3/12/25, 8:19 PM Projecting global fertilizer consumption under shared socioeconomic pathway (SSP) scenarios using an approach of ensemble...

. .
&9 ScienceDirect

N

Science of The Total Environment
Volume 912, 20 February 2024, 169130

Projecting global fertilizer consumption
under shared socioeconomic pathway (SSP)
scenarios using an approach of ensemble
machine learning

Yulian Gao, Kecui Dong, Yaojie Yue & X

Show more v

o Share 99 Cite

https://doi.org/10.1016/].scitotenv.2023.169130 7

Get rights and content 2

Highlights

* The ensemble machine learning approach demonstrated its
reliability for fertilizer consumption prediction.

* The global N and P fertilizer consumption may decrease from 2020
to 2100, while K fertilizer may buck the trend.

» The hotspots of N fertilizer consumption may shift from China to
Latin America and the Caribbean.

» The future global fertilizer consumption varies significantly under
various socioeconomic development paths.
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Comprehensively projecting global fertilizer consumption is essential for providing
critical datasets in related fields such as earth system simulation, the fertilizer industry,
and agricultural sciences. However, since previous studies have not fully considered the

socioeconomic factors affecting fertilizer consumption, huge uncertainties may remain in
fertilizer consumption projections. Here, an approach ensembled six machine learning
algorithms was proposed in this study to predict global fertilizer consumption from 2020

to 2100 by considering the impact of socioeconomic factors under shared socioeconomic
pathway (SSP) scenarios. It indicates that the proposed approach provides a rational and
reliable framework for fertilizer consumption prediction that stably outperforms the
single algorithms with relatively high accuracy (Nash-Sutcliffe efficiency of 0.93, Kling-
Gupta efficiency of 0.89, and mean absolute percentage error of 10.97%). We found that
global N and P fertilizer consumption may decrease from 2020 to 2100, while K fertilizer
may buck the trend. N fertilizer consumption showed a declining trend of -1%, -17.13%,
and-3.43% under the SSP1, SSP2, and SSP3 scenarios in 2100, respectively. For P fertilizer,
those were-0.68%, —9.68%, and-2.03%. In contrast, global K fertilizer consumption may
increase by 18.03%, 9.18%, and 6.74%, respectively. On average, N, P, and K fertilizer
consumption is highest in China, and the lowest is in Kazakhstan. However, the hotspots
of N fertilizer consumption may shift from China to Latin America and the Caribbean.

This study highlighted the ensemble machine learning approach could potentially be a
robust method for predicting future fertilizer consumption. Our prediction product will
not only contribute to a better understanding of global fertilizer consumption trends and
dynamics but also provide flexible and accurate key data/parameters for related research.
The Projected Global Fertilizers Consumption Datasets are available at
doi:https://doi.org/10.5281/zenodo.8195593 » (Gao et al., 2023).

Graphical abstract

| Hesterical Dals ;‘:‘ﬂhﬂmlmﬁ ] |Fr||'.1ll|n|.'fl: feleal Frrtiberr 1lmun|||n.|l 200 - :III:1I
. ¥ o -

‘ﬂululdhlnhl ien

| Envembie suschine learmng apprasch [ ,
Abgarithn sciextion i w m
e :
Slubiighe Hnswr Dechien frpps | ASEOTEpTrEsive imigraied I L
reprosalani SR Ty s lng wversge ARIMA) | i ] .F-‘
Pelubilayer lesdinl Bash fanciion. Handem fireshs
percepiran (MLF) {BHF} RF} 4

Cilabal Frriifecr Campm piam (hanames
Wikl wadiidatbin

T — e |

95?1

:_-!

