
communications earth & environment Article
A Nature Portfolio journal

https://doi.org/10.1038/s43247-025-02773-5

Global change pattern of sedimentary
nitrogen isotope during the
Anthropocene epoch

Check for updates

Xin Li 1,2, Meng Lu 1,2 , Jintai Wu1,2, Liding Chen 1,3, Zhiming Zhang1, Xun Wang 4, Jianjun Zhou5,
Kai Jensen 6, Xiaonan Zhang1,7 & Xiaolin Dou 3

Nitrogen (N) cycling hasbeen reshaped during theAnthropocene epoch, yet the global changepattern
of sedimentary N stable isotope (δ15N) remains unclear. Previous research has mainly focused on
changes of sedimentary δ15N in remote areas or during the Holocene epoch, yet the differentiation of
sedimentaryδ15Nbetween remote areasanddisturbed regions and theonset of thedifferentiation time
are neglected in the Anthropocene epoch. Here we synthesized published records of well-dated δ15N
abundance in sedimentary sequences from 173 sites globally, including natural and disturbed areas,
andproposeda conceptual diagram todescript theglobal changepatterns of sedimentaryδ15N in past
300 years. Sedimentaryδ15N in disturbed sites enriched,with twobreakpoints in 1910s and1950s. The
other one, δ15N trend in natural sites mostly depleted, with a breakpoint in 1920s. The timeline aligns
with unprecedented anthropic perturbations to the global N cycle, such as the invention and
application of the Haber-Bosch process. The divergence of δ15N change pattern between disturbed
and natural areas can be attributed to either direct human activities or indirect consequences. Taken
together, we propose that the 1910s − 1930s can be considered the precursor of the Anthropocene
due to the application of artificial N fixation and its consequent biogeochemical effect. We emphasize
that the Haber-Bosch process could be the important event before the impact of human activities on
Earth history is reflected in global stratigraphy.

Since the First Industrial Revolution, human-induced changes in the global
environment have become significant enough to halt the current Holocene
geological epoch and it has been proposed the concept of the
Anthropocene1. On March 2024, the International Commission on Strati-
graphy (ICS) voted down the proposal to define the Anthropocene as a new
geological epoch based on the current geological evidence, however, the
concept of the Anthropocene remains controversial, including whether the
Earth system has entered the Anthropocene from the Holocene and the
onset of the Anthropocene2–4. Here, on the one hand, we hypothesize that
the Earth system has entered the Anthropocene because human impacts on
Earth gradually outweigh natural processes5. For instance, artificial nitrogen
(N) fixation byHaber-Bosch reaction accounts for 30% of global N fixation,

and atmospheric reactive nitrogen (Nr, primarily as NH3, NO, NO2, or
peroxyacetyl nitrates) gradually enriches from this approach6. On the other
hand, the proposed potential onsets of the Anthropocene are from 138,000
B.P. to 1950s3,7, indicating large uncertainties. We suggest that the onset of
the Anthropocene can be narrowed down to the 1750s–1950s because the
industry, population, and productivity in human society have developed
rapidly during this period, which may exert global impacts on the Earth
system. In particular, the Anthropocene is characterized by the dominance
of human activities such as nuclear explosions, land use and land cover
change (LUCC), and population growth, compared to other geological
epochs3.We assume that the response of remote areas anddisturbed regions
to global change is equally important during the Anthropocene epoch.
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Therefore, the scenarios of natural and disturbed should be jointly con-
sidered to determine the features of theAnthropocene, especially inN cycle.

