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ABSTRACT

As part of the EU project EMERGE the biogeochemical model MAGIC was used to reconstruct acidification history and predict
future recovery for mountain lakes in two regions of Norway. Central Norway (19 lakes) receives low levels of acid deposition, most
of the lakes have undergone only minor amounts of acidification, and all are predicted to recover in the future. Central Norway thus
represents a reference area for more polluted regions in southern Norway and elsewhere in Europe. Southern Norway (23 lakes), on
the other hand, receives higher levels of acid deposition, nearly all the studied lakes were acidified and had lost fish populations, and
although some recovery has occurred during the period 1980-2000 and additional recovery is predicted for the next decades, the
model simulations indicated that the majority of the lakes will not achieve water quality sufficient to support trout populations. Un-
certainties in these predictions include possible future N saturation and the exacerbating effects of climate change. The mountain
lakes of southern Norway are among the most sensitive in Europe. For southern Norway additional measures such as stricter con-
trols of emissions of air pollutants will be required to obtain satisfactory water quality in the future.
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1. INTRODUCTION

More than 100 years of acid deposition has caused
acidification of lakes in Norway and damage to fish and
other aquatic organisms (Overrein et al. 1980). Sulphur
deposition in Norway peaked in the 1970s, declined by
about 60% from 1980 to 2000, and is expected to de-
cline further to about 80% by 2010 relative to 1980. Ni-
trogen deposition peaked in the 1980s, has declined by
20% by 2000, and is expected to decline further to about
50% by 2010 relative to 1980 (Schopp et al. 2003). The
decrease in acid deposition is largely the result of inter-
national agreements to reduce the emissions of acidify-
ing pollutants to the atmosphere, conducted under the
auspices of the UN-ECE Convention on Long-Range
Transboundary Air Pollution (LRTAP) (Bull et al.
2001; UNECE 2002).

Lakes in Norway have begun to recover in response
to the declining deposition of strong acids. First indica-
tions came in the late 1980s (Skjelkvale & Henriksen
1995) and became extensive and widespread in the
1990s (Skjelkvale & Wright 1998; Skjelkvale et al.
1998; Skjelkvéle et al. 2001b). Similar trends in recov-
ery have been reported from lakes elsewhere in Fenno-
scandia (Skjelkvéle et al. 2001a), Europe (Evans et al.
2001; Skjelkvéle et al. 2003), and North America
(Stoddard et al. 1999).

Mountain lakes are inherently more sensitive to
acid deposition, and thus are typically more severely
impacted than forest lakes and require greater

reductions in acid deposition to achieve comparable
degree of recovery. This is the case for Norwegian
mountain lakes (Skjelkvile & Wright 1998) and
mountain lakes elsewhere in Europe (Mosello et al.
1995).

Mountain lakes have been the object of European-
wide research projects over the period 1991-2003 under
the auspices of the European Union (EU). These pro-
jects encompass studies of acid deposition and lake
chemistry and include AL:PE I (Acidification of moun-
tain Lakes: Paleolimnology and Ecology; 1991-93) and
AL:PE II (1993-95) (Mosello et al. 1995), MOLAR
(Measuring and modelling the dynamic response of re-
mote mountain lake ecosystems to environmental
change: A programme of Mountain Lake Research;
1996-99) (Mosello et al. 2002), and EMERGE (Euro-
pean Mountain lake Ecosystems: Regionalisation
diaGnostics and socio-Economic evaluation; 2000-03)
(Marchetto & Rogora 2004).

Mountain lakes in two districts of Norway (central
and southern Norway) have been part of these projects.
In the EMERGE project the experimental design en-
tailed a "flagship" site in each district at which detailed
long-term studies have been carried out (initiated by
AL:PE), and a group of about 20 additional lakes in
each of the districts at which less intensive data were
collected. Here we used an acidification model (MAGIC
version 7; Cosby et al. 1985a, b, 2001) to reconstruct
acidification history and to predict future recovery of
lakes in the two lake districts, central Norway and
southern Norway.
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Fig. 1. Map of southern Norway showing locations of the 19 lakes in the dataset central Norway and the 23 lakes in the dataset
southern Norway. Symbols indicate the present-day ANC levels in the lakes (light: >20 peq I''; medium: 0-20 peq I''; dark: <0 peq1™).

