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Soil water concentrations of dissolved organic carbon (DOC) and nitrogen (DON) may 
depend on vegetation composition. The objective of the present study was to quantify 
the concentrations of DOC, DON and dissolved inorganic N (DIN) in soil water below 
vegetation dominated by Calluna, Molinia or Sphagnum. In addition we investigated the 
difference in concentrations in water collected with macro rhizons (tension lysimeters) 
and plate (zero tension) lysimeters. The soil water concentrations of DOC, DON and DIN 
showed high variability. Concentrations of DOC and DON at the 0–10 cm depth increased 
in the order Sphagnum < Molinia < Calluna in summer, whereas in late autumn the DOC 
concentrations were at least as high in soil water below Molinia as below Calluna. The soil 
water concentrations of DOC and DON at the 20–30 cm depth increased in the order Cal-
luna < Molinia < Sphagnum. The concentrations of nitrate (NO3

–) and, to a lesser degree 
ammonium (NH4

+), generally increased in the following order: Sphagnum < Molinia < 
Calluna. Generally, vegetation was an important control on C and N release in the studied 
montane system.

Introduction

Nonforested montane heathland landscapes 
represent an important ecosystem category in 
Norway, and are important contributors of nitro-
gen (N) and carbon (C) export to surface waters 
and marine systems (Kaste et al. 1997, Sjøeng 
et al. 2007, Strand et al. 2008). The effects 
of predicted climate scenarios (increased winter 
temperature, increased summer and autumn pre-
cipitation) on C and N leaching from a montane 
system were investigated in two field manipula-

tion experiments (Austnes et al. 2008, Haaland 
et al. 2008, Kaste et al. 2008). The results gen-
erally demonstrated that this type of a system 
was relatively robust, with only small to modest 
effects of the applied changes in climatic fac-
tors on production of dissolved C and N species. 
However, the spatial and temporal variability in 
C and N concentrations was large (Stuanes et 
al. 2008). The question regarding the contribu-
tion of the vegetation in explaining the C and 
N patterns was raised, since the ground vegeta-
tion composition showed great variability within 
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short distances (Strand et al. 2008). This issue 
is of interest also in the context of predicted 
changes in vegetation composition due to N 
deposition, climate change and land use (Hester 
et al. 1996, Britton et al. 2003, Tomassen et al. 
2004, Whinam and Copson 2006).

Different vegetation composition may give 
rise to different soil water concentrations of C 
and N due to the link between vegetation, litter, 
soil organic matter (SOM) and other soil proper-
ties (e.g. Kalbitz et al. 2000, Neff and Hooper 
2002, Michel et al. 2006, Rowe et al. 2006). Cal-
luna vulgaris, Molinia caerulea and Sphagnum 
spp. are major species in montane systems. Cal-
luna is an evergreen shrub, whereas Molinia is 
a perennial deciduous grass that produces more 
above- and below-ground litter (van Vuuren et 
al. 1992). Van Vuuren and van der Eerden (1992) 
reported that Calluna litter contained about twice 
as much lignin as Molinia litter, but the decom-
position rate was not found to be different for 
the two litter qualities. Other studies have shown 
higher decomposition of Molinia litter than of 
Erica tetralix (a dwarf shrub like Calluna) litter, 
i.e. a negative relationship between lignin con-
tent and decomposition rate (Berendse et al. 
1989, van Vuuren et al. 1993, van Vuuren and 
Berendse 1993). Moreover, root biomass turno-
ver has been shown to be lower for Calluna 
than Molinia (Aerts et al. 1992). Sphagnum is a 
peat forming moss with low litter decomposition 
rate. This is due to the specific chemistry of the 
Sphagnum litter, the acid environment, and the 
production of sphagnum acid from living Sphag-
num cells (Verhoeven and Toth 1995, Scheffer et 
al. 2001). An in situ decomposition study con-
ducted in the same field location as in the present 
study, showed much lower decomposition rate 
for Sphagnum litter than for Molinia and Calluna 
litter (L. S. Vestgarden unpubl. data). Differences 
in litter decomposition will also affect the degrad-
ability of the SOM (Neff and Hooper 2002).

The importance of litter and SOM quality 
for dissolved organic C (DOC) and dissolved 
organic N (DON) production is largely unknown 
(Kalbitz et al. 2000, Michel et al. 2006). More 
degradable material is likely to give higher dis-
solved organic matter (DOM) production. For 
instance a low lignin content has been found to 
have a positive effect on DOC release (Magill 

and Aber 2000). However, if the organic mate-
rial is very easily degradable, the major part will 
be completely mineralised, giving low DOM 
production (Tipping et al. 2007). Soil water 
concentration and export of DOC also depend 
on the extent to which DOM acts as a C source 
for the micro organisms (Meyer et al. 1987, Judd 
and Kling 2002). Moisture content, hydrology 
and surface chemistry of the soil particles are 
other important controls on the release of DOM 
(Qualls and Haines 1992, Kalbitz et al. 2000, 
Judd and Kling 2002, Cooper et al. 2007). These 
factors may interact with the effects of veg-
etation cover and composition. Thus, the overall 
role of different vegetation on C and N release is 
largely unclear.

