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Preface 
The International Cooperative Programme on Assessment and Monitoring of the Effects of Air Pollution 
on Rivers and Lakes (ICP Waters) was established under the Executive Body of the UNECE Convention on 
Long-range Transboundary Air Pollution (CLRTAP) in July 1985. Since then, ICP Waters has been an 
important contributor to documenting the effects of implementing the Protocols under the Convention. 
ICP Waters has prepared numerous assessments, reports and publications that address the effects of long-
range transported air pollution. 

ICP Waters and its Programme Centre are chaired and hosted by the Norwegian Institute for Water 
Research (NIVA), respectively. A programme subcentre is established at NORCE in Bergen. ICP Waters is 
supported financially by the Norwegian Ministry of Climate and Environment and the Trust Fund of the 
UNECE LRTAP Convention. 

The main aim of the ICP Waters programme is to assess, on a regional basis, the degree and geographical 
extent of the impact of atmospheric pollution, particularly acidification, on surface waters. More than 20 
countries in Europe and North America participate in the programme on a regular basis. 

An important basis of the work of the ICP Waters programme is the data from existing surface water 
monitoring programmes in the participating countries, collected through voluntary contributions. The ICP 
Waters site network is geographically extensive and includes long-term data series (over 25 years) for over 
500 sites in Europe and North America. The programme conducts annual chemical intercomparison and 
biological intercalibration exercises. 

This report presents long-term trends (1990-2020) in surface water acidification and concentrations of 
major anions and cations in Europe and North America, with a focus on calcium (Ca2+) concentration and 
its governing factors (deposition, land cover, climate). Calcium is a key component in the buffering of 
surface waters from acidification, and changes in calcium over time are linked to changes in strong acid 
anions, organic acidity, and bicarbonate. The variabilities of these controls are investigated in a statistical 
analysis.   

Rolf D. Vogt has been the lead author of the report. Cathrine B. Gundersen was the main responsible for 
the latest data call. James E. Sample has been responsible for trend calculations. A reference group 
consisting of Martyn Futter, Jens Fölster, Sandra Steingruber, Daniel Houle, Don Monteith and Michela 
Rogora contributed with comments during the writing of the report. The remaining authors have 
contributed with data, as well as input to the final draft of the report. 

We wish to thank the National Focal Centres and their national funder organisations for their timely 
deliveries of high-quality monitoring data to ICP Waters databases. 

Oslo, 17 January 2024  

Heleen de Wit 

ICP Waters Programme Centre 
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Summary 
Trends in water chemistry in acid-sensitive regions present evidence for the effects of changing air 
pollution on surface waters. Recent evidence suggests that calcium, an important component of the 
capacity to buffer acidity, shows smaller changes than expected given the changes in strong acid anions 
in surface waters.  Here, we present 1) a trend analysis of water chemistry in acid-sensitive regions from 
1990 to 2020, and 2) a more detailed analysis of changes in calcium and its controlling factors, in terms 
of trends in strong acid anions, organic acidity, and bicarbonate.  

Sulphate concentrations have declined significantly at 427 of the 430 selected sites from 1990 to 2020, 
and 4 of the 10 regions show more than a 40% decline for the period between 1990 – 2004 and 2006 – 
2020. Nitrate declined in 8 of the regions, although 192 of the individual sites show no trend or an 
increase. Notably, chloride declined in 7 of 10 regions, and in Great Britain/Ireland/Netherlands (UK-IE-
NL) the negative slopes were steeper than for sulphate and nitrate. Chloride levels are affected by the 
deposition of sea salts as well as air pollution. Changes in levels of sulphate and nitrate were more 
prevalent in the first period (1990 – 2004) than during the last (2006 – 2020), indicating air pollutants 
levelling off in recent years. On a regional scale, base cation concentrations have declined by 
approximately half the equivalent change in concentration of sulphate. All regions show increasing ANC 
between 1990 and 2020, reflecting a widespread recovery. Water pH has increased only slightly in all the 
regions, despite the large reduction in strong acid deposition. This is partially due to the replacement of 
the strong acids by weak acids (i.e., organic humic acids and carbonic acid), manifested as an increase in 
positive ANC. Trajectories of sulphate, ANC and pH indicate that recovery has slowed in Europe while 
accelerating in North America since the early 2000s. This is related to slower emission declines in Europe 
and faster declines in North America after 2000. 

Based on the principle of electroneutrality, changes in cation and anion equivalent concentrations in 
runoff should balance. The large decline in strong acid anions would therefore be expected to be 
accompanied by downward trends in base cations, including calcium (Ca2+). However, recent evidence 
suggests that in some regions, Ca2+ has increased despite the decline in sulphate (SO4

2-). The sites included 
in this report show mostly declining trends in Ca2+, with some exceptions. Increases in Ca2+ concentrations 
occurred in catchments that have a pH above 5.5 and have only been slightly anthropogenically acidified. 
At these sites, the temporal increase in especially bicarbonate (HCO3

-), but also partly weak organic acid 
anions (Org.-), is larger than the decrease in SO4

2- concentrations. Consequently, the resulting negative 
charge (sum of strong acid anions, organic acidity, and bicarbonate) is increasing, leading to an associated 
increase in Ca2+, which is the dominating cation at most sites. The increase in Org.- is driven by the increase 
in organic matter solubility, related to the decline in acid deposition, as previously established in ICP 
Waters data analyses. We hypothesize that the increase in HCO3

- could be due to an increase in weathering 
rates. Longer growing seasons, higher forest biomass (both climate-related) and increased concentrations 
of dissolved organic matter (driven by reduced acid deposition) could all lead to more dissolved CO2, root 
exudates and organic acidity in soil solution that might promote higher mineral weathering. To what 
extent these processes also affect recovery in more acidic and severely acidified sites is beyond the scope 
of this study.  

We conclude that surface waters in Europe and North America show strong chemical recovery. In the past 
decade, chemical recovery in Europe is levelling off while it is accelerating in North America, in agreement 
with air pollution trends. In less acidic sites, observed increases in calcium are better explained by changes 
in bicarbonate than changes in strong acid anions. This might be the result of a climate-induced increase 
in weathering rates, and if this is correct, we should consider incorporating this in the process description 
of the models used to predict future chemical recovery.  
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Sammendrag 
Trender innen vannkjemi i forsuringsfølsomme områder dokumenterer effektene av endret 
luftforurensning på overflatevann. Nyere data tyder på at kalsium, en viktig komponent i forhold til å bufre 
surheten i vann, viser mindre endringer enn forventet i forhold til nedgangen i sterke syres anioner i 
overflatevann. Her presenterer vi 1) trendanalyser av vannkjemi i forsuringsfølsomme regioner fra 1990 
til 2020, og 2) en mer detaljert analyse av endringer i kalsium og dets kontrollerende faktorer, i form av 
trender i sterke syre anioner, organisk surhet og bikarbonat. 

Konsentrasjonene av sulfat har gått betydelig ned fra 1990 til 2020 i 427 av de 430 studerte lokalitetene, 
og 4 av de 10 regionene viser mer enn 40 % nedgang for perioden mellom 1990 – 2004 og 2006 – 2020. 
Nitrat avtok i 8 av regionene, selv om 192 av overvåkningsstasjonene enten ikke viser noen trend, eller 
viser en økning. Klorid avtok i 7 av 10 regioner, og i Storbritannia/Irland/Nederland (UK-IE-NL) var 
nedgangen større enn for sulfat og nitrat. Kloridnivået påvirkes av avsetning av havsalt samt 
luftforurensning. Endringer i nivåene av sulfat og nitrat var større under den første perioden (1990 – 2004) 
enn i den siste (2006 – 2020), noe som tyder på at nedgangen i luftforurensningene har flatet ut de siste 
årene. På regional skala har konsentrasjonene av basekationer avtatt omtrent halvparten av tilsvarende 
endring i sulfatkonsentrasjon. Alle regioner viser økende syrenøytraliserende kapasitet (ANC) mellom 
1990 og 2020, noe som gjenspeiler en utbredt gjenhenting fra forsuring. pH i vann har bare økt litt i alle 
regionene, til tross for den store nedgangen i avsetningen av sterke syrer. Dette er delvis på grunn av at 
de sterke syrene er erstattet med svake syrer (dvs. organiske humussyrer og karbonsyre). Dette ser vi som 
en økning i positiv ANC. Utviklingen for sulfat, ANC og pH indikerer at takten i gjenhentingen fra forsuring 
har avtatt i Europa mens den har akselerert i Nord-Amerika siden tidlig på 2000-tallet. Dette har 
sammenheng med mindre reduksjoner i utslipp i Europa og raskere reduksjoner i Nord-Amerika etter 2000. 

Basert på prinsippet om ladningsbalanse må endringer i ekvivalente konsentrasjoner av kationer og 
anioner i vannprøvene balansere. Den store nedgangen i sterke syrers anioner vil derfor forventes å være 
ledsaget av tilsvarende trender i basekationer, inkludert kalsium (Ca2+). Stasjonene som er studert i denne 
rapporten viser stort sett fallende trender i Ca2+, med noen unntak. Ferske data tyder på at Ca2+ i noen 
regioner har økt til tross for nedgangen i sulfat (SO4

2-). Økninger i Ca2+-konsentrasjoner finner vi i 
nedbørfelt som har en pH over 5,5 og som kun er mindre antropogent forsuret. På disse stedene er det en 
økning over tid i spesielt bikarbonat (HCO3

-), men også til dels svake organiske syreanioner (Org.-) , som er 
større enn nedgangen i SO4

2- konsentrasjoner. Følgelig øker den resulterende negative ladningen 
(summen av sterke sure anioner, organisk surhet og bikarbonat), noe som fører til økningen i Ca2+, som i 
de fleste steder er det dominerende kationet. Økningen i Org.- er drevet av økningen i løseligheten av 
organisk materiale, relatert til nedgangen i sur nedbør, som tidligere rapportert fra ICP Waters 
dataanalyser. Vi antar at økningen i HCO3

- kan skyldes økt forvitringshastighet. Lengre vekstsesong, større 
skogbiomasse (begge klimarelatert) og økte konsentrasjoner av løst organisk materiale (drevet av 
redusert syreavsetning) kan alle føre til økt forvitring gjennom at surheten i jordvannet øker på grunn av 
mer oppløst CO2 og økt tilførsel av organiske syrer fra røtter. I hvilken grad disse prosessene også påvirker 
gjenhentingen fra forsuring i sterkt forsurede områder ligger utenfor målsetningen for denne studien. 

Vi konkluderer med at overflatevann i Europa og Nord-Amerika viser stor grad av gjenhenting fra forsuring. 
Det siste tiåret har denne trenden i Europa flatet ut mens den har akselerert i Nord-Amerika, i samsvar 
med luftforurensningstrendene. I mindre sure vannforekomster er det observert økninger i kalsium som 
er bedre forklart av endringer i bikarbonat enn endringer i sterke syrers anioner. Dette kan være et resultat 
av en klimaindusert økning i forvitringshastigheten, og hvis dette er riktig, bør vi vurdere å inkludere dette 
i prosessbeskrivelsen for modellene som brukes for å forutsi fremtidig gjenhenting fra forsuring. 
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1 Introduction 

1.1 The ICP Waters programme 

Over the past five decades, there has been significant global attention focused on the issue of acid 
atmospheric deposition, commonly known as "acid rain," particularly in Europe and North America. 
Polluted air masses containing sulphur and nitrogen compounds traverse long distances, crossing 
international borders. Consequently, these acidifying substances have far-reaching effects on surface 
waters, groundwater, and forest soils, extending well beyond the countries where they originate. To 
address this environmental concern, the Convention on Long-range Transboundary Air Pollution (CLRTAP) 
was adopted in 1979 and became effective in 1983. This marked the initial step in implementing measures 
to reduce emissions of air pollutants on an international scale, with a primary focus on Europe and North 
America. 

The Working Group on Effects (WGE) has aided the Convention by advancing scientific knowledge to 
support its Protocols. The WGE’s sixth International Cooperative Programme (Modelling and Mapping, 
Waters, Vegetation, Forests, Materials, Integrated Monitoring) and a Joint Task Force with the World 
Health Organisation (WHO) on Human Health are dedicated to quantifying the effects of air pollution on 
the environment through monitoring, modelling, and scientific review.  

The International Cooperative Programme on Assessment and Monitoring of the Effects of Air Pollution 
on Rivers and Lakes (ICP Waters) was established under the Executive Body of the Convention on LRTAP 
at its third session in Helsinki in July 1985. Norway has led ICP Waters since 1987.  

One of the responsibilities of ICP Waters, as listed in the mandate 1, is to plan and conduct technical work 
to assess the extent, spatial patterns, temporal trends, and impact of air pollution, as well as its 
confounding factors, using monitoring data and other sources of scientific evidence. The monitoring 
programme is therefore designed to assess, on a regional scale, the degree and geographical extent of 
surface water acidification. The collected data serve to relate trends in acidic deposition with the changes 
in the physical, chemical, and biological status of lakes and streams. Additionally, they provide information 
on dose/response relationships under different environmental conditions. The ICP Waters Programme is 
based on existing monitoring programmes in participating countries, and it is implemented through 
voluntary national contributions. 

1.2 The ICP Waters database 

The ICP Waters database encompasses surface water data sourced from 19 countries spanning Europe 
and North America (Table 1). The dataset presently comprises 577 sites with long-term monitoring 
records, predominantly located in “acid-sensitive” regions. These areas exhibit low ANC and a history of 
acid deposition (Skjelkvåle et al., 2011). In 2023, much effort has been dedicated to completing the 
records available for all sites, with particular emphasis on the period from 2016 to 2020. Data used in this 
report are available on GitHub 2. 

 

 
1 https://www.unece.org/fileadmin/DAM/env/documents/2019/AIR/EB/ECE_EB.AIR_2019_9-1916525E.pdf 
2 https://github.com/JamesSample/icpw2/tree/master/thematic_report_2023 

https://www.unece.org/fileadmin/DAM/env/documents/2019/AIR/EB/ECE_EB.AIR_2019_9-1916525E.pdf
https://github.com/JamesSample/icpw2/tree/master/thematic_report_2023


 
 
 

9 

 

Table 1. ICP Waters sites by country. 

