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Abstract 
Lake chemistry generally reflects the ecological, geological, and climatic processes in 
and around the lake. This thesis addresses the importance of scale, from small 
(variability within a lake) to large (catchment and ecoregion variability), on selected 
chemical metrics. In Paper I, the importance of ecoregions and catchment 
characteristics for prediction of pH and total phosphorus (TP) were studied. Predictive 
models were evaluated both on ecoregional (six ecoregions) and whole-country scales. 
The models were based on catchment-specific variables alone or using a combination of 
catchment-specific and chemical variables. We found that grouping lakes by ecoregion 
worked well when within-ecoregion variance was high. For example, partitioning 
spatial variance by ecoregions worked better for the ecoregions in the south of Sweden 
than in the north. However, TP and pH were best predicted by other chernical variables, 
and many of the "better" predictor variables were known to depend on characteristics of 
the catchment. For example calcium concentration was a good predictor for pH. Future 
studies should focus on deterrnining the linkage between catchment-scale variability 
(e.g. geology and weathering) and in-lake chemistry. Paper Il addressed the question of 
how representative a mid-lake sample is of in-lake conditions. This information is 
important for interpreting the long term changes within lake monitoring programs. The 
surface water chemistry of 34 Swedish lakes, spatially-stratified across three main 
ecoregions and according to residence time and mean depth, was studied. This study 
also included two seasons; namely a period when biological activity is expected to be 
high (late summer or August) and a period when hydrological (i.e. wind-induced) 
disturbance is expected to be high (autumn or October). Where a sample was taken 
within a lake was found to affect the sample's representativity of lake water surface 
chernistry. However, a mid-lake sample was shown to be more representative than a 
random sample. We conclude that mid-lake samples can be considered representative of 
average surface water chernistry. This information is crucial for how we interpret data 
taken from monitoring programs that are temporally extensive. 
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Abstract 
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Lake chemistry generally reflects the ecological, geological, and climatic processes in and 
around the lake. This thesis addresses the importance of scale, from small (variability 
within a lake) to large (catchment and ecoregion variability), on selected chemical 
metrics. In Paper I, the importance of ecoregions and catchment characteristics for 
prediction of pH and total phosphorus (TP) were studied. Predictive models were 
evaluated both on ecoregional (six ecoregions) and whole-country scales. The models 
were based on catchment-specific variables alone or using a combination of catchment­
specific and chemical variables. We found that grouping lakes by ecoregion worked well 
when within-ecoregion variance was high. For example, partitioning spatial variance by 
ecoregions worked better for the ecoregions in the south of Sweden than in the north. 
However, TP and pH were best predicted by other chemical variables, and many of the 
"better" predictor variables were known to depend on characteristics of the catchment. For 
example calcium concentration was a good predictor for pH. Future studies should focus 
on determining the linkage between catchment-scale variability (e.g. geology and 
weathering) and in-lake chemistry. Paper Il addressed the question of how representative 
a mid-lake sample is of in-lake conditions. This information is important for interpreting 
the long term changes within lake monitoring programs. The surface water chemistry of 
34 Swedish lakes, spatially-stratified across three main ecoregions and according to 
residence time and mean depth, was studied. This study also included two seasons; 
namely a period when biological activity is expected to be high (late summer or August) 
and a period when hydrological (i.e. wind-induced) disturbance is expected to be high 
(autumn or October). Where a sample was taken within a lake was found to affect the 
sample's representativity of lake water surface chemistry. However, a mid-lake sample 
was shown to be more representative than a random sample. We conclude that mid-lake 
samples can be considered representative of average surface water chemistry. This 
information is crucial for how we interpret data taken from monitoring programs that are 
temporally extensive. 
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"A lake is the landscape 's mast beautiful and expressive feature. 

It is earth's eye; looking inta which the beholder measures the 

depth oj his own nature. The fluviatile trees next the shore are 

the slender eyelashes which fringe it, and the wooden hills 

and cliffs around are its overhanging brows." 

(From "Walden or life in the woods" 
by Henry David Thoreau, 1854) 

A lake being the earth's eye - reflecting the landscape that surrounds it - is 

somewhat what this thesis is about. 
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Appendix 

Papers I and Il 

The present thesis is based on the following papers which are referred to by their 
Roman numerals. 

I. Göransson, E., and Johnson, R. K., 2001. The importance of ecoregions 
and catchment characteristics for prediction of pH and total phosphorus in 
lakes. Manuscript 

Il. Göransson, E., Johnson, R. K., and Wilander, A., 2001. Representativity 
of a rnid-lak:e surface water chernistry sample. Manuscript 



Background 

Integrating pattem and scale isa central theme in ecology (Levin, 1992) and, not 
surprisingly, ecoregional ecology and landscape ecology are two relatively new 
areas that focus on the interaction between regional pattems and ecological 
processes at different scales (Tumer, 1998; Ormerod, 2000). The importance of a 
lake' s position in the landscape, and especially underlying geology and land 
use/cover, has provided insight inta differences among aquatic systems (e.g. 
Magnuson and Kratz, 2000). For example, the lake trophic classification schemes 
developed by Thienemann (1925) and Naumann (1932) are examples of the 
importance of interactions between terrestrial and aquatic systems. 

The chemistry of a lake generally reflects the ecological, geological, and climatic 
processes in and around the lake. Moreover, a number of processes influence lake 
water chemistry at different scales; from small-scale, within-lake variability 
reflecting in situ processes to large-scale, among-lake variation being primarily 
determined by catchment geology and hydrology. In particular, geographic 
position, catchment-scale variability in geology, land use, and vegetation cover 
have provided insight inta differences among lake ecosystems (e.g. Soranno et al., 
1999; Kratz and Frost, 2000). More recent studies have shown that spatial 
organization and connectivity are important descriptors of lake types. For 
example, lake chemistry and biology have been shown to be correlated with 
simply the position of a lake in the landscape (e.g. Riera et al., 2000). However, 
the scale at which we perceive our study objects may influence our interpretation 
of driving processes and mechanisms. For example, relationships between climate 
and vegetation that are evident at a broad scale may disappear when finer scales 
are studied (e.g. Wiens, 1989). 

Ecoregions are areas of relatively homogeneous ecological systems, with similar 
vegetation and climate. It is generally thought that ecoregions with different 
landscapes have different water quality (e.g. Hughes and Larsen, 1988). For 
example, studies have assessed how well landscape (ecoregion) level 
classifications can partition physico-chemical and biological variance of lakes • 
(e.g. Hawkins et al., 2000). If the transition zone between regions is somewhat 
diffuse, however, boundary effects might not be evident and differences in biotic 
assemblages between regions may be difficult to distinguish. Hawkins et al. 
(2000) showed that ecoregions were effective in partitioning variance when 
distinct differences in geomorphology or strong gradients in physiology and/or 
climate occurred. Such gradients are found in Sweden; for example, the large­
scale regional effect of the limes Norrlandicus ecotone (basically a demarcation 
between deciduous forests in the south and coniferous forests in the north) has 
been shown to strongly affect different biological communities (e.g. littoral 
invertebrates, Johnson, 2000). Large-scale pattems in lake water chemistry have 
also been shown to correlate with ecoregion delineations in Sweden (e.g. Johnson, 
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1999). Adopting a spatial approach to partition variance, the European Water 
Framework Directive proposes the use of ecoregions to classify lake typologies 
(European Commission, 2000). 

Although recent focus has been placed on monitoring whole catchments or 
ecosystems (Omernik, 1994 and references cited therein) in regional monitoring 
programs, individual lakes often exhibit marked spatial and temporal variability. 
Though the spatial - vertical variation generally found within a lake is usually 
accounted for in sampling, much less attention is given to surficial or horizontal 
spatial variation. Spatial variation and correlation related to horizontal distances 
between sampling locations is thoroughly studied within terrestrial systems 
(Webster and Oliver, 1990). A number of lake studies have focused on the spatial 
(horizontal) variation associated with phyto- and zooplankton communities (e.g. 
Avois et al., 2000; Lacroix and Lescher-Moutoue, 1995; Pinell-Alloul, 1995; 
Visman et al., 1994), but much less is known of the horizontal variability 
associated with lake chemistry. Indeed, spatial patterns in water chemistry are less 
often reported, and if mentioned, it is usually done in the context of explaining the 
spatial variation of plankton (e.g. Dickman et al., 1993). In monitoring programs 
that are temporally extensive (i.e. long-term), the horizontal variation in lake 
water chemistry is important for interpreting long-term changes. Factors such as 
lake morphometry (e.g. depth, shoreline development and volume), distance to 
shoreline, relative importance of surface and groundwater inputs and biological 
activity may separately or combined affect the spatial variation within a lake. In 
addition, temporally important factors may also affect water chemistry, such as 
within- and among-year variability in precipitation, temperature, wind speed and 
direction. 

Besides naturally occurring variability, aquatic ecosystems often show the effects 
of a number of human-induced perturbations. For example, lakes in Sweden are 
affected by eutrophication and acidification, and much of this variance is 
contagiously distributed with lakes in the southern parts of the country being 
more strongly affected than lakes in the north. According to the 1995 national 
lake survey, between 3.6% (> 50µg P/1) and 5.5% (> 1.5 mg N/1) of 4113 lakes 
were classified as very nutrient-rich (Wilander et al., 1998). In the highly 
populated areas in the south of Sweden with intensive agriculture, 63% of the 
lakes were classified as very nutrient rich (> 50µg P/1). Furthermore, due to 
acidification many lakes, in some areas as many as 60% of those sampled, are 
limed or indirectly affected by liming. 

Water chemistry has been monitored in long-term monitoring programs in 
Sweden since the 1960s. Knowledge of indicator variability, both spatial and 
temporal, and natural and human-induced, is essential for our interpretation of 
anthropogenic effects. Much effort has been focused on understanding the 
importance of scale in explaining variability among lakes. For example, 
relationships between catchment characteristics and lake water chemistry can be 
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useful for providing information on preindustrial conditions. The European Water 
Framework Directive (European Commission, 2000) recommends moreover the 
use of ecoregions and typologies (e.g. lake size) to partition natural variability. 
Understanding the spatial variability within and among individual lakes is useful 
for optimizing sampling design. Moreover, this information is needed for 
improving our awareness of the processes and mechanisms driving indicator 
metrics (e.g. total phosphorus). 

Objectives 

In this thesis I have focused on how spatial variability both within and among 
lakes affects our interpretation of lake monitoring data. In particular, I was 
interested in assessing the importance of spatial scale, from small (variability 
within a lake) to large (catchment and ecoregion variability), on selected physico­
chemical metrics. 

Paperl 
The importance of ecoregions and catchment characteristics for prediction of pH 
and total phosphorus (TP) are studied. Predictive models are evaluated both on 
ecoregional and whole-country scales. The models are based on catchment­
specific variables such as geographic position, catchment land use/cover, and 
deposition. The hypotheses of the study are that: (i) models based solely on 
catchment-specific variables can be used to predict pH and TP and (ii) ecoregion 
based models will have higher predictive power than whole-country models. 

Paper Il 
The horizontal variation of surface water chemistry within lakes is studied. Here 
we addressed the question if amid-lake sample can be considered representative 
of lake chemistry. Our hypotheses are that: (i) where a sample is taken within a 
lake will affect its representativity and (ii) a mid-lake sample can be considered as 
representative of average surface water chemistry. 
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Figure 1. a) Map showing the six major ecoregions of Sweden and the location of the 
2765 lakes sampled for physico-chemical and catchment-specific (GCD) variables in the 
1995 Swedish national lake survey. b) Classification of the 34 lakes according to three 
ecoregions, water residence time, and mean water depth. The lakes were sampled in 
August and October 1999. * two lakes not sampled in October. 
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Materials and Methods 

Paperl 
A Swedish national lake survey was performed in the autumn of 1995. Amid­
lake sample was taken in 4113 selected lakes in Sweden (Wilander et al., 1998). 
The lakes were randomly selected with same predefined criteria to cover different 
lake types and to obtain a spatial distribution that covered the whole country 
(summarized in Henriksen et al., 1996). The samples were collected in the 
autumn <luring the mixing period to obtain a representative whole-lake sample. 
The physico-chemical variables analyzed can be grouped in three categories: 
indicators of acidity, nutrients, and organic compounds. The survey also included 
variables of geographic position, altitude, catchment area, and lake surface area. 
Same 2700 lakes were also classified according to land use/cover (see Table 2 in 
paper I). A total of 2765 lakes were used in this study. For pH modeling, lakes 
affected by liming were removed resulting in 2046 lakes in the pH models. 

