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Surface water chemistry was monitored in three fens through one growing season 
by weekly sampling in the southern aapa mire zone, middle boreal Finland. The fens 
included a soligenous moderately rich fen, a soligenous extremely poor fen, and a 
topogenous extremely poor fen. The chemical variables most clearly related to the 
poor–rich gradient were pH, alkalinity, Ca, Mg, and Na concentrations. The soligenous 
and topogenous extremely poor fens differed in DOC, Al, Fe, Si, and S concentrations. 
The main chemical gradients were related to the season. In early summer (June to July) 
the chemical gradients were variable and weakly defi nable. In late summer (August to 
September) the gradients were more stable and separated the three fens clearly. Late 
summer is suggested optimal for comparable sampling of surface water in boreal fens.
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Introduction

Surface water chemistry is of fundamental 
importance to mire vegetation. Important aspects 
of variation in mire water chemistry include: 
variation related to the degree of ombrogenous 
vs. minerogenous infl uence (Tolonen & Hosiais-
luoma 1978, Damman 1995), variation along 
the gradient from poor to rich vegetation types 
(Witting 1947, 1949, Sjörs 1950, Vitt et al. 
1995, Sjörs & Gunnarsson 2002, Tahvanainen 
et al. 2002), climate-dependent geographical 
variation (Vitt et al. 1990, Malmer et al. 1992, 

Slack & Hallingbäck 1992, Damman 1995), 
vertical variation in peat pore waters (Vitt et al. 
1995, Steinmann & Shotyk 1997), variation in 
capillary water along the microtopographical 
gradient (Kivinen 1932, Bellamy & Rieley 1967, 
Tahvanainen & Tuomaala 2003), seasonal varia-
tion (reviewed below), diurnal variation (Tahva-
nainen & Tuomaala 2003), and long-term trends 
(Gunnarsson et al. 2000, 2002).

Frequently, in studies concerning water 
chemistry along the poor–rich gradient, consid-
erable overlap has been found between different 
categories (see Sjörs 1950, Sjörs & Gunnarsson 
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2002). Although the overlap is evident and eco-
logically interpretable in some cases, a part of it 
is due to the fact that most data sets have been 
based on sampling in single occasions. Seasonal 
and short-term variation may cause consider-
able overlap in time. Further overlap is caused 
by methodological problems in water sampling 
(Tahvanainen & Tuomaala 2003). Analyses of 
seasonal variation of water chemistry during the 
growing season using comparably sampled data 
sets are important for the evaluation of compara-
bility and representativeness of single sampling 
occasions, as well as for assessing the seasonal 
availability of nutrients in surface water.

Although the chemistry of mire waters and 
its relationship with vegetation has been studied 
extensively, there are few published studies con-
cerning seasonal variation. Most of the work on 
seasonal variation of mire water chemistry has 
concentrated on ombrogenous bogs (Boatman et 
al. 1975, Damman 1988, Bragazza 1993, Proctor 
1994, Bragazza et al. 1998) and only a few stud-
ies have included minerogenous fens (Malmer 
1962b, Proctor 1995, Vitt et al. 1995). In most 
cases, sampling has been conducted at monthly 
or longer intervals. An extensive survey of sea-
sonal variation of water chemistry across the 
poor–rich vegetation gradient was conducted by 
Vitt et al. (1995) in central Alberta, continental 
western Canada. It is, however, very diffi cult to 
say to which extent the seasonal patterns found 
by Vitt et al. (1995) apply to climatically and 
geologically different regions. The north-eastern 
part of Fennoscandia is characterised by Archaic 
siliceous bedrock in contrast to the study area of 
Vitt et al. (1995), where calcareous Cretaceous 
deposits of sandstones and shales are prevail-
ing. The water chemical gradients of mires 
differ between these regions, as a consequence 
of the differences in mineral composition and 
weathering rates of bedrock and soil minerals. 
In some cases, moderately rich fen waters in 
north-eastern Finland (Tahvanainen et al. 2002) 
have lower Ca concentrations than bog waters 
in central Alberta (Vitt et al. 1995), for example. 
Comparable data sets of seasonal variation from 
climatically and geologically different areas are 
needed to better understand the patterns of water 
chemistry in mires.