Country Number of sites  
Armenia    10  
Canada  115  
Czech Republic      8  
Estonia  1  
Finland  26  
Germany  33  
Ireland  20  
Italy  12  
Latvia  8  
Moldova  2  
Netherlands  11 
Norway  83  
Poland  14  
Slovakia  12  
Spain  3 
Sweden  92  
Switzerland 10 
United Kingdom  22  
United States  95  
Total 577 
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1.3 Objectives 

As outlined above, a major aim of ICP Waters is to assess the long-term trends in aquatic chemistry that 
can be attributed to atmospheric pollution. The indicators most amenable to such analysis are those that 
respond to changes in the deposition of sulphur and nitrogen compounds, and their analysis has therefore 
featured as a recurring theme in the scientific reports issued by the Task Force, with a periodicity of about 
4 years. As time series have grown longer, and as deposition levels have decreased, it has become evident 
that adding an extra three to five years of data does not result in significant alterations to regional and 
temporal trends. Readers of past ICP Waters reports might therefore recognize recurring elements and 
phrases. In the most recent reports, we have instead directed the attention to specific aspects of temporal 
development. In 2007 the specialist topic was “confounding factors”, in which we explored how factors 
other than acid deposition could affect chemical and biological recovery (Skjelkvåle and de Wit, 2007). In 
2011 and 2015 the emphasis shifted to biological recovery, or the lack thereof, along with attempts to 
compare trends from two different periods in water and precipitation. Additionally, efforts were made to 
predict future trends (Skjelkvåle and de Wit, 2011; Garmo et al., 2015). In the last report, published in 
2020 (Garmo et al., 2020), we analysed shifts in long-term trends in average chemistry spanning 26 years 
(1990-2016). This analysis identified the specific points in time when significant changes had occurred. 
Furthermore, the last report featured a chapter dedicated to a review of how changes in land use impact 
the recovery of acidified waters. 

In the current report, we follow up on the time trend analysis, dividing the dataset into three 15-year 
periods 1990-2004, 1998-2012, 2008-2020, and 12 regions. The use of overlapping periods was motivated 
by the need for sufficient periods for sound time trend analysis. We assess trends in sulphate (SO4

2-), nitrate 
(NO3

-), chloride (Cl-), calcium (Ca2+), magnesium (Mg2+), acid neutralizing capacity (ANC), H+, Organic 
anions (Org.-), and bicarbonate (HCO3

-).  

A dedicated chapter of the report addresses cross-network differences in Ca2+ trends. There has been a 
consistent pattern of chemical recovery across a vast majority of the ICP Waters sites, characterized by 
decreasing SO4

2- and NO3
- and increasing pH and ANC. The principle of electroneutrality, where cation and 

anion charges must balance, suggests that Ca2+ levels might be expected to have fallen in response to the 
declining anion levels. In line with this, a global analysis confirms that downward temporal trends in Ca2+ 
dominate in base-cation-poor regions of the world receiving declining deposition of acid deposition 
(Weyhenmeyer et al., 2019), including the ICP Waters region.  

However, there are exceptions to this pattern that remain not fully understood. In the Norwegian national 
1000 lake survey in 2019 compared to 1995 (de Wit et al., 2023), as well as in a long-term annual survey 
of 78 lakes (i.e., “TrendLakes”) (Vogt & Skancke, 2023), we noted an upward trend in Ca2+, except for South 
Norway (the part of the country with historically the most acidified surface waters).  

Understanding the major biogeochemical processes driving changes in base cation concentrations and an 
accurate description of catchment buffering of acidic deposition is pivotal, both for critical load 
calculations within process-oriented models and for predicting future recovery effects on aquatic 
organisms that are sensitive to low calcium levels. Gaining a better understanding of the biogeochemical 
controls of Ca2+ is therefore a key to understanding current trends and making predictions regarding future 
recovery of acidified surface waters. Moreover, the increase in Ca2+ concentrations challenge our models’ 
predictions of recovery from acidification for lakes and rivers. This is thus investigated further in Chapter 
3 based on the very extensive data from ICP Waters sites. 
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2 Trends in Surface Water Chemistry 1990 - 2020 
Anthropogenic emissions of acid oxides have greatly declined in Europe and Norh America since 1990 
(Fagerli et al., 2023). The decline in SO4

2-, formerly the major non-marine anion in most surface waters in 
acid-sensitive regions, has been accompanied by a significant recovery in water chemistry. We report 
trends for sites that are grouped into regions defined by geographic location, acid sensitivity and rates of 
deposition. These regions adhere to those used in previous ICP Waters trend reports.  

2.1 Methods 

2.1.1. Selection of sites for analysis  
The sites in the ICP Waters database have been selected by the Focal Centres. They should preferably be 
sensitive to acid deposition (e.g., have inherent low alkalinity) and have a short response time. Their 
catchments should also be relatively undisturbed and be without significant local sources of pollution 
(ICP Waters Programme Centre, 2010). The sites are thus predominantly headwaters, many of them 
located in protected environment areas. Sites with known contamination (e.g., from mining) were 
excluded 3. National providers of the data used in this report are listed in Table A3.  

Raw data were extracted for all ICP Waters sites and derived parameters (such as ANC, organic anions 
(Org.-) and bicarbonate (HCO3

-)) were calculated for each sample, where possible.  

To gain a clearer understanding of potential shifts in temporal dynamics over time, the analysis considers 
four periods of interest: the whole period from 1990 to 2020, the initial period covering the years from 
1990 to 2004, the middle period from 1998 to 2012, and the most recent period going from 2006 to 2020. 
To avoid spurious results due to missing data, we applied selection criteria for inclusion of the data from 
each site for each of these periods: 

• At least one annual value within the first 5 years of the period. 
• At least one annual value within the last 5 years of the period. 
• Data available for at least 65% of years in the period (e.g., 1990 to 2020 is 31 years, so 

the data series must have at least 0.65 ∙ 31 = 20 valid annual values). 
 
These criteria were applied separately at each site for the following parameters: pH, TOC, base cations 
([Ca2+], [Mg2+], [Na+], [K+], and [NH4

+]), and strong acid anions (SO4
2-, NO3

-, and Cl-), enabling the calculation 
of strong acid anions (SAA), acid neutralising capacity (ANC), Org.-, and HCO3

- (Chapter 2.1.3). Sites were 
included in the final selection for each period only if the criteria were met for all parameters 
simultaneously. An exception was made for the lack of TOC data for sites in Italy and Switzerland as their 
waters do not contain significant levels of dissolved organic matter.  
  

 
3 The sites in Moldova (MD01 and MD02) and several sites in Germany (DE04, DE09, DE14, DE15, DE21, DE25, DE30 and DE31) were 
removed as we suspect these sites are affected by mining.  Sites in Latvia and Estonia were removed due to that they are not acid 
sensitive. Edasjön (SE55) was removed as it is an outlier having a neutral pH (7.12), with high Ca2+ levels (1.02 mEq/L), driven by a 
high HCO3- (0.95 mEq/L).  
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This yielded the following numbers of sites included in further analyses: 

• 1990 to 2020:    430 sites (Figure 1) 
• 1990 to 2004:    445 sites 
• 1998 to 2012:    462 sites 
• 2006 to 2020:    440 sites 

 
Of these sites, 405 met the criteria for all four periods. This limited selection would provide the most 
coherent picture of changes over time, but for some regions, the number of sites is small or lacking 
completely (Figure 2). The main strength of the ICP Water database is the large number of sites, spanning 
large gradients in drivers and pressures. In this report, we draw from a variable population of sites for the 
different periods to maximise site diversity.  
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Figure 1. Maps showing the 430 sites that passed the criteria for estimating trends from 1990 to 2020. 
Region names are abbreviated as follows: NoNord = North Nordic; SoNord = South Nordic; UK-IE-NL = 
Great Britain/Ireland/Netherlands; WCE = West Central Europe; ECE=East Central Europe; AdsCsk = 
Adirondack/Catskill; AtlCan = Atlantic Canada; Ont = Ontario; QuMaVt = Quebec/Maine/Vermont. 
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Figure 2. Map of the 405 sites that have data for all the three 15-year time series 1990-2004, 1998-
2012, and 2008-2020. See the caption of Figure 1 for explanations or abbreviations. 
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2.1.2. Quality assurance of data 
Standardization of sample collection and analytical methodologies are addressed in the ICP Waters 
Programme Manual (ICP Waters Programme Centre, 2010). Three levels of quality control (QC) of water 
chemistry data are distinguished: intra-laboratory controls in individual countries, inter-laboratory 
controls (Bryntesen, 2022) and QC of data reported to the National Focal Centres and forwarded to the 
Programme Centre at NIVA. The latter involves a technical procedure including ascertaining outliers. To 
identify and remove outliers, we used a “double Median Absolute Deviation” approach based on Hampel 
(1974). In this step, the “outlier threshold” was set to a conservative value of 5 – instead of the more 
common value of 2.5 to 3, to ensure only extreme outliers were removed. Annual medians for each 
parameter at each site were then calculated.  

2.1.3. Variables and statistical methods 
Our analysis is restricted to variables that play major roles in acidification and recovery:  

1. SO4
2- and NO3

-, the acid anions of acidic deposition. Trends in the concentrations of these anions 
usually reflect recent trends in deposition (especially SO4

2-) and in ecosystem response to long-
term deposition (e.g., NO3

-). 
2. Cl-, another acid anion that reflects the sea-salt influence, and in some regions (e.g., UK-IE-NL) 

anthropogenic emissions of hydrochloric acid. 
3. Ca2+ and Mg2+ are divalent base cations. They are mobilised by weathering reactions and cation 

exchange that neutralise acids in watersheds. Deposition from air may also be a (usually minor) 
source. 

4. pH is the negative log of the H+ activity, reflecting the acidity of the water. All pH values were 
transformed to H+ concentrations before any statistical analysis. 

5. Acid Neutralising Capacity (ANC) is calculated as the difference between the equivalent sum of 
base cations (BC = [Ca2+] + [Mg2+] + [Na+] +[K+] + [NH4

+]) 4 and strong acid anions (SAA = SO4
2- + 

NO3
- + Cl-). Ammonium (NH4

+) is assumed negligible where data are lacking (i.e., 27% of the 
samples). ANC reflects the water’s ability to neutralize acid inputs. ANC can also be conceived 
equal to [HCO3

-] + [Org.-] - [H+] - [Aln+], i.e., the remaining ions constituting the charge balance. 
The aluminium ([Aln+]) and bicarbonate (HCO3

-) charge concentrations are assumed to be 
negligible in samples with pH above and below 5.5, respectively. The ANC is therefore conceived 
to be equal to the charge of [HCO3

-] + [Org.-] - [H+] in samples with pH above 5.5. Below pH 5.5 
the ANC mainly includes [Org.-] - [H+] - [Aln+].  

6. Total organic carbon (TOC) or dissolved organic carbon (DOC) - i.e., organic carbon measured in 
samples after filtering through, for example, a 0.45 µm filter. TOC and DOC are considered proxies 
for dissolved organic matter (DOM), mainly derived through the degradation of soil organic matter 
in catchment soils. The difference between TOC and DOC in headwaters is usually minor.  

7. Organic anions (Org.-) is the average charge of DOM, balancing a significant fraction of the 
positive ANC charge. It is estimated according to the tri-protic acid model by Hruška et al. (2003) 5, 
which generates similar results as the model by Oliver et al. (1983).  

8. Bicarbonate (HCO3
-) is also balancing a significant part of the positive ANC at pH above 5.5. It is 

estimated from the equivalent charge balance (i.e., ([HCO3
-] = ANC + [H+] – [Org.-]), assuming the 

charge contribution by labile aluminium to be insignificant at pH above 5.5. Where HCO3
- is 

calculated to be negative it is set to 0. At pH above 5.5 the HCO3
- concentration becomes 

significant as more than 14% of carbonic acid present is deprotonated ([𝐻𝐻2𝐶𝐶𝑂𝑂3]
�𝐻𝐻𝐶𝐶𝑂𝑂3

−�
= α1 = 0.86).  

 

 
4 The brackets refer to concentration in μEq/L. Ammonium concentration was set to zero where unavailable. ANC was not 
calculated if data on any of the other major ions were missing.  
5 The pKa values used in the model are pK1=3.04, pK2=4.42, pK3=6.70, with a site density of 16.6 µEq/mg C.  
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Analysis of trends in other important variables, such as labile aluminium and alkalinity, is hampered in the 
ICP Waters dataset by large differences in analytical methods between laboratories due to lack of 
standardisation (see e.g., Hovind, 1998).  

The frequency of observations at each site varied from a single annual observation in some lakes to weekly 
sampling in some streams, and the frequency of observations for some sites differed between years. For 
each site, an annual median was therefore calculated for each variable, and used in the statistical analysis 
of trends from 1990 to 2020, and for the three 15-year periods. Thus, seasonality in the data only 
influenced the annual value and did not affect the power of the statistical tests.  

The Mann-Kendall test (MKT) (Hirsch and Slack, 1984) is used to identify monotonic trends for individual 
sites for the periods 1990-2020, 1990-2004, 1998-2012, and 2008-2020 from the value of the test 
statistic (Z-score). The MKT is robust against outliers and missing data. Moreover, it does not require 
normal distribution of data. Slopes were calculated using the Sen’s estimator (Sen, 1968). A paired t-test 
is used to test for differences between individual trend slopes for the partly overlapping periods. Regional 
trends in annual median values are assessed using the Regional Kendall Test (RKT) (Helsel and Frans, 
2006), which provides median slopes and statistical significance of the trend. The RKT has similar 
strengths as the MKT and again does not require normal distribution of data. All time trend and slope 
analyses have been computed using Python 3.10 (Python Software Foundation, 2023), while multivariate 
statistics and regressions have been conducted in Minitab statistical software (Minitab, 2021).  
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2.2 Results 

2.2.1. Data Characteristics 
Statistical descriptors of all parameters were 
assessed with a varying population of sites for the 
different periods (Chapt. 2.1.1). 