All lakes were stratified according to ecoregion (Fig. la). Partial least squares 
regression (PLS) was used to evaluate spatial patterns in lake surface water 
chemistry and assess the predictive power of models for pH and total phosphorus 
using descriptive and chemical variables (Esbensen et al., 1996; Geladi and 
Kowalski, 1986). PLS is a multivariate regression method related to principal 
component analyses. One advantage with PLS is that it works well with 
intercorrelated data. PLS was used to calibrate and validate predictive models for 
pH and total phosphorus. Two types of models were constructed: (i) models using 
geographic (G); catchment area classification (C), and deposition (D) variables as 
independent variables (GCD models); and (ii) models using both GCD and 
chemical variables and independent variables (GCD+CHEM models). Models 
were developed for the six ecoregions and for the whole country. Roat mean 
square error of prediction (RMSEP) together with r2 

( explained variance) were 
used to campare the various models. 

Paper Il 
The lakes in this study are a part o'f the Swedish national lake monitoring 
program. These lakes are sampled annually for physico-chemical parameters. The 
total number of reference lakes is about 100, and 34 of these were included in this 
study. The lakes were selected to cover a wide range of lake types. This was done 
by classifying the lakes according to: (i) geographic region (3 major ecoregions), 
(ii) water residence time (2 categories, residence time ::; 1 year or residence time > 
1 year), and (iii) water depth (2 categories, mean depth::; 3.5 mor> 3.5 m) (Fig. 
lb). Since mast reference lakes are situated in the southern part of Sweden that is 
more densely populated, 5 lakes were selected for each classified group in the 
southem mixed forest region. In contrast, due to fewer monitoring lakes situated 
in the north it was difficult to fill all the groups in the arctic/alpine region and the 
northem coniferous forest region (Table 1). 
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Ten samples were taken from each lake from quadrates randomly distributed to 
cover the lake surface area. Bach lake was covered with a grid matrix and the 
quadrates were numbered, starting in the north end of each lake and moving 
southward in west to east direction. The total number of quadrates per lake was 
divided by ten to determine the interval between sampling sites. The first 
sampling quadrate was randomly placed in the first interval. The quadrate closest 
to the center of the lake, according to the lake surface area and where the 
maximum depth of the lake was located, was chosen as the mid-lake quadrate. 
Surficial water samples (0.5 meters' depth) were collected from each quadrate 
during each season; two sampling seasons, representing high (late summer or 
August) and low (October) biological activity, were studied. All 34 lakes were 
sampled in August and 32 in October. 

The chemistry variables studied here consisted of; pH, alkalinity (meq/1), total 
phosphorus (µg/1), NO2+NO3-N (µg/1, hereafter referred to as inorganic 
nitrogen), conductivity (mS/m 25 °C) and absorbance ( 420nm) of filtered water 
(i.e. water color), absorbance (420nm) of unfiltered water, and water temperature 
(oC). 

Large-scale, spatial differences in water chemistry were analyzed by a three­
factor unbalanced analyses of variance (ANOV A), with ecoregions (three 
ecoregions), water residence time (two categories), and mean depth (two 
categories) as fixed factors. The interaction terms of these three factors were also 
determined. A Tukey test was carried out to investigate significant differences 
among the three factors and their interaction terms. A two sample t-test was used 
to determine if the mid-lake sample differed from the nine remaining samples. 
This was performed on each lake and variable (significant level a, = 0.05). A jack­
knifing technique was used to determine if the distance to the center part of the 
lake would affect the sample representativity. This was done by sequentially 
comparing each sample with the remaining nine samples using a two sample t-test 
and Bonferroni correction of a, error toa significant level a, = 0.005. 

Table 1. Number of lakes in each classified group. 
Residence time > 1 year :::;; 1 year 

Meandepth >3.5m :$;3.5m >3.5m :$;3.5m Total 

Arctic/alpine 1 2 2 5 
region 

Northem coniferous 3 3 3* 9 
region 

Southem mixed forest 5 5 5 5 20 
region 

Total 9 5 10 10 34 
* Two lakes were not sampled in October 
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Eco regions 
In Paper I, data was divided into the six major ecoregions of Sweden using the 
boundaries given by the Nordic Council of Ministers (1984), but modified 
according to Gustafsson and Ahlen (1996). The ecoregions range from the 
nemoral region in the south to the arctic/alpine region in the north (Fig. la). The 
nemoral region is characterized by deciduous forests, mean annual temperature 
greater than 6 °C, and a relatively long growth period (180 - 210 days). In 
contrast, the arctic/alpine region is characterized by relatively low mean annual 
temperature (< 2°C) and short growth period(< 100 - 120 days). The number of 
lakes in each ecoregion were (the numbers within parenthesis are the number after 
removing the lakes affected by liming): 238 (238) in the arctic/alpine region; 191 
(188) in the northem boreal region; 978 (843) in the middle boreal region; 389 
(206) in the southem boreal region; 912 (529) in the boreonemoral region; and 57 
(42) in the nemoral region. 

In Paper Il, the ecoregions used correspond closely to those recommended by the 
European Water Framework Directive (European Commission, 2000). These 
three regions were originally based on macroinvertebrate distribution studies done 
in the 1960s (e.g. Illies, 1966). The three ecoregions are composed of the 
ecoregions above. Hereafter the three regions will be referred to as the 
arctic/alpine region, northem coniferous region, and southem mixed forest region 
(Fig. lb). 

Results and Discussion 

Paperl 
Our hypothesis was that ecoregional based models would have higher predictive 
power (high r2) and lower error (RMSEP) than the whole country models. This 
was based on the principle that ecoregions, as integrators of regional pattems in 
climate, topography, land use, and natura! vegetation, would partition part of the 
natura! variability. This seemed to be true for the southem part of Sweden and 
especially for the nemoral region. Total phosphorus (TP) and pH models 
developed for the nemoral region had higher predictive power than the model for 
the whole country and the other ecoregional models (Fig. 2). For the pH and TP 
nemoral models, GCD variables explained 90% and 57% of the variation, 
respectively. The total variation within a region seemed to affect the predictive 
power. For example, total variation within the arctic/alpine region was low 
resulting in low predictive power, whereas the total variation within the nemoral 
region was high resulting in high predictive power. Overall for both pH and TP, 
the predictive power of the ecoregional models based on GCD variables was 
slightly better or about the same as the predictive power for the whole-country 
models. The prediction error was usually about the same size or somewhat lower 
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Sweden 

Arctic/ 

alpine 

Northern 

boreal 

Middle 

boreal 

Southern 

boreal 

Boreo­
nemoral 

17 

Nemoral [s 

pH GCD pH GCD+CHEM lgTPGCD lgTP GCD+CHEM 
RMSEP0.54 RMSEP0.29 RMSEP0.21 RMSEP0.17 

r2 0.25 r2 0.79 r2 0.33 r' 0.54 

RMSEP0.47 RMSEP0.19 RMSEP0.18 

r2 0.03 r2 0.85 r2 0.39 

RMSEP0.49 RMSEP0.20 RMSEP0.16 RMSEP0.13 

.. •·: .... 

.. :·_~ ... -
r2 0.12 r2 0,83 r2 0.49 ,::: r2 0.72 

RMSEP0.47 RMSEP0.27 RMSEP0.20 RMSEP0.16 

r2 0,25 r2 0. 75 

RMSEP 0.24 RMSEP 0.19 RMSEP0.16 RMSEP0.12 

r2 0.30 r2 0.62 r2 0.56 

RMSEP0.61 RMSEP0.31 

r2 0.46 r2 0.86 r2 0.45 

RMSEP0.27 RMSEP0.21 
2,5 

RMSEP0.27 RMSEP0.20 

2,0 

1,5 

1,0 

r2 0.90 r2 0.94 r2 0.57 r' 0.78 
,_ _______ ---1--~------10,5 +----------+---~------' 

8 7 0,5 1,0 1,5 2,0 2,5 
measured 

Figure 2. Predicted vs. measured values for the pH and the log10TP models' validation 
data sets. The explained variance (r2) and the prediction error values RMSEP are given for 
the whole-country models (Sweden) as well as the models for the ecoregions. 
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for the GCD models than the whole-country model. An exception was the TP 
nemoral model that had a higher prediction error than the whole country model. 
One reason might be that there were few lakes in the nemoral region compared to 
the other regions and the whole country. Some of the pH models seemed to be 
nonlinear across the pH-gradient, with a breakpoint at approximately pH 6. This 
implies that it might be better to model pH above and below pH 6 instead of 
across whole interval. Preliminary studies for the middle boreal region supports 
this conjecture. 

Catchment and lake surface area were important descriptive variables for both pH 
and TP (GCD models). Other variables such as land use (arable, forest) and cover 
(mire and deciduous forest), and soil type (till) were important for the pH GCD 
models. Classifications of forest and arable land explained a large part of the 
variation in pH and TP within the nemoral region. Other important descriptors for 
the TP GCD models were altitude, and the amount mires and forests within the 
catchment ( especially in the northem parts of the country) 

As expected, adding the chemical variables improved the models predictive 
power considerably. The most obvious example was the arctic/alpine pH model. 
In this model the explained variance increased from 3% to 85% when the 
chemical variables were included. The most important predictor for pH was 
calcium (Ca), whereas the most important for TP were water color (absorbance) 
and in some cases TOC and the nutrients NH4-N and total nitrogen (TN). 
Interestingly, these chemical variables (Ca, water color, TOC, NH4-N, and TN) all 
reflect conditions in the catchment. 

Paper Il 
Comparison of the mid-lake sample with the nine remaining samples for all lakes 
and variables showed that out of 254 (August) and 253 (October) possible 
combinations only 10 of them differed in August and 9 in October. Jack-knifing 
showed that a samples location was important for its' representativity of average 
surficial water chemistry. For example, samples taken in the center of the lakes 
had few differences in water chemistry indicating that these samples are more 
representative of average conditions. In contrast, samples taken furthest from the 
lakes' center often differed markedly from the other samples (Table 2) (e.g. 
samples taken in the first quadrate). This was especially evident for samples taken 
close to lake inlets. To further investigate this we also determined if the mid-lake 
sample could be considered more representative of lake water chemistry than 
simply randomly selecting a site. The test was performed in the same way as for 
the mid-lake sample, the only difference was that the sample was randomly 
selected from the ten samples for each lake. Of the variables tested, 24 differed 
significantly in August and 23 in October, compared to 10 and 9, respectively, for 
the mid-lake sample. Although comparison of only one random sample can not be 
considered a robust measure of sample representativity, these findings indicate 
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nonetheless that a mid-lake sample is more representative of average lake 
conditions. 

Grouping lakes by ecoregion, residence time, and mean depth bad a significant 
effect on a number of variables (except pH, alkalinity, and inorganic nitrogen). 
Ecoregion seemed to be the most important factor describing lake chemistry. Not 
surprisingly, temperature in August varied significantly for all regions indicating 
the large climate gradient that was part of this study. Variables sensitive to 
biological activity were also influenced by the climate gradient; for example, 
absorbance of filtered water and total phosphorus also varied with ecoregion. 
Residence time was also found to be a more important explanatory variable in 
August than October. This finding might indicate the greater spatial variability 
expected in late summer (when lakes are relatively hydrologically stable) than 
autumn (when lakes are tuming over). Indeed, several of the variables that varied 
significantly when the mid-lake samples were compared with the other samples 
also varied somewhat with season. For example, nutrients seemed to vary more in 
August than the other variables whereas variables indicative of weathering and 
hydrology (e.g. alkalinity and conductivity) varied more in October. 