Furthermore, there is a lack of knowledge on 
seasonal variation of water chemistry as related 
to other ecohydrological variation than the 
poor–rich gradient. Minerogenous (geogenous) 
fens can be divided into soligenous and topog-
enous hydrological types. Soligenous mires 
have an inclined water table and are infl uenced 
by unidirectional water fl ow, while topogenous 
mires have more stagnant water and are formed 
on depressions in the landscape.

We conducted weekly monitoring of surface 
water chemistry in three fens through one grow-
ing season in north-eastern Finland. Our objec-
tive is to reveal the seasonal patterns in water 
chemistry in relation to the poor–rich gradient 
and soligenous vs. topogenous hydrology, in the 
siliceous region of north-eastern Fennoscandia. 
We also aim to fi nd optimal timing for repre-
sentative sampling during the growing season.

Material and methods

Study area

The study area is situated within the Nature 
Reserve Friendship Park in Kuhmo, north-east-
ern Finland (64°12´N, 30° 26´E, elevation 240 m 
above sea level). The study area is located within 
the middle boreal climatic-phytogeographical 
zone and in the southern aapa mire region. The 
mean annual rainfall is 600 mm and the mean 
annual temperature +1.2 °C. The bedrock in the 
study area consists of Archaic siliceous migma-
tites, granites, and gneisses. The upland soils are 
mostly unsorted moraines and they are strongly 
podzolised.

Three different fen areas in two separate 
mire basins Härkösuo and Joutensuo (HS and JS 
hereafter) were selected as the study sites. Two 
sampling sites were established at each fen. HS 
is a long (1 km) and narrow (100–150 m) solig-
enous sloping fen. JS is a topogenous aapa-fen 
(0.32 km2) with minerotrophic centre and mostly 
ombrotrophic margins. Spatial variation of water 
chemistry and vegetation in the study areas are 
reported in a previous study (Tahvanainen et al. 
2002), and only short descriptions of vegeta-
tion are given here. Plant nomenclature follows 
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Söderström and Hedenäs (1998) for bryophytes 
and Hämet-Ahti et al. (1998) for vascular plants.

Site descriptions

Site 1: Moderately rich fen

The two sampling sites were located in a pat-
terned, central part of an open moderately rich 
fen in HS. The fen receives minerogenous waters 
as surface fl ow from a spring-infl uenced fen 
in the mire margin and partly as more diffuse 
updwelling fl ow of ground water through peat. 
The wet surfaces range from mud-bottoms, cov-
ered with open water, to fl arks with pure stands 
of Scorpidium scorpioides and scattered Pseudo-
calliergon trifarium. Characteristic species of the 
intermediate surfaces are Campylium stellatum, 
Loeskypnum badium, and Cinclidium stygium. 
In low hummocks (10–15 cm) Sphagnum warn-
storfi i and S. subfulvum are abundant, and high 
hummocks (15–30 cm) are S. fuscum dominated. 
Typical vascular plants of the wet microsites are 
Drosera longifolia, Carex limosa, C. rostrata, 
and Rhynchospora alba. In intermediate sur-
faces and low hummocks, species like Carex 
lasiocarpa, Selaginella selaginoides, Tofi eldia 
pusilla, and Trichophorum alpinum are found. In 
higher hummocks, typical bog dwarf shrub veg-
etation is dominating. Both of the sampling sites 
were located in wet Scorpidium scorpioides fl ark 
surfaces, with partly open mud-bottoms.

