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Preface

The International Cooperative Programme on Assessment and
Monitoring of Acidification of Rivers and Lakes (ICP Waters) was
established under the Executive Body of the Convention on Long-
range Transboundary Air Pollution at its third session in Helsinki in
July 1985. The Executive Body has also accepted Norway's offer to
provide facilities for the Programme Centre, which has been
established at the Norwegian Institute for Water Research, NIVA. A
programme subcentre is established at UNIFOB at University of
Bergen. The ICP Water programme is lead by Berit Kvaven,
Norwegian Pollution Control Authority (SFT).

The objective of the Programme is to establish an international
network of surface water monitoring sites and to promote
international harmonization of monitoring practices. One of the aims
is to detect long-term trends in effects of acidic deposition on surface
water chemistry and aquatic biota, and to investigate dose/response
relationships between water chemistry and aquatic biota.

The data collected within ICP Waters are well-suited for trend
analysis. This report focuses on trends in surface water recovery
from acidification, both in chemistry and in biology. Special focus is
given to trends in nitrate and dissolved organic carbon. Confounding
factors that may delay or enhance recovery are discussed.

The Programme Center acknowledges all countries that provide data
to the ICP Waters database for use in the assessment work. We are
also grateful for the contribution in the discussions of an earlier
version of the report that was presented at the 22" Task Force
meeting in Bergen 11-12 October 2006 and for all the written
comments to the second draft of the report. In particular we want to
thank Michela Rogora, Italy, Thomas Clair, Canada and Lars
Eriksson, Sweden who were appointed by the 22" Task Force
meeting to review the final draft.

Brit Lisa Skjelkvale

ICP Waters Programme Centre,
Oslo, March 2007
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Executive summary

The recovery of surface waters from acidification is continuing. This conclusion is based on
trend analysis of water chemistry data from 179 ICP Waters sites in Europe (73) and North
America (106) between 1994 and 2004. Sulphate concentrations are decreasing while trends in
nitrate show no consistent regional pattern. Alkalinity concentrations, acid neutralizing capacity
and pH show positive tendencies in most regions. Increases in organic acidity and seasalt
deposition delay chemical recovery in some regions. Rates of sulphate decline appear to be
lower than in the previous trend analysis for the period 1990-2001. Sulphate is still the most
important acid anion in most ICP Waters sites.

Evidence of a biological response to reduced surface water acidification is, so far, not uniform
throughout the study area. Long-term biological monitoring data show signs of recovery of
invertebrates in Canada, Norway and the Czech Republic. At the most acidified central
European sites, however, there is little evidence of biological recovery.

Trends in nitrogen are scattered and show no consistent regional pattern. Opposing trends in N
deposition and N run-off indicate that other factors than N deposition regulate nitrate leaching to
surface waters.

The widespread increases in dissolved organic carbon (DOC) throughout Europe and North
America are correlated with declines in sulphate. This suggests that the current DOC rise is a
response to reduced sulphate deposition.

Environmental factors other than acid deposition — so-called ‘confounding factors’ — are
expected to affect chemical and biological recovery of freshwaters in response to reduced acid
deposition. Climate contributes considerably to variability in surface water chemistry, for
instance through seasalt episodes (increases water acidity and sets back biological recovery),
droughts (enhances acidic episodes) and soil freezing and thawing (increases nitrate leakage).
Climate change may both enhance and delay recovery depending on region and variable
considered.

International cooperative work on emission reductions to abate surface water acidification has
so far been very successful, but water chemistry and biology of many acidified systems is still
far from any pre-industrial reference condition. The uncertainties in the future chemical and
biological recovery mainly relate to effects of climate change and the future behaviour of
nitrogen in the ecosystem.

Monitoring of future development of water chemistry and aquatic biota in acidified water bodies
must continue in order to assess effects of further emission reductions of S and N and
confounding effects of climate.
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Summary

ICP Waters programme

A major goal of the work of ICP Waters is to evaluate the changes in surface water
chemistry and biology in relation to emission reductions. The strongest evidence that emissions
control programs are having their intended effect comes from a consistent pattern of chemical
(decreasing sulphate and increasing pH and alkalinity) and biological recovery from
acidification across a large number of sites.

Materials and methods

The water chemistry database we studied consists of chemical records from 179 sites (73
from Europe, 106 from North America) which were grouped in twelve fairly homogeneous
regions with regard to deposition level and acid-sensitivity. In our analysis, only data from the
1994 to 2004 period were tested using the Mann-Kendall trend detection method. The biological
data used for trend analysis were from the UK, Scandinavia, Central Europe and Canada.

Widespread chemical recovery

The most important finding is the widespread chemical recovery in streams and lakes in
most regions in Europe and North America, despite the slightly reduced rate of decline in
sulphate relative to the previously reported period 1990-2001. All regions except two showed a
significant increase in pH and/or alkalinity, and/or acid neutralizing capacity (ANC). This was
largely due to a slower decline in non-marine base cations relative to the decline in sulphate. In
the UK, no improvements in alkalinity or ANC were found despite the large reduction in
sulphate combined with a lower reduction in base cations. This was thought to be related to the
increase in organic acidity through the increase in dissolved organic carbon. The pH increased
significantly, however.

The regions without signs of chemical recovery were Ontario and the Virginia Blue Ridge
mountains in North America. Soil characteristics in the Blue Ridge Mountains make a sulphate
decrease unlikely in the short term. The lack of coherent trends in Ontario is probably due to the
large variability in the trends in individual sites in the region.

No uniform trends in nitrate

Data on nitrate trends between 1990 and 2005 at ICP Waters sites are presented in a separate
chapter. No consistent rise or decline in nitrate was detected, as nitrate trends varied
considerably within each region. However, a significant decline was found in the Adirondacks,
Appalachians and Virginia Blue Ridge, while the Alps were the only region with an increase in
nitrate. At most sites, sulphate was the most important strong acid anion and the relative
importance of nitrate in the anion load does not show any significant change despite the
reductions in sulphate. N deposition has declined slightly since 1990 at many ICP Waters sites,
and in very few sites similar trends in N deposition and N runoff were found. However, the
commonly accepted concept of increasing stream or lake nitrate concentrations in catchments
that receive N deposition above certain thresholds is supported. Opposing trends in N deposition
and nitrate runoff illustrate that other factors (confounding factors) than N deposition alone
regulate catchment nitrate leaching.

Increase in DOC is a response to reduced acid deposition

Dissolved organic carbon (DOC) is of great interest in analysis of surface water recovery
because it is an indicator of organic (natural) acidity which may counteract the positive effect of
declining sulphate. For the period 1990-2004, a widespread increase in DOC was found in
formerly glaciated parts of North America and Europe. Statistical relations were found between
declines of sulphate and chloride and the % increase in DOC, suggesting that the current rise in
DOC is a response to reduced deposition of sulphate. Additionally, seasalt deposition also
contributes to the variability in DOC.
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Biology

The widespread improvements in chemical water quality have lead to biological
recovery of acid-sensitive species, which has been first observed in regions with low buffer
capacity. Examples are Canada, Norway and the Czech Republic. Regions with higher buffer
capacity still show little evidence of biological recovery (Germany). Biological recovery occurs
usually with a 1 up to possibly 20 years delay compared with chemical recovery, depending on
the investigated communities and dispersal and colonisation ability of the acid-sensitive species.

Confounding factors in chemical and biological recovery

Environmental factors other than acid deposition — so-called ‘confounding factors’ — are
expected to affect chemical and biological recovery of freshwaters in response to reduced acid
deposition. A non-exhaustive overview on confounding factors is given. Climate contributes
considerably to variability in surface water chemistry, for instance through seasalt episodes
(increases water acidity and sets back biological recovery), droughts (enhances acidic episodes)
and soil freezing and thawing (increases nitrate leakage). Climate change may both enhance and
delay recovery depending on region and variable considered. Other confounding factors, not
directly related to climate like insect outbreaks, can also delay recovery.
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1. Introduction

Brit Lisa Skjelkvale and Heleen de Wit

ICP Waters Programme Centre, Norwegian Institute for Water Research, Oslo, Norway

The ICP Waters Programme

Over the past 30 years acid atmospheric deposition, “acid rain”, has received considerable
attention as an international environmental problem in Europe and North America. Polluted air
masses containing sulphur and nitrogen compounds travel long distances across national
boundaries. Acidifying compounds thus affect surface waters, groundwaters and forest soils far
beyond their country of origin. The Convention on Long-range Transboundary Air Pollution
(CLRTAP) went into effect in 1983 and was the first step to enforce emission reduction
measures in the international sphere aiming at controlling air pollutant emissions in Europe and
North America. The Working Group on Effects (WGE) has aided the Convention by developing
science to support Protocols. The WGE’s six International Cooperative Programmes (on
Waters, Natural Vegetation and Crops, Forests, Materials and Cultural Heritage, Integrated
Monitoring, and Modelling & Mapping) and a Joint Task Force with the World Health
Organisation (WHO) on Human Health quantify effects on the environment through monitoring,
modelling and scientific review.

The International Cooperative Programme on Assessment and Monitoring of Acidification
of 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. Canada was appointed as lead country
for the first phase of the ICP Waters.

The monitoring programme is designed to assess, on a regional basis, the degree and
geographical extent of acidification of surface waters. The data collected provide information on
dose/response relationships under different conditions and correlate changes in acidic deposition
with the physical, chemical and biological status of lakes and streams. The ICP Waters
Programme is based on existing programmes in participating countries, implemented by
voluntary contributions.

The programme aims and objectives (reviewed at the ICP Waters 15™ Task Force meeting in
Pallanza, Italy October, 1999) are:

Aims:

e Assess the degree and geographic extent of the impact of atmospheric pollution, in
particular acidification, on surface waters;

e Collect information to evaluate dose/response relationships;

e Describe and evaluate long-term trends and variation in aquatic chemistry and biota
attributable to atmospheric pollution.

Objectives:

e Maintain and develop an international network of surface water monitoring sites;
Promote international harmonisation of monitoring practices by:

- maintaining and updating a manual for methods and operation;

- conducting interlaboratory quality assurance tests;

- Compiling a centralised database with data quality control and assessment capabilities.

o Develop and/or recommend chemical and biological methods for monitoring purposes;

e Report on progress according to programme aims and short term objectives as defined in
the annual work programme;

e Conduct workshops on topics of central interest to the Programme Task Force and the
aquatic effects research community;

o Address water related questions in cooperation with other ICP’s

10
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These topics are addressed in depth every 3 or 4 years in summary reports: 3-year report
1987-1989 (Wathne 1991), 6-year report 1990-1992 (Skjelkvale et al. 1994), 9-year report
1993-1995 (Liikewille et al. 1997), 12-year report 1996-1998 (Skjelkvale et al. 2000), and 15-
year report 1999-2001 (Skjelkvale et al. 2003) and this report.

The results from the ICP Waters Programme clearly show that surface waters respond to
changes in atmospheric deposition. Surface waters are much more responsive than either soils or
terrestrial vegetation to changes in long-range transported acid deposition. Lakes and rivers also
have the advantage that they integrate response over the entire catchment area. The ICP Waters
site network is geographically extensive and includes long-term data series (> 15 years) for
more than a 100 sites. The network is thus well poised to document changes that result from
implementation of the protocols.

The current trend report

The aim this report is to provide an overall synthesis and assessment of information on water
chemistry and biology accumulated in the ICP Waters Programme within the last 3 years (2002-
2004). Special attention is given to ‘confounding factors’, factors other than deposition that are
expected to have an impact on chemical and biological recovery. Especially climate change may
significantly influence the behaviour of both terrestrial and aquatic ecosystems. The extent of N
retention in the future, and consequently the future influence of N on surface water acidification,
therefore represents a key uncertainty in future recovery from acidification.

e  Water chemistry -Trends in surface water chemistry 1994-2004 (Chapter 2)

e Trends in nitrogen — Analysis of N trends in relation to deposition and confounding
factors (Chapter 3)

e Trends in DOC - the regional trends and possible causes of the increase in dissolved
organic matter concentrations (Chapter 4)

e Biology — Updated trend analysis on biological recovery (Chapter 5)

e Confounding factors — an overview of factors other than deposition with a potential
impact on chemical and biological recovery (Chapter 6)

References

Likewille, A., Jeffries, D.S., Johannessen, M., Raddum, G.G., Stoddard, J.L., and Traaen, T.S. 1997. The
Nine Year Report: Acidification of surface water in Europe and North America - Long-term
Developments (1980s and 1990s). ICP-Waters Report 41/97 NIVA-report SNO 3637-97,

Skjelkvale, B.L. (ed). 2003. The 15-year report: Assessment and monitoring of surface waters in Europe
and North America; acidification and recovery, dynamic modelling and heavy metals. NIVA-report
SNO 4716-2003, ICP Waters report 73/2003

Skjelkvéle, B.L.(ed.). 2000. The 12-year report; Acidification of surface water in Europe and North
America; trends, biological recovery and heavy metals. SNO 4208/2000, ICP Waters report 52/2000

Skjelkvale, B.L., Newell, A.D., Raddum, G.G., Johannessen, M., Hovind, H., Tjomsland, T., and Wathne,
B.M. 1994. The six year report: Acidification of surface water in Europe and North America.
Dose/response relationships and long-term trends. NIVA-report SNO 3041-94

Wathne, B.M. 1991. The Three Year Report: Summary and Results 1987-1989. Norwegian Institute for
Water Research. ICP Waters report 14/1991
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2. Trends in surface water chemistry 1994-2004

Heleen de Wit', Brit Lisa Skjelkvale!, Tore Hggsen', Thomas Clair® , Luca Colombo?, Jens
Folster*, Dean Jeffries®, Balazs LaszI6®, Vladimir Majer’, Don Monteith®, Rosario Mosello®,
Michela Rogora®, Dorota Rzychon'®, Sandra Steingruber, Sanita Stivrina'?, John L.
Stoddard®?, Anatoly Srybny™, Reet Talkop™, Josef Vesely’, Jussi Vuorenmaa™, Joachim
Wieting™®, Adam Worsztynowicz™

! ICP Waters Programme Centre, Norwegian Institute for Water Research, Oslo, Norway

2 |CP Waters Focal Centre, Environment Canada, Sackville, Canada

% 1CP Waters Focal Centre, Ufficio protezione aria, Bellinzona, Switserland

* |CP Waters Focal Centre, Swedish University of Agricultural Sciences, Uppsala, Sweden

® ICP Waters Focal Centre, National Water Research Institute, Ontario, Canada

® |ICP Waters Focal Centre, Budapest University of Technology and Economics, Budapest, Hungary
" ICP Waters Focal Centre, Czech Geological Survey, Czech Republic

8 ICP Waters Focal Centre, Environmental Change Research Centre, United Kingdom

% |CP Waters Focal Centre, Institute of Ecosystem Study, Verbania Pallanza, Italy

10'|cP Waters Focal Centre, Institute for Ecology of Industrial Areas, Katowice, Poland

1 1CP Waters Focal Centre, Latvian Environment, Geology and Meteorology Agency, Riga, Latvia.
12 |CP Waters Focal Centre, US Environmental Protection Agency, Corvallis, USA

13 |CP Waters Focal Centre, Ministry of Natural Res. and Environ. Protection, Vitebsk Region, Belarus
' |CP Waters Focal Centre, Estonian Environment Information Centre, Tallinn, Estonia

15 |CP Waters Focal Centre, Finnish Environment Institute, Helsinki, Finland

16 |CP Waters Focal Centre, Umweltbundesamt, Berlin, Germany

2.1 General overview of trend analysis

One of the most valuable uses of data from the ICP Waters program is evaluation of long-
term trends. Trend analyses have been conducted previously on ICP Waters data and have
provided important indications of the geographic extent of acidification and recovery of lakes
and streams (Lukewille et al. 1997, Newell and Skjelkvale 1997, Skjelkvéle et al. 1994,
Stoddard et al. 1999, Skjelkvale et al. 2000, Skjelkvale et al., 2003, Skjelkvale et al., 2005).
Here, we report trends from 179 ICP Waters monitoring sites for the period 1994-2004. We also
compare these trends with trends for the period 1990-2001 to see if the rate of recovery is
changing. The period of 1990-2001 was chosen because it was reported in the 15-year report
(Skjelkvale et al., 2003).