Some of the variation within a lake may be attributed to analytical or laboratory­
induced variance. For variables exhibiting small, within-lake variability, such as 
conductivity, this is especially important. We compared the coefficient of 
variation (eV) of the ten samples in each lake for each chemical variable (eV10) 

with the ev of the analytical variation (eV.v). We found that ev.v was greater 
than ev 10 in two of the ten differences noted in August and six of the nine 
differences in October. If eV.v>eV10 for the variables tested, then we can not 
conclude that the mid-lake sample is significantly different for those lakes. 
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Table 2. A 2-sample t - test comparing each sample quadrate with the remaining nine by 
jack-knifing method. Each column represents the sample quadrate that was compared to 
the other sample quadrates. The values given show the number of significant differences. 
P-values were adjusted bl'. Bonferroni corrections (ex$; 0.005). 
Variable 1 2 3 4 5 6 7 8 9 10 

AUGUST 
pH 9 2 1 1 
Alkalinity 2 1 1 3 
Conductivity 2 1 
Abs. unfiltered 1 1 
Abs. filtered 7 2 1 
Total phosphorus 
N02+N03-N 1 1 
Temeerature 1 1 1 1 
Sum 22 2 3 1 2 1 5 2 1 5 

OCTOBER 
pH 3 2 
Alkalinity 3 3 2 1 2 1 
Conductivity 2 1 1 1 2 
Abs. untiltered 2 1 1 1 1 
Abs. filtered 6 1 
Total phosphorus 1 1 1 1 
N02+N03-N 2 1 3 
Temeerature 4 1 1 
Sum 23 3 5 6 1 2 0 3 3 9 

Conclusions and future perspectives 

Both large and small spatial scales were found to affect lake water chemistry. In 
Paper I, we hypothesized that: (i) models based solely on catchment-specific 
variables can be used to predict pH and total phosphorus and (ii) ecoregion based 
models will have higher predictive power than whole-country models. Our study 
showed that pH and total phosphorus were best predicted by other in-lake 
physico-chemical variables, implying that in-lake chemistry was a better predictor 
than catchment-scale descriptors. However, many of the "better" predictor 
variables are known to be dependent on characteristics of the catchment. For 
example, calcium was shown to be a good predictor of lake pH. Calcium is also 
strongly correlated with catchment geology and soil chemistry. Hence, pH should 
be correlated with these catchment-scale variables as well. In our study we did not 
have access to soil or geological information. Future studies should focus on 
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determining the linkages between catchment-scale variability (e.g. geology and 
weathering) and in-lake chemistry. 

Ecoregion models were not always better than whole-country models in 
predicting pH and TP. In particular, models developed for the southem parts of 
the country performed better. In contrast, when the within-ecoregion variance was 
low (e.g. in the arctic/alpine region) ecoregion models performed poor. Better 
ecoregion-based models may be developed by partitioning among-lake variance 
using additional landscape delineations (e.g. geology and highest post-glacial 
coastline). However, predictive models for same regions may be more difficult to 
develop. For example, geology in the arctic/alpine region is known to be very 
variable. 

In Paper Il, it was hypothesized that: (i) where a sample is taken within a lake will 
affect it's representativity and (ii) a mid-lake sample can be considered as 
representative of average surface water chemistry. Where a sample was taken 
within a lake was shown to be important for how representative it is of lake 
surface chemistry. In particular, samples taken from quadrates that were situated 
close to a lake inlet were found to differ. Mid-lake samples, on the other hand, 
were shown to be representative of average surface water chemistry. However, 
the finding that water residence time was an important explanatory variable for 
August water chemistry implies that lakes are more heterogeneous in late summer 
than autumn. In autumn, many of the lakes were probably circulating which may 
partly explain the less heterogeneous conditions measured at this time. However, 
my results indicate that mid-lake samples taken during either August or October 
can be considered representative of average conditions and should continue to be 
used in lake monitoring and assessment programs. 
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Abstract 

Ecoregions are areas of relatively homogenous ecological systems, with similar 
vegetation and climate. It is generally thought that ecoregions with different 
landscapes have different water quality. Here we evaluate the use of landscape 
characteristics (ecoregion and catchment classification) for predicting surface 
water pH and total phosphorus (TP). Predictive models were evaluated both on 
ecoregional and whole-country scales. The models were based on catchment­
specific variables alone or a combination of catchment-specific and physico­
chemical variables. The hypotheses were that: (i) models based on catchment 
specific variables could be used to predict pH and TP and (ii) ecoregional based 
models would have higher predictive power than whole-country models. The 
lakes used were part of the 1995 national lake survey. Partial least squares 
regression (PLS) was used for evaluating the models. We found that grouping 
lakes by ecoregions worked well if the total variation of the data (pH or TP) was 
large. For example, ecoregion delineations worked better for the ecoregions in the 
south than in the north. However, in general TP and pH were best predicted by 
other physico-chernical variables, implying that in-lake chemistry was a better 
predictor than catchment-specific variables. Indeed, many of the better predictor 
variables were known to depend on characteristics of the catchment. Our findings 
also indicate that models would probably be improved by adding catchment and 
lake characteristics such as soil chemistry and residence time, as well as 
improving the classification of the included land use/cover parameters. 
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lntroduction 

Geographic position and catchment-scale variability in geology and land use and 
vegetation cover have provided insight into differences among aquatic systems 
(e.g. Soranno et al., 1999; Kratz and Frost, 2000). Some studies have, for 
example, assessed how well landscape (ecoregion) level classifications can 
partition physico-chemical and biological variance of lakes (e.g. Hawkins et al., 
2000; Magnuson and Kratz, 2000). Ecoregions are areas of relatively 
homogeneous ecological systems, with similar vegetation and climate, and one 
would expect that ecoregions are able to partition within-lake variance in water 
chemistry. Indeed, it is generally thought that regions with different landscapes 
have distinctly different water quality (e.g. Hughes and Larsen, 1988). However, 
if the transition zone between regions is somewhat diffuse, boundary effects may 
not be evident and differences in biotic assemblages between regions may be 
difficult to distinguish. This conjecture was recently exemplified in a review by 
Hawkins et al. (2000); these authors showed that ecoregions were effective in 
partitioning variance when distinct differences in geomorphology or strong 
gradients in physiology and/or climate occurred. Such gradients are found in 
Sweden; namely the large-scale, regional effect of the limes Norrlandicus 
ecotone. For example, Johnson (1999) found clear differences in water chemistry 
between ecoregions in the northern (arctic/alpine) and southern (nemoral) parts of 
the country. Moreover, although contemporary paradigms suggest that lake 
ecosystems can be viewed in a spatial, landscape context (i.e. lakes are nested in 
and part of the landscape mosaic ), recent studies have also shown how 
connectedness ( e.g. lake order) across a landscape can improve predictive power 
(e.g. Kratz et al. 1997; Sorrano et al. 1999). 

If ecoregions are able to partition natural variability within the landscape, then 
ecoregion-based models might be able to predict lake surface water chemistry. 
However, variation within- and among lakes is affected by multiple pathways and 
mechanisms. Indeed, determinants of lake-water chemistry are acting at both on 
regional, catchment, and local scales. Factors such as climate, soil chemistry, 
weathering, land use/cover affect the lake water chemistry mainly at a regional 
and catchment scale, whereas lake morphometry, water residence time, internal 
processes such as nutrient cycling, and wind affects a lake water chemistry at a 
local scale. For example, longer residence time generally results in lower total 
phosphorus (TP) concentrations in lake water compared to the water in the inlets 
to the lake; simply due to biologically active phosphorus being incorporated into 
primary production and subsequently sedimentation and deposition into the 
bottom sediment. On the other hand, TP concentration in a shallow lake may 
increase due to wind induced resuspension of sediments. 

In Sweden, as elsewhere, simply establishing the importance of how patterns in 
natural variability correspond to lake chemistry are generally not adequate to 
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predict the chemistry of an individual lake. Indeed, many if not most lakes are 
affected by overlying anthropogenic gradients, mainly eutrophication and 
acidification. For example, in the southemmost ecoregions of Sweden (nemoral 
and boreonemoral) lakes are strongly affected by diverse human impacts; two of 
the most important are land use (agriculture) and airborne pollution (e.g. 
acidification by Sand N compounds). 

In this study, the spatial variation of pH and total phosphorus was partitioned 
using ecoregional classification. pH and TP were chosen as they are good 
indicators of land use/cover and of acidification and eutrophication, respectively. 
We analyzed the predictive power (r) and prediction error (RMSEP) using two 
model types. Models based solely on catchment-specific variables such as 
geographic position, catchment land use and cover classification, and deposition 
variables (here referred to as GCD models) were compared to models based on 
both GCD-variables and surface water chemistry (CHEM). Partial least squares 
regression (PLS) was used to evaluate the predictive power of the two model 
types and analyses were made for whole-country and ecoregion-based models. 
Specifically, we were interested in assessing: (i) if ecoregion-based models had a 
higher predictive power than whole-country models and (ii) if GCD variables can 
be used to predict pH and TP. 

Materials and methods 

Sampling 
Surficial water samples were taken from 4113 randomly selected lakes as part of 
the Swedish national lake survey performed in the autumn of 1995 (Wilander et 
al., 1998). The lakes were randomly selected with predefined criteria to cover 
different lake types and to obtain a spatial distribution that covered the whole 
country. For example, five lake surface area classes were used (i.e. 0.04-0.1, 0.1-
1, 1-10, 10-100, and > 100 km2

) with the proportions of lakes for each lake­
surface-area class being 1:1:4:8, lakes >100 km2 were all included in the survey 
(summarized in Henriksen et al. 1996). Besides lake-surface-area classes, the 
lakes were distributed across 24 counties. The variation of selected chemical 
metrics was also used in selecting lakes to obtain the desired level of statistical 
power. The water samples were collected from mid-lake, directly in a 
polyethylene bottle or with a metal-free Ruttner sampler. Autumn sampling, 
<luring the mixing period, was selected to obtain a representative whole-lake 
sample (Wilander et al. 1998). Sampling started in September in the northem part 
of Sweden and it ended in December in the southem part of the country. 

4 



Physico-chemical and environmental or descriptive variables 
Water samples were analyzed for a suite of physico-chemical variables that can 
be grouped in four categories: indicators of acidity, nutrients, natural organic 
matter, and major constituents (Table 1). All analyses were done by the 
SWEDAC (Swedish Board for Accreditation and Conformity Assessment) 
certified laboratory at Department of Environmental Assessment, Swedish 
University of Agricultural Sciences (Wilander et al. 1998). 

The national lake survey also included variables of geographic position (national 
grid coordinates), altitude (m), catchment area (km2), and lake surface area (km2) 
as well as land use/cover (Table 2). For a subset of the lakes sampled in the 
national survey (some 2700 of the 4113 lakes), catchment areas were classified 
according to 10 land use and vegetation cover parameters (Wilander et. al., 1998). 
For forested areas additional parameters were estimated and expressed as the 
percentage of the forest area (a-d, Table 2). Information on the areal distributions 
of land use/cover categories and forest uptake of base cations and nitrogen were 
taken from the Swedish national forest inventory (Anonymous, 1997) and 
Swedish national survey of forest soils and vegetation (Anonymous, 1987). 

Table 1. The physico-hemical variables used for the GCD+CHEM models. 
Unit 

Acidity indicators 
pH 
Alkalinity meq/1 
ANC or acidity meq/1 

Major constituents 
Conductivity mS/m 
Calcium (Ca) meq/1 
Magnesium (Mg) " 
Sodium (Na) " 
Potassium (K) " 
Sulfate (SO4) " 
Chloride (Cl) " 
Fluoride (F) mg/1 

Nutrients 
Ammonium-nitrogen (NH4-N) µg/1 
Nitrate-nitrogen (NO2+NOrN) " 
Total nitrogen (TN) " 
Total phosphorus (TP) " 
Silicon (Si) mg/1 

Natural organic matter 
Absorbance, filtered (AbsF) abs/5cm 
Total organic carbon (TOC) mg/I 
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Table 2. Catchment-specific (GCD) variables used in model calibration. For forested 
areas additional parameters were estimated and expressed as the percentage of the forest 
area (a-d). The four groups (a-d) were independent of each other and classified separately 
(i.e. apart from forest clear-cut, each group's sum was approximately 100%). 