Ammonium (NH4
+) is generally effectively 

retained in soils, and nitrate (NO3
–) concentra-

tions often decrease with the increasing organic 
C content (e.g. Helliwell et al. 2007, Strand et 
al. 2008). As for DOM, microbiology, hydrology 
and surface chemistry are important controls on 
the release of dissolved inorganic N (DIN). Plant 
uptake of NH4

+ and/or NO3
– is also an important 

regulator of the DIN concentrations. Calluna 
prefers NH4

+ as the N source, while Molinia and 
Sphagnum utilise both NH4

+ and NO3
– (de Graaf 

et al.1998, Tomassen et al. 2003, Herrmann et 
al. 2005).

Soil water is usually collected by lysimeters. 
Different types of lysimeters give specific infor-
mation and have advantages and disadvantages 
with regard to chemical interactions, installation, 
operating procedures and lifetime (Zabowski 
and Ugolini 1990, Giesler et al. 1996, Ranger 
et al. 2001, Weihermüller et al. 2007). The 
soil solution type of interest is crucial to the 
choice of lysimeter. Zero tension lysimeters col-
lect water freely percolating in macropores by 
gravity, while different tension lysimeters also 
collect soil water held by capillary forces in finer 
pores (Marques et al. 1996, Ranger et al. 2001, 
Reynolds et al. 2004). The soil water collected 
by zero tension lysimeters is a product of rain-
fall and throughfall, mineralisation in the upper 
soil layers and displacement of already existing 
decomposition products in the soil, whereas the 
soil water collected by tension lysimeters is to 
a higher degree affected by soil processes, such 
as microbial production and vegetation uptake 
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(Berggren 1999, Blodau and Moore 2002, Rey-
nolds et al. 2004).

Increased insight in the release of DOC, 
DON and DIN to soil water below the major 
vegetation types in montane systems is required 
to improve the predictions about the overall C 
and N export from such areas. Hence, the objec-
tive of the present study was to quantify the con-
centrations of DOC, DON and DIN in soil water 
collected by tension and zero tension lysim-
eters below vegetation dominated by Calluna, 
Molinia or Sphagnum. We hypothesised that: (1) 
Soil water collected by tension lysimeters has 
higher concentrations of DOC, DON and DIN 
than soil water from zero tension lysimeters. (2) 
Concentrations of DOC and DON in upper soil 
layers with high and fairly similar content of 
organic matter will reflect the degradability of 
the litter and SOM of the dominating vegetation 
and increase in the following order: Sphagnum 
< Calluna ≤ Molinia. (3) In deeper soil layers 
the variation in organic matter content is larger. 
Hence, the concentrations of DOC and DON will 
depend more on the content than on the quality 
of SOM, and increase in the following order: 
Calluna < Molinia < Sphagnum. (4) The concen-
trations of DIN depend on the surface chemistry 
of soil particles and N-uptake preferences by 
plants, thus NO3

– concentrations increase in the 
order Sphagnum < Molinia < Calluna, whereas 
NH4

+ is effectively retained in all soils.

Material and methods

Site description

The experimental site is located in a montane 
area, Storgama, in the Telemark county, southern 
Norway (59°01´N, 8°32´E, 560 m a.s.l.). Annual 
precipitation at the nearest meteorological sta-
tion is 994 mm (1961–1990 average). Gener-
ally October is the wettest month (128 mm). 
The mean annual air temperature (1961–1990) 
is 5.0 °C, with July being the warmest (15.1 °C) 
and February being the coldest (–4.8 °C) (Strand 
et al. 2008). Average annual wet deposition of 
NH4-N and NO3-N in the period 2001–2005 was 
318 mg m–2 y–1 and 332 mg m–2 y–1, respectively 
(Strand et al. 2008). The bedrock is mainly gra-

nitic, considerable areas are bare rock (30%), and 
the soil cover is generally shallow (Seip et al. 
1979, Strand et al. 2008). There are some scat-
tered, small trees (Pinus sylvestris and Betula 
pubescens). The ground vegetation is dominated 
by Calluna vulgaris at well-drained sites, Molinia 
caerulea at wetter sites and by Sphagnum spp. at 
poorly drained sites. The soils below Calluna are 
mainly Lithic Haplorthods, whereas soils below 
Molinia and Sphagnum are mainly Lithic Udip-
samments and Lithic Haplosaprist, respectively 
(Strand et al. 2008). The thickness of the organic 
layer varies strongly, but is generally in the range 
5–15 cm below Calluna and 10–25 cm below 
Molinia. Selected soil characteristics are sum-
marised in Table 1. Three locations with either 
Calluna, Molinia or Sphagnum domination were 
chosen for soil water sampling.