The 15-year report (Skjelkvale et al., 2003) showed an almost universal decline in sulphate
concentrations in combination with chemical recovery that varied in strength depending on
region. Clearest evidence of recovery was found in southern Scandinavia, eastern central Europe
and North America except Maine and Atlantic Canada. Thus, early signs of recovery were
found in many regions during the 1980s while the 1990s showed compelling and more
widespread improvements in water chemistry indicating an acceleration of recovery.

Our analysis of surface water response to changing deposition focuses on the key variables
that play major roles in acidification and recovery:

1) SO,* and NOg, the acid anions of acidic deposition. Trends in the concentrations of
these anions reflect recent trends in deposition (especially SO,*) and in ecosystem
response to long-term deposition (e.g., NO3").

2) Base cations - £(Ca”* + Mg?*), which are mobilised by weathering reactions and cat-
ion exchange that neutralise acids in watersheds. Base cations will respond indirectly to
changes in SO,* and NOy’

12
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3) Acidity, including pH, measured (Gran) alkalinity and calculated ANC, which
reflects the outcome of interactions between changing concentrations of acid anions and
base cations.

Trends in concentrations of nitrate and dissolved organic carbon (DOC) or alternatively
total organic carbon (TOC) are considered in Chapters 3 and 4 respectively. DOC can be
considered as a surrogate for organic acids, mostly derived through natural degradation of
organic matter in catchment soils

Both SO,% and base cation concentrations were sea-salt corrected, and pH was transformed
to H* concentrations prior to statistical analysis.

Similar to the 15-year report, we present the trends for each individual site, as well as
aggregated trends by regions. While it is important to know how individual sites in various
countries are responding to decreased atmospheric deposition, the strongest evidence that
emissions control programs have their intended effect comes from a consistent pattern of
recovery (decreasing SO.” and increasing pH and ANC) across a large number of sites; the
regional trend analysis is intended to test for these large-scale patterns. Additionally, we plot
trends for the period 1990 to 2001 against trends for 1994 to 2004 to see if rates of recovery
have changed since the since the last trend analysis of ICP Waters.

2.2 ICP Waters sites chosen for trend analysis

Sites in the ICP Waters database exhibit a wide range of sampling frequencies, completeness
of chemistry, and length of record. In order to make a meaningful comparison of trends among
these sites it is necessary to impose a minimum set of requirements for inclusion of data. We
chose to focus the current analysis on:

e sites where data collection started no later than 1997 and where data collection continued at
least until 2002

e sites where data were available for at least 7 out of 11 years (1994-2004).

e sites that had all of the variables that would have a direct response to changes in
atmospheric deposition (i.e., sulphate, nitrate and base cations)

e sites sensitive to acidification (ANC < 300 peg/L and alkalinity < 300 peg/L)

e sites with undisturbed catchments

An overview of mean chemical data for each site for the time period 2002-2004 is presented
in Appendix A. The results of this selection process are summarised in Appendix B. 179 sites
had sufficient data for trend analysis.

2.3 Quiality assurance of data

Standardisation of sample collection and analytical methodologies are addressed in the latest
version of the ICP Waters Programme Manual (Anonymous, 1996). Aspects of site selection,
water chemistry/biological monitoring and data handling are also described in detail in the
manual.

Three levels of quality control of water chemistry data can be distinguished: in-laboratory
controls in individual countries, between-laboratory controls and quality control of data reported
to the National Focal Points and to the Programme Centre at NIVVA. The last step does not focus
on the physical-chemical analysis of single parameters in the laboratory, but is a more technical
procedure including:

- looking for outliers
- evaluation of continuity in time series
- calculation of ionic balance

13
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Table 1. Number of sites in each country, and number of sites per country included in trend
analysis.

Europe North America

Country nr of sites in analysis nr of ICP Waters sites || Country nr of sites in analysis nr of ICP Waters sites
Belarus 0 1 Canada 17 18
Czech Republic 6 6 USA 89 94
Estonia 0 1
Finland 8 8
Germany 26 31
Hungary 0 1
Italy 6 6
Latvia 0 3
Norway 5 5
Poland 2 2
Sweden 9 9
Switzerland 5 5
United Kingdom 6 6

73 84 106 112

2.4 Statistical methods used for trend analysis

Numerous statistical techniques are available to analyse trends in time series like those
presented here. In the two previous ICP Waters reports on assessment of trends we have used
the Mann Kendall test (MKT) (Hirsch and Slack, 1984; Hirsch et al., 1982). This method is
robust against outliers, missing data and does not demand a normal distribution of the data. The
method only determines monotonic trends. The regional analyses we present in this report
depend on the ability to calculate a robust estimator of slope for each site. The Sen slope
estimator was used to calculate the trends (Sen, 1968). The estimator has similar strengths as the
MKT, and does not demand a normal distribution of the data.

Only annual means were used in the statistical analyses. The frequency of observations per
station varied from a single annual observation to weekly sampling, and the frequency of
observations for some stations differed between years. For each site, a representative annual
value was calculated for each variable by taking the arithmic mean. Thus, seasonality in the data
only influenced the value of the annual value and did not affect the power of the statistical tests.

The slopes of individual trends aggregated within a region represent a distribution of results,
which can in turn be examined and analysed for patterns. Within each region, we tested for a
significant trend using an adapted version of the Mann-Kendall test designed to include multiple
monitoring sites (Lettenmaier, 1988).

The non-parametric Wilcoxon test was used to test for differences in slope (calculated with
the Sen slope estimator) between two time periods, i.e. 1990-2001 and 1994-2004. The sites
were grouped into combinations of the regions used for the regional trend analysis to secure
sufficient observations. The period of 1990-2001 was chosen because it was used in the
previous trend analysis of ICP Waters data (15-year report).

2.5 Results of trend analysis
2.5.1 General trends 1994-2004

We analyzed 179 sites; 73 in Europe and 106 in North America which is a reduction of ten
sites since the last 15-year report. The results of the trend analysis for the single sites and the
calculated slopes are presented in Appendix C. and are summarised in Table 2. In this section

14
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we describe only the overall pattern in the results, while a discussion of the trends is included in
next section on regional trends.

Most sites (65%) showed a significant decreasing trend in non-marine sulphate, whereas
there were no sites where non-marine sulphate was increasing.

The majority of the sites (68%) showed no trend in nitrate whereas a notable minority (25%)
showed a decreasing trend. A few sites (7%) showed an increasing trend. The mixed tendencies
in nitrate trends have been shown previously in reports of ICP Waters. The lack of a uniform
trend in nitrate concentrations illustrates that nitrate leakage from catchment is affected by a
variety of processes, in contrast to sulphate leakage from catchment which is largely controlled
by sulphate deposition.

Only 30% of the sites showed a significant decrease in non-marine base cation
concentration, while the majority (65%) showed no trend. A few sites (5%) showed significant
increasing trends. In contrast to the trends reported for the period of 1990-2001 in the 15-year
report, decreasing trends in base cations have become far less prevalent. The proportional
response of base cations concentrations to the reduction of strong acid anions determines if
chemical recovery can be expected.

Table 2. Results of trend analysis for 179 ICP Waters sites for the period 1994-2004. Number of
sites with significantly increasing or decreasing trends for given variables. No trend at
significance level p>0.05.

SO, NO; Ca+Mg Alkalinity ANC H* DOC/TOC
Europe
Increasing 0 10 7 18 25 5 14
No trend 21 48 40 43 40 42 38
Decreasing 52 15 26 2 0 26 0
North America
Increasing 0 3 1 32 31 3 14
No trend 41 72 59 71 44 86 92
Decreasing 61 29 19 1 1 17 0
Total no of sites 175 177 152 167 141 179 158
Total no increasing 0 13 8 50 56 8 28
Total no of no trend 62 120 99 114 84 128 130
Total no decreasing 113 44 45 3 1 43 0
% increasing trends 0 7 5 30 40 4 18
% no trends 35 68 65 68 59 72 82
% decreasing trends 65 25 30 2 1 24 0

Alkalinity showed increasing trends at 30% of the sites while a significant decrease was

found in only 2% of the sites. The trends in acid neutralizing capacity (ANC) were similar to
those of alkalinity: an increase in 41% of the sites and a decrease in only 1% of the sites. This
indicates that virtually no sites are currently being acidified further compared to 14% of the sites
showing a decrease in alkalinity in our previous report (1990-2001).

A substantial minority of sites (24%) showed a decrease in H* concentrations (implying an
increase in pH) but the majority of the sites had no significant trend. It is difficult to measure pH
in low ionic strength waters typical for the most of the ICP Waters sites (Hovind 2002) and
makes trend detection for pH more difficult.

Dissolved organic carbon (DOC) measurements were not available at all sites. In some sites,
total organic carbon (TOC) concentrations are reported only. Here, we have used DOC
preferably, but TOC if DOC data did not exist. A majority of sites (82%) showed no trend in

15
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DOC, while the remaining 18% showed a significant increase. The proportion of sites with
increasing trends in DOC has halved since the 15-year report (1990-2001).

2.5.2 Regional trends

The strongest evidence that emissions control programs are having their intended effect is a
consistent pattern of recovery (decreasing SO, and increasing pH, ANC and alkalinity) across
a large number of sites. For this reason, we are again reporting trends for clusters of ICP sites
(Table 3, Figure 1). The sites are grouped into geographic regions based on similar acid-
sensitivity (e.g., similar geology, soil characteristics) and rates of deposition. The regions, and
sites they include, are as similar as possible to those used in previous ICP Waters assessments.
The main differences with regard to regions defined in the 15-year report are i) the region
UK/Ireland consists now only of UK sites and is renamed as “UK”; ii) the “Upper Midwest”
region now only includes sites from central and western Ontario and has been renamed to
‘Ontario’ and iii) the ‘Alps’ region now contain data from Switzerland in addition to Italy. The
list of regions on which we report is based on both scientific and pragmatic decisions resulting
from availability of data.

Regional trend results are shown in Table 4 and a comparison of trends between the time
period 1990-2001 and 1994-2004 are shown in Table 5. This analysis was only performed for
three regions, aggregated from the regions in Table 3, to secure sufficient observations.

Table 3. Regions in Europe and North America (including abbreviations) and number of sites
in each region

Regions in Europe abbreviation n Regions in North America abbreviation N
Northern Nordic NoN 7 Maine and Atlantic Canada Atl 20
Southern Nordic SoN 15 Vermont and Quebec Vt/Que 17
U.K UK 6 Adirondacks Ads 50
West Central Europe WCE 11 Appalachian Plateau App
East Central Europe ECE 23 Virginia Blue Ridge BRi
Alps Alps 11 Ontario Ont

sum 73 sum 106
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Figure 1. Map showing location of ICP Waters sites used for trend analysis in this report and

outline of geographical regions. Red dots are sites included in the trend analysis, while the blue
dots are sites with trend analysis only for sulphate.
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Table 4. Regional trend results for ICP Waters sites for the period 1994-2004. Values are
median slopes, the value of the test statistic (Mann-Kendall test) and significance. n.s. is ‘not
significant” (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001. Units for non-marine sulphate,
nitrate, non-marine base cations [Ca®" + Mg**], alkalinity, ANC and hydrogen are peq/L/year.
Units for DOC are mg/L/year. Abbrevations are explained in Table 3.

S04 NO; H
region n median test stat p median test stat p median test stat P
NoN 7 -1.4 -3.1 * -0.05 -1.9 n.s. -0.02 -2.0 *
SoN 15 -4.8 -3.6 o -0.04 -1.3 n.s. -0.05 -3.1 *
UK 5 -1.6 -2.1 * -0.19 -1.7 n.s. -0.54 -2.6 *
WCE 11 -5.6 -3.6 b 0.08 0.2 n.s. -0.12 -2.8 *
ECE 23 -3.6 -34 o -1.14 1.7 n.s. -0.15 2.4 *
Alps 11 -1.3 -3.4 e 0.79 2.4 * 0.003 2.4 *
Vt/Que 17 -1.5 -2.7 ** 0.05 0.6 n.s. -0.05 -1.2 n.s.
Atl 20 -0.5 -1.5 n.s. 0.00 0.2 n.s. -0.03 2.4 *
Adk 50 -1.9 -3.5 e -0.34 -2.4 * -0.11 -1.8 n.s.
Apps 9 -1.4 -3.1 b -0.53 -2.8 > 0.04 0.4 n.s.
Ont 7 -2.4 -3.3 > -0.40 0.9 n.s. 0.005 1.3 n.s.
BRI 3 0.6 1.7 n.s. -1.29 -3.2 ** 0.002 -0.1 n.s.

Alkalinity ANC Base Cations

median test stat p median test stat p median test stat P
NoN 7 0.9 1.3 n.s. 1.1 29 > -0.8 -2.6 >
SoN 15 2.3 2.9 * 3.9 3.3 fl -2.2 2.7 *
UK 5 0.1 0.6 n.s. 0.1 0.8 n.s. -1.6 -1.7 n.s.
WCE 11 3.5 1.9 n.s. 7.5 3.3 el -2.5 -1.6 n.s.
ECE 23 0.1 0.7 n.s. 4.2 2.3 * -1.9 -1.6 n.s.
Alps 11 0.8 3.1 > 0.6 1.7 n.s. 1.0 0.7 n.s.
Vt/Que 17 0.2 0.7 n.s. 0.8 2.6 * -0.1 2.2 *
Atl 20 0.7 2.0 n.s. 0.2 0.0 n.s. 0.7 0.2 n.s.
Adk 50 0.9 2.4 * 1.9 2.4 * -1.0 -1.4 n.s.
Apps 9 0.0 0.6 n.s. 1.3 2.3 * -0.9 -2.1 *
Ont 7 0.2 1.3 n.s. -0.7 -0.8 n.s. -0.9 -2.0 n.s.
BRi 3 0.6 1.0 n.s. no data no data

DOC

median test stat p
NoN 7 0.05 1.6 n.s.
SoN 15 0.09 2.6 *
UK 5 0.12 2.3 *
WCE 11 0.09 2.2 *
ECE 23 0.08 1.3 n.s.
Alps 6 no data
Vt/Que 17 0.03 0.7 n.s.
Atl 20 -0.01 -0.1 n.s.
Adk 50 0.04 1.7 n.s.
Apps 9 -0.01 -0.2 n.s.
Ont 7 0.03 2.1 *
BRi 3 -0.01 -0.8 n.s.
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Table 5. Trends in surface water chemistry calculated for 1990-2001 and 1994-2004 for
Central Europe (Alps, East Central Europe and West Central Europe), North West Europe
(Nordic countries and UK) and North America (Canada and US). Median trends for each
regions and period are given. The difference between the two periods is tested statistically with
the non-parametric Wilcoxon test. n.s. is ‘not significant” (p > 0.10); * p < 0.10; ** p < 0.05;
**% n < 0.01. Units for non-marine sulphate, nitrate, non-marine base cations [Ca®" + Mg?'],
alkalinity, ANC and hydrogen are peq/L/year. Units for DOC are mg/L/year.

SO, NO3 H*
Region '90-'01  '94-'04 p |'90-'01 '94-'04 p |'90-'01 '94-'04 p
Central Europe -3.8 -35 ns.| -04 0.0 ns.|-0.02 -0.07 ns.
NW Europe -3.4 -3.1 ns.| 0.0 -0.1 * | -0.05 -0.05 n.s.
North America -2.0 -1.5 7| -0.2 -0.1 ns.| -0.05 -0.05 ns.
All -2.4 -19 | -01 -0.1 ns.| -0.05 -0.05 ns.

