Revisions documentation

General comments

Firstly, we thank all three reviewers for taking the time to review our manuscript, and for offering
constructive criticism and suggestions that have allowed us to improve it, as detailed in the
reviewer-specific responses below.

There were a number of concerns/suggestions that were shared by multiple reviewers, leading us to
pay particular attention to addressing these. These include:

1) More detail on the N14CP model, how it is used, and a discussion of model limitations;

2) Removal of unnecessary detail from the discussion;

3) A number of figure improvements; and

4) Clarifying the narrative throughout the manuscript to ensure that our initial intentions and
aims of the work are more clearly communicated.

With respect to this fourth point, we hope that it is now clear that the aim of this work is to explore
if we can account for empirical biomass C and soil C, N and P stocks under varying nutrient
conditions in P-limited grasslands, using our conceptualisation of P access mechanisms within the
model. This allows us to test our understanding of these ecosystems and how we have embedded
that understanding in models, providing insights that can help guide future empirical and modelling
research. The clarified narrative of the revised manuscript is now better reflected by the new title,
which no longer centres on the suggested implications for SOC storage.

We believe this is more appropriate because, while there are clearly shortcomings in the model’s
ability to simulate these grasslands, we hope to have clarified that these disagreements can help
inform future model development, and help identify N14CP’s ‘current state’ abilities, with
implications for the simulation of C:N:P dynamics in other ecosystems and Earth system models.

We emphasise that the simulated acidic and limestone grasslands reflect the model’s ‘best guess’
representation of the C, N and P dynamics of the site but that it likely misses some of the empirical
nuances. Nevertheless, with acknowledgement of such caveats, these simulated grasslands can be
used to explore the potential effects of long term N deposition and nutrient manipulation (as
experienced by the Wardlow grasslands), and the potential role(s) P-access mechanisms may play in
determining their responses.

Much of the detail we provided in our initial responses to reviewer comments have been included in
the revised manuscript text, hence we have not repeated the content of these responses here.
Below, we first provide specific changes directly relating to reviewer comments, followed by a
description of each revision that has been made.

Please note: the referenced line numbers relate to the marked-up version of the manuscript, where
tracked changes are visible, and will be incorrect if these are hidden.



Reviewer-specific revisions

Reviewer comments are italicised and quoted, our responses are underneath.

Reviewer 1

This broad interpretation of how the model functions is accurate so we are pleased that this was
sufficiently communicated within the text. We are happy to provide more detail to aid the reader,
especially with respect to P dynamics which are of particular relevance to this work. However, we
wish to avoid repeating the previously published full model description in the interest of manuscript
length.

We have therefore provided additional detail about the model in the manuscript, as summarised
below:

2.2. Summary of model processes

2.2.1. N14CP model summary

Lines 245 - 253
o We clarify that N14CP has not been explicitly tested for ecosystems exhibiting P
limitation, particularly for experimentally-manipulated ecosystems.
o We also highlight that while weatherable P (Pweatno) has been explored within the
model, organic P access, and its effects on ecosystems, has not been explored.
e Lines250-253
o We briefly state what amendments have been made to N14CP to achieve our aims
e References to the initial model development study are still provided in the body of the text
for readers wanting additional detail, but we now believe sufficient information is included
in the manuscript to fully understand model outputs and discussion.

2.2.2. Net primary productivity and nutrient limitations

Lines 259 — 280
o More detail describing how nutrient limitation is determined in the model and how
this relates to N and P availability and plant functional type stoichiometry.
Lines 286 - 293
o We provide more detail about the relationship between N fixation, PFT and P
availability.

2.2.3. Plant and soil N and P cycling

Lines 297 - 300
o A summary paragraph describing the updated figure 1 and including information on
what detail is excluded from the initial model development paper, and what changes
have been made for the purpose of this study (in the figure legend).



e Lines310-313
o Additional detail about how Pyeatho contributes toward the plant available P pool,
and making it more relevant to plant nutrient limitation.
e Lines317-333
o Here we have added more detail about P cycling processes including:
= How the size of the available P pool is calculated, and the hierarchy which
the model uses to allow access to these P forms, with cleaved P being the
least accessible form.
= How plants access SOP with information about the Pcieave parameter,
including the limits imposed on it by the model.
=  Arate equation for P removal from the SOP pool and how it is limited by
SOM C:P stoichiometry (the new equation 1).
= Discussion about how Pcieavemax differs from the initial Pcieave function within
N14CP and how we use it in this work.
e Lines368-378
o We clarify how C, N and P is lost from the modelled ecosystem.

Figure 1 has been updated to provide a more detailed overview of C, N and P pools and fluxes at the
whole ecosystem scale, encompassing atmospheric, plant, topsoil and subsoil / leachate pools.

e We have updated the legend to better explain the processes in the figure and to directly
relate to the methodology section 2.2 where we summarise key model processes.

o We further highlight on the figure aspects of N14CP that are of particular relevance to this
work, including the provision of experimental N and P and the Pceavemax parameter.

‘The authors finally mention root surface phosphatase enzyme activities on line 539. This should
have been done much sooner as a justification for the model formulation and perhaps help inform
model formulation. In all, it’s difficult to understand how the model works from the information
provided.’

We have refocussed the narrative of the manuscript to focus more on phosphatase activity and how
that relates to our Pcieavemax Parameter and organic P cycling within the model.

Phosphatase activity is now included in the introduction on line 115, and it is discussed more in the
methods (lines 212 — 213) and discussion sections. It’s relevance to model processes has been
expanded upon in section 2.3.3. lines 322 - 333, and please see the changes to the model description
as detailed in response to previous comment.

