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ARTICLE INFO ABSTRACT

Keywords: Sustainable agriculture depends on reliable phosphorus (P) supplies, yet global reserves of mineral P fertilizers
Organic f_el’ﬁlization are finite. Here, we explored whether organic fertilization could serve as a viable substitute for mineral P while
P dynamics sustaining crop yields and soil P under changing climate conditions. Using the calibrated and validated AgroC
g;z&ﬁ:ﬂhty model with decades of field data from the Bad Lauchstadt long-term experiment site in Germany (with a four-

crop rotation of sugar beet, spring barley, potato, and winter wheat), we simulated crop performance and soil
P dynamics from 2019 to 2100 under the RCP4.5 and RCP8.5 climate scenarios. The analysis compared five
fertilization strategies: mineral fertilization (MIN), two farmyard manure rates (FYM_20 and FYM_30), and two
optimized manure regimes (FYM_37 and FYM_37 +N). Results showed that fertilization strategy had a far greater
influence on soil P and yields than the projected climate scenarios. Low manure inputs (FYM_20) led to steady P
depletion and yield loss, whereas FYM_30 and FYM_37 reduced winter wheat yield losses to 45% and 30% below
MIN levels, respectively, while achieving comparable or superior yields for barley, potato, and sugar beet. Winter
wheat required modest mineral N supplementation (~15 kg N ha™') in FYM_37 +N to achieve optimal yields,
while potato, barley, and sugar beet performed well under manure-only management. Warmer conditions under
RCP8.5 increased P depletion by 10-15% relative to RCP4.5, but this effect remained minor compared with
fertilization management. Notably, higher manure application rates were linked to lower cumulative P leaching.
Among treatments, FYM_37 N performed best, with total P losses only 1.5-2% higher than those of MIN
(3.77-4.82 kg P ha! for MIN under RCP4.5 and RCP8.5). Our results suggest that optimized organic fertilization
can effectively replace mineral P inputs, maintain crop yields, and enhance resilience in long-term cropping
systems under climate change.

Climate change

1. Introduction

Sustainable agricultural production relies on the continuous and
sufficient availability of essential nutrients, particularly phosphorus (P),
which is a key element for plant growth and development (Mohammed
et al., 2016., Bechtaoui et al., 2021; McDowell et al., 2024). However,
the global availability of mineral P fertilizers is increasingly constrained
by the uneven distribution and limited accessibility of phosphate rock
reserves. A few countries control most of these reserves, which makes
agriculture in many regions dependent on imported raw materials and
vulnerable to market and political instability (Cordell et al., 2009; Van
Vuuren et al., 2010). This raises concerns about long-term food security
and highlights the urgent need to explore alternative fertilization stra-
tegies (Gilbert, 2009). In addition, mineral fertilizations can acidify
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soils, accelerate the dissolution of soil inorganic carbon (SIC) and
contribute to CO5 emissions (Liu et al., 2023).

Over recent decades, agricultural P management has moved away
from the sole goal of maximizing yields and now places greater emphasis
on using resources efficiently and reducing nutrient losses. The idea of
legacy P, which refers to the P that has built up in soils through many
years of fertilization, shows both the potential and the problem of
modern nutrient management. These accumulated reserves can continue
to support crop growth for some time, but they also increase the risk of P
leaching and long-term pollution of water bodies (Gocke et al., 2021;
Taube et al., 2015). However, the potential of legacy P to reduce the
need for mineral fertilizers is still insufficiently characterized (Sattari,
2014; Menezes-Blackburn et al., 2018). Organic amendments can pro-
mote the mobilization and bioavailability of legacy P through microbial
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activity, production of organic acids, and enzymatic mineralization
(Richardson et al., 2011; Helfenstein et al., 2024). Therefore, under-
standing how organic fertilization influences the utilization of legacy P
is critical for designing sustainable management strategies that reduce
reliance on mineral fertilizer inputs P. Moreover, P dynamics in the soil
are complex, shaped by soil physicochemical properties, microbial ac-
tivity, and interactions with other nutrients. A major limitation of con-
ventional mineral fertilization is that a substantial portion of the applied
P is unavailable to plants due to fixation by soil minerals or stabilization
in organic matter (Eriksson et al., 2016; Mohammed et al., 2017). This
inefficiency may provoke excessive fertilizers application, which in turn
contributes to environmental risks such as eutrophication, soil degra-
dation, and water pollution from runoff and leaching (Elser and Bennett,
2011).To address these challenges, organic amendments have gained
increasing attention as a viable and sustainable alternative to mineral P
fertilizers (Nobile et al., 2022; Sun et al., 2022; Thomas et al., 2019;
Zhao et al., 2024). Organic fertilizer provides a slow-release source of P
that can enhance nutrient use efficiency, reduce fixation losses, and help
sustain soil fertility over time. Beyond nutrient supply, organic fertil-
ization improves soil health by increasing organic matter content, mi-
crobial diversity, reducing inorganic C dissolution, and enhancing soil
structure, which are crucial for maintaining long-term agricultural
productivity (Gao et al., 2023; Kebalo et al., 2024; Liu et al., 2023; Wen
et al., 2020). In addition, organic matter application supports soil ag-
gregation and promotes the formation of organo-mineral associations
that stabilize both C and P, thereby improving nutrient retention and
resilience under changing climatic conditions (Frossard et al., 2002; Hu
et al., 2022). Organic fertilizer contributes to organic and inorganic
forms of P that are gradually mineralized, supporting a more balanced
nutrient supply and improving soil biological activity and structure. It
also buffers soil pH, enhances C sequestration, and sustains microbial
processes that drive P cycling and soil fertility (Biinemann et al., 2004;
Frossard et al., 2016). Consequently, manure has strong potential to
support sustainable crop production while reducing dependency on
mineral fertilizers (Lu et al., 2021).

However, most studies so far have been conducted under historical
or current climatic conditions, whereas future changes in temperature,
precipitation, and atmospheric CO: are expected to affect soil P cycling
and crop P demand (Alewell et al., 2020; Wang et al., 2021). Warmer
conditions can accelerate organic matter decomposition and P miner-
alization, while altered rainfall regimes can potentially influence P
leaching, runoff, and plant uptake. Therefore, quantifying how organic
manure application interacts with these climatic factors is essential for
evaluating the long-term sustainability of manure-based P management
under future climate.

