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Resilience and high compositional variability reflect the complex response 
of river waters to global drivers: The Eastern Siberian River 
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• Metrics for measuring changes from 
compositional benchmarks developed. 

• Robust Mahalanobis distance intercepts 
environmental changes. 

• Perturbation difference reveals compo-
sitional resilience. 

• Heavy tails distributions are associated 
with instability and emergence of alter-
native states. 

• Compositional resilience and variability 
mechanisms revealed in Eastern Sibe-
rian rivers.  
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A B S T R A C T   

The chemical composition of river waters represents an important matter of investigation to understand envi-
ronment modifications in response to climate changes and global warming. Prolonged dry periods, heavy flood 
events, degradation of the lands and ice thawing, modify the chemical composition of river waters influencing 
the drivers governing the complex dynamics of river catchments where everythin  co es to ether. In this 
framework, Compositional Data Analysis (CoDA) offers methods in which the complex structure of the river 
water composition and the interrelationships among the various components are put into the proper context for 
their statistical analysis. In this research, we propose a new CoDA approach combining the robust Mahalanobis 
distance (D) calculus of ilr-transformed chemical variables and the perturbation difference, both with respect to a 
pristine compositional benchmark. The aim was to trace the change in the chemical composition of the Eastern 
Siberian River Chemistry Database where degradation of the permafrost for global warming produces important 
effects on natural waters. The findings indicate complex multiplicative laws and feedback mechanisms governing 
solutes in Eastern Siberian rivers, with high values of D found where permafrost is more discontinuous. Per-
turbations clearly discriminate chemical components more resilient to stresses induced by global changes (Ca2+, 
Mg2+ and HCO−

3 ) from those whose variability is not maintained under control (Cl−, Na+, SO2−
4 ). These outcomes 
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open up a new scenario in searching for spatiotemporal resilience metrics to reveal rivers response to envi-
ronmental changes.   

1. Introduction 

Complex dynamical systems can be characterized by tipping points 
at which it is possible to register significant, and sometimes cata-
strophic, changes (Scheffer et al., 200  Grziwotz et al., 2023). Several 
examples can be found in literature for different situations, from eco-
systems (Ardichvili et al., 2023) to financial markets and society (May 
et al., 2008  Lade et al., 2013). The way by which the systems reach such 
a threshold is an important field of investigation. Predicting critical 
transitions appears to be very difficult but fundamental to enhancing the 
resilience of natural and social systems. This difficulty is due to the 
absence of clear signals in the behavior of a variable used to monitor 
changes. Signals capable of anticipating the emergence of an abrupt shift 
and, conse uently, the transition of the system from one state to another 
are difficult to find. Sometimes the study of the shape of the fre uency 
distribution of a variable seems to be informative and the investigation 
of some statistics such as variance, skewness, kurtosis, as well as other 
more complex indices, are often used to detect in time or space the 
presence of critical transitions (Scheffer et al., 2012  Belle et al., 201  
Dakos and éfi, 2022). 

In this perspective, the investigation of rivers water chemistry ap-
pears to be a challenge. Rivers are open thermodynamical systems able 
to exchange continuously matter and energy with the surrounding 
environment. They represent the response of the Earth s Critical one 
(EC ) to external perturbations such as climate forcing and human 
pressure ( irchner, 200  hitehead et al., 200 ). By considering their 
position in the hydrosphere, rivers link geology and land features and 
represent the sentinels of any change due to global warming, land use or 
pollution. The ater Framework Directive ( FD, 2000/60/EC) re uires 
EU Member States to achieve good status in all surface water bodies and 
groundwater by 202 . Environmental uality Standards Directive are 
set to protect the most sensitive a uatic species, but also humans who, in 
turn, can be affected by secondary poisoning. Therefore, the FD con-
siders surface waters to be an integral part of the “One Health” project, 
which includes both natural and social systems. Chemical dise uilib-
rium governs the water/rocks interaction processes thus distributing 
elements and chemical species among different reservoirs (Gaillardet 
et al., 1  Shvartsev, 2013). Soil and rock weathering release cations 
such as Na+, K+, Si and Al3+ and anions (Cl−, SO2−

4 , HCO−
3 ). Solutes such 

as Cl−, NO−
3 , and SO2−

4 can also arrive from other sources including 
rainfall, dust, and pollution (e.g., acid rain), although atmospheric 
deposition is considered low compared to weathering (Rogora et al., 
2003, 2008). Existing literature has extensively investigated and docu-
mented river chemistry behavior under different weather conditions 
also considering seasonal changes and concentration–discharge re-
lationships (Godsey et al., 200 , 2020  hi et al., 2020). Relations with 
climate control have also been investigated recently by Li et al. (2022) 
and ang et al. (2024). Results indicate that, on a continental-scale, 
discharge predominantly controls mean concentrations of 16 solutes 
and that river chemistry is governed by the relative rates of solute 
addition (by reactions and input) and solute export. In a warmer climate, 
however, higher concentrations tend to deteriorate water uality even 
without human perturbations. Arctic and subarctic regions are particu-
larly vulnerable to global warming, since freshwater-terrestrial systems 
will warm more rapidly than the global average (Prowse et al., 2006). 
Temperature and precipitation changes can stimulate modifications in 
the water balances and in several other aspects of the landscapes, e.g., 
river-ice breakup, increased infiltration capacity resulting from 

