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Abstract

Phosphorus (P) limited ecosystems are widespread, yet there is limited understanding of how
these ecosystems may respond to anthropoigesteposition of nitrogen (N), and the
interconnected effects othe biogeochemical cycling of carbon (C), N anddre, we
investigate the consequences of enhanced N addition on thieRQpools ofwo Plimited
grasslandsone acidic and one limestone, occurring on contrasting soils and explore their
responsato a longterm nutrientmanipulation experiment We do thidy combining data with
an integrated EN-P cycling model (N14CRYe explorethe role ofP-access mechasmsby
allowing these to vary in the modelling framewpdnd compang model plantsoil GN-P
outputs toempiricaldata. Combinations of organicaeécess and inorganic P availability most
closely representingmpiricaldata were used to simulate the gslandsand quantify their
temporal response tmutrient manipulation The model suggestetiat access to organic P is a
key determinant of grassland nutrient limitation and responses to experiméhtaid P
manipulation. A high rate of organic P accesswald the acidic grassland ttvercome N
induced P limitationincreasingiomass C input to soil and promoting SOC sequestration
response to N additionConverselypoor accessibility of organic P for the limestone grassland
meantN provision exacerbateRlimitation and reduced biomass input to the sagducing soil
carbon storagePlant acquisitiorof organic Rmaytherefore play an important role in reducing
P-limitation, and determining responses to anthropogenic changes in nutrient availabilgy
conclude that grasslands differimgtheir access to organicrRay respond to N deposition in

contrasting waysnd where access is limited, soil organic carbon stocks could decline.
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1. Introduction

Grasslands represent up to a third of terrestrial net primary productivity (INfRI®kstraet al. 2005]
and potentially holdover 10% of the totabrganiccarbon stored within the biospherglones and
Donnelly, 2004] The ecosystem services provided bysgtands, such as carbon storage, are highly
sensitive to perturbations in their nutrient cycling, including the perturbation of nitrogen (N) inputs

from atmospheric depositiofPhoenixet al.2012]

Since the onset of the industrial revolution, human atgifias doubled the global cycling of With
anthropogenic sourcesontributing 210 Tg of fixed N per year to the global N cyslepassg
naturaly fixed Nby 7 Tg N yt[Fowleret al.2013} Much of this additional N is deposited on terrestrial
ecosytems from atmospheric sources. This magnitude of N deposition results in a range of negative
impacts on ecosystems (including grasslands) such as reductions in biodifNgwbitynket al. 2010;
Southonet al.2013] acidification of soil, and theobilisation of potentially toxic metalgCarrollet al.

2003; Horswilet al.2008;Phoenixet al.2012]

Despite large anthropogenic fluxes of N, most terrestrial ecosystems on temperatglpogtl soils

are thought to be Nimited (biomass production is moseéstricted by N availability)Mitousek and
Howarth, 1991Duet al. 2020], as weatherable sources of phosphorus (P) remain sufficiently large to
meet plant P demandVitousek andFarrington, 1997 Menge et al. 2017. Both empirical and
modellingstudieshave shown that pollutant N, when deposited odildited ecosystems, can increase
productivity[Tippinget al. 2019]and soil organic carbon (SOC) storfigppinget al.2017],largely as

a result of stimulated plant growth. This suggests that while threeenegative consequences of N
deposition, there may also be benefits from enhanced plant productivity and increases in carbon

sequestration

Whilst most research focuses onliited ecosystemglLeBauer andreseder, 2008]a number of

studies have higidhted that P limitation and ¥ colimitation are just as prevalent, if not more
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widespread, than N limitation [Fast al. 2015;Duet al. 2020;Houet al. 2020]. In a metanalysis of
grassland nutrient addition experiments spanning five continents, étagl [2015] found that
aboveground annual net primary productivity was limiteg nutrients in 31 out of 42 sites, most
commonly through cdimitation of N and HFayet al. 2015] Similarly, P additions in 652 field
experiments increased aboveground pigroductivity by an average of 34.9%duet al.2020],and
it is estimatedthat P limitation, alone or through ebmitation with N,could constrain up t&2% of

thenaturalt er r est ri al s uDuétal@@0l.s productivity [

Furthermore, P limitatiormay be exacerbated by N depositiaiohnsonet al. 1999; Phoenixt al.
2004] or become increasingly prevalent as previouslimhted ecosystems transition to-Bufficient
states[Gollet al.2012]. For example, in parts of the Peak District NationakPdK, N depositiohas
exceeded3 g m?yr?, with further experimentaladditions of 35 g n? yr' leading to decreases rather
than increases in productivity dimestonegrasslandgCarrollet al. 2003. This makes P limitation
critical to understandn the context of global carbon and nutrient cycles. By definition, N deposition
should impactP-limited ecosystemdlifferently to Nlimited ones, yet there is little understanding of

how N deposition impactthese systems

While N deposition may worsenligitation in some instances, plant strategies for P acquisitnay
require substantial investments of N, suggesting timereased N supplgnay facilitate enhanced P
uptake[Vanceet al. 2003;Longet al. 2016 Chenet al. 2027. Indeed, previous work from loAggrm
experimental grasslandbas shown strong effects oN depositionon plant enzyme production
[Johnsonet al. 1999; Phoenixet al. 2004], whereby the production of additional extracellular
phosphatase enzymes was stim@dtWhile it isnot clear if his responsés driven by exacerbated-P
limitation resulting from N deposition or extra N availability making elevated enzyme production
possible such changes in plant physiology may promote cleaving of P from organic asil(pzer
time, the accumulation of plaravailable P from organic sources may provide a mechanism by which

plants exposed to high levels of N deposition may overcBriimitation [Cheret al. 2020].
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By using the integrated-8-P cycle model N14CP, Jaiassettet al. [2020] suggest that the role of

organic P cycling in models may be poorly represented, as the model failed to simulate empirical yield

data in agricultural soils with low P fertiliser inp@rganic P access is therefore likely an important

means of nutrient acquisitiorior plants inhigh N and low P soilgChenet al. 2020], yet our

understanding of organic P cycling in seratural ecosystems is fairly limited [Jariggssettet al.

2020]. Suchinterdependencies ofthe C, Nand P cyclesenaku nder st andi ng an

ecosy

to perturbations in any one nutrient cycle challenging, particularly when ecosystems are not solely

limited in N. This highlights the need for integrated understanding of @aiitnutrient cycling across

the C, N ad P cycles, and in ecosystems that are not soldiynied.