Modeling represents a valuable tool to understand the interaction
between agricultural practices and P dynamics in the atmosphere-soil-
crop system and to predict the potential environmental impacts such
as P leaching after fertilizer application. Nevertheless, only few
modeling studies have explicitly examined the combined effects of long-
term organic manure application and future climate variability on soil P
transformations and crop productivity (Zydelis et al., 2021; Wang et al.,
2022). Addressing this gap is essential for understanding the resilience
of P cycling processes and for developing adaptive management strate-
gies under changing environmental conditions. This study builds upon
previous studies (Herbst et al., 2025; Mohammed et al., 2024), where a
new process-based P sub-model was introduced, parametrized, and
evaluated within the AgroC model to predict the response of the crop
yield to soil P dynamics under various fertilizer management practices
under field conditions. The present work aims to investigate the impact
of long-term manure application on crop yield and available soil P under
future climate conditions. Our hypothesis is that manure can act as an
effective alternative to mineral P fertilizers by sustaining crop produc-
tivity and maintaining adequate soil P availability while reducing the
environmental risks associated with synthetic fertilization. Ultimately,
the findings are expected to offer theoretical and practical insights into
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the potential of manure as a sustainable fertilization strategy for
balancing agricultural productivity with environmental protection.

2. Materials and methods
2.1. Field site

The Bad Lauchstadt long-term field fertilizer experiment in Germany
(51°23 N, 11°52E), initiated in 1902, provides extensive data on the
effects of fertilization over more than a century. The experimental field
covers 4 ha, divided into eight strips measuring 200 x 25.5-28.5 m.
Mean annual temperature is 10.1 °C and mean annual precipitation is
489 mm (1996-2018). The soil is classified as a Haplic Chernozem with
a silt loam texture, containing on average 21% clay, 68% silt, and 11%
sand in the plough layer (Altermann et al., 2005; Siebers et al., 2023). A
four-crop rotation has been maintained, consisting of sugar beet (Beta
vulgaris), spring barley (Hordeum vulgare), potato (Solanum tuberosum),
and winter wheat (Triticum aestivum). Aboveground crop residues were
consistently removed, leaving only roots in the soil; nevertheless,
approximately 10% of biomass residues were assumed to remain due to
unavoidable field losses. The experiment included 18 fertilization
treatments (Table SI-1 in Supporting Information SI), among them
farmyard manure (FYM) applied at 20 Mg FM ha™ (FYM_20, official
treatment ID: 12) and 30 Mg FM ha™! (FYM_30, official treatment ID: 6),
as well as full mineral NPK fertilization (MIN, official treatment ID: 13).
FYM was applied only in years with sugar beet or potato cultivation
(once every two years), whereas mineral fertilizer was applied annually
based on crop demand. Application rates and chemical compositions of
both, FYM and mineral fertilizers, is summarized in Mohammed et al.
(2024).

2.2. Modeling approach with AgroC

AgroC is a one-dimensional mechanistic model developed through
the integration of the SOILCO2/RothC model for soil carbon turnover,
with the SUCROS model for crop growth. It simulates biogeochemical
interactions between the atmosphere, crop, and soil environmental
conditions (Herbst et al., 2025, 2008). The model describes the carbon
cycle and associated processes, including crop growth, soil water, heat,
solute and CO» flux, as well as the cycling of major soil nutrients. The
upper atmospheric boundary condition is defined by daily climatic re-
cords such as air temperature, radiation, precipitation, and wind speed.
CO;, concentration effects on plant physiology and water use efficiency
are modelled using the Farquhar approach (Collatz et al., 1991; Farqu-
har et al., 1980).

AgroC was extended with a P sub-model which simulates the trans-
formation processes of organic and inorganic P in the soil-crop system
using a pool concept. The development of this sub-model is described in
detail by Herbst et al. (2025), while its validation based on two decades
of historical data from Bad Lauchstadt, is reported by Mohammed et al.
(2024).

In brief, the sub model includes three inorganic P pools alongside
three organic P pools. The inorganic pools are stable (Py), active (P ),
and labile (Pjg). The organic pools are distributed among four soil
organic pools: decomposable plant material (DPM), resistant plant ma-
terial (RPM), and humified organic matter (HUM). Fertilizer-derived P is
incorporated into the labile inorganic pool, which is in rapid equilibrium
with the active inorganic pool. Phosphorus uptake is simulated similarly
to nitrogen (N) uptake, but with assuming a constant P concentration
across plant organs, with diffusion as the primary uptake mechanism.
Decomposition of fresh and resistant organic matter may lead to either
net immobilization of labile P or net mineralization of organic P,
depending on system conditions.

When net immobilization occurs, immobilization will be reduced if
sufficient mineral labile P pool to supply the immobilization demand is
not available. In such cases, immobilization is reduced by adjusting the



G. Mohammed et al.

turnover rates proportionally to the supply/demand ratio. These
adjusted rates are also applied in the organic C and N sub-models.
Consequently, P limitations during the mineralization of one or both
plant material pools can also slow down the decomposition of their
corresponding C and N pools. In this study, and consistent with the
findings of Mohammed et al. (2024), a link was established between the
plant-available P fraction (Pg,) in soil and the integrated P sub-model
pools within the top 30 cm of the soil profile (kg P/ha). This relation-
ship is expressed as:

Py = Py + Pyet + 0.05.Psmb (1)

The P fraction determined by the Calcium Acetate Lactate (CAL)
extraction method is widely recognized as a reliable indicator of plant-
available P in German soils (Gocke et al., 2021). Accordingly, in this
study, the simulated plant-available P fraction in soil was directly
related to the soil P fraction extracted by the Calcium Acetate Lactate
method (Schiiller, 1969).

2.3. AgroC initialization and parametrization

In Mohammed et al. (2024), AgroC was evaluated at the Bad
Lauchstadt experimental site using long-term historical data
(1996-2018) that included various fertilization treatments on field soils
under crop rotation of sugar beet, spring barley, potato, and winter ce-
reals. In the present study, simulations were extended from 2019 to
2100 under future climate scenarios, maintaining the crop rotation
system. The soil hydraulic parameters, together with those governing
crop growth and the turnover of C, N, and P, were those derived from the
previous evaluation using historical data (Mohammed et al., 2024).
Initial conditions for the soil organic C, N, and P pools were set to the
values obtained at the end of the historical simulations. Details of the
crop management parameters and the climatic inputs used in AgroC for
the different future scenarios are described below.

2.3.1. Crop management parameters

Accumulated effective temperature sums for each crop, used as in-
puts to the AgroC model, were derived from historical time series data
reported in Mohammed et al. (2024) and are summarized in Table 1.
These sums were computed by subtracting a base temperature of 0 °C
from the daily average air temperature for each day within the crop’s
growing period, summing only positive values to obtain seasonal totals,
and averaging these totals to obtain representative values per crop.

