to cause a

decline in forest biomass, and productivity (Wardle et al. P004). The exception seems to be tropical forests (Turner et al. /

2007), which exhibit very diverse tree communities on old, infertile soils (Losos and Leigh 2004). Moreover, Turner et al.

does not translate into a community-wide response, because some species grow rapidly on infertile soils despite extremely

low P availability.
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4.3 Future research prioriti

Many efforts have been made to explain soil P composition during pedogenesis; however, a clear picture on how specific

exclusively due to lack of inputs from plants? Does the changes in forest biomass and plant species diversity as soil P turns

scarcer contribute to soil P composition in non-tropical environments, either by P inputs or differing P compounds yptake, or

disentangle confounding effects among soil biotic and abiotic components, climate and vegetation are required to enable a

better understanding of soil P composition in natural ecosystems.

Moreover, studies coupling 3'P NMR with other important techniques could contribute to a better understanding of

P cycling and composition in terrestrial ecosystems. A clear understanding of how orthophosphate species such as Fe-, Al-

and Ca-phosphate (Hesterberg 2010; Kizewski et al. 2011) respond to pedogenesis could be elucidated with XANES (see

Prietzel et al. 2013; Hashimoto and Watanabe 2014). Studies that quantify specific-P-related enzymes activity (see Turner et
al. 2018) in native vegetation soils could help understand if the hierarchy of investment for the P acquisition actually

contributes to different degrees of accumulation of inositol hexakisphosphates and DNA as pedogenesis progresses in non-

tropical environments, and if phosphatases are leading to a rapid turnover of inositol hexakisphosphates in_tropical

environments. This can be achieved through determining the presence and abundance of microorganisms and enzymes, and

how these changes affect soil P_composition. Turnover, exchange kinetics, mineralization rates could be assessed using

isotopic techniques (see Frossard et al. 2011), and enable a separation between different sources of P compounds, and their

dynamics in soils, organisms and plants

Finally, we expect future research to provide results of as many soil P compoundscompounds,as they can find rather

than functional groups only (i.e., diesters and monoesters), even when compoundscompounds, concentrations are low (and

describe when main soil compoundscompounds, are not detected), which may enable future analyses to avoid possible

confounding effects of P compounds inside functional groups (e.g., inositol hexakisphosphates and monoesters) and to make

a more precise correction for potential degraded peaks occurring during the alkaline extraction and reading process. We also
urge researchers to determine variances or standard errors for soils with distinctive properties. Then, as stated by Stewart
(2010), future analyses could use the different information provided by studies of different scopes and quality in a meta-

analytical approach,,

5 CONCLUSION

We conclude that edaphic and climatic properties are important factors in determining soil jnorganic andprganic pools as

well as their compounds, since they regulate key ecological processes governing their presence, transformation and
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6 APPENDICES (SUPPLEMENTARY FILES)

Appendix S1 — Dataset: The dataset is attached as a supplementary Excel file.

Appendix S2 — Global biomes comprised in our dataset according to the Whittaker' diagram.

Appendix S3 — Soil depth effect on soil P composition.

Appendix S4 — Latitude effect on soil P composition.

Appendix S5 — Percentage of P extracted with NaOH-EDTA effect on soil P composition.

Appendix S6 — Soil properties and soil organic phosphonates.

Appendix S7 — Climatic properties and soil inorganic phosphorus.

Appendix S8 — Climatic properties and soil organic phosphorus.

Appendix S9 — Soil weathering stages and poorly crystalline Al and Fe concentration.