In the past century, the application of artificial N fixation (transfer of
atmospheric inert N to soil inorganic N pool is approximately
80 × 1012g/year), the extensive cultivation of leguminous plants (biological
N fixation, approximately 40 × 1012g N/year), and the burning of fossil
fuels (emission ~30 × 1012g Nr/year) have significantly altered the global N
biogeochemical cycle, leading to bottom-up changes in the Earth system,
especially the biosphere6,8,9. For example, artificial N fixation has exceeded
the N fixation capacity of terrestrial organisms worldwide5,10. Meanwhile,
the invention of the Haber–Bosch process not only supported exponential
human population growth under the use of N fertilizer in agriculture10, but
also caused atmospheric Nr deposition via N loss such as volatilization, and
runoff globally11, resulting in a series of ecological and environmental
problems including eutrophication in aquatic ecosystems12. Aquatic eco-
systems are widely distributed on Earth, and their sediments play an
important role in recording regional tectonic activity, climate change, and
human activities due to their advantages of long-time scales and high
resolution. Therefore, sedimentary N (including N concentration and N
isotope, δ15N) can reflect changes of global N cycling, especially during the
Anthropocene epoch, because of the “Great Acceleration”13.

Previously, research mainly focused on changes in sediment N
concentration, such as the enhanced N concentration in remote areas due
to the increase in global N deposition14. Yet, the sedimentary N con-
centration is difficult to reflect changes in N sources. Importantly, stable
isotopes could record changes in relationship between biological and
environmental conditions, especially for substances that develop in an
increasing form, such as sediments15. Combining the information con-
tained in N isotopes (δ15N) and N concentration plays a crucial role in
understanding global N cycling changes during the Anthropocene
epoch8,16,17. For example, sedimentary δ15N analysis has been applied in
remote lacustrine sediments and distinguished differences between the
Anthropocene and the Holocene indirectly16,18,19. Simultaneously, it has
been reported that human activities such as N fertilizer use, sewage
discharge, fossil fuel combustion, and LUCC greatly and directly altered
sedimentary δ15N17,20,21. However, the pattern of global change on sedi-
mentary δ15N was still unclear, especially in distinctions between natural
and human-influenced ecosystems. Therefore, we hypothesize that the
trend of sedimentary δ15N has varied between disturbed and natural areas

globally, and that this trend has further expanded during the Anthro-
pocene epoch after the invention of the Haber–Bosch process.

To better verify our hypothesis and understand the temporal patterns
of δ15N in sediments, we compiled published records of sedimentary δ15N
abundance from 173 sites containing 198 sedimentary sequences globally
(although the Northern Hemisphere accounts for 86.4% of the sediments,
the trends of sedimentary N changes in the two hemispheres are similar,
Fig. 1, Supplementary Fig. 1). For this synthesis, sites had to meet specific
criteria for sampling density and duration of sedimentary record, including
clearly dating up to 300 years and having sufficient data on sedimentary N
and δ15N. Ultimately, the global sedimentary δ15N dataset was assembled,
including lake,wetland, coastal, reservoir, and ocean ecosystems. According
to the description of the original literature (such as, whether sites had
agricultural or industrial activities or pollutions discharge into aquatic
ecosystem), sites were classed into two types, natural and disturbed,
accounting for 87 and 96 sites, respectively (Fig. 1). Subsequently, we used
the N deposition flux to semi-quantitatively verify the correctness of the
prior classification, resulting in significant differences between natural and
disturbed sites from 1860 to 2016 (more detail included in Methods and
Supplementary Fig. 2).Overall, siteswere distributed broadly over the globe,
representing a variety of climates, biomes, and degrees of human impact.
Current mean annual precipitation at these sites ranges from 64 to
3100mm, and mean annual temperature ranges from−16 to 28°C.

Results and discussion
Global patternsof sedimentaryδ15Nhave significantly different trends in the
past 300 years (Figure 2a, b), most likely due to the presence or absence of
direct human impacts (Supplementary Fig. 3). The trend of sedimentary
δ15N is a general increase in disturbed sites (account for 73.0%), whereas the
pattern of natural sites showed a decrease (account for 80.5%) (Supple-
mentary Table 1). In natural conditions, atmosphericNr is transported over
long distances and subsequently deposited on terrestrial ecosystems,
resulting in increased N loading and aggravated sedimentary N con-
centration in remote regions (Fig. 2d)16. Meanwhile, the major N sources of
natural (or remote) regions come from precipitation with δ15N less <0‰,
such as the weighted annual mean δ15N is ≈−3‰ at Pretoria, and similarly
in otherplaces22. Finally, the trendof the sedimentaryδ15N in remote regions
depleted (Fig. 2b), similar to the pattern found in the Greenland ice core16,23.
However, thepattern indisturbed siteswas opposite tonatural sites. The fate