For simulations under future climate scenarios, sowing dates were
selected within specified planting windows (Table 1) based on pre-
defined climatic criteria. Specifically, during the three days preceding
sowing, temperature thresholds had to be met, and precipitation on the
sowing day was required to be below 1 mm. Thresholds were defined at
a maximum of 5 °C for potatoes, 4 °C for sugar beets, and a minimum of
5 °C for winter cereals. If no appropriate sowing date was identified
under these criteria, thresholds were incrementally relaxed until

Table 1
Summary of datasets used for determining crop sowing and harvest timing.

Crop n  Sowing window Accumulated effective
temperature sum*
Winter 6  October 1st —December 2377
wheat 31st (2233 — 2525)
Spring 5  February 26th - March 1863
barely 31st (1740 - 1979)
Potatoes 5  March 29th-April 30th 2303

(2060 — 2499)
March 15th — April 30th 2860
(2733 - 2976)

Sugar beets 5

n: number of time series used in calculations
*: Mean values are underlined while maximum and minimum values are given in
brackets
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suitable conditions were met.

Harvest dates were determined by the time required to accumulate
the crop-specific effective temperature sum. Additionally, the selected
harvest date had to exhibit daily precipitation below 0.5 mm d~%; if
unmet, the date with minimal precipitation within a + 3-day window of
the calculated harvest day was chosen.

2.3.2. Climate change projections

Meteorologic input parameters required by the AgroC model were
obtained from future climate projections provided by the H2020 eLTER
infrastructure project (eeLTER, 2020). These projections consist of
pre-processed regional climate scenarios derived from ensembles of
Regional Climate Models (RCMs) dynamically downscaling Global
Climate Models (GCMs) under IPCC Representative Concentration
Pathways (RCPs). These RCPs are commonly used scenarios for
modeling future atmospheric greenhouse gas concentrations (Moss
et al., 2010; IPCC, 2014).

Two RCPs scenarios were considered: RCP4.5 representing moderate
emission reductions and mid-century stabilization, and RCP8.5 repre-
senting continued high emissions. These scenarios capture divergent
climate impacts, particularly in late-century temperature, precipitation
extremes, and ecosystem effects.

For each RCP, daily meteorological data (2019-2100) for 12 RCM-
GCM combinations at the Bad Lauchstadt site were extracted
(Table SI-2). Daily datasets from each climate model combination were
used as simulation inputs. Considering multiple models helps reduce
uncertainties in climate projections and provides more reliable out-
comes than using a single model. These datasets included minimum,
maximum air temperature, solar radiation, precipitation, air pressure,
wind speed, and air humidity with a horizontal resolution of ~12 km.
No further bias correction was applied, as RCM-GCM data typically
show larger systematic biases in precipitation than in temperature or
radiation (Berg et al., 2012; Maraun. 2016). Since P cycling in this study
is primarily driven by P pools and management factors rather than daily
precipitation amounts, additional correction was deemed unnecessary.
Sub-daily rainfall extremes are addressed separately in the study limi-
tations section. The ensemble approach across 12 RCM-GCM combina-
tions further mitigates residual climate input uncertainties. Atmospheric
CO:2 concentration time series, which is input to the AgroC model, were
taken from the RCP database. Daily evapotranspiration was estimated
using the FAO Penman-Monteith equation (Zotarelli et al., 2024), while
relative humidity was derived from specific humidity based on the
recommended FAO formula.

2.4. Fertilization approaches: Baseline practices and scenario
development

To assess the performance of organic fertilization under projected
climate change conditions, five fertilization treatments were defined.
Three historical practices included conventional full mineral fertiliza-
tion (NPK) as the benchmark (MIN), and two organic fertilizer appli-
cations at 20 Mg fresh matter ha™ (FYM_20) and 30 Mg FM
ha™! (FYM_30).

To provide a more balanced and P-efficient alternative, a virtual
treatment was defined: FYM application at 37 Mg FM ha™! (FYM_37),
corresponding to the crop P demand. This application rate was derived
from crop nutrient requirements reported in Mohammed et al. (2024) by
dividing the crop P demand (reported as 22.8 kg P ha™' per year,
equivalent to 52.2 kg P-0s ha™') by the P concentration in the farmyard
manure (4.74 kg P20s Mg~ FM). The resulting application rate was then
doubled to account for the fertilizer being applied once every two years
(only in years with sugar beet and potato cultivation).

Evidence from crop yields in 12 historical treatments at the same
study site indicated that N is generally the most limiting nutrient for
cereals, while sugar beet is more sensitive to P omission, and potato
responds to the omission of either nutrient. Based on this, another
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virtual treatment was designed: FYM_37 +N. This approach uses the P-
based manure rate but also adds a small dose of mineral N specifically
for cereals. Since farmyard manure already provides some N (Albano
et al., 2023; Thomas et al., 2019), only 20% of the usual mineral N rate
was added (15 kg N ha™' instead of the standard 80 kg N ha™).

2.5. Statistical analysis

Linear regression analysis conducted in Python 3.8.16 was used to
assess relationships between annual growing period lengths (LGP) under
both RCP scenarios. Additionally, Spearman correlations and simple
linear regressions were calculated between LGP and mean crop yields
(aggregated across fertilizer treatments) for each crop-RCP combination.
Similarly, Pearson correlations and simple linear regressions were
applied to examine correlations between organic C/P ratio and available
phosphorus under both RCP scenarios. The coefficient of determination
(R?») was used to quantify the overall linear fit, while Pearson and
Spearman p values captured potential nonlinear associations. Statistical
significance was evaluated at p < 0.005 and < 0.001. To evaluate the
effects of fertilization strategy, climate scenario, and their interaction on
available soil P (P, ), a two-way analysis of variance (ANOVA) was
performed in R (v.4.5.2). Fertilization and climate scenario were treated
as fixed factors, and annual mean simulation data were used as repli-
cates. The relative contribution of each factor to the total variance was

985.0

a)

—— scenario 4.5
—— scenario 8.5

788.8

592.5

396.2

Atmospheric CO2 concentration [ppm]
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derived from the ANOVA sum of squares. Residuals were examined for
normality and homogeneity of variance to confirm that the assumptions
underlying ANOVA were satisfied.