On average Ca2+ accounts for most of the cation 
charge, followed by Na+ and Mg2+ (Figure 3). The 
anion charge is dominated by SO4

2- followed 
closely by Cl-, Org.- and HCO3

- (Figure 3).  Since 
the ICP Waters sites were selected to follow the 
effect on water chemistry caused by the decline 
in acid oxide emissions, the average of annual 
median SO4

2- levels from 1990 to 2020 of the 430 
sites are rather high (64.5) µEq/L), though there 
is a wide distribution among the samples (Figure 
4). Although the ICP Water watersheds are acid-
sensitive, the average of annual median ANC and 
Ca2+ concentrations are 69.8 µEq/L and 80.7 
µEq/L, respectively. The dataset comprises 
several samples that are less acidic and 
anthropogenically acidified (Figure 4). The average of annual median pH values (based on H+ Eq.) is only 
5.39, though more than 292 sites have average pH values above 5.5.  Org.- and HCO3

- are relatively high 
with averages of annual median concentrations of 66.6 µEq/L and 23.5 µEq/L, respectively. 

 

Figure 4. Box and whisker plots of the distribution of all data for SO4
2-, Ca2+, H+, Org.- and HCO3

- in the 
73656 ICP Waters samples from 1990 to 2020, showing median, interquartile range box (50% of the data), 
whiskers (top and bottom 25%), and outliers (i.e., 1.5 times the interquartile range). Symbols for identical 
outlier values are distributed horizontally to reveal overlapping points. 

 
 

Figure 3. Grand average water ionic composition at 
the 73 656 ICP Waters samples from 1990 to 2020. 
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2.2.2. Inter-parameter relationships 
Grand inter-parameter relationships in time and space are analysed by studying the 73 656 water samples 
from the 430 ICP Waters sites assessed from 1990 to 2020 using Principal Component Analysis (PCA) and 
Cluster analysis. A PCA of only spatial variation, assessing the median values of the 440 sites with data 
from 2006 to 2020, is depicted in Appendix Figure A1. Since the ranges in spatial variations are 
considerably larger than temporal changes this figure shows very similar inter-parameter relationships to 
the grand relationships shown in Figure 5a. The main principal component (PC1) (Figure 5a) of the PCA, 
is an ionic strength gradient, explaining 37.2% of the variation in the data. Although mainly driven by 
spatial differences, this ionic strength gradient may also be interpreted as a temporal component as the 
ionic strength has declined with decreasing acid deposition. All parameters except H+ have positive 
loading, although this is weak for NO3

-. That H+ has a negative loading along the PC1 reflects the tendency 
for waters with lower ionic strength to have lower buffering capacity and hence be more likely to be acidic 
and/or acidified. Nitrate has a weak PC1 loading since, as a nutrient, it is also regulated by other drivers. 
The second principal component (PC2), explaining an additional 20.8% of the variance, reflects an acid 
sensitivity and marine gradient and may be interpreted more as a spatial component. Here the acid 
parameters hydrogen ion (H+), and sea salts (Na+ and Cl-) have a strong negative loading as opposed to 
the more alkaline parameters Ca2+ and HCO3

- that have strong positive loadings. Notably, the SO4
2-, along 

with Org.-, Mg2+, and K+, have weak loadings along this spatial gradient. That the sulphate and Org.- have 
weak loading as opposed to the strong loading of HCO3

- along an acid spatial gradient, reflects the 
increasing importance of carbonate buffering at sites with pH above 5.5. The sample score plot (Figure 
5b) reveals an even distribution of the samples.  

The cluster analysis (Figure 6) reflects the parameter grouping in the PCA (Figure 5a), and reveals a cluster 
of SO4

2-, Mg2+ and K+, along with the Na+ and Cl- indicative of sea salt sources. Again, we find that HCO3
- 

clusters with Ca2+. Moreover, the weak link between SO4
2- and Ca2+ is noteworthy. Having an opposite 

loading to H+ on the PC2 HCO3
- is a strong contributing factor to the variation in Ca2+. Notably, Ca2+ differs 

from Mg2+ in that Ca2+ follows HCO3
-, while Mg2+ is associated with the SO4

2-. This may partly be due to that 
both sulphate and magnesium are more linked to sea salts than calcium.  

 

a b 

Figure 5. PCA parameter loading plot (a) and sample score plot (b) of the major descriptive parameter’s 
loadings along the two main principal components. 
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Figure 6. Dendrogram showing parameter clustering based on correlation coefficient distance of data 
from 1990 to 2020. 

Differences in Ca2+ are much more closely correlated with HCO3
- than SO4

2-, as would be expected from 
temporal relationships alone. This is partly because the multivariate analysis is based on a grand mix of 
samples in space and time. Still, assessing only the spatial variation we find that the variation in annual 
median concentrations of Ca2+, at the 430 sites with data from 1990 to 2020, is better explained by the 
variation in HCO3

- (54.4%), than by SO4
2- (32.9%) or Org.- (13.1%), as deduced by the coefficient of 

determination (R2) in simple trendline analysis (Figure A2). This is also reflected in the loadings of these 
parameters along the PC2 (Figure 5a). The mainly spatial correlation between nitrate and bicarbonate 
(conf. Figure A1) could be due to those catchments with higher levels of NO3

-, are less N limited, therefore 
relatively more productive - with more root respiration resulting in higher CO2 production and hence more 
HCO3

-. Still, the focus of this report is the temporal trends at the sites, where the declines in SAA likely 
play a more significant role. This analysis nevertheless points out that the effects of temporal trends are 
contingent on spatial differences in site characteristics. 

2.2.3. Regional patterns and temporal trends 
Surface water chemistry of the acid sensitive ICP Waters headwater catchments has changed markedly 
across Europe and North America (Figure 7), owing to the reductions in emissions to the atmosphere of 
sulphur and nitrogen oxides achieved under the CLRTAP (2023). Most evident is the 34% and 28% regional 
average declines in SO4

2- and NO3
- concentrations, respectively, between the periods 1990-2004 and 2006-

2020 (Table 2) and an increase in pH and ANC across a majority of the sites (Table 3).  

Of the 430 sites assessed from 1990 to 2020, 427 show decreasing SO4
2-

 trends. The Swedish site 
Abiskojaure is the only one to show an increasing trend (possibly due to melting glaciers leading to 
exposure of sulfidic shale minerals), while two sites (Svardalsvatnet in Norway and Stor-Tjulträsket in 
Sweden) show no SO4

2-
 trend (Table 3). Reductions in NO3

-
 concentrations, especially in absolute values, 

were smaller and more subtle in most regions than for SO4
2-. Slightly more sites showed a decrease in NO3

- 
(238), than no trend (178), whereas increases were rare (14) across all regions (Table 3). Cl-, another acid 
anion, has also decreased at many (163) sites, though it also increased slightly at 29 sites. These overall 
changes in strong acid anions are the major drivers of general reductions in base cation concentrations. 
Lower concentrations of mobile acid anions draining through the catchment soils lead to lower amounts 
of base cations (BC) being released and leached from the soil. However, Ca2+ trends were not universally 
negative as its concentrations did not change significantly at 164 sites and even increased at 36 of the 
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sites. The sites with increasing Ca2+ occur mainly in the regions NoNord (17 sites), SoNord (9 sites) and 
AtlCan (6 sites). That BCs have decreased less than the acid anions is due to buffering mechanisms in the 
soils, resulting in widespread increases in ANC and pH. Organic acids (Org.-) have increased at 77% of the 
sites. However, the change in the balance of acid and base cations, in terms of equivalence, is lower than 
the change in the balance between strong and weak acid anions. The resulting anionic charge surplus is 
conceived to be made up of bicarbonate. The weak organic and carbonic acids have partially replaced the 
strong mineral acids and thus counteracted the decline in BC and increase in pH. In other words, a more 
pronounced rise in ANC compared to the increase in Org.- relative to the decrease in H+ and acid cations 
(e.g., LAl) implies increased bicarbonate (HCO3

-) concentrations at 34% of the sites. In the NoNord region, 
the Regional Kendall Test (RKT) showed increasing trends for HCO3

- at 75% of the sites.  

The strength of trends in chemical parameters varies between the sub-periods analysed (Table 4). In 
Europe, the decline in SO4

2- has become less pronounced in later years, whereas in North America the 
trend slopes are generally more pronounced after 2006 (purple in Table 4). The historically very heavily 
polluted Western Central Europe (WCE) is unusual in that median sulphate values show a 4% increase 
between the periods 1990 – 2004 and 2006 – 2020 (Table 2). The median value declined from 191 µEq/L 
in 1990 – 2004, to 119 µEq/L during 1998 – 2012, but then increased again to 199 µEq/L in 2006 – 2020 
(Table A1). This is an artefact due to varying site selection of a limited number of sites between the periods 
(Chapt. 2.1.1). The deviations could have been caused by e.g., oxidation of sulphide from legacy S in 
wetlands after droughts. Still, there is an overall significant (p < 0.01) decreasing trend according to RKT 
and a strong negative Sen’s slope (-2.3) in this region (Figure 8). In most regions of North America, the 
positive slopes in ANC have become steeper (more positive, i.e. orange in Table 4). In the next chapters, 
we take a closer look at the magnitude of the trends in these parameters and how they differ between 
regions.  

Table 2. Regional median levels for the whole period 1990-2020, as well as the per cent change between 
the periods 1990 – 2004 and 2006 – 2020. The median levels are the average annual median values for 
all the sites in each region. See Table A1 in the Appendix for median concentration values for 1990-2004, 
1998 – 2012, and 2006 – 2020. NA denotes not analysed.  

 SO42- NO3- Cl- Org.- HCO3- Ca2+ Mg2+ H+ ANC TOC 
Region µEq/L mg C/L 
NoNord 37.5 0.57 62.1 28.0 14.9 54.9 39.9 0.54 45.0 2.10 
SoNord 61.5 3.04 88.0 85.2 0.0 73.4 48.0 1.58 67.1 7.00 
UK-IE-NL 57.1 8.25 202 39.3 0.0 45.9 52.6 2.28 19.0 3.70 
WCE 145 35.7 82.9 47.6 14.2 122 132 1.00 51.9 4.38 
ECE 48.5 21.8 6.12 14.0 4.08 87.2 14.2 1.95 29.6 1.26 
Alps 34.8 23.1 4.23 4.72 29.3 57.2 10.2 0.28 32.5 NA 
Ont 95.8 4.05 8.86 51.1 47.0 120 40.2 0.32 95.2 3.87 
AdsCsk 71.7 7.98 7.83 52.6 0.0 72.5 25.4 1.72 31.5 4.37 
QuMaVt 58.3 2.36 9.87 56.4 9.76 73.4 29.9 0.49 62.1 4.45 
AtlCan 37.9 1.43 111 70.3 0.0 35.9 32.9 2.38 42.4 6.40 
Average 64.8 10.8 58.3 44.9 11.9 74.3 42.5 1.25 47.6 3.79 
Region % 
NoNord -27 -45 -9 14 140 3 0 -24 62 10 
SoNord -42 -21 0 27 0 -22 -14 -34 31 24 
UK-IE-NL -36 -15 -7 67 0 -7 -2 -69 291 39 
WCE 4 -21 48 90 -100 4 15 157 49 66 
ECE -50 -40 -31 39 0 2 -13 -86 287 24 
Alps -54 -52 -84 NA -68 -56 -81 34 -66 NA 
Ont -31 20 -21 3 -17 -11 -13 28 2 2 
AdsCsk -42 -44 -18 21 0 -17 -16 -52 128 15 
QuMaVt -35 -58 0 14 96 -15 -12 -31 24 7 
AtlCan -30 0 4 24 0 1 0 -62 38 16 
Average -34 -28 -12 0 0 -12 -14 -14 85 0 
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Table 3. The number of sites showing significant (p < 0.05) positive or negative Mann-Kendall trends (MKT) 
in SO4

2-, NO3
-, Cl-, Org.-, HCO3

-, Ca2+, H+, ANC, and TOC, between 1990 and 2020. The “+” and “-“ signs 
represent increasing and decreasing trend, respectively. No trend is abbreviated “n.t.”. NA denote not 
analysed. 

  SO42- NO3- Cl- Org.- HCO3- 
Regions - + n.t. - + n.t. - + n.t. - + n.t. - + n.t. 
NoNord 38 1 1 23 0 17 16 0 24 0 24 16 1 30 9 
SoNord 145 0 1 82 6 58 46 7 93 0 133 13 8 40 98 
UK-IE-NL 23 0 0 12 2 9 16 0 7 0 21 2 2 8 13 
WCE 5 0 0 3 0 2 0 0 5 0 3 2 0 1 4 
ECE 24 0 0 20 0 4 13 0 11 0 21 3 0 11 13 
Alps 10 0 0 8 0 2 5 2 3 NA NA NA 0 3 7 
Ont 15 0 0 4 1 10 11 1 3 0 12 3 0 7 8 
AdsCsk 55 0 0 45 0 10 44 3 8 0 45 10 0 28 27 
QuMaVt 51 0 0 28 1 22 9 1 41 3 33 15 2 14 35 
AtlCan 61 0 0 13 4 44 3 15 43 0 30 31 1 5 55 
Sum 427 1 2 238 14 178 163 29 238 3 332 95 14 147 269 
  Ca2+ Mg2+ H+ ANC TOC 
Regions - + n.t. - + n.t. - + n.t. - + n.t. - + n.t. 
NoNord 7 17 16 5 6 29 22 1 17 0 37 3 0 19 21 
SoNord 103 9 34 114 4 28 99 2 45 2 134 10 0 129 17 
UK-IE-NL 18 1 4 17 0 6 16 0 7 0 22 1 0 19 4 
WCE 2 0 3 1 0 4 5 0 0 0 4 1 1 3 1 
ECE 15 3 6 13 2 9 23 0 1 0 22 2 0 16 8 
Alps 7 0 3 8 0 2 6 0 4 0 6 4 NA NA NA 
Ont 11 0 4 13 0 2 5 1 9 0 13 2 0 11 4 
AdsCsk 51 0 4 51 0 4 32 2 21 0 50 5 0 39 16 
QuMaVt 38 0 13 44 0 7 39 0 12 0 32 19 6 24 21 
AtlCan 14 6 41 20 1 40 45 0 16 0 38 23 0 14 47 
Sum 266 36 128 286 13 131 292 6 132 2 358 70 7 284 139 
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Figure 7. Time series trends (µEq/L/yr) between 1990 and 2020 for SO4
2-, NO3

-, Cl-, Org.-, HCO3
-. Ca2+, Mg2+, 

H+, ANC, TOC, SAA and CaMg. Each point represents the difference between the annual median value and 
the annual median of the first year in the time series, divided by the standard deviation. The solid lines 
indicate the moving average and represent Locally Weighted Scatterplot Smoothing (LoWeSS) 
smoothers. The plots allow direct comparison across regions and variables. Note that the scales on the y-
axis are different for different variables. 
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Table 4. Overview of changes in Sen’s slopes and change in direction of RKT trends. Blue and purple colour 
indicates negative Sen’s slopes and red and orange indicate positive slopes. Plus, and minus represent 
increasing and decreasing RKT trends, respectively, over the whole period. White and “n.t.” refer to zero 
slope and no trend. n.d. denote No data. Purple and orange denote whether differences in Sen’s slopes 
for the last period (2006-2020) compared to the first period (1990 – 2004) diverge from the overall trend 
by being more negative, or more positive, respectively.  

