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A B S T R A C T   

Most of the ions in rivers come from the migration of weathering products of continental rocks. However, there is 
no clear understanding of the dynamic changes in ions derived from the chemical weathering of rocks and their 
feedback to climate change. This affects our comprehension of the evolution of life and the cycle of matter on 
Earth. In the present study, we established a dataset with a 0.25◦ × 0.25◦ spatial resolution for the major dis
solved ions and their total fluxes in the riverine transported (ICWR) at the global scale from 1980 to 2020 using 
the Lechuga-Crespo model and the random forest algorithm. The results show that from 1980 to 2009, the total 
amount of the ICWR was 5.4⋅109 Mg yr− 1, of which alkalinity accounted for 45%, Ca2+ accounted for 17%, SO4

2−

accounted for 14%, Na+ accounted for 9%, Cl− accounted for 8%, Mg2+ accounted for 6%, and K+ accounted for 
2%. In addition, the ICWR increased at a rate of 6.47⋅106 Mg yr− 1. The most obvious trend was in the area with 
high ionic activity coefficients between 30◦ N and 30◦ S. The growth trend of the ICWR during 2010–2020 was 
seven times that during 1980–2009, resulting in a 30% increase in the ICWR over the past 40 years. This study 
highlights the critical role of climate change in the transport and evolution of the ICWR, and explores their 
impact on vegetation change. It has important reference value for responding to the eco-environmental problems 
caused by climate change.   

1. Introduction 

As an important carrier of material circulation and energy transfer 
between land and sea, rivers are not only an important part of the global 
water cycle but also a key link in the global carbon cycle (Gaillardet 
et al., 1999; Hindshaw et al., 2011; Relph et al., 2021; Liu et al., 2023). 
Rivers transport the products of surface processes to the ocean in the 
process of shaping landforms (Sarin and Krishnaswami, 1984; Navarre- 
Sitchler and Thyne, 2007; Patel et al., 2020). Their solute loads and 
chemical compositions reflect the characteristics of their basins’ 
geomorphic evolution, hydrological cycles, eco-environmental changes, 
and human activities (Stallard and Edmond, 1983; Meybeck, 2003; Liu 
and Han, 2020; Kemeny et al., 2021; Liu et al., 2022). The solutes in 
rivers may come from natural factors such as rock weathering, soil 
erosion, atmospheric deposition, and glacier melting, or from human 

factors such as industrial, agricultural, and domestic sewage discharge 
(Roy et al., 1999; Ruan et al., 2019; Li et al., 2022; Ran et al., 2023). In 
addition, their hydrochemical characteristics are mainly influenced by 
the basin lithology, meteorological and hydrological conditions, vege
tation cover, and human activities (Moon et al., 2007; Zhang et al., 
2015). 

Since the 20th century, scholars have carried out extensive research 
on river hydrochemistry in the major basins of the world’s continents 
and have explored the main controlling factors and response mecha
nisms (Sioli, 1968; Gibbs, 1970; Liu et al., 2018; Luo, 2022; Xiao et al., 
2023). The chemical weathering of rocks provides the material source 
for the ions in rivers, and their carbon sink effect is a key component of 
the global carbon cycle (Walker et al., 1981; Li et al., 2018; Xi et al., 
2021; Bai et al., 2023; Xu et al., 2024). Previous studies have demon
strated that the chemical weathering of rocks has a sensitive feedback 
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effect on climate change (Gislason et al., 1996; Beaulieu et al., 2012; 
Tipper et al., 2012; Gong et al., 2020). Due to the increasing amount of 
greenhouse gases produced since the Industrial Revolution (Vitousek, 
1994; Cox et al., 2000), global warming has now reached 1.2 ◦C and is 
expected to increase to 1.5 ◦C above pre-industrial levels by 2030–2052 
(National Climate Center, 2021; IPCC, 2018). Global warming not only 
accelerates the rate of the chemical weathering of rocks, but it also 
causes changes in the total content of ions derived from the chemical 
weathering of rocks in riverine transport. However, there is still a lack of 
research on the temporal and spatial evolution, controlling factors, 
response to climate change and ecological environment effects of the 
ions derived from the chemical weathering of rocks on grid cell scale. 
Therefore, revealing the influence of global warming on the chemical 
weathering of rocks through the dissolved ions changes is an important 
new direction in global research. At the same time, vegetation has a high 
sensitivity to changes in the concentration of elements required for its 
growth, so changes in ion concentrations in rivers caused by climate 
change will also affect the growth of vegetation. An appropriate con
centration of ions can promote the growth of vegetation. When the ion 
concentration is too low or too high, it will have a negative impact on the 
growth and development of vegetation (Ye et al., 2010; Hawkesford 
et al., 2012). Hence. exploring the effect of the ions derived from the 
chemical weathering of rocks on vegetation changes is not only the 
theoretical basis for analyzing vegetation growth differences, but also 
can provide new ideas for promoting global vegetation greening and 
improving the carbon sequestration efficiency of ecosystems. 