Fig. 1 | Locations of the 173 sites analyzed for
sedimentary δ15N abundance of global aquatic
ecosystems in this study. Disturbed (black) indi-
cates a sedimentary record that was directly affected
by human activities, natural (green) indicates an
indirect effect by human activities such as N
deposition. For example, at the bottom are photo-
graphs of the two types of sample sites: disturbed
and natural. Left is Dianchi lake (N 24.84°, E
127.72°), right is Tanggula Glacial Lake (N 32.92°, E
91.97°) (Photo credit: Xin Li), reflecting dramatic
differences in landscape.
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of N used in agricultural production varies, with only 17% consumed by
humans in crops, dairy, and meat products, while the remainder being lost
to the soils, freshwaters, and the atmosphere5,24 resulting in sedimentary N
concentration and δ15N increased or enriched (Fig. 2a, c). Additionally,
other N sources such as animal feces (δ15N-NO3

− ≈+ 7‰ ~+ 20‰)25,
sanitary sewage (δ15N-NO3

− ≈+ 4‰ ~+ 19‰)26,27 from human activity
discharge catchment, leading to sedimentary δ15N enriched as well. Gen-
erally, due to factors such asN deposition, agricultural activities, and urban/
domestic wastewater discharge, N enters watersheds in inorganic or organic
forms14. It is then taken up by phytoplankton and aquatic plants, forming
biological N. After plant death, biological N undergoes mineralization,
nitrification, anddenitrification, resulting in the returnofpart of theN to the
water or atmosphere28. Meanwhile, a portion of organic N binds with
planktonic debris and humic substances to form particulate organic nitro-
gen (PON), which subsequently settles to the bottom through flocculation
or hydrodynamic processes29. Once deposited in surface sediments, the
decomposition rate of PONdecreases under anoxic or reducing conditions.
Part of the organic N is mineralized into ammonium via early diagenesis,
with some diffusing back into the overlying water, while the remainder
becomes rapidly buried and enters long-term storage30. Therefore, the long-
term sedimentary δ15N and N concentration records historical nutrient
dynamics and signals of anthropogenic activity18,31,32. Overall, an increasing
trend in sedimentary N concentration indicates that greater amounts of N
have been entering thewatershed;meanwhile, the trend of δ15N in sediment
reflects in the different sources of ecosystem for natural and disturbed sites
over time, mostly caused by human affects during Anthropocene epoch.

More importantly, there are twodifferences in the distributionpatterns
of sedimentary δ15N between natural and disturbed sites. First, disturbed
sites show two transition points, in 1908 ± 3 years (±1 standard deviation)
and 1965 ± 3 years (±1 standard deviation), respectively (Fig. 2a). Natural
sites only exhibit a transition point in 1917 ± 10 years (±1 standard devia-
tion), later than thefirst breakpoint (1908) in disturbed siteswith time-lag of
~10years.This is likelydue to the fact that disturbedNflowsdirectly into the
watershed, causing rapid sedimentary δ15N changes. However, atmospheric
Nr is transported to remote areas by atmospheric circulation. Second, the
sedimentary δ15N change rate after the first transition points is different; the
rate of anthropogenic (0.0101 (R2 = 0.90)) is higher than natural (0.0068
(R2 = 0.87)) of Normalized δ15N year-1, possibly related to the distinctions of
N source-δ15N and the intensity of human effect. For example, the δ15N of
disturbed sites tends to be higher or more positive than natural sites.

Conclusively, sedimentary δ15N exhibits significantly different patterns of
change in natural and disturbed catchments.