Con�nent Region SO4
2- NO3

- Cl- Org.- HCO3
- Ca2+ Mg2+ H+ ANC TOC 

Europe 

NoNord - - - + + + n.t. - + + 
SoNord - - - + + - - - + + 
UK-IE-NL - - - + + - - - + + 
WCE - - n.t. + + - - - + + 
ECE - - - + + - - - + + 
Alps - - n.t. + n.d. - - - + n.d 

N America 

Ont - - - + + - - - + + 
AdsCsk - - - + + - - - + + 
QuMaVt - - - + + - - - + + 
AtlCan - - + + + - - - + + 

Legends:       

- Decreasing RKT trend + Increasing RKT trend   

  Nega�ve Sen's slope   Neg. Sen's slope except during the last period 

  Posi�ve Sen's slope   Pos. Sen's slope except during the last period 
 

There were 81 (18%) sites with negative median ANC values during the first period from 1990 to 2004, 
while only 17 (4%) still had negative median ANC values during the last period of 2006 – 2020. Since the 
calculated ANC corresponds to the difference in the equivalent sum of BC and SAA this implies a 
dominance of SAA over BC at these sites.   Alternatively, the charge balance can be expressed in terms of 
the sum of weak acid anions (i.e., [Org.-] and [HCO3

-]) subtracted for the sum of acid cations (i.e., [H+] and 
[Aln+]), so in the case of these sites with negative ANC the equivalent sum of acid cations (i.e., H+ and 
mainly Aln+) remains greater than the sum of weak acid anions (i.e., Org.- and HCO3

-). At the other end of 
this spectrum, 216 (49%) of the sites contained significant carbonate alkalinity (i.e., ANC + H+ - Org.- > 0) 
during the last period. The average median pH at these sites is 6.3, implying a negligible aluminium and 
hydrogen ion charge. The calculated ANC thus corresponds to the sum of [Org.-] and [HCO3

-] (average 
values of 61 and 71 µEq/L, respectively).  
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2.2.3.1. Trends in sulphate concentrations across regions  
From 1990 to 2020, SO4

2- concentrations declined across all regions (Figure 8). As expected, the strongest 
decreases occurred in regions most heavily burdened by acid deposition, such as the AdsCsK, WCE, and 
Ont, while the declines were less pronounced in regions with lower sulphur deposition, such as NoNord 
and AtlCan (Table 2).  

  

Figure 8. Median regional Sen’s slopes in sulphate concentration for the period 1990-2020. All are 
statistically significant at p < 0.01 according to the Regional Kendall test for trend. 

A comparison of SO4
2- Sen’s slope between the three 15-year periods (1990-2004, 1998-2012, and 2006-

2020) within the ten regions (Figure 9) shows that rates of decline have become gentler in most European 
regions, except for WCE. Conversely, the trend has become steeper in North America. One may speculate 
that the steeper declines in sulphate concentrations in WCE may be attributed to a decline in the 
desorption of sulphate from soils that were previously heavily loaded with sulphur.  

 

Figure 9. Median regional Sen’s slopes in sulphate concentration for the three 15-year periods 1990-
2004, 1998-2012, and 2006-2020. 
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The steeper trend with time in North America can be linked to differences in the timing of abatement 
policies and economic recessions that have led to strong reductions in emissions on both continents 
(Monks et al. 2009; Strock et al. 2014). Emissions reductions in Europe slowed around the turn of the 
millennium, while they became more pronounced in North America around 2005 (Garmo et al., 2014).   

2.2.3.2. Trends in nitrate concentrations across regions  
According to the regional Mann-Kendall test (RKT), NO3

- concentrations exhibited a consistent 
decrease in all regions over the entire period 1990-2020 (Table 4). However, it is noteworthy that 
while there is a general decline, there has been an absolute increase in median nitrate values in Ont 
and no discernible change in AtlCan between the periods of 1990-2004 and 2006-2020 (Table 2). The 
Sen’s slopes are accordingly zero at QuMaVt and AtlCan and low (-0.01) in Ont and NoNord (Figure 
10). In common with the trends in SO42-, the regions with the highest median NO3

- levels, namely WCE, 
ECE and Alps (Table 2), displayed the steepest reduction in concentrations.  
 
While reduced deposition of sulphur is the main driver behind the substantial decline of freshwater 
SO42-, NO3

- concentration levels are influenced more by the biogeochemical cycling of nitrogen (N) in 
soils. Various factors affecting soil processes can consequently impact nitrate leaching (Austnes et al., 
2022). Long-term deposition of N and associated soil enrichment of N, leading to reductions in the 
carbon to nitrogen ratio (C/N) ratio in soil organic matter, have in the long run been hypothesized to 
lead to ‘‘N saturation’’, with elevated leaching of NO3

- to surface waters (Aber et al., 1998). As data 
from a large share of ICP Waters sites show decreasing NO3

- trends and an increase in the C/N ratio of 
DOM in surface waters (Austnes et al., 2022), there are few indications that N saturation is occurring 
here and now.  
  
Moreover, climate change is likely to influence changes in N uptake into terrestrial and aquatic 
biomass. Furthermore, it is important to note that insect attacks on vegetation can introduce 
significant temporal fluctuations in NO3

- concentrations, as evidenced by observations in sites in 
Quebec and the East Central European region (Eshleman et al., 1998; Houle et al., 2009; Oulehle et 
al., 2019). Despite these potential confounding factors, the consistent decline in NO3

- concentrations 
observed at the regional level strongly suggests that reductions in long-range transported air 
pollutants have been effective in reducing nitrate levels in surface waters. 
 

 

Figure 10. Median regional Sen’s slopes in nitrate concentration for the period 1990-2020. All are 
statistically significant at p< 0.01 according to the Regional Kendall test for trend. Asterisks denote that 
the RKT indicates a decreasing trend (Table 4) although the Sen’s slope shows no trend. 
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Rates of change in NO3
- concentrations vary between the three 15-year periods: 1990-2004, 1998-

2012, and 2008-2020, and between regions (Figure 11). In the Alps, NO3
- continued to increase until 

2004, reflecting heavy pollution from the Po Valley (Rogora et al., 2016), after which steep declines 
can be seen in Figure 7. The steep decline in NO3

- concentrations within the more heavily impacted 
regions (Table 2) appears to have stabilized since 1998. Conversely, there is little indication of shifts in 
rates of change in NO3

- in regions with historically low NO3
- levels, such as the NoNord, QuMaVt, and 

AtlCan regions. A recent slight increase in the leaching of NO3
- in the Ontario region (Ont) (Figure 11) 

may be linked to insect damage to forests. 
 

 
Figure 11. Median regional Sen’s slope trends in nitrate concentration for the three 15-year periods 1990-
2004, 1998-2012, and 2008-2020. 

2.2.3.3. Trends in chloride concentrations across regions 
Chloride (Cl-), as compared to SO4

2- and NO3
-, exhibits greater mobility in soil, rendering hydrochloric acid 

(HCl) a highly potent acidifying agent for surface waters. However, chloride has historically received less 
attention as a potential long-range acidifying factor, primarily due to its substantially natural origin and 
variability stemming from the dispersion of sea-salt aerosols carried inland from breaking waves on the 
ocean surface. This predominant natural source has potentially obscured discernible trends in regions 
close to the sea. Moreover, dechlorination of sea salt aerosols, following interactions with sulphate and 
nitrate ions from anthropogenic emissions, can further complicate the link between chloride emission and 
chloride deposition (Evans et al., 2011).  

Abatement measures aimed at reducing emissions of sulphur oxides, such as substituting coal with gas 
and flue-gas scrubbing, have also clearly been limiting anthropogenic emissions of HCl. Consequently, 
anthropogenic emissions of HCl have declined in parallel with S emissions. Recent reports have 
highlighted decreasing trends in chloride levels in headwaters, both in the UK (Evans et al., 2011) and in 
Central Europe (Kopáček et al., 2015; Oulehle et al., 2017).  

The monitoring data show declining Cl- trends (RKT) (Table 4) and negative Sen’s slopes (Figure 12) in 
seven of ten regions. Moreover, in the SoNord region, the decline in chloride (-0.23 µEq/L/yr) was larger 
than that of nitrate (-0.06 µEq/L/yr). Although the steep median slope in the UK-IE-NL region (-1.53 
µEq/L/yr) is within the range of values presented by Evans et al. (2011) for the UK, the values for the other 
regions are comparatively lower. Out of the 23 sites included in the UK-IE-NL regions, 21 are in the UK, 
with the remaining two in the Netherlands. The Dutch sites demonstrate the steepest declines in Cl- (i.e., 
-9.87 µEq/L/yr at Achterste Goorven and -4.52 µEq/L/yr at Gerritsfles). This is in line with the original 
conclusion by Lightowlers and Cape (1988) that HCl is likely to be deposited close to emission sources due 
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to its high solubility and reactivity. The WCE and Alps regions show no significant change in Cl-, whereas 
concentrations have increased significantly in the AtlCan region (Figure 12), possibly reflecting increased 
sea salt deposits resulting from more extreme weather. 

 

Figure 12. Median regional Sen’s slopes in chloride concentration for the period 1990-2020. All are 
statistically significant at p < 0.01 according to the RKT for trend, except for WCE (i.e., p > 0.05). 

A comparison of trends in Cl- concentrations between the three 15-year periods (1990-2004, 1998-2012, 
and 2008-2020) within the ten regions (Figure 13) reveals a tendency towards more gentle declines in Cl- 
over time in UK-IE-NL where levels have been high historically (Table 2). This pattern mirrors the trends 
observed for SO4

2- and NO3
-, which reflect the decline in anthropogenic emissions of SO2, NOx and HCl 

consistent with a dominance of shared sources for these pollutants. An extreme event in 1989, with a 
strong westerly rainless storm, caused an unusually high dry deposition of sea salts over southern Sweden 
(Franzén, 1990). This produced a pronounced peak in Cl- concentration in the early 90-ies in many south 
Swedish sites and probably accounts for the negative trend from 1990 to 2020. In the SoNord and WCE 
regions, the direction of change in Cl- has changed from a decline to an increase, possibly due to the more 
recent effect of climate change with stronger winds. The apparent increase in the AtlCan region (Table 4, 
Figure 12) is on the other hand primarily attributed to a substantial rise during the first period (1990 – 
2004) (Figures 7 and 13). 

 

Figure 13. Median regional Sen’s slopes in chloride concentration for the three 15-year periods 1990-
2004, 1998-2012, and 2008-2020. 
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2.2.3.4. Trends in divalent base cation concentrations across regions  
One of the anticipated responses of catchments to the decline in strong acid inputs is the reduced 
leaching of divalent base cations (Ca2+ and Mg2+) because of less leaching of mobile strong acid anions. 
Across all regions, with the important exception of the NoNord region, there is an overall pattern of 
decline in Ca2+ and Mg2+ between 1990 and 2020 (Figure 14). As demonstrated in the multivariate analysis 
(Chapt. 2.2.2) of all samples from all sites, Mg2+ was most correlated with SO4

2-, indicative of a temporal 
relationship reflecting declines in S deposition, whereas Ca2+ was more strongly linked with HCO3

- because 
of spatial differences in alkalinity production. On the other hand, in a purely temporal context, rates of 
decline in Ca2+ were strongly correlated with those for SO4

2- (R2 = 0.94) and not to HCO3
- (R2 = 0.07) (Figure 

A3). Notably, the NoNord region showed a small but significant increase in Ca2+ but not for Mg2+. Similarly, 
the AtlCan region experienced very small declines in both Ca2+ and Mg2+ over the whole period from 1990 
to 2020 (Figure 14, a and b). These changes seem partly decoupled from recent trends in acid deposition 
since the concentrations of SAA have been consistently decreasing also at these sites (Figures 7, 8, 10 & 
12, Table 2). As concentrations of Mg2+ tend to be lower than for Ca2+, absolute slopes (i.e., µEq/L/yr) are 
inherently gentler (Figure 14). The percentage reductions in Mg2+ are on average about half of that for 
Ca2+ (Table 2), but with large differences in relative declines in Ca2+ and Mg2+ between the regions. 

Differences in Sen’s slopes for Ca2+ between the three 15-year periods 1990-2004, 1998-2012, and 2008-
2020 within the ten regions are depicted in Figure 15a. These differences generally indicate that the most 
substantial declines in Ca2+ occurred during the initial period of decreasing acid deposition inputs. The 
exception again for Europe is for NoNord. Here Ca2+ increased during the middle period, before falling 
slightly during the last period (Figure 15a), despite a more monotonic long-term reduction in SO4

2- (Figure 
9). Among the 44 sites monitored in NoNord during the middle period, only 11% had negative slopes of 
Ca2+ while 25% displayed no slope. The rest demonstrated positive slopes, with some reaching up to 3.42 
µEq/L/yr (i.e., Abiskojaure in Sweden). This is consistent with the hypothesis that the drivers of temporal 
trends in Ca2+ are more complicated than trends in other ions, as indicated by the PCA and cluster analysis 
(Chapt. 2.2.2).  
 