‘The principle focus of simulations seemed to be to derive optimal parameter values that provided
best fit to a set of field observations for aboveground biomass (AGB), and soil organic C, N and P
pools. The comparisons were difficult to interpret given the scales of simulated vs observed data
(Fig. 2).”



We have clarified the aims (lines 167 — 174) and hypotheses (lines 175 — 181), and adjusted the
narrative to make it clear that deriving optimal parameter values was an important part of the
simulations but was not the principal aim of the work. We provide additional text to clarify our aims
at the beginning of relevant sections e.g. lines 250 - 253, 425 — 437 (both methods) and lines 571 —
579 as an introduction to the results section, as well as in the abstract.

The scale on figure 2 has been amended (x and y axes have been reduced) to spread the data points
for SOC and SON to aid interpretation of the data.

We have addressed this by contracting the axes as much as possible while keeping the lower
boundaries at 0 to provide context of scale. This was done for SOC and SON, which were the two
most densely clustered variables (Fig 2b, 2c).

We have added detail throughout the manuscript that should aid in interpretation of the
relationship between observed and simulated data:

e Methods section 2.3.3. Lines 551 — 565

o We provide context for what the cost function aims to do and how it helps us
interpret the discrepancies between simulated and observed magnitudes of C, N and
P stocks.

o We clarify how we chose the parameter combinations using the F value and what
the caveat of using this approach is.

o Inthe last paragraph of the methods section lines 559 — 565, we acknowledge that
such an approach may represent a compromise for simulating some aspects of
empirical data.

e Results section 3.1. has been revised to address reviewer concerns about the apparent lack
of relationship between simulated and observed C and P data, to clarify for the reader how
we interpret the r? values:

o Lines 615-636

= Here we explicitly reference the relationship between simulated and
observed data using measures of both magnitude (1 to 1 line) and pattern
(r?) of data.

*  We point out where the r? value may be of little use, such as with low
numbers of data points in fig 2d.

*  Where the r? value appears particularly low for SOC, we describe the
model’s performance at capturing the pattern in responses of empirical
data, which are not picked up by using a regression statistic.



* The r? value would likely be higher if we split the grasslands, as the empirical
data have opposite directionality, meaning the r? is likely to be low —
however, we felt it inappropriate to run separate regressions on grasslands
as this would have resulted in only 4 data points each and instead we chose
to describe the relationship in text.

o The figure legend of figure 2 has been corrected so the r? value is more
appropriately described.
We address and discuss the poor relationship between simulated and observed acidic P data
in the discussion lines 779 - 798, and justify why we believe this to have occurred, what this
may mean and suggest ways to improve this aspect of model performance.

Crucially, the manuscript has been amended to highlight that this apparent lack of
relationship is not a failing of the model per se as our aim was not to perfectly simulate the
Wardlow field site grasslands, but instead gives us insight into how modelled organic P
cycling functions, and how it differs from our empirical understanding.

This is now explicitly stated in the methods section 2.3, lines 431 - 437 and is more widely
incorporated into the narrative of the paper.

We agreed with this statement and have addressed it by first providing more detail in the methods
section so readers better understand the N-P interactions within N14CP, and by removing any
speculative results in the discussion section. All results are now discussed with explicit reference to
model processes described in the methods section. This has reduced the length of the discussion and
made it much less speculative.

Changes to the methods were highlighted above and the discussion section has been rewritten with
the following key changes:

Repetitive reference to SOP access has been addressed by combining paragraphs that share
a similar theme

As a result, the structure of the discussion has changed to better represent this focus, now
consisting of only 2 sub sections (prior to the new limitations section) discussing a)
parameter selection and consequent model performance and b) consequences of such
combinations on modelled ecosystem C, N and P cycling

The previous section ‘4.3. The limiting nutrient through time’ has been removed as it was
too speculative, though relevant discussion of modelled changes to nutrient limitation have
been incorporated elsewhere

Discussion regarding SON dynamics has been removed as it was of little relevance to
previous sections in the manuscript

Results regarding the model’s inability to simulate a positive response to P addition in the
acidic grassland have been related to N-P interactions within the model on lines 799 — 813



e Excessive discussion of the modelled declines in SOC stocks has been removed as the cited
literature showed contrasting results, hence extrapolating our findings to any one empirical
mechanism in particular would have been speculative

‘On a more general topic, why simulations over such a long time period?’

We choose to spin up the model by simulating since the end of the last glaciation to avoid the issues
introduced by assuming the system is in steady state at the start of the period of interest. We
include this justification in the methods 2.3.2, lines 449 — 464.

‘The effects of acidification on P availability regarding iron and aluminium complexes are more
complex than referenced on lines 541-545 (see Barrow 2020). More information about how these
sites, their mineralogy and pH might influence P availability would help interpret this idea.’

We expand upon this point on lines 789 - 798 and use the reference kindly provided to do so. We
highlight how organic phosphates can be bound to oxides in the soil and that this protects them
from attack by phosphatases.

‘In conclusion: this model revision seems to have improved the N14CP model’s ability to respond to
N and P limitations to plant growth, likely due to adding an organic P source, but the model doesn’t
capture much of the soil pool dynamics so it could be summarized in a much shorter article.”

We hope the new manuscript better reflects our intentions of modelling the site and our exploration
of organic P access. We have expanded on model detail required to interpret our results, and cut
content where it does not relate to described model processes.