3. Results
3.1. Predicted changes in meteorological conditions

The atmospheric CO: concentration under RCP4.5 increases gradu-
ally until around 2075, after which it stabilizes, reaching approximately
538 ppm by the end of century. In contrast, under RCP8.5, CO: levels
continue to rise rapidly throughout the century, reaching about
936 ppm by the end of century (Fig. 1a). For mean annual air temper-
ature, the median projections (50th percentiles) for the near-future
period (2019-2050) are almost identical for both scenarios, with an
average of 9.9 °C. Differences between RCP4.5 and RCP8.5 only start to
appear towards the end of this period, becoming more pronounced in
remote future (2051-2099). Over this later period, mean annual tem-
peratures are expected to rise to 10.6 °C under RCP4.5 and 11.8 °C under
RCP8.5, which corresponds to increases of 0.7 °C and 1.9 °C, respec-
tively, compared to the near-future average (Fig. 1b).

Over the simulation period (2019-2100), the accumulated precipi-
tation reached 55085 mm under RCP4.5 and 56514 mm under RCP8.5,
representing an increase of about 3%. However, trends in total annual

15.00

scenario 4.5 b)
scenario 8.5

13.25

20000 2039 2058 2079 2100 80010 2039 2059 2079 2100
Year Year
990.0
c)

7925 i
= AL b
€ h = 7llh1m
£
I
=
o
‘©
>3
C
c
<

397.5

scenario 4.5
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Fig. 1. Projected evolution of (a) atmospheric COz, (b) mean annual temperature, and (c) rainfall from 2019 t02099, based on 12 RCM-GCM combinations for
scenarios RCP4.5 and RCP8.5 for the study area. Shaded areas indicate the 95% confidence intervals (CI) of the simulated values. Solid lines correspond to the mean

values of the 50% CI calculated over the given periods.
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precipitation are less evident. The 50th percentiles of mean precipitation
during the near future averages 670 mm under RCP4.5 and 677 mm
under RCP8.5, increasing moderately in remote future to 687 mm and
711 mm, respectively (Fig. 1c). These differences between the RCP4.5
and RCP8.5 precipitation projections are not statistically significant
(p > 0.05), and this may be attributed largely to the large year-to-year
variability in precipitation.

3.2. Climate change impact on crop growing season length

The annual length of the growing period (LGP), defined as the time
from crop emergence to harvest, was systematically calculated for each
of the four crops under both RCPs scenarios for the period 2019-2099
(Fig. 2). A linear regression was then fitted to describe the relationship
between LGPs across the two scenarios: LGPgcpgs= 0.896
LGPgrcp4.5+ 11.841(R%=0.88, p < 0.001)

This relationship indicates that beyond a threshold LGP of approxi-
mately 114 days, LGP under the high-emission RCP8.5 scenario is on
average reduced by about 10.4% compared to RCP4.5 conditions. This
pattern was consistently observed in most simulated years derived from
12 RCM-GCM combinations (765 out of 949 data points), corresponding
to all years cultivated with winter wheat, barley, and sugar beets.
However, for years cultivated with potato, only 30% of the years (73 out
of 240 data points) followed this pattern.

Spearman correlations between annual climate-derived LGP and
mean crop yields (aggregated across fertilizer treatments) revealed sig-
nificant positive associations for barley, potato, and sugar beets (p =
0.19-0.42, p < 0.005, see Table SI-3). Potato showed the strongest re-
lationships (p = 0.337-0.374, R? = 0.211-0.324), while winter wheat
showed no significant LGP-yield relationship (p = —0.074-0.030,
p > 0.25).

The relationships between emergence and harvest dates under the
two RCPs revealed systematic shifts toward earlier development under
RCP8.5 (results not shown):

Emergence dates: y = 0.997 x — 0.542 (R?=0.99, p < 0.001)

Harvest dates: y = 0.746 x + 54.59 (R>=0.58, p < 0.001)

400
350
y=0.896x+ 11.841
R
300
250
o
& 200
G]
|
150 |
100 F winter wheat
potato
50 [ A sugar beet
X barley
0 1 | 1 1 1 1 1
0 50 100 150 200 250 300 350 400

LGPgcpa.s

Fig. 2. Scatter plot of Length Growing Period (LGP) under RCP4.5 and RCP8.5
scenarios for four crops: winter wheat (blue circles), potato (orange squares),
sugar beets (green triangles), and barley (red crosses). The black line shows the
overall linear regression fit.
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where x and y represent the order of emergence or harvest days in a
growing year under RCP4.5 and RCP8.5, respectively.

3.3. Crop yield responses to various treatments under climate change
scenarios

For winter wheat, yields were lowest for the FYM_20 treatment,
decreasing by about 65% compared to MIN in both climate scenarios
(Fig. 3). Applying more manure (FYM_30 and FYM_37) helped reduce
the yield declines but yields remained approximately 45% and 30%
lower than MIN, respectively. Adding mineral N to the highest manure
rate (FYM_37 +N) generates yields close to those found for the MIN
treatment, with a median value just 1% lower than MIN. This suggests
that enhanced N availability stimulates winter wheat growth. However,
under the warmer RCP8.5 scenario, yields with FYM_37 +N were still
about 6% lower than MIN, indicating sensitivity of wheat to elevated
temperatures, which likely accelerate plant maturation and shorten the
grain-filling period, as discussed in Section 3.2.

Similar results to those found for winter wheat yields with low
farmyard manure application rates (FYM_20 and FYM_30) were also
observed for barley. However, unlike winter wheat, barley yields under
FYM_37 without any mineral N addition were comparable to those ob-
tained for the MIN treatment, with median values only 4% and 2% lower
under RCP4.5 and RCP8.5, respectively. Yields with FYM_37 +N were
slightly higher than FYM_37, but the difference was not significant

In contrast, sugar beet and potato yield under conventional treat-
ment (FYM_30) showed similar patterns to those found in our previous
long-term field trials in Bad Lauchstadt (Mohammed et al., 2024). Sugar
beet yields were about 5% and 2% higher, and potato yields were
roughly 26% and 24% higher than those with mineral fertilization under
RCP4.5 and RCP8.5, respectively. Applying more manure (FYM_37)
further increased yields significantly, roughly 16% and 50% higher than
MIN for sugar beet and potato, respectively, under both climate sce-
narios. Further, results show just small differences in median crop yields
between the RCP 4.5 and RCP 8.5 scenarios. These ranged from 0.4% to
5.6% (see Table SI-4), with RCP 8.5 sometimes giving slightly lower or
more variable yields mostly in cereals.