2. METHODS

2.1. Site descriptions

The central Norway dataset consists of 22 lakes, of
which 19 have complete data necessary for calibration
of MAGIC (Appendix 1) (Fig. 1). Lake Ovre
Nedadalsvatn is the flagship site in this dataset, and has
been intensively studied during the AL:PE, MOLAR
and EMERGE project periods. The other lakes in the
data set were selected subjectively largely from sites for
which some data previously existed from earlier studies,
and to represent a range in biological habitats. Most of
the lakes are situated in areas receiving low levels of
acid deposition (year 1995 median non-marine S depo-
sition 12 meq m™ y”', N deposition 15 meq m™ y™), are
at most only slightly acidified, and thus serve as a set of
unimpacted reference lakes.

The southern Norway dataset consists of 23 lakes
located in the four counties of Telemark, Aust-Agder,
Vest-Agder and Rogaland (Appendix 2) (Fig. 1). The
lakes are part of the Norwegian monitoring programme
for long-range transported air pollutants and have been
sampled annually for water chemistry since 1986 (15
lakes) or 1995 (8 lakes) (SFT 2002). They are the non-
forested sites of the 60 lakes studied as part of the
RECOVER project (Wright & Cosby 2003). Stavsvatn
is the flagship site in this dataset. The southern Norway
region receives substantial acid deposition (year 2000
median non-marine S deposition 33 meq m” y', N
deposition 44 meq m? y'); most of the lakes are acidi-
fied and have damaged fish populations.

2.2. The MAGIC model

MAGIC is a process-oriented biogeochemical model
for acidification of soils and surface waters originally
developed in the 1980s (Cosby et al. 1985a; Cosby et al.
1985b) and recently modified and expanded (version7;
Cosby et al. 2001). MAGIC requires as input data in-
formation on soil, deposition and surface water chemis-
try as well as a time sequence of acid deposition from
pre-acidification time (usually assumed to be mid-
1800s) to a time in the future for which forecasts are to
be made (often 2050). The deposition sequences for S
and N come from estimates prepared by EMEP for
southern Norway (Fig. 2) (Schopp et al. 2003).

2.3. Calibration

MAGIC was calibrated in detail to the flagship sites
using both the measured water chemistry data for the
calibration year (or years) and also the time trends in
measured data. The deposition sequences were scaled to
each lake based on the assumption that sulphur output
was at steady-state with sulphur input for the calibration
year. For nitrogen a "best case" assumption was made in
which the present-day % retention of incoming N was
assumed constant over time (i.e. no N saturation). The
calibration followed the procedure given by Wright &
Cosby (2003). The steps are first to calibrate each of the
three acid anions CI', SO,* and NO;’ separately, then the
base cations Ca’’, Mg”", Na', and K" together, and fi-
nally the weak acids and base ions Al"" (sum of positively-
charged aluminium species), A™ (organic anions) and
HCO;". The values for acid neutralising capacity (ANC)
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Fig. 2. Historical and future deposition of non-marine SO,*, NOy and NH," used in MAGIC applications for Norway. The curves
were scaled to the calibration period (central Norway 2000; southern Norway 1995-97) (data from Schopp et al. 2003).

and H' provide a measure of the closeness of the cali-
bration. ANC is defined in the usual manner as the
equivalent sum of base cations minus the equivalent
sum of strong acid anions. Input data are given in Ap-
pendix 1 and 2. An automatic calibration routine was
used to calibrate the two regional datasets.

2.4. Link between water chemistry and biological
response

Surveys of lakewater chemistry and fish population
status in Norwegian lakes show a clear empirical rela-
tionship between ANC and fish status. For brown trout,
the most common fish species in Norwegian mountain
lakes, lakes with ANC > 20 peq 1" have 95% probabil-
ity of good population, lakes with ANC 0-20 peq 1"
have sparse population, while lakes with ANC <0 peq
1" have 95% probability of extinct population (Lien et
al. 1996). Similar empirical relationships exist between
other fish species as well as acid-sensitive invertebrate
species.