Reviewer 2

‘One of the main issues of the manuscript in its current form is the way the observations are actually
used to inform the model. As far as | can tell, the data is simply used to calibrate two parameters and
then hardly ever mentioned again. The first problem here is the calibration itself: all experimental
data is used at this step. This means that implicitly the model can represent observations from all
treatments and lowers my confidence in the model’s ability to predict responses to nutrient
additions. | would suggest performing the calibration with the data from the control plots only, if
there is sufficient data.’

Thank you for highlighting this important issue to address within the manuscript.

First, we corrected the text that suggested we included all experimental data within the cost
function on lines 537 and 541. Previously, we incorrectly stated that plant C data was included in the
cost function, which as the reviewer identifies, would have been problematic as no data would have
been left for blind testing.

We discuss which data were excluded from the cost function and why in a paragraph spanning lines
551 — 558, where we highlight that we kept biomass C separate as it would provide the most robust
test of the model with the available data. We explain that we included data from all experimental
treatments (but not data from all variables), to explore if calibrating these two P process parameters
could help account for observations across the treatments. Hence, using only control plot data
would not allow us to do this.

‘The second data issue is the lack of model data comparison beyond figure 2. Specifically for figure 4
| wonder if it would be possible to add the observations to the plots rather than just referring to a
supplementary table. It might even be useful to just show the experimental period, currently in
figure insets, to better show how the model compares to the experimental results. This would
increase our confidence in the model and build up the argument towards the predicted long term
trends.’

Thank you for this suggestion. We added the empirical data from figure 2 into figure 4, to
contextualise the magnitude of the time series with respect to empirical data, and agree it has
added value to the revised figure. The figure legends have also been updated to match this. To
address the latter comment regarding the experimental period, we have shifted the x axis to focus
more on present day simulations, though we still include a period prior to the experiment to better
contextualise the changes in response to more recent nutrient additions. We started the x axis 50
years later and extended it a little beyond 2020 so the empirical data was more visible. We also
edited the inset subplots to make the experimental period clearer, removing the inset x axis labels,
which we felt cluttered the subplot unnecessarily.

‘I also find that the paper lacks a discussion of the model’s short-comings. While | understand the
usefulness of simple models in allowing easier process attribution and avoiding over-
parameterisation, N14CP is lacking a number of processes compared to state of the art vegetation
models and this needs to be acknowledged. Most importantly, model NPP does not appear to
include a response to increased COZ2. This is particularly important for predictions of long-term
nutrient limitation as elevated CO2 has been shown to increase plant nutrient limitation and | do not



see how we can have any model predictions that do not take this into account.”

We have added a dedicated section in the discussion to specifically address these comments (lines
1052 — 1087). In this section, we summarise how N14CP has been used previously and in this work,
and discuss the limitations of our approach of varying P access conditions to account for empirical
data.

With respect to CO,, we agree that accounting for increased carbon availability within
biogeochemical models is likely very important for determining future nutrient limitation and N and
P cycling, particularly as CO; concentration continues to increase. Indeed, this is something we hope
to explore with N14CP in future work. It would have been useful to know which models the reviewer
is specifically referring to as state-of-the-art, as models tend to have varying purposes and foci. For
example, whilst DGVMs might contain more plant and carbon process detail, they often have less
soil process detail and fewer nutrient interactions. On lines 1081 — 1087, we address the omission of
an elevated CO; effect within N14CP including how carbon availability is currently incorporated in
the model and what effects elevating CO, may have on N and P availability.

‘Other missing processes are less important, but would still need a paragraph in the discussion,
especially the very simple plant pool structure and limited plant control on nutrient demand and
uptake. It is even unclear to me if there is a belowground plant pool that would determine the N and
P uptake or indeed if NPP scales with biomass. | do want to stress that | am not suggesting that
authors modify their model or that the model is wrong, but that the assumptions in the model
structure need to be highlighted and discussed.’

As suggested, we have also included discussion of these model limitations in the relevant section.
We explicitly address the simplified plant pool structure and plant control over nutrient uptake in
lines 1061 - 1070 and how these may be better represented in the future. In addition, on lines 1071 -
1080, we also discuss other potential biological controls on nutrient cycling that are currently lacking
in N14CP such as biota-enhanced P weathering and nutrient redistribution and plant control over
uptake of other inorganic P forms. On lines 260 — 261 of the methods section, we have highlighted
that belowground plant biomass for the fine and coarse pools for each PFT is represented by a root
fraction.



Reviewer 3

‘The N14CP model seems to be a simple but heavily calibrated model, but it is not adequately
described in the paper for the readers to fully understand the long discussion about the pattern of
different model outputs’

The model description was also highlighted by reviewer 1, and we have added more detail to the
methodology sections to more fully describe the model, updated the schematic in figure 1 to make it
clearer and more detailed, and have removed detail from the discussion where results do not
directly relate to described model processes — please see comments above in response to reviewer
1.

With respect to the comment that N14CP is heavily calibrated — we disagree that this is the case. A
number of key parameters as identified by sensitivity analyses have been calibrated against data and
extensively blind tested in previous publications, which are referenced (Davies et al 2016a,b; Tipping
et al 2017; Tipping et al 2019; Janes-Bassett et al 2020). This paper calibrates only 2 parameters to
explore the importance of P access mechanisms in determining current plant-soil nutrient pools for
grasslands that are of a P-limited nature, as the model has predominantly been used in N-limited
settings.