Site 2: Soligenous extremely poor fen

Two sampling sites were located in Sphagnum-
dominated fl arks in an extremely poor fen in 
HS, 500 metres apart from the moderately rich 
fen sites. Minerogenous waters fl ow through 
this zone as surface fl ow from upper fen areas 
and from adjacent mineral land. Thus, the fen 
is hydrologically soligenous and margin-infl u-
enced. Most of the surfaces are fl arks with abun-
dant Sphagnum balticum, S. fallax, S. fl exuosum, 
S. jensenii, S. majus, and S. papillosum. The 
vascular plant fl ora consists mainly of sparse 
Andromeda polifolia, Carex limosa, C. rostrata, 

Eriophorum vaginatum, and Scheuchzeria palus-
tris.

Site 3: Topogenous extremely poor aapa-fen

In JS, the two surveillance sites were situated 
in an extremely poor fen, in the centre of the 
mire. JS is a typical topogenous aapa fen where 
surface water fl ow is relatively weak. The other 
site was a relatively deep (about 3 m) open pool, 
from which water samples were taken directly, 
and the other one was a sampling well site at an 
adjacent Sphagnum pulchrum carpet. This fen 
area is irregularly patterned with open pools. 
Mostly fl ark and intermediate surfaces are found. 
Typical species are Sphagnum fallax, S. jense-
nii, S. majus, S. lindbergii, S. papillosum, and 
S. pulchrum. Vascular plant species are few but 
more abundant than in the extremely poor fen of 
HS. Most frequent species include Andromeda 
polifolia, Carex rostrata, Eriophorum vagina-
tum, and Vaccinium oxycoccos.

Sampling and water analyses

Precipitation was monitored with a rain gauge, 
which was located 5 km from HS and 6 km from 
JS. Water table level (WTL) was measured, in 
relation to reference poles, from perforated PCV 
pipes, 20 mm in diameter. The measurements 
were adjusted to the mean water table depth 
(WTD), i.e. the depth of the water table in rela-
tion to the bryophyte capitula. WTD is usually 
less variable than WTL, because bryophytes 
and surface peat are buoyant to varying degrees. 
Only WTL was monitored routinely.

Water samples were taken weekly between 
11 June and 31 September 1999, with the excep-
tion of a two week interval between 10 July and 
22 July. Water samples were obtained from sam-
pling wells installed the previous year. Chemi-
cal analyses were performed for pH, dissolved 
organic carbon (DOC), SO

4
2–, Cl–, and for total 

concentrations of 19 elements, of which Al, Ca, 
Cu, Fe, K, Mg, Mn, Na, N, S, and Zn had always 
concentrations above the detection limits. Occa-
sionally also B, Cr, P, and Pb had concentrations 
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above the detection limits. The methods of water 
sampling, sample treatment and analyses were 
similar to those in Tahvanainen et al. (2002), 
with the following amendments: pH was meas-
ured immediately in the fi eld; DOC samples 
were stored in –20 °C and analysed in November 
1999; total N, SO

4
2–, and Cl– samples were stored 

for three to four days at +4 °C in the dark before 
weekly analyses; samples for elemental analyses 
were stored at +4 °C in the dark and analysed in 
February 2000.

Statistical analysis

The effects of mire site (moderately rich fen, 
extremely poor fen of HS, extremely poor fen of 

JS), sampling time (week) and their interaction 
(site ¥ week) on water chemistry were tested by 
repeated measures ANOVA (SPSS 10.1). Only 
variables with concentrations above the detec-
tion limits at all sites were tested. Cu and Zn 
were excluded because of considerably high con-
centrations in control samples of purifi ed water 
(Tahvanainen et al. 2002). Centred, standardised 
principal component analysis was applied to log-
transformed data to unravel common patterns of 
variation in water chemistry (PC-ORD 4.09). 
Log-transformation (log

10
[x + 1]) was used to 

approximate normal distributions and applied 
to all variables except pH to preserve the cor-
relation structure between the variables. The fi rst 
weekʼs data were excluded from the statistical 
analyses because the results were outlying in 
many cases and possibly disparate because the 
wells were not emptied prior to sampling. There 
were also some data on pH and DOC missing 
from the fi rst week.

