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Impacts of land use change on nutrient
balance and greenhouse gas emissions: a
regional perspective
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Nutrient balance is critical for sustainable land management, yet information scarcity hampers its
systematic evaluation of trade-offs among alternate land uses. We employed a detailed regional
nutrient dataset collected from70monitoring sites over 16 years to conduct a comprehensive analysis
of yields, nutrient balances andgreenhousegasemissionsassociatedwithdifferent landmanagement
practices in Lower Saxony, Germany. The information was used to develop land use transformation
scenarios while assessing their impacts on regional nutrient balances and emissions. Our analysis
demonstrated that organic farming exhibited lower nutrient surpluses but also lower yields compared
to conventional systems, while grazing systems showed the highest nutrient outputs. A comparison
with other regional studies highlights the importance of unique combinations of climate, soil,
management practices, and socioeconomic settings in developing sustainable land management
strategies – a global perspective, while useful in setting goals, may not capture local needs specific to
this combination of factors.

Agricultural activities span half of Earth’s habitable land, consuming 70%of
global freshwater resources1,2 with global food production contributing 26%
of greenhouse gas emissions3,4. Feeding the rapidly growing world popula-
tion would require expansion and adjustment of agricultural practices,
primarily to ensure sustainable land management (SLM), by meeting
humanneedswhilemaintaining long-termproductivity and environmental
preservation5,6. SLM attempts to reconcile competing environmental and
socio-economic factors7 such as supplying plant nutrient needs with
minimal leaching and other unintended fluxes.

Many practical approaches support organic farming as a potential
solution to escalating food demands while maintaining environmental
sustainability8,9. However, current research shows a wide range of yield
disparities between organic and conventional farming methods, influenced
by regional variations andagricultural intensity.These yielddifferenceshave
ranged10,11 from 5% to 60%, with an average variance12 of 19-25%. Despite
growing interest in organic farming, its adaptation is hampered by potential
yield losses and complex environmental impacts that are local and context-
dependent. Recent studies further emphasize the critical role of regional
variability in nutrient balances and environmental impacts13,14. These
findings reinforce the notion that globally standardized emission factors or
nutrient management strategies may not accurately reflect local realities.

The environmental impact of different agricultural practices, particularly
with respect to nitrogen balances, remains a challenge. Modelling approa-
ches that evaluate these farming practices often rely on numerous
assumptions and limited datasets, making it difficult to assess their true
long-term sustainability under different land-use scenarios10,15,16. To
advance sustainable agricultural management, research must provide suf-
ficient information to address the dual challenge of balancing food pro-
duction with environmental protection. This includes developing
methodologies that integrate the complexity of regional conditions, diverse
land-use practices, and environmental regulations, as well as ensuring the
availability of long-term, comprehensive datasets17–20.

This study addresses the issue of sustainable nutrient balance at a
regional scale, considering a variety of land uses and management, using a
unique and detailed dataset sourced from Lower Saxony, Germany. Our
research encompasses 16 years of fertilizer applications and the resulting
nutrient outputs across 70 monitoring sites. Additionally, we examine
potential changes in carbon dioxide equivalent greenhouse gas emissions
stemming fromagricultural and forest sectors over the same timeperiod. To
provide a comprehensive analysis, we extrapolate these observations to
consider various end-member land use and management transformation
scenarios, representing hypothetical, extreme cases at the bounds of possible
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changes. We also evaluate their effects on nutrient balances, food produc-
tion, and potential greenhouse gas emissions as integral components
of SLM.