3.4. Available soil P dynamics among treatments and scenarios

Using Eq. (1), the temporal evolution of soil available P (P,,) within
the top 30 cm of soil under two climate scenarios (RCP4.5 and RCP8.5)
are shown in Fig. 4(a, b). In general, manure-based treatments main-
tained higher P, than soils treated with mineral fertilizer (MIN), except
for the FYM_20 treatment, which declined below the mineral fertilizer
levels after 2071. Soil available P increased proportionally to the
amount of manure applied, with FYM_37 and FYM_37 +N showing the
highest P, throughout the simulation. Under the RCP4.5 scenario, the
MIN treatment showed a 15.8% increase in P, from 291.5 in 2019 (50%
Interval Confidence IC) by the end of the historical period) to 337.5 kg P
ha™ by the end of the century, while manure treatments experienced
declines ranging roughly from -22.7% (FYM_20, FYM_37) to —24.5%
(FYM_37 +N) and -28.1% (FYM_30). Under RCP8.5, mineral fertiliza-
tion increased less, about 9.7%. Manure treatments showed larger de-
creases, between —26.0% (FYM_20 and FYM_37), -27.0% (FYM_37 +N),
and -31.0% (FYM_30). This corresponds to approximately 10-15%
stronger P depletion under the warmer RCP8.5 scenario compared to
RCP4.5 for manure-based treatments.

Statistical analysis, two-way ANOVA and Figure SI-1, showed a
highly significant effect of fertilization strategy on Pg,, explaining ~
92% of the total variance (p < 0.001). While climate scenario explained
only 0.04% of the variance (p = 0.04). The interaction between fertil-
ization strategy and climate scenario was not significant (p = 0.998),
indicating that the effect of fertilization on soil P was consistent across
both RCP4.5 and RCP8.5 scenarios.
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Fig. 4. Soil available phosphorus (kg P ha™) in the topsoil under mineral fertilizer and various manure treatments across two climate scenarios: (a) RCP4.5 and (b)
RCP8.5. Observed and simulated historical data from 1996 to 2018, adapted from Mohammed et al. (2024), are included for comparison. Shaded areas indicate the
95% confidence intervals of the simulated values, while the solid opaque lines indicate the median (50%) estimates.

3.5. Soil organic P dynamics among treatments and scenarios

The model simulations showed a steady increase in P stocks
(calculated as the sum of the three organic pools in the P sub-model)
across all treatments and both scenarios over the simulation period
(Fig. 5a, b). The relative accumulation of organic P was generally higher
under RCP4.5 than under RCP8.5.

With mineral fertilization alone, soil organic P almost doubled by the
end of century, rising by 102% under RCP4.5 and by 91% under RCP8.5.
In contrast, farmyard manure (FYM) applications produced much larger
increases in organic P stocks, with higher application rates leading to
progressively greater accumulation. For example, FYM_30 and FYM_37
treatments accumulated between 579 and 672 kg P ha™! under RCP4.5
and between 551 and 640 kg P ha™ under RCP8.5. The addition of N in
the FYM_37 +N treatment further enhanced organic P accumulation,
yielding the highest stocks (769 kg P ha™! under RCP4.5 and 740 kg P

ha™! under RCP8.5), corresponding to relative increases of 87% and
80%, respectively.

3.6. Soil organic C across treatments

Changes in organic topsoil C (Corganic), calculated as the sum of all
RothC model pools, indicate a continuous decline in organic soil C stocks
across all fertilization treatments and climate scenarios (Fig. 6a, b). The
largest decrease occurred in the mineral treatment (MIN), with a
decrease of about 22.4 and 26.2% under RCP4.5 and RCP8.5 respec-
tively. Farmyard manure treatments reduced soil C loss, with higher
manure application rates leading to smaller relative decreases. Re-
ductions in total organic C under FYM 20 and FYM_30 ranged from
-23.1% to —26.6% and —20.9% to —24.8% under RCP4.5 and RCP8.5,
respectively. The FYM_37 and FYM_37 +N treatments showed the
strongest C retention, with declines of only —-17.4% to —22.4% under the
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two climate scenarios respectively. b). The organic C/P ratios declined steadily across all treatments, with
To further interpret these C dynamics, changes in the organic topsoil the strongest reductions observed for the MIN treatment, reaching
C/P stoichiometric ratios provide additional insight (Fig. 7, panels a and approximately 62% of the initial C/P values under both RCPs scenarios.
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Fig. 7. Decline in organic C/P ratios under the RCP4.5 (a) and RCP8.5(b) scenarios.

Higher Farmyard manure application rates (FYM_30, FYM_37) main-
tained elevated stoichiometric ratios for longer, which was consistent
with improved organic carbon retention. Finally, correlations between
organic soil C/P ratios and available P revealed strong positive associ-
ations for manure-based treatments under both RCP scenarios (r =
0.83-0.94, p < 0.001, R? = 0.69-0.89, Table SI-5). In contrast, mineral
fertilizer treatments showed moderate negative correlations (r = -0.58
to -0.72, R? = 0.33-0.52).

3.7. P balance

The MIN treatment consistently led to soil P accumulation under
both scenarios, with increases of 455 and 474 kg P ha™! under RCP4.5
and RCP8.5, respectively, reflecting continuous P inputs exceeding crop
removal and leaching losses (Table 2). While this accumulation supports
sustained yields, it raises concerns about long-term soil P accumulation.
In contrast, all organic (FYM) treatments showed soil P depletion by the
end of the century, with absolute losses ordered as
FYM_37 < FYM_30 < FYM_20 < FYM_37 +N. The biggest P depletion
was observed for the FYM_37 +N treatment, which contains P levels
comparable to FYM_37. This is likely a consequence of the stimulation of
crop growth and P uptake by the supplied mineral N, as shown in Section
3.3, thereby accelerating soil P depletion compared to manure appli-
cation alone. Although the P balance was more positive (by 1-9%) for
FYM treatments under the warmer RCP8.5 scenario compared to
RCP4.5, differences were minor.

3.8. Risk of P leaching

The simulation results show differences in P leaching between the
mineral fertilizer and organic treatments, as well as between the two
RCPs scenarios (Fig. 8a and b). Among all treatments, the MIN treatment
consistently yielded the lowest accumulated P leaching, with end-of-
century values of 3.77 kg P ha™ and 4.82 kg P ha™! under RCP4.5 and
RCP8.5, respectively. Interestingly, greater manure application rates
were associated with lower cumulative P leaching. The treatments fol-
lowed the order FYM_20 > FYM_30 > FYM_37 > FYM_37_N, with
leaching ranging from 3.84 to 4.45kgP ha'for RCP4.5 and
4.90-5.59 to kg P ha’! for RCP8.5. Among the manure treatments
FYM_37_N showed the best performance, with total accumulated losses
only about 1.5-2% higher than those of the MIN treatment under both
RCPs scenarios.