Remarkably, the trend of δ15N changes in regional sediments contra-
dicts the global model (Supplementary Table 1). For instance, the changing
pattern of sedimentary δ15N in natural sites is enriched, and in disturbed
sites is depleted, indicating these divergent trends are likely relative to local
catchment features or other factors (named “local factors”). The Hornsund
fjord (77°N, 15–16°30′E), the Atlantic Arctic region without human
impacts, contains bird colonies of the Alle alle species. These sedimentary
δ15N (Hor 7) were significantly enriched in 1920 (δ15N change over 12‰),
clearly demonstrating the beginning of bird impact on this site33. And, the
Gulf of Palermo in the central Mediterranean is affected by urban and
industrial pollution. Yet the sedimentary δ15N depleted with years, which
may be controlled by phytoplanktonNuptake during growth34.Meanwhile,
minor changes should not be ignored during the individual sedimentary
δ15N trend that likely indicates local progress. For example, in Tanggula
Glacial Lake on Tibetan Plateau (N 32.92°, E 91.97°) with less human
activities, the sedimentary δ15N enriched at the beginning (Supplementary
Fig. 4), suggesting the increase in atmospheric Nr deposition led to algal or
phytoplankton (δ15N ≈+3.9‰ ~+ 5.0‰ in Gaigong Cuona lake) blooms
and then influenced sedimentation35,36. Moreover, warming can sig-
nificantly influence post-depositional processes such as denitrification,
thereby altering the change trend of sedimentary δ15N. For example,
warming mostly enhanced nitrous oxide emissions within the watershed in
tundra regions, resulting in more positive sedimentary δ15N37. Overall, the
pattern of sedimentary δ15N was not only controlled by N sources, but was
also affected by local catchment features or other factors (such as warming,
animal settlement, algal bloom, etc.).

To accurately determine the starting point of δ15N changes in sediment
sequences, we relied on the sedimentary δ15N database in this analysis and
selected sediments that were primarily affected by global nitrogenous
changes or human activities (excluding local progress or other factors
mostly) to infer the breakpoints during the Anthropocene. As shown in
Fig. 3a, themost significant breakpoint in disturbed sites when sedimentary
δ15N enriched trend emergedwas in 1955 ± 16 year (±1 standard deviation),
which contradicts the time of the first transition point in Fig. 2a. We
speculate that this could possibly be related to algorithm preferences. There
are two transition points of sedimentary δ15N for disturbed sites in Fig. 2a
(sedimentary TN also shows similar pattern, Fig. 2c), and the change rate of
the second transition point (1965 year) is greater than the first one. For such

Fig. 2 | Global trend of normalized sedimentary
δ15N abundance and total nitrogen concentration
(TN) in the past 300 years. a normalized trend of
sedimentary δ15N in disturbed sites. b normalized
trend of sedimentary δ15N in natural sites.
c normalized trend of sedimentary TN in disturbed
sites. d normalized trend of sedimentary TN in
natural sites. The results of the Davies hypothesis
test indicate that (a–d) had least one breakpoint
statistically (p < 0.01). Specifically, the red curve
represents the non-linear fitting of pyGAM; The
blue curve represents the 95% confidence interval
for nonparametric fitting; the vertical yellow line
indicates the year of the breakpoint; and the vertical
green lines demonstrated the ± 1 standard deviation
for the breakpoint.
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reason, the algorithm selects the most significant trend of changes or inte-
grated two breakpoints comprehensively. Interestingly, themost significant
breakpoint is in 1923 ± 17 years (±1 standard deviation) in natural sites
(Fig. 3b), similar toFig. 2b (1917 ± 10years), reflecting the consistencyof the
two algorithms. Besides, compared to Fig. 2, Fig. 3 uses a “purer-dataset”,
and its results more accurately represent the timing at which changes in the
global N cycle became recorded in the sedimentary archive. Additionally,
previous studies suggested that the 1950s (human activities and global
environmental changes with “the Great Acceleration”) and 1945 or 1964
(nuclear explosion) could be regarded as the onset of the Anthropocene3,7,
which was close to the break point in 1961 at disturbed sites in this study,
that likely overlook the preceding change. In summary, integrating the
results from the two approaches and considering the strong influence of
synthetic N fixation, the Great Acceleration on disturbed sites, and the
relatively limited impact of atmospheric N deposition on natural sites after
the 1950s (Supplementary Fig. 2), we suggest that two breakpoints are
present in disturbed sites, while only one breakpoint in natural regions
globally.