Alkalinity ANC Base Cations DOC

'90-'01  '94-'04 p |'90-'01 '94-'04 p |'90-'01 '94-'04 p ['90-'01 '94-'04 p
Central Europe 0.7 06 ns.|{ 20 43 ns.| -20 -1.5 ns.| 003 0.09 ns.
NW Europe 0.3 06 ns.| 1.8 20 ns.| 1.7 -1.2 ns.| 0.11 0.08 n.s.
North America 1.0 0.7 ns.| 1.1 1.3 * | 1.6 -09 **| 0.02 0.03 *
all 0.8 0.7 ns.| 1.1 1.8 " | -1.7 -1.0 "] 0.04 0.04 **

Trends in sulphate by region

A strong decrease in sulphate concentrations in lakes and streams was measured in almost all
regions in Europe and North America was found, similar to previous trend analyses (Table 4,
Figure 2). Two regions in North America did not show a significant SO,*” decrease, i.e. Maine
and Atlantic Canada and Virginia Blue Ridge. In Virginia Blue Ridge, soil characteristics make
a SO, decrease unlikely (Church et al. 1990). Although the number of ICP sites located in this
region is small (n=3), they follow the pattern illustrated by a more comprehensive assessment of
streams in the region (Stoddard et al. 2003). Sulphur-adsorbing soils typical of the Southern
Blue Ridge exert a strong control on atmospherically-deposited SO,*", and have driven small
but significant increases in surface water SO,%, even during a time of decreasing rates of acidic
deposition. In Maine and Atlantic Canada, the reduction in sulphate was among the lowest of all
regions for the period 1990-2001 and is now no longer significant. A trend analysis of 63 lakes
in Atlantic Canada showed significant decline in SO,* for the period 1989-1997 (Clair et al.,
2002).

The regional rates of SO, decline in Europe were between -1.3 peg/L/yr in the Alps and -5.6
peg/L/yr in West-Central Europe while rates of SO, decline in North America were between
-0.5 and -2.5 peq/L/yr. The rates of decline for the investigated period 1994-2004 were on the
whole significantly lower than for the previously reported period 1990-2001 (Table 5).
However, if tested by aggregated region, only North America showed a significantly lower
decline of sulphate in the last period. These results are consistent with a slower decline of SO,
in surface waters than in the period of 1990-2001. This suggest that the trends from 2001-2004
have fltattend out.

Deposition of S in Europe declined on average with 65% between 1990 and 2004 (EMEP,
2006) whereas reductions in S deposition in the eastern US were about 27% in the same period
(CASTNET, 2006). Both in Europe and the US, the largest decreases in S deposition were
obtained between 1990 and 2000. The steeper declines in surface water SO, in Europe as
compared to North America are consistent with the larger reductions in SO, deposition in
Europe.
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Figure 2. Distributions of slopes for non-marine SO,*" trends in regions in Europe and North
America. Each box shows the range (25th to 75th percentiles, with line at median) of slopes,
while lines (whiskers) show the range of the data that lay within the upper (lower) quartile pluss
1.5 x the interquartile range (minus 1.5 x the interquartile range). Explanations of
abbreviations are found in Table 3.

Trends in sulphate in sites not sensitive to acidification

Some of the ICP Waters sites are regarded as insensitive to acidification (ANC > 300 peg/L).
However, we wanted to see if the general decrease in sulphate that is observed in acid sensitive
sites is also found in the non-sensitive sites (Table 6). Only two of the eight sites show
significant decreasing trends, and these trend is circa 5 to 10 times larger than for the acid-
sensitive sites. Probably, the trends are influence by local sources of sulphate in the catchment,
either from natural conditions (geology) or anthropogenic input (agriculture).

Table 6. Trend slopes of nonmarine SOy in sites not sensitive to acidification for the period
1994-2004. Values are median slope and significance level (Mann-Kendall test). n = nr of years
Significant slopes indicated in bold.

Trend slope

SO,* peg/Llyr p n

Belarus BY01 21.5 0.06 9
Estonia EEOQ1 1.1 0.59 11
Hungary HU01 -54.5 0.06 9
Latvia LVO1 0.6 0.88 7
LVv02 -23.1 0.02 7

LV03 -1.9 0.82 11

LV04 -23.8 0.01 11

LV05 -0.1 0.94 11

Trends in nitrate by region

Nitrate concentrations declined in three regions of North America (Adirondacks,
Appalachians and Virginia Blue Ridge) (Table 4, Figure 3). Only the Alps in Europe showed a
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significant increase. These findings are similar to the trends in nitrate found for 1990-2001 in
the 15-year report. The comparison of trend strengths between 1990-2001 and 1994-2004
(Table 5) suggested a larger negative change in nitrate in North West Europe (p<0.10) in the
latter period. In general, variation within each region was large. Positive and negative individual
trends were present in all regions except the Alps and the Blue Ridge mountains, but here the
number of sites per region was limited. In each region except the Alps and the Blue Ridge
mountains, changes in SO, on an equivalent basis dominated changes in NOs.
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Figure 3. Distributions of slopes for NO;™ trends in ICP regions in Europe and North America.
Interpretation of boxes and whiskers, as well as region names, are as in Figure 2.

Declines in nitrate have been observed in streamwater and lakes in New York state in USA
during the period 1980-2000 (Burns et al., 2006), in reservoirs and streamwaters the Erzgebirge
in southeast Germany in 1993-2003 (Ulrich et al., 2006), in alpine lakes in the Tatra mountains
in Central Europe in the 1990s (Kopacek et al., 2005) and in streamwaters in forest catchments
in the Czech Republic (Vesely et al., 2002). However, the lack of any consistent trends in nitrate
is also commonly reported, for instance in the UK (Davies et al., 2005), in the USA (Binkley et
al, 2004), for ICP Waters for the period 1980-1995 (Stoddard et al. 1999), 30 acid-sensitive
catchments in Europe until the late 1990s (Wright et al., 2001) and for headwater catchments in
Norway (De Wit et al., in press). The upward trend in nitrate in ICP Waters sites in the Alpine
region appears thus to be an exception in reports of streamwater chemistry of acid-sensitive
ecosystems. It should be noted that the upward trend in NO;3 is not a general tendency in the
alpine region, but is only observed in subalpine old-growth forest catchments that have received
15-20 kg N ha™ deposition over many years (Rogora et al., 2001) while high elevation lakes did
not show significant trends.

Thus, while nitrate decline seems to be far more common than nitrate increases in surface
waters, the majority of catchments shows no trend. The interpretation of various downward
trends includes regrowth of young forest in the Central Europe (Vesely et al., 2002; Ulrich et al.,
2002), increased retention of atmospherically deposited N because of increased frequency of
snow melt events (De Wit et al., in press) and changes in hydrology (Burns et al., 2006). The
upward nitrate trend in the Alps is interpreted as a sign of limited N retention capacity of old
growth forests, and possibly climate warming (Rogora et al., in press).

As shown above, the distribution of nitrate trends and the mechanisms proposed to explain
these tendencies differ greatly. It should be underlined, in agreement with the former trend
report of ICP Waters, that reduced streamwater nitrate is not a certain indication of recovery.
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Unlike SO,, nitrate concentrations in many ICP Waters sites show substantial internannual
variability (much of which may be linked to climatic variation, e.g. Monteith et al. (2000)) and
the 10 year period assessed in this and previous reports is likely to be insufficiently long to
reveal longer term trends.

Links between trends in deposition and runoff of nitrate are clearly more difficult to
substantiate than for sulphate. Indeed, mathematical (Aber and Driscoll 1997) and conceptual
(Stoddard 1994, Wright et al. 2001) models of nitrogen suggest that long-term catchment
responses to N deposition may occur on the time scale of centuries, rather than decades.
However, large scale data analyses indicate that a combination of N deposition and ecosystem
enrichment, expressed in the soil organic layer C to N ratio, can predict nitrate leaching in
European forests (MacDonald et al., 2002). A similar assessment done for North American
catchments (Aber et al., 2003) indicated a link between N deposition and N status of forest
ecosystems.

Trends in nitrate and confounding factors are further discussed in Chapter 3 and Chapter 6.

Trends in base cations by region

One of the expected responses of catchments to falling non-marine SO,* inputs is the
reduced leaching of non-marine base cations (Galloway et al., 1983). In this report, we use the
sum of the concentrations of calcium and magnesium (Ca+Mg) as a surrogate for total base
cation concentrations, because these cations are quantitatively most important at the majority of
acid sensitive monitoring sites. Most of the ICP regions show no significant trends in base
cations, although most tend to show decreases (Table 4; Figure 4). Significant decreases in base
cation concentrations are limited to the Northern and Southern Nordic regions in Europe and the
Vermont/Quebec and Appalachians regions in North America.
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Figure 4. Distributions of slopes for non-marine base cation (Ca+Mg) trends in ICP regions in
Europe and North America. Interpretation of boxes and whiskers, as well as region names, are
as in Figure 2.

For most regions the median decrease in base cations is less than the equivalent decline in SO,.
If the decrease in SO, was entirely balanced by a decrease in cations, no improvement of water
chemistry (increase in pH, alkalinity and ANC) would be expected. The recent decline of base
cations relative to SO, is less than observed in earlier regional assessments (Stoddard et al.
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1999, Skjelkvale et al. 2001a) and for the 1990-2001 period (Table 5). This is indicative of a
stronger recovery of water quality than previously.

Trends in alkalinity and ANC by region

The dominating regional negative trend in SO,4, combined with the regional signal of either
no change or decreasing NOg3, and the slower decline in base cations leads us to expect fairly
universal increases in alkalinity, ANC and pH. Alkalinity is a measured variable that indicates
the water’s ability to buffer acidic inputs. ANC (acid neutralising capacity), calculated from
sum of base cations minus acid anions, can be considered as a surrogate for alkalinity. However,
in DOC-rich waters organic acidity can become significant compared with inorganic acidity.
ANC will effectively overestimate the buffer capacity of the water under such circumstances.

Positive trends in alkalinity or ANC dominate in all but four regions (Table 4; Figure 5;
Figure 6). In the UK, Maine and Atlantic Canada, and Ontario neither alkalinity nor ANC show
a positive trend. The strongest improvements in ANC are found in the southern Nordic region
and West Central Europe, which is similar to the previous trend analysis. Evans et al. (2001a)
reported that the strongest signs of recovery in the period from 1980 onwards were found in
freshwaters in Central Europe. In North America, the Adirondacks and the Appalachians show
the most prominent increases in ANC. There is no indication of continuing acidification, apart
from a few sites in Central East Europe. On the contrary, most regions show significant
recovery.

In the southern Nordic region the reduction in acid anions (-4.8 peq/L/yr) was considerably
larger than the reduction in base cations (-2.2 peg/L/yr). The increase in alkalinity almost
balanced the difference (+2.3 peqg/L/yr) whereas the trend in ANC suggests an even stronger
recovery (+3.9 peg/L/yr). In the calculation of ANC, increased organic acidity (Table 4) has not
been included. The increase in organic acidity counteracts ongoing chemical recovery.

In the UK, the decrease in acid anions (-4.0 peq/L/yr) was considerably larger than the
reduction in base cations (-1.6 peg/L/yr) and protons (-0.5 peqg/L/yr) but surprisingly, no
increase in alkalinity or ANC was found. This may be connected to the large increase in DOC
(+0.09 mg/L/yr), the influence of seasalt deposition and possibly other expressions of climatic
variability (Evans et al., 2001b). Hruska et al. (2003) found a carboxyl group content of ca 8-10
peg/mg DOC indicating a maximum charge density of 8-10 peg/mg DOC. Thus, the annual
increase in DOC in the UK has buffered the decrease in strong acid ions with possibly upto -0.8
peg/L/yr. The UK experienced several large seasalt deposition events during the early 1990s
(Evans et al., 2001) and its effects may have obscured trends in chemical recovery from acid
deposition. However, the decrease in concentrations of H* gives a very strong indication of
improved water quality in the UK. Furthermore, inorganic aluminium concentrations have
declined sharply in several of the UK sites assessed here (Davies et al., 2005) and this is
particularly beneficial to biological recovery.

In North America, alkalinity only improved in the Adirondacks (+0.9 peg/L/yr) but ANC
increased twice as much (+1.9 peg/L/yr). In the previous trend analysis, four regions in North
America showed a significant improvement in alkalinity, which was not found in older trend
analyses (e.g. Stoddard et al. 1999, Skjelkvale et al. 2001a). The comparison of trend strength in
ANC in the periods 1990-2001 and 1994-2004 (Table 5) indicates a stronger increase in ANC in
the most recent period in North America. This could be interpreted as an increased rate of
chemical recovery in some regions in North America, in contrast to the results from the
alkalinity trend analysis. Burns et al. (2006) report a slower increase in pH for the last decade in
streamwater and lakes in New York state in USA for the period of 1984-2001 in contrast to the
trends for the whole period.
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Figure 5. Distributions of slopes for alkalinity trends in ICP regions in Europe and North
America. Interpretation of boxes and whiskers, as well as region names, are as in Figure 2.
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Figure 6. Distributions of slopes for calculated ANC trends in ICP regions in Europe and North
America. Interpretation of boxes and whiskers, as well as region names, are as in Figure 2.

In East Central Europe, the overall decrease in acid anions was -4.7 peg/L/yr and base
cations and protons decreased ca -2.0 peg/L/yr. Alkalinity did not increase significantly, but this
variable showed a large variability (Table 4; Figure 5), probably caused by site characteristics
and by variations in the analytical method to measure alkalinity employed by various
laboratories (Hovind, 2005).

24



ICP Waters report 87/2007

Trends in pH by region

Chemical recovery of surface waters involves a combination of changes towards a more
natural historical, chemical composition. Increases in pH are biologically very relevant because
high hydrogen concentrations can have toxic effects and also because inorganic aluminium is
mobilized at low pH. Here we analyse trends in hydrogen concentrations, calculated from pH
measurements. An increase in pH implies a decrease in hydrogen ion concentration.

All regions in Europe — with the possible exception of the Alps — and only one region in
North America show a decrease in hydrogen ions, equivalent to an increase in pH (Figure 7;
Table 4). In the previous trend report for the period of 1990-2001, only two regions showed an
increase in pH. However, there is no significant difference in trend strength in hydrogen
between 1994-2004 and 1990-2001 (Table 5). The most significant changes in pH are found in
West Central Europe, the south part of the Nordic countries and the UK. The first two regions
experience also the most significant increases in ANC, whereas the UK lacks a trend in ANC.
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Figure 7. Distributions of slopes for hydrogen ion trends in ICP regions in Europe and North
America. Interpretation of boxes and whiskers, as well as region names, is as in Figure 2.
Increasing pH (an indicator of recovery) is the same as decreasing H".

Trends in DOC by region

Dissolved organic carbon (DOC) is of great interest in analyses of surface water recovery,
because it is an indicator of natural organic acidity. Understanding the cause of recent increases
is paramount to determining the likely ecological importance of these changes. If the rise in
DOC is independent of the recovery process, an increase of organic acidity could counteract the
positive effect of reduced inputs of acid anions on chemical recovery. However, if the rise in
DOC is a response to reduced acid deposition, it should merely slow the rate of recovery but not
overrule it. Organic molecules are also strong complexing agents for aluminium, thus
potentially controlling the level of toxic aluminium in freshwaters. The previous ICP trends
report (Skjelkvale et al., 2003) was one of the first to note the widespread increases in DOC
now being observed throughout Europe and North America (Chapter 4).

Positive trends dominate in all regions of Europe, while in North America only the
Adirondacks and Ontario show an increase (Figure 8). Significant positive trends were found in
all European regions except the furthest north and east, and in Ontario (Table 4). The main
difference with the previous trend analysis for the period 1990-2001 is the lower number of
regions with significant DOC increases (4 regions in this report and 6 previously), especially
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due to the lack of significant trends in North America. No difference was found in the strength
of the trends in different periods (Table 5).