Our empirical study offers a robust perspective on the distinct impacts
of organic farming, conventional farming, and grazing on both nutrient
balances and environmental dynamics within a fully developed, well-
managed, homogeneous and environmentally regulated agricultural region.
This allows for evaluating whether globally accessible comprehensive
datasets are sufficient to develop a universal approach to understanding the
factors influencing nutrient balance and its environmental impacts, which
are crucial for SLM.Alternatively, it raises the questionofwhether a regional
perspective, which accounts for diverse local contexts, ismore effective than
global efforts that homogenize them. Therefore, the objective of this study is
to assess how different land use types (i.e., conventional farming, organic
farming, and grazing), impact nutrient balances and greenhouse gas emis-
sions in a regionwith relativelyhomogeneous environmental and regulatory
conditions. By combining empirical measurements across 70 long-term
monitoring siteswith region-specific scenario analysis, we explore how even
subtle variations in land management can influence sustainability out-
comes, providing insights that are often overlooked in broader-scale
assessments.

Results
Nutrient balance calculations
Lower Saxony covers an area21 of 47.613 km2, with arable land making up
44%, grazing areas 20% and forests 20%. The regional climate is moderate
with average temperatures ranging from 8 to 10 °C annually and pre-
cipitation varies between 600 and 1000mm per year22 (for further details,
refer to Fig. S1 of the supplementary materials, climatic conditions). Using
data frommonitoring stations23 as shown in Fig. 1(a), we present averages of
the annual inputs and outputs ofmacronutrients nitrogen, phosphorus, and
potassium across different land management practices from 2001 to 2016
(Fig. 1b; for further details, refer to supplementary materials, annual data
analysis acrossmonitoring locations).Themonitoring locationswere evenly
distributed to proportionally represent each land management type. The
primary differences in fertilizer input between grazing, conventional
farming and organic farming are in nitrogen sources (Fig. 1b). Grazing
derives 46% of nitrogen from organic sources, while conventional farming
derives 37% and organic farming relies entirely on organic sources of fer-
tilizers (55%) and legumenitrogenfixation (45%).Additionally, grazing and

conventional farming systems rely heavily on organic fertilizers to supply
phosphorus and potassium, with grazing systems sourcing 85% of phos-
phorus and 90% of potassium organically. Interestingly, even for conven-
tional farming in Lower Saxony, 64% of the phosphorus and 67% of the
potassium come from organic sources. The higher tendency towards
organic sources in grazing systems is largely due to the substantial input of
manure in pastures andmeadows.However, both grazing and conventional
farming exhibit significantly higher nutrient outputs compared to organic
farming, as illustrated in Fig. 1(b). Notably, grazing systems surpass con-
ventional systems in the nitrogen and potassium output. Although it
remains unclear what fraction of the macronutrients directly contributes to
yields due to losses related to climatic and hydrogeological conditions,
evidence suggests that conditions are relatively uniform across the study
area. Organic farming is typically situated on the most fertile lands and is
expected to experience lower nutrient losses compared to grazing, which is
often designated to less fertile and sandy soils.

Nutrient balance calculations, based on Fig. 1(b), reveal distinct pat-
terns. Organic farming, with significantly lower nitrogen and phosphorus
surpluses, seems to offer lower detrimental environmental impacts (e.g., in
reducing the risk of eutrophication). Additionally, unlike grazing and
conventional farming, organic farming reduces the risk of productivity loss
due to potassium depletion. Furthermore, the transformation scenarios
indicate that organic farming, despite its lower yields, contributes to
improved nutrient balance and may help mitigate long-term soil degrada-
tion, particularly related to potassium.Notably, the landnewlydesignated to
grazing in the scenario analysis exhibits higher fertility compared to cur-
rently grazed areas, suggesting that soil quality distribution plays a role in
scenario outcomes. Data enables comparison of crop yields for wheat and
rye that are common for organic and conventional farming. Within con-
ventional farming, the mean annual yield per hectare for wheat and rye
stands at 8.54 and 7.52 tons/ha (dry matter), respectively. In contrast,
organic farming annually yields 5.40 and 3.35 tons/ha for wheat and rye,
respectively. The results show persistently lower crop yields (37% and 56%
for Rye andWheat) in organic farming compared to conventional farming
consistent with other analyses11,24.

