


2522

Hessen et al.

Abbreviations, descriptions, units, transformations, and sources applied for catchment key variables.

Variable Description Unit Transformation Source
temp Annual mean temperature uC No transformation ~ WorldClim, Hijmans (2005)
runoff ~ The precipitation or snowmelt that runs ~ mm yr ! logio Norwegian Water Resources and

off the land into streams or other
surface water

Energy Directorate (NVE)

NDVI An indicator of terrestrial vegetation Index (0:200) No transformation =~ Monthly NDVI composites from the
density; Based on remote sensing USGS Eurasia Land Cover
Characteristics database
N-dep Deposition of reactive nitrogen (N) mgNm 2yr ! logio EMEP MSC-W modeling system
species from the atmosphere to the
biosphere
slope Maximum rate of change in z-axis u logio Norwegian Mapping and Cadastre
between a cell and its neighboring cells; Authority
Calculated with the ArcGis 9.2 tool:
Slope
bog Fraction of watershed covered with bogs; % Arcsine square root  Norwegian Mapping and Cadastre
nonforested area with peat vegetation Authority
lake Total lake area to watershed area ratio % Arcsine square root  Norwegian Mapping and Cadastre
Authority
arable Fraction of watershed suitable to be % Arcsine square root  Norwegian Mapping and Cadastre
farmed or cultivated Authority
Results also had a significant negative effect on total P and SiO.

Atmospheric N deposition (N-dep) ranged from 96 mg
to 1934 mgm 2 yr !, with a strong latitudinal gradient
(Fig. 2a). This gradient partly reflects the precipitation
pattern and partly the fact that southern Norway is
strongly influenced by N deposition from central Europe.
Precipitation is the major source of inorganic N for most
catchments. The annual runoff displays primarily a
longitudinal pattern, with more than 50-fold variation,
ranging from 127 to 9644 mm m 2 yr !, reflecting topog-
raphy, with typically high orographic precipitation in the
west and dry on the eastward leeside (Fig. 2b). The other
two major predictor variables, the fraction of bogs in the
catchment (Fig. 2c) and NDVI (Fig. 2d), also show a
distinct geographical pattern, with NDVI reflecting low-
land, productive habitats, while the most boggy areas are
typically located in the central regions.

The different roles of catchment properties, runoff, and
N-dep on lake concentrations of organic N and NOj; are
clearly shown in Fig. 3. While organic N reflects the effects
of bogs and vegetation as well as the diluting effects of
precipitation, NO3 generally follows N-dep. Deposition of
oxidized and reduced N was highly correlated (r2  0.96)
and close to a 1:1 ratio over the entire gradient of total
deposition. Lake concentrations of reduced N (NHy) are in
general low or negligible. This is probably due to preferential
uptake by roots and microorganisms of reduced N,
oxidation of NH, to NOj in soils and surface waters, and
to lower mobility of NHy4 causing higher soil retention.

NDVI was the major predictor of lake concentrations of
organic N, total P, NOs, and total SiO, (Fig. 4). DOM was
the most important determinant of concentrations of total
N and P, both being dominated by organic fractions; this is
reflected by the positive contribution of the fraction of bogs
in the catchment, which was not observed for SiO,. N
deposition not only contributed positively to total N, but it

Mean annual temperature had contrasting positive (NO3)
and negative (P and SiO,) effects. Including all significant
predictor variables explained 71% of the variability in total
N but only 44% and 56% for total P and SiO,, respectively.
Concentrations of organic N followed total N closely,
reflecting that organic N was a major pool of total N, or
rather that total N reflect the dynamics of organic N, where
71% of observed variability could be explained by the
included parameters. This is in contrast to NOs, in which N
deposition was by far the major predictor, in addition to
positive contributions from temperature and % lake area of
total catchment (Fig. 4). Interestingly, the fraction of bogs
in the catchment was a major (negative) predictor of NOs.
In total, 58% of the NOj; concentration variance was
explained by the regression model. It should be noted that
there is a significant effect of arable land on most
parameters, in spite of the visual impression in Fig. 4. This
is due to the extreme skewness of this variable, with most
catchments having no agricultural land at all (less than
0.5% of the total area is arable), so that its interquartile
range becomes practically zero. When present in a
catchment, however, arable land made a notable contribu-
tion because of inputs of manure and fertilizers.