‘However, the main deficiency that I find is the model performance against measurements in figure
2. First of all, | don’t think the 1-to-1 point plot is the best way to display the results, since each point
is representing a different experiment and to me it is more interesting to see the different model
performance of varying scenarios rather than looking at a overall r2 of eight very different
scenarios.’

We justify our use of the 1 to 1 plot in our author response to this comment, but have made some
changes to this and other figures and text to help clarify. First, we amended figure 2 by reducing the
axes length to spread the data points so patterns are easier to observe and by correcting our
description of what the r? value means in the legend.

Second, and as per reviewer 2’s recommendation, we added empirical data into the time series plots
in figure 4 which we now believe better represents modelled (and empirical) grassland responses to
different experimental treatments. Figure 4 now provides a much clearer representation of
grassland responses on a single experimental scenario basis.

Finally, in our discussion of results relating to figure 2 (results section 3.1. lines 604 — 636), we much
more clearly interpret what the different r? values mean and how the model simulates the empirical
responses to experimental treatments so interpretation is less dependent on r? values alone.

‘One example as the authors have already noticed, is that AGB carbon and soil C are noticeably
overestimated in acidic grassland but soil N is not, and more surprisingly, total soil P is
underestimated. This pattern really indicates that the model is not capturing the SOM stoichiometry,
and it actually worries me about the main focus of the paper is on effects of N and P on soil C
storage’



We believe this to be one of the most pertinent comments to address as we did not want our
interpretation of results to give the impression that the model cannot accurately capture SOM
stoichiometry.

As a result, we have edited the manuscript text to make it clear that this work was not an attempt to
perfectly replicate data from the empirical experiment. We use data from the Wardlow experiment
to explore the role of differential access to organic P in explaining observed responses - to better
inform our understanding of P cycling within the model, and to link this understanding to potential
empirical processes at the site.

Where aspects of the experimental data are not well described by the model, this brings to light
issues with our current understanding and conceptualisation of ecosystem processes, and this can
help inform future empirical work and model development. We explicitly highlight and discuss the
overestimation in acidic C and underestimation of P on multiple occasions within the revised version,
and explain why we think this occurs and what it means for our understanding. Discussion regarding
this aspect of model performance is detailed on lines 779 — 788 and we relate this to empirical
processes in the following paragraph lines 789 — 798.

We also note this as a caveat in the model limitations section lines 1061 — 1070 and in the conclusion
lines 1093 — 1096 to be as transparent as possible to aid the reader’s interpretation of our results.
Finally, we have made many changes to the text to remove some of the focus from the impacts of N
and P addition on C stocks, as modelling these effects on their own were not the primary focus of
the study. We believe the content of the revised manuscript is now better reflected by the new title.

This was a concern shared by reviewer 2, so we have made it clearer in text that the calibration
included data from all nutrient treatments (and why) but did not include data from all variables. We
kept plant biomass C from all nutrient treatments separate for model testing of the selected
parameter values.

Specific changes can be found in our response to reviewer 2’s similar comments but are summarised
below:

e We corrected the lines where we say we included biomass data in the cost function as this
was in error — lines 537 and 541.

e We more clearly discuss which data were excluded from the cost function and justify why —
551 —558.

e We explain why we used the approach of including data from all experimental treatments as
opposed to just control — lines 554 - 558

Finally, we acknowledge the limitations of using such a cost function approach and justify why it is
still appropriate — lines 559 — 565



‘Also, the initial soil pool sizes are not clear to me either.’

We are unsure which pools this comment was referring to but we hope that the additional detail we
have provided in the methods section addresses this comment. Specifically, we explain in more
detail how the initial pool of weatherable P contributes to available P in lines 310 — 313. If this
comment is more in reference to the spin up phase of the model simulations, we provide more
detail on this on lines 449 — 464.

‘I find it really difficult to understand how to spin up the model for 10000 years and compare to the
present day soil measurement. From figure 3 it seems that the model is still far from equilibrium in
both ABG C and soil C, particularly in the acidic grassland.’

This was a concern shared by reviewer 1 so we have added more detail regarding the spin up phase,
what the purpose of this phase is (and is not), how we use input driver data to inform us about the
site’s past history and forcings and how this allows us to simulate present-day measurements. We
also justify why this method is appropriate for sites such as Wardlow where anthropogenic nutrient
input has been substantial and persistent and hence the ecosystem is unlikely to be in equilibrium.

The reasons for such a lengthy spin up phase are now detailed in methods section 2.3.2. lines 449 —
464, including a justification for this approach. The importance of PFT to nutrient cycling is now
referenced earlier on lines 270 — 278 and how we can use PFT input data spanning the entire spin up
phase to inform the model is also detailed within the text lines 461 - 464.

‘It actually confuses me about the poor soil C correlation between modelled and measured soil C in
the acidic soil.’

We acknowledge that the use of an r? statistic on figure 2 may cause some confusion regarding the
relationships between observed and simulated SOC. As we did not feel it would be appropriate to
run regressions separately for each grassland, which would have increased the r? value, we instead
more clearly described the relationship between simulated and observed SOC data. We do this in
section 3.1. lines 604 — 636 where we elaborate on how we interpret the relationship between
simulated and observed data. This is also mentioned in the discussion lines 768 — 778 where we
broadly discuss model performance for the grasslands separately, and we acknowledge the model
was less effective at simulating the acidic grassland.

‘Why do you choose to spin up the model for 10000 years, and how does the spin up time affect
your results?’

We hope this has been addressed in our previous comment relating to the spin up phase. In the
aforementioned revised sections, we have included detail from our author response to this
comment to explain why we use this spin up period, and how this period and the use of input driver
data affect the simulation of contemporary C, N and P data.