Unit Unit 
Catchment area classification Geographic variables 
Forest % X national grid coordinates latitude 
Pasture-land " Y national grid coordinates longitude 
Arab le-land " Catchment area km2 

Mire " Lake surface area km2 

Bedrock outcrops " Altitude m 
High-mountain " 
High-mountain coniferous forest " Deposition 
Populated (urban) area " Sulfur deposition meq/m2year 
Fresh water " Nitrogen deposition meq/m2year 
Other land " 

Forest area classifications Other 
(a) Mineral soils % Forest uptake of base cations eq/ha year 
(a) Peat land " Forest uptake of nitrogen eq/ha year 
(b) Till " Meanrunoff l/km2 year 
(b) Sorted sediments " 
(c) Forest clear-cut " 
(d) Pine " 
(d) Spruce " 
(d) Deciduous forest " 

Ecoregion classification 
The lakes were spatially divided among the major ecoregions of Sweden using the 
boundaries given by the Nordic Council of Ministers (1984), but modified 
according to Gustafsson and Ahlen (1996) (Fig. 1). The ecoregions range from 
the nemoral region in the south to the arctic/alpine region in the north. The 
nemoral region is characterized by deciduous forests, mean annual temperature 
greater than 6 °C and a relatively long growth period (180 - 210 days). In 
contrast, the arctic/alpine region in the north is characterized by relatively low 
mean annual temperatures (< 2 °C) and short growth periods(< 100 - 120 days). 
The number of lakes in each ecoregion are given in table 3. 

Table 3. Number of lakes in each ecoregion and for the whole country. About 700 lakes 
in the study were affected by liming and therefore removed when modeling pH. 

Sweden (whole country) 
Arctic/alpine 
Northern boreal 
Middle boreal 
Southern boreal 
Boreonemoral 
Nemoral 

6 

TPmodels 
2765 
238 
191 
978 
389 
912 
57 

pHmodels 
2046 
238 
188 
843 
206 
529 
42 



60° 

eo- .. 
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Figure 1. Map of Sweden showing the six major ecoregions and the 2765 lakes sampled 
for physico-chemical and catchment-specific (GCD) variables in 1995 Swedish national 
lake survey. 
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Statistical analyses 
Partial least squares regression (PLS) was used to evaluate spatial pattems in lake 
surface water chemistry and assess the predictive power of models for pH and 
total phosphorus using descriptive and chemical variables (Esbensen et al., 1996; 
Geladi and Kowalski, 1986). PLS is a multivariate regression method related to 
principal component analyses (PCA). One of the advantages of PLS is that it 
works well with intercorrelated data. In contrast to other commonly used 
regression methods, such as multiple linear regression and principal component 
regression, PLS extracts the variation in the X-data (or independent data) that best 
correlates with the variation in the Y-data (or dependent data) by allowing the Y­
data structure to intervene with the decomposition of the X-data. The program 
UNSCRAMBLER 6.1 was used for the model evaluation (Unscrambler 1996). 

PLS was used to calibrate and validate predictive models for pH and total 
phosphorus. Two types of models were constructed: (i) models using geographic 
(G), catchment area classification (C), and deposition (D) variables as 
independent variables (GCD models), and (ii) models using both GCD and 
chemical variables as independent variables (GCD + CHEM models). The 
diff erent types of models were evaluated for each ecoregion and for the whole 
country. Catchment characterization was available for 2765 of the lakes sampled 
in the 1995 survey. Some 700 of these lakes were influenced by liming and thus 
were excluded from the data set used for the pH models (i.e. 2046 lakes were 
used for modeling pH, Table 3). All 2765 lakes were used for the total 
phosphorus models. The predictive models were evaluated with a randomly 
selected subset of data. The validation data sets were usually 35 to 40 percent of 
the total data set for each model (Table 3). For example, the whole-country total­
phosphorus model was calibrated using 1765 lake samples and validated with 
1000 randomly selected lake samples. 

In PLS the variables were standardized (I/standard deviation) and mean centered 
(mean = 0 and variance = 1), and most variables were log10 or arcsine transformed 
in order to approximate normally distributed random errors. The catchment area 
classification variables were arcsine transformed, while the physico-chemical 
variables (except pH, alkalinity, and ANC) were log10 transformed. Nitrogen and 
sulfur deposition, mean run off, forest uptake of base cations and nitrogen, and 
the geographic variables (except X and Y coordinates) were also log10 

transform ed. 

The root mean square error of prediction (RMSEP) was used to compare the GCD 
and GCD+CHEM models. RMSEP is a direct measurement of the prediction error 
in the same unit as the dependent variable, and is an estimate of forecasting error. 
Following Esbensen et al. (1996), RMSEP was used in evaluating the models of 
the validation data set. The corresponding measure for the calibration data set is 
RMSEC (root mean square error of calibration). 
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Regression coefficients and visual observation of plots of x and y loading weights 
(first two components) were used to determine the importance of the independent 
variables for each model. Variables with low regression coefficients and/or low 
variation were excluded from the models. Systematically excluding and including 
variables was another method used to determine if individual variables were 
important for the models. Sites that had extreme values for the Y or X variables 
(i.e. outliers) were removed to improve the models. Although these sites belonged 
to the population of sites, the "outliers" usually consisted of sites at the edges 
( extreme low and high values) of the gradient. Removing extreme values was 
justified in that it is usually more difficult to predict values in the extreme value 
range since the predictive ability is generally lower at the edges of the population 
and there are too few sites at the edges to give a sufficient prediction. 
Accordingly, using this approach, no more than 1 to 4 sites were generally 
removed from the models. 

The number of PLS-components for each of the models was determined by 
studying the residual variance of Y and X validation sets. Each PLS-component's 
residual variance was calculated for the Y and X validation data sets. The residual 
variance was in general inversely related to the number of PLS-components, 
especially for the X data. For the Y data set, the residual variance usually 
increased after a certain number of components (i.e. the residual variance curve 
for the Y validation data displayed a minimum value). The optimal number of 
components for the models was set to the value of the minimum residual variance 
for the Y data set. Minimizing the residual variance for the Y validation data also 
minimized the prediction error. 

Results 

PLS models and errors 

pHGCDmodels 
Stratification according to the six ecoregions reduced the variation of the data for 
all regions except the boreonemoral and the nemoral regions (Fig. 2). Standard 
deviations for these regions were 0.84 and 0.88, respectively, compared to 0.63 
for the whole country. The lowest standard deviation was recorded for the 
arctic/alpine region (0.45). The predicted vs. measured plots (Fig. 4) showed that 
the predictive power (explained variance, r2) in the regional data sets was higher 
for the southem regions than in the northem regions. For the nemoral model, 90% 
of the variance was explained, whereas 3% and 12% of the variance was 
explained for the arctic/alpine and northem boreal models, respectively. The 
remaining four models explained > 25% of the variance. Error estimates 
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(RMSEP) ranged from 0.24 pH units for the southern boreal model to 0.61 for the 
boreonemoral model. Except for the boreonemoral model, RMSEP was lower for 
the regions (0.24 - 0.49) than for the whole country (0.54). Some of the models 
(i.e. whole country, middle boreal, and boreonemoral) seemed to be nonlinear 
across the pH gradient with a breakpoint at approximately pH 6 (Fig. 4 ). 
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Sweden N.boreal S.boreal Nemoral 
Arc./alp. M.boreal B.nemoral 

SD 0.63 0.45 0.48 0.54 0.47 0.84 0.88 

Figure 2. pH variation for the whole country and for each of the ecoregions. The 511\ 1011\ 
25th

, 50th (median), 75th
, 90th

, and 95th percentiles for the total data set and the data sets for 
the six ecoregions. The total variation within each data set is given as standard deviation 
(SD). A contrast test on the mean pH values for each ecoregion (Tukey) was performed 
with overall error rate 0.05 and individual error rate 0.00321. The test showed that the 
arctic/alpine region was significantly different from all other ecoregions except the 
northern boreal and the nemoral region. Whereas the northern boreal was only 
significantly different from the nemoral region. The three ecoregions: middle boreal, 
southern boreal, and boreonemoral were significantly different from the arctic/alpine and 
the nemoral region. Finally, the nemoral region was significantly different from all 
ecoregions except the arctic/alpine. 
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Sweden N.boreal S.boreal Nemoral 
Arc./alp. M.boreal B.nemoral 

SD 0.26 0.19 0.21 0.23 0.20 0.25 0.43 

Figure 3. TP variation for the whole country and for each of the six ecoregions. The 5th 
, 

10th
, 25th

, 50th (median), 75th
, 90th

, and 95th percentiles for the total data set and the data 
sets for the six ecoregions. The total variation within each data set is given as standard 
deviation (SD). A contrast test (Tukey) was performed on mean log10 TP values for each 
ecoregion, with overall error rate 0.05 and individual error rate 0.00321. The test showed 
that all the ecoregions except the middle and southem boreal were significantly different. 

pH GCD+CHEM models 
GCD+CHEM models explained more of variation than the models based on the 
GCD variables alone. The predictive power increased and the prediction error 
(RMSEP) decreased when the chemical variables were included in the models. 
For the arctic/alpine and northern boreal models the predictive power increased 
from 3% to 85% and 12% to 83%, respectively. Conversely, prediction error for 
the two models decreased from 0.47 to 0.19 and 0.49 to 0.20 pH units 
respectively. 
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TPGCDmodels 
TP concentrations (median values) showed a strong latitudinal gradient, with high 
TP concentrations in lakes situated in the southem, more agricultural areas, of 
Sweden (Pig. 3). Median TP concentration in the nemoral region was 23 µg/1, 
compared to a value of 6 µg/1 for the arctic/alpine region. The total variation 
within the regional (standard deviation, SD, = 0.19 - 0.25) and the whole country 
(SD = 0.26) data sets were similar, except for the nemoral region (SD = 0.43) 
(Pig. 3). In contrast to pH, there were no obvious north - south gradients with 
respect to explained variance and error estimates for the TP-GCD models (Pig. 4). 
With the exception of the arctic/alpine and middle boreal regions, the amount of 
variance that could be explained was > 25%. The highest explained variance was 
recorded for the nemoral region (57%) and the lowest for the arctic/alpine region 
(15%). The total variation within a region seemed to affect the predictive power. 
The larger total variation within the nemoral region resulted in a higher explained 
variance compared to the other regional models. The only mode! that did not 
seem to follow this pattem was the northem boreal mode!. Total variation within 
the northem boreal region was relatively low (SD = 0.21), nevertheless the mode! 
explained 49% of the variation, compared to 33% for the whole country (with SD 
= 0.26). Error estimates were lower for the regional (RMSEP = 0.16 - 0.20) than 
for the whole country (0.21) models, except for the nemoral region which had a 
predicted error estimate of 0.27 log10TP units. 

TP GCD+CHEM models 
The explained variance increased by 20% to 30% when the chemical variables 
were included in the models (Pig. 4). The nemoral mode! had the highest 
predictive power (78%) anda predictive vs. measured regression line had a slope 
close to 1, but the nemoral models had the highest error estimate (RMSEP 0.20) 
of the TP-GCD+CHEM models. One reason that the error estimate was high 
compared to the other regions, might be that the nemoral mode! was based on few 
lakes compared to the other ecoregional models. 
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Figure 4. Predicted vs. measured values for the pH and the log10TP models' validation 
data sets. The explained variance (r) and the prediction error values RMSEP are given for 
the whole-country models (Sweden) as well as the models for the ecoregions. 
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PLS models and predictor variables 
In the pH-GCD models, pH was generally positively correlated with catchment 
area and lake surface area along the first PLS-component (Table 4). Catchment 
area was included in all models except the arctic/alpine model where deciduous 
and spruce forests contributed to mast of the variation along the first PLS­
component. For the southem regions (boreonemoral and nemoral), where mast of 
the agricultural activity is prevalent, arable land was (not surprisingly) an 
important variable. Y-coordinates or a longitudinal gradient was included in all 
ecoregion models except those developed for the arctic/alpine and the nemoral 
regions. Sulfur deposition that generally affects Sweden across a longitudinal 
gradient (highest deposition in the west and lowest in the east) was included in the 
whole country, middle boreal, and boreonemoral models. Mire was negatively 
correlated with pH for the whole-country, middle boreal region and southem 
boreal models. 

For pH-GCD+CHEM-models, calcium concentration [Ca] was the mast 
important predictor (Table 4). Besides [Ca], pH was positively correlated with 
lake surface area, alkalinity, ANC, and magnesium concentration along the first 
PLS-component. Deciduous forests were important descriptors in the arctic/alpine 
region (high regression coefficient), whereas arable land was more important in 
the nemoral region. 