Toxicity of acid water to brown trout is primarily
due to increased concentrations of Al"', with pH and
concentration of Ca’" secondary factors (Baker &
Schofield 1980; Muniz & Leivestad 1980). Statistical
analysis shows that ANC, however, explains nearly as
much of the variance, because of the high correlation
between ANC and pH, AI"" and Ca®" (Bulger et al.
1993; Cosby et al. 1994). As biogeochemical models
such as MAGIC predict ANC much better than pH or
AI™, we use ANC levels to interpret water chemistry
changes to biological effects.

3. RESULTS

3.1. Central Norway

The calibration for @vre Neddalsvatn showed very
little change in lakewater ANC over the entire 200-year
simulation (Fig. 3). The values for 1991-2000 agreed

well with the observations (yearly mean values). Sev-
enteen of the 19 lakes in the dataset had simulated ANC
trends similar to that of @vre Neddalsvatn, with only
minor changes over time. The remaining two lakes
showed larger changes in ANC; this was due to the
somewhat higher S deposition and very thin soil cover
at these sites as compared to the bulk of the dataset. For
the dataset as a whole the median change in ANC due to
acid deposition was only about 10 peq I''. Less than
50% of the lakes acidified to below the threshold of
ANC 20 peq 1" where damage to brown trout might be
expected. The simulations indicated that these lakes
have recovered substantially since the peak year of acid
deposition in the 1970s and will continue to recover
slightly during the next decade. Less than 25% of the
lakes will have ANC <20 peq 1" in the future (Fig. 4).
The MAGIC simulations also provided an indication
of changes in soil base cation pools (% base saturation)
due to acid deposition. Again with the exception of two
lakes, there were only very small changes in %BS over
the 200-year period. The simulations showed, however,
clear asymmetry; the pool sizes decreased in many lakes
during the past 100 years, whereas the replenishment
predicted starting in the 1970s is much smaller (Fig. 3;
lower left-hand panel). The MAGIC simulations
indicate that while soils were acidifying in 1980, the
decline in acid deposition since then has stopped further
acidification and base cation pools in soils in some
catchments will be replenished in the future (Fig. 4).

3.2. Southern Norway

The calibration for Stavsvatn showed significant de-
cline in ANC during the period up to about 1980, partial
recovery to the year 2000, and prognosis of a minor
amount of additional recovery during the next 20 years
(Fig. 3). Stavsvatn is the least acidified lake of the 23 in
the dataset; the other lakes all acidified to ANC <0 peq
1" during the 1900s. With the exception of Stavsvatn,
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Fig. 3. ANC in lakewater and changes in base cation pools in soils in the lake districts central Norway (left-hand panels) and
southern Norway (right-hand panels) as simulated by MAGIC. Upper panels: ANC in lakewater at the flagship site as simulated by
MAGIC and the 1986-2000 yearly measured values. Middle panels: the frequency distribution of the lake datasets (heavy black line:
median; dark shading: 10-90 %-tile; light shading: minimum-maximum). Lower panels: percent of lakes with annual change in base
cation pool (shaded area: decrease or increase in pool; white: no change).

which is stocked every second year by the owners, most
of the lakes were barren of trout in the 1980s. ANC lev-
els have recovered substantially since then, and the
MAGIC simulations predict that additional recovery
will come during the next 20 years. Only Stavsvatn,
however, is predicted to recover to ANC >20 peq 17,
and about 60% of the lakes are predicted to remain
ANC <0 peq I in 2016 (Fig. 4).

The MAGIC simulations indicated that the soils at
these sites have acidified during the past 100 years, and
that the base cation pools will not be fully replenished in
the next 50 years. As in central Norway the simulations
showed a marked asymmetry with more acidification
and less recovery. The simulations indicate that impov-

erishment of pool of base cations in soil has largely
ceased by 2000 and that in about one-half of the catch-
ments the pools will begin to be replenished in the fu-
ture (Fig. 4).