permafrost thawing, thermohaline circulation (Rouse et al., 1  
Prowse et al., 2015  Li ue et al., 2016). Cold region rivers are often 
poorly studied, but a deeper understanding of their complex response to 
global changes is of pivotal importance. This is also the case of eastern 
Siberian rivers, where data and analysis of their environmental state are 
relatively sparse (Georgiadi et al., 201  uzmin et al., 2014  Huh et al., 
1 8a, 1 8b  Huh and Edmond, 1 ). For these reasons, we decided 
to focus on the spatially extensive Eastern Siberian River Chemistry 
(ESRC) database to explore climate warming-induced changes in fresh-
water systems due to permafrost degradation. In order to accomplish 
this, we applied the principles of Compositional Data Analysis (CoDA) 
(Aitchison, 1 82  Pawlowsky-Glahn et al., 2015  Pawlowsky-Glahn and 
Egozcue, 2020). CoDA methods have been applied to several research 
fields such as geology, biometrics, cultural heritage, medicine, with an 
exponential growth over the years. A recent bibliometric overview 
(Navarro-Lopez et al., 2022) highlighted that the main journals where 
CoDA is managed are indexed under the category of Geosciences and 
Multidisciplinary (23 papers), followed by Ecology (1 ), and 
Geochemistry and Geophysics (16). However, >40 research fields count 
papers that have used the CoDA approach. 

The main objectives of this study are: i) to test new statistical 
methods, based on CoDA principles, for monitoring early changes in 
river water chemical composition, and ii) to assess the response of Si-
berian river chemistry to global changes. The proposed approach rec-
ognizes the strength of CoDA in taking into account the relationships 
among the components of the composition as re uired for investigating 
complex systems. 

2. Materials and methods 

2.1. he Eastern Si erian iver he istry ata ase 

The Eastern Siberian River Chemistry (ESRC) database was used to 
test the possibility of identifying early warning signals able to check for 
modifications in the behavior of the analyzed variables as well as their 
resilience to changes (Dakos and éfi, 2022). The database was created 
by Liu et al. (2022) by merging 1434 multi-source data obtained from 
both published datasets and unpublished field studies. These include: (i) 
15  datasets from the ArcticGRO water uality data (Holmes et al., 
2021) and the GLObal RIver CHemistry (GLORICH) databases (Hart-
mann et al., 2014)  (ii) 28 water chemistry data from 10 published 
studies in both English (Georgiadi et al., 201  uzmin et al., 2014  Huh 
et al., 1 8a, 1 8b  Huh and Edmond, 1 ), and Russian (Bochkarev, 
1 5  Shpakova, 1  Berkin et al., 200  Grebenshchikova et al., 
2011  Sidorov, 1 2)  and (iii) 34  unpublished datasets provided by 
Gabysheva O.I. and ang P. The dataset is accurately described in Liu 
et al. (2022) and publicly available at Springer figshare ( ang et al., 
2022). The ESRC was constructed to improve the understanding of 
climate warming-induced changes in freshwater systems in permafrost- 
dominated eastern Siberia, where data are extremely scarce compared to 
western Siberia. It is important to note that the data do not cover all 
Eastern Siberia, since some basins are outside its boundaries (e.g., the 

olyma basin), while others (e.g., the enisey basin) are not included. 
However, for simplicity s sake and in accordance with Liu et al. (2022) 
and ang et al. (2024), in the manuscript, we refer to the study area as 
Eastern Siberia. The database includes 48  major ion concentrations 
(Na+, K+, Ca2+, Mg2+, Cl−, SO2−

4 , HCO−
3 ) in /L from 1434 water 

samples collected between May and August (84 ) in eastern Siberia 
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spanning 1 40–201 . Not all the parts of the compositions are known  
missing values for K+ are about 30.5 , for other variables minor than 
2.4 . Conse uently, in our analysis, only the complete data base was 
used, consisting of 846 cases. Climate variables (air temperature and 
precipitation data), discharges, trace element concentrations, and iso-
topes data at the basin and sub-basin scales are also provided in the 
ESRC database. 

2.2. Geo raphical, cli atic an  eolo ical settin  

Eastern Siberia, as defined in this study, is located in the easternmost 
part of Eurasia and most of its area is located within the Arctic Circle and 
the sub-arctic region (Fig. 1). The average air temperature of eastern 
Siberia during 1 40–201  was - 10.6 ± 5.0 ◦C, and the average annual 
precipitation was approximately 312 ± to 2 mm ( ang et al., 2024). In 
the cold season, precipitation is dominated by snowfall with accumu-
lation that begins in October and reaches its maximum in March after 
which the melts processes begin (Sazonova et al., 2004). The considered 
water samples mainly belongs to six large river basins of Eastern Siberia 
whose boundaries are illustrated in Fig. 1 and to a few more basins of 
smaller size (e.g., horbosunka, Olenyok). The ana, Indigirka, and 

olyma river basins are located near the Artic Ocean in the northern part 
of the region, while the Angara and Selenga-Baikal basins are located 
near the hangai Mountains in the southern part. The largest basin, the 
Lena, is one of the 15 largest rivers in the world in terms of length (42 4 
km), basin area, and average annual discharge. The studied rivers flow 
in the zone of northern taiga and tundra and the territory is underlain by 
an almost ubi uitous distribution of permafrost (about 0  of the 
surface area) (Obu et al., 201 ). This last is continuous to the north of 
the Vilyuy River, a major tributary to the Lena river, and discontinuous 
south of it. The uppermost permafrost horizon (∼0.1–3.0 m) is subject to 
seasonal thawing in the warm season and freezing at subzero air tem-
peratures (Gabysheva et al., 2022). An exceptional warmth was regis-
tered during the spring of 2020 over all Siberia (DeAngelis et al., 2023). 