4. Discussion
4.1. Implications of LGP changes for crop productivity

The reduction in crop growth duration under RCP8.5 reflects accel-
erated phenological development driven by stronger climatic forcing.
These emergence and harvest shifts confirm systematically earlier
development under RCP8.5, supporting the observed LGP shortening of
~10.4%. While LGP-yield correlations were statistically significant for
barley, potato, and sugar beet (Table SI-3), their moderate strength (p =
0.19-0.42, R? = 0.06-0.32) indicates that phenological shifts contribute
to productivity changes, but other climatic drivers such as water stress

Table 2
Summary of 50 CI simulated P balance, P removal, and P gain/ loss under the RCPs scenarios.
Phosphorus balance RCP4.5 RCP8.5
MIN FYM_20 FYM_30 FYM_37 FYM_37 +N MIN FYM_20 FYM_30 FYM_37 FYM_37 +N
Initial total P [in kg P.ha 1] 6030 6673 9107 10657 10657 6030 6673 9107 10657 10657
Inputs of P by mineral and organic amendments [in kg P ha™']
Mineral 2460 - - - 2460 - - - -
Organic - 738 1107 1366 1366 - 738 1107 1366 1366
Outputs of P [in kg P.ha™']
Removal P* 1999 1306 1867 2170 2328 1979 1301 1830 2110 2290
Leached P 3.8 4.5 4.2 4.0 3.8 4.8 5.6 5.3 5.1 4.9
Phosphorus balance (Y inputs - Y outputs) [in kg 455 -573 -765 -809 -965 474 570 -728 -749 -929
P.ha™ ']
Phosphorus gain (+) or Phosphorus loss (-) [in %] 7.6 -8.6 -8.4 -7.6 -9.1 7.8 -8.5 -8.0 -7.0 -8.7
ek

** The P loss (-) / gain (+) is calculated as the difference in the P mass in the soil at the end of the simulation to initial total P
" P removal corresponds to the total P uptaken by crops minus the P returned to the soil from decomposing crop residues left behind.
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Fig. 8. 50% confidence intervals (CI) of accumulated phosphorus leaching at 110 cm soil depth under mineral fertilizer and various manure treatments across two

climate scenarios: (a) RCP4.5 and (b) RCP8.5.

or heat, and phosphorus fertilization effects dominate yield variance.
Potato exhibited the strongest LGP sensitivity, while winter wheat
showed no relationship, likely reflecting the winter growth capacity and
a certain insensitivity towards the emergence date. These findings align
with Zydelis et al. (2021), who reported similar shifts in maize
phenology across Northern Europe under comparable scenarios.

4.2. Manure-based fertilization enhances P dynamics under future
climate scenarios

High application rates of farmyard manure, particularly FYM_37 and
FYM_37 +N, resulted in the highest levels of soil P, and were most
effective in sustaining crop yields while minimizing environmental risks
(Fig. 3 and 8). Organic matter releases P gradually through minerali-
zation, thereby providing a sustained source of available P. This process
reduces dependence on limited mineral P fertilizers while minimizing
nutrient leaching risks from excess N or P inputs.

The lower Pg, found in the MIN treatment can be attributed to the
fixation of added mineral P in the soil through adsorption, rendering it
less available to plants. In contrast, the highest P, values occurred in the
FYM_30 and FYM_37 treatments, consistent with findings, reported by
Chen et al. (2023), Johnston and Steen (2002), and Zhang et al. (2023).
Notably, the higher manure rates used in our study (FYM_37 vs. typical
20-25 Mg FM ha™) in combination with a four-crop rotation sustained
P,, levels more effectively than the lower-rate, monoculture manage-
ment systems described in those studies. However, the FYM_20 rate
produced outcomes similar to those studies, where manure application
alone was insufficient to maintain soil P, at levels comparable to min-
eral fertilization. This suggest that adequate manure rates are crucial to
sustaining soil P, whereas lower rates such as FYM_20 are inadequate
(Fig. 4).

Low manure rates (FYM_20) provide insufficient nutrients for
optimal crop growth, resulting in greater soil P depletion than mineral
fertilization. Conversely, higher manure rates (FYM_30 and FYM_37)
supply adequate nutrients for crops such as potato, sugar beet, and
barley, which respond strongly to organic P inputs due to their greater
nutrient uptake demand and shallower root systems. The addition of
mineral N in the FYM_37 +N treatment was essential for winter wheat,
whose higher biomass production and longer growth duration demand a
more balanced N-P supply. These crop-specific responses explain the
varying P dynamics and yield stability among treatments, highlighting
that crop type modulates the effectiveness of fertilization managements.
Even at higher manure rates, P,, declined gradually over time due to
increased crop uptake, accelerated mineralization, and immobilization
at elevated temperatures. In contrast, the MIN treatment maintained or
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slightly increased P, due to regular mineral P inputs and contributions
from crop residues.

The effects of climatic scenarios on soil P availability were minor
compared with the large contrasts among fertilization managements.
Across all treatments, P depletion was approximately 10-15% greater
under the warmer RCP8.5 scenario than under RCP4.5. This difference
can be attributed to two contrasting processes. On one hand, higher CO-
concentrations under RCP8.5 stimulated crop growth (Fig. 3), increasing
soil organic inputs and accelerating P mineralization from organic
matter (Goll et al.,2012; Hu et al.,2022, Olander and Vitousek, 2000;
Zhu et al.,2016). On the other hand, the warmer scenario enhanced P
leaching, leading to reduced P availability. This simulated response
aligns with experimental findings from Gong et al. (2025), Guo et al.
(2024), and Vitousek et al. (2010), as well as studies reporting that
warming decreases labile P and increases nutrient limitation through
stronger P fixation (Hou et al., 2020; Hu et al., 2022; Tian et al., 2023).
Together, these processes explain the greater P depletion simulated
under RCP8.5, particularly after 2075. Importantly, two-way ANOVA
supported these simulation findings, showing that fertilization strategy
accounted for approximately 92% of the total variance in soil P avail-
ability. Moreover, the absence of a significant interaction between
fertilization managements and climatic scenarios indicates that fertil-
ization effects on soil P remain robust under future climate conditions.