Total phosphorus was generally positively correlated with arable land and 
negatively correlated with altitude along the first component of the GCD models 
(Table 4 ). Altitude was an important variable along the first component for five of 
the seven models, whereas arable land was included in four of the seven models. 
Arable land seemed to be mast important for the southem boreal and the nemoral 
regions. Latitude was also shown to be an important predictor of TP in the 
nemoral region. TP was also seemingly correlated with longitude (Y-coordinates) 
for the northern and the middle boreal regions. Longitude, together with 
catchment area, altitude, freshwater, and sulfur deposition, contributed to mast of 
the variation along the first PLS-component for the boreonemoral model. Besides 
altitude, catchment area and land cover classified as mire were important 
predictors for the arctic/alpine region. Forest, high-mountain, high-mountain 
coniferous forest, and lake surface area represented the largest variation along the 
first PLS component for the northem boreal region. 

In the TP-GCD+CHEM-models, water color (absorbance of filtered water or a 
proxy for dissolved organic carbon) and TOC, together with the nutrients NH4-N 
and TN, were found to be important descriptor variables (Table 4). However, the 
importance of individual variables varied between the ecoregions. For example, 
for the northem boreal region, water color, high-mountain, and pH are important 
predictors, whereas [K], water color, and arable land seem to be the mast 
important predictors for the southem boreal region. 
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TP GCD models 

Sweden 

(Whole 

country) 

Arctic/alpine 

Northern 

boreal 

Middle boreal 

Southern 

boreal 

Boreo-

nemoral 

Nemoral 

PLS V ariables with hlghest regression coefficient 

comp 

4 Arable-land(0.21), Altitude(-0.19), Y-

coord.(0.17), High-mountain(-0.13), Mire(0.13), 

Mean run off(-0.12), Bedrock outcrops(-0.12), 

Freshwater(-0.11) 

2 Altitude(-0.34), Catchment area(-0.25), 

Freshwater(-0.17), Mire(0.17), Nitrogen dep. 

(-0.12), Mean run off(-0.07), Lake surface area 

(-0.06), High-mountain coniferous forest(-0.04) 

6 Y-coord.(0.59), X-coord.(-0.52), Lake surface 

area(-0.32), Mean run off(-0.22), High-mountain 

coniferous forest(-0.20), Spruce(0.13), Sulfur 

dep.(0.13), High-mountain(-0.13) 

3 Altitude(-0.22), Y-coord.(0.18), Mire(0.13), Lake 

surface area(-0.12), Sulfur dep.(0.09), 

Freshwater(-0.08), Forest clear-cut(0.08), Bedrock 

outcrops(-0.08), Arable-land(0.08) 

2 Arable-land(0.39), Altitude(-0.21), 

Freshwater(-0.15), Bedrock outcrops(-0.13), 

Lake surface area(-0.12), Y-coord.(0.09) 

4 Catchment area(0.29), Freshwater(-0.25), Lake 

surface area(-0.22), Altitude(-0.18), 

Bedrock outcrops(-0.18), Y-coord.(0.18), 

Forest(-0.16), Sulfur dep.(-0.13) 

2 X-coord.(-0.39), Arable-land(0.22), Forest uptake 

of base cations(-0.22), Populated area(-0.12), 

Forest(-0.11) 

TP GCD+CHEM models 

Variation along PLS PLS Variables with hlghest regression 
componentl comp coefficient 

Arable-land vs. altitude 3 AbsF(0.21), TOC(0.18), 

Y-coord.(0.18), TN(0.16), Arable-

land(0.14), K(0.13), NH4 (0.12) 

Mire vs. altitude and 3 AbsF(0.21), Si(0.18), TOC(0.15), 

catchment area TN(0.15), NH,(0.12), pH(-0.11), 

Catchment are (-0.10) 

Forest vs. high-mountain, 2 AbsF(0.39), High-mountain(-0.25), 

high-mountain coniferous pH(-0.23), NH,(0.15), Nitrogen-

forest, and lake surface dep.(0.11), Mean run off(-0.10) 

area 

Y-coord. and arable-land 5 AbsF(0.43), NH,(0.30), Y-coord. 

vs. altitude (0.15), NO,+NO,(-0.13), K(0.11), 

Mg(0.11), Catchment area(0.10), 

pH(-0.10) 

Arable-land vs. altitude 3 K(0.40), AbsF(0.36), Arable-

land(0.21), SO,(-0.18), Mg(0.17), 

Si(-0.17), Y-coord. (0.16), 

NH,(0.15), Ca(-0.14) 

Y-coord. and catchment 3 AbsF(0.36), TN(0.24), Mg(0.20), 

area vs. altitude K(0.20), Y-coord.(0.15), Alk(0.14), 

freshwater, and sulfur dep. Catchment area(0.13) 

Arable-land vs. X-coord, 2 TOC(0.29), Alk(0.20), K(0.19), 

forest uptake of base SO,(-0.18), pH(0.15), Mg(0.12), 

cations, and forest TN(0.11), Bedrock outcrops(-0.11) 

Variation along PLS 
componentl 

TOC, AbsF, TN, K, 

Mg, arable-land, and 

NH. vs. X-coord. and 

altitude 

TOC, AbsF, TN, and 

NH,, vs. altitude and 

catchment area 

AbsF vs. mountian and 

pH 

AbsF, NH., and TN vs. 

pH and freshwater 

K, arable land, Mg, 

TN, AbsF, and NH, 

TN, Mg, K, and AbsF 

Alk, K, TOC, Mg, pH, 

and TN vs. pine and 

bedrock outcrops 

lr) -



pff GCD models pff GCD+CHEM models 

PLS Variables with highest regression Variation along PLS Variables with highest regression coefficient Variation along 

comp coefficient PLS component 1 comp PLS component 1 

Sweden 2 Sulfur dep.(-0.24), Lake surface area Mire vs. lake surface 5 Ca (0.85), Mg (0.26), SO, (-0.23), Cl (-0.16), AbsF vs. Ca, Alle, 

(Whole (0.21), Forest(-0.19), Catchment area area, and catchment Lake surface area (0.14), AbsF (-0.14) andANC 

country) (0.18), Mire(-0.15), Arable-land (0.10), area 

Mean run off(-0.10), Altitude(-0.05) 

Arctic/alpine I Deciduous forest(0.08), Spruce(-0.07), Deciduous forest vs. 3 Ca (0.36), Mg (0.27), Cond. (0.27), Ca, Cond., and Mg 

Altitude(-0.04), Forest clear-cut(-0.04), spruce Deciduous forest (0.19), NH, (-0.15), AbsF (-0.12) 

Pine(-0.04), Sorted sediments(0.04), 

Till (-0.04) 

Northern 2 Catchment area(0.18), Till(-0.10), Till vs. catchment and 5 Ca (0.65), Mg (0.31), TP (---0.26), AbsF (-0.24), Ca, Cond., Alle, 

boreal Bedrock outcrops(-0.09), Lake surface lake surface area Altitude (0.20) ANC, Mg, Navs. 

area(0.08), Y-coord.(-0.06), High- TP, AbsF, TOC 

mountain(0.05), Sorted sediments(0.04) 

Middle boreal 2 Mean run off(-0.20), Y-coord.(-0.20), Sulfur dep. and mean 5 Ca (0.62), Cl (-0.24), SO, (-0.24), AbsF (-0.23), Ca, Alle, and Mg 

Catchment area(0.20), Sulfur dep.(-0.19), run off vs. catchment Na (0.21), Mg (0.21), Lake surface area (0.17) vs. AbsF, TP, 

Lake surface area(0.17), Nitrogen dep. and lake surface area Nitrogen dep. 

(-0.10), Spruce(0.09), Freshwater(0.07) 

Southern 2 Lake surface area(0.29), Mire(-0.24), Altitude and mire vs. 3 Ca (0.30), Lake surface area (0.26), Alk (0.23), Ca, Alle, ANC, and 

boreal Catchment area(0.16), Y-coord.(0.12), lake surface area, NO,+NO, (---0.20), ANC (0.17), Cond. vs. 

Bedrock outcrops(-0.09), Altitude(-0.05) catchment area, and Y- Catchment area (0.13), Cl (-0.12), SO, (-0.12), NO,+NO, 

coord. 

"O Boreonemoral 3 Y-coord.(0.32), Lake surface area(0.23), Sulfur dep., nitrogen 5 Ca (1.01), SO, (-0.24), TOC (-0.23), Cl (-0.23), Ca, Mg, K, Alk, 

j Arable-land(0.14), Catchment area(0.13), dep., and mire vs. Y- Mg(0.23) ANC, SO,, and 

Mire(-0.10), Nitrogen(-0.09) and coord., lake and lake surface area 

sulfur dep.(-0.08), Pasture-land(0.06) catchment area vs. Si and TOC 

""' Nemoral 2 Catchment area(0.33), Forest(-0.29), Forest and X-coord. 3 Ca (0.32), Alk (0.26), Lake surface area (0.24), Ca, Alle, and 

! Arable-land(0.27), X-coord.(-0.27), vs. arable-land and Arable-land (0.22), TP (0.21), arable-land 

Peat land(-0.03), Mineral soils (0.03) catchment area Deciduous forest (0.19), Mineral soils (-0.13) l,C) -



Discussion 

An underlying view of landscape ecology is that the spatial position of an 
ecosystem within the landscape influences the properties of that ecosystem. 
Although the mechanisms influencing specific lake ecosystems are diverse and 
not always clearly understood, there is little doubt that landscape effects are 
important in determining average physical and chemical conditions. We expected 
that ecoregion-based models would have higher predictive power (high r2) and 
lower prediction error (RMSEP) than whole-country models. This assumption 
was based on the principle that ecoregions, as integrators of regional patterns in 
climate, topography, land use and natura! vegetation, would partition part of the 
natura! variability. This seems to be true for the southern part of Sweden, and 
especially for the nemoral region. pH and TP models developed for the nemoral 
region bad higher predictive power than the model for the whole country and the 
other ecoregional models. For the pH and TP nemoral models, GCD variables 
explained 90% and 57% of the variation, respectively. The total variation (SD) 
within a region seemed to affect the predictive power. For example, total variation 
within the arctic/alpine region was low resulting in low predictive power, whereas 
the total variation within the nemoral region was high resulting in high predictive 
power. Overall for both TP and pH, the predictive power of the ecoregional 
models based on GCD variables was slightly better or about the same as the 
predictive power for the whole-country models. The prediction error, RMSEP, 
was usually similar or somewhat lower for the GCD models than the whole­
country model. An exception was the TP nemoral model that bad a higher 
RMSEP than the whole-country model. One reason might be that there were few 
lakes in the nemoral region compared to the other regions and the whole country. 

Same of the pH models seemed to be nonlinear across the pH-gradient, with a 
breakpoint at approximately pH 6. This was especially evident for the middle 
boreal, boreonemoral and whole-country models, and it implies that it might be 
better to model pH above and below pH 6 instead of across the whole interval. 
Preliminary studies for the middle boreal region supports this conjecture. The 
prediction power increased from 25% to 38% and from 25% to 30% modeling 
low (4.43 - 5.42) and high (> 5.42) pH values, respectively. The prediction error 
decreased from 0.47 to 0.21 and 0.35 for models with low and high pH values, 
respectively. 

Both catchment area and lake surface area were shown to be important in 
explaining the among-lake variance in pH. The only exception was found for the 
arctic/alpine region where deciduous and spruce forests explained the variation 
along the first PLS-component. An altitude gradient for deciduous and spruce 
forest is prevalent within the arctic/alpine region, with spruce at lower and 
deciduous forest at higher altitudes. However, the predictive power of the 
arctic/alpine model is low (r2 = 0.03). Besides area to pH relationships, other 
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variables such as land use (arable, forest) and cover (mire and deciduous forest), 
and soil type (till) are correlated with the first PLS-components for the various 
pH-GCD models. For the nemoral model, forest and arable land explained a large 
part of the variation in pH. For the boreonemoral region, Y-coordinates 
(longitude) and sulfur and nitrogen deposition were important predictor variables, 
which can be expected since the deposition of sulfur and nitrogen is greatest in 
the western parts of the country, and decreases in an easterly direction across the 
boreonemoral ecoregion. 

Besides catchment and lake surface area, altitude is also an important descriptor 
of TP concentrations. Land use/cover parameters important in the northern part of 
the country seemed to be mire, forest, and high-mountain coniferous forest. In the 
southern regions one important predictor seemed to be the amount of arable land. 
Similar to the pH, arable land and forest explained a large part of the variation in 
the TP nemoral model. The nemoral region is probably the area in Sweden with 
most intense agriculture. 