‘A final comment, the discussion need to focus much less on the speculation of model outputs, but
include some discussion about the possible caveats of model or study design and uncertainties
caused by these limitations.’

We agreed with this comment and as such have added a new section into the discussion that
discusses the most relevant model limitations, but also provides some justification as to why N14CP
is an appropriate model to use for this work. Discussion content that may be deemed speculative, or
not relevant to model processes described in the methods section, has been removed.

This section is on lines 1052 — 1087 and includes:

e A summary of past model performance and some justification for our methodological
approach.

e Discussion about the previously mentioned acidic C and P issue and what this tells us about
the model and what this may mean for such P-limited systems.

e The model’s simple plant nutrient pool structure and plant control over nutrient uptake (and
potential ways to address this in future work).

e We also discuss some other limitations relating to biota-enhanced P weathering and nutrient
redistribution.

e Finally, the importance of excluding the effects of elevated CO, on C, N and P dynamics is
included at the end of this section.



Overview of all revisions

This section provides a textual summary of the changes to the revised manuscript, which are
recorded in the tracked changes document but are provided here too for convenience.

Title
The title has been changed to better reflect the focus of the revised manuscript:

‘Organic phosphorus cycling may control grassland responses to nitrogen deposition: a long-term
field manipulation and modelling study’.

Abstract

Changes to the abstract reflect the clarification of the manuscript narrative and the refocussing of
results.

e Inline with recent developments in understanding of Wardlow, the calcareous grassland is
now referred to as a limestone grassland, since this is a more precise definition and is in line
with recent publications from the experimental site.

e The acidic grassland is no longer explicitly referred to as N-P co-limited.

o The control ON acidic grassland is likely to still be P-limited as it was at the onset of
the experimental period.

o Only after prolonged periods of N addition have we started to observe an N-limited
response in LN and HN treatments, suggesting P limitation is starting to be alleviated

o The acidic grassland is therefore likely not N-P co-limited, but has had P limitation
lessened over time by N addition (consistent with the latest understanding of long-
term N loading alleviating P limitation, Chen et al., 2020 Global Change Biology 26
5077-5086).

o Accordingly, references to N-P co-limitation have been reduced throughout the
revised manuscript.

e The results section of the abstract has been amended to highlight the importance of
different levels of access to organic P in determining nutrient limitation and ecosystem
responses to nutrient enrichment.

e Likewise, much of the original conclusions are the same but more emphasis is provided in
the context of organic P cycling.



1. Introduction

Lines 72-73
o Fowler et al. (2013) reference updated to better contextualise anthropogenic impact
on N cycling.
Lines 92 -94
o Reference to Fay et al. (2015) study updated to be more concise.
Lines 96 — 97
o Findings by Du et al. (2020) made more relevant to P limitation as a whole rather
than co-limitation by N and P.
Lines 102 -108
o End of paragraph refocussed on P-limited rather than N-P co-limited ecosystems and
some content has been cut.
Lines 109 - 123
o Explicit reference to the importance of plant and soil enzyme activity in P-limited
grasslands, with discussion regarding the potential importance of phosphatase
enzyme activity on organic P cleaving.
o Contextualisation of the Pgeavemax parameter with empirical understanding of the
Wardlow grasslands.
Lines 124 — 129
o The need to explore organic P cycling within N14CP, and its potential importance for
understanding responses to changes in nutrient availability, is highlighted.
Lines 138 —139
o We highlight that few modelling studies have explicitly investigated the role of
organic P access in determining nutrient limitation.
Lines 141 - 143
o We comment on the value of exploring organic P acquisition within the model.
Lines 147 - 151
o Repetitive detail removed.
Lines 152 - 156
o Clarification that the two grasslands are P-limited and that they occur on contrasting
soils, rather than they contrast in their limiting nutrient status.
Lines 157 — 158
o Brief statement of aim at the beginning of the paragraph.
Lines 159 - 166
o Removed unnecessary methodological detail.
Lines 167 —174
o Aims section has been updated to better reflect the contents of the revised
manuscript.
Lines 175-182
o Similarly, the hypotheses section has been revised to focus more on the potential
roles of organic P access on P limitation and responses to anthropogenic nutrient
input.



2. Methods

2.1. Field experiment description

Lines 204 - 218
o The description of the limiting nutrient status of the grasslands has been amended
to highlight that both the acidic and limestone grasslands were initially P-limited but
recently the N treated acidic plots have shown signs of alleviated P limitation.
o Focus has therefore shifted to P-limited systems, with the contrasts between
grasslands being related more to soil conditions than nutrient limitation.

2.2. Summary of model processes

2.2.1. N14CP model summary

2.2.2

Lines 245 - 249
o Highlighted the gap in our understanding of N14CP’s ability to simulate ecosystems
that are P-limited and when these are subjected to high levels of background N
deposition.
o Additional info on previous work looking at allowing Pweatho to vary to simulate
contemporary C, N and P, which provides justification for us doing the same.
o Highlighted that organic P cycling has not been explored using N14CP yet is likely to
be important for ecosystems such as the Wardlow grasslands.
Lines 250 - 253
o Changes we have made to the model for the purpose of this study are described, in
order to better distinguish what we do from the initial model development work.