Processhased models have a role to play in addressimsg as they allow us to test our mechanistic

understanding and decouple the effects of multiple drivers. There has been increasinggiriter

linking C with N and P cycles in terrestrial ecosystem m@déaget al.2010;Achatet al.2016; Jiang

et al. 2019 as the magnitude of the effects that anthropogenic nutrient change can have on

biogeochemical cyclingre realised[Yuanet al. 2018] Yet, few modelling studies have explicitly

examined the effects of Bnitation, or the role of organic P access in determining nutrient limitation,

likely mirroring the relatively fewer empirical studies of these systems.

By ©mbining procesdased models with empirical data from lotgrm nutrientmanipulation

experiments we may simultaneously improve our understanding of empirical nutrient limitation, the

role(s) of organic P acquisition, and their interactions with anthropogenic nutrient pollution. In

particular, this approachoffers a valuableopportunity for understanding ecosystem responses to

environmental changes that may only manifest after extended periods of time, such as with changes

in soil organic C, N and P pqelhich typically occur on decadal timescdlPaviest al.2016a, Janes

Bassettet al. 202(0. Here, wecombire new data from a longerm nutrient manipulation experiment

on two P-limited upland grasslands (acidic afithestong occurring on contrasting soilsyith the

mechanistic N-P plantsoil biogeochemical model; N14{@IPavieset al. 2016b}
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We usethese experimental data to explore the role of organic P access in determining ecosystem
nutrient limitation and grassland responses to lotgrm nutrient manipulationsSpecifically, we aim

to explore how variation in P acgition parameters, that control access to organic and inorganic
sources of P in the model, may help account for differing respoofsempirical grassland C, N and P
poolsto N and P additionsSecond we explore the effects of longerm anthropogenic N deosition

and experimentaN and Padditions on plant and soil variables of the simulateiimcandlimestone
grasslands. This wiiklp improve our understanding ofganic P process attribution within the model

and may suggestow similarlynutrient limited grasslandgouldrespond to similar conditions.

We hypothesise that 1access to organic P will be an important determinant of ecosystem nutrient
limitation, 2) increased organic P availability may alleviate P limitation resulting from N deposition an
3) grasslandsapable of accessing sufficient P from organic forms may overcome P limitation resulting

from N deposition and nutrient treatmestwhereas grasslands lacking such accessibility will not
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138 2. Methods

139 2.1. Field experiment description

140 The empirical data is from/ardlow Hay Cop (henceforth referred to as Wardlaavpngterm

141 experimental grassland site in the Peak District National Park{iléfécroft et al. 1994] Details of

142  empirical data collection are available in supplementaryieacl. There are two distinct grassland
143 communities occurring in close proximity; acidic (National vegetation classification U4e) and

144  limestone(NVC CG2d) sematural grasslandélable S2). Bothrasslands share a carboniferous

145 limestone hill but thdimestonegrassland sits atop a thin humic rankelorswillet al.2008]and

146  occurs predominantly on the hill brow. In contrast, the acidic grassland occurs in the trough of the
147  hill, allowing the accumulation of wirblown loess and the formation of a deapsoil profileof a

148 palaecargillic brown eartifHorswillet al.2008]

149  Despite contrasting soil types, both the acidic and limestone grasslands are |laiieiteé

150 [Morecroft et al. 1994; Carrolet al. 2003], though occasional N and Rlgnitation can occur

151 [Phoenixet al. 2003] and more recently, positive growth responses in solefyedted plots have

152  been observedin line with the latest understanding that lostgrm N loading may increase P supply
153 Dby increasing phosphatase enzyme activity [Johnson et al. 1999; Phoenix et al.2004; Chen et al.

154  2020].

155 Nutrients (N and P) have been experimentally added to investigate the effects of elevated N

156 deposition and the influence of P limitatiorecroft et a. 1994] Nitrogen treatments simulate

157 additional N deposition to the background leagld theP treatmentactsto alleviateP limitation

158 Nutrients are added as solutions of distilled water and applied as fine spray by backpack sprayer, and
159 have been appd monthly since 1995, and since 201-htmnthly. Nutrient additions are in the

160 form of NHNG; for nitrogen and NakPQ.HO for phosphorus. Nitrogen is applied at rates of O

161  (distilled water controk0N), 3.5 (low nitroger-LN) and 14 g N %yr? (highnitrogen—HN). The P

162 treatment is applied at a rate of 3.5 g PPgr! (phosphorus-P).

Page7 of 41



163

164

165

166

167

168
169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

Data collected from the Wardlow grasslands for the purpose of this work are; aboveground biomass
C, SOC, and total N, which is assumed to be equivalent to mo&libld This new data is combined
with total P data that was collected by Horsweillal. at the sitefHorswillet al. 2008} Summaries of

these data are available within treaipplementary material (Table Bdnd details of their collection

and conversion tanodelcompatibleunits in supplementary sectich

2.2. Summary of model processes

2.2.1. N14CP model summary

The N14CP ecosystem model is an integrat®dRCbiogeochemical cycle model that simulabes
primary productivity NPB, C, N and P flows and stocks between and within plant biomass and soils,
and their associated fluxes to the atmosphere and leachiesieset al.201&]. N14CP was

originally developed and tested on 88 northern Europe ltdle studies, including grasslands,

where C, N and P datwvere available. All but one of the tested ecosystems exhibited N limitation
[Davieset al.2016b] It has also been extensively and successfully #éated against SOCipping

et al.2017]and NPPdata from unimproved grassland sites across thg Tijgpinget al.2019]

However,N14CFhas not been extensively tested against sites known to exhibit P limmitatio
especially where these are explicitly manipulateddoyg term experimental treatments. While the
importance of modelled weatherable Pw&ing and historic N deposition dd-limited C, N and P
have been investigated [Daviesal 2016b], the potential influence of organic P on ecosystem

nutrient limitation and responses to nutrient perturbations have yet to be explored.

Here, we modify N14CP to add experimental N and P additions to simulate-getamgutrient
manipulation experiment similar tthat at the limestone and acidic grasslands\drdlow, andve

use empirical data from Wardlow to explore the role of organic P cleaving in determining ecosystem
state. A full model description can be found in Daw¢sl.[2016b], however, a summary of the

most relevant features is given here for convenience.
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2.2.2. Net primary productivitgnd nutrient limitations

Plant biomass is simulated in the model as two sets of pools of coarse artidsines representing
both above and belowground pla@, N and Pwith belowground biomass for eagfant functional
type represented by a root fractiodPP adds ttheseon a quarterly basis with growth occurring in
guarters 2 and 3 (spring and summdn) N14CP, NPP depends on a single limiting factor, in

accordance with Liebig’s | awmitgrowthimtee modelnnclude m.
available N and P, temperature or precipitation, the latter two being provided as input driver data

(see section 2.3.2).