Thus, using the Lechuga-Crespo model (Lechuga-Crespo et al., 2020) 
and the random forest algorithm, we first created a dataset with a spatial 
resolution of 0.25◦ × 0.25◦ for the major ions derived from the chemical 
weathering of rocks (ICWR), i.e. Ca2+, Mg2+, K+, Na+, SO4

2− , Cl− , 
alkalinity (Here only represent HCO3

− and CO3
2− ), and their total fluxes in 

the riverine transported ICWR at the global scale from 1980 to 2020. The 
objectives of this study were i) to complement the gaps in the ICWR 
dynamic spatial dataset; ii) to quantify the relative contribution rates of 
climate factors to the impact of the ICWR; iii) to explore the impact of 
ICWR on vegetation change. The ICWR calculation results based on the 
process model improve our understanding of the magnitude, spatial 
pattern, change trend, and controlling factors of global ICWR. Its 
response to climate change provides convincing evidence and data to 
support the development of a new ICWR-climate change feedback 
model. Under the continuing effects of climate change, the changes in 
ions will have a dramatic impact on the evolution of life and the various 
geochemical cycles, which highlights the importance of research on the 
relationship between the ICWR and climate change. 

2. Materials and methods 

2.1. Materials 

The main ion sites in the river hydrochemistry database were ob
tained from the GLORICH database (Hartmann et al., 2014). In the 
database, we selected hydrochemical chemistry data from 9909 sam
pling locations between 1980 and 2009 and divided them into annual 
data according to the time of collection (Fig.S1). The soil database 
contained soil moisture (SM) and soil temperature data. The meteoro
logical and hydrological database contained temperature (T), precipi
tation (P), evapotranspiration (ET), runoff (Q), nitrogen deposition 
(ND), partial pressure of carbon dioxide (PCO2), and wind speed (WS) 
data. The vegetation database contained leaf area index and carbon 
mass by leaf and above-ground litterfall data. The human activity 
database mainly included land use data. Since the time series of land use 
data with a resolution of 300 m in the European Space Agency (ESA) 
Global Land Cover data (https://cds.climate.copernicus.eu/) were from 
1982 to 2020, the land use data with a resolution of 0.25◦ × 0.25◦ in the 
Coupled Model Intercomparison Project Phase 6 (CMIP 6) (https://esg 
f-node.llnl.gov/search/cmip6/) from 1980 to 1991 were selected as 

supplementary data. The remaining data were from CMIP 6 and they 
were for the period 1980–2020 at a resolution of 25 km. The fractional 
vegetation cover (FVC) and the net primary productivity (NPP) data 
representing vegetation changes. The FVC data was obtained from 
products with a resolution of 0.5◦ × 0.5◦ in The Global Land Surface 
Satellite (GLASS), and the NPP data was obtained from products with a 
resolution of 0.0727◦ × 0.0727◦ from the National Science & Technol
ogy Infrastructure (Zhou et al., 2022). The resampling method was used 
to aggregate these data to a resolution of 0.25◦ × 0.25◦ to match the 
spatial resolution of each other. The lithology data were obtained from 
Hartmann’s research (Hartmann and Moosdorf, 2012). The basin 
boundaries and climate zones were derived from the Global Runoff Data 
center (GRDC) (https://grdc.com.au/) database and the Köppen climate 
classification data (Beck et al., 2020). 

The workflow followed is shown in Fig. 1. First, a random forest 
model was used to invert the data from the processed database to 
simulate the flux maps of the river ions on grid cell scale. Subsequently, 
flux maps of the ICWR were calculated using the Lechuga-Crespo model. 
Next, spatiotemporal evolution maps of the ICWR were obtained using 
the trend analysis method based on the pixels. On the one hand, the 
Lindeman-Merenda-Gold (LMG) model was used to quantify the relative 
contribution rate of climate change factors to ICWR, and on the other 
hand, the response of vegetation to ICWR changes was explored through 
partial correlation analysis. 

2.2. Methods 

2.2.1. Lechuga-Crespo model 
Based on the factors influencing the chemical weathering rate of 

rocks, Lechuga-Crespo developed a model to calculate ICWR by adding 
explanatory variables to the model in the following order: lithology, soil 
shielding effect (Hartmann et al., 2014), temperature, hydraulic con
ductivity and soil depth. Then, the accuracy of ICWR results obtained 
from simulations of the model containing different variables was tested, 
and it was demonstrated that the simulation results of the following 
models using the corresponding variables had the highest accuracy 
(Lechuga-Crespo et al., 2020). This model was used to select the fraction 
of major ions in riverine that were derived from chemical weathering of 
the rocks, and it is expressed as follows: 

F*
x = qann⋅fSx (soil)⋅

∑
(Li⋅Cxi ) (1)  

where Fx
* is the flux of ion x derived from chemical weathering of the 

rocks; qann is runoff; Li is the area ratio occupied by lithology i; fsx(soil) is 
soil shielding effect, fs，Ca2+ = 0.75, fs，Mg2+ = 0.74, fs，Na+ = 0.46, fs， 

K+ = 0.78, fs，SO4- = 0.29, fs，Cl- = 0.34, fs，Alkalinity = 0.70; and Cxi is the 
average concentration of ion x draining from lithology i. 