Results

Weather and water table level

The monthly precipitation values from June 
to September were: 31, 78, 38 and 28 mm 
(Fig. 1). In the closest national weather station, 
the monthly precipitation values from May to 
September were: 19, 24, 65, 61 and 15 mm, and 
the monthly mean temperatures were 4.5, 17.3, 
16.1, 11.8, and 9.8 °C, respectively (Finnish 
Meteorological Institute 2000). June 1999 was 
warmer than average, but otherwise the meteoro-
logical conditions were ‘unexceptional  ̓and rep-
resentative of the area. Weather observations did 
not have general correlations with the measured 
chemical variables or WTL (Fig. 1).

There were no seasonal trends in the varia-
tion of the WTL (Fig. 1). Fluctuation was more 
considerable in the extremely poor fen sites of 
HS than in the two other fens. In the two moder-
ately rich fen sites in HS, the ranges of fl uctua-
tion of the WTL

 
were only 2.0 and 5.0 cm. In the 

two extremely poor fen sites in HS, WTL was 
more variable, having ranges of 9.5 and 7.0 cm. 
In the extremely poor fen of JS, WTL was sur-
veyed from the sampling well site only, at which 

Fig. 1. Hydrological observations during the 1999 
growing season. — A: Daily precipitation. — B: Weekly 
water table level measurements. HS = Härkösuo, JS = 
Joutensuo.
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the range of WTL fl uctuation was only 4.5 cm 
during the study period.

The main water chemical gradients

The fi rst and second PCA-axes had eigenvalues 
greater than the broken stick eigenvalues (i.e. 
higher eigenvalues than expected by chance) 
and together they explained 68% of the varia-
tion (Table 1). The third axis explained only 11% 
of the variation and was clearly less interpret-
able. The fi rst axis represented the variation of 
the main cations (Mg, Ca, Na, K) and pH, and 
separated the moderately rich fen sites from the 
extremely poor fen sites (Table 1 and Fig. 2). 
The second axis separated the extremely poor 
fen of HS and the extremely poor fen of JS 
(Fig. 2). The highest eigenvector scores in the 
second axis were found for DOC, Fe, Si, Al and 
S (Table 1).

All of the three fi rst PCA-axes were related 
to the season (Fig. 2). Along the fi rst axis, the 
early summer scores of the moderately rich fen 
sites were close to the scores of the extremely 
poor fen sites. There was a linear trend in the 
scores of the moderately rich fen sites till the 
end of July, after which the scores settled at rela-
tively constant levels, clearly separate from the 

extremely poor fen sites. The extremely poor fen 
sites moved only slightly, though continuously, 
towards smaller scores (higher cation concentra-
tions), during the summer. On the second axis, 
the three fens were partly over-lapping in June 
and July, while in August and September, the 
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Fig. 2. Variation of the main water chemical gradients 
during the 1999 growing season, as indicated by the 
seasonal patterns of sample scores in principal compo-
nent analysis of water chemistry variables. — A: First 
PCA axis. — B: Second PCA axis. — C: Third PCA 
axis. See Fig. 1 for explanations of symbols.

Table 1. Summary of principal components analysis of 
water chemistry.

Axis 1 2 3.00
Eigenvalue 5.88 3.67 1.52
Broken stick 3.25 2.25 1.75
Cum. % explained 42 68 79.00

Na –0.39 0.13 –0.02
Mg –0.38 0.08 –0.10
Ca –0.38 0.10 –0.18
pH –0.33 –0.16 0.20
K –0.31 0.21 0.17
SO4

2– –0.27 –0.11 –0.28
N –0.24 0.19 0.40
Al 0.22 0.39 0.21
Fe 0.22 0.41 0.08
DOC 0.21 0.41 0.03
Si –0.17 0.41 0.08
Mn 0.16 0.14 –0.65
S –0.16 0.35 –0.41
Cl– –0.07 0.22 –0.04
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two extremely poor fens were clearly separated. 
The three fens were over-lapping throughout the 
season on the third PCA-axis and all sites had a 
general decreasing trend.