Our findings agree with a number of earlier studies regarding the importance of 
land use and cover on surface water chemistry (Liegel et al., 1991; Nilsson and 
Hakanson, 1992; Kernan, 1995). Håkanson (1995) was able to explain 56% of the 
variance in TP in small glacial lakes in Sweden using map information alone. He 
found that the most important descriptors were the percentage cover of rocks and 
open land (often cultivated) normalized for the distance from the lake. Our GCD 
models often explained less than 50% of the TP variation in the regions, and 
similar to Håkanson (1995) arable land, which isopen cultivated land, was one of 
the most important predictors. The amount of arable land has also been shown to 
be a significant albeit weak (r2 values < 0.23) predictor of lake pH (Nilsson and 
Håkanson 1992). In our pH-GCD models arable land is an important predictor in 
the southern part of Sweden. Liegel et al. (1991) were able to explain 32% of the 
variance in lake water pH. These authors showed, for example, that lake pH in the 
northeastern U.S. was correlated with agricultural land use, the amount of 
wetlands, open water, and horticulture, as well as deposition and precipitation and 
runoff. In our study pH-GCD-models, except the arctic/alpine and northern 
boreal, explained between 25% and 90% of the variation. The best predictors 
were catchment area and lake surface area, but also variables like mire, sulfur­
deposition, arable land, and mean run-off were important predictors for some of 
the models. 

As expected, adding the chemical variables improved the models considerably. 
The most obvious example was the arctic/alpine pH model; including the 
chemical variables increased the predictive power from 3% to 85%. The single 
most important predictor variable for the pH-GCD+CHEM models was [Ca], 
compared to water color for the TP-GCD+CHEM models. For some TP­
GCD+CHEM models, TOC and the nutrients NH4-N and TN were also important. 
Interestingly, these chemical variables, [Ca], water color, TOC, NH4-N, and TN 
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all reflect conditions in the catchment. Calcium concentration is strongly related 
to the soil chemistry and geology within the catchment, whereas water color, 
TOC, NH4-N, and TN are dependent on land use and vegetation cover (e.g. forest 
agriculture, and mire) and water residence time. Alan et al. (1998) studied the 
relation between stream chemistry and land use data. They showed that chloride, 
nutrients (NOrN and TP), ANC, and base cations (e.g. [Ca]) were the chemical 
variables most strongly related to land use/cover. Hence, adding other catchment 
characteristics like soil chemistry, that partly reflects the variability in geology 
within a catchment, should improve the predictive ability of our models. Also, 
improving the classification of the land use variables (e.g. forest- and arable land 
that are already included in the models), and adding other lake-specific 
characteristics such as residence time might help to improve the predictive ability 
of the GCD-models. 

There is no doubt that the landscape aff ects the physical and chemical condition 
of a lake, though the mechanism(s) behind these effects are more difficult to 
describe. In this study we can conclude that separating the data set in ecoregions 
works well if the total variation of the data (pH and TP) within each region is high 
(e.g. the nemoral region). In general, models developed for the southem parts of 
the country performed better than those developed for the north. In our study, the 
correlation between chemical variables within the lake is much stronger than the 
correlation between chemical variables and GCD variables (Geographic, 
Catchment classifications, and Deposition variables). This was expected, 
especially for pH since the correlation between [Ca] and pH is strong. For future 
studies, however, it is important to take soil chemistry and weathering within the 
catchment into consideration when modeling chemical variables in lakes. 
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Abstract 

A mid-lake sample is the conventional sampling method used in Swedish lake 
monitoring programs. Addressing the question of how representative amid-lake 
sample is ofin-lake conditions is important for interpreting the long term changes 
of temporally extensive monitoring programs. Our hypotheses were that: (i) 
where a sample was taken within a lake would affect its representativity and (ii) a 
mid-lake sample could be considered as representative of average surface water 
chemistry. The study focused on the surface water chemistry of 34 Swedish lakes 
that are apart of the Swedish long-term lake monitoring program. To obtain a 
wide diversity of lake types, the lakes were spatially-stratified across three main 
ecoregions; arctic/alpine, northem coniferous forest, and southern mixed forest 
region. In addition, recognizing that mean depth and water residence time also 
affect in-lake chemistry, lakes were also grouped according to these factors. 
Lastly, cognizant that sampling season will affect water chemistry, we selected 
two seasons, representative of high (late summer or August) or low (autumn or 
October) biological activity. We could conclude that where a sample was taken 
within a lake would affect the sample's representativity of lake water surface 
chemistry. A mid-lake sample could be considered more representative than a 
random sample. Of the eight water chemistry metrics studied and 34 and 32 lakes 
respectively, only 3.9% (August) or 3.6% (October) of the total number of tests 
varied significantly. Our study showed that the ideas behind the mid-lake 
sampling technique are valid. A mid-lake surface sample for water chemistry is a 
sufficient sampling method and should continue to be used in lake monitoring and 
assessment programs. 
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lntroduction 

Samples can seldom be considered independent, hut are often correlated in both 
space and time. Terrestrial ecologists have long recognized that spatial 
correlation needs to be taken into account in data interpretation. Analyses of 
spatial variation within soil sciences are relatively well established. Examples of 
spatial studies within soil sciences range from infiltration of soil waters and 
transport of solutes within the unsaturated zone to characterizing spatial 
variability of microbiological and physico-chemical soil properties (e.g. 
Berndtsson, 1987; Yasuda et al., 1994; Goovaerts, 1998). Techniques have also 
been developed using the spatial variation of soil properties (e.g. critical 
thresholds of heavy metals) for environmental management (Oliver and Webster, 
1996). In aquatic ecology, and in particular lake ecology, much less effort has 
been focused on how spatial variation aff ects sample independence. Indeed, many 
lake ecologists would argue that lakes are independent entities, simply because 
they appear to be "isolated" ecosystems. However, studies by Kratz et al. (1991) 
show that lakes within a region may behave similarly through time; e.g. as to 
temporal coherence. 

Lake chemistry varies markedly both temporally and spatially (Wetzel, 1983), 
and sampling designs are often implemented taking into account this variability 
(e.g. Wetzel and Likens, 1991). Wetzel and Likens (1991) concluded, for 
example, that a water chemistry sample taken from the water column overlying 
the central depression of a lake is the conventional sampling method. Although 
vertical (water column) variation is usually accounted for in sampling, much less 
attention is given to surficial or horizontal spatial variability. Biologically active 
variables such as phyto- and zooplankton assemblages and to some extent 
biologically-sensitive chemical variables (e.g. biologically available phosphorus) 
may, however, exhibit considerable spatial (horizontal) variability (Wetzel, 1983). 
Blomqvist (2001) argues that a volume-weighted sampling design (consisting of a 
composite sample) is best suited for capturing the vertical and horizontal variation 
found within lake ecosystems. 

Addressing the question of how representative a mid-lake sample is ofin-lake 
conditions is important for interpreting the long term changes of temporally 
extensive monitoring programs. A number of factors may, however, affect the 
representativity of a mid-lake water sample. Lake morphometry (e.g. depth, 
shoreline development and volume), distance to shoreline, relative importance of 
surface and groundwater inputs and biological activity may singly or combined 
affect the spatial variation within a lake. In addition, temporally important factors 
may also affect water chemistry, such as within- and among-year variability in 
precipitation, temperature, wind speed and direction. In particular, the size and 
shape of a lake may strongly influence spatial variance. For example, small lakes 
with short residence times may appear more stochastic as they respond more 
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readily to extemal influences, whereas large lakes may show greater inertia, 
confounding interpretation of early-warning signals. 

Our hypotheses are that: (i) where a sample is taken within a lake will affect its 
representativity and (ii) a mid-lake sample can be considered as representative of 
average surface water chemistry. This study focused on the surface water 
chemistry of 34 Swedish lakes that are a part of the Swedish long-term lake 
monitoring program (Wilander, 1997). In order to obtain a wide diversity of lake 
types, the lakes were spatially-stratified across the three main ecoregions of 
Sweden. In brief, the three ecoregions used here can be characterized as: (i) 
arctic/alpine, (ii) boreal coniferous forests in the north and (iii) the mixed forest 
and open landscape in the south. In addition, recognizing that depth and water 
residence time also affect in-lake chemistry, lakes were also grouped according to 
these factors. Lastly, cognizant that sampling season will affect water chemistry, 
we selected two seasons that are representative of high (late summer or August) 
or low (autumn or October) biological activity. 

Material and methods 

Study area 
The lakes included in this study can be generally described as relatively small 
(mean surface area= 1.12 km2, range 0.1 to 6.65 km2

) and mesotrophic (Table 1). 
Total phosphorus averaged 13.4 µg/1, and lakes ranged from nutrient poor (total 
phosphorus"' 3 µg/1) to nutrient rich (ca 50 µg/1). Both water color and pH varied 
markedly across the lakes included in this study. Water color ranged from 0.003 
absorbance units per 5 cm of filtered water to 0.79 (corresponding to 2 - 400 
Hazen units) and pH ranged from 4.6 to 7.5. 

Table 1. Mean, minimum, and maximum values for selected physico-chemical variables 
calculated for the 32 lakes sampled both in August and October 1999. 
Variable Mean Min 
pH 6.51 4.59 
Alkalinity (meq/1) 0.143" -0.037 • 
Conductivity (mS/m) 4.45 1.41 
Absorbance filtered (420 nm) 0.156 0.003 
Absorbance unfiltered (420 nm) 0.195 0.003 
Temperature (0 C) 12.2 5.8 
Total phosphorus (µg/1) 13 3 
NO2+NOrN (µg/1) 20 2 
Lake area (km2

)h 1.12 0.1 
• based only on October samples 
b based on all 34 lakes 
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Max 
7.46 

1.017" 
15.2 

0.671 
0.792 

16.4 
48 
87 

6.65 



Sample classification 
The lakes included in this study are part of the Swedish national lake monitoring 
program, consisting of some 100 lakes monitored four times per year for physico­
chemical variables (Wiederholm and Johnson, 1997). Information on mean depth 
and water residence time was only available for 77 of the 100 lakes. Thirty-four 
of these remaining 77 lakes were selected so as to cover a wide spectrum of lake 
types. This was done by classifying lakes according to: (i) geographic region (3 
major ecoregions), (ii) water depth (2 categories, mean depth S 3.5 m or > 3.5 m) 
and (iii) water residence time (2 categories, residence time S 1 year or residence 
time > 1 year). Since more lakes are situated in the southern parts of the country, 
which are more densely populated, 5 lakes were selected for each classified group 
in the southernmost region (i.e. the southern boreal, boreonemoral and nemoral 
ecoregions). In contrast, due to fewer monitoring lakes situated in the north, it 
was difficult to fill all the groups in the arctic/alpine region and the northern 
coniferous forest regions. Hence, the number of selected lakes in these two 
ecoregions varied with availability of lakes (Table 2). 

Table 2. Number of lakes in each classified group. 
Residence time > 1 year ::;; 1 year 

Mean depth > 3.5 m ::;; 3.5 m >3.5m ::;;3.5m Total 

Arctic/alpine 1 2 2 5 
region 

Northem coniferous 3 3 3* 9 
region 

Southem mixed forest 5 5 5 5 20 
region 

Total 9 5 10 10 34 
* Two lakes were not sampled in October 

Ecoregion classification 
The ecoregions used here correspond closely to those recommended by the 
European Water Framework Directive (European Commission, 2000). These 
regions were originally based on macroinvertebrate distribution studies done in 
the 1960s (e.g. Illies, 1966). A brief description of the ecoregions is given here 
and more detailed information can be found in the Nordic Council of Ministers 
(Anonymous, 1984) and Gustafsson and Ahlen (1996). The three regions used in 
this study are composed of several ecoregions and hereafter these three regions 
will be referred to as the arctic/alpine region, northern coniferous region, and 
southern mixed forest region (Pig. 1). The arctic/alpine region in the north is 
characterized by relatively low mean annual temperature, ranging from -3 to 2 °C 
and growing season from< 100 - 120 days. The northern coniferous forest region 
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consists of the northem and middle boreal ecoregions and is characterized by 
coniferous woodlands, mean annual temperature ranging from 1 to 4 °C, and 
growing season from 120 to 160 days. The southern mixed forest region is 
composed of the southem boreal, boreonemoral, and the nemoral ecoregions. The 
characteristics of the southem mixed forest region are spruce and pine forest in 
the north, deciduous forest in the south, growing season from 140 - 180 days in 
the north to 180 - 210 days in the south, and mean annual temperatures are 4 to 5 
°C in the north and greater than 6 °C in the south. 