2.2.2. Random forest 
The random forest algorithm is a machine learning algorithm based 

on a classifier ensemble and decision trees. The decision tree is modeled 
on the samples extracted using the bootstrap resampling and replace
ment method, and the unextracted samples from the control dataset. The 
randomForest package in R was used to construct a random forest model 
in this paper. The construction of a large number of decision trees in
creases the differences among the classification models and improves 
the extrapolation and prediction capabilities of the models. A simple 
majority voting method is used to determine the final classification, thus 
establishing a relationship between a dependent variable Y and several 
independent variables X without the occurrence of overfitting (Breiman, 
1996; Breiman, 2001). The final classification decision-making principle 
is as follows (Fang et al., 2011): 

H(x) = argmax
Y

∑k

i=1
I(hi(x) = Y ) (2) 
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where H(x) is the combined classification model, hi is the decision tree 
classification model, I(⋅) is the indicator function, and Y is output 
variable. 

Therefore, the extrapolation prediction ability of random forest 
model can be used to transform the site data into grid cell data by 
inversion. The site data of river hydrochemistry from GLORICH data
base, combined with data from other databases, can be simulated by 
random forest model to obtain spatial distribution maps of major ions in 
riverine on grid cell scale. 

2.2.3. Trend analysis method 
The pixel-based trend analysis method was used to analyze the 

evolution trend of the ICWR in a long time series. This method performs 
regression analysis of the ICWR with time as the independent variable, 
and the calculated slope θ is the evolution trend of the ICWR. θ < 0 in
dicates that the ICWR on grid cell scale exhibits a decreasing trend, and 
vice versa. The slope θ is determined as follows (Sun and Guo, 2012): 

θ =

n ×
∑n

i=1
(i × Fxi ) −

(
∑n

i=1
i
)(

∑n

i=1
Fxi

)

n ×
∑n

i=1
i2 −

(
∑n

i=1
i
)2 (3)  

where θ is the evolution trend, Fxi is the ion concentration in year i, n is 
the research period, and i indicates from 1 to n. 

2.2.4. Lindeman-Merenda-Gold model 
We quantified the contributions of the climate change factors to the 

multiple regression model of the ICWR based on the LMG model. The 
relative contribution rates of the factors introduced into the model to the 
ICWR were obtained by decomposing the dependent variable variance 
after de-averaging all of the possible marginal contributions of the 
variables. The correlation matrix diagram was drawn using a machine 
learning method and the generalized linear model of logistic regression. 
The formula for the LMG is as follows (Sen et al., 1981; Ulrike, 2006; 
Gong et al., 2020): 

LMG(xk) =
1
p!

∑

S⊆{x1 ,⋯,xp}
{xk}

n(S)!(p − n(S) − 1 )!seqR2({xk}|S ) (4)  

where LMG is the expectation of the marginal contribution of regression 

variable xk in all sequences, x is the individual regression factor, S is the 
variable set, and R2 is the goodness-of-fit. 

2.2.5. Partial correlation analysis 
Partial correlation analysis was to analyze the correlation between 

two variables separately in multiple regression under the premise of 
excluding the interference of other variables, which can more accurately 
reflect their linear relationship. By comparing the correlation and partial 
correlation between ICWR and vegetation change, we obtained the 
difference of the effect of different ions on FVC and NPP. Partial corre
lation was calculated using the correlation matrix inversion method, and 
its logarithmic matrix is as follows (Duan and Zhang, 1992): 

R =

⎡

⎢
⎢
⎣

r11 r12 ⋯ r1n
r21 r22 ⋯ r2n
⋯ ⋯ ⋯ ⋯
rn1 rn2 ⋯ rnn

⎤

⎥
⎥
⎦ (5)  

where r is the correlation coefficient, n is the number of samples, xi and 
yi represent variable values. The formula for calculating the partial 
correlation coefficient is: 

Rij =
− △ij
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

△ii⋅△jj

√ (6)  

where Rij is the partial correlation coefficient of variables xi and yi, Δ is 
the algebraic cofactor of the elements in the matrix. 