4. DISCUSSION

The lakes in the region central Norway were in-
tended to serve as unacidified reference sites for the
more acidified and impacted lakes in the southern Nor-
way region. The MAGIC hindcasts, however, indicate
that many of the lakes in the central Norway region
have been slightly acidified and that 5 of the lakes had
ANC levels <0 peq 1" during the period of maximum
acid deposition in the 1970s and 1980s (Figs 3 and 4).
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Fig. 4. ANC levels in lakes and annual changes in soil base cation pools in central and southern Norway for key years as predicted by
MAGIC. Left hand panels: % of lakes in each of three ANC categories corresponding to fish populatlon status. Light shading: ANC
>20 peq "' (good); medium shading: ANC 0-20 peq I (sparse); dark shading: ANC <0 peq I'" (barren). Right-hand panels: annual
incremental change in pools of base cations. Dark shading: pool change <0.1% y'; medium shading: no change; light shading: pool
change >0.1% y".
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Acidification in central Norway, however, has been
much less than that in southern Norway. The difference
in degree of acidification between central Norway and
southern Norway is due largely to the relatively larger
input of acid deposition to the southern region. In addi-
tion several of the central Norway lakes are less sensi-
tive to acid deposition; these lakes have higher concen-
trations of Ca and bicarbonate.

The model predictions indicate that recovery of the
lakes to ANC levels >20 peq I"" will not occur by the
year 2016. For central Norway a larger fraction of the
lakes will still fall in the category ANC 0-20 peq 1" in
2016 as compared to the pre-acidification reference year
1860 (Fig. 4). For southern Norway recovery by year
2016 will be insufficient; fully 2/3 of the lakes will con-
tinue to have ANC <0 peq I'". This is in part because
although levels of acid deposition are predicted to con-
tinue to decrease to the year 2010 if the Gothenburg
protocol to the LRTAP Convention is implemented
(Fig. 2), there will still remain a small but significant S
and N deposition in the future.

Part of the incomplete recovery is due to the hystere-
sis in the size of the pool of base cations in the soil over
time. This pool is depleted by cation exchange with ac-
ids deposited from the atmosphere and leaching to run-
off, and replenished by weathering of soil minerals. The
MAGIC simulations indicate that depletion exceeded
replenishment during much of the 1900s, but by year
2000 acid deposition had decreased sufficiently to allow
replenishment to begin (Fig. 3; lower panels). The
simulations indicate that the replenishment of the soil
base cation pool will require many decades.

The 23 mountain lakes in the southern Norway data-
set are a subset of the 60 lakes in the region modelled by
Wright & Cosby (2003) as part of the RECOVER:2010
project. The mountain lakes are in general more sensi-
tive to acid deposition, and leach a higher % of incom-
ing N as compared to the lowland, forest lakes. These
features are typical for mountain lakes in general
(Skjelkvale & Wright 1998).

All predictions for the future entail a degree of un-
certainty, and these predictions for the future acidifica-
tion of Norwegian mountain lakes are no exceptions.
Uncertainties are associated with measured input data,
estimated parameters, model formulation and structure,
and with factors not considered in the model. The as-
sumption of constant % retention of N is a source of un-
certainty. The magnitude of this uncertainty was evalu-
ated by Wright & Cosby (2003) for the MAGIC predic-
tions for the 60 lakes in southern Norway of the
RECOVER dataset. Three different scenarios for N re-
tention were run; these were constant % N retention, %
N retention linked to C/N ratio of the organic matter in
soil with carbon pool of the whole soil, and % retention
linked to C/N ratio with carbon pool only 1/3 of the to-
tal. Although nitrate concentrations predicted by
MAGIC for the year 2036 differed by a factor of two
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among these scenarios, the median resulting effect on
ANC levels differed by only 5 peq I"'. Thus the uncer-
tainty to predictions of ANC over the next 20-30 years
caused by unknown degree of future N saturation is mi-
nor.