Descriptions of regional patterns in DOC increases are disscussed in Chapter 4 where it is
argued that the increase in DOC in acid-sensitive ecosystems is a response to the reduction in
acid deposition.
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Figure 8. Distributions of slopes for trends in dissolved organic carbon in ICP regions in
Europe and North America. Interpretation of boxes and whiskers, as well as region names, are
as in Figure 2.

2.6 Conclusions

The trend analysis of water chemistry between 1994 and 2004 in 179 sites (73 in Europe,
106 in North America) showed a widespread chemical recovery in streams and lakes in most
regions in Europe and North America. The rate of decline in sulphate was slightly reduced
relative to the previously reported period 1990-2001. All regions except two showed a
significant increase in pH and/or alkalinity, and/or acid neutralizing capacity, largely due to a
slower decline in non-marine base cations relative to the decline in sulphate. In the UK, no
improvements in alkalinity or ANC were found despite the large reduction in sulphate combined
with a lower reduction in base cations. This was thought to be related to the increase in organic
acidity through the increase in dissolved organic carbon. In the Adirondacks, Appalachians and
Virginia Blue Ridge a significant decline in nitrate was found while the Alps were only region
with an increase in nitrate. At most sites, sulphate was the most important strong acid anion and
the relative importance of nitrate in the anion load seems to be constant despite the reductions in
sulphate.

The regions without signs of chemical recovery were Ontario and the Virginia Blue Ridge
mountains in North America. Soil characteristics in the Blue Ridge Mountains make a sulphate
decrease unlikely in the short term. The lack of coherent trends in Ontario might be due to the
large variability in the trends in individual sites in the region.
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3. Nitrogen runoff at ICP Waters sites 1990-2005:
Increasing importance of confounding factors?

@yvind Kaste, Heleen de Wit, Brit Lisa Skjelkvale, Tore Hagasen

ICP Waters Programme Centre, Norwegian Institute for Water Research, Oslo, Norway

3.1 Introduction

Emissions of oxidised N species from combustion of fossil fuels and emissions of reduced N
compounds from agriculture increased dramatically in Europe during the 1900’s and reached
peak levels about 1980 (Schopp et al. 2003). After this, the emissions levelled off during the
1980s, and a slight decrease has been reported since 1990. The European averaged decrease in
N deposition from air during the 1990s is somewhat smaller than the reported emission
decrease, although there are significant differences from country to country (Tarrasén et al.
2006).

Excess N deposition is viewed as a threat to the nutrient balance and health of forest and
semi-natural terrestrial ecosystems (Aber et al, 1989, Stoddard 1994) by promoting increased
leaching of inorganic N (generally NOj3;) below the root zone and causing increased
concentrations of inorganic N in runoff. In turn, this enhances the risk of acidification of soils
and surface waters.

Even though N deposition is generally regarded as the main driver behind N leaching from
soils to surface water, ecosystems are also affected by a number of other pressures that may
cause disturbance and subsequent N losses. On a regional scale, climate variability or extreme
events probably represent the major influence, whereas forest cutting, ditching and insect
attacks can be important confounding factors on the local catchment level (Vitousek at al.
1979).

Since 1988, the ICP Waters programme has provided a valuable basis for evaluation of NO3
trends in surface waters in a large number of sites in Europe and North America. The aim of this
chapter is to:

e give an updated report on status of NO3" in surface waters at ICP Waters sites

o identify sites where trends in N runoff may be a result of other factors than N deposition.

3.2 Sites and data sources

This chapter includes data from 177 ICP Waters sites with data covering the period from
1990 to 2004-05 (Canada: 17, Czech Republic: 6, Germany: 31, Estonia: 1, Finland: 8, Italy: 6,
Norway: 5, Sweden: 9, UK: 6, and USA: 88). Not all sites have sufficient data for all types of
analysis — therefore all tables and figures in this chapter contain information about the number
of sites included. Nitrate concentrations reported in the ICP Waters programme are measured
using a variety of analytical methods. However, annual cross-comparisons of methods using
audit samples of known concentration, conducted by ICP Waters (Hovind, 2000), showed
excellent agreement among the national laboraties.

All deposition data used here are provided by the European Monitoring and Assessment
Programme (EMEP), both from Meteorological Synthesising Centre - West (MSC-W) and the
Coordination centre for Chemistry (CCC). The data comprise measured concentrations in air
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and precipitation at EMEP sites across Europe and modelled total (wet + dry) deposition by
country (Tarrason et al. 2006; Fagerli and Aas, submitted). The EMEP model uses estimated
annual emissions and actual meteorology for each year to calculate wet and dry deposition of S,
oxidised N and reduced N compounds.

In this report, we have used measured concentrations in precipitation at EMEP sites located
in the same region as the streamwater sites.

3.3 Results

3.3.1 Spatial variation

There is a large spatial variation in NO3™ concentrations in the different regions included in
the ICP Waters Programme (Figure 9; Figure 10). The highest concentrations are in eastern
and western central Europe (ECE and WCE) and in the Alps (represented by the northwestern
parts of Italy). In North America, sites in the Adirondacks, Appalachian Plateau, and in the
Upper Midwest show the highest concentrations, although much lower than in Central Europe.
Lowest NO3™ concentrations appear in the northern Nordic (NoN) and southern Nordic (SoN)
regions and in the Atlantic part of USA and Canada.
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Figure 9. Mean nitrate concentrations surface waters in different regions of Europe and North
America during the period 2002-2005. Y-error bars indicate the standard deviation.

30



ICP Waters report 87/2007

|
2, AR
> AL
Jf{g ?r'" II L \\
L §
[(J : 5 -t‘\ III"-/_-%/?
P T
1 _1- 'E“L 5:1 - ':L _ﬁkj
W T :
é:—-'l g | Im\ J,.[g—i"‘l & w}ﬁ“m—-"*—“}!‘
Lz LP 7
A A -4
Sl B 5 25 SV S
‘L /}«F ' QJ} -

NO3 (pEg/L)
J ® 0-5
{q:'l ® B-10
s Y -
: . 2-50
-?;r' L] 1= 100

Figure 10. Maps showing mean annual NO3™ concentrations at European and North American
ICP Waters sites in 2004 (unit peq L™). The maps also include sites not included in the main

analysis.
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3.3.2 Nitrogen runoff concentrations 1990-2005

Nitrate

There has been a slight increase in the number of sites with mean concentrations of NO3’
below 5 peq L™, from 34% in 1990-93 to 41% in 2002-05 (Figure 11). About half of the sites
have NO3 concentrations above 10 peq L™. Due to the seasonal and episodic patterns of NOy',
however, the significance of NOj3™ in acidification is usually greater in certain parts of the year
(e.g., spring) than illustrated by the mean concentrations in this Figure. The largest decrease has
occurred in the concentration interval 25-50 peq L™. In 2002-05, 9% of the lakes belonged to
this category, compared to 18% during 1990-93.

The frequency of sites with NO5 concentrations greater than 50 peq L™ has remained
surprisingly stable during the study period (16%). This might indicate that sites within this
group are exposed also to other kinds of disturbance than N deposition alone. Most of the sites
with mean NOs concentrations higher than 50 peq L™ are located in Germany, Latvia, Estonia,
Italy, Czech Republic, Belarus and Hungary. Unweighted mean values, as used here, may
underestimate actual annual means, particularly in catchments with heavy snowmelt in spring.

A division of data between Europe and North America reveals relatively large differences in
frequency distribution (Figure 12). 50% the North American sites are presently found within
the <5peq L™ group, while only 28% of the European sites are found here. On the other hand,
40% of the European sites had NO3 concentrations greater than 50 peq L™, while no sites in
North America were found within this category. Additionally, the regions of North America
included in ICP Waters have experienced a strong reduction in the number of sites with NO3
concentrations in the range 25-50 peq L™ (from 18% in 1990-93 to 6% in the latest period).
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Figure 11. Frequency distribution of mean annual NOs concentrations at 177 ICP Waters sites
with data from the periods 1990-93, 1996-99 and 2002-05.
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Figure 12. The same data as shown in Figure 11, but divided between Europe and North
America.

Ammonium

Concentrations of NH," are generally low at the ICP Waters sites. About 65% of the sites
have NH," concentrations below 2 peq L™, and about 90% show concentrations below 5 peq L™.
There are only small differences between the time periods 1990-93, 1996-99 and 2002-05 with
respect to NH," concentrations. Within the latest period no sites showed NH," concentrations
higher than 15 ug L™. During 2002-05, the ratio of NH," to NO; averaged 0.09 at the 119 sites
with both species analysed, with a range from 0.01 to 3.85.
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Figure 13. Frequency distribution of mean annual NH,* concentrations at 119 ICP Waters sites
with data from the periods 1990-93, 1996-99 and 2002-05.
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3.3.3 Relative importance of nitrate vs. sulphate

The importance of NO3™ in acidification relative to S0,% in surface waters can be estimated
by the concentration of NO; divided by the sum of non-marine SO,* (denoted by asterisk) and
NOs’

NO,”

all concentrations in peq L™
50,*+NO, | Hea L)

N acidification ratio (NAR) =

Given the large reduction in SO,* deposition since 1990, there has been a surprisingly little
change in NAR-values at the ICP Waters sites up to now (Figure 14). The main reason for this
is that many sites have experienced decreasing NO3™ concentrations during the same period. At
about 50% of the sites, NO3™ played a minor role in the acidification of surface water during
2002-05 (NAR-values < 0.1). During the same period, 1/3 of the sites were moderately affected
(0.1 < NAR < 0.25) and 17% heavily affected (NAR > 0.25). At 6% of the sites, most of them
located in Germany and Italy, NOz  was a more important factor than S0,% in the acidification of
surface waters (NAR > 0.5). This fraction has increased from 2% in 1990-93 to 6% in 2002-
2005.

It is important to note that the analysis above is based on mean values. NO3;™ usually have a
stronger seasonal pattern than SO,*, with the highest concentrations appearing during the
dormant season, while the concentrations may decrease below the detection limits during
summer. The contribution of NO3™ to acidification of rivers and lakes therefore can be much
higher during certain parts of the year than indicated in Figure 14.

A division of data between Europe and North America (Figure 15) shows that the American
sites are more moderately affected by N-acidification than many European sites. During the
latest period, 98% of the North American sites had NAR-values below 0.25, while the
corresponding fraction for the European sites was 63%. At 14% of the European sites NO3  was
a more important factor than SO, in the acidification of surface waters during 2002-05.
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Figure 14. Relative importance of NOs in acidification at 167 ICP Waters sites in 1990-93
compared to the period 2002-05 for the same sites.
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Figure 15. The same data as shown in Figure 14 but divided between North America and
Europe.

3.3.4 Relationships between deposition and runoff of nitrogen

Empirical data from forested ecosystems in Europe show a clear relationship between N
deposition and N loss (Dise and Wright 1995, Gundersen et al. 1998). These data indicate that
very little NO3 leaching occurs at N deposition below 9-10 kg N ha™ yr?, leaching can occur at
intermediate deposition between 9 and 25 kg N ha™ yr?, and significant leaching occurs at all
sites receiving deposition greater than 25 kg N ha™ yr*. These thresholds are based on data from
monitoring plots across a gradient of current N deposition in Europe and from several
experimental sites.

Input/output data for NO3™ are not available for most of the ICP Waters sites. However, a
general view of N leakage is obtained by comparing the concentrations of total inorganic N
(TIN = NO3™ + NH,") in runoff with TIN concentrations in precipitation interpolated from
adjacent EMEP stations (Figure 16). Altogether 54 sites with long-term data for both TIN
runoff and TIN deposition are included in this analysis. The North American sites are not
included due to lack of deposition data.

The results support the general picture that increased TIN concentrations occur in
catchments receiving N deposition above certain thresholds. At sites with precipitation
concentrations below 0.25 mg N L™, runoff TIN concentrations did not exceed 5 peq L™. This
was typically remote sites in Scandinavia and Scotland. In areas with precipitation
concentrations in the range 0.25 — 0.7 mg N L™, TIN runoff reached 30 peq L™ This included
the more polluted locations in Scandinavia together with sites in the Czech Republic, UK, and
Italy. Above this deposition level, runoff concentrations spanned a wide range from below 2
peq L™ to more than 300 peq L™. The latter illustrates that catchment N retention capacity is
highly variable among sites, depending on landscape characteristics, site history and different
types of disturbance. Sites included in this group were located in Germany, the Czech Republic
and in Italy. Absolute threshold values for ICP Waters sites are uncertain for several reasons;
the deposition data are not site specific, the sampling frequency is low at many sites, and the
amount of N leaked is influenced by both deposition level and site history.

From earlier assessments, it appears that North American catchments show substantial N
leaching at much lower deposition levels than in Europe (Stoddard 1994). The possible
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difference in threshold values between the European and North American continents is an
interesting phenomenon, but not yet possible to study within the ICP Waters programme.

When comparing the periods 1990-93, 1996-99 and 2002-05, there was a successive
reduction in TIN concentrations in precipitation, with maximum concentrations reaching 1.55,
1.28 and 1.11 mg N L™, respectively (Figure 16). In most cases this was followed by a
corresponding decrease in maximum concentrations of TIN in runoff. This suggests a relatively
fast response of the ecosystems to the reduced loading of atmospheric N, which is in good
accordance with results from various ‘roof experiments’ (where acid deposition was removed
from an area by shielding it with a roof) (Tietema et al. 1998, Wright et al. 2001).
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Figure 16. Nitrogen (NOs + NH,") concentration in runoff and total inorganic N
concentrations in deposition for 54 European ICP Waters sites in 1990-93, 1996-99, and 2002-
05 (deposition data for 2002-03 only). The dotted lines indicate the successive change in
maximum TIN deposition and TIN runoff with time.

3.4 Possible roles of confounding factors in trends of N runoff

Trend analyses of surface water chemistry are presented in Chapter 2. Altogether there were
55 sites with sufficient data for trend analysis of both N deposition and NO3™ runoff during the
period 1994-2004 (54 sites covering the period 1990-2001). Figure 17 combines the two types
of analysis, in an attempt to categorise sites with converging trends in precipitation and runoff
versus sites with diverging trends. Within the latter group, there is a possibility that NO3z™ runoff
is regulated by other driving forces (confounding factors) than deposition.

At most sites, there are no clear trends in precipitation or runoff concentrations of N. During
the earliest period (1990-2001) there were more sites with significantly decreasing trends in N
deposition than in the period 1994-2004 (Figure 17). In both periods there are only two sites
with significantly increasing N deposition. These are located in northern Norway and Finland,
both close to the Russian border.

Only four sites in 1990-2001 and two sites in 1994-2004 show decreasing trends in both N
deposition and NOj™ runoff. These were located in Norway (2), Czech Republic (1) and
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Germany (2). Diverging (opposite) trends were recorded at two Swedish sites (increasing NO3
runoff despite reduced deposition) and one site in northern Norway (decreasing N runoff despite
increased deposition).
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Figure 17. Trends in NO3 runoff vs. trends in N deposition (concentration of total inorganic N
in precipitation) at 54 ICP Waters sites during two different time periods analysed by the Mann-
Kendall test (se chapter 2). Notation: + significant increase (p<0.05), 0 No significant trend, -
significant decrease (p<0.05).

3.5 Summary and conclusions

Many of the ICP Waters sites have been experiencing a slight decrease in precipitation N
concentrations since the early 1990s. The results from the ICP Water Programme during 1990-
2005 support the general picture that high TIN concentrations occur in catchments that receive
N deposition above certain thresholds. Catchment N retention capacity is highly variable among
sites, depending on landscape characteristics, site history and different types of disturbance.
Comparison of the periods 1990-93, 1996-99 and 2002-05 at 55 ICP Waters sites shows a
successive reduction in maximum concentrations of TIN in precipitation. In most cases this has
been followed by a corresponding decrease in maximum concentrations of TIN in runoff.