3. Results 

3.1. Global dynamic changes in the riverine transported ICWR from 1980 
to 2009 

3.1.1. Global distribution of the ICWR in riverine transport 
The spatial distribution of the ICWR fluxes was strongly influenced 

by climate. From 1980 to 2010, except for the areas with no data, the 
areas with high ICWR total ion fluxes were mainly located in Southeast 
Asia, the Godavari Basin, the Yangtze River Basin, the southwestern 
edge of the Qinghai-Tibetan Plateau, the western part of the Andes 
Mountains, the Orinoco Basin, and the Amazon Basin (Fig. 2). The areas 
with medium and high values were located in Central Africa, the Great 
Lakes region in North America, the Alps, the Yenisei Basin, and Honshu 

Fig. 1. Summary of the workflow. The white text in the blue box indicates data; the black italic text indicates the methods; and the black text in the green box 
indicates the results obtained. FVC is the fractional vegetation cover. NPP is the net primary productivity. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Island in Japan. According to the Köppen climate classification (Beck 
et al., 2020), most of these areas have tropical rainforest, tropical 
monsoon, savannah, Mediterranean, oceanic, and polar tundra climates. 
The areas with extremely low total ion fluxes were mainly located in the 
Sahara Desert, the Karahadi Basin, the Horn of Africa, the Arabian 
Peninsula, Southwest Asia, Central-Eastern Asia, the Greenland Island 
Ice Sheet, the Southwestern United States, Patagon, and Australia. 
Except for the Greenland Island Ice Sheet, these areas were roughly the 
same as the nine major arid and semi-arid regions in the world (Hulme, 
1996). The above areas mainly have desert and polar frost climates. 

The high-value areas of the ICWR and its total ion contents near the 
equator mostly occurred in high temperature, high precipitation, high 
evapotranspiration, and high runoff areas, while the high and middle 
values areas above 60◦ N had higher runoff values. All of the above 
climatic factors can promote the chemical weathering of rocks. There 
were more basalts with fast weathering rates distributed in the middle 
and high value areas. The low-value areas were located in arid areas 
with low rainfall, high evapotranspiration, and low runoff. This in
dicates that the spatial distribution of the ICWR flux was affected by a 
combination of factors. It exhibited the greatest correlation with the 

runoff distribution, and it was also closely related to factors such as 
rainfall, evapotranspiration, and lithology. 

3.1.2. Temporal variation in the ICWR in riverine transport 
Rock properties were a crucial factor affecting the magnitude of the 

ICWR. As can be seen from Fig. 3, the average annual total ICWR from 
1980 to 2009 was 5.4⋅109 Mg yr− 1, of which cations accounted for 33% 
and anions accounted for 67%. For the ICWR, alkalinity accounted for 
45%, Ca2+ accounted for 17%, SO4

2− accounted for 14%, Na+ accounted 
for 9%, Cl− accounted for 8%, Mg2+ accounted for 6%, and K+

accounted for 2%. The ICWR increased at a rate of 6.47⋅106 Mg yr− 1 

overall. Among them, Ca2+, K+, SO4
2− , and alkalinity exhibited 

increasing trends, and the growth rate of alkalinity was the fastest, 
reaching 5.65⋅106 Mg yr− 1. K+ had the slowest growth rate, and the 
growth rate of alkalinity was 2.63 times faster that of K+. In contrast, 
Mg2+, Na+, and Cl− exhibited decreasing trends. The rate of decrease of 
Cl− was the fastest (− 5.16⋅106 Mg yr− 1), and it was 10.42 times that of 
Mg2+, which had the slowest rate of decrease. The alkalinity changed 
the most rapidly because the weathering of carbonate rocks and silicate 
rocks both generate HCO3

− , and carbonate rocks, which have a high 

Fig. 2. Spatial distribution of the major ionic fluxes derived from the chemical weathering of rocks (ICWR) (Mg km− 2 yr− 1). Z is the total content of the ICWR.  
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sensibility to climate change, are weathered faster. Mg2+ is mainly 
produced by the weathering of dolomite and silicate rocks, and the 
weathering of these two rock types is slow. The activity of Mg2+ was 
lower, so the change in Mg2+ was slower. This shows that the magnitude 
and rate of change of the ICWR were influenced by the lithology. Rocks 
with a faster weathering rate produced a larger number of ions, resulting 
in a faster rate of change, and vice versa. 

Furthermore, the total ion content of the ICWR fluctuated greatly 
during the study period, with the maximum value occurring in 1990 and 
the minimum value occurring in 1995. The fluctuation ranges of the 
average annual total contents of the other major ions were different, but 
they all exhibited a peak around 1990 and a trough around 1995, 
indicating that the correlation between the interannual variability of the 
ICWR and its total ion contents. 