Seasonal patterns of individual surface 
water chemistry variables

Considerable seasonal variation was found in 
water chemistry at all sites. Most of the seasonal 
variation took place in early summer, whereas in 
late summer water chemistry was more stable. 
Means of water chemical variables during the 
late summer steady phase (August and Septem-
ber) are given in Table 2. Repeated measure 
ANOVAs of water chemistry showed signifi cant 
effects ( p < 0.05) of the “site” factor, represent-
ing the three fens, for pH, DOC, Ca, Mg, Na, S, 
and Si. Signifi cant effects of the “week” factor, 
representing the different sampling occasions, 
were found for pH, N, Cl, Al, Ca, K, Mg, Mn, 
Na, and S. The interaction of “site” and “week” 
was signifi cant only for DOC, Fe, Ca, and Mg.

There were no seasonal trends in pH 
(Fig. 3). Small, notably synchronic fl uctuations 

were found at both sites in HS, while more con-
siderable fl uctuation was found in JS. Also DOC 
levels were fairly constant in time, except at site 
2 in the extremely poor fen of HS (Fig. 3).

In the moderately rich fen, concentrations of 
Ca, Mg, Mn, and Na had minimum values in early 
summer, sometimes preceded by higher values, 
followed by increases to nearly constant levels in 
August and September (Fig. 3). Similar but less 
distinct patterns were found in the extremely poor 
fens. Concentrations of K were more variable 
than of other main cations (Fig. 3). In the moder-
ately rich fen, the pattern of K resembled that of 
other cations. In the extremely poor fens, K levels 
were suppressed in the middle of summer.

The concentrations of Al and Fe showed 
a distinct seasonal pattern at Site 1 in the 
extremely poor fen of HS: there was a gradual 
rise to maximum levels in August, followed by 
gradual decrease towards the end of the season. 
Concentrations of Fe were slightly elevated 
during June and July in the extremely poor fen 
of JS (Site 2). The three fens had overlapping 
concentrations of Cl– throughout the monitoring 
period and all sites had a continuous increasing 
trend (Fig. 3). Concentrations of total N had 

Table 2. Means and standard errors (in parentheses) of alkalinity (meq l–1), pH, and elemental or ionic concentra-
tions (mg l–1) in surface water in the three fens during August and September.

 Härkösuo mire Joutensuo mire
  

Chemical Moderately Extremely Extremely
variable rich fen poor fen poor fen

Alkalinity 0.256 (0.015) 0 (0) 0 (0)
pH 5.49 (0.05) 4.02 (0.04) 4.46 (0.07)
DOC 20.6 (0.8) 42.6 (1.2) 21.1 (0.5)
N 0.92 (0.04) 0.67 (0.03) 0.50 (0.05)
Cl– 0.99 (0.05) 0.97 (0.06) 1.08 (0.07)
SO4

2– 0.49 (0.04) 0.29 (0.02) 0.34 (0.03)
Al 0.020 (0.002) 0.229 (0.029) 0.032 (0.003)
Ca 2.21 (0.08) 0.72 (0.04) 0.49 (0.04)
Cu 0.016 (0.003) 0.056 (0.003) 0.037 (0.020)
Fe 0.10 (0.01) 0.76 (0.08) 0.24 (0.01)
K 0.51 (0.03) 0.27 (0.04) 0.21 (0.02)
Mg 1.20 (0.03) 0.25 (0.01) 0.15 (0.02)
Mn 0.004 (0.000) 0.011 (0.001) 0.009 (0.001)
Na 2.80 (0.05) 1.36 (0.06) 1.18 (0.04)
S 0.42 (0.01) 0.43 (0.01) 0.31 (0.01)
Si 5.56 (0.44) 5.51 (0.25) 0.40 (0.03)
Zn 0.041 (0.002) 0.098 (0.006) 0.038 (0.006)

n = 18 for each fen, including nine weekly samples from two sites.
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very little seasonal variation, apart from some 
high peak concentrations (Fig. 3). Si was almost 
invariable in late summer at all sites, while in 
the moderately rich fen, there were lower levels 
in early summer (Fig. 3). Concentrations of S 
and SO