First, the potential maximum NPP limited by climate is calculated using regression techniques, as in
Tippinget al. [2014]. The corresponding plant demand for N artd Bchieve this potential NPP is

then calculatedDavieset al.2016b; Tippingt al.2017] This demand is defined Ipfant functional

type stoichiometry, which changes through timeadncordance with ecosystem succession (see
section 2.3.2)Stoichiometry of coarse tissue is constant the fine tissue of each plant functional

type has two stoichiometric end member$hisallowsthe model to represent transitions from-N

poor to Nrich plant communitieor an enriciment of the fine tissues withiplants(or a

combination of both]Davieset al. 2016b] dependent on available N. This allows a degree of
flexibility in plant C:N ratios in response to environmental changes such as N depdsitihe

available nutrients cannot meet the calculated plant nutrient demand, the minimum calculated NPP
based on either N or P availability is used, giving an estimation of the most limiting nutrient to plant

growth.

Nutrient co-limiting behaviour camccur in the model through increased access to organic P sources
in the presence of sufficient (¢ee 2.2.3)and by having the rate of N fixation dependent on plant
and microbial available [Pavieset al. 2016b].The initial rate of N fixation is based literature

values for a given plant functional type and is downregulated by anthropogenic N deposition, but

not soil N content more generally, as it is assumed that atmospherically deposited N is readily
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available to Nfixers. Nitrogen fixatiofn the nodelisalso related to P availabilityh& degree to
which P availabilty limits this maximum rate of fixation is determined by a constap{Davies et
al. 2016b].This means that while modelled NPP is limited by availability of a single nutrient, co

limitation may occur through P limitation of N fixation [Dangéal. 2008]

2.2.3. Plantand soil N and P cycling

A simplifiedsummaryof key pods and processeggading plantsoil nutrient cyclingare detailed in
Figure 1. Details sh as initial base cation pootheir effects on soil pH, and most parameter names
have been omitted for clarity but are available frahe original model development study [Davies

al. 2016b]. Key changes for the purpose of this work are highlighted in red.

Plant available N is derived franmlogicalfixation, the decomposition of coarse littand SOM
atmospheric depositioanddirect N applicationFine plant litter enters the SORbol directly due

to its rapid rate of turnover whereas coarse litter contributes N and P through decomposition and
does not join the SOM podPlant available Blsocomesfrom SOM ancdtoarse litter decomposition,
direct treatment,desorption of inorgan P from soilerfaces,and sometimes cleaving of organic P
[Davieset al.2016b] The sorbed inorganic P pool builds over time with inputs of weathered P and

sorption of any excess plant available inorganic P, and desorption occurs as a first order process.

Phosphorus enters the plaisoil system by weathering of parent materialetmitial value of which
(RweatnoWithin the model) can be set to a default value, or made-sjiecific by calibrating this initial
condition to soil observational data (as in methods section 2.8:@)m this initial pool, annual

releases of weathexd Pare determined by firsbrder rate constants that are temperature

dependent, with the assumption that no weathering occurs below 0 degrees Celsius. This weathered
P can then contribute toward plasavailable P in soil water or be sorbed to soil surfateprinciple,

P can be added in small quantities by atmospheric deposition [Ridame and Guieu, 2002] but for the
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237  purpose of this work, P deposition is set to zero in the model. While the contribution of P through
238 atmospheric deposition is increasingly reatidAciegcet al.2017], we cannot account for the losses

239 of P that may also occur through landscape redistribution [Tipeirad. 2014].

240 The size of the available P pool is determined by sumrRingtained within plant biomass prior to
241 litterfall, inorganic P from decomposition, dissolved organic P and P cleaved from SOP by plants.
242  Accessibility of each P forimdetermined by a hierarchal relationshipthe order mentioned above,
243  whereby plants and microbes access the most readily available P soust@siél only move onto

244  the next once it has been exhausted.

245  When N is in sufficient supply and more bioavailable P forms have been exhausted from the total
246  available pool, simulatedigntscanaccess P from SOM via an implicit representation of extraeell
247  P-cleaving enzymes with a parameter termegkRe While empirical data quantifying this parameter
248  is scarce, N14CP constrairgd.by utilising a maximurBOMC:P rati¢[C:P}uim, that ensures SOM

249  stoichiometry is not unrealistically disruptéy excessive removal of organicHyation 1).

250

251 5 VE D Equation 1
o

252

253  The functioning of the &adparameter, including its stoichiometric constraint, remains the same in
254 this work but we have introducedraodifier to adjust the rate at which plants can access this P
255  source. This parametercRawemax represents the maximum amount (g@season’) of cleaved P that

256 plants can acquire from the available P pool to satiate P demand.

257 A fraction of plant biomasis converted to litter in each quarterly time step and contributes a
258 proportion of its C, N and P content to SOM, which is sectioned intro three pools (fast, slow and
259 passive) depending on turnover rgieavieset al.2016b} Soil organic P (SOP) is siated alongside

260 SOC and SON using C:N:P stoichiometries of coarse and fine plant biomass. Decomposition of SOP,

Pagellof4l



261

262

263

264

265

266
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268

269

andits contribution to the available P pool, is subject to the same turnover rate constants as for SOC

and SON.

Carbon is lost as G@llowingtemperaturedependent decomposition and as dissolved organic
carbon. Likewise, N and P are lost via dissolved organic N and P in a proportion consistent with the
stoichiometry of each SOM pool. Inorganic N is lost via denitrification and inorganic B sarbbd

by soil surfaces. Both inorganic N and P can be leached in dissolved forms if they are in excess of

plant demand.
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Figure 1A simplified schematic of the key flows and pools of C, N and P within N14CP, adapted from the full
schematic availdk in Davie®t al. (2016b). Red lines highlight modifications to N14CP for the purpose of this v
including adding experimental nutrients and allowing uptake of cleaved P to be more flexible. Solid lines indicate
input to another pool and a dashed line indicates eitadeedback or interaction with another pool. In the model,

N can enter the available pool via atmospheric deposition, nutrient treatments, biological fixation, and
decomposition of coarse litter and SOM. For P, the two main sources are the inorganic goobadd from the
turnover of SOM. The former is derived initially from the weatherable supply of P, defined by its initial condition

(Pyeatno- P can also be added to this pool experimentally as with N. The dashed line going from available N and P to

N fixation represents the downregulation of N fixation by N deposition and the dependency of N fixation on P
availability. The cleaving of organic P from SOM and its incorporation into thegyaitéble nutrient pool, is
represented by the dashed red linaedits uptake by plants, determined by Remaxshown with a solid red line.
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280 2.3. Simulating thdield manipulation experiment with the model

281 We use data fronthe Wardlowlimestone and acidigrasslands to explore the potential role organic
282 P access may have in determining grassland nutrient limitation when exposed ttefomél

283  deposition and more recently, experimental nutrient manipulation. We use environmental input
284  data collated from Wardw to drive model processes. Empirical data regarding contemporary soil C,
285 N and For the contrasting grasslands amsed to calibrate the initial size of the weatherable P pool
286  within the model, and to allow access to organic cleaved P to vary to acfmypatterns in the

287 data. We dmot aim to perfectly replicate the Wardlow grasslands but rather use the unique

288  opportunity that Wardlow provides teest our understanding of suchlfnited ecosystems and how
289  our conceptualisation of P access mechanisntlin the model may affect themin addition, we

290 can use thenodelsimulated grasslands to investigate the potential effects of fmmg N

291 deposition and nutrient manipulation oecosystems which may differ in their relative availability of

292 different P brms.