Soil water sampling by macro rhizons 
and plate lysimeters

Soil water was collected monthly from upper 
(0–9 cm) and lower (> 20 cm) soils by use of 
macro rhizon soil moisture samplers (Eijkel-
kamp, Agrisearch Equipment, Netherlands) (ten-
sion lysimeters). The rhizons consist of a 9-cm 
porous component strengthened by a fibreglass 
epoxy rod coated with acrylonitrile butadiene 
styrene. The mean pore size is 0.1 µm and the 
outer diameter is 4.5 mm. The rhizons have 
polyvinyl chloride (PVC) tubings (internally 
lined with polyethene) with the 1 mm internal 
diameter. For soil water sampling from lower 
soil depths, extension tubes and PVC protection 
pipes were connected to the rhizons. The rhizons 
were installed in the soil at an angle of about 45°, 
at deeper soil layers in pre-augered holes. Three 
(in Calluna and Molinia) or two (in Sphagnum) 
rhizons were installed at the two depths at three 
randomly chosen places in each vegetation type, 
giving a total of 18 rhizons below Calluna and 
Molinia and 12 in the more homogenous Sphag-
num soil. All rhizons were installed in August 
2005. Water sampling for this study started in 
May 2006, and was carried out using 50 ml 
syringes (= combined vacuum pump and sample 
container). Water from the three (or two) rhizons 
at the same depth and site was pooled. Thus, on 
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each sampling date, three samples from each of 
the two depths were analysed, i.e. six samples 
for each vegetation type. In June, a dry period 
(Strand et al. 2008) prevented a total analysis 
program due to small water volumes.

Plate lysimeters (zero tension lysimeters) 
were also installed, adjacent to the rhizons. 
Opposite to the snapshot situation indicated by 
the rhizons, the lysimeters were installed to show 
the integrated situation between two sampling 
occations. Two plate lysimeters were installed 
next to each other at the 10 and 30 cm depths 
(20 cm at one Sphagnum site and one Molinia 
site due to exposed bedrock and waterlogging, 
respectively, at the greater depth) at each of the 
three sites within each vegetation type. The plate 
lysimeters, 10 ¥ 20 cm with a 2-cm-high rim, 
were made from plexiglas. Gravitational soil 
water from the lysimeters was collected through 
a 7-mm (inner diameter) open tip coupled to 
a silicon tube (10 mm inner diameter). Water 
from the two lysimeters at the same depth was 
converged and one joint tube was connected to a 
2-l sealed glass bottle. The bottles were buried in 
the soil (~30 cm depth). All bottles were emptied 
once a month through silicon tubes using a port-
able manual pump. An additional tube from the 
bottles ensured influx of air while pumping. The 
water was filtered through 0.45 µm membrane 
filters (Millipore) and brought to the laboratory. 
Water collection started in November 2005, but 
due to soil disturbance when installing the plate 
lysimeters, water collected before May 2006 was 
not analysed.

Chemical analyses

Soil water from the rhizons and the plate lysim-
eters was analysed for DOC, NH4-N, NO3-N 
and total dissolved N (TDN). DOC was ana-
lysed using a total organic C analyser (TOC-V, 
Shimadzu Scientific Instruments, Inc., Kyoto, 
Japan). NH4-N was determined colorimetri-
cally at 655 nm after conversion to 5-aminosali-
cylate (Stasar II, Gilford Instrument laboratories 
Inc., Oberlin, Ohio). NO3-N was reduced to 
NO2-N, which was determined colorimetrically 
at 540 nm after conversion to an azo-compound 
(Tecator FIAstar 5010/5023/5027/5032, Prabin 
& Co. AB, Sweden). TDN was oxidized to 
NO3-N by peroxodisulphate in alkaline solution 
and determined as NO3-N above. DON was cal-
culated as TDN minus (NH4-N + NO3-N).