. Net primary productivity and nutrient limitations

Line 257
o Heading has been amended to include how we simulate nutrient limitation.
Lines 258 - 259
o Reference to spin up phase removed so it can be expanded upon in its own
paragraph.
Lines 260 - 262
o We briefly mention how belowground biomass pools are represented.
Lines 264 - 266
o Introduction to nutrient limitation within N14CP, where we highlight that it is based
on a Liebig’s law of the minimum approach and what the factors limiting
productivity are.
Lines 267 — 280
o Part of a detailed explanation of how nutrient limitation is determined within N14CP
and how it relates to processes in the model that we calibrate to the site scale, such
as plant functional type and its history.
o By referring to the input driver section here, we hope that the role of such drivers in
determining nutrient limitation are more clear.



o Changes in PFT stoichiometry in relation to nutrient perturbations are described, to
give the reader more information about how litter quality may change in response
to N enrichment, be it from experimental addition or deposition.

e Lines281-284
o Removal of unnecessary text.
e Lines287-293

o More detail on N14CP processes that should allow for nutrient co-limiting
behaviour, despite simulating a single limiting nutrient.

o This allows our discussion of such processes to directly relate to model processes, as
suggested by a reviewer.

o Information relating P availability to N fixation and its relationship with N deposition
is provided.

2.2.3 Plant and soil N and P cycling

e Line 296

o Heading has been amended to accommodate the inclusion of more general

information, not just of relevance to available N and P.
e Lines 297 - 300

o Inclusion of a short paragraph to direct the reader toward the new model summary
figure (fig 1) and the original model development paper should they want to refer to
it.

e Lines 301-307

o Plant available N and P paragraph has been revised to be more consistent with the
new summary figure, and to make reference to the relationship between organic P
cleaving and plant-available P.

e Lines310-313

o More detail has been added to elaborate on what the contribution of PweathO is to
different P pools, so its calibration is more relevant in the context of nutrient
availability.

e Lines317-333

o This whole section has been rewritten to more clearly explain the relationships
between nutrient limitation, P availability and organic P cleaving.

o The first paragraph in this section describes how the size of the available P pool is
calculated, and from which sources, in addition to how the model accesses each of
these compartments.

0 Pgeaveis introduced, prior to discussing our modification of the Pceavemax parameter so
the reader can see how this has developed in this work from the initial model
development paper.

o As per areviewer comment, we have included a rate equation from the initial N14CP
paper (Equation 1) to quantify this parameter and how it is limited to ‘realistic’
guantities given the lack of empirical data with which to parameterise it.

o Finally, we include more detail about what we do in this study, including the
reference to Pcreavemax, What it is and how it differs from Pgieave.

e Lines 334 -367
o Removed / rearranged text.
e Lines368-378



o More detail about the simulation of SOP alongside other SOM constituents and its
subsequent inclusion into available P pools.

o C, Nand P loss processes have been moved to the end of this section to make the
structure clearer.

Figure 1

e Figure 1 and its legend has been completely revised to include more of the initial model
processes, to make it clearer and to highlight what has been changed in the current study
compared to the initial model development paper.

e The figure legend has also been substantially revised to highlight changes for the purpose of
this work, to describe the key relating to the new processes, pools and fluxes and to
represent some of the nutrient inter-dependencies we mention in the discussion.

e The schematic now represents C, N and P flows across all different ecosystem compartments
of the model (atmosphere, plants, topsoil, subsoil/leachate) and not just contributions to
available N and P pools.

e Lines391-422
o Removed / rearranged text.

2.3. Simulating the field experiment with the model

o Lines425-437
o A summary paragraph describing how we use the empirical data to achieve the aims
of the work.
o Abrief reminder of the aims is included at the end of this paragraph to make the
following section’s relevance more clear.

2.3.2 Input drivers

e Lines 449 —-464

o More detail is provided regarding the use of input driver data and justification for
the model spin up phase.

o Justification for spinning up from the onset of the Holocene, including information
on why we do this and clarification that this isn’t an attempt to simulate the whole
spin up phase, but rather ensure that our calibration takes into account past
conditions and forcings.

o To address reviewer concerns about how we can use such a spin up period to
simulate contemporary soil stocks, we provide more information about the role of
site-specific input drivers of varying temporal scales.

o We justify the spin up approach for ecosystems not likely to be in equilibrium, such
as those exposed to high levels of N deposition.

o More information about how we simulate the PFT history to the site scale.



e Lines465-470

O

Description of the PFT history of the modelled grasslands is removed as it was
deemed of little relevance.
This was moved and amended from lines 488 — 495 prior to removal, which is why it

appears twice.

2.3.3. Model parameters for the acidic and limestone grasslands

©)

O

©)

O

3. Results

Lines 513 - 523

Removed this paragraph as it repeats much of what is said earlier in the methods
and intro.

Lines 524 - 528

More justification for exploring the Pcieavemax parameter within the model, and we
highlight that empirical quantification of this parameter is poor.

Lines 537 and 541

Amended mistakes where we suggested that aboveground biomass C was included
in the cost function when it is not.

Lines 551 — 565

Extensive detail to justify our methodological approach and clarify our selection of
model parameters.

Explanation that plant biomass C was excluded from the cost function and
justification as to why this was deemed appropriate.

In addition, we justify why we included data from all nutrient treatments and kept a
variable separate for testing.

We briefly describe the limitations of the cost function approach, and highlight that
this only allows us to capture part of the empirical responses to nutrient treatment
We then explain why the pattern of responses, i.e. how each variable responds to
treatment, is important and how we account for this.

This highlights the relevance of the regression statistics used and described in the
results section regarding figure 2.

e Lines571-579
o Anintroductory paragraph to relate the following results and figures to the aims of

the work and the preceding methodology section.

o This section highlights the purpose of each figure.