The study area covers the south-eastern part of the Siberian platform 
which is comprised by the enisey River on the west and the Lena River 
on the south and east (Meyer and Freeman, 2006). The Siberian Platform 
consists of a thick suite of siliciclastic (sandstones and shales) and car-
bonate (limestone and dolomite) rocks from the Mesoproterozoic to 
Mesozoic (Cocks and Torsvik, 200  Barnet and Steiner, 2021). The 
central and southern portions of the Siberian Platform is also charac-
terized by thick marine halite and gypsum se uences, which make this 
region one of the world s most promising areas for evaporitic industrial 
minerals (Steiner and Barnet, 2021). These deposits are associated with 
platformal sedimentation occurred from 550 to 500 Ma, extends from 
the west of Lake Baikal along the whole length of the Lena to em-
pendyai in the Vilyui basin (Ronov, 1 82), with also some exposed salts 
deposits (Huh et al., 1 8a). On the northern edge of the Siberian 
Platform, diapiric salt domes of Devonian age can also be found around 
Port Nordvik on the Laptev Sea coast (Steiner and Barnet, 2021). 

The easternmost part of the study area ( ana-Indigirka and olyma 
lowlands) is characterized by the Verkhoyansk– olyma folded area. 
This region is marked by the presence of tectonic structures, magma-
tism, and ore deposits. These are closely related to the Late urassic-
–earliest Early Cretaceous subduction–accretion and to the collision 
between the olyma–Omolon superterrane and the Siberian Craton 
(Parfenov and uzmin, 2001). The ana– olyma gold belt is the largest 
in the Verkhoyansk– olyma metallogenic province with dikes varying 
from mafic to felsic compositions (Protopopov et al., 201  Fridovsky 
et al., 2020). 

Overall, according to the Global Lithological Map (GLiM) database 
(Hartmann and Moosdorf, 2012a, 2012b), nearly half of the study area 
consists of: i) siliciclastic sedimentary rocks (∼23 ) ii) mixed sedi-
mentary iv) volcanic rocks (13 ) and, v) unconsolidated sediments (11 

) ( ang et al., 2024). 

Fig. 1. Map showing the considered water samples locations of the Eastern Siberian River Chemistry (ESRC) database together with its six major river basins. The 
river network layer was derived from HydroBASINS and particularly from orld ildlife Fund s HydroSHEDS data (Lehner and Grill, 2013), while river basin 
boundaries were based on Liu and Huang (2022). Projected Coordinate System: GS 1 84 EPSG Russia Polar Stereographic. 
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2. . o positional ata  hat are they  

Compositional data describe parts of some whole. Most commonly, 
they are presented as vectors of proportions, percentages, fre uencies, 
or concentrations. This is also the case of dissolved ion concentrations in 
water samples, which are expressed in mg/L, with liter as a references 
(Buccianti and Pawlowsky-Glahn, 2005  Sauro Graziano et al., 2020). 
The characteristics of compositional data prevent standard statistical 
techni ues from being applied to such data in ra  form (Pawlowsky- 
Glahn et al., 2015). Standard techni ues are designed to be used with 
data that are free to range from -∞ to +∞, while geochemical data are 
always positive. As proportions it follows, then, that if one component 
increases, the other must decrease, whether or not there is a genetic link 
between them. It is tempting to think of them as real multivariate data, 
but this can lead to misinterpretations, some of which have been known 
since a century ago, but have been largely forgotten (Pawlowsky-Glahn 
and Egozcue, 2006). It is the relative variation of the components rather 
than their absolute variation that is important. This can be analyzed by 
considering log-ratios between the parts which are dimensionless or, 
alternatively considering the geometric structure of sample space. 

2.4. he co positional ata analysis approach 

A n-part composition is a vector of n strictly positive real compo-
nents, [ 1 + 2 + ⋯ + n], such that 1 + 2 + ⋯ + n = κ > 0 with κ 
generally e ual to 100 (percentages) or 1 (proportions) or 106 for pp  
and similar. The first insight about the nature of these type of data starts 
with Aitchison (1 82) highlighting that log-ratios provide a one-to-one 
mapping from the constrained sample space of compositional data 
(called the simplex SD) and the real space ℜ. The algebraic-geometric 
structure of the simplex was recognized around the 2000s (Billheimer 
et al., 2001  Pawlowsky-Glahn and Egozcue, 2001a) leading to the 
proposal of the principle of working in coordinates (Mateu-Figueras 
et al., 2011). Compositions are thus represented by orthonormal co-
ordinates (ilr, isometric log ratio coordinates) living in a real Euclidean 
space corresponding to the simplex sample space of compositions 
(Egozcue and Pawlowsky-Glahn, 2005). 

One of the most important relapse of CoDA is the necessity to take 
into account the behavior of the whole composition since the analysis of 
isolate components leads to important misleading in the application of 
standard statistical methods, compromising the interpretation of natural 
phenomena. Therefore, in the logic of the dynamics of complex systems, 
CoDA appears to have its own role since the ade uate management of 
the joint relationships among the parts of a composition becomes 
fundamental to track compositional changes. 

Under CoDA, the tracing of compositional changes can be performed 
through the robust Mahalanobis distance from a given benchmark and 
then visualizing data related to river chemistry on a map. Before 
calculating the distance, data need to be transformed in ilr coordinates. 
In general, standard multivariate procedures assume that the majority of 
Z observations are generated by a multivariate normal distribution with 
mean vector μ and covariance matrix Σ. For a location estimator t and a 
covariance estimator C, the s uared Mahalanobis distances between the 
observations expressed in coordinates and the respective location esti-
mator t, 

MD(zi)2 = (zi − t)′C−1(zi − t), for i = 1,…, n, (1)  

approximately follow a χ2 distribution with D − 1 degrees of freedom, 
χ2

D−1 (Filzmoser et al., 2018  Ronchetti, 2021) and a certain uantiles of 
it, like the 0. 5-th uantile, χ2

D−1;0. 5, can be used as a cut-off value to 
identify multivariate outliers (Filzmoser and Hron, 2008). The classical 
arithmetic mean (vector) and the (Pearson) sample covariance matrix 
are unsuitable as estimators t and C in E . (1) in the presence of outliers, 
since they are then themselves spoiled by the outliers. Thus, t and C 

should be robust estimators, like the MCD estimators tMCD and CMCD or 
the MM-estimator tMM and CMM (Maronna et al., 2006). 