293

294  2.3.1. Nutrient applications

295  Nutrient treatments are treated in N14CP as individual plots in the simulations with differing
296 amounts of inorganic N and P applied in line with the field experimental treatnfsatsion 2.1)
297 The N and P treatmentsaiadded to the bioavailable N and P pools of the model on a quarterly
298 basis in | ine teptWhiletWaellownotdeetltreasnentsianeapplied monthly
299 and N14CP quarterly, the annual sum of applied N or P is equivalent, and nutrients bed app

300 during all quarters.

301
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2.3.2. Input drivers

N14CP simulations run on a quarterly time step and are spun up from the onset of the Holocene
(10,000 BP in the model). This is to capture the length of time required for soil formation following
deglaciaion in north west Europe and is not an attempt to truly model this long term period.
Instead, it allows us to form initial conditions for modern day simulations that takes in what we

know about the site’s history and forcings.

Touse thisspin up phasand simulate contemporary soil C, N and P stocks, we use a variety of input
driver data. Inputs nearer the present are more accurately defined based egcsite

measurements and assumptions are made regarding past conditions. This approach of spinning up
to presentday observations avoids the assumption that ecosystems are in a state of equilibrium,
which is likely inaccurate for ecosystems exposed to-teng anthropogenic changes in C, N and P
availability.lnput driver dataincludeplant functional typehistory, climatic data and N deposition

data. A summary of the data used for model input is providesupplementary Table SBo

si mul at eplantfuectiosal typehistory, we used data on Holocene pollen stratigraphy of the
White Peak region dberbyshire [Tayloet al. 1994], which captures important information

regar di n glandMasehstbryfar the entire duration of the model spin up phase.

Input driversare provided as annual time series to drive the modetl & the acidic andimestone

sites are cdocated, these input timeseries are shared for both grasslandsassumed in the

model that anthropogenic N deposition was negligible prior to 1800 and the onset of the industrial
revolution. After 1800, N deposition is assumed to haaeeased similarly across Eurd@ehoppet

al. 2003] In N14CP, this trend is linearly extrapolated from the first year of data (1880) back to 1800
[Tippinget al.2012] Data regarding N deposition that is specific to Wardlow was incorporated
between the years 2004 and 2014 and the Schéipal.[2003] anomaly scaled to represent the high

N deposition of the site
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To provide climate forcing data, daily minimum, mean axakimum temperature and mean
precipitation records beginning in 1960 were extracted from the UKPC09 Met office CEDA database
(Table S3). The data nearest to Wardlow was calculated by triangulating latitude and longitude data
and using Pyt todeteominathe shottdstalistaneenThese data were converted into
mean quarterly temperatre and precipitationPrior to this, temperature was assumed to follow

trends described in Daviet al. [2016b] and mean quarterly precipitation was derived fromtMe

Office rainfall data between 1960 to 2016 and held constant.

2.3.3.Model parameters for the acidic ariidnestonegrasslands

The N14CP model has been previously calibrated and tested against a wide range of site data to
provide a general parameter sttat is applicable to temperate sematural ecosystems, without
extensive sitespecific calibratiofDavieset al. 2016b] The majority of those parameters are used
herefor both grasslandddowevertwo parameters relating to Bources anghrocesses wer

allowed to vary between the sites: the initial condition for the weatherable P pogknk and the

rate of plant access to organic P sourcegakiax (Figure 1)We allowed Reanoto vary for each
grassland asariation in a number of factors inaling lithology and topography mean that we
should expect the flux of weathered P entering the plaail system to vary on a sitey-site basis
[Davieset al.2016b] Indeed,we should expect thatRanodiffers between the acid anlimestone
grasslands, as despite their proximity, they have differing lithol@pvieset al.[2016b], show that
variation in this initial condition considerably helps explain variance in contemporary SOC, SON and
SOP stocks between sites. However, it is difficuttet this parameter directly using empirical data,

as information on lithology and P release is limited at the site scale.

As this is the first time that N14CP has been knowingly applied to ecosystems of a ldigétiydP
nature, we also allowed theaximum rate at which plants could access cleavedRudra) to vary,

to investigate how plant P acquisition might change when more readily accessible P forms become

Pagel6of 41



351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

scarcer. Empirical quantification of organic P access is poor {Bassetiet al. 2020], hence we use

a similar datadriven calibration for Beavema@s we do for feato

We ran a series of simulations systematically varyingdsgand Rieavema@nd comparing the results
to observationsWe simulated the two grasslands and their tresgnt blocks with a set of 200
parameter combinations. This captured all combinations of 20 valuegafdbetween 50 and 1000
g m?and 10 values ofdRaemadetween 0 to 1 g Mper growing seasonsing a log spacing to focus
on the lower range OPcieavemavalues. The Ramorange was set to capture the lower end afeRno
estimates described in Daviesal. [2016b], which were more likely to be appropriate for these P
poor sites. We explored a range of values fagdRmax from zero where n@access to organic sources

is allowed, to 1 g mper growing seasor a rate in the order of magnitude of a fertilizer application.

The model outputs were compared to measured, SOC, SON and total P (Table S4) for each grassland.
We tested how these paraeter sets performed by calculating the error between the observations

and model outputs of the same variables for each combinatidPc@fvemaand Ryeatho The sum of

the absolute errors between modelled and observed soil C, N and P data were scaecbfiat for

differing numbers of observations) and summed to provide an F value (Eq@xtienan overall

measure of error across multiple observation variables.