Regional nutrient balance for nitrogen, phosphorus, and potassium,
noted as current, is presented in Fig. 2(a) based on the data in Fig. 1(b).
Additionally, Fig. 2(a) presents hypothetical effects of different end-member
land use and management conversion scenarios from 2001 to 2016:
exclusive grazing (all grazing), a proportional mix of conventional and

Fig. 1 | Land use and nutrient balance across monitoring stations in Lower
Saxony. aMap of Lower Saxony displaying land use categories21 and the locations of
70 monitoring stations, each annotated with their respective land management
practices (grazing, conventional farming or organic farming). White areas on the

map fall outside the classified land use categories. bMean annual inputs of nitrogen,
phosphorus and potassium from organic and mineral fertilization (source) and
corresponding nutrient removals through yield (sink), per hectare, for each land
management practice across all monitoring stations over the period 2001–2016.
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organic farming (all farming), exclusive organic farming (all organic
farming) and exclusive conventional farming (all conventional farming).

Potential greenhouse gas emissions
Figure 2(b) shows average carbondioxide equivalent (CO2e) greenhouse gas
emissions for the entire region under current conditions and specific land
uses, along with projections for scenarios where all land is dedicated to
grazing, farmingor forests (all forest). For comparison of different landuses,
we examined potential greenhouse gas emissions11 (see Fig. 2(b)) for
hypothetical transitions. The transition among land uses can alter soil
organic carbon (SOC) stocks, potentially increasing or releasing stored
carbon and nutrients. To capture these effects more comprehensively, we
applied sequestration rates derived from different studies25–30. Considering
conversion of the land solely to grazing results in the highest detrimental
emissions with ca. 25 Mt CO2e (carbon dioxide equivalent) per year from
2001 to 2016, approximately equal to four times of the current emissions
from grazing lands. The all farming scenario exhibits approximately four
times greater emissions than current practices. While reverting all land to
forests results in the lowest emissionswith significant consequences for food
security and socio-economic activities. The study region (Lower Saxony)
shows modest annual CO2 emissions between 2001 and 2016, suggesting a
lower environmental impact compared to global observations31. However,
even this impact could be reduced via improved land management initia-
tives among other activities.

Discussion
The study shows that regional nutrient balance and greenhouse gas emis-
sions are highly sensitive to local conditions, particularly land use and
management practices. Our analysis in Lower Saxony demonstrates that
even under relatively uniform climatic and regulatory settings, choices
regarding fertilizer application rates and land use (e.g., grazing, organic
farming, or conventional farming) can significantly affect both nutrient
surpluses and net GHG emissions. These findings highlight the need for a
comprehensive understanding of nutrient balance regime for achieving
SLM (see Lower Saxony SLM32 summary, supplementary materials), when
many factors, including soil fertility, management practices, and socio-
economic drivers, interact at regional scales.

Despite the region’s homogeneous climate, we observed distinct
nutrient imbalances arising from different practices. This illustrates the
complexity involved in determining nutrient balancewithin a single region,
where numerous influencing parameters are constant, let alone those

affected by multiple changing factors. While our long-term dataset
(2001–2016) enables robust analysis of these interactions, it is important to
note that it may not fully reflect more recent shifts in agricultural practices.
Nonetheless, comparisons with more recent studies13,14 confirm that the
general patterns of nutrient surpluses and the importance of local man-
agement differences remain consistent. The importance of regional nuances
in shaping nutrient balances is evident not only in studying a single region
like Lower Saxony but also when comparing different regions across the
world. There are regions such as the Vistula River basin in Poland33 with
conditions similar to Lower Saxony,where landuse andmanagement trade-
offs significantly influence nutrient balance.

In Lower Saxony, nutrient imbalance (deficit or surplus) leads to the
degradation of limited quality soil or the contamination of interconnected
surfacewater canals,which are crucial forneighbouring agricultural activities
and the preservation of diverse ecological functions. Moreover, recent large-
scale assessments in Lower Saxony demonstrate that changes in agricultural
practices can strongly alter soil organic carbon levels and organic-matter-
related nitrogen fluxes, highlighting the impact of region-specific manage-
ment on nutrient balances34. Similarly, Don et al.35 found that farmland
conversion tobioenergyproduction substantially affects both greenhouse gas
balances and soil carbon stocks, showing the complex interplay between
land-use decisions and environmental outcomes in Germany.