3.1.3. Spatial evolution of the ICWR in riverine transport 
Compared with the spatial distribution of each ion, its evolution 

trend was quite different. By analyzing the differences in the fluxes of 
the ICWR and its total ion contents (Fig. 4), it was found that the area in 
which SO4

2− and K+ increased was smaller than the area in which they 
decreased, exhibiting an increasing trend from 1980 to 2009. The area in 
which Cl− decreased was smaller than the area in which it increased. 
The areas with obvious increasing Ca2+ fluxes included Southeast Asia, 
the southern part of the Yangtze River Basin, the Japanese archipelago, 
Western Europe, the eastern part of the Appalachian Mountains, 
northwestern South America, and other areas with high Ca2+ flux. There 
were also areas where the Ca2+ flux was high but exhibited a significant 
decreasing trend, including Southern Asia, the Western Siberian Plain, 
and the Labrador Plateau. The evolutionary distribution of SO4

2− was 
roughly similar to that of Ca2+. The differences were that the flux of 
SO4

2− exhibited decreasing trends in the Amazon Plain and Western 
Europe, while the northern islands of North America and the coast of 
Siberia exhibited significant increasing trends. The evolutionary distri
bution of alkalinity was similar to that of Ca2+, except for the fact that 

more regions in Central Africa and Southern Asia exhibited increasing 
trends. K+ exhibited a significant decreasing trend in Central Europe, 
while the northern Rocky Mountains, coastal areas of Siberia, and 
Indonesia exhibited significant increasing trends. Cl− and Mg2+

decreased significantly in Central Africa, northern South America, 
Southeast Asia, and Southern Asia. The decrease in Na+ was the most 
significant in Southern Asia and Western Europe, while it increased in 
Southeast Asia. 

The areas in which the ICWR’s total ion flux decreased accounted for 
49%, the areas in which it increased accounted for 46%, and the areas 
with stable trends accounted for 5%. The areas with the most significant 
decreasing trends were in Southern Asia and the Labrador Plateau. Most 
of the arid and semi-arid areas with extremely low ion fluxes exhibited 
slight decreasing trends. The areas with obvious increasing trends were 
the Japanese archipelago, Southeast Asia, the southern part of the 
Yangtze River Basin, the Western Cordillera, the Appalachian Moun
tains, and the Alps. In summary, the ions that exhibited decreasing 
trends in a large area may have exhibited an increasing trend in general, 
and the ions that exhibited increasing trends in a large area may have 
exhibited a decreasing trend in general. This shows that the change 
trends in the areas with high ion activity coefficients from 30◦ N to 30◦ S 
dominated the global variations in the different ions, including South
east Asia, Southern Asia, the southern part of the Yangtze River Basin, 
and northwestern South America. These areas had high ionic activity 
coefficients (Lechuga-Crespo et al., 2020) due to factors such as high 
runoff (Fekete et al., 2002), tropical and temperate climates (Beck et al., 
2020), and unique soil types (FAO et al., 2012). 

3.2. Impact of climate change on the ICWR from 1980 to 2009 

Chemical weathering of rocks had sensitive feedback on climate 
change, which in turn led to changes in the ICWR. Comparing the dif
ferences in the relative contributions of the eight selected factors rep
resenting climate change to the ICWR and its major ions revealed that Q 

Fig. 3. Temporal variations in the total ICWR content (Mg yr− 1).  
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made the highest relative contribution to the ICWR (Fig. 5), and it made 
the highest relative contribution to Mg2+ (31%) and the lowest relative 
contribution to Cl− (25%). Q was followed by ND, SM, and P, the relative 
contribution rates of which were >10%. The contributions of T and WS 
were the next lowest, with relative contribution rates of >9%. Finally, 
ET had a relative contribution rate of >6%, except for the smallest 
contribution rate of 4% to Mg2+, and the relative contribution rate of 
PCO2 was >5%. For the total ion content of the ICWR, the relative 
contribution rate of Q was also the largest. The contribution rates of ND, 
SM, and P were all >10%, and the contribution rates of the other factors 
were all >6%. 

Thus, although the effects of the different climate change factors on 
the ICWR and its main ions were different, they were still proportionally 
related. Q had the greatest impact because the chemical weathering of 
rocks is greatly affected by runoff (Raymond, 2003; Raymond et al., 
2008), and the ions in basins are also carried away by runoff. Thus, the 
runoff not only affected the total ion content, but it also affected the 
spatial distributions of the ions. The enhancement of the ND not only led 
to an increase in the exogenous acid in aquatic environments, but it also 
promoted the growth of plants. Both exogenous acids and the 

biochemical effects of plants have positive effects on the chemical 
weathering of rocks, which led to an increase in the total content of the 
ICWR in global riverine transport. SM, P, and T are also important fac
tors affecting the chemical weathering of rocks. The WS changes the 
total ion content in a basin by affecting the physical weathering of rocks. 
The influence of ET on the ICWR was not significant because the impact 
of ET on the chemical weathering of rocks needs to be analyzed in 
combination with P since they influence the chemical weathering of 
rocks by jointly affecting the magnitude of Q. Among them, P increases 
Q, and ET decreases Q. Although the PCO2 has a promoting effect on the 
chemical weathering of rocks, it should be considered in combination 
with other factors. Because PCO2 will be diluted in areas with higher Q 
and P, the influence of Q and P will be more significant. 