Furthermore, based on the global change pattern of sedimentary δ15N
in the past 300 years (Fig. 2, and Fig. 3), we propose a conceptual diagramof
the temporal trends of sedimentary δ15N abundance in the Anthropocene
epoch (Fig. 4). Sedimentary δ15N abundance tends to be enriched at dis-
turbed sites because of the direct emissions of disturbed N scours, mean-
while, the trend of sedimentary δ15N likely experienced two breakpoints,
1910s and 1950s, respectively (Fig. 4b, indicated by red dots). At natural
sites, sedimentary δ15N mostly depleted (1920s) over time in the past 300
years because the precipitation with δ15N < 0‰was the main N sources for
field catchment (Fig. 4d, represented at red dot). Simultaneously, the
deflection of sedimentary δ15N at disturbed sites is greater than natural sites
due to disturbed δ15N (δ15N ≈+ 4 ~+ 20‰) is higher than precipitation
(δ15N < 0‰) (Fig. 4). However, owing to local or other factors, sedimentary
δ15N deviationmay differ from themain global patterns (Fig. 4, indicated by
dashed lines). More importantly, global N biogeochemical cycle has
undergone significant changes due to the invention of the Haber-Bosch
process, resulting in the sedimentary δ15N diverge during the
1910s–1930s (Fig. 4).

The Anthropocene working group (AWG) proposed that the mid-
twentieth-century is onset of Anthropocene (a spike in atmospheric plu-
tonium concentrations caused by the first hydrogen-bomb tests is seen
consistently in sediments worldwide), but this was rejecting by ICS2.
However, the proposal remains generally accepted because of its fit with
many socio-economic drivers and Earth-system responses after the Second
World War, which was named the “Great Acceleration”2,38. Yet,

modifications of the Earth’s environment by human activity events (e.g.
early agriculture development39,40, Columbian Exchange41, Industrial
Revolution42) still cannot be ignored before the “Great Acceleration”. For
this reason, the concept of “The Anthropocene Is More Than a Time
Interval”was proposed, and emphasized the cumulative/continuing impact
of disturbed events on Earth’s history43,44. The anthropic synthesis of
ammonia represents a further increase in the productivity of human
society10. Therefore, we suggest that the Haber-Bosch process is the pre-
cursor for the Earth’s Anthropocene evidenced from sedimentary δ15N
globally (Figs. 2, 3). Firstly, prior to the invention of the Haber-Bosch
process, the main source of fertilizers relied on the mining of mineral
deposits such as the phosphate layeron Jawa island.Therefore, the impact of
human activities on the Earth’s N cycle was limited. However, due to the
exponential increase inN fertilizer production as a result of the invention of
theHaber-Bosch process in 1908 (Supplementary Fig. 5), disturbed impacts
onN cycling began to emerge. Evenmore, the fixation of N throughHaber-
Bosch process (120 Tg N yr−1) in 2010 was double the natural terrestrial
sources of Nr (63 Tg N yr-1)5. Secondly, artificial N fixation has greatly
contributed to the world’s population growth (8 billion in 2022, approxi-
mately 3 times compared to mid-twentieth-century), resulting in the ability
of humans to modify the Earth being strengthened (the expansion of cities,
the exploitation of mineral resources, deforestation, etc.)7, which has
accelerated the arrival of the Anthropocene40. In other words, the “Great
Acceleration” could be delayed by decades or centuries without artificial N
fixation. Thirdly, N as one of the key life elements involved in biological
activity, meanwhile the N-limited is widespread on Earth45,46. Hence, the
leakage of N fertilizers is clearly causing global biodiversity changes, ulti-
mately altering the Earth’s environment from the bottom up9. To our
knowledge, the invention of the Haber-Bosch process (humans converted
ammonia from the atmosphere) may be similar to the Great Oxidation
Event (cyanobacteria excrete oxygen about 2.7 billion to 2.2 billion years
ago, leading to the first mass extinction of organisms) and other geological
events of significant importance to Earth’s history.