It is noteworthy that reductions in Ca2+ in the European sites were consistently very small (> -0.2 µEq/L/yr) 
during the last period, and indeed smaller than for SO4

2- (i.e., from -0.82 to -3.78 µEq/L/yr, Figure 9). The 
exception is for the Alps region, where Ca2+ leaching increased during the middle period before showing a 

Figure 14. Median regional Sen’s slopes Ca2+ (a) and Mg2+ (b) concentration for the period 1990-2020. 
All slopes are statistically significant at p < 0.01 according to the Regional Kendall test for trend.    
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strong decline in the last period. This may reflect the importance of Saharan dust deposition as a source 
of calcium in the Alps region (Rogora et al., 2016). As dust episodes are highly sporadic, they tend to 
introduce a large variability in Ca2+ concentrations. The Ont and AtlCan regions of North America provide 
exceptions. In Ont, Ca2+ declined most steeply during the last period (Figure 15a), while Ca2+ levels 
increased in the early period only in AtlCan (in contrast to the later increase in NoNord).  Mg2+ slopes 
generally followed the trends found for Ca2+ in Europe (Figure 15b). The exception here is again for the 
heavily polluted WCE region, where there was no significant trend during the first period. In ECE, Mg2+ 
increased during the last period. In the North American regions, there was no clear pattern in the 
difference in Sen’s slopes between the periods. Notably, there was an increase in Mg2+ in AtlCa during the 
first period.  
 
In summary, these data show that Ca2+ concentrations in general have declined less rapidly than those 
for SO4

2-, and for a minority of sites show the reverse trend. This aspect will be explored further in Chapter 
3.  
 

 
2.2.3.5. Trends in ANC across regions 

Adhering to the principle of charge neutrality, larger reductions in SO4
2-, NO3

- and Cl- concentrations 
(Figures 8, 10 & 12), relative to divalent base cations Ca2+ and Mg2+ (Figure 14), along with Na+ and K+ 
(Table A2), must result in increased ANC. Indeed, all regions show positive regional trends in ANC between 
1990 and 2020 (Figure 16), signalling the chemical recovery of the surface waters from acidification in all 
ten regions. As anticipated, the greatest improvements were found among the regions that endured the 
heaviest acid deposition loadings (i.e., WCE) (Table 2). The regional Sen’s slopes in ANC were thus 
negatively correlated to regional Sen’s slopes in SO4

2- (R2 = 0.84, Figure A4). Still, the ANC response is also 
dependent on the acid sensitivity of the region. In regions with more acidic soils, Ca2+ concentrations tend 
to be relatively low, as this is generally indicative of the soil's susceptibility to acidity. This is exemplified 
by a positive correlation (R2 = 0.56) between the regional temporal slopes in ANC for 2006 – 2020 (Figure 
16, Table A2) and the regional median levels of Ca2+ for the same period (Table 2, A1).  In the regions in 
North America, the increases in ANC are more moderate than in Europe, reflecting the gentler decline in 
SAA (Figures 8, 10 and 12). 

Figure 15. Median regional Sen’s slopes Ca2+ (a) and Mg2+ (b) concentration for the three 15-year 
periods 1990-2004, 1998-2012, and 2008-2020. 
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Figure 16. Median regional Sen’s slopes in ANC for the period 1990-2020. All are statistically significant 
at p < 0.01 according to the Regional Kendall test for trend. 

Significant differences in ANC slopes between the three 15-year periods (1990-2004, 1998-2012, and 
2008-2020) and the ten regions are evident in Figure 17. Generally, the trends reveal that the ANC 
increase has decelerated in Europe over the past three decades, aligning with the declining trends 
observed in SAA slopes. However, an exception is observed in the more heavily impacted UK-IE-NL and 
WCE regions, where there has been an increase in ANC over the most recent period. This enhanced 
recovery is caused by the less steep declining slopes in Ca2+ and Mg2+ (Figure 15) concurrent with 
increasing negative slopes for sulphate (Figure 9). Conversely, in the North American regions, the rate of 
ANC increase has accelerated, as expected, in conjunction with the increased reduction in sulphate levels 
(Figure 9) over the three 15-year periods from 1990 to 2020 (Figure 17).  
 

 
 
Figure 17. Median regional Sen’s slopes in ANC for the three 15-year periods 1990-2004, 1998-2012, 
and 2008-2020. 
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2.2.3.6. Trends in hydrogen ion concentrations across regions  
Most biogeochemical processes in natural aqueous systems are highly influenced by pH. The 
concentration of hydrogen ions (H+) or pH (expressed as pH = -log{H+}) is thus a key parameter for 
understanding the biological ramifications of acid deposition. Whereas ANC (and alkalinity) is a capacity 
factor indicating susceptibility or degree of acidification, pH (and inorganic aluminium fractions) is an 
intensity factor, more directly linked to toxic effects. In Figure 18 it is evident that all regions exhibited a 
significant decrease in H+ concentration between 1990 and 2020. This increasing pH is a clear sign of 
chemical recovery from acidification, entailing an improvement in habitat conditions for vulnerable biota. 
Regional differences in H+ slopes primarily arise from differences in rates of decline in SO4

2-, although this 
relationship is strongly moderated by the buffering capacity of the catchment soils and weak acids. Thus, 
no strong correlations are found between the slopes in H+ and those of other parameters. This is reflected 
by the low loading and lack of clustering by H+ concentrations in the multivariate analysis (Chapt. 2.2.2), 
reflecting mainly spatial differences. Instead, regional temporal trends in H+ are strongly inversely 
correlated with median regional H+ concentrations (R2 = 0.91, Figure A5). Hence the steepest declines in 
H+ occur in the more acidic regions with the most acidic waters. This may relate to carbonate in the soils 
of some regions (e.g., Alps and Ont) buffering the pH (rendering high HCO3

- and pH in the runoff, Table 2), 
while carbonic acid does not contribute to the buffering in waters with a pH below 5.5. 

 

Figure 18. Median regional Sen’s slopes in hydrogen ion concentration for the period 1990-2020. All are 
statistically significant at p < 0.01 according to the Regional Kendall test for trend. 

A comparison of trends in H+ between the three 15-year periods 1990-2004, 1998-2012, and 2008-
2020 and across the ten regions (Figure 19) shows that the decrease in H+ is slowing down or has 
halted in Europe, consistent with the sulphate levelling off. During the last period, the decline in H+ in 
the European regions was less than 0.013 µEq/L/yr while SO4

2- declined by more than -0.51 µEq/L/yr. 
The disparity is likely due to a concomitant increase in buffering by weak organic and carbonic acids 
as addressed below. The pH of sites in the Alps declined slightly during the first period, possibly due 
to a continued increase in NO3

- (Figure 11). In North America, declines in H+ have not been as strong, 
except for the two last periods in the AtlCan, prior to which no trend was evident (Figure 19). 
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Figure 19. Median regional Sen’s slopes in hydronium ion concentration for the three 15-year periods 
1990-2004, 1998-2012, and 2008-2020. 

2.2.3.7. Trends in organic anions and TOC concentrations across regions  
Natural organic acidity holds a pivotal role in acid-sensitive regions with detectable levels of TOC. In the 
high-altitude Alps region, levels of TOC are insignificant (Table 2) as a consequence of scarce soil cover 
and limited availability of terrigenous organic matter. The data from the Alps sites are therefore not 
included in this assessment. The anionic charge of DOM (Org.-), resulting from the deprotonation of weak 
organic acids, is estimated based on TOC concentration and pH (Hruška et al., 2003). Along with inorganic 
bicarbonate, these organic acids counterbalance a positive ANC, to support a surplus of BC over SAA. 

All regions experienced positive and statistically significant trends (Figure 20; Table 4) in Org.- and TOC 
between 1990 and 2020, though the median slopes vary greatly between regions from 0.21 to 0.85 
µEq/L/yr for Org.- and from 0.013 to 0.061 mg C/L/yr for TOC (Figure 20 a and b). Several environmental 
pressures drive this upward trend in Org.- and TOC. Assessments of ICP Waters data have established a 
strong correlation between TOC trends, trends in acid deposition, and acid sensitivity of the catchment 
(specifically, the stores of base cations in the soil) (Monteith et al., 2007). Decreasing ionic strength of the 
soil solution, resulting from reduced acid deposition, has a strong impact on the solubility of dissolved 
organic matter (DOM) (de Wit et al., 2007; Haaland et al., 2023; Monteith et al., 2023) by expanding the 
thickness of the diffuse double layer (DDL) around DOM molecules. A thicker DDL at lower ionic strength 
leads to reduced DOM flocculation and less precipitation from the solution. This can lead to an increase 
in TOC even in non-acidified catchments (Hruška et al. 2009). In addition, lower concentrations of labile 
aluminium (LAl), as well as iron (Fe3+) have resulted in reduced complexation with DOM (Vogt et al., 1994; 
Vogt et al., 2001). Furthermore, there has been an increase in deprotonation due to a slight increase in 
pH (Tipping et al., 2011) (Figure 18), which has led to an increased charge density of the organic matter 
(de Wit et al., 2007). This enhances its hydrophilicity and thereby its solubility, leading to increased TOC.  

De Wit et al. (2021) found that climate and increased biomass also play important roles in contributing to 
the increase in DOM. Air temperatures have increased globally by 1.1 oC since 1850 - 1900 (IPCC, 2022), 
with an above-average increase at higher latitudes (Hanssen-Bauer et al., 2017). This warming has been 
most distinct during spring and autumn. Consequently, the growing season has expanded practically 
everywhere in northern Europe (Aalto et al., 2022). According to the sixth IPCC assessment report (IPCC, 
2022), annual precipitation has on average increased in middle, northern and eastern Europe. Moreover, 
precipitation extremes have increased both in intensity and frequency in northern and eastern Europe 
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(e.g., Monteith et al., 2016). These changes in climate, with longer and wetter growing seasons, are likely 
to boost primary production generating more biomass, i.e., commonly referred to as “Greening” (Finstad 
et al., 2016). This is augmented by less outfield grazing, and increased forest planting as a nature-based 
solution for carbon capture and sequestration (Vogt et al., 2022), along with accumulating reactive 
nitrogen (N) in the catchments (Austnes et al., 2022) and increased level of CO2 in the ambient air 
(Comstedt et al., 2006; Terrer et al., 2021). On a regional scale, this Greening is evident and especially 
prominent in the boreal biomes. Over the period 1990 to 2007, the cumulative C sink into the world’s 
forests regrowing was equivalent to 60% of cumulative fossil emissions in that period (Pan et al., 2011). 
The growth of EU forests, covering approximately 42% of its land area, is thus contributing at least 
temporarily to mitigating climate change by annually increasing biomass equivalent to about 10% of 
Europe’s fossil fuel emissions. Likewise, the land use, land use change and forestry sectors (LULUCF) in 
Finland, Sweden and Norway have roughly balanced between 20-40% of their annual national 
anthropogenic CO2 emissions since 1990 through increased biomass (see Vogt et al., 2022 and references 
therein). Notably, forest biomass in Norway has increased by about 50% since 1990 (Breidenbach et al., 
2020; De Wit et al., 2015), a trend also observed in Sweden, Finland and elsewhere in Europe (Luyssaert 
et al., 2010). Concurrently, treelines have risen mainly because of reduced outfield grazing and timbering 
(Bryn & Potthoff, 2018). Eisfelder et al. (2023), studying vegetation trends during growing seasons in 
Europe over 30 years, found significant positive trends in NDVI (0.15 NDVI units) for 55% of Europe. In 
particular, the western, central, southern, and northeastern Europe show widespread significant positive 
NDVI trends. Negative NDVI trends for the growing season were only observed in 2.2% of the land area. 
This “Greening”, signifying increases in terrestrial primary productivity and afforestation, can cause an 
increase in DOM and colour (referred to as “Browning”) over longer timeframes (Finstad et al., 2016; 
Škerlep et al., 2020; Kritzberg et al., 2020; Crapart et al., 2023). Still, an increase in biomass (document 
by e.g., changes in Normalized Difference Vegetation Index (NDVI)) in the ICP Waters sites has been 
difficult to detect due to that the catchments mainly are small (median 3.41 ha) and forested (median 
73%). Moreover, most of the ICP Water sites would probably not support an increase in biomass as they 
are nutrient-limited and most have cold climates. This is further addressed in Chapter 3.4.  

Climatic factors also exert influence on seasonal and interannual variations in DOM (Clark et al., 2010) 
and may also affect temporal trends in DOM (de Wit et al., 2016). However, the linkage between rising 
DOM and declining sulphate concentrations indicates that rising TOC concentrations are integral to the 
process of chemical recovery from acidification. The partial replacement of strong mineral acidity by weak 
organic acidity helps explain why pH responses are more muted than initially anticipated (Chapt. 2.2.3.6; 
Battarbee et al., 2005; Erlandsson et al., 2010). The effect of the resulting minor declines in H+ (Figure 
18) on increased Org.- caused by deprotonation is therefore limited. The regional differences in Sen’s 
slopes for TOC explain 98% of the variation in the slopes for Org.- (Figure A6), which is unsurprising given 
that Org.- is estimated based on the TOC and H+ with weak temporal trends. There is a notable difference 
in rates of increase in Org.- between NoNord and SoNord regions, primarily driven by the differences in 
declines of acid deposition, which in turn influence changes in TOC levels. However, when considering all 
ten regions, there is no significant correlation between the slopes of Org.- and SO4

2- (R2 = 0.06, Figure 
A7a). Correlating instead to the slopes of all SAA (i.e., SO4

2- + Cl- + NO3
-, µEq/L/yr) improves the 

explanatory value slightly (R2 = 0.19, Figure A7b). This discrepancy may be partly attributable to the large 
spatial differences in land cover and climate between the regions. Correlating instead the temporal slopes 
of Org.- and SO4

2- from 1990 to 2020 for each of the 420 sites, gives as expected a negative correlation 
(Figure A8) explaining 58.9% of the variation in the slopes of Org.-.  
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 Figure 20. Median regional Sen’s slopes in Org.- (a) and TOC (b) concentration for the period 1990-2020. 
All are statistically significant at p < 0.01 according to the Regional Kendall test for trend. N.d. denote 
No data. 

A comparison of trends in Org.- and TOC between the three 15-year periods (1990-2004, 1998-2012, and 
2008-2020) and across the ten regions, is depicted in Figure 21 a and b. This shows that the increase in 
Org.- and TOC has decelerated over time in the Nordic regions (NoNord and SoNord) and even reversed in 
UK-IE-NL. In North America, the patterns are less clear, although in these regions as well, the increase in 
Org.- and TOC during the last period (2006 – 2020) is lower than the preceding period in three of the four 
regions.  Central Europe (WCE and ECE) and AdsCsk are the only regions where rates of change in Org.- 
and TOC have accelerated in the last period. In WCE and AdsCsk this can potentially be attributed to the 
steeper decline in sulphate during the most recent period, as well as climatic factors, such as changes in 
precipitation. 
 