GHG emissions likewise vary notably by land use. Converting all land
to grazing led to the highest annual average of ~25 Mt CO₂e, whereas
returning it to forested areas significantly reduced emissions.However, such
drastic changeswould inevitably compromise food securityor involvemajor
socio-economic shifts. In contrast, intermediate scenarios, such as empha-
sizing organic practices or moderately expanding forestry, can mitigate
emissionswhile stillmaintaining some level of production.Weacknowledge
that in real-world organic farming systems, grassland and grazing are
integral parts of nutrient management cycles, supporting closed-loop sys-
tems. Our separation of grazing as an independent category was amodeling
decision aimed at isolating its specific effects on nutrient balances and
emissions. While this abstraction simplifies the complexity of farm struc-
tures, it allows a clearer examination of the impacts associatedwith different
dominant land uses. Future scenario development could incorporatemixed
systems to reflect more realistic transformations.

Comparisonswith other regions showsimilar strong influences of local
conditions on nutrient fluxes and GHG emissions. For instance, in the
NorthChina Plain, climate extremes andwatermanagement drive nitrogen
leaching and eutrophication concerns36. In places like the Mississippi River

Fig. 2 | Nutrient balances and greenhouse gas emissions under current and
alternative land management scenarios. aMean annual nitrogen, phosphorus and
potassium balances across various end-member land transformation scenarios, as
well as under current land management, for the entire study area, expressed in

megatons. bMean annual CO2-equivalent (CO2e) greenhouse gas emissions (CO2,
CH4, and N2O) from grazing, farming and forested areas41,42, along with CO2e
emissions under different end-member land use and management transformation
scenarios, expressed in million tonnes per year.
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basin or Central Valley in the United States, high soil nitrogen levels or
sensitive hydrogeology can exacerbate water pollution and require context-
specific management37. Despite these differences, our findings confirm that
local or regional data (long-term records in particular) are necessary for
capturing how land use changes alter both nutrient cycling and the GHG
balance.

While this study assumed uniform intensity within each land use type,
varying intensity levels could alter results. For instance, organic farming
typically runs at lower intensity relative to conventional farming; however,
intensifying organic practices slightly (e.g., improving rotation with legume
crops or optimizing nutrient inputs) might reduce yield gaps and maintain
lower surpluses. A refined view of farming intensity would also clarify how
best to balance environmental and food production goals under different
socio-economic constraints.

Another significant factor affecting nutrient balances is crop rotation.
Although this factor has beenmitigated in our study by employing 16 years
of data spanning various crop rotations, having data on the timing and
nutrient dynamics of crop rotation stages could offer deeper insights into
nutrient surplus or deficit occurrences. Moreover, the year-to-year varia-
bility in nutrient outputs (Figure S2 of the supplementary materials)
revealed vulnerabilities to extreme events, such as the flooding in 2002 that
lowered yields in 2003. These disturbances highlight the role of climate
extremes in shaping nutrient balances. An important goal of SLM is to
sustain productivity and minimize nutrient losses under changing climatic
conditions. Consequently, future work should build on detailed, high-
resolution analyses of weather extremes, crop rotations, and other farm-
level practices to develop more robust, regionally tailored strategies.

For brevity, we did not differentiate between crop types extensively.
However, in conventional farming regions of Lower Saxony, corn is
exclusively cultivated in less fertile soils, while cereals are grown in highly
fertile soils. An analysis of optimal crop spatial arrangement within our
framework could yield further insights. The practical implementation of
SLM requires multidisciplinary action, including consideration of regional
policies, environmental regulations, and economic conditions. Integrating
socio-economic analysis with comprehensive data can provide guidance for
SLM and calibrate the trade-offs between sustainable land use and man-
agement change and nutrient balance.