4
2– had rather unclear seasonal patterns 

and occasional peak concentrations (Fig. 3). 
The concentrations of P were usually below the 
detection limit (0.016 mg l–1) but some concen-
trations above it were found at all sites (data not 
shown). In the moderately rich fen, detectable P 
concentrations were found mainly in September 
(up to 0.020 mg l–1), while in the extremely poor 
fen of HS, they were more common throughout 
the season (up to 0.037 mg l–1). In the extremely 
poor fen of JS, only one detectable P concentra-
tion was found from the open pool, against seven 
at the sampling well site (up to 0.064 mg l–1).

Differences in water chemistry between the 
sampling well and open pool samples were in 
general very small in the extremely poor fen of 
JS. Most notably, the well samples had higher pH 
than the open pool (Fig. 3). In early summer, the 
concentrations of Fe and Si were slightly higher in 
the sampling well than in the open pool (Fig. 3). 
In late summer, the concentration of SO

4
2–, Al, 

Ca, Mg, Mn, and P tended to be slightly higher in 
the open pool than in the sampling well (Fig. 3 ).

Discussion

The geological conditions in the current study 
area are typical of middle boreal north-eastern 
Fennoscandia, with poorly weathering siliceous 
bedrock, podzolised mineral ground soils, and 
ground waters very low in most mineral concen-
trations. Also precipitation in the area is charac-
terised by extremely low ionic concentrations. 
Consequently, mire water chemistry is character-
ised by low concentrations of mineral elements, 
especially of Ca, as compared to other regions 
(Tahvanainen et al. 2002).

Patterns across ecohydrological 
gradients

The fi rst two PCA-axes of water chemistry were 
very similar to those found for a data set covering 

the whole mire basin of HS (Tahvanainen et al. 
2002). The fi rst axis, related to the main cation 
concentrations (Mg, Ca, Na, K) and pH, was con-
nected to the poor–rich gradient in vegetation, as 
it separated the moderately rich fen from the two 
extremely poor fens. Several studies have indi-
cated a water chemical gradient partly independ-
ent of the poor–rich gradient, related to concen-
trations of Al, Fe, Mn, S, and Si (Malmer 1962a, 
Mullen et al. 2000, Tahvanainen et al. 2002). 
High concentrations of these elements are con-
nected to input of soil surface water from pod-
zolised mineral land (Malmer 1962a, Damman 
1995, Bragazza & Gerdol 2002, Tahvanainen et 
al. 2002). This ‘mineral soil water gradient  ̓reap-
peared in the second PCA-axis, which separated 
the extremely poor fens of HS and JS in the cur-
rent data. The spatial variation and dynamics of 
these water chemical gradients are discussed in 
detail by Tahvanainen et al. (2002).

The concentrations of the main cations (Ca, 
Mg, and Na) in the extremely poor fens were 
extremely low throughout the growing season. 
In fact, their concentrations did not give clear 
evidence of minerogenic water source, when 
compared to ombrogenous mire water in the area 
(Tahvanainen et al. 2002). Instead, in the solig-
enous extremely poor fen of HS, the concentra-
tions of Al, Fe, and Si gave clear indications 
of a strong minerogenic infl uence. In this fen, 
concentrations of DOC were very high and pH 
was buffered to 4.0 by organic acids. The acidic 
conditions develop in this fen in a down-stream 
successive gradient, through cation exchange and 
accumulation of DOC (Tahvanainen et al. 2002). 
In the topogenous extremely poor fen of JS, on 
the other hand, there were no clear indications of 
a minerogenous water source in elemental con-
centrations. The DOC concentrations were how-
ever comparably low, similar to the moderately 
rich fen, and pH was only weakly buffered by 
organic acids. Thus, the two extremely poor fens 
studied had differences in water chemistry in 
comparison to bog waters, but these effects were 
different between the two fens. The results of 
Tolonen and Hosiaisluoma (1978) also showed 
that in some cases extremely poor fens differed 
from bogs by having higher pH, while in other 
cases the concentrations of Ca, Mg, and Fe, in 
particular, separated fens from bogs.
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Seasonal patterns in water chemistry