 

Figure 21. Median regional Sen’s slopes in Org.- (a) and TOC (b) concentrations for the three 15-year 
periods 1990-2004, 1998-2012, and 2008-2020. N.d denote No data.  
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2.2.3.8. Trends in bicarbonate concentrations across regions 
Bicarbonate concentrations are commonly estimated from Alkalinity data, though this is not possible in 
the ICP Waters dataset due to large deviations in analytical methods between laboratories. Moreover, 
these calculations are hampered by uncertainties due to several methodical assumptions (Vogt et al., 
2023). Instead, we here estimated the bicarbonate concentration based on charge balance, including the 
contribution of BC, SAA, H+ and Org.- as outlined in Chapter 2.1.3. This method for calculating the HCO3

- 
is also problematic as it is a small value based on the difference between large sums. Moreover, there are 
uncertainties both in all the analytical data as well as the modelled Org.-.   
 
In less acid-sensitive regions, where pH is above 5.5, HCO3

- contributes significantly to the anionic charge 
(Figure A9). Still, only the NoNord, Alps and Ont regions showed significant increases in bicarbonate for 
the whole period from 1990 to 2020 (Figure 22). This is mainly because the other regions had low, or no 
bicarbonate concentrations (Table 2). Nevertheless, all regions have positive RKT trends (Table 4) for 
HCO3

- between 1990 and 2020, indicating that a slight increasing trend in bicarbonate in all regions. 
Several factors drive this upward trend in HCO3

-, as discussed further in Chapter 3.  
 

 
 
Figure 22. Median regional Sen’s slopes in HCO3

- concentration for the period 1990-2020. All are 
statistically significant at p < 0.01 according to the Regional Kendall test for trend. Asterisks denote that 
the RKT indicate an increasing trend (Table 4) although the Sen’s slope shows no trend. 

Differences in rates of change in HCO3
- between the three 15-year periods (1990-2004, 1998-2012, and 

2008-2020) within the ten regions, as depicted in Figure 23, show that the increase in HCO3
- appears to 

have levelled off in the NoNord region as there was no Sen’s slope during the most recent period. Still, 
the MKT trend is increasing (Table 4). On the other hand, in the Alps where pH and HCO3

- concentrations 
are relatively high (Table 2), HCO3

- increased from the first to the second period and decreased slightly 
during the last period. The overall positive slope in Ont is due to an increase only during the last period. 
Positive slopes were also found for WCE and QuMaVt during the first and last periods, respectively, though 
these regions do not show an increase in HCO3

- across the whole period. Still, with pH during these periods 
of 5.65 and 6.40, respectively (i.e., > 5.5; Table A1), relatively steep ANC slopes (Figure 17), while weaker 
slopes for Org.-, it is not unlikely that bicarbonate has increased as indicated.   
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Figure 23. Median regional Sen’s slopes in HCO3
- concentrations for the three 15-year periods 1990-

2004, 1998-2012, and 2008-2020. 

2.3 Conclusions regarding chemical trends   

Sulphate concentrations have declined at 427 of the 430 sites (Table 3). In 9 of the 10 regions, the decline 
has been more than 27% from the initial period (1990 – 2004) to the most recent period (2006 – 2020) 
(Table 2). The declines for sulphate were steeper In Nordic regions and ECE during the 1990s than after 
the turn of the century (Figure 9), while the opposite was the case for WCE, as well as the regions in North 
America. Nitrate concentrations also declined in all regions, except for QuMaVt and AtlCan in North 
America (Figure 10), although the RKT shows a decreasing trend even in these regions (Table 4). Among 
the 430 sites, 55% show no trend in NO3

-, while a few (14 sites) show a slight increase, possibly due to N 
saturation or local factors such as insect attacks (Table 3). Chloride concentrations declined in 7 out of 
the 10 regions (Figure 12). In the UK-IE-NL region, the negative slope for chloride is larger than for 
sulphate (Figure 8), possibly due to the concurrent large decline in UK emissions of hydrochloric acid.  

The average regional Sen’s slopes for the sum of divalent base cation concentrations decreased by -0.82 
µEq/L/yr. This is half the average Sen’s slope for SO4

2- (-1.69 µEq/L/yr) (Table A2). Noteworthy, in the less 
acid deposition influenced NoNord region, there is an overall positive increase in calcium (Figure 14). 
More widely in Europe, except for the Alps, rates of decline in Ca2+ have slowed down with slopes less than 
0.2 µEq/L/yr for the last 15-year period (2006 – 2020) (Figure 15). This decline is especially low relative 
to the concurrent decline in sulphate, with slope values between -0.52 and -3.78 µEq/L/yr (Figure 9).  All 
regions have experienced an increase in ANC between 1990 and 2020 (Figure 16), mainly reflecting the 
regional Sen’s slopes for sulphate (Figure 8). pH has also increased in all regions (Figure 18), as declines 
in mineral acidity cannot be fully compensated by weak organic acidity (Monteith et al., 2007) and 
carbonic acid. Still, the increase is minimal in NoNord, Alps and Ont, where the pH and bicarbonate levels 
are high (Table 2). The trajectories of SO4

2-, ANC and pH indicate that recovery has decelerated in Europe 
and accelerated in North America. This difference can be attributed to the varying timing of regulatory 
measures, which have nevertheless resulted in significant reductions in emissions on both continents. 
Still, comparisons between periods with varying populations of sites may not always reflect the actual 
differences in trend. Differences in site distribution are depicted by comparing Figures 1 and 2.  
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3 Spatially diverging temporal trends in calcium 
concentrations 

3.1 Background 

As pointed out in the multivariate spatiotemporal analysis of water chemistry parameters (Chapt. 2.2.2), 
concentrations of Ca2+ are mainly governed by spatial differences in HCO3

-, while Mg2+ are more correlated 
with SO4

2-. Despite this, in a strictly temporal context, regional slopes in Ca2+ and Mg2+ were strongly 
correlated with regional slopes for SO4

2- and not HCO3
- (Chapt. 2.2.3.4). Notably, the NoNord region 

showed a small but significant increase in Ca2+. Since concentrations of SAA have been consistently 
decreasing also at these sites, albeit slowly, the increase in Ca2+ cannot be attributed to an upsurge in acid 
deposition. This warrants a closer inspection of the factors governing the temporal trends in Ca2+. 

On a global scale, the spatial distribution of freshwater Ca2+ concentrations is closely and proportionally 
linked to the levels of carbonates, as both are governed by the amount of carbonate minerals present in 
the soils. However, in terms of temporal changes, Weyhenmeyer et al. (2019) pointed out a decoupling of 
the relationship between Ca2+ concentrations and carbonate alkalinity. Their global analysis showed a 
declining trend in Ca2+ concentrations in regions sensitive to acidification, as also documented in previous 
ICP Waters reports (Garmo et al., 2020). This decline was attributed to reduced loading of acid deposition, 
following the principle of electroneutrality, where the cationic charge balances the anionic charge.  

Regional declines in the deposition of strong acid anions (SAA) are the main explanatory factors for the 
temporal trends in Ca2+ concentrations observed at the ICP Waters sites (Chapter 2). Still, there are also 
other regional trends in important confounding drivers and pressures that likely influence the temporal 
trends of Ca2+, though their relative importance differs between sites. Figure 24 provides a conceptual 
framework illustrating the cause/response relationship that, to a varying degree, may counteract the 
effects of decreased SAA leaching on temporal trends in Ca2+.  

Decreased acid deposition has led to a strong decline in SAA and inherently a decline in ionic strength, 
increase in pH and decline in inorganic labile aluminium (LAl). This increases the solubility and thereby 
the leaching of dissolved organic matter (DOM) and its associated weak organic acid anions (Org.-) (Chapt. 
2.2.3.7). Climate change, with rising temperatures causing warmer and longer growing seasons, along with 
land-use changes, accumulation of reactive N, and increased atmospheric CO2, all potentially contributing 
to increased biomass that over time contributes to elevated levels of Org.- (Chapt. 2.2.3.7). This potentially 
contributes to the leaching of cationic Ca2+ by counterbalancing the weak organic acid anion charge.  

Moreover, enhanced vegetation growth, along with a longer growing season, can boost chemical 
weathering and the release of Ca2+ from soil minerals (de Wit et al., 2023) by increased respiration, 
increasing the partial pressure of CO2, leading to more carbonic acid, and the secretion of fulvic acids by 
plant roots in the soil (van Schöll et al., 2008). Reduced snow cover length may promote weathering due 
to more exposed soil surface and freeze-thaw cycles (Kopaćek et al., 2017). Moreover, a one-degree 
increase in soil temperature can accelerate weathering rates by 10% (Houle et al., 2020). On the other 
hand, increased biomass means that more Ca2+ is stored in the biosphere. Moreover, some of the released 
Ca2+ will also be retained in the soil to build up the depleted base saturation (%BS) of the ion exchanger. 
The potential impact of higher weathering rates on the leaching of Ca2+ could thus be masked. Regardless, 
these proposed mechanisms for the increase in Ca2+ cannot be tested as we lack data documenting, 
increased biomass, increased partial pressure of CO2 in the soils and enhanced weathering at our ICP 
Water sites.  
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3.2 Aim 

3.2.1. Purpose and approach 
In the current era of low acid deposition in Europe and North America, SAA concentrations are 
approaching pre-industrial levels. As the influence of acid deposition diminishes, the weathering processes 
and natural weak acids are likely to become more important for changes in base cation concentrations. 
Quantifying the weathering process and the retention of base cations in the soil cation exchanger (Reuss 
and Johnsen, 1986) is a complex task. Nevertheless, these processes hold great importance for the 
recovery of our watercourses and thus also for biogeochemical models used to predict recovery from 
acidification (e.g., MAGIC (Wright et al., 1990; Austnes et al., 2020) and Forsafe (Wallman et al., 2005)). 
Moreover, Ca2+ is an essential element for most organisms, as Ca2+ concentrations ≤ 1.5 mg L−1 are 
considered a critical threshold for the survival of many Ca-demanding organisms. 

The role of weak acids in governing the levels of Ca2+ is simpler to assess and may have the potential to 
shed some light on the weathering processes. It thus becomes essential to deepen our understanding of 
how Ca2+ respond to increased levels of Org.- and HCO3

-. The aim of this study is hence to first assess the 
overall relative importance of temporal changes in SO4

2-, Org.- and HCO3
- on the trends in Ca2+. This is 

addressed by comparing sites with negative and positive slopes in Ca2+, and by employing a set of different 
correlation analyses to identify explanatory parameters for the temporal variation in Ca2+, as well as 
regression analysis to unravel the relative importance of the explanatory variables. Then the role of spatial 
differences in site characteristics (e.g., acidity and land cover) is assessed. This knowledge is a prerequisite 
for identifying the spatial site-specific characteristics that determine the varying roles of the different 
explanatory parameters, collectively shaping temporal trends in calcium concentrations, and to better 
understand the effects of confounding factors on the time required for chemical recovery. 

Figure 24. Conceptual cause effect relationship between drivers, pressures, state, impacts and responses 
regarding counteracting the effect of decreased SAA concentrations on temporal trends in Ca2+. 
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3.2.2. Hypothesis 
Based on the assessments of trends and inter-parameter relationships in water chemistry (Chapter 2.2.2), 
the trends in potential drivers, as outlined in Chapt. 2.2.3, and informed by the conceptual rationale of 
the Ca2+ biogeochemistry (Chapt. 3.1), the following two hypotheses are postulated to explain the spatial 
differences in temporal trends in Ca2+:  

1. Trends in Ca2+ are determined by the size of decline in SO4
2- relative to counteracting increases in 

Org.- and HCO3
-. 

2. Spatial differences in catchment characteristics, such as land cover, historic acid deposition 
loading, and acid sensitivity, dictate the relative importance of the processes governing Ca2+ 
trends.  

 

3.3 Results and discussion  

3.3.1. Distribution of sites with different trends in SO4
2- and Ca2+ 

The trend analysis, described in Chapter 2.2.3, depicted a consistent pattern of declining SO4
2-

concentrations (Table 4). This is further exemplified by the distribution of Sen’s slopes for SO4
2- from 1990 

to 2020 (Figure 25A), which shows negative trends at nearly all sites. However, 34 sites had low or 
negligible negative Sen’s slopes, falling within the range of 0 to -0.5 µEq/L/yr (orange bars). Moreover, in 
the European regions, the declines in SAA have been levelling off in recent years (see Figures 9, 11, 13, 
and Table 4). In contrast, the distribution of Sen’s slopes for Ca2+ (Figure 25B) displays a more skewed 
pattern with a substantial portion of sites (142 sites, or 33%) having very gradual slopes (i.e. between 0 
and -0.5 µEq/L/yr (orange bars)). Furthermore, 128 sites (30%) showed no Mann-Kendall trends in Ca2+ 
(Table 3). Remarkably, 84 sites (20%) show an increase in Ca2+ (red bars). Among these, 13 sites had slopes 
that were steeper than +0.5 µEq/L/yr, six of which exceeded +1.0 µEq/L/yr, which amounts to increases 
in Ca2+ concentration of more than 30 µEq/L over the assessed 30-year period. Trends in weak acid anions 
Org.- and HCO3

- were skewed in the opposite direction, with more sites having positive slopes (Figure 25c 
and d). More than half of the sites had no trend in bicarbonate since HCO3

- concentrations in samples 
stayed 0 since the ANC was negative or the pH was below 5.5, while more than 37% of the sites 
experienced an increase.    