When looking at individual sites, however, relatively few show significant downward trends in
NOjs™ runoff concentrations (also see Chapter 2). There might be several reasons for this, for
instance large inter-annual variation, large internal N stores or different types of disturbance. At
some sites, there are in fact diverging (opposite) trends in deposition and runoff, which indicate
that NO3™ runoff is regulated by other driving forces (confounding factors) than deposition
alone. Many of these can be directly or indirectly related to climate (floods, droughts, storms,
heat waves, insect outbreaks, etc.) or catchment management (e.g., water regulations, ditching,
forest cutting and re-growth). Many of these possible confounding factors are discussed further
in Chapter 6 of this report.
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Abstract

Lake and stream water in glaciated landscapes across substantial areas of North America
and northern and central Europe has become enriched in dissolved organic carbon (DOC) over
the past two decades. The reduction in water quality and transparency has increased costs of
water treatment, and the potential increase in the export of carbon from the land to the sea has
raised concerns that terrestrial carbon stores may be becoming unstable, with unpredictable
consequences for the global carbon cycle. To date there is little agreement as to underlying
causes, but hypotheses range from rising ambient CO2 concentration, climate-change driven
changes in temperature and precipitation, changing land-use, and changes in nitrogen
deposition. Recently, changing soil chemistry, resulting from a decline in anthropogenic sulphur
deposition, has been proposed as the dominant driver, and this contrasts with other hypotheses
as it implies that surface water quality is returning to a pre-industrial “reference state”, rather
than deteriorating. It is clearly important for water management and our understanding of the
acidification/recovery process and the wider carbon cycle that this issue is resolved. Here we
show, through the assessment of time series from over 500 acidification-sensitive sites in North
America and northern Europe, that the tendency for DOC increases in most regions between
1990-2004 can be explained by changes in the acid anion concentration of atmospheric
deposition. DOC concentrations have increased proportionally with the decline both in
anthropogenic sulphur, and, in some regions, seasalt deposition. While mechanisms require
further elucidation, results suggest that DOC concentrations should stabilise as anthropogenic
sulphur emissions decline toward negligible levels, while revealing a potential weakness in the
ability of current geochemically-based models to predict the impact of sulphur declines on the
acidity of sensitive waters.
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Introduction

Natural waters contain varying amounts of dissolved organic matter derived from plant and
animal remains and exudates, represented analytically by the measurement of dissolved organic
matter (DOC). DOC compounds are multifarious in origin and character, and show a broad
range of molecular weights, solubility, hydrophobicity and charge density. The dominant type in
relatively unproductive headwater regions is high molecular weight humic matter, comprising
humic and fulvic acids and humin, largely products of plant and soil organic matter degradation
(Lenheer and Croué, 2003). These compounds are efficient at absorbing visible light, thus
strongly influencing transparency and imparting a characteristic brown staining to surface
waters. Hydrophobic fractions have relatively high charge density which can be nullified by the
addition of aluminium and iron salts, thereby leading to coagulation and the loss of DOC from
solution.

Observations of DOC increases in remote surface waters are drawn predominantly from
national networks concerned with assessing the effects of emission reductions on acid-sensitive
lakes and streams. These programmes have reported that surface water acidity has declined in
response to declining sulphur deposition. However, expected increases in alkalinity and pH
often appear muted, possibly as a result of the observed increases in organic acidity (i.e., DOC)
over the same period (Driscoll et al., 2003; Stoddard et al., 2003). The apparent geographical
coherence of DOC increases hints at a dominant driver and several reports have suggested links
to aspects of global climate change (Freeman et al., 2001; Freeman et al., 2004). Here, however,
we amalgamated lake and stream water chemistry monitoring data from a large number of
monitoring programmes to test the hypothesis that trends in surface water DOC concentration
were being driven by trends in atmospheric deposition. Analysis was restricted to sites with at
least annual measurements for 10 of the 15 years between 1990 and 2004. Data for sites with
more frequent sampling were reduced to one representative observation per year, by estimating
annual mean values. For reasons explained below, we excluded sites with median values for the
sum of divalent cations (Ca** + Mg®*) greater than 150 peq/L. Data were analyzed for trends by
the Mann-Kendall test (Sokal and Rohlf, 1969), with slopes estimated by the Sen estimator
(Sen, 1968).

Our trend results reinforce previously published reports of widespread increases in DOC
across large areas of glaciated, acid-sensitive terrain in Europe and North America (Figure 18
and Figure 19 and). Upward slopes (n = 334) greatly outnumbered downward slopes (n = 147;
24 sites had slopes equal to zero), and 85% of the significant trends (i.e., those with p < 0.05)
were upward. Upward slopes were particularly dominant in the southernmost regions (lower
than 62 degrees latitude) of the Nordic Countries, in the United Kingdom, and in the
northeastern U.S.; these are all areas where sulphur and/or chloride deposition has declined
strongly during the 1990-2004 time period. There were strong tendencies for DOC to increase in
the northern Nordic region, as well as in Ontario and Quebec, although many of these slopes
were not significant. Atlantic Canada was the only region with little evidence of increasing
DOC.

The magnitude of DOC change was dependent on absolute DOC concentrations (Figure
20), with the largest trends generally occurring in sites dominated by peatlands and/or wetlands;
to control for this, subsequent analyses centred on relative DOC change (i.e., DOC change per
year as a percentage of the site median, or %ADOC).

40



ICP Waters report 87/2007

2 i S
S Ak o mh '
Gha:lg-tﬂln Fun:: R e .0 y
ol A Circte o Y ) 23 ﬂ":'
@< 0.00 " : o8 P
S@0.00 - 0,02 ot o
S @002 - 0.15 e erler i % e
a@= 1016 P o 00 & _ Finland goSgl
sigrificant o i & - E o] a
sgreican % =] i & o L ]
';‘Erﬂ 5 Mores " & ﬁ :
B .ﬂg'“l.i:)ﬂ o e
'8 % 3 3Ry
il &l
* B
@ o _
~ United I
e "
CANADA “
Ctaria — ;}M—ﬂwﬁm &
@ f . ﬂ o & LR —— ]
o o
- & - Change in DOC
o Ko Baoke o 2] mgiLiyrh
-y . @ ©@<0.00
: B e usnng-gﬂg
i & @0.02 -0.1
2 A éﬂ“ 2> 0.18
UNITED STATES @ or ik -:.l_gnlﬁc:-'lt
@ il gignilicant
P

Figure 18. Trends in dissolved organic carbon (mg/L/yr) at monitoring sites on acid-sensitive
terrain in (upper panel) Europe and (lower panel) North America for the time period 1990-

2004.
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Figure 19.Histograms of trend magnitudes (and significance) for regions of Europe (upper
panels) and North America (lower panels). Bars show total number of sites in each trend class;
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regions except Atlantic Canada are dominated by positive slopes; in the U.K., the southern
Nordic area and Northeastern U.S., these trends are mostly significant.
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Figure 20. Relationship between DOC trend (mg/L/yr) and absolute DOC concentration
(presented as the median at each site for the period 1990-2004). Positive and negative trends
(p< 0.1) indicated by filled and empty circles respectively. Because DOC change is strongly
related to absolute DOC concentration, we use % change in DOC (DOC trend/median
concentration) in many of our analyses.

As site-specific deposition estimates were not available for most of the surface water
monitoring sites, we focused on changes in measured surface water concentrations of S0,%
(ASO, %) and CI' (ACI), as potential drivers, on the assumption that change in these
conservative acid anions were representative of changes in the chemistry of deposition. For the
majority of these relatively remote systems SO,” is derived predominantly from fossil fuel
pollutant deposition, whereas significant CI" concentrations mainly reflect seasalt inputs
deposited sporadically in coastal areas during storms. We could not explore the influence of
changing nitrogen deposition on DOC trends on this basis, because atmospheric nitrogen is
retained strongly in the vast majority of the catchments represented here, and is thus non-
conservative. Similarly we excluded sites where S0,% is not conservative, such as those in the
Southern Appalachian region of the U.S.(Rochelle and Church, 1987), and parts of
Germany(Prechtel et al., 2001), where soils often adsorb SO, strongly.

%ADOC was strongly related to both ASO,? and ACI™ (Figure 21). In several cases where
%ADOC was large relative to ASO4, ACI” was found to dominate the net change in the two acid
anions. For example, the site with the largest % ADOC (Scoat Tarn in the U.K.) exhibited only a
moderate decrease in SO,* (-1.6 peq/L/yr) over the period 1990-2004, but a very large decrease
in CI" (-8.2 peq/L/yr), due to less frequent seasalt episodes. For Newfoundland sites, where
DOC concentrations declined, change in SO, was mostly small and statistically insignificant
whereas CI concentrations had increased significantly.

Trends in SO,* and CI” were the strongest predictors of %ADOC in a multiple regression
(forward selection) exercise, involving the trend slopes and median concentrations of a range of
chemical determinants and a range of climatic variables (see methods for details). ASO, > and
ACI alone accounted for 30% of the variance; the inclusion of median non-marine Ca** + Mg**
concentration (CaMg*), a variable included to represent catchment sensitivity to acidification,
explained an additional 4% of the variance (Table 7). The negative coefficient for CaMg*
suggested that the response of DOC to changing anion concentrations was greatest in the most
acid sensitive systems.
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Figure 22 provides a comparison of distributions of %ADOC with those for the residuals
from the multiple regression with ASO,*, ACI" and CaMg*. Here sites were mostly classified on
a national basis as this provided a convenient geographical division of the data and large acid
anion trend gradients in each of these regions. Figure 22 illustrates that this simple model was
sufficient to explain the upward tendency in DOC trends in most regions. Sites in the U.K.
exhibited DOC trends not fully explained by changes in acid anions; this is one region where
both deposition and climate (increased temperature) have been implicated as drivers of DOC
change(Evans, In Press).
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Figure 22. Regional distributions of (a) % DOC change per year and (b) residuals calculated
from a multiple regression predicting % DOC change from 450,*, ACI" and median CaMg*
concentrations.. Residual values center around zero for all regions, with the possible exception
of the U.K., indicating that the regression model built on all data reliably explains the tendency
for DOC concentrations to deviate from ““no trend” in each separate region. Due to large
sample size and geographic coverage, data from Canada were broken into three regions
(Ontario, Quebec and Atlantic Canada.

The alternative hypotheses, many can be dismissed as universal explanations of DOC
behaviour, because they do not operate at the scale at which we observe changing DOC (Figure
18). Landuse change, such as altered forestry practices, the draining of peatlands(Worrall et al.,
2003), or changes in grazing or burning practices in grassland and moorlands(Garnett et al.,
2000), can influence the export of organic carbon from catchments, but there have been no
consistent land-use changes over the large areas where we currently observe increasing DOC
trends (Figure 18). Changes in hydrology can also influence the export of DOC. Increased
flows may lead to runoff more dominated by products accumulated from shallow soil layers
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(where much of the production of DOC occurs) (Tranvik and Jansson, 2002), while changes in
stream discharge in the absence of changing DOC flux can lead either to decreased
concentrations (through dilution) or increased concentrations (through concentration)(Evans et
al., 2005). While it is clear that hydrologic changes have the potential to influence DOC flux,
recent analyses of data from riverine catchments in the U.K.(Evans et al., 2005), the eastern
U.S.(McCabe and Wolock, 2002; Zhu and Day, 2005), Canada(Whitfield and Cannon, 2000)
and Finland (Hyvérinen, 2003) suggest no consistent hydrologic trends over the last 2 or 3
decades.

Findlay (Findlay, 2005) has proposed that increasing DOC in the Hudson River results
from higher rates of soil microbial processing (e.g., decomposition) due to the accumulation of
atmospherically deposited nitrogen. While there is evidence that N is accumulating in many
ecosystems, both the amount of N deposition, and recent temporal trends, are highly variable
across our sites. Surface water nitrate concentrations do not exhibit the increases that would be
expected if widespread ecosystem ‘N saturation’ were occurring (indeed in the northeast US,
nitrate leaching has decreased (Goodale et al., 2003)), and we are unable to identify any
similarity in geographical patterns of N accumulation rates and DOC increases. Further, this
hypothesis cannot account for the tendency for DOC declines in parts of eastern Canada.

Two alternative proposed drivers of DOC change may operate at the appropriate
geographic scale. Freeman et al.(Freeman et al., 2004) have demonstrated in the laboratory that
increased primary production due to increased atmospheric CO, can produce elevated
concentrations of DOC in soil solutions. However, the magnitude of the ambient CO, increase
measured at global monitoring stations since 1990 is ca. 8% of that used in the experiments and
even these fail to reproduce the scale of DOC increases reported here. Increasing temperature
and its effects on organic matter decomposition rates have also been widely proposed as an
explanation for increasing DOC(Freeman et al., 2001; Hejzlar et al., 2003) but we did not find
any correlation between regional patterns of temperature and DOC trends (Figure 23).
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Figure 23. Relationship between relative DOC change at surface water monitoring sites and
trends in annual air temperature (both for the period 1990-2004), compiled in a 5x5 degree
grid. Multiple surface water monitoring sites are located in each temperature grid cell,
resulting in a range of DOC trends for each estimated (grid-based) change in air temperature.
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Changes in the chemistry of atmospheric deposition, therefore, provide the only regionally
consistent explanation for widespread upward trends in surface water DOC concentrations. At
least two potential mechanisms have been identified. DOC solubility has been linked to soil pH
in numerous laboratory (Clarke et al., 2006; de Wit et al., 2001) and field(Vogt et al., 1994)
studies. Our observation of the apparent importance of acid sensitivity is consistent with a soil
pH/DOC solubility mechanism. In fact, at CaMg* concentrations above 150 peg/L, the
relationship between %ADOC and ASO,* and ACI™ disappears (not shown). This is the primary
reason for excluding less acid-sensitive monitoring sites from the database used in this analysis.

A second, potentially more important mechanism is the effect of coagulation of DOC by
aluminium. The addition of aluminum (e.g., alum) is the primary process by which DOC is
removed from drinking water during treatment, and aluminium solubility declines with
increasing soil pH. Coagulation results from the powerful effect aluminium has on ionic
strength of the water; independent studies have shown that increasing the ionic strength of soil
solutions reduces the rate of DOC flux (Evans Jr. et al., 1988; Tipping and Hurley, 1988; Vance
and David, 1989). Since reducing atmospheric deposition also reduces ionic strength, it is very
difficult to separate the soil pH/DOC solubility and ionic strength effects. When the multiple
regression shown in Table 7 is repeated using standardized values of ASO,* and ACI', (by
subtracting the mean and multiplying by the standard deviation) in order to gauge relative
weights of effect, the back-transformed regression coefficient for SO,* is approximately twice
that for CI" . This is consistent with the expected difference in the effects of the two anions on
ionic strength. However SO,> (deposited mainly as sulphuric acid) would also be expected to
have a greater impact on acidity than Cl (deposited as neutral seasalt). Further experimental
work is required to elucidate the relative roles of these factors.

Table 7. Results of stepwise multiple regression for % change in DOC. Estimates for intercept
and slope of individual relationships are for the final three variable model.