Sampling design 
Ten samples were taken from each lake from quadrates randomly distributed over 
the whole lake surface (Fig. 2). Each lake was covered with a grid matrix, with 
the scale of the grid matrix adjusted so that each lake fit onto one 29.5 x 21 cm 
sheet of plain white paper. The number of lakes in each grid-size were: 2 lakes 
with grid-size 25 x 25 m; 1 lake with 40 x 40 m; 12 lakes with 50 x 50 m; 16 
lakes with 100 x 100 m; and 3 lakes with 200 x 200 m. The quadrates were 
numbered, starting in the north end of each lake and moving southward in west to 
east direction. All quadrates with more than two thirds of its area in the lake 
(visually determined) were numbered. The total number of quadrates per lake was 
divided by 10 to determine the interval between sampling sites. For example, if 
64 quadrates covered a lake, then every 6th quadrate would be sampled. The first 
sample was randomly placed among the first 6 quadrates and the remaining 
samples were even dispersed thereafter. If more than 10 quadrates were situated 
on a lake sampling grid, then quadrates were randomly removed, with however, 
the constraint that two consecutive samples could not be removed. 

One sample quadrate was selected to represent the mid-lake sample. The quadrate 
closest to the "center" of the lake according to lake surface area and where the 
maximum depth of the lake was located was chosen as the mid-lake quadrate. 

Field sampling 
Water column samples were taken from each lake in August and October of 1999. 
All 34 lakes were sampled in August, but unfortunately due to logistical problems 
only 32 of the 34 lakes were sampled in October. Visual triangulation or GPS was 
used to establish position, one surficial (0.5 m depth) water sample was collected 
with a Ruttner sampler from the middle of each quadrate. For sampling quadrates 
close to the shoreline, the water sample was to be taken as far from the shore as 
possible but still within the square. For each sample, the water temperature, depth, 
occurrence of vegetation, distance to closest vegetation (if any), and occurrence of 
rocks above the water surface was recorded. The approximate wind speed and 
direction was also recorded at the time of sampling. 

6 



60° 

Residence Mean 
time depth 

• :,; 1 year, > 3.5 m 
o :,; 1 year, :,; 3.5 m 
T > 1 year, > 3.5 m 
v > 1 year, :,; 3.5 m 

Figure 1. Classification of the 34 lakes according to geographic regions (3 ecoregions), 
mean water depth, and water residence time. * -the two lakes not samples in October. 
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Figure 2. Schematic diagram showing an example of the sampling design. The lake 
shown is lake Latnjajaure in the arctic/alpine region. 

Chemical analyses 
Selected water chemistry variables were analyzed to determine the 
representativity of a single, mid-lake sample. These variables consisted of metrics 
indicative of acidification (i.e. pH and alkalinity, meq/1) and eutrophication (total 
phosphorus and nitrite-nitrate nitrogen, NO2+NOrN µg/1, hereafter referred to as 
inorganic nitrogen). Conductivity (mS/m at 25 °C) and absorbance of filtered 
(420 nm) water (i.e. water color), were assumed to reflect weathering and 
leaching of inorganic and organic matter within the catchment. Absorbance ( 420 
nm) of unfiltered water was taken to reflect suspended matter from tributaries and 
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phytoplankton. Alkalinity was analyzed for all lakes sampled in October, but only 
for 17 lakes sampled in August. Water temperature (0 C) was also included in the 
analyses. All analyses were done by the SWEDAC (Swedish Board for 
Accreditation and Conformity Assessment) certified laboratory at the Department 
of environmental assessment, Swedish University of Agricultural Sciences, using 
national or intemational standard methods (Wilander et al., 1998) 

Statistical analyses 
Water chemistry of the two sampling seasons (August and October) was 
compared using a paired t-test to determine if sampling season had an effect. The 
average value for each lake and parameter was calculated for the two seasons and 
compared with a = 0.05. The paired t-test was calculated for the 32 lakes sampled 
both in August and October. 

Large-scale, spatial differences in water chemistry were analyzed by a three­
factor unbalanced analysis of variance (ANOV A), with ecoregion (three 
ecoregions) residence time (two categories) and mean depth (two categories) as 
fixed factors. The additive effects of these three factors, as crossed factors or 
interaction terms (i.e. ecoregion x residence time, ecoregion x mean depth, and 
residence time x mean depth) was also determined. Post-hoc Tukey's tests were 
carried out to investigate significant differences among "ecoregions", "residence 
time" and "mean depth". The ANOVAs were run using MINITAB (MINITAB, 
1997). 

A two-sample t-test was used to determine if the mid-lake sample differed from 
the nine remaining samples. This test was performed on each lake and variable 
according to the formula below. Significant level was set toa= 0.05. 

(1) 

where xc = mid-lake (i.e. center) sample, .x9 = mean of the remaining nine 
samples, s; = variance of the nine remaining samples, and ncand n9 = the 
sample sizes of the mid-lake (n = 1) and nine remaining samples (n = 9). 
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A jack-knifing technique was used to determine if the distance to the center part 
of the lake (or mid-lake sample) would affect sample representativity. This was 
done by sequentially comparing each sample with the remaining nine samples 
using a two-sample t-test and Bonferroni correction of a error to a significance 
leve! a = 0.005. As the sample quadrates were similarly placed in all lakes, i.e. 
the first quadrate was usually situated in the northem part of the lake and the 10th 

quadrate was located in the southem part of the lake sample number is somewhat 
indicative of placement on the lake. For example, with this design sample 
quadrates with numbers 4 to 7 were usually situated in the middle part of the lake. 

All variables were log10 transformed (except pH) to approximate normally 
distributed errors and meet to assumptions of t-tests and ANOV A. Alkalinity was 
log10 x + 1 transformed to adjust for negative values. Since alkalinity was 
measured for only 17 lakes in August, alkalinity was not included in the 3-factor 
ANOVA analyses for August. Except for alkalinity, the only missing data was 
temperature for one lake in August and for three lakes in October. 

Results 

Seasonal eff ects 
The paired t-test, comparing the average values for each lake and parameter, 
showed a seasonal effect for conductivity, total phosphorus, inorganic nitrogen, 
and temperature. There were no seasonal differences for pH, alkalinity (test based 
on 15 lakes), unfiltered absorbance, and water color. The average total 
phosphorus value for all lakes was higher in August (15 µg/1) than October (12 
µg/1). On the other hand, the average value for inorganic nitrogen was lower in 
August (13 µg/1) than October (26 µg/1). Not surprisingly the average temperature 
is higher in August (16.3 °C) than October (8.0 °C). The difference between 
average values for conductivity was small (August = 4.26 mS/m and October = 
4.51 mS/m) but the test showed that conductivity generally was somewhat higher 
in October than August. 

Spatial classification 
A 3-factor ANOVA showed that conductivity, absorbance unfiltered and filtered, 
total phosphorus, and temperature differed among the three ecoregions, but pH, 
alkalinity and inorganic nitrogen did not differ (Table 3). These pattems were 
especially evident for the arctic/alpine region; water chemistry in this region 
generally differed from the other two regions. Nutrient levels were generally 
lower in lakes situated in the northem compared to southem regions. Conductivity 
was on average twice as high in lakes situated in the southem mixed forests 
region compared to the two other regions. Water color (i.e. absorbance of filtered 
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water) and suspended particulate matter (i.e. absorbance of unfiltered water) also 
showed marked spatial variation correlated with latitude; higher values were 
noted in the south compared to the north. Temperature in the arctic/alpine region 
averaged 10.4 °C in August, compared to 15.2 °C in the northem coniferous 
region and 18.4 °C in the southem mixed forest region. 

In addition to ecoregion effects, other factors such as season and lake 
morphometry clearly affected lake chemistry. For example, aside from differences 
in water chemistry that could be explained by ecoregion eff ects, more differences 
were noted in August than October that could be explained by lake morphometry. 
In August, conductivity, absorbance both filtered and unfiltered, and temperature 
differed with residence time. Also significant interaction terms were noted 
between ecoregion and water residence time for absorbance of unfiltered water, 
inorganic nitrogen and temperature. In August, a significant interaction term was 
also noted between ecoregion and mean depth for temperature. In October, five of 
the eight variables tested differed with ecoregion, hut only one was also affected 
by residence time (conductivity). A significant interaction between ecoregion and 
mean depth (temperature) was also noted. 

Comparison of a mid-lake and nine remaining samples using a 
two-sample t-test 
Water chemistry of the mid-lake sample differed from that of the nine remaining 
samples in some lakes. However, of a total of 254 (August) or 253 (October) 
possible combinations of lakes and variables, only 10 of them differed in August 
and 9 in October (Table 4). Total phosphorus, absorbance of filtered (August) or 
unfiltered (October) water, and alkalinity differed both in August and October. In 
addition, inorganic nitrogen and temperature differed in August and conductivity 
in October. 

Comparison of the distance to mid lake and sample 
representativity by jack-knifing and a two-sample t-test 
Distance to the center of the lake also seemed to affect sample representativity, 
with samples close to the center of the lake being more similar to each other than 
samples further from the center. Water chemistry for the first and last quadrates 
often differed from the other samples (Table 5). The differences were especially 
evident for samples taken in the first sampling quadrate. In general, samples close 
to the center of the lake showed fewer significant differences (i.e. quadrates 4 to 7 
showed fewer differences than quadrates 1 to 3 and 8 to 10). 
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Table 3. A 3-factor unbalanced ANOVA calculated on the mean value for 10 samples in 
each lake. The three factors were ecoregion, residence time, and mean depth. The crossed 
effects of the three factors were also included in the analyses. For the significant factors in 
the ANOV A analyses a pairwise Tukey comparison was made. All variables are log10 
transformed (alkalinity log10X+l). Alkalinity was not analyzed for August, since there 
were only data for 17 of the 34 lakes. Arctic/alpine region (1), northem coniferous region 
(2), southem mixed forest region (3). Residence time ::;; 1 year (short time = ST) or 
residence time > 1 year (long time = LT). Mean depth::;; 3.5 meters (shallow = sh) or 
mean depth > 3.5 meters (deep = d). 
Variable Significant factors Pairwise comparisons 

(p<0.05) Significantly different pairs 
(p<0.05) 

AUGUST 
pH - -
Conductivity Ecoregion 1-3, 2-3 

Residence time 
Absorbance unfiltered Ecoregion 1-2, 1-3 

Residence time 
Ecoregion*Residence time lLT- 1ST, 2ST, 2LT, 3ST, 3LT* 

1ST-3ST 
Absorbance filtered Ecoregion 1-2, 1-3 

Residence time 
Total phosphorus Ecoregion 1-3 
N02+NO~-N Ecoregion*Residence time (3ST - 3L T p= 0.08) 
Temperature Ecoregion 1-2, 1-3, 2-3 

Residence time 
Ecoregion*Residence time lST- lLT, 2ST, 3ST, 3LT 

lLT- 2ST, 2LT, 3ST, 3LT 
2ST- 3ST, 3LT 
2LT-3LT 

Ecoregion*Mean depth ld - 2d, 2sh, 3d, 3sh 
lsh- 2d, 2sh, 3d, 3sh 
2d-3d, 3sh 
2sh-3d, 3sh 

OCTOBER 
pH - -
Alkalinity - -
Conductivity Ecoregion 1-3, 2-3 

Residence time 
Absorbance unfiltered Ecoregion 1-2, 1-3 
Absorbance filtered Ecoregion 1-2, 1-3 
Total phosphorus Ecoregion 1-2, 1-3 
NO,+NO,-N - -
Temperature Ecoregion 1-3 

Ecoregion*Mean deoth lsh- 2d, 3d, 3sh 
* lLT- lST, lLT- 2ST, lLT- 2LT, lLT- 3ST, lLT- 3LT 
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Table 4. A 2-sample t-test testing whether there was a significant difference (ex ::;; 0.05) 
between the rnid-lake sample and the remaining nine samples. The number of lakes with a 
significant difference is listed for each variable for both August and October. 
Variable Mid-lake sample August Mid-lake sample October 
pH 
Alkalinity 1 2 
Conductivity 3 
Abs. unfiltered 2 
Abs. filtered 2 
Total phosphorus 2 2 
N02+N03-N 4 
Temperature 1 
Sum 10 9 
All variables are log10 transformed (alkalinity log10 X+ 1) 