The fact that more than 50% of the stations either showed no decline or an increase in Ca2+ (Figure 25b), 
despite a practically universal decline in SO4

2- (Figure 25a), highlights the role of the increasing levels of 
weak acids (Figure 25 c and d) as drivers significantly counteracting the effect of declining levels of strong 
acids. Furthermore, on a regional scale, the equivalent sum of Ca2+ and Mg2+ declined by approximately 
half the equivalent change in sulphate concentration (Chapter 2.3) (Table A2). Moreover, the overall 
increase in Org.- concentrations in all regions (Figure 20, Table 4) and in more than 92% of the sites (Figure 
25c) indicates that weak organic acidity has, to some extent, replaced the previous dominant strong 
mineral acidity from acid deposition. A continued increase in DOM and thus Org.- - beyond declining acid 
deposition - is apparent by the continued ongoing browning of many of our boreal freshwater systems in 
regions where declines in SAA have levelled off (Finstad et al., 2016; de Wit et al., 2016; 2021). However, 
it is worth noting that widespread browning in numerous watercourses across Sweden ceased around 20 
years ago (Eklöf et al., 2021). Likewise, as highlighted in Chapt. 2.2.1.3, the increase in Org.- at the ICP 
Water sites has decelerated in the Nordic regions (NoNord and SoNord) and even reversed in UK-IE-NL 
(Figure 21). 
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Figure 25. Distribution of Sen’s slopes for the whole period from 1990 to 2020 of SO4
2- (a), Ca2+ (b), Org.- 

(c), and HCO3- (d). Sites with weak negative slopes (i.e., -0.5 – 0 µEq/L/yr) are marked in orange. Sites with 
positive trends (> 0 µEq/L/yr) are marked in red, while negative slopes (< -0.5 µEq/L/yr) are in green. 
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3.3.2. Significant differences between sites with positive and negative Ca2+ Sen’s slopes 
A comparison of average site median concentrations (µEq/L) of key parameters between sites with 
positive and negative trends in Ca2+ for the whole period (1990 – 2020) is presented in Table 5 and Figure 
26. Sites with increasing Ca2+ concentrations had significantly lower median SO4

2-, NO3
-, H+, and Org.- 

concentrations, and higher levels of HCO3
-, implying that these sites were less acidified or acidic, and less 

humic. There were no differences in ANC (Table 5) between sites with contrasting trends in Ca2+ since the 
weak acid anion charge had only shifted from Org.- to HCO3

-. Sites with increasing Ca2+ underwent relatively 
gradual changes in both SO4

2- and Org.-, but larger increases in HCO3
-.  The trends presented in Table 5 

also show that at the sites where Ca2+ is rising, HCO3
- has been increasing more rapidly than organic acids, 

indicating that bicarbonate buffering exceeds buffering from organic acidity. Thus, the main driver for 
positive temporal increases in Ca2+ is the increase in HCO3

-. For the group of sites with increasing levels of 
Ca2+, rates of change in HCO3

- explain 43% of the variation in trends in Ca2+ (Figure A10). 

Table 5. Median values (µEq/L) and Sen’s slopes (µEq/L/yr) for sites with positive and negative Ca2+ Sen’s 
slopes, and their Mann-Withey P value for the significant difference of the key parameters (data from 
1990 to 2020) 

 Ca2+ slope SO4
2- NO3

- Cl- Org.- HCO3
- Ca2+ Mg2+ H+ ANC Ca2+/SO4

2- 

M
ed

ia
n 

 

Neg. Slp. 71.9 6.61 82.8 70.5 20.3 83.6 44.4 4.41 67.9 1.26 
Pos. Slp. 38.6 5.22 84.2 52.8 34.9 70.5 36.9 3.06 76.5 1.84 
p-Value 0.000 0.000 0.056 0.000 0.001 0.001 0.070 0.008 0.621 0.000 

Se
n 

sl
p.

 Neg. Slp. -2.41 -0.13 -0.35 0.94 0.14 -0.90 -0.44 -0.14 1.33 0.35 
Pos. Slp. -0.85 -0.08 -0.01 0.45 0.76 0.37 0.04 -0.08 1.45 0.30 
p-Value 0.000 0.070 0.001 0.000 0.000 0.000 0.000 0.462 0.926 0.000 

 

Spatially, with respect to the sites with increasing Ca2+ median annual Ca2+ concentrations show a strong 
positive correlation with median annual HCO3

- concentrations (R2 = 0.78), and weaker relationships with 
SO4

2- (R2 = 0.38) and Org.- (R2 = 0.05) (Figure 27). Importantly, however, HCO3
-, being pH dependent, has 

only risen significantly in the less acidic regions (Figure 22).  

Sites with contrasting trends in Ca2+ show similar rates of increase in ANC (Table 5), suggesting that similar 
rates of chemical recovery from acidification. Despite this, the dominant underlying cause of the ANC 
trends differs between the two groups.  At sites with strongly negative Ca2+ slopes (<-2.5 µEq/L/yr), the 
increase in ANC can be attributed to a larger decline in the strong acid anion SO4

2- than in Ca2+, mainly 
compensated by an increase in organic anions (Figure 28) and a decline in acid cations. In contrast, the 
ANC increase at sites with increasing Ca2+ is best explained by the increase in HCO3

-, balancing the increase 
in Ca2+ (Figure 29) as the sites have pH that is high enough to allow for carbonic acid deprotonation.  
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Figure 26. Boxplots depicting significant differences in median concentrations of SO4
2-, NO3

-, H+, Org.-, 
and HCO3

- concentrations, and ratios of SO4
2-/Ca2+, between sites with positive and negative Ca2+ Sen’s 

slopes. 
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Figure 27. Relationship between median Ca2+ and SO4
2- (red), Org.- (green) and HCO3

- (grey) 
concentrations in samples at sites with positive Ca2+ slopes. 

 

Figure 29. Figure 28. Relationship 
between Sen’s slopes of SO4

2- (red), Org.- 
(green), Ca2+ (blue), and HCO3

- (grey) vs. 
the slope of ANC at sites with very 
negative Ca2+ slopes (<-2). 

 

Figure 28. Figure 29. Relationship between 
Sen’s slopes of SO4

2- (red), Org.- (green), 
Ca2+ (blue), and HCO3

- (grey) vs. the slope 
of ANC at sites with positive Ca2+ slopes. 
Blue line indicates the 1:1 relationship 
between ANC and bicarbonate. 
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Multiple linear regression models for the Ca2+ Sen’s slope, using SO4
2-, HCO3

- and Org.- slopes as predictors, 
illustrate the differences in the relative roles of the predictors in the datasets from all sites, and for sites 
with negative and positive Ca2+ slopes (Table 6). As could be expected, the inclusion of all predictors at all 
sites generates the strongest explanatory value (i.e., 70.8%). At the sites with negative Ca2+ slopes the 
SO4

2- needs to be included to achieve a model with a significant explanatory value. Focusing on the data 
from the sites with positive Ca2+ slopes, a model including only HCO3

- and Org.- as prediction variables 
have a significant explanatory value (40.8%). In this model the HCO3

- and the Org.- have similar 
coefficients, implying that together they have a similar governing strength on the Ca2+ slopes, although 
the temporal trends in HCO3

- at these sites with positive ANC are much greater than for Org.-. Including 
SO4

2- in the model improves the regression at sites with positive Ca2+ trends to R2 = 0.446. 

Table 6 Regression analysis for the Sen’s slope of Ca2+ based on HCO3
- and Org.- as predictors on all the 

sites, and the sites with negative and positive Ca2+ slopes. Ca2+ = aSO4
2- + bHCO3

-+cOrg.- + d. 

 

De Wit et al. (2023) considered that the increase in biomass and respiration rate, induced by climate 
change, may affect weathering rates, and thereby change the water chemistry. However, assessing 
changes in water chemistry in 1000 Norwegian lakes from 1995 to 2019 they found no correlations 
between temporal trends in Ca2+ and the widespread increase in SiO2, which is often regarded as a proxy 
for the degree of weathering of the silicate rocks. This indicated that the Ca2+ increase was not only a 
consequence of increased weathering of primary minerals. De Wit et al. proposed instead that the rise in 
Ca2+, and its close association with alkalinity, is related to increasing terrestrial productivity that results 
in more root exudation of organic acids and root respiration (i.e., Increased terrestrial pump of CO2 to the 
root zone) (Comstedt et al., 2006). This study agrees with this hypothesis. On the other hand, more 
biomass due to increased productivity will lead to increased tree uptake of Ca2+, which can mask the 
increase in Ca weathering rates of granitic bedrock Marty et al. (2021).  

Since 2017 the declines in non-marine sulphate have levelled off in the 78 Norwegian acid-sensitive 
freshwater lakes that are a part of this study (Vogt and Skancke, 2023). Trends in the sum of non-marine 
calcium and magnesium differ between the different regions of the country, from decreasing in the more 
acid deposition-affected southern- and Southeastern Norway, to increasing in the less polluted 
northwestern-, Central-, and Northern Norway. TOC concentration has increased as acidification has 
decreased. However, there are signs that these trends are levelling off in the regions that have been most 
exposed to acidification. A continued increase in other parts of the country may be due to climate change 
and increased biomass as discussed in Chapters 2.2.3.7. 

Summing up, sites where Ca2+ has been increasing are characterized by being less acidified (lower median 
concentrations of SAA and pH above 5.5) and having higher HCO3

- concentrations. These sites have gentler 
decreasing slopes in SO4

2-, lower increases in Org.-, and steeper increasing slopes of HCO3
-. The increase in 

HCO3
- is the most important factor governing the increases in Ca2+ at these sites. 

Sen’s slope model: 
 

Coeff. 
SO4

2- 
(a) 

P 
value 

Coeff.  
HCO3

-  
(b) 

P 
value 

Coeff.  
Org.-  
(c) 

P 
value 

Const.  
(d) 

P 
value R2 

All sites 0.4851 0.000 0.5696 0.000 0.3434 0.000 -0.0610 0.177 0.7078 
  0.5881 0.000 -0.1129 0.029 -0.6882 0.000 0.2069 

Sites with negative 
Ca2+ slopes 

0.4376 0.000 0.4007 0.000 0.2158 0.000 -0.1048 0.025 0.7028 
  0.3152 0.000 -0.1891 0.000 -0.7663 0.000 0.0962 

Sites with positive 
Ca2+ slopes 

0.3399 0.000 0.5724 0.000 0.7136 0.000 -0.0936 0.283 0.4456 
  0.5150 0.000 0.5305 0.000 -0.2566 0.002 0.4076 
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3.4 Possible causes for spatial differences in HCO3- and Org.- 
trends 

Spatial variation in maximum HCO3
- and Org.- concentrations is partially linked to the fraction of forest 

land cover in the watersheds (Figure 30), though there is a large variation in their median concentration 
at sites with more than 50% forest cover.  

In the most acid-sensitive and anthropogenically 
acidified regions, the average pH (i.e., 5.02 in 
1995 and 5.38 in 2019 (de Wit et al., 2023)) 
remains so low that the carbonate is 
predominantly in the form of protonated carbonic 
acid and CO2 (aq.) (i.e., α0 = [𝐻𝐻2𝐶𝐶𝑂𝑂3]

�𝐻𝐻𝐶𝐶𝑂𝑂3
−�

= 0.95 and 

0.83, respectively), exerting minimal influence on 
Ca2+ transport processes. Generally, at sites with 
pH below 5.5, the levels of bicarbonate remain 
insignificant regardless of forest cover. Still, the 
increase in bicarbonate in less acidic forested 
sites may thus be driven by the prolonged growing 
season (as described in Chapt. 3.1) increasing soil 
respiration and atmospheric CO2 (CO2 pump) 
(Comstedt et al., 2006), leading to increased 
carbonate alkalinity, weathering, and cation 
concentrations (Andrews and Schlesinger, 2001). 
On the other hand, these experiments have used 
exaggerated CO2 levels and lack a documentation 
of long-term effects. Moreover, many of the ICP 
Water sites would likely not support extra biomass 
growth as they are too nutrient-limited and are 
located in cold climates, particularly those with 
the increasing Ca2+ trends situated in the NoNord 
region. 

Still, the spatial differences in median levels of 
Org.- are related to the relative forest coverage 

(Figure 30). This may be due to the high biomass in forests generating more allochthonous DOM.  

On average in our dataset, sites with negative Sen’s slopes for Ca2+ are dominated by forests (66%), mainly 
coniferous, while sites with positive slopes have less forest cover (43%), and instead a significant land 
cover of heathland, sparsely vegetated land, and bare rock (37%).   

Moreover, in the most acid-sensitive and anthropogenically acidified regions, Ca2+ on the soil’s cation 
exchanger were depleted (i.e., %BS < 20%, Reuss and Johnson, 1985). Where the critical load is not 
exceeded, it is hypothesized that these pools are being replenished (Lawrence et al., 1999, 2015; Hazlett 
et al., 2020). Refilling this soil pool of Ca2+ is thus also limiting the leaching of Ca2+ to surface waters at 
these sites.  
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3.5 Conclusions regarding calcium trends 

Differences between sites with respect to temporal trends in Ca2+ levels are, as hypothesized, mainly due 
to differences in rates of decline in SO4

2- vs. rates of increase in Org.- and HCO3
-, which in turn are governed 

by acid deposition loading and catchment characteristics, soil buffering capacity and land cover. 

Within regions with moderate or low acid deposition, spatial differences in pH and forest cover may 
together explain variation in the extent to which trends in Org.- and HCO3

- modify the Ca2+ response relative 
to declines in SO4

2-. Since HCO3
- concentrations are negligible in waters with a pH below 5.5, increases in 

HCO3
- will only be detectable in less acidic systems. In more acidic and more acid-rain-impacted sites, the 

effect of increases in Org.- is outweighed by strong declines in SO4
2- and depleted base saturation limiting 

Ca2+ release from the soil.   

The significance of these results in an air pollution policy context is that, although increasing ANC 
trajectories have slowed down in Europe in recent years, the chemical recovery of less acidified 
freshwaters with a pH above 5.5 is occurring more rapidly than current biogeochemical models predict. 
We hypothesize that climate-induced increases of weathering rates may explain the increases in Ca2+ and 
thereby chemical recovery, at least for less acid-sensitive sites. If this is correct, we should consider 
incorporating this effect in the process description of the models used to predict future chemical recovery.  
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5 Appendix 
Table A1. Regional median levels for the periods 1990-2004, 1998 – 2012, and 2006 – 2020. The median 
levels are of the annual median values for all the sites in each region. 