Appendix S10 — Models tested to explore the interdependences between edaphic and climatic variables (path analysis) as the

main environmental predictors of soil inorganic and organic P compounds.
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P, mg kg") =-0.50 + 1.00 log(total P), r’ =0.27; organic layer, log(total P; mg kg") = 2.51 — 0.00033 CP ratio, r* = 0.26; mineral
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SomeHowever, there are drawbacks of using NaOH-EDTA extractant for *'P NMR analysis. exists such as
that NaOH-EDTA usuallyNaOH-EDTA does not extract all soil P and the highly alkaline environment, the
extractant can potentially degrade some P compounds compounds due to the highly alkaline environment
(Cade-Menun et al. 2006; Cade-Menun and Liu 2014). Additionally, the NaOH-EDTA extraction, and it
does not separate Fe-, Al- and Ca-phosphate compounds (Kizewski et al. 2011).
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Plant and microorganism breakdown diesters need a higher investment for the P acquisition than
monoesters since they require hydrolysis by both phosphodiesterase and phosphomonoesterase to release

available phosphate, whereas monoesters require only the last one, i.e., lower investment (Turner 2008a).
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P limitation increased phosphoesterases synthesis as a way to increase the organic P breakdown to the
bioavailable P. In our results, the DNA proportion increased as soil acidity got stronger and the P limitation
increased (Figure 3D, T) in more weathered soil systems (Figure 4 and 5J). Investigations have shown that
diester proportions, including phospholipids and DNA, increased as soil aged (Turner et al. 2014; Vincent
et al. 2013; Turner et al. 2007; McDowell et al. 2007). Therefore, we hypothesize that as P got scarcer,
plant and soil microorganisms may have been stimulated to produce phosphomonoesterases in greater
amounts compared to phosphodiesterase because of the lower investment required for the organic P
acquisition. Even though acid phosphatases require greater activation energy than alkaline phosphatases
(Hui et al. 2013), breaking down diesters would require both enzymes; therefore, a greater investment in

energy.

Moreover, the increasingly acidic pH could have favored phosphomonoesterase activity (Turner and
Haygarth 2005), and therefore facilitated DNA accumulation. As demonstrated for temperate pasture soils,
phosphomonoesterase activity increased in acidic soil environments, and phosphodiesterase is higher in

neutral to basic soils (Turner and Haygarth 2005).
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observations (2011) for tropical forest soils, and with Turner and Blackwell’s observations (2013) for
temperate arable soils, where the most acidic soils contained an increasing proportion of P, as diesters

(mostly DNA).
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; however, some authors described that inositol phosphates declined to lower concentrations in older soils

(Turner et al. 2014; Turner et al. 2007).
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hexakisphosphates in acidic, more weathered soils (Figures 3C-D, 5J).
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Inositol phosphate concentration (mg kg™') may decrease in more weathered, acidic soil systems, mirroring
the decline of the soil P, (mg kg™) (Figure 3A) and soil organic matter concentrations, but we found that
there is an increasing proportion of inositol phosphates in the P, pool (% of NaOH EDTA P), in acidic
soils, in non-tropical ecosystems (Figure 3C). Therefore, we believe that as pedogenesis progressed, the
decaying degree of inositol phosphates was lower than the other monoesters mostly because of the

hierarchy of investment for the P acquisition.
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They found that for fine textured soils, a decrease in inositol phosphate concentrations (mg kg') was

mirrored by a decline in amorphous Al and Fe oxides, which may have declined sorption sites for inositol
phosphates and weakened protection from plant and microbial enzymatic attack (Turner et al. 2014; Turner
et al. 2007). In addition, mineralization of myo-inositol hexakisphosphate by ectomycorrhizal fungi (Chen
et al. 2004; Huang et al. 2017) may also have contributed to its decline in more weathered, acidic soils, due
to fungi predominance in these environments. In fact, under natural conditions, most tropical soils have
negligible inositol hexakisphosphate contribution (e.g., Turner and Engelbrecht 2011). In contrast, coarse
textured soils had an increase in Al and Fe oxide concentrations as soils aged, and inositol phosphate

decline was attributed to changes in its inputs into soil, either from plant seeds or microbial synthesis,



including through shifts in plant or microbial communities (Jangid et al. 2013, Turner et al. 2012, and

Turner et al. 2014).
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Other P compounds such as DNA (Figure 3D) and pyrophosphate (Figure 2D) will prevail in more

weathered systems.
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Appendices - Soil phosphorus dynamics on terrestrial natural ecosystems

Appendix S1 — Dataset: The dataset is attached as a supplementary Excel file.
Appendix S2 — Global biomes comprised in our dataset according to the
Whittaker' diagram.