The processes affecting elemental concentrations in lakes
also had important effects on elemental ratios (Fig. 5). The
ratio between TOC and total organic nitrogen (TON) had
low variability as a result of their close correlation
(regression slope C:N 28.1 = 0.5, r2 0.76, p
0.0001). From a biological perspective, however, the
relative concentration of inorganic N is more relevant than
that of organic N. The ratio of NO; to organic N was
below unity in 70.5% of the lakes, and the variability in this
ratio is striking, spanning more than four orders of
magnitude. For the NO;5: TP ratio, a 2700-fold range was
observed, and likewise, the NOj;:SiO, ratio showed a
strong variability.
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A fair share of this biologically important variability was
accounted for by climatic and catchment-specific variables.
The full analysis of determinants of DOC flux and
concentrations is beyond the scope of this analysis, but we
have included TOC in the analysis of elemental ratios. Sixty-
six percent of the variance in TOC : total N was explained by
these variables, with NDVI as the major positive predictor
and N deposition as the major negative predictor (Fig. 6). As
a result of the close correlation between total N and total P,
only a modest part (36%) of the variation in the ratios
between these fractions was explained by the model, with
temperature and N deposition as major positive contribu-
tors. Also, for TOC:TON, only a modest part of the
variability was explained (43%), again partly owing to the
low variability in the ratio between TOC and organic N,
both being closely associated with DOM.

Scatterplot matrix of transformed independent variables (see Table 1) used in the regression models (n

-12 04 24 32

987 992).

For NOj:total P, NO5:SiO,, and NO;:organic N, N
deposition was, not surprisingly, the key variable, and was
also the key variable in all cases with NDVI as the major
negative predictor, annual mean temperature as the major
positive predictor, and with a fairly high predictive power
(53%, 66%, and 55%, respectively).

Discussion

By covering a wide range of N deposition along a
latitudinal gradient and by sampling pristine catchments
with negligible effects from agricultural runoff or sewage,
this study clearly demonstrates that terrestrial productivity,
N deposition, climate, and a few key catchment properties,
notably the fraction of bogs, together serve as major
predictors of element export to surface waters. This finding
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Fig. 2. Polygon maps showing regional patterns in some of the independent variables used
in the regression models: (a) nitrogen deposition (mg N m 2 yr !, for the year 1995), (b) runoff
(mm yr 1; average 1961 1990), (c) area fraction of bog and peatland (dimensionless), (d) NDVI
(index; Modis average for 1992): 22,500 watershed polygons; sampled lakes are represented as

dots in map (a).

is in accord with previous findings from boreal lakes
(Dillon and Molot 2005; Kortelainen et al. 2006). Since the
different predictor variables act differently on the various
elements, they also profoundly affect the stoichiometry of
key elements in lakes. In general, ratios with a narrow
range of variability (e.g., TOC: TON) were predicted with
lower accuracy than ratios with high variability (e.g.
NO3 : SlOz)

The co-variation of N deposition and precipitation and
the additional diluting effect of precipitation on non N

elements acted together to increase all NOs : element ratios.
It should be noted that this pattern reflects long-term
averages across different ecosystems, while the diluting
effect of precipitation will obviously not be equally clear in
single catchments on shorter time scales. Long-lasting,
elevated N deposition may also lead to N saturation
(Stoddard 1994; Kaste et al. 1997). Organic N, on the other
hand, was closely associated with TOC, both originating
primarily from allochthonous DOM (cf. Kortelainen et al.
2006). The ratio of total N to other elements was also
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Fig. 5. Frequency distribution histograms for elemental ratios (mol: mol) in the lakes: (a) TOC: TON, (b) NO;-N: TON, (c) NOs-

N :total P, and (d) NO5-N: SiO».

and, hence, it also correlates with inorganic N uptake in
roots and high N retention (Kaste et al. 1997). NDVI
also turned out to be a major predictor of lake
concentrations of DOC, DON, NOs;, total P, and SiO,.
The causality is not straightforward, however. Productive

catchments with high vegetation density will provide
more litterfall and a more active root mineralization, but
also a higher uptake of nutrients. Hence, the net effect of
NDVI on clemental ratios requires stronger mechanistic
investigation.