Further evidence for treatment specific C-P relationships strengthen
this interpretation. Strong positive correlations were found between
organic soil C/P ratios and available P across manure-based treatments,
indicating that that higher organic C/P ratios promote P mineralization
from organic matter under both RCP4.5 and RCP8.5 scenarios (see
Table SI-5). Linear regression showed consistent increases of
0.32-1.77 kg P ha! per C/P unit. These increases suggest that P
immobilization is reduced under high organic C/P conditions, where
lower microbial carbon demand leaves more P in plant-available forms.
In contrast, under mineral fertilization, C/P ratios correlated negatively
with Py, with regression slopes from —0.08 to —0.013 kg P ha! per C/P
unit. Higher C/P ratios likely enhanced P sorption to mineral surfaces,
reducing plant-available P. The opposing trends, enhanced P release
under manure versus greater P fixation under mineral fertilization,
highlight the fertilizer-specific C-P interactions as the dominant control
on long-term P dynamics. Hence, fertilization management exerts a far
stronger influence on soil P cycling than projected climate change.

4.3. Soil organic P accumulation under manure and mineral fertilizations

Simulations indicate that soil organic P under mineral fertilization
(MIN) nearly doubled at the end of simulation period (Fig. 5). This trend
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likely reflects the combined effects of regular addition of mineral
fertilization and increasing atmospheric CO2 concentrations, which
stimulate plant biomass production (Fig. 3, panels e-f), root exudation,
and litter deposition. These processes enhance the transfer of organic
matter from plants to soil, thereby promoting organic P accumulation.
Such model outputs are consistent with experimental observations
showing that elevated CO: levels enhance productivity and below-
ground C inputs (Ainsworth and Long, 2021; Hopkins et al., 2014; Idso
et al., 1987).

In contrast, organic treatments (FYM) resulted in markedly greater
increases in soil organic P stocks, with higher application rates leading
to proportionally larger accumulations. This outcome arises from the
regular addition of organic matter that directly contributes to the
buildup of organic P pools. Notably, the accumulation of organic P was
more pronounced under RCP4.5 than under RCP8.5, suggesting that
accelerated decomposition and P mineralization under warmer condi-
tions (RCP8.5) limit long-term organic P retention. These findings agree
with prior studies showing that increased temperature enhances mi-
crobial activity, accelerates organic matter breakdown, and facilitates P
release from organic forms (Alkharabsheh et al., 2021; Spohn and
Kuzyakov, 2013; Whalen and Chang, 2001).

Thus, farmyard manure application, especially when combined with
mineral N inputs, appears to enhance the retention of soil organic P
relative to mineral fertilization alone. Since organic P pools serves as a
renewable reservoir that can be gradually mineralized by soil microbes
and support plant P uptake when inorganic P availability declines
(Jahan et al., 2025; Turner et al., 2003; Withers et al., 2015), this
management strategy plays a crucial role in maintaining long-term soil
fertility. However, its effectiveness may be reduced under high-emission
scenarios where elevated temperatures accelerate mineralization losses.

Greater soil C losses observed under mineral fertilization (MIN)
compared to organic-based treatments can partly be explained by dif-
ferences in P sources. Manure provides both organic and inorganic P
(Pagliari and Laboski, 2012), while mineral fertilizers supply only
inorganic P.

Furthermore, the absence of P and N limitations led to a continuous
decline in soil organic carbon Corganic (Fig. 6). However, the rate of this
decline varied between treatments. The organic C/P ratios decreased
sharply in the MIN and FYM_20 treatments (approximately 62% in both,
see Fig. 7), indicating intensified carbon mineralization and a greater
loss of soil carbon stocks. In contrast, treatments receiving higher
organic inputs (FYM_30 and FYM_37) showed more stable organic C/P
ratios, with smaller decreases over the same period (approximately 50%
for both). This relative stability suggests improved soil carbon retention,
enhanced soil quality, and a reduced risk of P leaching.

4.4. Sustained crop yields

Simulation results indicate that potato, sugar beet, and barley yield
under organic treatments (FYM_30 and FYM_37) were comparable to
those obtained with conventional mineral fertilization (MIN). In
contrast, the lower manure rate treatment (FYM_20) was insufficient to
sustain productivity (Fig. 3, panels a-d). Winter wheat exhibited a
distinct response, achieving optimal yields only under the FYM_37 +N
treatment, where mineral N inputs were reduced by approximately 80%.
This finding aligns with earlier studies showing that partial substitution
of mineral fertilizers with 10-20% organic amendments can maintain
wheat yields effectively (Bo et al., 2025; He et al., 2024; Li et al., 2022).
Note that commercial mineral fertilizers usually contain N, P, and K.
Thus, omitting or reducing mineral N supplementation would also
impact P and K inputs from these fertilizers. These nutrient interactions
need further analysis but are outside the scope of this study. With this
fertilization management, reducing mineral N fertilizer inputs for winter
wheat does not compromise yield performance. These observations are
in line with Li et al. (2022) who reported that reducing mineral N
application in cropping systems receiving sufficient organic manure
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maintains winter wheat yield, due to improved soil structure, nutrient
retention, and microbial activity. Furthermore, this management strat-
egy reduces environmental risks, such as nitrate leaching, supporting
both economic sustainability and soil health. Interestingly, barley yields
under FYM_37 without any mineral N supplementation remained com-
parable to those under MIN fertilization. This can be attributed to the
fact that barley generally has a much shorter growing season (see Fig. 2)
and lower N demands compared to winter wheat (Slafer and Savin,
2023), making it less responsive to extra nitrogen supplementation.

This capacity of farmyard manure amendments to sustain crop yields
can be attributed to their balanced nutrient composition, which en-
hances soil fertility, organic matter content, and structure. Moreover,
these inputs stimulate microbial diversity and activity, thereby
improving nutrient cycling and uptake efficiency in both wheat and
other crops (Kan et al., 2024; Li et al., 2023).

Yields under the RCP4.5 climate scenario were generally slightly
higher than those under RCP8.5 (Fig. 3), particularly for winter wheat,
whereas barley showed minimal differences. Under RCP4.5, winter
wheat yields with FYM_37 +N were comparable to those achieved under
the MIN treatment. However, under RCP8.5, yields declined, suggesting
that an additional mineral N input, more than the 20% supplementation
tested, may be required to sustain wheat productivity under more severe
climatic stress. These results are consistent with previous experimental
findings showing that increased temperatures and evapotranspiration
reduce wheat yields and that combining organic and mineral fertiliza-
tion helps stabilize productivity under such stress conditions (Duan
etal., 2014; Fang et al., 2025; Gai et al., 2018; Mathur et al., 2011; Peng
et al., 2017; Zhao et al., 2017).