Download: Download high-res image (357KB)

Download: Download full-size image

https://lwww.sciencedirect.com/science/article/abs/pii/S0048969723077604 2/9


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/agricultural-science
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/shared-socioeconomic-pathways
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/shared-socioeconomic-pathways
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/latin-america
https://doi.org/10.5281/zenodo.8195593
https://doi.org/10.5281/zenodo.8195593
https://ars.els-cdn.com/content/image/1-s2.0-S0048969723077604-ga1_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0048969723077604-ga1.jpg

3/12/25, 8:19 PM Projecting global fertilizer consumption under shared socioeconomic pathway (SSP) scenarios using an approach of ensemble...

Introduction

Fertilization has long been regarded as a key measure to increase agricultural production
(Tilman et al., 2002; Zhang et al., 2015; Mogollén et al., 2018a; Powers et al., 2019;
Nedelciu et al., 2020; Randive et al., 2021). However, fertilization also has a profound
impact on the agricultural system, terrestrial ecosystem, water, land, and atmospheric
environment (Mueller et al., 2012; lizumi et al., 2013; Bodirsky et al., 2014; Isbell et al.,
2015; Jiang et al., 2018). Therefore, highly reliable fertilizer consumption datasets are
critical in related research. For example, crop models have been widely applied to predict
future grain yield under the impact of climate change (Olesen et al., 2011). However,
fertilization, as the most critical model parameter, has been largely ignored or simplified
(Asseng et al., 2015; Yue et al., 2015), which may potentially cause great uncertainty in
the research results. This raises an urgent need to predict future fertilizer consumption
and to acquire datasets and key parameters that can simulate the earth system process,
fertilizer marketing, and agricultural production. However, how to predict future
fertilization reasonably is not only important but is also a difficult scientific problem that
needs to be resolved urgently.

One of the methods that has been widely used is an expert opinion-based approach. This
approach predicts future fertilization using experts' opinions combined with historical
fertilizer consumption records (Neset and Cordell, 2012). For example, based on the
change rate of historical fertilization, the Food and Agriculture Organization (FAO)
predicted that world demand for nitrogen (N), phosphorus (P), and potassium (K) for
fertilizer use will reach 111,591, 49,096, and 40,232 thousand metric tonnes, respectively,
by 2022 (Food and Agriculture Organization of the United Nations, 2016). Blanco (2011)
predicted global N, P and K fertilizer supplies from 2015 to 2050 under various
socioeconomic development pathways using a linear function based on historical data
from 2002 to 2015. However, projections of future fertilizer consumption based on
expert opinion are often considered too subjective. In addition, this approach usually
regards fertilization as a function of time, but the exact factors that lead to the change in
the rate of fertilizer utilization are others, e.g., population, gross domestic production
(GDP), and area of arable land. Therefore, without considering these factors, there is a
great uncertainty in using an expert opinion-based method to predict fertilization.

Fertilization prediction by regressing historical fertilizer consumption with multiple
variables, such as population (Zhang and Zhang, 2007), grain yield (Tenkorang and
Lowenberg-Deboer, 2009), fertilizer price (Deadman and Ghatak, 1979), GDP (Pacheco et
al., 2022) and cultivable area (Jalil and Kabir, 2008), is therefore proposed. For example,
Tenkorang and Lowenberg-Deboer (2009) first obtained a regression model of historical
fertilizer application and grain yield and then predicted the future demand for fertilizers
based on the stimulated grain yield by crop models and the proportion of N, P, and K
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fertilizers. Although the fertilizer consumption prediction model can be established
through regressing historical fertilization records with multiple impact factors.
Regression models are still fundamentally empirical and face great difficulties in
extrapolating from space and time.

Compared to expert opinion-based approach and regression analysis, mechanism models
predict fertilizer consumption based on the fertilizer cycling processes in the earth
system. This approach predicts future fertilizer consumption by achieving a certain grain
yield goal, with the support of a mechanism model that considers the complex
interactions between fertilization influencing factors (Jeuffroy and Recous, 1999;
Chisanga et al., 2015; Salo et al., 2016; Amin et al., 2017; Li et al., 2019). For example, Salo
et al. (2016) simulated future N demand for achieving spring barley yield goals using 11
widely applied crop models. And Mogollén et al. (2018a) predicted the P demand by
meeting future crop production using two-pool soil P model under different SSP
scenarios. In general, the mechanism model predicts the potential fertilizer consumption
with the goal of future crop yields and seems is a theoretically ideal method. However,
such an approach heavily relies on the geochemical cycle process, and the impact of
socioeconomic factors is rarely considered.