There are few previous records of temporal vari-
ation in water chemistry of pristine mires in Fin-
land. Tolonen and Hosiaisluoma (1978) searched 
for interannual variation of water chemistry in 
30 bog and poor fen sites and found signifi cant 
differences between years only in conductivity 
and concentrations of total P and Fe. The current 
data can be compared to results of Tahvanainen 
et al. (2002) from the same study sites in 1998 
(data not shown). Slightly lower concentrations 
in the one-time sampling in 1998 were found for 
Cl–, SO

4
2–, Ca, K, Na, and Si at some sites, than 

during the same period in the current data sam-
pled in 1999. However, none of the differences 

were consistently found at all sites and the differ-
ences were small in relation to the whole ranges 
of the chemical gradients. More considerable 
differences were found only in total N concentra-
tions, which were probably due to the contribu-
tion of the comparably high concentrations of 
NH

4
+ found in 1998 (Tahvanainen et al. 2002). 

Besides NH
4

+, there was little interannual varia-
tion in water chemistry in these fens. Variation of 
water chemistry during the growing season has 
not been studied in pristine mires in Finland until 
the present study.

The seasonal patterns of the PCA-scores 
showed that the main water chemical gradients 
were unclear in the early summer and more 
distinct and stable in the late summer. The con-

Fig. 3. Variation of individual water chemical variables during the 1999 growing season. See Fig. 1 for explanations 
of symbols. (Continues on next page).
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centrations of Ca, Mg, and Na had minimums in 
the beginning of the growing season and rose to 
higher levels in the middle and late summer. This 
pattern was especially evident in the moderately 
rich fen. A similar seasonal pattern was observed 
by Vitt et al. (1995) in central Alberta, western 
Canada, even though the concentration levels 
of Ca and Mg were almost ten-fold higher than 

in the current data. Close resemblance to this 
pattern in cation concentrations has also been 
found in bogs in some cases (Vitt et al. 1995, 
Bragazza et al. 1998). In bog waters, the pat-
tern refl ects mainly evaporative concentration 
and release from decomposition (Bragazza et al. 
1998). In minerogenous boreal fens the pattern is 
amended by the transition from spring snow melt 

Mn

m
g
 l

–
1

0.000

0.003

0.006

0.009

0.012

0.015

Cl
–

Sampling date

m
g
 l

–
1

0

0.3

0.6

0.9

1.2

1.5

1.8

Al

m
g
 l

–
1

0

0.1

0.2

0.3

0.4

0.5
Fe

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

N

Sampling date

0

0.4

0.8

1.2

1.6

2.0

S

m
g
 l

–
1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

SO
4
2–

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0

2

4

6

8

1 Jun 1 Jul 1 Aug 1 Sep 1 Oct 1 Jun 1 Jul 1 Aug 1 Sep 1 Oct

1 Jun 1 Jul 1 Aug 1 Sep 1 Oct 1 Jun 1 Jul 1 Aug 1 Sep 1 Oct

1 Jun 1 Jul 1 Aug 1 Sep 1 Oct 1 Jun 1 Jul 1 Aug 1 Sep 1 Oct

1 Jun 1 Jul 1 Aug 1 Sep 1 Oct 1 Jun 1 Jul 1 Aug 1 Sep 1 Oct

Si

Fig. 3. Continued.