In summary, sedimentary δ15N exhibits great performance in tracingN
cycling or sources changes. We proposed a conceptual model for the tem-
poral pattern of sedimentary δ15N abundance based on the global sedi-
mentary δ15N database from 86 publications (Supplementary Data).
Meanwhile, we emphasize that the invention of the Haber-Bosch process
had led to significant changes in sedimentary δ15N globally, potentially
reflecting the Earth entering the Anthropocene. However, determining a
new geological epoch for the Earth system is an extremely complex sys-
tematic process that requires the consideration of a series of biogeochemical
processes, such as the element cycles across the biosphere, atmosphere,

Fig. 3 | Posterior probability distribution of Y0,
describing the timing of onset sedimentary δ15N.
Grey curve indicates the distribution of Y0 in indi-
vidual sediment, red curve indicates the distribution
of global Y0. Y0 indicates a critical time threshold
when the effects of human contributions to N
deposition (expressed in years before 2010). aGlobal
Y0 hyper-parameter distribution for disturbed sites.
b Global Y0 hyper-parameter distribution for nat-
ural sites. More details are described in “Methods”.
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hydrosphere, cryosphere, and lithosphere19. This study only stands from the
perspective of N cycling and relies on temporal trends of sedimentary δ15N
abundance andNconcentration to emphasize that theHaber-Boschprocess
is mostly event as precursor of the Anthropocene, which may have limita-
tions. Therefore, future research on the Anthropocene requires the inte-
gration of multiple factors and processes, such as combining sediment
multi-agent indicators (e.g. diatoms, carbon isotopes, carbon-nitrogen
ratios, pollen, etc.) and recording materials (e.g. tree rings, ice cores, etc.),
and incorporating global changes such as increasing greenhouse gas con-
centrations and changes in temperature on global biogeochemical cycles.

Methods
Literature search and data pre-processing
Literature search was conducted usingWeb of Science database and China
National Knowledge Infrastructure (CNKI) with keywords “nitrogen iso-
topes”, “nitrogen”, “sediment”, “wetland”, “lake”, “delta (15)N”, “δ15N” and
“aquatic ecosystems” in April 2024. A total of 86 publications that met the
criteria of providing well-dated N stable isotopes and N concentration in
aquatic ecosystems were selected. All studies reported bulk sedimentary
δ15N data expressed in standard delta notation relative to the isotopic
composition of air. Data used for the analysis (sedimentary δ15N, chronol-
ogy, andN concentration) were obtained from the publications by GetData
Graph Digitizer (version 2.22). In the case of duplicate cores from the same
study site, all cores were chosen because of the heterogeneity of sediments.
Meanwhile, base information of sample sites, such as longitude, latitude,
sampling water table, Human Footprint47, the aridity index48, annual pre-
cipitation, temperature, and altitude (http://worldclim.org) were also col-
lected.More importantly, according to the trend of original δ15N abundance
over time, the trend was categorized into enriched and depleted, and the
study sites were classed into two types, natural and disturbed sites, based on
the description of literature (i.e., presence of agricultural or industrial
activities), respectively. Finally, considering the heterogeneity of sedimen-
tary sequences, the Z-score standardized method was applied in this
synthesis.