Future climate change with increased temperature
represents another uncertainty factor for future recovery
of lakes. Higher soil temperature can cause increased
decomposition of soil organic matter and release NOj; to
soil solution and runoff thus increasing acidification.
Whole-ecosystem experiments with air and soil warm-
ing conducted in southernmost Norway (the CLIMEX
project) showed increase in NO; concentrations in run-
off of about 3-7 peq 1" (Liikewille & Wright 1997;
Wright 1998). These experiments lasted only three
years, however, and thus do not give information as to
whether the induced NO; leaching would increase, stay
elevated, or disappear over the long term.

The MAGIC prognoses here already indicate that a
substantial fraction of mountain lakes in southern Nor-
way will not recover sufficiently by year 2016 (or in-
deed by year 2036) to allow reestablishment of good
brown trout populations. Both N saturation and future
climate change are factors that would exacerbate acidi-
fication in southern Norway in the future. Sufficient re-
covery requires additional measures such as stricter air
pollutant emission measures in Europe. Mountain lakes
in southern Norway are among the most acid-sensitive
lakes in Europe, and MAGIC simulations conducted as
part of the RECOVER and EMERGE projects indicate
that of all the studied regions in Europe, the acidifica-
tion situation for mountain lakes will be worst in south-
ern Norway in the future (Jenkins et al. 2003).
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APPENDIX 1

Central Norway dataset. Site, lake chemistry and soil data. Catchment area includes the lake area. P=precipitation. Q= runoff.

ID Name Latitude  Longitude elevation catchment lake Bedrock P Q
(mas.l) (km?) (km?) (m yr™") (m yr'")
CNO0001 Vonavatn 61.6131 6.0054 466 88.8 1.65 granite 2.52 2.37
CN0002 Vestre Kvammavatn ~ 60.9004 6.1556 990 1.9 0.3 phylite 1.14 0.99
CNO0003 Slondalsvatn 60.6921 6.9489 751 415 0.6 gabbro 2.29 2.14
CNO0004 Halsavatnet 61.2793 7.0656 820 1.5 0.27 phylite 1.32 1.17
CNO0005 Litlosvatn 60.0738 7.1708 1172 61.2 1.53 phylite 1.52 1.37
CNO0006 Valgardsvatn 60.1028 7.3184 1324 11.8 1.8 phylite 1.39 1.24
CNO0007 Hornsvatnet 60.9501 7.3625 1289 2.1 0.3 gneiss 1.58 1.43
CNO0008 Dargesjaen 60.0844 7.5890 1209 17.3 0.55 gneiss 1.14 0.99
CNO0009 Skiftesjoen 60.3842 7.5797 1239 5.6 0.95 phylite 1.69 1.54
CNO0010 Holmavatnet 60.8420 7.6514 1525 8.1 0.8 gabbro 1.76 1.62
CNO0O011 Urdevatn 59.9734 7.7120 1329 24.5 1.5 granite 1.38 1.23
CNO0012 Grenevatnet 61.2011 8.0790 1184 16.3 1.3 granite- 1.36 1.21
amphibolite

CNO0013 Kvitevatnet 61.3957 8.1781 1396 8.5 1.4 gabbro 2.04 1.89
CNO0014 Leirvatnet 61.5478 8.2493 1401 12.5 1.0 gneiss 1.38 1.23
CNO0015 @vre Heimdalsvatnet  61.4188 8.8970 1088 24.4 0.78 gabbro 0.94 0.79
CNO0016 @vre Neadalsvatn 62.7778 8.9824 728 16.0 0.5 gneiss 1.95 1.80
CNO0017 Fallbekktjorna 62.7500 9.0372 1043 3.7 0.27 gneiss 1.95 1.80
CNO0018 Hevringvatn 61.8898 9.5650 1121 2.5 0.18 quartzite 0.62 0.47
CNO0019 Lille Innsjeen 62.5522 10.2659 938 5.1 0.4 schist 0.58 0.43
CN0020 Haltdalstjenna 62.7743 11.0670 1058 1.9 0.08 gabbro 0.72 0.57
CNO0021 Gjeltsjoen 62.7160 11.6009 799 19.9 0.55 phylite 0.72 0.57
CN0022 Ovlingen 62.9029 11.7848 844 1.2 0.2 gabbro 0.72 0.57

Lake chemistry. Alk= alkalinity titrated to fixed pH 4.5 less 32 peq 1.