O T - 10 — )0 + —— 10 (Equation 2)
h h
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372 Plant biomass C data wereadxded from the costfuncton o al | ow f or bl ind testi
373 performance against empirical observations. As the variable most responsive tematdditions,

374  both in terms of rapidity and magnitude of the response, we deemed these the most rigorous data

375  to use for separate testing. We included soil C, N and P data from all nutrient treatments rather than

376 just the control to ensure that the seltsd parameter combination could better account for

377  patterns in empirical dateFor instance, we know that empirical N treatments can increase plaght

378  soil enzymeactivity in both Wardlow grasslands, [Johnsdral. 1999; Phoeniet al. 2004; Keanet

379 al. 2020] which a calibradn to controlonly data may not have captured

380  While thecost function is a useful tool in allowing the model to simulate the magnitude of

381 contemporary C, N and P pogitsdoesnot allow us to capture all necessary information to

382 accurately simulate grasslamesponses to longerm nutrient manipulation The pattern of

383 grasslandesponsei.e. how a variable responds to nutrient treatment, is an important

384  consideration and is determined in the model by the most limiting nutrieahsgquently, he

385 parameter combination with the lowest F value, that still maintaimegdr as sl and’ s empiri c

386 response to nutrient additionsyas used within the analysis.

387

388
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389 3. Results
390

391 Below, we first present data regarding the results of the calibratif Ryeamoand Rieavemafor each

392 grassland, and how simulated grassland C, N and P using these parameter combinations compares to
393 the empirical data (section 3.1, Figure Raw empirical data is available in table S1 in section 2 of

394 the supplementarymaterial. Second, we explore how the limiting nutrient of the modelled

395 grasslands has changed through time in response to N deposition and experimental treatment

396 (section 3.2, Figure 3). Third, we explore how C, N and P pools in the simulated grasslends h

397 responded to N deposition and nutrient treatment within the model, and include empirical data to

398 contextualisechangegsection 3.3, Figure 4). Finally, we present the C, N and P budgets for both

399 modelled grasslands to examine changes in C, N andIB paoe closely, in order to better our

400 mechanistic understanding of changes in nutrient flows within the model (section 3.3, Figure 5).

401
402  3.1. Varying phosphorus sourqerameters
403

404 The model calibration selected parameter values @R and Rieavemathat indicate contrasting

405 use of P sources by the two simulated grasslands, with the acidic grassland capable of acquiring
406  more P from organic sources, havingaRd&emavalue of 0.2 g m? season compared to the

407 limestone with a value 10 thes smaller at 0.03 g frseasont. Conversely, inorganic P availability
408 was greater in thdimestonegrassland due to the larger weatherable pool of Real, at 300 g i

409 compared to 150 g rhin the acidic.

410 The selected parameter combinatioresulted in the model simulatinghe acidic grassland as N

411  limited and thelimestoneas Rlimited, with reasonable congruence between observed and

412 modelled data. The outputs for the calibrated model are shown in Figure 2 against the observations
413 for abovegroundbiomass C, soil organic C, and N for both the acididiares$tonegrasslands (Fig

414  2). Raw data used for Figure 2 are provided in supplementary taf@sdSS.
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Overall, N14CP more accurately simulated the magnitudienefstone grasslan@, N and PBools

than the acidic, and it generally captured the pattern of responses to nutrient treatment, albeit this

is not always supported by highvalues. The model estimates of above ground biomass C are

broadly aligned with the observations: capturing véida between the grasslands and treatments
(r*=0.58), and on average overestimating the magnitude by 12.9% (SE + 11.9) and 12.1% (SE + 9.4)

for the acidic andimestonegrasslands respectively (Fig 2a).

Soil organic C on average was slightly overestohéf.1% with SE + 3.3) for thmestonegrassland

(Fig 2b), with a larger average overestimate for the acidic grassland (39.9% with SE + 6.8). However,
in this latter case the variation between treatments was better captured. Despite & hoaiue for

SOC (0.01), the model broadly captured the patterns we observe in the empirical data, with N
addition increasing SOC in the acidic and P addition incre&€)@n the limestone However, the
intermediate increase in SOC with P in the acidic grassland captured by the model, nor is the

magnitude of the negative effect of LN treatment kmestoneSOC.

Simulated magnitudes of SON are walfined with observations for the acidic grassland, with an
average error of 2.3% (SE = 3.2), whilst SON fdirttesstonegrassland was on average
underestimated by 17.8% (SE + 3.6) (Fig 2c). The variation between treatments was better captured

for acidic tharlimestoneSON but was overall reasonabité= 0.39).

Finally, the model overestimated total soil P (detirie the model as organic P plus sorbed P) by an
average of 6.0% (SE + 4.3) for lineestonebut underestimated by 54.7% (SE  8.0) in the acidic
grassland, which was the least accurately predicted variable out of those investigated (Fig 2d). With
only two empirical data points for TP across only two nutrient treatments, it is difficult to discern the

relationship between treatments and TP sordwmalue is of little relevance here.
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Figure 2 A comparison of the observed values of a) abovegroumeh&ss carbon, b) soil organic carbon, c) soil
organic nitrogen and d) total soil phosphorus from both grasslands, with simulated values from the model. The
line represents a 1 to 1 relationship and the closer the data points are to the line, thiesthaldiscrepancy
between observed and modelled data. All data are in grams per metre squared and all treatments for which de¢
were collected are presented. The horizontal error bars represent the standard error of the empirical data mea
Ther? valueof regression models fitted to the data give an overall indication of the direction of response of eacl
variable to nutrient addition, hence a low value is not necessarily indicative of poor model fit
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3.2. The limiting nutrient through time

Modeled acid grassland NPP remainedihited from 1800 through to 2020 underast nutrient
treatments (Fig). Nitrogen deposition increased the potential NPP through time and the grassland
moved toward cdimitation in the LN treatment (i.e. the N and P lines welasel) but remained N
limited (Fig3b). In the HN treatment, the acidic grassland shifted to P limitation-lamitéd NPP

surpasses H#timited NPP (Fig 3c).

Thesimulatedlimestonegrassland was also initiallylhited, but was driven through a prolonde
(c. 100 year) state of apparent-timitation until clearly reaching-RPmitation in 1950, solely as a
result of N deposition (Fig). In the ON treatment, the grassland remainedirRited but the

potential NPP values for N and P are similar, suggestengrassland islose to cdimitation (Fig

3€). The LN and HN treatmeamnplifiedpre-existing Himitation, lowering the potential NP&f the
grassland (Figsf, g). With the addition of P in 1995, P limitation is alleviated, and the ecosystem

transitions to a more productive Nmited grassland (Fige 3).

Another way to interpret the extent ofiutrient limitation within N14CP with specific reference to P
demand, is to assess the rate of P cleaving through time. These data corroborate the MNraiteld®
NPP data, showing that in thienestonegrassland, the maximum amount of cleavable P is accessed
by plants in the ON, LN and HN treatments from approximately 1900 through to the end of the

experimental period in 2020~{g S1, Table S} highlighting it consistent state of Fmitation.