Variable Estimate p Cumulative R?
Intercept 0.83 0.0004 .
Change in SO4* (ueg/L/yr) -0.57 <0.0001 0.225
Change in CI” (peqg/L/yr) -0.26 <0.0001 0.300
Median CaMg* (ueg/L) -0.01 <0.0001 0.344

* seasalt-corrected divalent cation concentration

Other investigators have shown that variation in hydrology, temperature and land-use all
exert influences on DOC concentrations and fluxes. However, this international study indicates
that decreasing rates of atmospheric deposition, and their effects on increased DOC solubility,
have dominated the inter-regional pattern of DOC trends on both continents since 1990. Trends
in CI" appear to have been important over this period, but the tendency for decadal cycles in
seasalt deposition in some coastal regions(Evans and Monteith, 2001) suggests that, in the
longer term, reductions in anthropogenic sulphate will become the dominant driver. Our
findings have two important and related implications for our understanding of processes. First,
they demonstrate convincingly, and for the first time, that DOC concentrations are sensitive to
changes in acid deposition, and, therefore, that the decline in surface water acidity in response
to falling levels of acid deposition is being partially offset by increasing organic acidity.
Second, they suggest a current propensity to over-attribute changes in carbon fluxes to effects of
changing climate, thereby implying that the threat of widespread destabilization of terrestrial
carbon reserves may have been over-stated. Clearly, therefore, the development of models
which seek to predict the response of surface water acidity to future emission scenarios, and
those concerned with developing a better understanding of the linkages between climate and the
carbon cycle stand to benefit from a better integration of understanding of both pollutant and
climatic impacts on terrestrial carbon dynamics.
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5.1 Introduction

Over the past 35 years acidification of freshwater habitats has received considerable
attention as an international ecological problem. In connection with this the ICP Water
monitoring programme was established in 1987, with the aim to assess the degree and
geographical extent of acidification of streams and lakes. Changes in acid deposition are
monitored with respect to effects on water chemistry, dose/response relationships, and
biological responses. This chapter focuses on trends in biological recovery, evaluated against
the background of trends in water chemistry. This topic was treated in a separate report from
ICP Water in 2004 (Raddum et al. 2004). Here, a brief summary of this report is given with the
addition of new data. Special attention is given to confounding factors that may enhance or
obscure the observed trends. Until now, several regions have shown chemical recovery and the
trends in biological recovery generally agree well with the chemical improvements. However,
there are also examples on lack of responses or setbacks in the biological recovery process
which may be related to known and unknown confounding factors, some of them related to
climate change.

There are important differences between processes leading to biological damage under
acidification, and processes leading to biological recovery when water quality has improved.
The main driver for biological change during acidification is the increasing toxic effect of the
water quality. Sensitive organisms die out and the community structure is in general predictable
at different levels of acidity. Biotic interactions occur in relation to the disappearance of key
sensitive organisms. An example is the effect of fish absence and the immediate increase of
species sensitive to fish predation. Among these, the groups Odonata, Coleoptera and Corixidae
are very important. Several species among these groups become the new top predators in
absence of fish and will structure the community. A general good understanding exists about the
acid communities and the processes leading to acid assemblages. The damaging development is
of a “linear” nature in relation to tolerance limits of sensitive species. This makes the
development of biological communities under acidified conditions more or less predictable. The
basis for this understanding of biotic and abiotic interactions is a large number of community
structure studies at different acidification levels.

The recovery process is different since the main driver during acidification, the toxicity, is of
minor importance and will disappear. The main structuring drivers of the community during
recovery are therefore connected to the physical environment in the region, i.e. dispersal and
colonisation ability of different species and their biological interactions. The recovery of
invertebrates may therefore not follow the opposite direction of the changes in community
structure during acidification. Due to the possible lack of “linearity” during recovery it will be
difficult to predict the process and the biological target. In fact, the definition of the ‘end-point’
of biological recovery is problematic. It is unlikely that the recovery will result in the
community recorded before acidification due to the dynamic nature in general of biological
processes.
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The trend analysis of biological data was carried out for time series of 10 years or more.
Such series are available from the UK, Scandinavia and Central Europe. Biological
investigations are also available from long term monitoring programs in Canada.

5.2 Invertebrate recovery in different regions

This overview is based on results reported in Raddum et al. (2004). New data and analyses
are added where they were available. The recovery of sensitive invertebrates was studied
through different methods. These methods were:

e Trends in acidification index, useful in the pH range of 4.7-6.0, where most sensitive
species have their critical limits.

e Trends in number of sensitive taxa over time.

e Multivariate statistical analyses. These analyses take into account the whole
invertebrate community and in contrast to the acidification indexes they are also useful
atpH < 4.7 and > 6.0.

o Inferred pH development by use of core analyses of lake sediments, a long term
analysis.

A workshop on Models for Biological Recovery from Acidification in a Changing Climate
(Wright and Lie, 2002) was held in collaboration with other research programmes. Here,
evidence for biological recovery was presented and analysed. Different stages in biological
recovery time were identified, such as arrival time for the species, internal dispersal time and
time for obtaining natural fluctuations of organisms. Recovery time is dependent on type of
organism. As an example, some algae species need 0-1 year, some sensitive invertebrate species
1-3 years, some zooplankton species 3-7 years and some fish species 2-20 years.

Biological recovery in Canada

Biological recovery has been studied in lakes with various rates of chemical recovery and
with various degrees of acid damage. The rate of biological recovery was less pronounced in
low pH lakes (pH < 6) than in high pH lakes (pH > 6). Zooplankton showed recovery in lakes
that chemically have recovered from pH < 6 to pH > 6. Zooplankton recovery has also occurred
in lakes that have not reached pH > 6.

Lakes in the Killarney Park, Canada, have been seriously acidified especially from the
smelters in Sudbury. The sulphur emission at Sudbury has been strongly reduced during the last
decades starting in the 1970s. In the 1990s a total sulphur reduction of > 90% was achieved
compared with the top emissions in the 1960s (Keller et al. 1999).

The recovery of water chemistry in the monitored lakes has varied after the strong reduction
in sulphur deposition. The lowest increase in pH was measured in the most acidified lakes,
while the highest increases were found in the less acidified lakes. Biological recovery is studied
in lakes with different rate of chemical recovery and with different degree of acid damage.

Recovery of an amphipod and of mayflies was observed in Killarney lakes (Snucins 2003).
A synoptic investigation of 119 lakes for the amphipod Hyalella azteca and 77 lakes for the
mayflies Stenacron interpunktatum and Stenonema femoratum made it possible to estimate pH
thresholds for these organisms. The most tolerant species, S. interpunctatum, had a pH threshold
of 5.3, while the two other species had a threshold of 5.6. Intensive study of two acidified lakes
and two reference lakes showed that the species occurred 4-8 years after reaching the pH
threshold. After observation of the first recolonization in a small lake it took about three years
before all suitable habitats were colonized within the lake. In large lakes it was suggested that
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the internal lake dispersal would take much more time. Snucins (2003) estimated that the time
lag from pH-threshold recovery to reestablishment and occupation of all suitable habitats would
be 11 to 22 years or more.

Biological recovery in the Czech Republic

Eight small glacial lakes are situated on forested slopes of the Bohemian Forest (local
names: Bohmerwald and Bayerischer Wald, or Sumava) along the border between Bohemia
(Czech Republic), Bavaria (Germany) and Austria at altitudes of about 1000 m.a.s.l. The
expected biological recovery in response to recovering water chemistry in these lakes has been
slow (Vrba et al. 2003).

The first signs of zooplankton recovery have, however, taken place recently in some of the
Bohemian Forest lakes (Table 8 and Figure 24). Zooplankton was more affected by
acidification in the Cerné lake than in the Prasilské lake. Data on changes in hydrochemistry of
these lakes are in Kopacek et al. (2002). Recent trends in their recovery have been dealt by
Kohout and Fott (2006) and Nedbalova et al. (2006).

Table 8 Presence of key crustacean species in the open water of the lakes Cerné and Prasilské,
1871 — present. The grey column indicates presence of remains in the sediment (note that
Holopedium and Cyclops disappear completely). Explanation of symbols: X: present;, ¢: found
in 1-2 specimens; 0: not found; ?: species status unclear.

Referenced study

(7a)(10)_ (1) (@ @) @ (B ® (@b @) (9

Sampling period

Sediment 1871 1892 1935- 1947 1960- 1969 1979 1980- 1999-

record -1892 1937 1961 1997 2003

CERNE lake

Ceriodaphnia quadrangula X 0 X X X X X o 0 X
Daphnia longispina s. lat. X X X o 0 0 0 0 0 0
Holopedium gibberum X X 0 X 0 0 0 0 0
Cyclops abyssorum X X X X ? 0 0 0 0
PRASILSKE lake

Ceriodaphnia quadrangula X X 0 0 0 X
Daphnia longispina s. lat. X X X X X X
Cyclops abyssorum X ? X X X

(1) Fri¢ 1872, (2) Fri¢ & Véavra 1896, (3) Sramek-Husek 1942, (4) Weiser 1947, (5) Prochazkova &
Blazka 1999 and their unpublished protocols, (6) OSmera 1971, (7a) Prazadkova & Fott 1994, (7b) Fott &
al. 1994, (8) Vrba & al. 2003, (9) Nedbalova & al. 2006, (10) Prazakova unpublished.
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Figure 24 Abundance of Ceriodaphnia quadrangula in the open water (average column
densities) of the lake Cerné. In the years 1980-1996 no Ceriodaphnia were found, while the
species occurred again in the fall of 1997. Date of sampling in the form YYMM.

Biological recovery in Germany

Four different categories of acidification status are used for Germany according to the
description given by the Bayerischen Landesamtes flir Wasserwirkschaft (1999). The method is
named “Sauerezustandsklasse” SZKL. The categories are:

1. Not acidic. This means that pH is mostly > 6.5 and minimum pH is seldom measured
below 6. The most sensitive species are present.

2. Slightly acidic. pH drops can occur, but seldom below 5.5. The most acid sensitive
species are absent.

3. Clearly acidic in periods. pH is normally < 6.5, but seldom below 4,3. During low-
water periods, for example in summer, pH can increase to neutral levels. Fish
populations are damaged. pH is fatal for successful salmonid reproduction, and only
acid tolerant species are present.

4. Chronically acidic. pH is usually below 5.5 during the year. Minimum pH during
snowmelt or heavy rain is < 4.3 and often drops lower. Only a few of the most acid
tolerant indicator species are present. pH is fatal for sensitive fish.

Table 9 gives an overview of German sites, indicating the acid status at the start of the
monitoring and at the last year with biological data. The period with observations vary from a
few years to 12 years.

There are some signs of recovery of sensitive species in several of the German sites, but a
clear stabile significant recovery is difficult to point out. However, the small positive changes
that have been detected can after some time turn out to be significant. The highest potential for
significant improvements seems to be in the eastern parts of the country. The general lack of
clear trends so far in the German biological data corresponds mostly with the results from the
chemical analysis, see Skjelkvale et al. (2003) and chapter 2 in this report, where a small
positive development in pH is shown, but not significant. The site in Central and Western
Germany shows no direction in mean pH. Due to thick soils and probably high accumulation of
acidic components a quite long delay in chemical recovery is expected which in turn explains
the low biological recovery in the German sites.
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Table 9. Sites in Germany with time series of biological data and corresponding water
chemistry. Changes in pH development for the spring /fall period are indicated. + = slightly
increase in pH, - = no clear trend in pH and -- = slightly negative trend in pH. Acid category
explained in text above

acid category at

Nationa start of the acid category last pH
SiteName Designation monitoring sampling year development
DEO8 Bayerischer Wald, Grosse Ohe Gro33 1983 2/3 2002 2 -
Bayerischer Wald, Hinterer
DE10 Schachtenbach Hin31 1983 3/4 2002 3 -
DE23 Bayerischer Wald, Seebach See30 1983 2/3 2002 3 -
Bayerischer Wald, Vorderer
DE27 Schachtenbach Vor32 1983 2 2002 2 -
DE25 Elbsandsteingebirge, Taubenbach  Taub 1992 3 2002 1/2 +
DEO7 Erzgebirge, Grosse Pyra Gro2 1992 4 2002 4 +
DE21 Erzgebirge, Rote Pockau Rot3 1992 3 2002 2/4 +
DE30 Erzgebirge, Wilde Weisseritz Wil4 1992 3/4 2002 2/3 +
DE31 Erzgebirge, Wolfsbach Wol1 1992 1 2002 1 -
DEO02 Fichtelgebirge, Eger Ege1 1989 3 2002 1 -
DE18 Fichtelgebirge, Rdslau Roe2 1989 4 2002 4 -
DE33 Fichtelgebirge, Zinnbach Zin3 1989 4 2002 4 -
DEO6 Hunsrtick, Grafenbach Grab 1982 4 1999 4
DE26 Hunsrtick, Traunbach 1 Tra1 1983 4 2001 4
DE14 Kaufunger Wald, Nieste 3 Nie3 1987 2 2002 2 --
DE15 Kaufunger Wald, Nieste 5 Nie5 1987 4 2002 4 -
DE29 Oberpfalzer Wald, Waldnaab 8 Wal8 1986 4 2002 4 +
DEZ28 Oberpfalzer Wald. Waldnaab 2 Wal2 1986 2 2002 2 -
DE22 Odenwald, Schmerbach 3 Sch3 1987 4 2002 4 -
DEO03 Rothaargebirge, Elberndorfer Bach Elb1 1988 2/3 2002 2 -
DE32 Rothaargebirge, Zinse Zin2 1988 3 2002 3 -
DEO1 Schwarzwald, Durreychbach Due6 1987 3/4 2002 3/4 +
DEO5 Schwarzwald, Goldersbach Gol7 1986 1 2002 1 -
DE11 Schwarzwald, Kleine Kinzig Kle1 1985 2 2002 2 -
Séchsische Tieflandsbucht,
DEO04 Ettelsbach Ett6 1992 3/4 2002 4 +
Séchsische Tieflandsbucht,
DE09 Heidelbach Hei7 1992 4 2002 4 +
DE19 Taunus, Rombach 2 Rom2 1987 4 2002 3 -

Biological recovery in Norway

The Norwegian monitoring programme includes 100 lakes in pristine areas sampled every
fourth year for biology, and five rivers with sampling every spring and fall. The river
monitoring reports to the ICP Waters and has lasted for more than 20 years. Chemical and
biological recovery in several of these sites was significant in the last decade. In this report
recovery of sensitive invertebrates is shown, where data was collected with different methods.
The trend analyses are carried out as follows:

With the mean acidification index, which is especially useful in the pH range, 4.7 - 6.0,
where most sensitive species have their critical limits, see Raddum (1999).

By testing trends in the numerical development of selected sensitive species.

By testing correlations between water chemistry and biological responses (species
abundances) using multivariate statistical analysis. These analyses are also useful at
pH< 4.7 and pH > 6.0, sections of the scale where the acidification index loose power.
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Biological recovery in Norwegian watersheds is described in detail in Raddum et al. (2004).
In the section on Confounding Factors (below), some additional data are shown.

The statistical method used is described in Skjelkvale et al. (2000), and Halvorsen et al.
(2002, 2003). A partial redundancy analysis (RDA) is used to find the amount of variation in the
biological data that can be explained by linear trends in water chemistry, and a Spearman rank
correlation test is used to test the linear relations between the different water chemistry variables
and time.

All of the localities in the tributaries and most of the localities in the main River Nausta
showed a significant biological recovery in the benthic community. The trend in recovery was
related to the trends in water chemistry in the main river (Figure 25) and the Trodgla tributary
(Figure 26) for a 13-years period. The uppermost locality in the main river showed a significant
relation between biological recovery and chemistry of the main river only when the period from
1989 to 1998 was analysed.
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Figure 25 Amount of variation (%) in the abundance data of the total benthic community from
different localities in the Nausta watershed between 1989 and 2001 explained by time trends in
water chemistry variables from the main river (found in Table 10). On X.axis localities with
significant linear trends (p <0.05)

The correlation tests (Table 10) show a strong and significant positive linear relation
between time and pH and ANC, and a significant negative relation with labile aluminum.