ID Year  Date pH Ca Mg Na K Cl SO, NO; Alkk TOC R-Al org-Al in-Al tot-P  tot-N
(ddmm) (neq 1) (ueq I') (neq I") (neq ') (neq I') (neq ") (ueq I') (neq I") (mg ") (ng1") (ugl") (ngl") (ngl") (ugl")
CNO0001 2000 0929 5.84 15 10 39 3 42 15 2 7 1.1 19 14 5 2 96
CNO0002 2000 1009 5.95 18 7 30 3 31 17 3 7 0.0 3 3 0 4 117
CNO0003 2000 1007 5.94 15 6 17 3 14 15 3 6 0.4 3 3 0 3 80
CN0004 2000 1025 6.64 72 12 22 6 23 21 2 52 2.0 11 11 0 2 117
CNO0005 2000 1210 6.79 82 17 17 1 14 33 2 55 0.2 3 3 0 1 60
CN0006 2000 1110 6.47 115 7 23 2 20 83 3 31 0.3 3 3 0 0 72
CN0007 2000 0905 6.25 27 8 14 5 8 19 0 20 0.7 3 3 0 2 56
CNO008 2000 1110 6.43 45 9 23 3 11 23 0 27 0.8 6 5 1 0 83
CNO0009 2000 0922 6.75 101 13 21 2 14 50 0 56 0.6 3 3 0 3 90
CNO0010 2001 1016 6.48 51 23 35 6 19 24 0 47 4.6 29 31 0 4 155
CNOO11 2000 1110 6.07 24 6 16 2 11 19 1 9 0.8 [ 5 1 0 57
CNO0012 2000 0913 6.45 33 9 17 4 14 15 1 27 0.3 3 3 0 2 75
CNO013 1995 0918 599 23 5 9 1 6 21 4 15 0.1 5 5 0 1 81
CNO0014 2000 0916 629 25 6 9 2 3 17 2 23 0.2 3 3 0 1 71
CNO0015 2000 0915 6.93 80 30 26 6 3 31 0 88 0.8 6 3 4 2 75
CNO0016 2000 0818 6.22 17 7 30 3 23 10 0 17 0.7 12 10 2 1 62
CNO0017 2000 0818 6.09 18 8 30 3 25 12 1 13 0.2 8 5 3 1 41
CNO018 1995 1015 6.79 67 23 20 6 6 27 1 55 1.2 5 5 0 0 62
CNO0019 2001 1003 7.65 445 31 32 23 17 31 0 467 2.1 16 3 14 2 137
CN0020 2000 1024 6.14 16 6 8 4 6 15 1 10 0.3 3 3 0 2 74
CN0021 1995 0920 7.20 207 43 21 10 20 15 1 232 2.8 5 5 0 4 210
CN0022 2001 0824 7.65 347 119 50 27 42 56 0 413 1.6 16 3 14 3 105
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Soil chemistry. Depth=estimated average for catchment. CEC=cation exchange capacity by 1M NH4;NO;. BD=bulk density.
Exchangeable base cations in % of CEC. N/A= not available.

ID soil data source Depth CEC BD Ca Mg Na K C N C/N
(m) (meqkg") (kgm?) (%) (%) (%) (%)  (molm?) (mol m?) (mol mol™)
CNO0001 Naustdal 0.75 62 800 7.9 3.6 44 2.4 N/A N/A N/A
CN0002 Vossol 0.30 98 542 7.5 5.5 1.3 4.1 1340 36 37
CNO0003 Vosso4 0.20 52 1099 0.7 0.6 0.6 0.8 502 21 23
CNO0004 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0005 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0006 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0007 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0008 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0009 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0010 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0011 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0012 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0013 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0014 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0015 Hardangervidda 0.50 120 643 14.5 1.7 1.6 2.0 1679 82 20
CNO0016 Kaarvatn 0.35 91 764 5.9 5.3 8.0 1.8 2397 103 23
CNO0017 Kaarvatn 0.35 91 764 5.9 5.3 8.0 1.8 2397 103 23
CNO0018 Rondane 0.23 373 941 11.5 0.8 0.3 1.0 N/A N/A N/A
CNO0019 Rondane 0.23 373 941 11.5 0.8 0.3 1.0 N/A N/A N/A
CN0020 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CN0021 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CN0022 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
APPENDIX 2