Another way to trace compositional changes is to use the perturba-
tion difference, the group operation of the simplex SD able to counter-
part translation in real space (classical Euclidean statistics) and rotation 
on the sphere (circular statistics). 

Given two D-part compositions x,y ∈ SD, and ⊕ the symbol related to 
the application of the perturbation operator, x ⊕ y is defined by: 

x ⊕ y = [x1y1,…, xDyD]
(x1y1 + … + xDyD)

= C[x1y1,…, xDyD] (2)  

where the “closure” operator  standardizes the perturbation vector by 
the sum of its components. Following Aitchison and Ng (2005) the 
operation ⊕ defines an Abelian group on the simplex with identity e =
(1/D)[1,…,1] and inverse −1 = [ 1,…, D]. This mathematical prop-
erty is fundamental to characterize the operation that changes a D-part 
composition x into a D-part composition y, also called perturbation 
difference (Pawlowsky-Glahn et al., 2015): 

p = y ⊖ x = C
[

y1
x1
,…,

yD

xD

]
. (3) 

The perturbation, together with the powering operation, analogous 
to scalar multiplication in real space, both defined in SD, satisfy the re-
uirements for operations of a vector space with the definition of an 

inner product, a norm and a distance (Billheimer et al., 2001  Pawlow-
sky-Glahn and Egozcue, 2001b). Conse uently, any measure of 
ifference between compositions x and y must be expressible in terms of 

perturbation difference (hereafter called only perturbation). In 
geochemistry, the perturbation approach finds easy application when a 
pristine composition x0 is subjected to a se uence of perturbations p1,… 
, pn to reaching its current state xn. 

The two approaches are fundamentally different since the Mahala-
nobis distance is represented for each case by a single positive number 
while data related to perturbation are parts of a vector with D compo-
nents, if D is the number of the analyzed variables. Thus in the first case 
the statistics to be monitored is the distance between compositions, 
while in the second case it is possible to verify which variables are more 
responsible of the relative change. The comparison of the results on a 
spatial scale appears to be very useful to identify variables and areas 
under stress. 

In both cases (Mahalanobis distance and perturbation), the water 
composition characterized by the lowest Total Dissolved Solid (TDS) 
value in the ESRC data base was chosen as a benchmark to test the 
proposed method. The selected composition is drawn from the Indigirka 
basin and has a TDS of 12.5  /L (Na+ = 0.12, K+ = 0.13, Ca2+ =
1.86, Mg2+ = 0. 2, Cl− = 0.1 , SO2−

4 = 0.31, HCO−
3 = .25). The 

maximum value of TDS is e ual to 2142 /L from Lena basin. The 
difference from this compositional benchmark is then spatially moni-
tored to discover areas and variables experiencing a major rate of 
change or more resilient behavior (Gozzi et al., 2020  Sauro Graziano 
et al., 2020). Alternatively, the reference composition can be given by 
other benchmarks as for example the robust mean of the database or 
other interesting compositions for defined purposes. 

3. Results 

.1. o st ahalano is istance fro  the lo est DS ench ar  

For an overview of the robust Mahalanobis distance from benchmark 
composition over time, box plots are presented illustrating the D values 
aggregated by year from 1 0 to 2018 (Fig. 2). A detailed statistical 
analysis of the time series was here prevented due to the sparse and 
uneven distribution of the data. Box-plots show small oscillations over 
time, with years characterized by higher (e.g., 1 2–1 5) and lower 
variability (e.g., 2006–2008). However, an increase in the distance can 
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be observed over time, with a larger inter uartile range around the 
median especially after 200 . Spearman correlation coefficient ( s) 
between yearly medians of D and yearly medians of temperature, pre-
cipitation and potential evaporation records was also computed, but no 
significant associations were found ( s=0.05 , s=0.14 and s=0.33, 
respectively). 

The robust Mahalanobis distance D is reported in Fig. 3 by consid-
ering the permafrost zonation modeled by Obu et al. (2018) to evaluate 
potential association of compositional changes in rivers with permafrost 
degradation. Each grid cell in the map is classified as continuous, 
discontinuous, sporadic, or isolated permafrost based on its permafrost 
probability. High values of D seem to be more common within the Lena 
basin where permafrost is more discontinuous or sporadic, even though 
few exceptions are found in the northern sector located in continuous 
permafrost and, in particular, for the Indigirka basin. 

The Cullen and Frey graph reported in Fig. 4 suggests for D the 
presence of an asymmetric density distribution function, with data 
located in the field between the lognormal and gamma distributions. 

The plot compares distributions in the space of the s uared skewness 
and kurtosis synthesizing with these two statistics the properties of the 
probability distributions in a first attempt (Cullen and Frey, 1 ). 
However, since skewness and kurtosis are not robust, to take into ac-
count the uncertainty of the estimated values a non parametric bootstrap 
procedure is performed by using the R (R Development Core Team, 
2023) package fit istrpl s (Delignette-Muller and Dutang, 2015). The 
histogram in the upper-right corner of the plot (Fig. 4) also indicates a 
right-asymmetry of the distribution with a long tail. Values >5 mainly 

pertain to the Lena basin (81 cases), ana (2 ), Indigirka (21) followed 
by olyma (8), other basins ( ) and Selenga-Baikal (6). Accordingly, the 
first three basins (Lena, ana, and Indigirka) are the ones which have 
experienced the greatest compositional changes relative to the bench-
mark during the considered time-span. 