Table 10 Spearman Rank Correlation matrix of time and water chemisty in the main river in the
Nausta watershed from 1989 - 2001 used in the RDA's. (Two tailed tests. ** significant at the
0.01 level. * significant at the 0.05 level).

pH Ca ANC TOC LAI Time
pH 1 0.427* 0.793** 0.465* -0.723** 0.778**
Ca 1 0.450* 0.085 -0.248 0.320
ANC 1 0.569** -0.700** 0.614**
TOC 1 -0.290 0.059
LAI 1 -0.703**
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When benthic communities of several localities of river Nausta were related to the water
chemistry from the tributary Trodgla, the number of localities with significant relations between
variations in the benthic community and water chemistry increased. The number of significant
relations increased especially for the first period (1989-1998). Locality 2 was the only one that
showed a significant trend in the first period, but not when the three more years were included.
The correlation tests between linear time and the water chemistry from Trodgla (Table 11)
indicate that the linear trends in the benthic community can be interpreted as a response to
chemical recovery in the watershed.
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Figure 26. Amount of variation (%) in the abundance data of the total benthic community from
different localities in the Nausta watershed between 1989 and 2001 explained by time trends in
water chemistry variables from the Trodgla tributary (found in Table 11). On X-axis localities
in Nausta watershed with significant linear trends (p<0.05)

Table 11. Spearman Rank Correlation matrix of time and water chemisty in Trodgla tributatry
in the Nausta watershed from 1989 - 2001 used in the RDA's. (Two tailed tests. ** significant at
the 0.01 level. * significant at the 0.05 level).

pH Ca ANC TOC LAI Time
pH 1 0.631** 0.947* 0.415* -0.925* 0.843*
Ca 1 0.697** -0.001 -0.522** 0.643**
ANC 1 0.473* -0.848** 0.784*
TOC 1 -0.337 0.258
LAI 1 -0.841**

The difference between the two water chemistry datasets (Table 10 and Table 11) is that
calcium also shows a significant correlation with linear time in the Trodgla tributary, but not in
the main river. The correlation tests (Table 12) for River Vikedal show that pH, ANC and the
calcium concentration are positively correlated with linear time, while labile aluminum is
negatively correlated.
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The Norwegian watersheds Nausta, Gaula and Vikedal show increasing numbers of localities
where we can see significant linear trends of positive change in the total benthic community,
trends which can be explained as a response to a recovery in chemistry. This is consistent with
the results based on the acidity indices, which have also been increasing in all three watersheds.
It should be noted that the amount of variation explained by these linear changes in water
chemistry becomes larger in almost all localities when more years of monitoring are added.

Table 12. Spearman Rank Correlation matrix of time and water chemisty in the Vikedal
watershed from 1989 - 2002 used in the RDA's. (Two tailed tests. ** significant at the 0.01
level. * significant at the 0.05 level).

pH Ca ANC TOC LAI Time
pH 1 0.472* 0.786™* 0.405* -0.937* 0.871**
Ca 1 0.488** -0.209 -0.337 0.407*
ANC 1 0.260 -0.789** 0.836™*
TOC 1 -0.421* 0.268
LAI 1 -0.860**

Biological recovery in Sweden

Based on annual samples in general during fall, the mean acidification index for the Swedish
sites has been estimated for the period 1985-1989, 1990-1995, 1997, 1998, 1999 and 2000. The
index for Lake Héarsvatn has been 0 through the whole period. In Lake Brunnsjen and Fiolen
the index has been 0.5 and 1 since 1997, respectively, while in Lake Frécksjgn and Stensjgn a
stable index 1 has occurred since 1995. The situation in Lake Storasjg has varied with an index
between 0 and 0.5, while in Lake Tvdringen the index has been stable 1 during the whole
period.

The Swedish material consists of quantitative benthic samples (individuals/m®) from the
sublittoral and the profundal zone of 7 lakes, taken annually in October. The time series started
between 1989 and 1991, and data including 2002 have been analyzed with the same multivariate
methods as described for the Norwegian material (see above).

The results from the first 8 - 10 years period and 10-12 years period are presented in Table
13 (Halvorsen et al. 2002 and Raddum et al 2004). All of the lakes with sublittoral samples
except Lake Fiolen showed significant linear trends in the abundance data from the sublittoral
samples when the longest data series were analysed. In the profundal zone only Lake Storasj6
had a significant linear trend that can be explained as a response to linear trends in acidity
chemistry. However, this lake is shallow, and the sampling depth is between 4 and 6 meter,
about the same depths as the sublittoral samples in the deeper lakes.

Table 13. Results from the multivariate analyses of the benthic communities from the Swedish
ICP Waters lakes.The amount of variation in the abundance data explained by significant linear
changes in the water chemistry variables (p <0.05) are given as percentages. n.s means no
significant trend.

Sublittoral zone Profundal zone

1*'period  Trend 2" period trend 1% period trend 2" period trend
Brunnsjon 1991-1998 n.s. 1991-2002 19.0 % 1990-1998 n.s. 1990-2002 n.s.
Fiolen 1989-1998 n.s. 1989-2002 n.s. 1989-1998 n.s. 1989-2002 n.s.
Fracksjon 1990-1998 n.s. 1990-2002 17.8 % 1990-1998 n.s. 1990-2002 n.s.
Harsvatten 1990-1998 17.2% 1990-2002 10.2 % 1989-1998 n.s. 1989-2002 n.s.
Stensjon 1990-1998 n.s. 1990-2002 7.4 % 1990-1998 n.s. 1990-2002 n.s.
Storasjo 1990-1998 n.s. 1990-2002 33.9 %
Tvéaringen 1990-1998 n.s. 1990-2002 n.s.
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The lack of signals of recovery in the lakes with a "real” profundal zone may be a caused by
several factors. One important is the confounding effect the oxygen content may have on the
profundal community. Oxygen data show that all of the lakes, except Storasjo, experience
oxygen depletion during the summer season in the deep waters, at least in some of the years
analysed here. Oxygen depletion during one summer season may strongly alter the profundal
community, and thus confound any trend of biological recovery.

Lake Storasjo is the only lake which shows a linear trend in the profundal community of
invertebrates. This lake is shallow with a maximum depth of about 6 meter. This is so shallow
that oxygen saturation in the bottom water may not drop below critical level for longer periods.
The oxygen data for this lake shows oxygen depletion for a few years during the examined time
period, in addition to winter depletion in some years.

Biological recovery in the UK

Biological data from UK have been analyzed in earlier reports and in publications by
participants from the country. Low or no recovery in biology is reported earlier. However, signs
of recovery are seen in data from the latest years. These data is not yet analyzed for the ICP, but
this will be done in cooperation with scientists from UK and presented in a later report.

5.3 Confounding factors in biological recovery

Seasalt episodes

Input of seasalts leads to changes in water chemistry with decreased pH, increased Al and
decreased ANC. Streamwater chemistry crosses toxicity limits for a certain period and could
affect sensitive invertebrates depending on time in the life cycle and tolerance limit. If few
sensitive organisms are present like in heavily acidified sites, the effect of seasalts is limited as
most of the fauna consists of tolerant taxa. An example of this is the the seasalt episode in
Farsund in 1993 (Figure 27). However, the Farsund watershed has experienced a significant
recovery after 1993 with increasing number of sensitive taxa until the period 2002 — 2004. A
seasalt episode in 2005 resulted in relatively strong damage, stronger than during the episode in
1993. In 2005 a higher number of sensitive taxa inhabited the watershed and all these were
subjected to damage during the episode.

In River Nausta, which is less acidified than the Farsund watershed, moderate seasalt
episodes in 1988 and 1989 had a significant influence on the sensitive community (Figure 28).
Also the 1993 episode was recorded in this river, but the episode was relatively weaker in this
region in the southern part of Norway.

Examples of damaging effect of seasalt on species level are shown for the stonefly taxa
Isoperla sp. and the mayfly Baetis rhodani in Farsund area (Figure 29 and Figure 30). Isoperla
sp. was recorded at the start of the monitoring in 1981, but the taxa became extinct until 1990.
After 1990 the taxa has been recovering, but the number of individuals has been unstable over
time. The increasing trend in number of individuals was completely cut off in 2000 probably
due to high seasalt input and high flow (Figure 31). After this event the density has increased
and the episode in 2005 had only a minor effect on this moderately sensitive taxa.

The highly sensitive mayfly B. rhodani was absent from the area until 1995 (Figure 30). A
few individuals were recorded in the period 1995-1997. The taxa was then absent until 2001.
The population increased in density during 2002 — 2004 and indicated good health. However,
the 2005 seasalt event wiped out the whole population again, while several of the moderate
sensitve species survived this episode.

In spite of setbacks on separate species, the general trend of EPT taxa (Lenat and Penrose
1996) is significant increasing in numbers over time in Farsund (Figure 31). The lowest number
was recorded in 1984 -1985, a period with the highest damage. The highest number of taxa was
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found in 2003. At that time the EPT numbers had increased > 2 times the numbers recorded in
1984,

Farsund watershed
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Figure 27 Effects of a seasalt episode in 1993 and 2005 on the acidification index in heavily
acidified Farsund watershed. = seasalt episode.
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Figure 28 Effects of a seasalt episode in 1988-1989 and 1993 on the acidification index in the
less acidified River Nausta. = seasalt episode.
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Farsund area: Numbers of Isoperla sp. in benthic samples
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Figure 29 Recovery of the stonefly taxa Isoperla sp. and setbacks due to seasalt inputs = @

The Norwegian monitoring program has mostly focused on invertebrates in streamwaters.
The reason for this is that these communities seem to respond much quicker on changes in water
quality than lake communities. Improvements in lakes have so far been more difficult to detect.
However, after 2000 improvements are also seen in lakes. Examples on this are from two lakes,
Lake Rgyravatn and Lake Flotwatn, both Vikedal watershed (Figure 32 and Figure 33). The
already mentioned seasalt episodes on 1993, 2000 and 2005 seem to have influenced on the
recovery in these lakes since sensitive taxa either are lacking or strongly reduced after these
events.
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Figure 30. Recovery of the mayfly B. rhodani and responds to known seasalt episodes = @
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Farsund 1981 - 2005
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Figure 31. Number of EPT taxa recorded in Farsund during the monitored period.
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Figure 32. Number of sensitive tax at the outlet of Lake Rgyravatn
Lake Flotvatnet - outlet
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Figure 33. Number of sensitive tax at the outlet of Lake Flotvatn
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Floods/droughts

Catastrophic water flow has been observed in several watersheds on the west coast during
the period of monitoring. Catastrophic flow, turning around the bottom substrate in most of the
river bed, is so far not recorded in monitored watersheds. Such a flow will have a very
damaging effect on the whole fauna composition. The reason is that benthic invertebrates
normally can hide in safe refuges in the bottom during high flow events. Such refuges are
destroyed during catastrophic flow.

The flow and water current is the structuring factor for the river bed, the habitat for
invertebrates. The communities respond quickly on habitat changes, effects that can mask
recovery processes. High flow makes a coarser substrate, while decreased flow allows
sedimentation of finer particles. So far such effects have not been taken into account during
studies of recovery. Knowledge about this can be found in the literature dealing with regulated
rivers.

Temperature

Increased temperature has so far not been a topic in the recovery studies. However, there are
several studies on effects of increased temperature on invertebrates, showing faster growth rate,
changed life cycles, changed distribution area etcetera from the regulated river literature. In the
monitored watersheds temperature differences from year to year can be detected, but the general
increase in temperature is for the moment seldom a task in the recovery discussion. However,
the predicted raise in temperature will have a significant effect on the invertebrate assemblage in
general and be of high importance for the recovery after acidification.

DOC

Changes in carbon, DOC and TOC, has been attributed raises in temperature and reduced
acid deposition. Increases in DOC may complex aluminium and reducity toxicity for sensitive
invertebrates. The opposite could happen during acidification when DOC in lakes is reduced.
Increased DOC can have many indirect effects that can influence on the recovery of
invertebrates. Examples are changes in light penetration, productivity, warming, stratification,
oxygen distribution and consumption. Oxygen depletion may have masked recovery in the
profundal of Swedish lakes, see above.
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6. Confounding factors in future recovery of
water chemistry and biology

Heleen de Wit, Brit Lisa Skjelkvale and Richard F. Wright
ICP Waters Programme centre
University of Bergen, Department of Zoology, LFI, Bergen, Norway

6.1 Introduction

Environmental factors other than acid deposition — so-called ‘confounding factors’ — are
expected to affect chemical and biological recovery of freshwaters in response to reduced acid
deposition. Confounding factors with a regional rather than local occurrence are worthwhile to
study in order to grasp their potential effect on the future behaviour of acid-sensitive
ecosystems.

Better understanding of confounding factors is relevant for the Gothenburgh Protocol. The
protocol is based on the precautionary principle in that it assumes that all N deposition over a
certain catchment-specific threshold value will leach out in runoff water in the future
(Henriksen and Posch 2001). This leakage is the potential contribution of N to acidification.
Today most catchments retain far more N than this hypothesis would suggest. At present, there
is limited evidence of large losses of N from catchments in Europe or North America (Campbell
et al, 2004; MacDonald et al., 2002; this report). Counteracting of declining sulphate export by
increasing nitrate export will delay recovery from acidification. The extent of N retention in the
future, and consequently the future influence of N on surface water acidification, therefore
represents a key uncertainty in future recovery from acidification.

Climate change is expected to have large impacts on water chemistry and freshwater
biology. Changes in large-scale weather patterns and increased temperature can in concert affect
regional patterns and timing of precipitation intensity, wind speed and direction, snow and ice
cover and other weather variables. However, non-climate related factors like insect outbreaks or
presence of exotic fish species may also change chemical and biological recovery. The aim of
this chapter is to give an overview of confounding factors that are expected to have a regional
impact on both biological and chemical recovery, interspected with illustrative examples. The
overview is non-exhaustive.

6.2 Climate-related confounding factors

Patterns of dominating wind direction affect deposition

The North Atlantic Oscillation (NAO) Index describes the large-scale weather systems in the
North Atlantic Ocean which influence weather patterns in Europe, particularly in winter. These
weather patterns include information on air mass trajectories. Hole et al. (in press) show that
various types of climate indices (NAO, EU-blocking pattern) correlate with winter deposition of
nitrate in western Norway, suggesting that warm, humid winters with strong westerlies (positive
NAO index) bring high N deposition. The link between the NAO index and sea-salt deposition
in near-coastal surface waters in the UK and Norway is fairly well established (Evans et al.
2001, Hindar et al. 2004). Episodic acidification of surface waters from seasalt deposition may
obscure long-term trends in recovery related to decreasing acid deposition.

Recent climate forecasts (Hulme et al. 2002) predict a dramatic increase in the NAO Index
over the next 80 years, implying that warm, westerly conditions in winter may become more
prevalent. A greater frequency and intensity of sea-salt episodes and possibly higher loads of
acidifying compounds may therefore be expected in coastal surface waters.
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Episodic deposition of Saharan dust can also neutralize the acidic input associated with
atmospheric deposition (Loye-Pilot et al. 1986). This factor may be particularly important in the
alpine and subalpine areas (Psenner, 1999).

Deposition of sea-salts delays recovery

The “sea-salt effect” in surface waters (Wiklander 1975) is important in areas receiving
substantial inputs of marine sea-salts as well as acid deposition, in particular coastal areas in
Norway, the UK, Ireland, the US and Canada (e.g. Heath et al. 1992, Hindar et al. 1994,
Langan 1989). The sea-salt effect may temporarily increase the acidity of the runoff by ion-
exchange of Na* from sea-salts with AI** and H* in the catchment soil. Above it is argued that
seasalt episodes in coastal areas in North Western Europe may increase in severity and
frequency in a warmer climate. However, independent of climate change, sea-salt episodes can
delay biological recovery. Monitoring data of the River Lygna in southern Norway demonstrate
a clear relation between a seasalt even in 1993, increased Al and a reduction in an acid-sensitive
mayfly species (Figure 34). Relations between seasalt episodes and delays in biological
recovery are discussed in more detail in Chapter 5.3.