Based on the conclusion that ICWR showed an increasing trend 
during the study period, the different effects of the climate change fac
tors on the major ions and their total contents in the ICWR indicate that 
the ICWR has positive feedback on climate change, and its response to 
changes in the water environment is the most significant. Because not 
only factors such as Q, SM, P, and ET directly affect the water envi
ronment, ND and PCO2 also affect the water environment by changing 

Fig. 4. Spatial evolution of the ICWR’ fluxes (Mg km− 2 yr− 1).  
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Fig. 5. Relative contribution rates of the factors affecting the ICWR. T: temperature; P: precipitation; ET: evapotranspiration; Q: runoff; PCO2: partial pressure of 
carbon dioxide; SM: soil moisture; ND: nitrogen deposition; WS: wind speed. 

Fig. 6. Changes in the ICWR flux from 2010 to 2020. a: Spatial evolution of the ICWR (Mg km− 2 yr− 1); b: Temporal variations in the ICWR (Mg yr− 1); c: Percentages 
of areas with different trends, Sig is significantly, Obv is obviously, Mod is moderately, Sli is slightly, D is decrease, and I is increase. 
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the pH value. T can accelerate the weathering rate of rocks, and it can 
also affect the water environment by changing the ET. Physical weath
ering can promote chemical weathering via the crushing of rocks. Thus, 
the influences of T and WS on the ICWR were also very important. 
Various factors influenced and interacted with each other, and together 
they had an impact on the ICWR. Therefore, climate change will inevi
tably lead to changes in the ICWR (Fig. S2). 

3.3. Changes in the ICWR from 2010 to 2020 

We estimated the ICWR from 2010 to 2020 using measured river 
hydrochemistry data from 1980 to 2009 and the evolutions of the 
influencing factors from 2010 to 2020 (Fig. 6). The results revealed that 
the ICWR maintained an increasing trend during 2010–2020 (4.56⋅107 

Mg yr− 1), which was seven times the increasing trend of the ICWR from 
1980 to 2009. The ICWR has increased by 30% over the past 40 years, 
indicating that the total content of the ICWR will continue to increase 
under the persistent effects of global warming, and the increasing trend 
will be more significant (Fig. 6b). Compared with 1980–2009, the 

differences in the spatial trend of the ICWR were that the southern part 
of the Yangtze River Basin, the northern part of Southeast Asia, and the 
Japanese archipelago changed from a significant increasing trend to a 
decreasing trend. More areas in Africa, Europe, and central North 
America exhibited decreasing trends, with a decreasing trend evident in 
the southern part of the Sahara Desert (Fig. 6a). In 2010–2020, the area 
in which the ICWR exhibited a decreasing trend increased by 5% 
compared with 1980–2009 (Fig. 6c). Areas with slight changes 
accounted for as much as 70% of the total area, and areas with obvious 
changes accounted for only 14%, indicating that the areas with high ion 
activity coefficients between 30◦ N and 30◦ S still dominated the trend of 
the ICWR. 

4. Discussion 

4.1. Impact of ICWR on vegetation change 

Comparison of Fig. 7 and Fig.S3 shows that the correlation and sig
nificance level of ICWR and NPP were higher than the correlation (Fig. 

Fig. 7. Correlation of ICWR and its total ions with NPP.  
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S4) and significance level (Fig.S5) of ICWR and FVC. FVC can only 
describe the changes in the coverage area of the vegetation surface, 
while NPP is an index that can more accurately characterize plant ac
tivity variables, and has the characteristics of describing the relationship 
between plants and the external environment in energy transfer and 
material circulation. This indicates that the spatial distribution of the 
correlation between ICWR and NPP can more clearly represent the 
relationship between ICWR and vegetation and the effect of ICWR 
changes on the carbon sequestration capacity of ecosystems. The total 
ions of ICWR did not show a significant correlation with NPP (Fig. 7h), 
but rather the correlation of different major ions with ICWR respectively 
was more pronounced. At the same time, rock weathering is mainly 
influenced by changes in the water environment and is less sensitive to 
changes in vegetation (Gong et al., 2020). Therefore the correlation 
between ICWR and NPP was considered here as the effect of ICWR 
changes on NPP. 

The positive correlation between Na+ and NPP was the most obvious, 
and the areas where the correlation coefficient was >0.7 and the p-value 
was <0.01 were mainly located in northwestern North America and the 
plains of Eastern Europe to the Siberian plains, which belong to the 
continental humid climate. The Na+ flux from rock weathering in these 
areas was low and showed a slight increase trend. As plants have a low 
and very strict sodium requirement, the appropriate increase in its 
concentration in the low value region of Na+ can promote plant growth. 
The next most positively correlated ions with NPP were Cl− and alka
linity, and the areas where they and other major ions had correlation 
coefficients >0.7 with NPP were located in northwestern South America 
and Southeast Asia, in addition to the above areas. Compared to the 
positive correlation between major ions and NPP, the negative correla
tion between the two was not significant. The few regions with corre
lation coefficients less than − 0.7 were mainly located in northern North 
America. Calcium, magnesium, potassium, sodium, sulfur, and chloride 
are all essential elements for plant growth, and increased ICWR has a 
greater promotion than inhibition effect on vegetation growth. This 
indicates that an appropriate increase in ICWR can promote vegetation 
growth, but exceeding the threshold value of ions required for vegeta
tion can have adverse effects on vegetation growth. In general, there 
were not many areas where the impact of ICWR on vegetation was 
significant. This is mainly because rivers contain ions from many other 
sources in addition to those produced by chemical weathering of rocks. 
And the vegetation is influenced not only by the ions in the river, but 
also by other climatic and ecohydrological factors. However, the 
ecological effects of increased ions in rivers caused by climate change 
still deserve our attention and investigation. 