354 Tahvanainen et al. • ANN. BOT. FENNICI Vol. 40

infl uence towards a more stable minerogenous 
hydrology in the late summer. The reappearance 
of this seasonal pattern at such different concen-
tration levels indicates that the pattern is medi-
ated rather by physicochemical changes than by 
plant uptake of nutrients. However, also plant 
growth may contribute to the depletion of cati-
ons in water in early summer, as many vascular 
plants have growth peaks early in the growing 
season (Lindholm & Vasander 1981, Lindholm 
1982, Saarinen 1998). Especially the more 
variable pattern of K indicates the infl uence of 
plant uptake. The concentrations of K remained 
suppressed longer in the summer, than concen-
trations of the other cations. The depletion of K 
in mire water during active growth periods has 
been observed in many studies (Boatman et al. 
1975, Damman 1988, Gerdol 1990, Bragazza 
1993, Proctor 1994, 1995, Vitt et al. 1995, Bra-
gazza et al. 1998).

The comparably stable pH in the extremely 
poor fen of HS was buffered by organic acids, 
as the DOC concentrations were very high (see 
Tahvanainen et al. 2002). In the extremely poor 
fen of JS, the DOC concentrations were lower 
and pH fl uctuated between 4.0 and 5.6. The 
pH fl uctuation could not be explained by vari-
ation of DOC, and it was possibly due to fl uc-
tuations of CO

2
 concentrations. Tahvanainen and 

Tuomaala (2003) found considerable variation in 
pH, connected to aeration of samples and diurnal 
rhythm in fens, refl ecting the acidifying effect of 
CO

2
. In the moderately rich fen, pH did not show 

the same seasonal pattern as did the main cati-
ons and alkalinity, which implies that an effect 
of seasonal change in CO

2
 following peat tem-

perature may contribute to the pattern of pH. The 
gradual rise of peat temperature in early summer 
enhances the release of CO

2
 from decomposi-

tion and thus increases the CO
2
 concentration 

of water and lowers pH from what would be 
expected from the increasing alkalinity. Unfor-
tunately, no measurements of CO

2
 or aerated 

sample pH were conducted in this study.
The precipitation observations were probably 

conducted too distantly to give accurate esti-
mates of precipitation at the study sites. Espe-
cially the highest daily precipitation amounts in 
June and July resulted from thundershowers that 

are typically very local. Therefore, no clear con-
nections were found between precipitation and 
fl uctuation in water chemistry or WTL. Also, the 
responses of the WTL to rain can be fairly rapid 
and undetectable in weekly surveillance. The 
WTL was most variable in the extremely poor 
fen of HS. This fen is located in the lower part of 
a soligenous mire basin and thus all hydrological 
changes have accumulative effects on its water 
budget.

Representative sampling period

The seasonal patterns in water chemistry give 
important implications for the comparability 
and representativeness of water samples in fens. 
In general, the results show that seasonal varia-
tion is predictable and single sampling occasions 
can be considered representative with certain 
precautions. The gradients in water chemistry 
were unclear in early summer and developed 
towards a more stationary phase in late summer. 
During this period, weekly fl uctuation was very 
small especially for DOC, SO

4
2–, Ca, Mg, N, Na, 

Al, Fe, S, and Si. More considerable weekly 
fl uctuation was found for Cl–, K, Mn, and P. 
Although pH separated the three fens throughout 
the season, there was considerable fl uctuation in 
the extremely poor fen of JS. In fen waters, pH 
is greatly infl uenced by CO

2 
(Tahvanainen & 

Tuomaala 2003), a factor which could not be 
assessed with the current data. In contrast to the 
current results, Vitt et al. (1995) found clearly 
more irregular, fl uctuating patterns of Al and Fe. 
Otherwise their results also indicate comparably 
stable water chemistry in late summer. For most 
of the chemical variables representative water 
samples are most likely acquired in late summer. 
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