River Lygna in southern Norway
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Figure 34. Effects on water chemistry and biology of a winter storm with high transport of sea-
salt 1993 in southern Norway. Upper panel shows chloride and inorganic aluminium in River
Lygna from 1990 to 1996. The decrease in Al from 1990 to 1993 is due to chemical recovery in
this river, while the peak in 1993 is due to the sea-salt episode. Bottom panel shows effect of the
seasalt episode on biota (number of caught Baetis rhodani) in the neighbouring river Audna
(from Raddum in Skjelkvale et al. 2003).
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Droughts increase sulphate export and generate acidic episods

Water table or lake level draw-down due to drought allows wetland soils and littoral zone
sediments to dry thereby producing conditions where previously-reduced S species are oxidised.
When the systems re-wet, export of the resulting mobile sulphate produce occasions of episodic
acidification when H* was an important co-exported cation, and extended periods of elevated
sulphate (relative to pre-drought levels) when calcium was typically the compensating cation.

Drought has particularly influenced sulphate-export from some lakes in Ontario, Canada
where reduction and storage of sulphate in wetlands, and subsequent re-oxidation and release,
have been shown to have a major impact on runoff water quality and hence recovery trends
(Dillon and LaZerte 1992, Dillon et al. 1997, Yan et al. 2003). In the UK, large flushes of
sulphate were widely observed in streams following a drought in 1995 (Harriman et al. 2001,
Clarke et al. 2006) and in Norway following a summer drought in 1976 (Cristophersen and
Wright 1980).

In effect, these climate-regulated S retention and releases represent ‘noise’ within an overall
recovery trend. Release of stored S will delay recovery where pools are large. Additionally,
sulphate flushes following droughts (particularly if these become more severe due to climatic
change) may continue to generate acidic episodes in future, despite improvements in baseline
water quality.

Climate warming of soils has ambiguous effects on acidification

Climate change is expected to lead to warmer winters. Warmer winters in areas where snow
accumulation is common may be associated with colder soils, surprisingly. An unstable
snowpack caused by frequent thaw periods has less insulative power than a thick, continuous
snowpack. Thus, soils during winter may become colder in an overall warmer climate with a
large effect on temperature-sensitive processes that drive N leaching. Internal ecosystem cycling
of N greatly exceeds inputs by deposition and outputs by runoff. Any disturbance of the N cycle
has the potential to completely obscure the relationship between N deposition and runoff.

Groffman et al. (2001) suggest that a higher frequency of freeze-thaw cycles increase nitrate
release from soils. In the UK, large pulses of nitrate have been observed in surface waters
following severe winters possibly as a result of soil freezing (Monteith et al. 2000). This is also
shown from the US (Mitchell et al. 1996).

Statistical analysis of a long-term nitrate series in an acid-sensitive catchment in Norway
indicates a relation between snowdepth and winter nitrate (Figure 35) (De Wit et al. in press).
Here the long-term downward trend in nitrate appears to be largely controlled by the snow pack,
suggesting that climate warming and less snow lead to lower nitrate losses, in contrast to the
mechanism suggested by Groffman et al. (2001).
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Figure 35. Nitrate concentrations (g N/L) and snow depth (cm) at Storgama in southeast
Norway. Left panel shows years 1975-1982, right panel shows 1998-2003.
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Climate warming has increased the length of the growing season, and could lead to higher
summer temperatures and warmer soils. The effect of warmer soils on surface water acidity is
complicated. Results from the CLIMEX project (Wright and Jenkins 2001), where ambient air
and soil temperature was increased over three years, show increased leaching of inorganic N,
probably due to increased mineralization and nitrification rates in the soils. On the other hand,
Vesely et al. (2003) explained 10% of the decrease in Al in Czech lakes from 1984-1999 by an
increase in average annual temperature, which was interpreted as the effect of lower Al
solubility at higher temperatures. This suggests an enhanced rate of recovery due to climate
warming.

Catastrophic flow destroys habitat for benthic organisms

Climate change is expected to lead to more intense precipitation events in some regions of
the world. Flow and water current affect the structure of the river bed which is the habitat of for
example invertebrates. High flow makes a coarser substrate, while decreased flow allows
sedimentation of finer particles. Catastrophic flow can lead to large disturbance of the bottom
substrate in riverbeds with potentially very damaging effects on the fauna composition. The
reason is that benthic organisms normally can hide in safe refuges in the bottom during high
flow events, while such refuges are destroyed during catastrophic flow.

Studies of high flow versus low flow periods in rivers show changes in benthic taxa in
relation to flow intensity (Suren and Jowett, 2006).

6.3 Other confounding factors

Increased DOC — ambiguous effects on recovery

The regional trends of increasing organic carbon have been documented sufficiently in
Chapter 4. Whether the rise in DOC is a response to reduced acid deposition or an effect of
climate change is not relevant for the present ecological effects of higher DOC, but will
determine the future importance of DOC in delaying or enhancing recovery.

The delaying effect of a rise in DOC is illustrated by the trend in surface water chemistry in
the UK (see 2.5.2). The decreasing trend in acid anions was considerably larger than the
decreasing trend in base cations and protons. Contrary to the expected response to net less
acidity, no significant chemical recovery in terms of an increase in alkalinity or ANC was
found. The increase in DOC was most prominent in the UK of all ICP Water regions (see Table
4 in Chapter 2). Assuming that the rise in DOC fully compensated the ‘missing’ acidity, the
charge density of the DOC should be ca -20 peg/mg DOC. This is roughly twice as large as
reported carboxyl contents of DOC (Hruska et al. 2003), suggesting that other factors in
addition to the increase in DOC delay the expected chemical recovery of surface waters in the
UK.

An example of a beneficary effect of DOC on salmon is given by Wright et al. (2002). In an
experiment conducted in two rivers with different DOC, twice as much inorganic Al was needed
in the DOC-rich river to produce a given accumulation of Al onto the gill surface of salmon.
Accumulated Al on the gill surface is related to negative physiological responses, possibly
ending up in reduced survival of the fish. Similar results are shown in limed rivers where gill
reactivity of inorganic Al was shown to depend on TOC and Si concentrations (Teien et al.,
2006).

Increased DOC concentrations may have indirect effects on water quality that can influence
the recovery of invertebrates. For example, changes in light penetration, productivity, warming,
stratification and oxygen distribution may be affected. Oxygen depletion may have masked
recovery in the profundal of Swedish lakes (this report Chapter 5.3).

Insect outbreaks in forests may generate acidity
Nitrogen uptake by vegetation is a significant flux in the nitrogen cycle. A sudden reduction in
this flux, as caused by for example an insect outbreak leading to massive defoliation, is likely to
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lead to streamwater acidification. Forested watershes in the Appalachians were defoliated by
massive outbreaks of the gypsy moth caterpillar which induced large nitrate peak
concentrations, reduced pH and ANC (Eshleman et al., 1998). Other studies show similar
effects of canopy loss by ice-storms on nitrate export (Houlton et al., 2003), while nitrate
leakage after forest harvest is very well documented (i.e. Gundersen et al. 2006). Insect
outbreaks of known and of exotic species could be promoted by increased climate variability
(Stireman et al., 2005). Outbreaks of bark beetle in spruce forests in Europe have been related to
occurrence of summer drought (Rolland and Lemperiere, 2004) and excess of dead wood after
storms (Bouget and Duelli, 2004).

6.4 Conclusions

Confounding factors in future recovery of water chemistry and biology were defined as the
effects of environmental factors other than acid deposition which affect recovery from
acidification of surface waters. In this overview, we focused on confounding factors related to
climate, and ‘other’ confounding factors. These factors either reduce our ability to detect
recovery, or could alter recovery rates in the long term.

Climate related extreme events like droughts, storms and floods can affect surface water
acidity and the habitat of aquatic organisms. Long term gradual changes in climate can affect
run off processes and population dynamics. Examples of factors that enhance and that delay
recovery were given. Key processes in acidification and recovery are still not properly
understood, such as climate effects on N leaching and the lag time between chemical and
biological recovery.
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ICP Waters report 87/2007

Appendix B. Sites without trend analysis

WDID Trend Insensitive to [ Record too short| Possible other Other disturbances in the
acidification sources of catchment
sulphate
BY01 Only sulphate *
EEO1 Only sulphate *
HUO1 Only sulphate *
LVO1 Only sulphate *
LV02 Only sulphate *
LV03 Only sulphate *
LV04 Only sulphate *
LV05 Only sulphate *
CH26 no *
CH27 no *
CH28 no *
DEO4 no * Sulphate source in the catchment
DE09 no * Sulphate source in the catchment
DE14 no Local source of disturbance
DE25 no * Sulphate source in the catchment
DE31 no * Sulphate source in the catchment
UsS101 no *
UsS122 no *
US125 no *
US126 no *
us94 no *
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Appendix D. Reports and publications from the
|CP-Waters Programme

Manual for Chemical and Biological Monitoring. Programme Manual. Prepared by the Programme Centre, Norwegian
Institute for Water Research. NIVA, Oslo 1987.

Norwegian Institute for Water Research, 1987. Intercalibration 8701. pH, Ks, SO,, Ca. Programme Centre, NIVA, Oslo.

Norwegian Institute for Water Research, 1988. Data Report 1987 and available Data from Previous Years. Programme
Centre, NIVA, Oslo.

Norwegian Institute for Water Research, 1988. Intercalibration 8802. pH, Ky, HCOs, NOj SO, Cl, Ca, Mg, Na, K.
Programme Centre, NIVA, Oslo.

Proceedings of the Workshop on Assessment and Monitoring of Acidification in Rivers and Lakes, Espoo, Finland, 3rd to 5th
October 1988. Prepared by the Finnish Acidification Research Project, HAPRO, Ministry of Environment, October
1988.

Norwegian Institute for Water Research, 1989. Intercalibration 8903: Dissolved organic carbon and aluminium fractions.
Programme Centre, NIVA, Oslo. NIVA-Report SNO 2238-89.

Note: Some reflections about the determination of pH and alkalinity. Prepared by the Programme Centre, Norwegian Institute
for Water Research. Havard Hovind, NIVA, Oslo October 1989.

Hovind, H. 1990. Intercalibration 9004: pH and alkalinity. Programme Centre, NIVA, Oslo. NIVA-Report SNO 2465-90.

Skjelkvale, B.L. and Wright, R.F. 1990. Overview of areas sensitive to acidification: Europe. Programme Centre, NIVA,
Oslo. Acid Rain Research Report 20/1990. NIVA-Report 2405-90. ISBN 82-577-1706-1.

Johannessen, M. 1990. Intercalibration in the framework of an international monitoring programme. Proceedings of the third
annual Ecological Quality Assurance Workshop, Canada Centre for Inland Waters, Burlington Ontario. Programme
Centre, NIVA, Oslo.

Norwegian Institute for Water Research, 1990. Data Report 1988. Programme Centre, NIVVA, Oslo.
Norwegian Institute for Water Research, 1990. Data Report 1989. Programme Centre, NIVA, Oslo.

Proceedings for the 5th Meeting of the Programme Task Force Freiburg, Germany, October 17 -19, 1989. Prepared by the
Umweltbundesamt, Berlin July 1990.

Hovind, H. 1991. Intercalibration 9105: pH, Ky, HCO3;, NO3; + NO,, Cl, SO,, Ca, Mg, Na, K and TOC. Programme Centre,
NIVA, Oslo. NIVA-Report 2591-91.

Norwegian Institute for Water Research, 1991. The Three Year Report. Summary and results 1987 — 1989: Results from the
International Co-operative Programme on Assessment and Monitoring of Acidification in Rivers and Lakes.
Programme Centre, NIVA, Oslo.

Norwegian Institute for Water Research, 1991. Summary of The Three Year Report 1987 — 1989. Programme Centre,
NIVA, Oslo.

Scientific papers presented at the Sixth Task Force meeting in Sweden 23 - 24 October 1990. Swedish Environmental
Protection Agency, Sweden, September 1991.

Seventh Task Force meeting of international Co-operative Programme on Assessment and Monitoring of Acidification of
Rivers and Lakes. Galway, Ireland. September 30 - October 3 1991. Proceedings.

Johannessen, M., Skjelkvale, B.L. and Jeffries, D. 1992. International cooperative Programme on Assessment and
Monitoring of Rivers and Lakes. In: Conference Abstracts, Intern. Conference on Acidic Deposition, Glasgow 16-21,
sept. 1992, p. 449. Kluwer Academic Press.

Hovind, H. 1992. Intercalibration 9206: pH, Ky, HCO3;, NO3 + NO,, Cl, SO,4, Ca, Mg, Na, K, Al and DOC. Programme
Centre, NIVA, Oslo. NIVA-Report 2784-92.

Norwegian Institute for Water Research, 1992. Data Report 1990. Programme Centre, NIVA, Oslo.

Norwegian Institute for Water Research, 1992. Evaluation of the International Co-operative Programme on Assessment and
Monitoring of Acidification in Rivers and Lakes. Programme Centre, NIVA, Oslo.
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Hovind, H. 1993. Intercalibration 9307: pH, kjs, HCO3;, NO3; + NO,, Cl, SO,4, Ca, Mg, Na, K, total aluminium, reactive and
non-labile aluminium, TOC and COD-Mn. Programme Centre, NIVA,Oslo. NIVA-Report 2948-93.

Raddum, G.G. 1993. Intercalibration of Invertebrate Fauna 9301. Programme Centre, NIVA, Oslo. NIVA-Report SNO
2952-93.

Proceedings of the 9th Task Force Meeting in Oisterwijk, the Netherlands, November 1-3, 1993. Programme Centre, NIVA,
Oslo.

Skjelkvale, B.L., Newell, A.D, and Johannessen, M. 1993. International Cooperative Programme on Assessment and
Monitoring of Rivers and lakes: Status and Results. In: BIOGEOMON - Symposium on Ecosystem Behaviour:
Evaluation of Integrated Monitoring in small catchments. Prague, September 18-20, 1993. Czech Geological Survey,
Prague 1993. s. 274-275.

Hovind, H. 1994. Intercomparison 9408. pH, kys, HCO3;, NO3; + NO,, Cl, SO,4, Ca, Mg, Na, K, total aluminium, TOC and
COD-Mn. Programme Centre, NIVA, Oslo. NIVA-Report SNO 3142-94.

Skjelkvale, B.L., Newell, A.D., Raddum, G.G., Johannessen, M., Hovind, H., Tjomsland, T. and Wathne, B.M. 1994. The six
year report: Acidification of surface water in Europe and North America. Dose/response relationships and long-term
trends. Programme Centre, NIVA, Oslo. NIVA-Report SNO 3041-94.

Norwegian Institute for Water Research, 1994. Data Report 1991. Programme Centre, NIVA, Oslo.

Stoddard, J.L. and Traaen, T.S. 1994. The stages of Nitrogen Saturation: Classification of catchments included in "ICP on
Waters". In: M. Hornung, M.A. Stutton and R.B. Wilson (eds.) Mapping and Modelling of Critical Loads for
Nitrogen: a Workshop Report. Proceedings of a workshop held in Grange-over-Sands (UK), 24-26 October 1994.
pp.69-76.

Hovind, H. 1995. Intercomparison 9509. pH, kys, HCO3, NO3 + NO,, Cl, SO,4, Ca, Mg, Na, K, total aluminium, aluminium-
reactive and nonlabile, TOC and COD-Mn. Programme Centre, NIVA, Oslo. NIVA-Report SNO 3331-95. ISBN 82-
577-2849-7.

Traaen, T.S. and Stoddard, J.L. 1995. An Assessment of Nitrogen Leaching from Watersheds included in ICP on Waters.
Programme Centre, NIVA, Oslo. NIVA-Report SNO 3201-95.

Norwegian Institute for Water Research, 1995. Data Report 1992-93. Draft 1994. Part 1, Introduction and Chemistry.
Programme Centre, NIVA, Oslo.

Norwegian Institute for Water Research, 1995. Data Report 1992-1993. Draft 1994. Part 2, Biology and Site-data.
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