Appendix S3 — Soil depth effect on soil P composition (random factor).
Appendix S4 — Latitude effect on soil P composition (random factor).
Appendix S5 — Percentage of P extracted with NaOH EDTA effect on soil P
composition (random factor).

Appendix S6 — Soil properties and soil organic phosphonates.

Appendix S7 — Climatic properties and soil inorganic phosphorus.
Appendix S8 — Climatic properties and soil organic phosphorus.

Appendix S9 — Soil weathering stages and poorly crystalline Al and Fe
concentration.

Appendix S10 — Models tested to explore the interdependences between
edaphic and climatic variables (path analysis) as the main environmental
predictors of soil inorganic and organic P compounds.



Appendix S1 - Dataset

The dataset of “Soil phosphorus dynamics on terrestrial natural ecosystems” is
attached as a supplementary Excel file.



Appendix S2 — Global biomes according to the Whittaker' diagram
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Figure S2. The Whittaker' diagram used to determine the main biomes
comprised in our dataset.



Appendix S3 — Soil depth effect on soil P composition
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Figure S3. Soil inorganic and organic phosphorus (P) composition in NaOH Deleted:
EDTA extract as influenced by soil sampling depth on terrestrial natural
ecosystems. Significant relationships are indicated with regression lines. Formatted: Font:(Default) Arial, Bold



Appendix S4 — Latitude effect on soil P composition
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EDTA extract as influenced by latitude on terrestrial natural ecosystems.

Significant relationships are indicated with regression lines.
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Appendix S5 — Percentage of P extracted with NaOH EDTA effect on soil P

composition
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Figure S5. Soil inorganic and organic phosphorus (P) composition in NaOH
EDTA extract as influenced by soil sampling depth on terrestrial natural
ecosystems. Significant relationships are indicated with regression lines.
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Appendix S6 — Soil properties and soil organic phosphonates
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Figure S6. Relationship between edaphic properties and soil organic
phosphonates in NaOH EDTA extract from soil mineral and organic layers on
terrestrial natural ecosystems. No significant relationships were found.
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Appendix S7 — Climatic properties and soil inorganic phosphorus
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Figure S7. Relationship between climatic properties and soil inorganic
phosphorus (P) composition in NaOH EDTA extract from soil mineral and organic
layers on terrestrial natural ecosystems. Regression models (n = 80 mineral layer
and n = 20 mineral layer): mineral layer, total P; (%) = 89.4 — 14.7 log(precipitation), r? =
0.08; mineral layer, orthophosphate = 127 — 11.7 log(precipitation), r* = 0.24; mineral
layer, pyrophosphate = -28.1 + 11.9 log(precipitation), r? = 0.24.



Appendix S8 — Climatic properties and soil organic phosphorus
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Figure S8. Relationship between climatic properties and soil organic phosphorus
(P) composition in NaOH EDTA extract from soil mineral and organic layers on
terrestrial natural ecosystems. Regression models: mineral layer, total P, (%) =
10.6 + 14.7 log(precipitation), > = 0.08 (n=80).
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Appendix S9 — Soil weathering stages and poorly crystalline Al and Fe
concentration
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Figure S9. Soil weathering stage relationship with soil poorly crystalline Al and
Fe (n = 49) on terrestrial natural ecosystems. For all three panels p>0.1.
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Appendix S10 — Models tested to explore the interdependences between
edaphic and climatic variables (path analysis) as the main environmental
predictors of soil inorganic and organic P compounds.

We expected some directionalities in the relationships, based on the literature
(theoretical models on Figures S.10.1 and S10.2, top panels).

Parent rock
Theoretical model for inorganic P compounds (Latent
Var.)

Parent rock

Theoretical model for organic P compounds (Latent
Var.)

Phosphonates

Figure S$10.1. Theoretical models set to explore the interdependences between
edaphic and climatic variables (path analysis) as the main environmental
predictors of soil inorganic (upper panel) and organic (bottom panel) P
compounds.
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