.2. Pert r ation ifference fro  the lo est DS ench ar  

Perturbation is another way to measure the compositional changes 
from a given compositional benchmark. hile the robust Mahalanobis 
distance is represented by a single value for each case, perturbation is 
given by a vector where the relative changes undergone by each variable 
are reported. If the data are ranked for TDS values the content of the 
perturbation vector can be visualized by using comparative se uential 
plots as reported in Fig. 5, splitting the percentage contribution of the 
perturbation for each variable. 

It is clear that the compositional changes from the chosen composi-
tional benchmark tend to have a relative big effect for Na+, Cl− and SO2−

4 
(reaching 0  of the responsibility of the compositional variation) 
while K+, Ca2+, Mg2+, and HCO−

3 undergo moderate and similar 
changes, all mainly under 25  with respect to the other parts of the 
composition. It is also noteworthy the presence of a light decreasing 
trend in the perturbation intensity for K+ with the increase of the DS 
values, while an opposite behavior is recognized for Cl− and, poten-
tially, for Na+. However, the results of the Runs Test, a statistical pro-
cedure for detecting non-randomness (Ronchetti, 2021), are significant 
only for Cl− (p < 0.05, test performed on non-closed factors (Egozcue 

Fig. 2. Boxplot of Mahalanobis distances over the sampling years. The dashed line marked a time gap of four years in the dataset.  
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and Pawlowsky-Glahn, 2011)), confirming its role as conservative ion. 
Perturbation values for Na+, Cl− and SO2−

4 exhibiting higher relative 
variability and intermittency behavior with respect to Ca2+, Mg2+, K+

and HCO−
3 , reveal conditions more prone and sensitive to environmental 

drivers and conditions, including seasonal variations (Scheffer et al., 
2012). 

In Figs. 6 and  the results of the percentage perturbations are 
mapped along with the spatial distribution of main lithotypes (Hart-
mann and Moosdorf, 2012a, 2012b), grouping the variables based on 
their similar behavior as deduced from Fig. 5. 

For Ca2+, Mg2+, K+ and HCO−
3 the relative percentage perturbation it 

is never higher than 40  with the lower values pertaining to parts of the 
Lena river basin. Compositional changes are very similar for Ca2+, Mg2+

and HCO−
3 , most likely representing what occurs to the carbonate cycle 

in terms of a higher contribution due to the evolution of the water/rock 
interaction processes. Particularly high Mg2+ perturbation values can be 
noticed especially along the Alder and Amga rivers. In this framework, 
K+ shows its higher relative perturbation values in the southern parts of 
the Angara and Lena basins and in the Selenga-Baikal where plutonic 
rocks outcrops. Several hot spots are also found in the northern river 
basins located near to the Arctic Ocean. 

By considering Na+, Cl− and SO2−
4 (Fig. ), we can observe that the 

relative perturbation values sometimes exceed 0  for Na+ and SO2−
4 , 

while reaching a maximum of 5   for Cl−. However, while Cl− and Na+
show an uneven spatial distribution, SO2−

4 appears to have almost a 
similar behavior everywhere throughout Eastern Siberia, thus repre-
senting the chemical component most affected by compositional 
changes. In fact, about 244 cases on 846 show perturbation values 
higher than 50  and 68  than 20 . On the contrary, high Cl−
perturbation levels are monitored along the Lena and Vilyuy river s 
course and on the coast of the Laptev Sea, whereas for Na+ high values 
are found mostly on exposed plutonic rocks south of Lake Baikal. 

4. Discussion 

Chemical weathering involves a complex system of reactions that 
move elements from different reservoirs such as atmosphere, hydro-
sphere, lithosphere, thus determining the hydrogeochemistry of river 
waters and the biogeochemical cycles of elements ( leidon, 2010). 
These processes, governed by non-e uilibrium thermodynamics, act as a 
“geological thermostat” affecting the global carbon cycle and log term 
climate stability ( heng et al., 2023). In fact, continental weathering 
consumes atmospheric CO2 and, when chemical processes are enhanced 
(e.g., uplift of mountain ranges), global cooling can be registered in the 
geological record, as happened in the Tibetan Plateau during the 
Cenozoic (Hren et al., 200 ). Dissolved load in the river water is mainly 
generated by rock weathering, atmospheric inputs and anthropogenic 
activities, all these factors affecting the EC  evolution. ith global 
warming and the continuous increase of the human pressure on hy-
drological resources, it is fundamental to examine river chemistry to 
understand where processes exhibit more rapid changes or potential 
regime shifts (Gozzi et al., 2021  Gozzi and Buccianti, 2022). 

The proposed method, developed under the CoDA framework, 
combines the calculus of the robust Mahalanobis distance with the 
perturbation difference both computed from a selected compositional 
benchmark. The method was applied to the ESRC database (Liu et al., 
2022) including 846 data belonging to a severely stressed area due to 
permafrost degradation caused by global warming. For each sample 
major ion concentrations (i.e., Na+, K+, Ca2+, Mg2+, Cl−, SO2−

4 , HCO−
3 in 

mg/L) were measured. In order to monitor the change from a pristine 
composition, that with the lower DS value was used as a reference 
term. Alternatively, depending on the research objectives, any other 
composition of interest may be selected, including compositions based 
on law values related to health. 
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Fig. 3. Map of the Mahalanobis distance values along with the permafrost zonation proposed by Obu et al. (2018). Values of Mahalanobis distance are represented 
using graduated symbols and class breaks are determined using the natural breaks ( enks) classification in ArcGIS Pro. 