Conversely, while cleavd®lis usedn the ON treatment in the acidic grassland, it occurs at
approximately one third of the total rate, hence the grassland is not entirdilyifed (Fig S1, Table
S9) The LN treatmenincreases the ratef access to cleaveddhd HN causes it to reach its
maximum value, confirming the shift to P limitation suggested by the NPP dgt81Frable SSoil

organic P cleaving does not occur in thzdaited plots of either grassland.
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Figure 3:Plots showing the nutrient most limiting productivity for all nutrient treatments in both simulate
grasslands. The vertical dashed line is the year of first nutrient addition within the model (1995). The v
of the lines represents the mamum amount of productivity attainable given the availability of N and P
separately. Due to a Liebig’'s | aw of the mini
that dictates the limiting nutrient of the grassland and represents acn@delled productivity. Where lines
share a value, it can be considered in a state-6f dblimitation.
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466 3.3. Modelled trends and responses to nutrient additions
467

468 The model allows theemporal trends and responses to nutrient additions to be further explored.

469  Figure 4 provides the temporal responses for the treatments, and Figure 5 a full nutrient budget for
470 the year 2020Full data for changes in soil C, N and P and plant biomass I€ ginoghe onset of

471 largescale N depositiofiL800within the model)for both grasslands are included in supplementary

472  Table $4. All data used for determining responses of biomass C and soil organic C, N and P pools to

473  experimental nutrient additions &rin supplenentary Tables S15 (acidic) and 8it6estone.

474

475  3.3.1. Acidic grassland

476  The moddkedtime sriessuggest that in the ON (control) treatment for the acidic grassland,
477  background levels of atmospheric N deposition between the period 2820 resulted in an almost
478 four-fold increase in biomass C, a néafold increase in SOC and SON and increaseslitieeof

479 the SOP pool by almost a fifth (Big

480  Since initiated in 199%Il CandN pools responded positively to N but not P treatments (Fig 5a, c,
481 Tables S7, S8yhe LN and HN treatments further increased abovegrountéss C by 36.2% and
482 61.7% (Fida) andincreased the size of thivtal SOC pool by 18% and 20.6% respectively (F@.4
483  Similarly, theotal SON pool in the acidic grassland increased by 9.7% in the liMérgaand 36.6%

484  inthe HN (Figé).

485  Responses of the SOP pool are in contimshose of the SOC and SON pools, with LN and HN

486 decreasing SOP by 4.4% and 9.1% respectively, while P addition substantially increaseathe size
487  the SOP pool by 76.7% (F@).4Nitrogen treatments facilitated access to SOP from both subsoil and
488 topsol, increasing plant available P and facilitating its uptake into biomass materi&e(Figble

489 B).

490
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3.3.2.Limestonegrassland

Model simulatiors for thelimestonegrasslandilso suggest N deposition between 1800 and 2020
considerably increaseaboveground biorass C, SOC and SON pools (Fitpudto a lesser extent
than in the acidic grassland. Soil orgaBiand SON increased by almioalf and biomass C more
than doubled. Soil organic P accumulated at a faster rate than in the acidic gthsatae@asing by

about a third (Fig 4Table S4).

Responses of the aboveground biomass C and SOC pooldimaktnegrassland differ greatly to
those of the acidic, declining with N addition andreasing with P addition (Fig. & his response
was wiquitous to all C pools, with declines in subsoil, topsoil and biomass C (Fig 5b, Dable S1
Biomass C declined by 2.4% and@ With LN and HN addition (Fi)4&nd SOC declined by 0.5%
and 1.4%with the same treatments (Figl). Phosphorus addition ineased biomass C and SOC by

22.0% and 6.1% respectively (Fig 4).

Nitrogen treatments increased the size of subsoil, topsoil and available N pools, but led to small
declines in biomass N (Fig 5d, Tabl&)Fhe Preatment slightly reduced subsoil andgsoil SON
compared to the control yet increased available N and biomass N, to the extent where biomass N is
greater in the P than HN treatment (Fig 5d, Tablg)$btal SO! increased by 6.4% and 15.0% with

LN and HN respectively and declirn®yd0.2% witHP treatment (Fig .

The response of thémestoneP pools mirrors that of carbomjith declines in subsoil SOP, topsail
SOP, available P and biomass P with LN and HN addition (Fig 5f, Pabld&imestonegrassland
SOP pool declined by 0.2% withdam 0.5% with HN addition, with an increase of 20.0% upon
addition of P (Fig 4hTheP treatment substantially increased total ecosystem P irlithestone

grassland, particularly in the topsoil sorbed pool (Fig 5f, Talde S1
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Figure 4 Timeseries plots of aboveground biomass C, soil organic C, N and P for the acidic (panels a, c, e an
respectively) and limestone modelled grasslands (panels b, d, f and h respectively). The vertical dashed line
represents the first year of nutrient additio(1995) and marks the beginning of the experimental period. The inset
subplots focus on this experimental period (198&0) and highlight changes occurring as a result of nutrient
additions rather than background N deposition. All nutrient treatmentévardlow are represented in all panels
though not all lines are visible if they do not differ from ON. Both grasslands share a y axis. Empirical data from
figure 2 are plotted on the respective panels, with the exception of panels g and h, where empitéce d
incompatible with modelled data (total P versus organic P).
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4. Discussion

4.1. Simulatingcontrasting grasslandby varying plant access to P sources

This is the first instance in which N14CP, and to the best of our knowladg®ther integrated Q\-

P cycle modl, has explicitly modelleB-limited ecosystems&nd investigated their responses to N
deposition and additional nutrient treatments. By using empirical data from-teng experimental
grasslands to drive and calibrate Ntwe CP, we
contrading Rlimited grasslandsand how organic P access may affect this ability. While the purpose
of this work was not to explicitly reproduce the Wardlow grasslands within N14CP, by comparing
data from Wardlow to the simulated grasslands, we can simultarigaleyelop our understanding

’

of the model ' s r stpdie@doyding processen and dontextnatise what this may

mean for empirical systems such as Wardlow.