Noticeably, the majority of sampling sites in this study are located in
the Northern Hemisphere (Fig. 1), which may introduce bias in the global

assessment of sedimentary N concentration and δ15N. To evaluate whether
temporal trends are consistent across hemispheres, we categorized the
dataset into Northern and Southern Hemisphere groups based on site
latitude. As shown in Supplementary Fig. 1, although the Southern Hemi-
sphere is underrepresented, the overall trends in sedimentary N con-
centration and δ15N are broadly consistent with those observed in the
Northern Hemisphere. Therefore, we consider the pooling of all sites for
global-scale analysis. In addition, the classification of “natural” and “dis-
turbed” based on descriptions from the original literature may introduce
subjectivity. To address this, we conducted a posterior validation using
gridded N deposition data (combined nitrate and ammonium deposition)
from 1860 to 201649. Specifically, we averagedmonthlyN deposition data to
obtain annual values, and thendivided the full record into four timeperiods:
1860–1900 (representing natural background conditions), 1901–1950 (the
starting period of N deposition increase), 1951–2016 (the “Great Accel-
eration” period), and 1860–2016 (long-term average). Subsequently, we
applied Kruskal-Wallis tests (two-side) to evaluate differences in N
deposition. The results show that disturbed sites experienced significantly
higher N deposition than natural sites across all periods (p < 0.01, Supple-
mentary Fig. 2). Interestingly, disturbed sites of N deposition during
1860–1900 and 1901–1950 had significant differences (p < 0.01), not yet in
natural sites, consistent with the observation that disturbed sites exhibit two
breakpoints in sedimentary N, while natural sites show only one (Fig. 2,
Supplementary Fig. 2). Remarkably, anthropic N sources include not only
atmospheric deposition but also direct human emissions (e.g., domestic
wastewater, fertilizer leakage). In summary, although limitations exist, the
spatial dataset is sufficiently representative for global analysis, and the
qualitative classificationof sites intonatural anddisturbed sites is supported.
Therefore, we conducted the following statistical analyses.

Statistical analyses
To determine the pattern of sedimentary δ15N abundance over time at
disturbed and natural sites, firstly, frequency statistics were performed in
Excel (Supplementary Table 1). Subsequently, the BorutaShap algorithm
was applied to feature selection (or relative importance) using the “Bor-
utaShap” package in Python; the δ15N trend was dependent variable, and

Fig. 4 | A conceptual diagram of global sedimen-
tary δ15N and N concentration change pattern
during the Anthropocene epoch. a indicates the
trend of N concentration in disturbed sites.
b indicates the trend of δ15N in disturbed sites.
c indicates the trend of N concentration in natural
sites. d indicates the trend of δ15N in natural sites.
Red dots mark potential breakpoint points in sedi-
mentary records (a–d). Solid and dashed lines
denote global versus local trends in TN and δ15N.
The left part contrasts N sources in disturbed
(agriculture, wastewater, aquaculture, etc.) and
natural catchments (atmospheric N deposition,
watershed input, etc.). Specifically, human activities
such as sewage discharge, agricultural fertilization,
and fisheries significantly influence sediment N
accumulation through direct emissions or short-
distance dry/wet deposition. Conversely, sediment
N dynamics in natural areas are primarily governed
by long-distance N transport processes. However,
sedimentary N concentrations are not solely deter-
mined by N deposition intensity, but are also
modulated by global hydrological cycling processes,
such as damming, glacial melting, and LUCC54–56.
Consequently, the trend patterns of sediment δ15N
likely serve as more robust indicators for delineating
human-driven modifications to the global N cycle
during the Anthropocene. The diagram adapted
from Ariane Arias-Ortiz57.
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other factors were independent variables (Supplementary Fig. 3). Briefly,
BorutaShap is a feature selection algorithm based on the combination of
Boruta andSHapleyAdditive exPlanations (SHAP). It not only evaluates the
importance of features by using SHAP values, but also accurately preserves
features that contribute to the target, thereby improving the interpretability
and predictive ability of the model (https://pypi.org/project/BorutaShap).