4.2. Accuracy assessment of the results 

To verify the accuracy and reliability of our calculation results, we 
compared the relevant research results of previous scholars with the 
results of this study (Table 1). Our calculated ICWR was 48% higher than 

the average value of previous studies. This is mainly due to differences in 
the research periods, data sources, and research methods. First, we 
conducted the first long-term dynamic analysis of the ICWR compared to 
previous static studies, and we demonstrated that the impact of the 
ICWR on climate change is increasing, so this was the essential reason 
for our slightly higher results. Second, because of the significant influ
ence of the water environment on the chemical weathering of rocks, the 
climate and hydrological conditions of the basins at a given time, 
especially runoff, are directly related to the ICWR. Both Meybeck and 
Probst’s studies were based on watershed calculations before the 21st 
century, while this study was based on pixel calculations from 1980 to 
2020. In addition, their research methods were different from those used 
in this study, and other reasons also caused differences in our results 
(Meybeck et al., 1979; Probst et al., 1992). Although our calculation 
method was the same as that of Lechuga-Crespo, due to the different 
data sources and influencing factors considered, our calculation results 
represent continuous changes over many years, and our results take into 
account the positive effects of climate change. Thus, our findings are 
slightly larger than the results he obtained (Lechuga-Crespo et al., 
2020). The interference of human activity with the ICWR was consid
ered in our data estimates because human interference generally ag
gravates the weathering of rocks and increases the ICWR. Recent 
research has shown that global fluxes of solutes to the oceans has 
improved the data accuracy and the interference of human activities, so 
the estimated result has increased by 68% compared with those of 
previous studies (Wu et al., 2021). The average R2 of our simulations of 
ICWR using the Random Forest model was 0.71, indicating the high 
simulation ability of the model and further demonstrating the high ac
curacy and reliability of our results. 

Previous studies have made great contributions to the calculation 
and distribution of the ICWR. Based on previous studies, in this study, 
we estimated the ICWR from 1980 to 2020 on grid cell scale. We con
ducted an in-depth analysis of its spatiotemporal evolution, explored the 
relative contribution rates of its major influencing factors, and clarified 
the change trend of the ICWR under climate change and the differences 
in the responses to different influencing factors. This research has 
important scientific significance for clarifying the dynamic changes in 
the global ICWR and its major ions in the long-term scale. By combining 
changes in ICWR with climate factors, this study not only examined the 
important role that ICWR play in responding to climate change and the 
range of ecological and environmental problems, but also explored the 
significant ecosystem impacts of the continuing role of climate change in 
increasing ICWR. The results also demonstrated the importance of the 
impact of chemical weathering of rocks on geochemical cycles. 

4.3. Deficiencies and prospects 

The river hydrochemistry database used in this study currently only 
contains data for the major ions measured at stations before 2010, so we 
studied the distribution and evolution of the ICWR in two stages. In the 

Table 1 
Comparison of the ICWR calculations in this study with those of other studies (106 Mg yr− 1).  

Study Meybeck (1979) Probst (1992) Lechuga-Crespo(2020) This Study 

M1 M2 M3 M4 M5 1980–2009 2010–2020 

Ca2+ 502 510 374 484 428 527 477 892 912 
Mg2+ 126 141 100 121 107 132 119 309 322 
K+ 48 73 25 29 24 31 27 114 143 
Na+ 129 211 223 202 176 221 202 489 555 
SO4

2− 307 355 401 500 465 545 490 774 847 
Cl− 215 223 246 263 221 287 241 410 584 
Alkalinity 1940 2013 1815 2234 1954 2434 2139 2414 2698 
Z+ 868 935 722 836 734 911 825 1804 1932 
Z- 1962 3046 2462 2997 2640 2640 3266 3598 4129 
Z 3330 3981 3184 3833 3374 4177 3695 5402 6061 

M1 ~ M5 represent the results obtained by 5 calculation models. Z+ represents the Ca2+, Mg2+, K+, and Na+. Z− represents the alkalinity, Cl− , SO4
2− . 
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years without measured data, the correlation coefficient model of the 
ions in the rivers and their influencing factors was established and the 
calculation results of the ions based on grid cell scale were obtained. 
Therefore, we only discussed the response and correlation of the ICWR 
to the climate change factors from 1980 to 2009. The inversion results 
obtained from the measured data were different from those obtained 
from the model, and the input factors used to establish the relationship 
were different, which will lead to different inversion results. In order to 
improve the accuracy of the calculation results, we optimized the model 
calculation. 