. Go i an  . ccianti                                                                                                                                                                                                                    



6FLHQFH RI WKH 7RWDO (QYLURQPHQW ��� ������ ������

�

Fig. 4. Cullen and Frey graph (R package fit istrpl s) and histogram of robust Mahalanobis distance (upper-right corner).  
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4.1. Distri tion shape of ahalano is istance as resilience in e  

The map of the robust Mahalanobis distance values D allowed to 
obtain a first exploratory analysis about the whole intensity of the 
compositional changes compared with the permafrost type distribution 
(Obu et al., 201 ). High values of D seem more common where 
permafrost is discontinuous or sporadic, such as in the Lena river basin 
(Fig. 3), indicating a potential role of permafrost degradation in 
increasing the DS of river waters. In fact, when permafrost degrades, 
infiltration and groundwater storage increase, and flow paths become 
deeper, allowing highly mineralized groundwater to contribute more to 
streamflows ( alvoord and Striegl, 200  Frey et al., 200 ). In support 
of these findings, ang et al. (2024) also found 2.3 times higher DS in 
eastern Siberia river basins predominantly free of permafrost than in 
permafrost-dominated river basins. The few exceptions found in the 
northern sector of continuous permafrost could be instead associated to 
local process of salinization due to marine aerosols or presence of dia-
piric salt domes (e.g., Port Nordvik  Steiner and Barnet (2021)). The 
analysis of the shape of the fre uency distribution of the D values have 
permitted to understand the mechanism generating the compositional 
changes. The Cullen and Frey plot of Fig. 4 confirms the presence of an 

asymmetric shape, with data located in the field between the log normal 
and gamma distributions (Aitchison and Brown, 1 5 ). The presence of 
an asymmetrical distribution allows to exclude physical-chemical 
mechanisms governing the mixing of multiple sources, generally lead-
ing to a normal distribution (Andersson, 2021). This probability model 
describes fluctuations around a barycenter revealing a system that, 
notwithstanding the original heterogeneity, has achieved a homogeneity 
in river water composition (e.g., efficient mixing, long time of action  
Allègre and Lewin (1 5)). Conversely, the D probability model is more 
complex suggesting that the original heterogeneity continues to have a 
significant role and that homogeneity is not achieved. At the base of the 
emergency of asymmetry are multiplicative processes where non- 
linearity, feed-backs and heterogeneous interactions are the rule, often 
leading to a mixing between log-normality for the body of the distri-
bution and power law for its right tail (van Rooij et al., 2013). This 
condition well describes the distribution of D values. Indeed, the 

olmogorv-Sminorv test for the log normality of all the data cannot be 
accepted (p < 0.05), whereas the fitting of a power law distribution to D 
indicates that, for D in > 3.8  and α = 5.42 (the scaling exponent), an 
heavy tail appears plausible (Fig. 8). The estimates were performed 
according to the goodness-of-fit-based method described in Clauset et al. 
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Fig. 6. Spatial behavior of perturbation values pi for Ca2+, Mg2+, K+ and HCO−
3 . Lithology types are derived and modified from the Global Lithological Map Database 

GLiM v1.0 (gridded to 0.5◦ spatial resolution) (Hartmann and Moosdorf, 2012a, 2012b). Projected Coordinate System: GS 1 84 EPSG Russia Polar Stereographic. 
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(200 ). In this regard, it is worth remembering that a non negative 
random variable  is said to have a power law distribution if Pr[ ≥ ] ∼
c −α for c > 0 and α > 0. Hence, in a log-log plot of Pr[ ≥ ], also 
known as the c lative istri tion f nction, asymptotically the 
behavior will be a straight line (Mitzenmacher, 2004). 

Most of the data for which D in > 3.8  pertaining to the Lena basin 
(254), olyma ( 8), other basins (45), ana (33), Indigirka (23), 
Selenga-Baikal (18) and Angara (6). Compositional changes for Eastern 
Siberian rivers are thus characterized by multiplicative interactions. 
This means that the step of the compositional process modifying the 
benchmark is proportional to the benchmark itself, independently from 
the compositional differences. However, when D exceeds a certain 
threshold, feed-back mechanisms could increase concentration values 
hindering dispersion, generating heavy tail distributions. The occur-
rence of log normality mixed to power law reduces the ability of a sys-
tem to resist or bounce back to the conditions that precede a possible 
shift since the depth of the attractor asin of the data tends to be lower, 
depending on the heaviness of the tails (Scheffer et al., 2012). Consid-
ering the density distributions of D separated according to the two 
available time periods (Fig. a), it is apparent that the tail has become 
heaviest in more recent years as a result of the appearance of a new basin 
of attraction (mode) in the data. The likelihood of bi-(multi)-modality 

can be considered a proxy of bistability and potential flipping between 
alternative states (Dakos and éfi, 2022). 