Southern Norway dataset. Site, lake chemistry and soil data. Relative area: lake area/catchment area. Q= runoff.

1D Name NIVA-Id Latitude Longitude Elevation RelArea Q
(mas.l.) (%) (myr)

SN0002 St. Eitlndsvt 1004-13 59.6350 8.1100 1053 0.4 0.789
SNO0011 Stigebottsvt 1026-210 58.7560 7.3150 814 4.4 1.577
SNO0013 Troldevatn 1032-14 58.2260 6.9930 278 4.0 0.946
SNO0015 Trollselvvtn 1034-8 58.5470 7.2060 617 2.4 1.419
SN0017 Heievatn 1037-17 58.6300 6.9700 500 3.8 1.892
SN0019 Skreppevatn 1046-111 58.9280 7.0460 812 2.5 1.735
SN0023 Miékevatn 1111-23 58.3120 6.3800 272 4.0 1.577
SN0024 Ljosvatn 1111-3 58.4180 6.2110 150 4.0 1.577
SN0025 Gjuvvatn 1112-15 58.5220 6.4090 389 4.0 2.208
SN0028 Homsevatn 1119-602 58.5620 5.8610 142 6.7 1.419
SN0029 Kratjorni 1122-1-9 58.7410 6.1210 534 0.7 2.208
SN0030 Tvaravatnet 1129-1-13 59.0410 6.3100 720 4.0 1.892
SN0036 Heddersvatn 827-601 59.8300 8.7560 1136 1.7 0.789
SN0041 Folurdkaldevatn 833-2-21 59.3840 7.5930 1074 4.0 0.789
SN0042 Skurevatn 833-603 59.5870 7.5530 1269 6.5 0.789
SN0043 Hemletjornane 834-1-12 59.6110 7.5440 1104 16.0 0.789
SN0044 HOH 1394 834-1-32 59.9380 7.9640 1394 1.8 0.789
SN0045 Stavsvatn 834-614 58.4930 6.7350 392 1.3 1.577
SN0054 Storolavsvatnet 938-3-4 58.8580 7.2860 848 12.2 1.577
SN0056 HOH 1227 940-2-9 59.1850 7.1080 1227 4.0 1.892
SN0059 Skammevatn 940-527 59.2050 7.2420 1074 0.6 1.892
SN0060 Reinsgrovtjernane 941-2-23 59.3410 7.0060 1121 4.0 1.892

SN0061 Banevatn 941-24 59.5040 7.1130 1115 8.9 0.789
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Lake chemistry. Alk= alkalinity titrated to fixed pH 4.5 less 32 peq 1.