Table 5. A 2-sample t - test comparing each sample quadrate with the remaining nine by 
jack-knifing method. Each column represents the sample quadrate that was compared to 
the other sample quadrates. The values given show the number of significant differences. 
P-values were adjusted b~ Bonferroni corrections (ex::;; 0.005). 
Variable 1 2 3 4 5 6 7 8 9 10 

AUGUST 
pH 9 2 1 1 
Alkalinity 2 1 1 1 3 
Conductivity 2 1 
Abs. unftltered 1 1 
Abs. filtered 7 2 1 
Total phosphorus 
N02+N03-N 1 1 1 
Temperature 1 1 1 
Sum 22 2 3 1 2 1 5 2 1 5 

OCTOBER 
pH 3 2 
Alkalinity 3 3 2 1 2 1 
Conductivity 2 1 1 1 1 2 
Abs. unfiltered 2 1 1 1 
Abs. filtered 6 1 1 
Total phosphorus 1 1 1 1 
N02+N03-N 2 1 3 
Temperature 4 1 1 
Sum 23 3 5 6 1 2 0 3 3 9 
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Lake typologies 
Mid-lake chemistry was compared across twelve different lake typologies, 
unfortunately no lakes were represented in two classes (Table 6). Usually, only 
one of eight variables was significant for those lakes that had a significantly 
different mid-lake sample. In August, all classes but one, had at least one lake 
with a significantly different variables for the mid-lake sample. There were a total 
of 10 significant differences in 10 different lakes for August data. The distribution 
of these lakes across the ecoregions was; 3 of the total of 5 lakes had one 
significant variables in the arctic/alpine region; 4 of the 9 in the northern 
coniferous region; and 3 of the 20 in the southern mixed forest region. Whithin 
the arctic/alpine region, inorganic nitrogen was the only variable that differed 
significantly. Total phosphorus differed in two lakes, both indifferent ecoregions, 
but both lakes had similar water residence time (> 1 year) and depth (> 3.5 m). 
Water color (absorbance of filtered water) also differed in two lakes in two 
ecoregions. Both of these lakes had water residence times ::;; 1 year and depth ::;; 
3.5m. 

For lakes sampled in October, there were a total of nine significant differences 
distributed in six different lakes. No differences were found for lakes situated in 
the arctic/alpine region. Three lakes differed in the northern coniferous region and 
three in mixed forest region. Among the lakes with significant variables there 
were lakes with both long (> 1 year) and short (::;; 1 year) water residence times. In 
contrast, a higher number of differences occurred in deep (> 3.5 m, n = 5) than 
shallow (::;; 3.5 m, n = 1) lakes. 
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Table 6. Lake types where the mid-lake sample differed significantly for at least one 
variable. Lakes were sampled in August and October 1999. Classification by ecoregions, 
water residence time, and mean deoth. 
Ecoregion Arctidalpine Northern coniferous 

reeion reeion 
Water >1 ~1 >1 
residence 
time (year) 

Meandepth >3.5 ~3.5 >3.5 ~3.5 >3.5 ~3.5 
(m) 

AUGUST 

Total number 1 - 2 2 3 -
oflakes in 
groups 

Numberof 1 - 1 1 1 -
significant 
lakes• 

Significant N02+ N02+ N02+ TotP 

parameter N03 N03 N03 

OCTOBER 

Total number 1 - 2 2 3 -
oflakes in 
groups 

Numberof - - - - 2 -
significant 
lakes•b 

Significant All<, 

parameter AbsOF 

all parameters were log10 transformed (alkalinity log10 X+l) 
• number of lakes with at least one significant variable 
b two of the lakes had more than one significant parameter 

Discussion 

~1 

>3.5 ~3.5 

3 3 

2 1 

Afk, AbsF 

N02+ 

N03 

3 1 

1 -

Kond, 

All< 

Southern mixed forest 
reeion 

>1 ~1 

>3.5 ~3.5 >3.5 ~3.5 

5 5 5 5 

1 0 1 1 

TotP Temp AbsF 

5 5 5 5 

1 - 1 1 

Kond, TotP Kond 

AbsOF 

TotP 

Our findings showed that the mid-lake surface sample can be considered more 
representative of lake water chemistry than a random sample. Moreover, jack­
knifing analysis showed that where a sample is taken within a lake will affect its 
representativity of average surficial water chemistry. For example, samples 
collected in the central part of the lake bad few differences in water chemistry 
indicating that these samples were more representative of average conditions. In 
contrast, samples taken furthest from the center of the lake ( e.g. the first quadrate 

15 



sampled) often differed markedly from the other samples. For almost all lakes (31 
of 34), the first quadrate was in the northem part of the lake, and several of these 
lakes bad inlets situated in the northem sections of the lake as well. Hence, the 
differences often noted in water chemistry samples taken from that quadrate may 
often be explained by inlet-water effects. The influence of inlet water chemistry 
on samples taken in the first sampling quadrate was very obvious in lake Stor­
Tjulträsket. This is a relatively large lake (5.3 km2

) situated in the northem 
Sweden with an inlet close to the first sampling quadrate. Water temperature and 
conductivity in the first quadrate in October were 1.5 °C and 6.81 mS/m, 
respectively, whereas temperature and conductivity in the other nine samples 
varied between 7 - 7.5 °C and 4.05 - 4.18 mS/m, respectively. In October, air 
temperature is going down, which lowers the stream water temperature in the 
inlet. 

To further investigate whether the location in the lake bad an effect on water 
chemistry we also determined if the mid-lake sample could be considered more 
representative of lake water chemistry than simply randomly selecting a site. In 
the same way as for the mid-lake sample a two sample t-test was done comparing 
the randomly selected sample with the nine remaining samples for each lake. As 
for the mid-lake sample, the possible number of combinations of lakes and 
variables in the t-test was 254 (August) and 253 (October). Of the variables tested 
for the randomly selected sample, 24 differed significantly in August and 23 in 
October, compared to differences of 10 and 9, respectively, when comparisons 
were made with amid-lake sample. Although, comparison of only one random 
sample can not be considered a robust measure of sample representativity, this 
indicates, nonetheless that a mid-lake sample is more representative of average 
lake chemistry. This conjecture is also supported by the findings from the other 
tests of sample representativity performed here. 

Grouping lakes by ecoregion and morphometric variables, such as water 
residence time and mean depth, bad a significant effect on a number of variables, 
but did not affect pH, alkalinity, or inorganic nitrogen. Ecoregion was the most 
important descriptor of lake chemistry, for both seasons sampled. Not 
unexpected, August temperature varied significantly among all regions, indicating 
the large climatic gradient between the north and south of Sweden. However, as 
temperature strongly affects the biological production, we would expect to find 
indirect, ecoregion effects on water chemistry variables that are sensitive to 
biological activity. Indeed, variables such as absorbance of filtered water and total 
phosphorus (which include phyto- and zooplankton) varied significantly with 
ecoregion supporting this conjecture (Table 3). 

Residence time was also found to be a more important explanatory variable in 
August than October. This finding may indicate the greater spatial variability 
expected in late summer (when lakes are relatively hydrologically stable) than 
autumn (when lakes are tuming over). Indeed, several of the variables that varied 
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significantly when the mid-lake samples were compared with other samples also 
varied somewhat with season. For example, in August nutrients seemed to vary 
more significantly than the other variables measured (Table 4). In contrast, in 
October variables more indicative of weathering and hydrology (e.g. alkalinity 
and conductivity) varied more. These findings were expected. Water chemistry 
variables sensitive to in-lake production (biological-active variables) varied more 
in late summer, whereas variables more dependent on regional-scale variation in 
catchment geology and run-off varied more in autumn. However, large-scale 
ecoregion differences were also noted, especially for the sampling in August. For 
example, in the arctic/alpine region inorganic nitrogen was the only variable of 
those studied that varied significantly (Table 6). Total phosphorus varied 
significantly in large (residence time > 1 year) and deep (mean depth > 3.5 m) 
lakes in the northem coniferous and southem mixed forest regions. In contrast to 
total phosphorus, absorbance of filtered water (i.e. water color) varied among 
lakes, hut was more variable in small (residence time < 1 year) and shallow (mean 
depth < 3.5 m) lakes. To further study the influence of lake morphometry on the 
representativity of the mid-lake sample, we also analyzed the effect of shoreline 
development (or irregularity) on lake chemistry. Regression of shoreline 
development versus the t-value for each lake from the two-sample t-test of the 
mid-lake sample <lid not indicate any effect, suggesting that shoreline 
development was not an important descriptor of the representativeness of the mid­
lake sample. 

Although selected water chemistry variables were found to differ significantly 
both within and across lakes, the differences were often small, particularly within 
lakes. If the natura! within-lake variance associated with a variable is small, then 
significant effects may arise that are not ecologically meaningful. Moreover, 
variation consists of a combination of natura! as well as analytical or laboratory­
induced variance. To account for and separate analytical variability from within­
lake variability we compared the sample variance with the detection limits of the 
specific analyses. In other words, comparing the coefficient of variation (eV) of 
the 10 samples in each lake for each chemical variable (eV10) with the ev of the 
analytical variation (eVav). Analytical variation was greater than ev 10 in 2 of the 
10 differences noted in August and 6 of the 9 differences noted in October. If 
evav > ev10, for the variables tested, then we can not conclude that the mid-lake 
sample is significantly different for lakes. Hence, taking inta account analytical 
variability, the number of "significant" differences should be adjusted 
downwards. Water color in two lakes in August can therefore notbe considered 
as differing, hut significant differences still occurred for alkalinity, inorganic 
nitrogen, and total phosphorus. Taking inta account analytical variability in the 
October sampling, total phosphorus and alkalinity still vary significantly in one 
and two lakes, respectively. Since the October samples were mast likely taken 
<luring tumover, we expected to find a lower number of differences, as the lakes 
should be more homogenous in October than in August. We tested this by 
comparing ev 10 for each lake and season with a paired t-test. Our findings, 
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however, did not support the conjecture of higher spatial variability in late 
summer than autumn. Indeed, weak albeit significant seasonal differences were 
noted for two variables (a = 0.05). CVs for alkalinity and conductivity were 
higher in October than in August. These findings may be partly explained by the 
influence of runoff from autumn rains. 

Most studies on the horizontal variation within lakes concern biological 
parameters such as phyto- and zooplankton (e.g. Avois et al., 2000; Lacroix and 
Lescher-Moutoue, 1995; Pinell-Alloul, 1995; Visman et al., 1994). When the 
spatial pattems in water chemistry are reported they are usually done in the 
context of explaining the spatial variation of plankton (e.g. Dickman et al., 1993). 
Another way of sampling a lake with regard to spatial variation is proposed by 
Blomqvist (2001). He describes a method for a volume-weighted composite 
sample both for plankton and chemical parameters. This method compensates 
both for the horizontal and vertical variation within a lake. The composite 
sampling method is similar to sampling methods within soil sciences (Falck, 
1973). Taking several soil samples and mix them thoroughly isa common way of 
sampling different horizons within a soil profile. Combining several samples 
reduces the variation and gives an average value for the different locations 
sampled. U sing a combined sample or not is a matter of purpose and scale of the 
study. In our study, the variation between the sample quadrates was important, 
since the aim was to analyze whether the location of a sampling site was 
important for the representativity. 

In summary, we can conclude that where a sample is taken within a lake will 
affect the sample's representativity of lake surface water chemistry. However, our 
study also showed that amid-lake sample can be considered more representative 
than a random sample. Moreover, of the eight water chemistry metrics studied 
here, only 3.9% (August, n = 34 lakes) or 3.6% (October, n = 32 lakes) of the 
total number of tests varied significantly. These values are lower than 5%, or the 
number expected to occur by chance alone (if a a leve! of 5% is used). The 
finding that a mid-lake sample can be considered representative of surface water 
conditions was not unexpected. Indeed, a number of studies done <luring the last 
few decades have often used amid-lake in sampling (e.g. according to Rainwater 
and Thatcher, 1960). However, despite its widespread use surprisingly little is 
known of just how representative amid-lake sample is of water chemistry. Our 
study showed that mid-lake samples can be considered representative, and this 
information is crucial for how we interpret data taken from monitoring programs 
that are temporally extensive. 
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