To obtain the global change trend of sedimentary δ15N abundance and
N concentration after standardization, smooth semi-parametric regression
model was conducted using the “pyGAM” package to fit a regression curve
of all points in Python50. In this study, actually, the independent variable is
dating year, and the dependent variable is the standardized sedimentary N
concentration or δ15N. We choose LinearGAM with a normal error dis-
tribution and an identity link to fit regression curve. Specifically, we set the
parameter (“n_splines”) to 15 to make the regression curve smoother.

Subsequently, we referred to Muggeo’s method to estimate regression
breakpoints using the “piecewise_regression” package in Python (Fig. 2)51,52.
The Muggeo’s method derived an alternative method whereby the break-
point positions and the line segmentmodels are fitted simultaneously using
an iterativemethod,which is computationally efficient and allows for robust
statistical analysis52.Meanwhile, aDavies hypothesis test for the existence of
at least 1 breakpoint53. Besides, Muggeo’s method can fit by more than one
breakpoint ormight not know howmany breakpoints to expect in the data.
In this study, therefore, this method was used to evaluate the breakpoints in
the fitted curve. However, global sedimentary δ15N data included “local
effects”, and the choice of parameters (“n_breakpoints = ”) is subjective in
the “piecewise_regression” package. For these reasons, we further per-
formed a hierarchical Bayesian modeling framework in R16.

Importantly, we excluded sedimentary δ15N data thatmight be affected
by the “local affects”, and then bring the pure sedimentary δ15Ndata into the
hierarchical Bayesianmodel. Notably, the hierarchical Bayesianmodel does
not require standardization. Firstly, the power function model was con-
structed, the form is:

δ15N Ti

� � ¼ C0 � CkTi
0 þ 1 ð1Þ

where C0 is the average preindustrial δ15N and k is the rate constant
describing annual change over time. Time (Ti) is the difference between a
given year in the historical record (Yi; expressed in years before 2010) and a
critical time threshold when the effects of human contributions to N
deposition are estimated to have begun (Y0)

16. Then, specify the prior dis-
tribution of themodel parameters, such as C0 is consistent with the uniform
distribution. Finally, use theMarkov ChainMonte Carlo (MCMC)method
to estimate the posterior distribution of the parameters,more details refer to
Holtgrieve GW, et al.16. For the global hyperparameters, it is obtained by
mean the parameters of each sediments (includingY0, k, or bothY0 and k)

16.
In this study, we incorporated the sedimentary δ15N data into the model to
obtain the global estimate of Y0 for natural sites (Fig. 3b). Specifically, the
original power functionmodelwas adaptedonly tonatural sites (or depleted
trend). Therefore, we added negative signs to the front of exponential part
(þCkTi

0 ) of this power function model without changing other parameters
(in other words, the exponential model only changes the direction),
resulting in it being applicable to disturbed sites (or enriched trend, Fig. 3a).

Data availability
All raw data used from the global synthetic analysis are provided in
the Supplementary Data. Human Footprint data could be found at [https://
www.nature.com/articles/s41597-022-01284-8]. The aridity index data
could be found at [https://www.nature.com/articles/s41597-022-01493-1].
Annual precipitation, temperature, and altitude could be found at [http://
worldclim.org], and the gridded N deposition data could be found at
[https://data.isimip.org/search/tree/ISIMIP2a/query/ndep/]. The data for
all figures presented in this article are available at [https://doi.org/10.6084/
m9.figshare.30048526.v1].

Code availability
The “BorutaShap” package could be found at [https://pypi.org/project/
BorutaShap]. The “pyGAM” package could be found at [https://pypi.org/
project/pygam/]. The “piecewise_regression” package could be found at
[https://github.com/chasmani/piecewise-regression], and the “hierarchical
Bayesian modeling” could be found at [https://www.science.org/doi/10.
1126/science.1212267]. All plotting codes and associated files are accessible
at [https://doi.org/10.6084/m9.figshare.30048526.v1].
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