3.1. Varying phosphorus source parameters

e Lines 583 -603

O

Revised / rearranged text.

e Lines 604 — 636



o This section has been rewritten to better reflect the purpose of using N14CP to
simulate Wardlow and to more clearly describe the relationships between empirical
and modelled data, including more explicit references to the r?> and pattern of
responses.

o This section now contains:

o A paragraph detailing what the selected combinations of Pcieavemaxand Pwatho Were.

o Brief overview paragraph of what Figure 2 shows and overall performance, with
some information about the model’s simulation of the most limiting nutrient for
each grassland.

o Some data on overall performance (across all variables) of the acidic and limestone
grasslands separately, with reference to magnitude and pattern of data.

o We note the caveat of low r? values for some variables but demonstrate that the r?
of the testing data, aboveground biomass C, is large and is consistent with the
empirical data.

o A section for describing SOC performance, including acknowledgement of the low r?
value and the lack of an increase in SOC P addition in the acidic grassland.

o Section describing model performance at simulating magnitude and pattern of
empirical SON data.

o Section describing model P performance, same as above SOC and SON sections.

o Caveat that the r? value is of little relevance for so few data points.

Figure 2

Panels b) SOC and c) SON for figure 2 have had their axes shortened to spread the data
points to make them easier to distinguish as per reviewer comments.

The legend has been updated to correct the final sentence where we imply that the r? value
is used to assess closeness to the 1:1 line — this is inaccurate and has been amended to more
accurately reflect what this value shows (direction of response of each variable to nutrient
addition).

We also include a caveat at the end to highlight that a low r? value is not necessarily
indicative of poor model fit.

The colour scheme has been amended to be more colour-blind friendly, swapping green for
cyan to aid those that cannot distinguish between red and green.

The figure legend now refers to limestone rather than calcareous.

3.2. The limiting nutrient through time

Only minor changes were made to this section.

3.3. Modelled trends and responses to nutrient additions

Lines 672 -673
o Edit to clarify that the timeseries runs from the onset of large-scale N deposition
defined as starting in 1800 within the model.



e Other minor changes made to this section’s text include replacing calcareous with limestone
and increasing readability more generally.

Figure 4

e A useful suggestion from a reviewer was to include the empirical data from figure 2 into this
figure to better contextualise the timeseries data — these have been added, and both
legends (text legend and figure legend) have been amended to account for this inclusion.

e We shortened the x axis by 50 years to show data from 1850 instead of 1800, and the axes
have been extended beyond 2020 so the experimental period is clearer.

o While it was suggested to reduce the x axis further than this, we feel providing this
timescale more clearly demonstrates the magnitude of nutrient manipulation
compared to background effects of N deposition, and shows how these pools
developed through time.

e The inset subplots have had their x axis values removed so they fit better above the
timeseries lines.

e As with figure 2, the colour scheme has been amended to be more colour blind friendly and
calcareous has been replaced with limestone.

4, Discussion

The discussion has been re-written to account for the updated narrative of the manuscript — as such,
tracked changes appear to replace the entire section, though much of the old detail is still there, it is
just structured to be more clear and made more concise. The main changes are as follows:

4.1. Simulating contrasting grasslands by varying access to P sources

e The previous summary section has been removed, and some detail from it has been
incorporated into the opening paragraph of this section.
e The subheading title has also been changed to better reflect the contents of this section.

e Lines 749 - 757

o Abrief reminder of how we used empirical data to model the grasslands, and how
we used the simulated grasslands to achieve our initial aims.

o This allows the results section to flow more smoothly into the discussion rather than
the previous MS version where the main results were just repeated as the first
paragraph.

o We also re-emphasise that the objective of the modelling was not to perfectly
reproduce Wardlow but rather to test how varying access to different P sources
within the model allows us to develop our understanding of the model’s
representation of P cycling, and to contextualise these results with empirical data

e Lines 758 - 767



Elaboration on what the selected parameter combinations mean for the grasslands
and how that may reflect the topography of the different Wardlow grasslands.

This paragraph highlights how the potential difference in relative P availability of the
empirical grasslands was captured by the model, where the acidic had higher access
to organic P compared to the limestone, which had greater inorganic P availability.

Lines 768 — 778

@)
©)

Summary of the model’s overall performance in simulating the two grasslands
Includes a summary statistic of average discrepancy between empirical and
modelled data and how effectively the model captured the nutrient-limiting
response of both grasslands.

We explicitly highlight the model’s inability to simulate a positive response to P
addition in the acidic grassland, despite the empirical data showing such a response,
and set up the next paragraph to discuss why.

Lines 779 — 788

O

O

We acknowledge here that the underestimation in soil P and an overestimation of
plant and soil C in the acidic grassland likely indicates the model is allowing too
much P to leave the soil and stimulate plant growth.

We suggest that despite the associated difficulties, distinguishing between inorganic
and organic P forms in the empirical data we used for calibration would have been
helpful.

Lines 789 — 798

O

To address reviewer concerns, this paragraph explains why we believe the acidic C
data is overestimated and the P data underestimated.

We explain how the model’s use of the Pcieavemax parameter likely underestimates the
ability of soil surfaces and microorganisms to immobilise available P in solution.
Plant uptake of newly-cleaved P is therefore likely too high in the simulated acidic
grassland, simultaneously leading to underestimated total P (as P is removed from
soil and transferred to biomass) and an increase in biomass and soil C, as stimulated
plant growth increases carbon accumulation.