Methods
Nutrient input assessment
The data on applied fertilizer in the region was documented for various
activities including grazing, organic fertilization and mineral fertilization at
monitoring locations.

For grazing activities, a comprehensive set of information was col-
lected, encompassing details such as the type of livestock, the quantity of
each type of animal (e.g., cow, sheep, horse, pig), the area overwhich grazing
was spread, the average weight of the animals, duration of grazing and the
specific land sections receiving manure. Moreover, animal waste samples
from different monitoring locations were analyzed to ascertain nitrogen,
phosphorus, and potassium content per kilogram of dry matter23. These
analyses formed the basis for calculating fertilization rates per kilogram per
hectare. Organic fertilization records included information on the type of
organic fertilizer (e.g., pig manure, cow manure), the quantity applied per
hectare (either volume or mass) and the nitrogen, phosphorus, and potas-
sium (NPK) contents. NPK values were derived using data from the Lower
Saxony Chamber of Agriculture38, enabling the calculation of NPK appli-
cation rates in kilograms per hectare. Mineral fertilizer application data
encompassed details such as the brand, manufacturer, and quantity applied
per hectare, whether in liquid or solid form, along with nutrient content
information. This comprehensive dataset facilitated the calculation of NPK
application rates in kilograms per hectare. Fertilizer application rates were
determined by aggregating manure and organic fertilizer applications.
Additionally, in organic farming areas, nitrogen fixation through legumes
was calculated using data from German reference figures for agriculture
report39 and incorporated into fertilizer application rates. The resulting

values, averaged annually and per unit area, are presented in Fig. S(2, input/
output) of the supplementarymaterials. The averages over the entire period
are summarized in Fig. 1(b, input).

It is noteworthy here that in this study, we grouped all organic ferti-
lizers, including conventional manure and any biogas digestate, under one
category and used the total nutrient contents reported ormeasured for each
source as the basis for fertilizer inputs. Potential nitrogen losses during
storage or application were not explicitly modeled, and manure and
digestate were treated as having similar nitrogen availability. All recorded
organic nutrients were assumed to be plant-available, and fertilizer samples
were considered effectively homogeneous. In addition, while an increase in
SOC stocks can substantially increase soil nutrient pools, we did not
explicitly account for these additional nutrient contributions in our calcu-
lations. Our nutrient balance estimates rely strictly onmeasured or reported
fertilizer nutrient contents.

Nutrient output assessment
The assessment of nutrient output from agricultural land is accomplished
through data collection, validation, nutrient content analysis, and yield
measurements. To begin with, a comprehensive database was created to
organize yield data from diverse sources, such as the hand-harvest records
and the field registry, covering the period from 1991 to 2016. These data
were chronologically arranged according to different agricultural practices
to ensure systematic evaluation. Laboratory samples were supplemented
using strict sampling protocols to ensure that samples taken from crops or
soil accurately represent the overall population. Furthermore, different
sources of data were standardized into uniform measurement units to
ensure consistency throughout the analysis. To filter out outliers and
eliminate potential errors inmeasurements or data entry, an outlier test was
conducted using a threshold set at three standard deviations. In situations
where hand-harvest yields were compared to machine-harvest yields, cor-
rection factorswere applied. For crops likewheat, silagemaize, andpotatoes,
it was found that hand-harvest yields did not significantly deviate from
machine-harvest yields, so no correction factors were necessary. However,
in the case of sugar beets, where hand-harvested yields were notably higher,
a correction factor of 0.8 was used. Similarly, for corn, a factor of 0.9 was
applied to account for the proportion of remaining plant material left in the
field after harvesting. In analyzing nutrient content, the primary focus was
on the essential nutrients nitrogen (N), phosphorus (P), and potassium (K),
which were measured primarily from hand-harvested samples. Only those
plant samples that underwent fresh mass determination were included in
the analysis. The methodology for yield measurement varied between
grassland and other crops. Grass yields were systematically recorded, fac-
toring in each mowing event and grazing period. For grassland, each
mowingwas treated as a distinct harvesting event, while other grazing yields
were derived from the dry matter intake of livestock, relying on standard
intake values based on various agricultural practices. In cases where com-
plete datasets were lacking, such as instances where specific grass cuts were
not harvested, the remaining yields for that year could not be used for
calculations, as reliable annual yield calculations were unattainable. Instead,
the intensity of usage, categorized based on the farmer’s records in the field
registry, was assigned according to the utilization categories established by
theGermanFertilizerOrdinance40. The entiremethodologywas designed to
ensure comprehensive coverage and accuracy in measuring the nutrient
output from agricultural practices. The resulting values, averaged annually
and per unit area, are presented in Fig. S(2, input/output) of the supple-
mentary materials. The averages over the entire period are summarized in
Fig. 1(b, output).