The model suggests that the acidic grassland was characterised by high accgssto Br with
comparatively low inorganic P availability, whereasltheestonegrassland was the opposite, with

low organic and high inorganic P availability. These simulated diffeseocéd reflect the relative
availability of different P sources at Wllow. As the acidic grassland formed in a hillside depression,
loess has accumulatethickening the soil profile andistancing the plant community from the
limestonebedrock The plant rooting zone of the acidic grassland is therefore not in contdttet
bedrock, and roots almost exclusively occur in the presence of organic P sources which can be
cleaved and utilised by plant€aldwell, 2005; Margalait al.2017] Conversely, théimestone
grasslandsoil rarely exceeds 10 cm depth, and the rootioge extends to the limestone beneath,

providing plants with greater access to weatherable calcium phos{iSaétset al.2012]

Such parameter combinations allowed for reasonable congruence between empirical and simulated
data, with an average discrepancy of only 6.6% (SE + 9.1) and 1.2% (SE % 4.4) for the acidic and
limestonegrasslands respectively across all variables (Tabléi8®ever, model performance

differed greatly between the two grasslands. For instance ntieglelaccuratelycaptured the
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magnitude ofimestoneC, N and Bata and ther expected Himited responseto nutrient

treatment, but was less effective at simuilag the acidic grassland. N14CP wlid simulate an

increase in biomass C or SOC with P addition in the acidic grassland, instead simulating a solely N
limited grasslandwhile this may be expected afmodel that employs a lawf-the-minimum

approach, N1€P has a number of mechanisms to account for N and P interdependence, meaning
that in principle, it is capable of simulatipgsitive responses to LN, HN and P treatment, as

observed in the empirical data from 20{Section 2.2.2).

The overestimation of@dic C pools and underestimation of total P suggests that the model is

simulating that too much organic P is being accessed by plants in response to N addition and

transferred into plant biomass pools (Fig 2d). Few parameter sets where simultaneoudly able

simulate the magnitude of the empirical TP pool and the positive response of biomass to N addition

in the acidic grassland. This may also be due to limitations in the empirical P data, as P data used for
calibrating P cycling were available for onlptautrient treatments and represented total soil P, not

organic P. While we acknowledge the technical and theoretical issues associated with distinguishing
between organic and inorganicpg®ols[Lajthaet al. 1999; Barrowet al.2020], such distinctions

woul d help in understanding this discrepancy and

limited systems, particularly when organic P availability may be important.

Additionally, N14CP’'s representat i abilityoffsoiltor gani c
rapidly occlude and protect organic P that enters solution. For example, inositol phosphate, a major
constituent of organic P, has been found to be used extensively by plants grown in sand but is hardly
accessed by plants grown in géilams and Pate 1992]. Such organic phosphates become strongly

bound to oxides in the soil, protecting them from attack by phosphatase enzymes [Barrow 2020].

This may be particularly prevalent in the acidic grassland at Wardlow where N deposition has

resuted in acidification and base cation depletion [Horseiilal. 2008], potentially enhancing the

formation of iron and aluminium complexes and immobilisifé&bijmanet al. 1998].
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In addition to physica&cthemical processes reducing P availability -limiRed grassland soails,

microbial processes may be dominant drivers of ecosystem P fluxes [Binemann et al. 2012]. For

instance, while mineralisation of organic P may increase inorganic P in solution [Scleneider

2017], this can be rapidly and almostngpletely immobilised by microbes, particularly when soil P

availability is low [Binemann et al. 2012]. As the model lacks a mechanism for increasing access to

secondary mineral P forms comparable to organaigaving, and microbial P immobilisation is

incompletely represented for-Bmited conditionsit is possible thathe uptake of organic P by the

acidic grasslanih the model isexaggerated.

Thermndel s inability to

S

i mul at e

an the acwlic drdsstard

may be an unintended consequence of the downregulation of N fixation by N deposition included

within N14CP [Daviest al. 2016b]. While this representation is appropriate [Gundati@l 2013}

when N deposition exceeds fixation (as at Wardlow), fixasagssentially nullified &in Tables $7

S11), meaning deposition becomes the sole source of N to the grassland. This in effect, removes the

dependence of N acquisition on P availability, and could make mode#imaviour akin td\-P co

limitation [Harpde et al.2011]under high levels of N deposition challengimbis suggests that

currentCGN-P  cycl e

model s that

empl oy a Li

ebig’ s | aw

representation of multiple variables by calibrating access to both organic and morgaources

[Daviesetal2 01 6 b ] ,

provided

t

he

ecosystem

in question

limitation. Furthermore, where access to organic P forms is likely to be lower, as in the limestone

grassland, model performance may improVhis could be further explored by allowing N fixation

limits in the model to adapt to P nutrient conditions or by attenuating shepressiorof N

deposition on N fixationto represent acclimatisation of-Rixers to greater N availability [Zherg

al. 2018].
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Ultimately, differences in modelled accessibility to organic forms of P enabled N14CP to distinguish

between the two empirical grasslands, and simulate the magnitude and pattern of data with

reasonable accuracglbeitwith the previously mentioned seats.

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

Whil e the mod edeesmforehs acidingrasslandris likely ovérestimated, the model

experiment has highlighted that differences in organic versus inorganicilalaly are a key

determinant of an ecosystem’s

nutri

ent l'imitatio

in anthropogenic N and P availability. For instance, while being exposed to the same background

level of N deposition and the same magnitudf experimental treatment, thenodelledacidic

grassland was able to stimulate growth in response to LN and HN treatment whereasdedied

limestone grassland was negatively affected by it.

Nitrogen addition increases plant demand for P and can shift ecosystems toward a state of P

limitation or increase the severity of limitation where it already exXjistenge and Field, 2007; Aat

al. 2011; Golkt al.2012] Consistent with this, both sinated grasslands saw SOP decline with LN

and HN treatment, worsening P limitation in thmestonegrassland, and depleting the SOP pool in

the acidicAs P cleaved from organic pools is the least bioavailable within the model hierarchy

(methods 2.2.3), tis is indicative of increasing P stress in both grasslaitige SOP declined in

both grasslands, the responses of available and biomass P to nutrient treatments differed markedly

between the grasslands. Due to the higher rate @:Rmain the acidiggrassland, more ®asin

plant-availableformsand hence P does not become the limiting factor under N treatmeratisl€éT

S§. Conversely, available and biomass P decline under LN and HN additioffirmetiiene

grassland (Table 3}, highlighting hovtheg r a s s Rc@wmadpability is insufficient to meet

increased P demand.
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Such high access to organic P sources imthéelledacidic grasslantikelyled it to respond to

nutrient enrichment in an Nimited manner, increasing productivity in resporteeN deposition and
LNand HN treatmentss t he model " s | i miti ng.DatitdlCinpatat st i mul
from plant biomass are the primary source of SOC accumulation within NDé@ieset al. 2016b]

and a such, changes in SOC integratgglterm trends in net primary productivity in systems where

external nutrients are supplied. The provision of additional N imtioelelledLN and HN treatments

therefore led to large increases in biomass accumulation and consequently, almost linearlgaédcrea

SOC (Fig 4c).