In more detail, when an histogram with a normal distribution shape 
is upside down (Fig. b), the hole, if deep, represents the sink or 
attractor state from which is difficult to exit without external forcing 
(stable state). On the other hand, when an asymmetrical shape (log- 
normal or power law or their mixing) governs the fre uency, slip planes 
or low thresholds can badly divide alternative stable states thus favoring 
a transition from one condition to another. This might generate flick-
ering between the available states and increasing variance, triggering 
potential regime shifts ( ilhelm and Hanggi, 2003  Scheffer et al., 
2012). In summary, the results highlight that processes able to influence 
solutes in Eastern Siberian rivers are acting in a fragmented way, 
generating intermittency and local variability, as well as a discontinuous 
spatial behavior (Colombo et al., 2018). Additionally, the heaviest tail of 
the distribution and the presence of bimodality suggests a lower resil-
ience of the system to regime shifts in more recent periods, potentially 
linked to enhanced permafrost degradation caused by global warming 
( ang et al., 2024). Global climate change and warming are the main 
anthropogenic impacts in this very remote region, indicating human 
impacts have no borders and far-reaching conse uences worldwide. 
Although direct human activities in the Arctic and sub-arctic are 
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generally assumed to be modest, they can interact with climate or 
environmental changes to either mitigate or exacerbate the human im-
pacts (Huntington et al., 200 ). 

4.2. Pert r ation ifferences 

The calculation of the perturbation difference vector for each sample 
from the chosen benchmark provides information about the behavior of 
each variable within the composition. The se uential plots of the Fig. 5 
combined with the maps of the perturbation difference values (Figs. 6 
and ) reveal that Ca2+, Mg2+ and HCO−

3 are mostly stable with a 
moderately increasing variability when the DS is higher. An opposite 
behavior is instead observed for K+ with a slightly higher variability for 
lower DS values. On the other hand, Na+, Cl− and SO2−

4 exhibit high 
variability and strongly intermittent behavior. Large fluctuations in an 
intermittent process are not a rare event such as in the Gaussian process 
and contribute to define the statistical moments of a probability distri-
bution (Abramenko, 2014). In this case, the density distribution function 
is no longer determined by the first and second statistical moments 
(mean and variance), and high-order moments play a crucial role in 
shaping the heavy tails, generating multifractality ( uo and ang, 
2016). The obtained results appear to indicate that the responsibility of 
the complex density function governing the D behavior (log normal plus 
power law) and, conse uently, the compositional changes affecting the 
Eastern Siberia river waters, are primarily attributable to the behavior of 
the second group of variables (i.e. Na+, Cl− and SO2−

4 ). 

A wide literature suggests that the increase in precipitation induced 
by climate warming is the primary driver for the increase of Siberian 
river discharge and that concentrations of major ions tend to increase 
following permafrost degradation (Colombo et al., 2018  Feng et al., 
2021  Liu et al., 2022). Based on our results, we can say that these effects 
generate high variability in Na+, Cl− and SO2−

4 with respect to Ca2+, 
Mg2+, K+ and HCO−

3 . By comparing compositional changes to a defined 
benchmark (e.g., lowest TDS-benchmark), the different response of the 
variables is clearly evident. 

The chemical stability of the components of the carbonatic cycle 
(Ca2+, Mg2+ and HCO−

3 ) likely indicate adaptive capacity (higher resil-
ience) to change since all variations appear to be smoothed out. This 
behavior is also monitored in other river basins (e.g., Gozzi et al., 2018  
Gozzi and Buccianti, 2022), and could be due to the rapid kinetics of 
dissolution/precipitation processes and mineral solubility that contrast 
the effect of the increasing discharge. The behavior of K+ is generally 
complex, governed by silicate weathering, adsorption and decomposi-
tion processes. The vegetation uptake, together with the solubility of 
clay minerals, in general pose some limits to its concentration in river 
water but sensibility to flood event is well documented (Lucas et al., 
2011). In western Siberia, Pokrovsky et al. (2015) reports evidence of 
the importance of plant litter and ground vegetation leaching, 
comparing K+ concentrations as a function of latitude and finding an 
important relationship with the seasons. Hence, the continuous ex-
change between abiotic and biotic processes could maintain the vari-
ability of the elements under control. Differences in the behavior of the 
ions have been also discussed in napp et al. (2020) by the analysis of 30 
events extracted from a 2-year time series of sub-hourly stream water 
solute measurements in Switzerland. It was demonstrated that the 
variability in concentration–discharge relationships among different 
hydrologic events and solutes could be linked to a range of environ-
mental controls. On the whole, variables apparently better involved in 
bio-geochemical cycles seem more efficient in maintaining their vari-
ability inside defined ranges while for the others sound as if no suc-
cessful tools are available to opposite to the concentration increase in 
waters. 

On the other hand, the intermittency of Na+, Cl− and SO2−
4 opens a 

complete different scenario where the increase in variability and rate of 
change could anticipate regime shifts or critical transitions (Beck et al., 
2018). The behavior of Na+ is generally affected by silicate weathering, 
salts dissolution and cation exchange processes. The high variability 
registered in the relative compositional changes could be attributable to 
the multiples sources of the cation in the investigated area, spanning 
from silicate rocks, salts, mineralized groundwaters, sedimentary sulfide 
rocks and soil salinization phenomena, this last particularly in the cry-
oarid territories of the south of the Eastern Siberia (Chernousenko, 
2021). Once it reaches the solution Na+ tends to stay, increasing its 
concentration. However, permafrost degradation, involving an higher 

Fig. 8. Complementary cumulative distribution function for the Pr[ ≥ ] in a 
log-log plane (Mitzenmacher, 2004). The dotted line is the log normal model 
with mean and variance of the D calculated data  the dashed line represents the 
power law model for ≥ 3.8  the vertical light blue line is posed for = 4. 

Fig. 9. a) Comparison of density plots for the two available time periods and b) simulated reversed densities for a normal and a heavy-tailed (skewed) distribution.  
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exchange with groundwater and underground can enhance its mobility 
and variability. 