Greenhouse gas emissions calculations and uncertainties
In this study, greenhouse gas emissions followed the Germany’s National
InventoryReportwith data primarily sourced fromnational-level reports on
gaseous and particulate emissions from agriculture41,42. The emissions of
nitrous oxide (N2O), methane (CH4), and carbon dioxide (CO2) were
computed for the region’s agricultural sector, taking into account its share of
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the total emissions in Germany and its soil management, crop production,
and livestock activities. Data was also cross-referenced with local land-use
statistics and production figures to ensure accurate inputs.

Themethodology used alignswith the IPCC’s Tier 2 approach forN2O
andCH4 emissions, which provides a higher resolution estimate by utilizing
region-specific activity data and emission factors. For CO2 emissions, the
calculations considered both direct emissions from fossil fuel use and
indirect emissions associated with agricultural activities, such as the appli-
cation of fertilizers and soil management practices.

To express the GHG emissions in a comparable manner, all emissions
were converted into CO2 equivalents (CO2e) using Global Warming
Potentials (GWPs) asdefinedby the IPCC43.TheGWPforN2Owas takenas
273, while for CH4, it was taken as 27.2. This conversion allows for a
comprehensive assessment of the climate impact by aggregating emissions
into a single metric and facilitates comparisons across different gases and
activities.

The source data has implemented uncertainty in GHG emissions via
using guidelines from the IPCC 2006 and EMEP 201944, by adopting
Gaussian error propagation. This method was selected for its simplicity in
handling large datasets, assuming normally distributed errors across vari-
ables. The propagation of uncertainties in emission factors and activity data
was based on the assumption that these sources of error were independent.
In our study area, the major sources of uncertainty in the GHG calculations
are 1) Emission Factors: The most significant uncertainties arise from the
emission factors, particularly for N2O emissions from managed soils and
CH4 emissions from livestock. The IPCC default uncertainty for N2O
emissions is 20%, while for CH4 from livestock, it can exceed this value for
certain animal types. This uncertainty is a reflection of both spatial and
temporal variability that emission factors do not fully capture. Additionally,
the estimation of nitrogen fixation rates introduces further uncertainty into
GHGcalculations. Nitrogen fixation is influenced by several factors, such as
soil type, crop species, and environmental conditions. While this variability
was accounted for in the calculations, it can significantly affect the estimates
of N₂O emissions. 2) Activity Data: Uncertainty in activity data (e.g., ferti-
lizer application rates, livestock numbers) is generally lower than that of
emission factors, but still contributes to the overall uncertainty. For instance,
nitrogen excretion rates from livestock have an uncertainty of approxi-
mately 10%. In this study, activity data uncertainties were treated as
uncorrelated across years.

For the year 2019, the overall uncertainty in GHG emissions from the
agricultural sector was calculated at 29%. This figure is largely driven by the
uncertainty in N2O emissions from soils, which are highly sensitive to both
emission factors andmanagement practices. The uncertainty in the trend of
GHG emissions from 1990 to 2019 was estimated at 12.1%, which reflects
the variability in long-term data collection and emission estimates41.