We add additional detail from a reference suggested by a reviewer to put this more
into context of phosphatase enzymes, to show how our conclusion is consistent with
empirical understanding of organic P cycling.

In addition, we suggest that improved modelled access to secondary forms of
inorganic mineral P, such as iron, aluminium and calcium phosphate complexes, may
help us better understand the differences in P cycling between the empirical
grasslands.

Lines 799 — 813

O

O

Discussion of the model’s representation of N-P co-limited behaviour and how such
representations may account for the lack of response to P addition in the acidic
grassland.

More detail about the relationship between N fixation and P availability is provided,
building on the relevant additions to the methods section.

How we believe this mechanism is affected by site-specific levels of N deposition and
the consequences of such an effect on model behaviour are also described.

This paragraph has been moved to the end of this section so more emphasis is on
the organic P cycling discussion.

Lines 814 — 816



o Asentence has been added to briefly summarise this section, so it doesn’t abruptly
end like it previously did.

4.2. Consequences of differential P access on ecosystem C, N and P

Subheading title has been revised to better reflect contents of this section and the main
aims of the study.

Lines 822 — 828

o A brief introductory paragraph to this section to more directly relate the model’s
estimation of P access conditions to the timeseries results and simulating the
experimental period, and the contrasting results of the two modelled grasslands.

Lines 829 - 840

o More detail about what the different Pcjeavemax Values mean for the two grasslands,
and how the SOP timeseries data suggests they may be responding to experimental
nutrient manipulation.

o Here we explain more clearly how P dynamics differ between the two simulated
grasslands, and highlight that the SOP data suggests N treatment increased plant P
demand in both.

Lines 841 - 848

o Here we relate the high access of organic P in the acidic grassland to the model
simulating it as N limited.

o We explain the acidic SOC data in the context of SOP access and the most limiting
nutrient predicted by the model.

o We believe this more coherently links different aspects of the work (simulating SOP
access, nutrient limitation and SOC dynamics) than it did before.

Lines 849 — 854

o This brief paragraph contextualises the modelling results with empirical studies

showing similar conclusions of positive SOC responses to N addition.
Lines 855 — 866

o Discussion about the acidic grassland empirical phosphatase activity and its
similarities to the modelled grassland — references the Chen et al. 2020 hypothesis
whereby long term N deposition alleviated P limitation by stimulating phosphatase
enzymes for a sufficient time period.

o We suggest that such high rates of SOP access are unlikely to occur outside of such
high N loading scenarios as with our LN and HN treatments.

Lines 867 — 878

o The response of the limestone grassland plant and soil C to nutrient manipulation,
and an explanation for why that happens within the model.

o We suggest that if similar processes were to occur in empirical systems, ecosystem
SOC stocks may reduce

Lines 880 — 886

o Removed references to empirical studies showing contrasting results of N and P
enrichment on SOC stocks, as we believe it added too much focus on this particular
result without providing sufficient contextualisation for it.

Lines 887 — 895



o Removed section describing empirical responses of C efflux to N deposition, as
these were not directly related to model processes described in the methodology
section.

e Lines 896 —1050

o Alarge section of the old discussion, much of which has been removed, refocussed

or rearranged to be more relevant to the revised discussion.

4.3. Model limitations

e This new section (lines 1052 — 1087) describes some of the limitations of the model and
caveats to the study’s findings.
e Lines 1054 — 1060

o Brief discussion of how N14CP has been used in the past to justify its use here, and

an identification for the need to explore organic P cycling within the model.
e Lines 1061 -1070

o Discussion of N14CP’s simplified pool structure and the limited control of nutrient
uptake by plants.

o We discuss how our approach of varying Pgeavemax t0 an extent aimed to address this.

o We discuss caveats of our methodological approach.

e Lines 1071 - 1080

o We acknowledge that the inclusion of an inorganic P equivalent to organic cleaving
to represent other forms of plant nutrient acquisition may be a useful addition to
the model.

o We discuss other potential limitations of N14CP, such as the potential effects of
biota-enhanced P weathering and nutrient redistribution and why these are not
included within N14CP.

e Lines 1081 - 1087

o Limitation of not including elevated CO; in the model, and what impact this may

have for nutrient cycling, and how C availability is currently determined.

5. Conclusions

e Lines 1090 - 1096
o We highlight how varying P acquisition within N14CP has allowed us to account for
contrasting responses of two P-limited grasslands.
o Here we acknowledge that such coarse representation of organic P access within the
model likely limits our ability to accurately simulate grasslands where N and P
interact to control plant productivity, including the potential for N inputs to alleviate
P limitation.
e Lines 1097 - 1111
o Much of this section has been removed to be more consistent with the overall
narrative of the paper.
o We highlight how the model simulated an N limited and P limited grassland from the
data we provided it, and that access to organic P played an important role in this.
o We summarise the key differences between the responses of the modelled
grasslands and explain how lack of access to organic P reduced SOC stocks in the
modelled limestone grassland.



e Llines1112-1115
o A brief paragraph to describe the effects of modelled background N deposition on
the formation of ecosystem C, N and P pools.
e Llines1116—-1123
o The previous N deposition section has been reduced to focus conclusions more on
organic P cycling results.
e Llines1123-1128
o Afinal paragraph to summarise the potential implications of our findings.
o Access to sufficient organic P may allow ecosystems to respond positively to N

addition, whereas insufficient access has the opposite effect, eventually reducing
SOC stocks.

References

e References have been updated accordingly.