Fig. 6. Effect size plots for the independent variables in regression models of selected elemental ratios (a) TOC: total N, (b) total
N:total P, (¢) NOj:total P, (d) NO;5:SiO,, (¢) NO;s:organic N, and (f) TOC:organic N. Effect sizes are computed as regression
coefficients X interquartile ranges of the different independent variables.
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For most all elements or elemental ratios, the catchment
fraction of bogs was a major predictor, yet with contrasting
effects. It is quite noteworthy that while bogs were
positively correlated with total N, this variable did not
explain NOjs or the ratio of NOj relative to other elements
and organic N. Peats and wetlands are typical sinks of N as
a result of their high capacity for denitrification (Jansson et
al. 1994); nevertheless, the export of organic N also
indicates that a considerable fraction of inorganic N must
be converted to organic forms within these waterlogged
systems. Bogs were also positively related to total P,
reflecting that DOM also is a major carrier of organic P
(Dillon and Molot 2005; Kortelainen et al. 2006). Even if
only a modest fraction of the large pools of organic N and
organic P are converted to bioavailable forms by photo-
oxidation or microbial mineralization, this would be a
major source of N for autotrophs (Humborg et al. 2004).
The association between SiO, and TOC is subtle, and there
was no significant relationship between the fraction of bogs
and concentrations of SiO,, which primarily is determined
by chemical weathering induced by CO, and organic acids
leached from roots and soils (Conley et al. 2000; Humborg
et al. 2004).

Both the absolute concentrations of NO3 as well as the
elemental ratios may have a suite of biological effects, and
N deposition and shifts in climate and vegetation cover
could profoundly affect these parameters. Increased NDVI
and fraction of bogs would clearly shift lakes toward N
limitation, while N deposition would work in the opposite
direction. Bergstrom et al. (2005) demonstrated that lakes
receiving high inputs of atmospheric N are pushed toward
extreme P limitation, reflected in increased phytoplankton
biomass yield with increased N deposition. Changes in both
NOj;: total P and NOj : SiO, may induce shifts in elemental
limitation and production of autotrophs in lakes and
downstream coastal areas (Conley et al. 1993; Hessen 1999;
Humborg et al. 2004).

Short- or long-term climatic changes will affect nutrient
export to lakes and coastal areas, as well as total loading
and nutrient stoichiometry (Meybeck 1993). Climate also
has effects on concentrations and runoff of DOC and
thus also organic N and organic P. For most temperate
areas, DOC concentrations are increasing in rivers and
lakes (Skjelkvale et al. 2005), and while decreased acid
deposition could contribute to this (Monteith et al. 2007),
there is no doubt that temperature and hydrology could
also be key players influencing the export of organic matter
to lakes (Schindler et al. 1997; Erlandsson et al. 2008).
Shifts in both the absolute and relative loadings of DOC to
nutrients, for example, will affect the whole lake metabo-
lism. Typically, a high ratio of DOC : P is characteristic of
high ecosystem respiration to production ratio (Hanson et
al. 2004), and this ratio is likely to be strongly affected by
climate change (Benoy et al. 2007). This again would
promote feedbacks from lakes to the atmosphere.

A major outcome of this analysis of temperate, boreal
lakes and catchments is thus the important role of
terrestrial vegetation productivity on lake-water chemistry.
Increased terrestrial productivity is likely to change
concentrations of most elements in lakes, yet not at the
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same rate or in the same direction. In particular, the ratios
of NOjs to P, Si, or organic N are expected to decrease as a
result of increased retention of inorganic N at increased
temperatures, while enhanced N deposition will work in the
opposite direction. For all relationships there is a large,
unexplained variance. Presumably, part of the unexplained
variance in observed concentrations and ratios is due to
variations in retention between lakes with different water
residence times: low renewal rates imply high retention and
vice versa, but this will not be equal for all elements.
Typically areas receiving high inputs of atmospheric N may
have low catchment retention of N and virtually zero lake
retention of N (Kaste et al. 1997), while P retention would
be substantial as a result of a strong P limitation. Climate-
induced changes in precipitation will thus be a major
determinant not only of concentrations of elements in
lakes, but also of elemental ratios.

Climate change scenarios point toward a future with
more forests and increased terrestrial production in areas
receiving sufficient precipitation, while the opposite will
happen under drier conditions. On a long-term scale
(decades to centuries), changes in catchment properties,
such as fractions of bogs and forest cover, and weathering
rates will regulate the flux and fate of C, N, P, and Si in
catchments, while on a shorter time scale (years to
decades), anthropogenic effects on the N cycle, changed
temperature, precipitation patterns, and soil or root
processes will be dominant. In any case, the entangled
responses and interactions of these drivers may be hard to
detect directly in the terrestrial catchment, while down-
stream lakes will pick up and integrate these stoichiometric
parameters. Hence, lakes are valuable sentinels for detect-
ing global changes, which in turn will have a major direct
and indirect effect on the biota of boreal lakes.
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