Similar increases in-h\nited grassland SOC under N addition have been shown, resulting from
significant increases in beleground carbon input from litter, rootfHe et al. 2013] and detrital
inputs [Fornaraet al. 2013} mechanisms siifar to those reported by the model. Similarly, Tippetg
al. [2017] used N14CP to show that N deposition ordonited UK ecosystems ubiquitously
increased SOC storage by an average of 1.2 kd€rh0%) between 1750 and 20fMppinget al.

2017}

Despite its Himited condition under the HN treatment (Fig 3c), the acidic grassland continued to
accumul ate biomass with N addition as 8he grassl
allowed it to acquire sufficient P to stimulate additional gth but not necessarily to alleviate P

limitation. This is consistent with the acidic grassland at Wardlow, where N treatment stimulated

root surface phosphatases, likely supplying more SOP to dliotigsoret al. 1999] Our simulated

acidic grassland therefore supports the hypothesis firalonged N deposition may increase SOP

access to such an extent that P limitation is alleviaed growth can be stimulatelChenet al.

2020]. Gganic P release from SCdnd its potential immobilisatioris poorly represented in models

and we encourage further study aimed at quantifying these processes [Elz2020; Janes

Bassettet al. 2020;Phoenixet al.2020. However, such high rates of SOP access only occuneer
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experimental LN and HN treatments, and in reality, such rapid degradation of SOP may eventually

degrade the pool to such an extent that P limitation soon returns.

Conversely, immass C and SOC in thhedelledlimestonegrassland responded positivetly P

addition, via similar mechanisms to therdsponse in thenodelledacidic grassland. However, in
contrast to the acidic grassland, N addition caused declineméstonebiomass and SOC, the

former of which has been observed at thimestonegrasslad at Wardlow[Carrollet al. 2003}
Reductions iimestonebiomass C (and consequently SOC) in the model are a combined result of
reductions in bioavailable P (Table2gccurring via Miriven increases in stoichiometric P demand,
in addition to aninability to access sufficient P from the SOP pool (Table S14). Plants therefore
cannot meet P demand and new biomass is insufficient to replace senesced plant material,
decreasing net biomass C input to the SOC gdus suggests that inliPnited limesbne grasslands
such as at Wardlow, where access to organic P forms may be comparatively limited, N deposition

may worsen preexisting P limitation and reduce ecosystem C stocks §&all 2012, Liet al. 2018].

4.3.Model limitations

While N14CHs a fairly simple ecosystem model by desigis one of few models to integrate the C,
N and P cycles for sematural ecosystems and has been extensively tested against empirical NPP
and soil C, N and P ddfaavieset al. 2016a;Davieset al. 2016b;Tippinget al. 2017; Tippinget al.
2019;JanesBassetiet al. 2020].Previous work with N14CP has identifigae need to enhancés

ability to simulate organic P cycling [JaiBsssetiet al. 2020] which we aimed to do in this studby

using longterm experimental data from contrastinglinited grasslands

N14CP’s simplified representation of plant
largely controlled by stoichiometric demand [Davsl. 2016a], and doesot incorporate many

plant strategies for P acquisition [Vaneeal. 2003]. Indeed, by allowing:-Ravemato vary to account
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for empirical data, we attempt to somewhat increase plant control over organic P upitéde.
acknowledge earlier that such an approdiftely underestimates the ability of soil surfaces and

microbes to protect newhgleaved P from plant uptake. As such, wheremay expectccess to

organic Ro be high, such as the acidic grassland at Wardlow, such modelled representation of
plantmediated P access may lead to unrealistic depletions in soil P and increases in biomass and soil
C, and we would encourage further work aimed at improving moeletesentation of plant controls

on organic P cyclingrleischeret al.2019]

While we feel incorpaating a suite of plant strategies for acquiring P would represent-over
parameterisation, we acknowledge that a modelled equivalentdeuRvafor accessing inorganic P
forms is lacking, such as carbbased acid exudation to increase mineral P weathge[ichatet al.
2016;Phoenixet al. 2020], which likely contributes toward the poor representation of the acidic
total P pool.Biota-enhanced P weathering and nutrient redistribution by mycorrhizal hy@rae
important for nutrient cycling Quirket al. 2012], and fungal community structure and function is
strongly influenced by perturbations in the C and N cycles [Mebed 2020]. Such processase

not included within N14CRs he extent to which weathering can be controlled by such mechanisms
and the manner in which these can be represented-M-E cycle models is debated [Davisal.

20164.

Currently, N14CP assumes C to be in unlimited supply, with its uptake by plartsresedjuent

input into soil pools controlled by C:N:P stoichiometrgnce C availability has little effect on N and
P dynamics within the moddhcreasing amospheric C@mayincrease nutrient availabilityas

plants may reallocate additional carbon resoes toward nutrient acquisition [Keam al. 2020] or
elevated CQ(eCQ) may increase limitation of other nutrients such as N [eual. 2004]. The
inclusion of eCginto N14CP poses a particularly enticing research opportunity, and wiaise

this study as a foundation for future work to include this process.
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5. Conclusions

We have shown that by varying twedequisition parameters within N14CP, we can account for

contrasting responses ¢fvo P-limited grasslands and with reasonable accuradywever, such

coarse representation of organic P cycling in the model likely overestimates the ability of plants to

use newlycleaved P and limits our ability to simulate grasslamtere N and P interact to control

plant productivity, including the poterdl for N inputs to alleviate P limitation

Differences in organic P accegas a key factor distinguishing tleentrasting responses of the

modelledgrassland$o nutrient manipulation, with high plant acceallowingthe acidic grassland to

acquire sufficient

P

t

o

mat c h

avali

abl e N

I i mi tlathd aoidic’grassland, N treatment stimulated plant acoéssganicP, promoting

from

growth and C sequestration. However, the debsuggests that this is an unsustainable strategy, as

the SOP pool rapidly degrades, and if N additions are sustained, P limitation may @souersely

in thelimestonegrassland, which was less able to access organic P, additional N provision

exacerlated pre-existing P limitatiorby simultaneously increasing plant P demand and reduging

bioavailability This reduced productivity and consequently C input to soil pools declined, resulting in

SOGQlegradationexceeding its replacement.

We further show tlat anthropogenic N deposition since the onset of the industrial revolution has

had a substantial impact on the C, N and P pools of botimibdelledacidic andimestone

grasslands, to the extent where almost half of contemporary soil C and N in the nmdelbe

from, or caused by, N deposition.

Our work therefore suggests thatith sufficient access to organic P, letegm N addition may

alleviate P limitation. Where organic P access is limedepositioncould shiftmore ecosystems

toward a state &P limitation orstrengthenit where it already occurfGollet al.2012] reducing

productivityto the point wheredeclines in grassland SOC stooise of our largest and mosibile

carbon pools-may occur.
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