The uncertainty in emission estimates has significant implications for
interpreting trends over time. We interpret a 12.1% uncertainty in the
emission trend to mean that while the overall direction of emissions
(increase or decrease) is clear, themagnitude of the change could be partially
influenced by the inherent uncertainties in input data.

Another challenge in estimating uncertainty lies in the assumption that
errors in observations and emission factors are normally distributed and
uncorrelated. In practice, these errors may be skewed or correlated across
different years or emission sources, complicating the estimation of total
uncertainty. Moreover, the IPCC Tier 2 approach relies on regionalized
data, which can introduce additional variability due to differences in mea-
surement and reporting practices across regions.

The uncertainty in GHG calculations emphasizes the need for robust
scenario analyses that account for potential variations in both activity data
and emission factors. As different land-use scenarios were evaluated in this
study, it is important to acknowledge that the uncertainties in input data
may affect the reliability of projected GHG mitigation outcomes. Despite
these uncertainties, the study’s findings provide valuable insights into the
potential impacts of various land-use scenarios on the region’s GHG
emissions and nutrient balance. More detailed uncertainty analysis that

allows for a better understanding of the range of possible outcomes is
thoroughly discussed in the report of calculations of gaseous and particulate
emissions from German agriculture 1990–201941.

Land use and management and greenhouse gas emission
scenarios
We applied various scenarios encompassing all land use transformations
and illustrated the mean nutrient balance values across the entire observa-
tion period in Fig. 2(a). These ‘end-member’ scenarios serve as counter-
factual stress-tests (i.e., extreme, hypothetical cases) designed to explore the
limits of possible outcomes. These are not intended as policy recommen-
dations, but rather to show the outer boundaries of potential changes in
nutrient and greenhouse gas (GHG) levels, helping to bracketmore realistic,
mixed scenarios (Supplementary Table S1). Specifically, we first derived the
average nutrient inputs and outputs for each land use type (grazing, organic
farming, and conventional farming) from the 70monitoring sites. We then
multiplied thesemean values by the proportion of each land use type across
Lower Saxony, as determinedby theCopernicus LandCoverClassification21

for each year, thereby upscaling the site-level nutrient fluxes to the regional
scale. In this study, grazing was treated separately from conventional and
organic farming as grazing areas in Lower Saxony are typically managed
with substantially lower external inputs and a higher reliance on in-situ
nutrient recycling compared to cropland systems. This separation allowed
us to better capture the variability in nutrient balances and emissions across
different land use types, rather thanmerging distinctmanagement regimes.
For the distribution of conventional versus organic farming within arable
lands (96.6% conventional and 3.4% organic)23, we assumed that the pro-
portions observed in our sample reflect the overall regional distribution,
given the relatively homogeneous conditions of Lower Saxony. We focused
on the 84% of Lower Saxony covered by arable land, grazing areas, and
forests, excluding other land uses such as urban settlements, lakes, and
rivers.

For each scenario and within each year, we expanded each land use
type to cover this 84% of Lower Saxony, approximately 39,900 km². In
formulating our end-member scenarios, arable land, grazing areas, and
forests were considered as the three primary land use types. By examining
hypothetical large-scale conversions among these categories, we aimed to
explore the potential extremes of nutrient balances and greenhouse gas
emissions that may result from such changes (for further details, refer to
Table S1 of the supplementarymaterials).Wemultiplied the area of covered
land by the corresponding nutrient inputs and outputs separately to derive
the total amount of nutrients added and harvested annually. The nutrient
balance for each scenario was calculated by subtracting inputs from outputs
(Fig. S3), followed by averaging the results over the entire data collection
period (2001–2016), as depicted in Fig. 2(a).