  SO42- NO3- Cl- Org.- HCO3- Ca2+ Mg2+ H+ ANC TOC 
 µEq/L mg C/L 

1990 - 2004 

NoNord 42.7 0.79 56.4 27.3 10.3 58.4 41.1 0.55 38.4 2.10 
SoNord 82.9 3.36 86.0 77.2 0.00 83.0 51.9 1.95 57.9 6.40 
UK-IE-NL 69.7 9.29 226 36.0 0.00 53.4 55.9 3.63 9.37 3.50 
WCE 192 45.1 95.2 34.8 20.8 161 131 2.20 42.9 3.95 
ECE 67.4 29.0 8.07 12.2 0.00 86.9 15.2 5.29 14.0 1.18 
Alps 70.8 43.9 25.4 NA 176 178 65.8 0.12 176 NA 
Ont 108 4.88 9.70 50.1 45.2 124 42.6 0.39 89.7 3.77 
AdsCsk 93.1 10.9 8.46 47.4 0.00 78.3 27.5 2.68 18.5 4.10 
QuMaVt 70.8 2.36 9.87 52.7 8.04 80.0 32.7 0.57 59.1 4.25 
AtlCan 44.3 1.43 111 65.4 0.00 37.2 33.3 3.39 38.1 6.05 

1998-2012 

NoNord 35.3 0.64 45.1 31.7 19.7 60.6 41.5 0.46 60.4 2.40 
SoNord 58.0 3.11 78.3 90.2 0.00 71.9 46.9 1.51 72.7 7.45 

UK-IE-NL 56.2 8.57 202 46.2 0.00 43.8 52.1 2.68 14.7 4.23 

WCE 119 36.2 84.4 52.1 37.4 136 129 0.75 68.3 4.20 
ECE 43.4 21.4 5.10 10.3 4.65 84.5 12.0 1.48 28.4 0.80 
Alps 47.9 31.6 5.13 NA 67.0 102 15.5 0.15 72.0 NA 
Ont 96.5 3.94 8.91 52.4 46.0 118 39.7 0.36 95.1 3.92 
AdsCsk 75.9 8.19 7.83 50.6 0.00 71.4 25.4 1.71 28.6 4.21 
QuMaVt 59.3 2.36 11.3 57.2 7.89 71.9 30.1 0.48 59.2 4.48 
AtlCan 37.0 1.43 115 70.3 0.00 36.1 32.5 2.82 42.3 6.35 

2006-2020 

NoNord 31.0 0.43 51.1 31.2 24.8 59.9 41.1 0.42 62.4 2.30 
SoNord 47.9 2.64 85.6 98.1 0.00 64.9 44.7 1.29 75.8 7.95 
UK-IE-NL 45.0 7.93 209 60.2 0.00 49.9 55.0 1.13 36.6 4.88 
WCE 199 35.7 141 66.1 0.00 168 150 5.66 64.1 6.55 
ECE 33.8 17.4 5.58 17.0 10.5 88.8 13.1 0.73 54.4 1.46 
Alps 32.4 21.1 4.01 NA 55.7 79.3 12.3 0.15 59.9 NA 

Ont 74.7 5.86 7.63 51.6 37.5 110 37.1 0.50 91.9 3.86 

AdsCsk 54.2 6.08 6.91 57.1 0.00 64.8 23.0 1.29 42.3 4.72 
QuMaVt 45.8 1.00 9.87 60.3 15.8 67.9 28.8 0.39 73.4 4.54 
AtlCan 31.2 1.43 116 80.9 0.00 37.7 33.3 1.29 52.4 7.00 
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Table A2. Regional Sen’s slopes for the periods 1990-2004, 1998 – 2012, and 2006 – 2020.N.d. denote 
no data.  Units for all parameters except TOC is µEq/L/yr. For TOC the unit is mg C/L/yr. NA denote not 
analysed. 

Sen slp  
SO4

2- NO3
- Cl- Org.- HCO3

- Ca2+ Mg2+ H+ ANC TOC CaMg 

 
µEq/L/yr 

mg 
C/L/yr 

µEq/L/
yr 

1990 - 2020 

NoNord -0.67 -0.01 -0.13 0.21 0.43 0.04 0.00 -0.01 1.09 0.01 0.03 

SoNord -1.91 -0.06 -0.24 0.85 0.00 -0.54 -0.30 -0.02 1.37 0.06 -0.86 

UK-IE-NL -1.37 -0.10 -1.53 0.76 0.00 -0.42 -0.36 -0.06 1.47 0.06 -0.78 

WCE -2.33 -0.54 0.00 0.66 0.00 -0.54 -0.19 -0.03 3.20 0.03 -1.24 

ECE -1.99 -0.49 -0.09 0.31 0.00 -0.59 -0.10 -0.05 2.32 0.02 -0.75 

Alps -1.04 -0.33 0.00 NA 0.33 -0.50 -0.08 -0.01 0.84 NA -0.57 

Ont -2.28 -0.01 -0.12 0.31 0.13 -1.03 -0.42 0.00 1.03 0.02 -1.49 

AdsCsk -2.70 -0.16 -0.08 0.68 0.00 -0.88 -0.31 -0.03 1.60 0.05 -1.25 

QuMaVt -1.73 0.00 -0.07 0.30 0.00 -0.79 -0.32 -0.01 0.72 0.02 -1.12 

AtlCan -0.93 0.00 0.18 0.58 0.00 -0.05 -0.10 -0.04 0.74 0.04 -0.17 

1990 - 2004 

NoNord -0.96 0.00 0.00 0.17 0.39 0.00 0.00 -0.01 1.56 0.01 0.00 
SoNord -3.27 -0.05 -1.21 0.93 0.00 -0.86 -0.62 -0.03 2.69 0.07 -1.50 
UK-IE-NL -2.08 0.00 -3.76 1.35 0.00 -0.75 -0.62 -0.16 1.48 0.11 -1.47 
WCE -2.50 -0.79 -0.71 0.80 1.06 -1.04 0.00 -0.01 7.65 0.04 -0.56 
ECE -3.61 -0.71 -0.21 0.31 0.00 -1.39 -0.31 -0.10 2.92 0.02 -2.07 

Alps -1.39 0.59 0.25 NA 0.35 -0.10 0.00 0.00 0.42 NA -0.08 
Ont -1.87 0.00 0.00 0.39 0.00 -1.35 -0.45 0.00 0.27 0.03 -1.80 
AdsCsk -2.08 -0.12 -0.02 0.39 0.00 -0.97 -0.20 -0.02 1.29 0.02 -1.21 
QuMaVt -1.50 0.00 0.00 0.23 0.00 -0.96 -0.30 -0.01 0.59 0.01 -1.29 
AtlCan -0.67 0.00 1.30 -0.35 0.00 0.15 0.10 0.00 0.62 -0.03 0.29 

1998 - 2012 

NoNord -0.52 -0.01 -0.12 0.28 0.32 0.18 0.00 0.00 1.36 0.02 0.39 
SoNord -1.94 -0.05 -0.15 1.10 0.00 -0.50 -0.21 -0.02 1.40 0.08 -0.75 
UK-IE-NL -1.15 -0.18 -1.97 0.67 0.00 -0.50 -0.45 -0.07 1.50 0.05 -0.94 
WCE -2.69 -0.49 0.44 0.31 0.00 -0.37 -0.82 -0.03 0.88 0.01 -2.50 
ECE -1.83 -0.31 -0.04 0.21 0.00 -0.29 -0.10 -0.02 2.04 0.01 -0.39 

Alps -0.84 -0.56 0.00 NA 0.70 0.32 -0.01 0.00 1.50 NA 0.32 
Ont -2.03 -0.01 -0.22 0.35 0.00 -0.74 -0.38 0.00 1.43 0.02 -1.19 
AdsCsk -2.61 -0.09 -0.10 0.36 0.00 -0.81 -0.34 -0.02 1.60 0.02 -1.18 
QuMaVt -1.67 0.00 0.00 0.49 0.00 -0.76 -0.32 -0.01 0.41 0.03 -1.10 
AtlCan -1.29 0.00 0.16 1.14 0.00 -0.25 -0.41 -0.07 0.68 0.08 -0.72 

2006 - 2020 

NoNord -0.52 0.00 -0.09 0.13 0.00 -0.13 0.00 0.00 0.42 0.01 -0.25 
SoNord -0.68 -0.05 0.32 0.18 0.00 -0.20 0.00 -0.01 0.42 0.01 -0.18 
UK-IE-NL -1.19 -0.04 -0.74 -0.31 0.00 -0.10 -0.18 -0.01 1.87 -0.04 -0.56 
WCE -3.78 -0.49 0.00 0.96 0.00 0.00 -0.58 -0.01 5.48 0.07 -0.88 
ECE -0.82 -0.29 -0.01 0.37 0.00 -0.06 0.07 -0.01 2.07 0.03 0.00 

Alps -0.94 -0.57 0.05 NA -0.06 -1.32 -0.13 0.00 0.21 NA -1.46 
Ont -4.27 0.05 -0.29 0.06 0.47 -2.11 -0.60 -0.01 1.82 0.00 -2.69 
AdsCsk -3.00 -0.13 -0.12 1.07 0.00 -0.70 -0.22 -0.02 2.11 0.08 -1.02 
QuMaVt -2.08 0.00 -0.31 -0.03 0.28 -0.47 -0.22 0.00 1.72 -0.01 -0.69 
AtlCan -0.96 0.00 -1.09 0.57 0.00 0.02 0.00 -0.06 1.16 0.03 0.06 
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Table A3. National data providers. 

Country Institution Contact person 

Canada 

Environment and Climate Change Canada Daniel Houle 
Kara Chan  

International Institute for Sustainable 
Development -Experimental Lakes Area 

Scott Higgins 
Chris Ray 

Ontario Ministry of the Environment, Dorset 
Environmental Science Centre Andrew Paterson 

Czech Republic Czech Geological Survey Jakub Hruška 
Finland Finnish Environment Institute Jussi Vuorenmaa 
Germany German Environment Agency Jens Arle 
Italy CNR Water Research Institute (IRSA) Michela Rogora 

Netherlands 
Water and nature Herman van Dam 
Bargerveen Foundation (Stichting Bargerveen) Louise Franssen 

Norway Norwegian Institute for Water research Heleen de Wit 

Poland Institute of Environmental Protection – 
National Research Institute 

Rafał Ulańczyk 
Agnieszka Kolada 

Slovakia  Ins�tute of Hydrobiology, CAS  Jiří Kopáček  
Sweden Swedish University of Agricultural Sciences Jens Fölster 

Switzerland 
Section of air, water and soil protection, 
Department of the territory of the Canton of 
Ticino (TI-SPAAS) 

Sandra Steingruber 

United Kingdom UK Centre for Ecology & Hydrology Don Monteith 

United States United States Environmental Protection 
Agency John Stoddard 

 

 
Figure A1. PCA parameter loading plot of the major descriptive parameter’s loadings along the two main 
principal components assessing the variation in space. 
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Figure A2. Correlation between median annual concentrations of Ca2+, at the 430 sites with data from 
1990 to 2020, and the bicarbonate, sulphate, and Org.-, as deduced by the coefficient of determination 
(R2) in simple trendline analysis.  

 

Figure A3. The regional Sen’s slopes of Ca2+ correlated to regional slopes for SO4
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Figure A4. The regional Sen’s slopes in ANC correlated to regional Sen’s slopes in SO4
2-. 

 

 

Figure A5. Regional Sen Slopes in H+ vs. Conc. of H+. 
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Figure A6. Regional Sen's Slopes in TOC vs. Sen's slope of Org.-. 

 

 

Figure A7. Regional Sen's Slopes in SO4
2- vs. Org.- (a) and SAA vs. Org.-(b) 
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Figure A9. Relationship between bicarbonate levels and pH 

 

Figure A8. Site Sen's Slopes of SO4
2- vs. Org.-. 
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Thematic reports from the ICP Waters programme 
Since its establishment in 1985, the ICP Waters programme has prepared numerous assessments, reports 
and publications that address the effects of long-range transported air pollution, including thematic 
reports, chemical intercalibrations, biological intercalibrations, proceedings of Task Force meetings, and 
peer-reviewed articles. Reports and publications are available at the ICP Waters website; http://www.icp-
waters.no/  
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Rogora, M., Sample, J.E., Steingruber, S., Stoddard, J.L., Talkop, R., Trodd, W., Ulańczyk, R.P. and 
Vuorenmaa, J. 2020. Trends and patterns in surface water chemistry in Europe and North America 
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recovery. NIVA report SNO 7479-2020. ICP Waters report 142/2020 
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D., Posch, M., Rogora, M., Sample, J., Skjelkvåle, B.L., Steingruber, S., Stoddard, J.L., Ulańczyk, R., 
van Dam, H., Velasco, M.T., Vuorenmaa, J., Wright, R.F., de Wit, H. 2018. Regional assessment of 
the current extent of acidification of surface waters in Europe and North America. NIVA report 
SNO 7268-2018. ICP Waters report 135/2018  

Braaten, H.F.V., Åkerblom, S., de Wit, H.A., Skotte, G., Rask, M., Vuorenmaa, J., Kahilainen, K.K., Malinen, 
T., Rognerud, S., Lydersen, E., Amundsen, P.A., Kashulin, N., Kashulina, T., Terentyev, P., 
Christensen, G., Jackson-Blake, L., Lund, E. and Rosseland, B.O. 2017. Spatial and temporal trends 
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Waters report 132/2017. 
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Grudule, N., Halvorsen, G.A., Hildrew, A., Hruška, J., Indriksone, I., Kamasová, L., Kopáček, J., Krám, 
P., Orton, S., Senoo, T., Shilland, E.M., Stuchlík, E., Telford, R.J., Ungermanová, L., Wiklund, M.-L. 
and Wright, R.F. 2016. Biodiversity of macro-invertebrates in acid-sensitive waters: trends and 
relations to water chemistry and climate. NIVA report SNO 7077-2016. NIVA report SNO 7077-
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De Wit, H., Hettelingh, J.P. and Harmens, H. 2015. Trends in ecosystem and health responses to long-
range transported atmospheric pollutants. NIVA report SNO 6946-2015.  ICP Waters report 
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Holen, S., R.F. Wright and Seifert, I. 2013. Effects of long-range transported air pollution (LTRAP) on 
freshwater ecosystem services. NIVA report SNO 6561-2013. ICP Waters Report 115/2013. 
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D.T., Senoo T., Shilland E.M., Stuchlík E., Wiklund M.L., de Wit, H. and Skjelkvaale B.L. 2013. 
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Skjelkvåle B.L. and de Wit, H. (eds.) 2011. Trends in precipitation chemistry, surface water chemistry and 
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6218-2011. ICP Waters report 106/2011. 
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De Wit, H.A. and Lindholm M. 2010. Nutrient enrichment effects of atmospheric N deposition on biology 
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101/2010. 
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