Although the fertilizer application is closely related to the geochemical environment.
However, farmers usually are not clear about the precise amount of fertilizer that needs
to be applied to achieve certain crop yield goals in practice (Zhou et al., 2010; Wang et al.,
2018; Chen et al., 2022). This implies that fertilizer application is not only related to
geochemical process, but also strongly associated with socioeconomic factors such as
farmers' ability to pay for fertilizer and their experience in fertilizer application.
However, the impact of these socioeconomic factors on fertilizer consumption have not
been well evaluated even in the mechanistic models.

Based on the above and motivated by predict future fertilization reasonably coupling
socioeconomic factors, the objectives of this study were to (1) develop an approach that
predicts fertilization by ensemble six machine learning (ML) algorithms considering
socioeconomic factors, (2) use the approach to estimate the consumption of global
fertilization under selected 3 SSP scenarios, and (3) determine how future socioeconomic
development will affect global fertilizer consumption and its spatial-temporal patterns.
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Section snippets

Basic idea

For predicting future fertilization reasonably coupling socioeconomic factors, the key lies
in the selection of reasonable socioeconomic predictor variables, to explore objective
knowledge of the correlation between fertilizer consumption and predictor.

Among the various socioeconomic factors affecting fertilizer consumption, the
population is the most critical one. Population is the key driving force of agricultural
production which leads to a consequential change in fertilizer consumption ( ...

Validation of the fertilizer consumption prediction

The performance of the six selected ML algorithms and the EML approach in predicting
N, P, and K fertilizer consumption varied greatly (Table 2) in terms of the average NSE,
MAPE, and KGE values, which ranged from 0.579 (MLR and ARIMA) to 0.954 (EML), 6.8%
(DT) to 23.4% (MLR) and 0.384 (MLR and ARIMA) to 0.923 (DT), respectively. Among
these, the EML was superior by significantly outperforming the other ML algorithms
(Table 2, Table B.1 - Table B.3 in Appendix B), with the highest NSE, KGE, ...

The trends of future global fertilizer consumption

In this study, it was predicted that the global consumption of N and P fertilizers will
decrease while K fertilizer will increase from 2020 to 2100 (Fig. 3). The decrease in N and
P fertilizer consumption was the largest under the SSP2 scenario, followed by SSP3, and
the smallest in SSP1 (Fig. 3A, B). In contrast, global K fertilizer consumption increased the
most under the SSP1 scenario, followed by SSP2 and SSP3 (Fig. 3C). The above results
indicated that different socioeconomic development ...

Conclusions

The present study proposed a fertilizer consumption prediction approach ensembling six
machine learning algorithms, which demonstrates its predicting ability with lower
uncertainty and higher precision. A high spatial resolution (5’x5’) dataset of future
global N, P, and K fertilizer consumption from 2020 to 2100 under SSP1, SSP2, and SSP3
scenarios was produced.

Global consumption of N and P fertilizers was predicted to decline, while K increased
from 2020 to 2100. On average, the countries ...
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...Concerning water pollution, nutrient loss (e.g., nitrogen and phosphorus) loss and ammonia
volatilization from fertilizers result in water eutrophication and environmental acidification (Liu et

al., 2020b; Min et al., 2021). Simultaneously, inappropriate use of fertilizers can impact resource

and energy consumption in fertilizer production (Gao et al., 2024; Tian et al., 2024). For instance,
nitrogen fertilizer constitutes the primary input in Chinese agricultural planting, with 70% of it

derived from coal (Li et al., 2023)....
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