ID Year pH Ca Mg Na K Cl SO, NO; Alk TOC R-Al  org-Al inorg-Al
(neql") (neql’) (neql’) (peql™) (ueql™) (weql™) (meql™) (meql™) (mgl) (ugl™) (ugl™) (ngl")
SN0002 1995 4.89 22 31 125 4 147 57 15 0 0.5 137 7 130
SNO0011 1995 4.90 14 10 39 5 42 28 6 0 2.3 88 32 56
SN0013 1995 4.55 17 30 133 4 147 59 25 0 1.0 180 15 165
SN0015 1995 4.58 17 18 59 2 60 38 5 0 8.1 125 93 32
SN0017 1995 4.65 19 18 68 3 71 42 5 0 5.6 150 115 35
SN0019 1995 5.10 12 9 34 2 38 25 8 0 1.1 88 17 71
SN0023 1995 4.73 26 52 197 5 245 76 28 0 0.7 322 27 295
SN0024 1995 4.75 26 47 194 5 236 71 26 0 0.5 268 30 238
SN0025 1995 4.83 17 32 127 4 150 55 16 0 0.6 189 15 174
SN0028 1995 4.81 31 53 207 6 248 74 25 0 0.8 231 11 220
SN0029 1995 4.82 17 30 124 3 148 44 8 0 2.1 120 59 61
SN0030 1995 5.02 11 21 89 4 103 31 10 0 0.8 88 17 71
SN0036 1995 5.85 31 9 15 4 16 30 9 8 0.7 18 11 7
SN0041 1995 5.64 18 7 18 4 18 25 6 3 0.1 41 5 36
SN0042 1995 5.44 16 8 19 1 27 21 10 0 0.2 58 5 53
SN0043 1995 5.64 18 8 19 1 19 24 8 2 0.4 50 5 45
SN0044 1995 5.48 17 7 11 3 8 25 11 1 0.4 25 5 20
SN0045 1995 5.93 41 9 20 4 16 33 4 16 1.0 65 22 43
SN0054 1995 5.08 12 10 40 2 45 27 11 0 0.8 98 11 87
SN0056 1995 5.32 10 6 16 1 17 19 7 1 0.2 34 5 29
SN0059 1995 5.56 14 6 22 2 23 19 6 3 0.4 41 5 36
SN0060 1995 5.22 8 8 22 2 25 17 6 0 0.3 25 5 20
SN0061 1995 5.33 11 7 26 2 31 17 8 0 0.2 40 5 35

Soil chemistry. Depth=estimated average for catchment. CEC=cation exchange capacity by 1M NHy;NO;. BD=bulk density.
Exchangeable base cations in % of CEC. N/A= not available.

ID Depth CEC BD Ca Mg Na K C N C/N
(m) (meqkg')  (kgm?) (%) (%) (%) (%) (mmol m?) (mmol m?) (mol mol™)
SN0002 0.38 44 689 5.2 3.1 4.1 43 2073 124 17
SN0011 0.14 72 552 13.9 73 2.6 5.0 770 53 15
SN0013 0.33 112 553 132 8.7 47 3.1 752 39 19
SN0015 0.12 39 558 9.6 5.8 22 45 489 33 15
SN0017 0.50 189 192 8.7 8.7 45 3.6 4674 141 33
SN0019 0.89 12 855 73 5.1 2.9 22 4944 137 36
SN0023 0.56 58 499 7.2 4.1 3.5 22 3140 178 18
SN0024 0.28 69 907 11.6 6.6 2.8 3.3 2073 124 17
SN0025 0.28 69 907 11.6 6.6 2.8 3.3 2910 151 19
SN0028 0.75 201 374 33.9 13.3 53 2.0 7114 351 20
SN0029 0.40 102 617 17.1 11.4 32 4.0 4112 184 22
SN0030 0.22 232 378 14.5 12.5 23 42 1793 58 31
SN0036 0.22 65 668 14.9 4.1 3.9 2.8 1019 33 31
SN0041 0.16 65 553 10.2 35 2.4 2.9 1042 34 30
SN0042 0.22 65 668 14.9 4.1 3.9 2.8 1019 33 31
SN0043 0.22 65 668 14.9 4.1 3.9 2.8 1019 33 31
SN0044 0.22 65 668 14.9 4.1 3.9 2.8 1019 33 31
SN0045 0.22 65 668 14.9 4.1 3.9 2.8 1019 33 31
SN0054 0.53 36 877 39.5 6.7 2.4 2.7 770 53 15
SN0056 0.22 232 378 14.5 12.5 23 42 1793 58 31
SN0059 0.22 232 378 14.5 12.5 23 42 1793 58 31
SN0060 0.22 65 668 14.9 4.1 3.9 2.8 1793 58 31

SN0061 0.22 65 668 14.9 4.1 39 2.8 1019 33 31





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Symbol
    /SymbolMT
    /ZapfDingbats
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /ITA <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