The concentration of SO2−
4 is strongly related to dissolution and 

oxidation processes. Permafrost degradation, by modifying the oxida-
tion/reduction conditions, could be responsible of its high variability 
and intermittency. In this perspective, the complex feed-backs affecting 
human-induced climate change, hydrology and landscape modifications 
on the redox conditions were investigated in Herndon et al. (2020). 
Permafrost degradation is supposed to accelerate sulfide oxidation by 
increasing mineral exposure to weathering, depending of the litholog-
ical context. However, sharp increases of sulfate concentrations in water 
are hypothesized to be better explained by increased erosion with 
respect to the increase of the thaw depth ( okelj et al., 2013). Thus, 
permafrost degradation can result in extreme erosion events that drive 
rapid mineral weathering affecting the biogeochemical cycling of redox- 
sensitive elements. In addition, concentration of SO2−

4 could also be 
influenced by human-induced pressures and pollution. Previous 
research, in fact, has demonstrated the impact of air-born particles 
(aerosols) of sulphuric and nitric acid from industrial sources carried 
through the atmosphere and rivers can contribute to the acidification of 
Siberian lake waters (Havens and eppesen, 2018  Biskaborn et al., 
2021). Our result on SO2−

4 behavior could represent a further wake-up 
call. 

Concerning Cl− geochemistry, processes affecting this ion are related 
to evapo-transpiration and sea salt aerosols but there are not way to pose 
limits to its concentration in unsaturated a ueous solutions, due to its 
highly conservative behavior. The significant Cl− perturbations in the 
Lena basin are likely caused by the interaction between groundwater 
and marine halite/gypsum se uences widespread on the Siberian Plat-
form (Ronov, 1 82  Huh et al., 1 8a), a process which may be further 
enhanced by permafrost degradation. Cl− is the only element in the 
composition that associates high variability and intermittency with a 
significant increasing trend with TDS, perhaps a second wake-up call. 

5. Conclusions 

Over 40 years after ohn Aitchison s first idea (Aitchison, 1 82), 
Compositional Data Analysis (CoDA) has revolutionized the way con-
strained data are managed, representing the core for the analysis of 
geochemical data. CoDA provides methods where the complex compo-
sitional structure and the interrelationships among different compo-
nents are properly analyzed within a statistical context. 

In a rapidly changing world, impacted by climate modifications and 
global warming, it is urgent to define the correct way to monitor 
compositional changes. These last enable the discovery of resilient be-
haviors and traces of high variability and intermittency which could be 
harbingers of upcoming transitions between alternative states. The 
complex relationships between global warming and rainfall increase are, 
for example, at the base of the major ions content in waters of permafrost 
areas, as reported by the Intergovernmental Panel on Climate Change 
(IPCC). Concentration increases are limited by dilution effects caused by 
increasing runoff (Colombo et al., 2018). However a “chemostatic” 
behavior where solute concentrations in stream water are not deter-
mined exclusively by dilution is reported by Godsey et al. (200 ). 

In this work we proposed a new CoDA approach which combines the 
calculus of the robust Mahalanobis distance from a pristine composi-
tional benchmark with that of perturbation difference from the same 
benchmark. The first one represents a fundamental tool to have a first 
exhaustive attempt for identifying collective behavior and the nature of 
the changes, while the second enable to explore the relative effects on 
the individual variables. e used the lowest TDS-benchmark as refer-
ence to trace how evolutionary geochemical paths evolve and then 
check their relapses over time and space. By analyzing the Eastern Si-
berian River Chemistry (ESRC) database (Liu et al., 2022) using the 
proposed approach the following results were obtained:  

1. The Mahalanobis distance (D) from the lowest TDS-benchmark is 
described by a log-normal distribution. A heavy tail distribution is 
found exceeding a certain threshold of D. The tail has become 
heaviest in more recent years as a result of the appearance of a new 
basin of attraction (mode) in the data.  

2. High values of Mahalanobis distances seem to be more common 
where permafrost is more discontinuous or sporadic.  

3. The calculus of perturbations from the lowest TDS-benchmark 
revealed that not all the chemical components of river waters 
respond to global changes in the same way:  

• Ca2+, Mg2+, HCO−
3 and K+ are poorly perturbed and have low 

variability  

• Na+, Cl− and SO2−
4 show instead high perturbations and variability. 

From the obtained results the following findings were obtained:  

1. Complex multiplicative laws and feedback mechanisms governing 
the dissolved solids in Eastern Siberian river. The system is experi-
encing a lower resilience to regime shifts in more recent periods, 
potentially linked to enhanced permafrost degradation caused by 
global warming.  

2. Variables participating carbonatic cycle are able to respond to 
environmental drives maintaining the variability of the variation 
rate under control thus showing a higher resilience.  

3. Conversely, Na+, Cl− and SO2−
4 are more prone to flickering since 

their high variability might generate multiple stable states (Scheffer 
et al., 200 ). Sometimes this can represent an early warning signal 
since, for instance, the known environmental conditions of the hy-
drological cycle can no longer be maintained (Caldecott, 2022  u 
et al., 2022). 

Our approach indirectly intercepted the most important features of 
the Eastern Siberian environment, discriminating between chemical 
components where variability can be or not maintained under control, 
under the pressure global drivers. It is notwithstanding that, singularly, 
temperature, precipitation or evapo-transpiration do not show signifi-
cant relationships with D values. Nevertheless, as reported in Dakos and 

éfi (2022) resilience cannot be captured by a single number and 
research on multiple metrics should be developed to provide a com-
posite evaluation. This is especially true for geochemical systems, where 
the experience is not as high as in ecological networks. This work wishes 
to represent a first step along this path of research under the unusual 
CoDA perspective in an area greatly impacted by global warming. 
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