While winter wheat may thus require limited mineral N supple-
mentation under high-emission conditions, crops such as barley, potato,
and sugar beet sustained or even improved yields solely through opti-
mized organic fertilization. These findings emphasize that fertilization
strategy remains the primary factor governing crop productivity despite
the stresses imposed by changing climate conditions. However, under
high-emission scenarios, more frequent extreme weather events could
further influence the relationship between climate and fertilization
management. Heavy rainfall, for example, may increase P losses through
leaching, particularly in treatments receiving high manure inputs. In
contrast, periods of drought or heat stress could slow microbial activity
and delay P mineralization, reducing nutrient availability during critical
crop growth stages.

Although farmyard manure-based treatments maintained or
improved yields, a steady decline in soil P content was observed across
these treatments toward the end of the century (Table 2). This indicates
that manure application rates should be periodically adjusted to match
evolving soil conditions to simultaneously satisfy crop nutrient re-
quirements and sustain sufficient soil P reserves. However, given that
projected losses correspond to only 8-9% of total soil P over roughly 80
years, severe P limitation is unlikely. Nonetheless, monitoring long-term
soil P dynamics remains critical to prevent potential nutrient stress and
ensure sustainable productivity.

4.5. Reducing P leaching through manure application under climate
change

The observed decrease in P leaching with increasing manure appli-
cation rates (Fig. 8) is likely linked to the organic matter contained in
farmyard manure, which enhances the capacity of soil to retain water
and nutrients (Alkharabsheh et al., 2021; Holthusen et al., 2012),
consequently increasing P retention. This leads to a decline in the pro-
portion of soluble and mobile P fractions that are most susceptible to
leaching. In addition, repeated manure applications introduce organic P
forms that mineralize gradually, lowering the immediate availability of
highly soluble inorganic P compared with synthetic mineral fertilizers.
This slower release pattern contributes to a reduced risk of P leaching.
Consequently, our findings suggest that when applied appropriately,
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organic amendments fulfill a dual role: enhancing soil fertility and
health and reducing P losses via leaching (Table 2), which aligns with
the findings of previous studies (Alkharabsheh et al., 2021; Whalen and
Chang, 2001).

Across all treatments, P leaching risks were low but greater by an
average of 24.4-29% under RCP8.5 compared with RCP4.5, reflecting
the effect of future warming and altered precipitation patterns on P
transport dynamics. This observation is consistent with the findings of
Ockenden et al. (2017) that attributed elevated leaching potential under
RCP8.5 to more frequent extreme rainfall events expected in that
scenario.

4.6. Study limitations

Several limitations should be considered when trying to generalize
the results of this study, especially when applying them to other
geographical areas. First, AgroC was calibrated for Bad Lauchstadt's
Haplic Chernozem (silt loam soil), so yield and P dynamics may not
transfer to other soils or regions due to site-specific parameterization of
mineral P cycling and crop demand. The mineral P cycling as imple-
mented in AgroC is highly sensitive to the P sorption parameter and the
stable to active mineral P pool ratio. Herbst et al. (2025) point out the
need for site-specific, probably even depth-specific calibration, of these
parameters, which clearly limits the transferability as mentioned above.

Further, all simulations were performed with daily time steps
because both, the Bad Lauchstadt calibration data and climate pro-
jections, were daily. If day-to-day conditions remained stable over
coming decades, the simulation results could be considered reliable.
However, this assumption might not fully hold. Several studies have
shown that the frequency and intensity of rainfall events are likely to
change substantially in the coming decades delivering monthly totals in
hours, separated by longer dry periods (e.g., Berghuijs et al., 2017; Wu
et al., 2024). This means that the scenarios probably underestimate the P
leaching and crop water stress from these patterns, even if yearly rainfall
totals do not change much. Hourly rainfall projections would be needed
to simulate this properly, but it was not available for our site. Finally,
although 12 RCM-GCM combinations provide robust RCP4.5 and
RCP8.5 coverage, AgroC itself has built-in uncertainties, so multi-model
comparisons would help verify these results.

As sensitivity specific to the scenarios presented in this study arises
from the relevance of the dynamics of soil organic matter cycling, which
releases a substantial fraction of the plant available P for the organic P
fertilization scenarios. Any model structural or parameter error in the
organic matter cycling of AgroC would directly affect the predicted P
availability. Even though the organic carbon cycling was positively
evaluated for the 21-years calibration period (Fig. 6), uncertainty re-
mains with respect to the prediction of the organic P cycling over an 81-
years scenario period. Further uncertainty arises with respect to the
effect of nitrogen limitation and the effect of elevated CO5 concentra-
tions on crop growth. Despite the direction of the response being
simulated correctly, the magnitude of crop growth in response to
changes in atmospheric CO:z and nitrogen limitation is uncertain.

5. Conclusions

Using the AgroC model, previously calibrated and validated against
long-term field data from the Bad Lauchstadt site, this study evaluated
the effects of sustained manure application on crop yields and soil P
availability under two future climate scenarios (RCP4.5 and RCP8.5)
projected from locally downscaled GCM data for the next 80 years.

The simulations showed that long-term soil P dynamics and crop
productivity are governed more by fertilization strategy than by pro-
jected climate change. Higher manure application rates (FYM_30 and
FYM_37) consistently sustained yields and reduced P leaching compared
with mineral fertilization. While the warmer RCP8.5 scenario led to
slightly higher P depletion and leaching, these changes were minor
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compared with the differences caused by fertilization management.

For crops with high N demand, such as winter wheat, moderate
mineral N supplementation (as in the FYM_37 +N treatment) was
needed to maintain yields. In contrast, crops with lower N requirements
such as barley, potato, and sugar beet maintained comparable produc-
tivity under organic-only fertilization based on P crop demands. These
findings confirm that well-managed organic fertilization strategies are
effective across different crops and transferable to agricultural systems
under standard N management, reinforcing their relevance for varied
agronomic boundary conditions. The results support the conclusion that
manure can serve as a viable and sustainable alternative to mineral P
fertilizers. Looking ahead, combining adaptive fertilization strategies
like variable-rate manure application adjusted for real-time soil P status,
guided by advanced decision-support tools, such as crop models and
digital twin systems linking observed and simulated plant-available P
pools, offers a powerful approach to balancing high productivity with
long-term soil health and environmental protection under future climate
change.
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