After obtaining the inversion results for the river ions on grid cell 
scale, we calculated the ICWR using the equation for the soil shielding 
factor (Lechuga-Crespo et al., 2020). However, more studies on the 
ICWR are needed to compare and analyze the suitable equations. At 
present, few related studies have been conducted, and the soil shielding 
factors need to be updated and validated according to the existing data 
to improve their applicability in different regions. The promotion and 
use of the empirical model need to integrate the local actual situation 
and to fully consider the impacts of other factors. Therefore, the method 
of calculating the ICWR used in this study can be further verified and 
updated in future studies to improve the research on the ICWR and 
related aspects. 

We selected eight representative factors to explore the impact of 
climate change on the ICWR and the relative contribution rates of the 
representative factors to the ICWR. However, it should be noted that 
other factors, such as vegetation coverage and human activities, also 
have an important impact on the ICWR. Since this article only consid
ered the influences of natural factors such as meteorological and hy
drological factors on the ICWR, the relative contribution rates of the 
influencing factors will differ from those obtained when more factors are 
considered. In future analysis of the factors influencing the ICWR, the 
impacts of other factors should be fully considered. And the eco- 
environmental effects caused by changes in the ICWR should be 
further explored, because ICWR not only affects the terrestrial ecology, 
but when it finally sinks into the ocean it may cause changes in the ocean 
pH, thus affecting the survival and reproduction of marine organisms. 

Overall, through the above various improvement methods, we 
ensured the high reliability of the ICWR calculation results. The accu
racy and time matching of the data we selected were high, and thus, 
more accurate calculation results were obtained. The research model in 
this study has important reference value for further improving the ac
curate estimation of the ICWR on the global scale in the future. 

5. Conclusions 

Our research demonstrates that climate change has significantly 
increased the positive contribution of the chemical weathering of rocks 
to the major ions in riverine transport. The average annual ICWR was 
5.4⋅109 Mg yr− 1 and increased at the rate of 6.47⋅106 Mg yr− 1 from 1980 
to 2009. The growth rate of the ICWR from 2010 to 2020 was seven 
times that during the previous 30 years. The major factors affecting the 
ICWR were runoff, nitrogen deposition, soil moisture, and rainfall, 
which had direct effects on the changes in the water environment. The 
soil environment, meteorological changes, and physical weathering 
could also cause changes in the ICWR. These factors increase the major 
ions in riverine transport by intensifying the chemical weathering of 
rocks. Under the continuous effects of climate change, the ICWR 
increased by 30% during the study period. The drastic global changes 
have led to significant changes in the ICWR, leading to more frequent 
exchanges in the exchange of ions between the land and sea and seri
ously affecting the stability of river and marine ecosystems and the 
evolution of organisms. Therefore, the impact of the continuous in
creases in the ion concentrations on the evolution of life and the various 
geochemical cycles will become an important direction for rock 
weathering research in the future. 

Obviously, the weathering process of rocks has a non-negligible 

impact on the environment and ecosystem. The distribution and evo
lution of the ICWR are of great significance to gaining a comprehensive 
understanding of the global material cycle and the improvement of 
climate change research. We combined climate change with the chem
ical weathering of rocks, and we conclude that climate change has led to 
a significant increase in the major ions in riverine transport by intensi
fying the chemical weathering of rocks. And the increase of ICWR had a 
greater impact on vegetation carbon sequestration than its impact on 
vegetation cover changes, highlighting the important role of rock 
weathering in the global carbon cycle. This study clarifies the differ
ences in the responses of the major ions in the ICWR to the different 
factors of climate change, has and the results of this study have a certain 
reference value for coping with global change and solving a series of eco- 
environmental problems caused by climate change. 
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solution aux océans. Rev. Géol. Dynam. Géog. Phys. 21 (3), 215–246. 

Meybeck, M., 2003. Global occurrence of major elements in Rivers. Treatise Geochem. 5, 
207–223. 

Moon, S., Huh, Y., Qin, J., Pho, N.V., 2007. Chemical weathering in the hong (red) river 
basin: rates of silicate weathering and their controlling factors. Geochim. 
Cosmochim. Acta 71 (6), 1411–1430. 

National Climate Center, 2021. Blue Book on Climate Change in China. Science Press, 
Beijing.  

Navarre-Sitchler, A., Thyne, G., 2007. Effects of carbon dioxide on mineral weathering 
rates at earth surface conditions. Chem. Geol. 243 (1–2), 53–63. 

Patel, P., Raju, N.J., Subramanian, V., Gossel, W., Wycisk, P., 2020. Chemical weathering 
and atmospheric CO2 consumption in the semi-arid Swarnamukhi basin (Peninsular 
India) estimated from river water geochemistry. Appl. Geochem. 104520. 
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