We determined the proportion of CO2 equivalent) emissions origi-
nating from the agricultural and forested sectors in Lower Saxony, utilizing
national data from Germany. We assumed that the share of farming,
grazing, and forested areas in Lower Saxonywould proportionally represent
its share of the country’s total GHG emissions. We then employed a
methodology analogous to that used for nutrient calculations to estimate the
GHG emissions for each scenario annually. Given that the data did not
differentiate between organic and conventional farming, we conducted a
comprehensive assessment across all farming scenarios. Additionally, we
accounted for soil carbon sequestration when transitioning from one land
use to another. Specifically, we used 0.87 and 1.65MgC ha⁻¹ yr⁻¹ for tran-
sitioning farmland to grazing25 and forest26,27;−0.70 and 0.37MgC ha⁻¹ yr⁻¹
for transitioning grazing to farmland28 and forest28,29; and −0.50 and
−0.98MgC ha⁻¹ yr⁻¹ for transitioning forest to grazing29 and farmland30

respectively (negative signs indicate net carbon release). Our methodology
assumes uniformity in GHG emissions across the farming, grazing, and
forested sectors, both nationwide and within Lower Saxony. The calculated
GHG emissions from farming, grazing, and forested areas in Lower Saxony
are presented as a proportional share of national emissions, with scenarios
for allocating all 84% of Lower Saxony’s land to each sector from 2001 to
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2016 illustrated in Fig. S4. The average emissions over the entire period are
summarized in Fig. 2(b).

Inclusion and ethics in global research
Local researcher inclusion: Local researchers have been integral to every
stage of the research process, from data collection to analysis, ensuring their
significant contributions are recognized. Local relevance and collaboration:
The research is locally relevant and has been implemented within the sus-
tainable land management strategy of Lower Saxony, with collaboration
from local partners to address specific needs and priorities. Roles, respon-
sibilities, and capacity-building: Roles and responsibilities among colla-
borators were clearly defined, and capacity-building initiatives were
facilitated for local researchers, enhancing their expertise in handling and
analysing long-term soil and nutrient data. Research restrictions and
exceptions: Due to collaboration with the Geological Survey of Lower
Saxony (LBEG) and the availability of well-organized data, the research did
not face any severe restrictions or prohibitions. Local ethics approval: As the
research focused on environmental monitoring and land use, it did not
require approval from a local ethics review committee, given the nature of
the data utilized. Higher standards compliance: Environmental protection
measures in Lower Saxony adhere to stringent European standards,
ensuring the protection of biodiversity and sustainable production, thus
aligning with the research objectives. Participant safety and risk mitigation:
The study’s integration into the sustainable land management strategy of
Lower Saxony ensures that it does not result in stigmatization, incrimina-
tion, or discrimination, as it inherently addresses social issues. Researcher
safety: No significant health, safety, or security issues were encountered
during the study. Benefit sharing: Benefit-sharing measures were not
applicable as therewereno transfers of biologicalmaterials, cultural artifacts,
or traditional knowledge out of the country as part of the research process.
Local and regional citations: Relevant local and regional research, particu-
larly the regional measurements sourced from the “Das Boden-
Dauerbeobachtungsprogramm von Niedersachsen,” has been appro-
priately cited to provide context and support to the research findings.

Data availability
All nutrient balance data23 utilized for the analytical procedures in this study
are sourced from the GB 37 LBEG (2019) publication of the Geological
Survey of Lower Saxony. The original publication in German is accessible
via the provided link: https://nibis.lbeg.de/DOI/dateien/GB_37_Text_4a_
Arial_web_neu.pdf. The raw data of the individual measurements of ferti-
lizer application encompassing manure, organic, and mineral sources, are
subject to data protection regulations. Nonetheless, we invite interested
parties to engage with us, facilitating collaboration with the Geological
Survey of Lower Saxony for access to this data, in acknowledgment of their
participation in ongoing scientific inquiry. Greenhouse gas emission data41

are sourced fromtheThünen report 77andNational Inventory Submissions
2024 for Germany42 available in English through the following link: https://
www.thuenen.de/media/publikationen/thuenen-report/Thuenen_Report_
77.pdf and https://unfccc.int/documents/637995.
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