Statistics

Effects of vegetation were tested with the Gen-
eral Linear Model (GLM) procedure, compil-
ing all data from each lysimeter type and soil 
depth. Tukey’s multiple comparisons procedure 
was performed for all analyses that showed sig-
nificant effects. Effects of vegetation and depth 
were also tested using GLM for single dates, 
but due to large spatial variation there were few 
significant effects. Correlations between selected 
parameters were tested using Pearson’s correla-
tion analysis. Regression analysis was performed 
to test the relation between rhizon water and 

Table 1. selected soil characteristics for the different vegetation types. values are based on n = 3 profile descrip-
tions (l. t. strand unpubl. data). values in parentheses are standard deviations.

Parameter Depth Calluna Molinia Sphagnum

c concentrations (%) 0–10 cm 44.3 (6.4) 46.8 (7.1) 46.8 (0.7)
 > 20 cm 5.6 (2.8) 30.2 (24.3) 43.3 (7.4)
n concentrations (%) 0–10 cm 1.6 (0.1) 2.3 (0.2) 2.4 (0.5)
 > 20 cm 0.3 (0.2) 1.8 (1.5) 2.5 (0.2)
mean c/n ratio (from concentrations) 0–10 cm 27.6 20.2 19.8
 > 20 cm 21.8 16.5 17.5
soc (g kg–1) 0–10 cm 445 (185) 420 (311) 458 (294)
 > 20 cm 39 (96) 307 (16) 443 (151)
son (g kg–1) 0–10 cm 19 (10) 21 (20) 26 (16)
 > 20 cm 2 (5) 19 (1) 26 (9)
ph 0–10 cm 4.2 (0.2) 4.3 (0.1) 4.3 (0.0)
 > 20 cm 4.8 (0.2) 4.8 (0.1) 4.3 (0.1)
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plate lysimeter water for selected parameters. 
Results were considered significant at p ≤ 0.05. 
Minitab Release 14 was used as statistical soft-
ware.

Results

DOC, DON and DIN

Concentrations of DOC in water of the upper 
soil layers tended to increase in summer below 
Calluna, and in August the concentrations were 
significantly higher than below Sphagnum (Fig. 
1A and B). In autumn, the DOC concentrations 
in soil water below Molinia were at least as 
high as below Calluna. For DON there was also 
a tendency of increased concentrations during 
summer, in this case below both Calluna and 
Molinia (Fig. 2A and B). Generally, DOC and 
DON concentrations in the upper soil layers 
below Sphagnum were slightly lower than those 
below Calluna and Molinia, and they showed the 
smallest variation with time. Concentrations of 

DOC and DON declined significantly with depth 
below Calluna, and to a lesser extent below 
Molinia (Figs. 1, 2A and C). There was little 
variation with depth below Sphagnum, so that in 
the deeper soil layers, Sphagnum soil water had 
significantly higher DOC concentrations than 
Calluna soil water (all data compiled; Fig. 1C 
and D). For the rhizon samples from the deeper 
soil layers, DOC concentrations below Sphag-
num were also significantly higher as compared 
with those below Molinia (Fig. 1C), and both 
DOC and DON concentrations were significantly 
higher below Molinia than below Calluna (Figs. 
1C and 2C). There was less temporal variation 
in DOC and DON concentrations at this depth. 
The DOC/DON ratio increased in late autumn 
below all vegetation types (Fig. 3). DOC/DON 
declined with depth in rhizon soil water below 
Calluna (Fig. 3C). The DOC and DON con-
centrations showed a similar pattern in rhizon 
and plate lysimeter water, whereas NH4

+ and 
NO3

– concentrations were considerably higher 
and showed much more variation in water from 
the plate lysimeters as compared with that from 
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Fig. 1. mean dissolved organic carbon (Doc) concentrations in soil water collected with (A) rhizons at 0–9 cm 
depth, (B) plate lysimeters at 0–10 cm depth, (C) rhizons at > 20 cm depth, and (D) plate lysimeters at 20/30 cm 
depth from may to november 2006. error bars indicate ± 1 sD. cal = Calluna, mol = Molinia, sph = Sphagnum.
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Fig. 2. mean dissolved organic nitrogen (Don) concentrations in soil water collected with (A) rhizons at 0–9 cm 
depth, (B) plate lysimeters at 0–10 cm depth, (C) rhizons at > 20 cm depth, and (D) plate lysimeters at 20/30 cm 
depth from may to november 2006. error bars indicate ± 1 sD. cal = Calluna, mol = Molinia, sph = Sphagnum.

Fig. 3. mean Doc/Don ratio in soil water collected with (A) rhizons at 0–9 cm depth, (B) plate lysimeters at 0–10 
cm depth, (C) rhizons at > 20 cm depth, and (D) plate lysimeters at 20/30 cm depth from may to november 2006. 
error bars indicate ± 1 sD. cal = Calluna, mol = Molinia, sph = Sphagnum.
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the rhizons (Figs. 4 and 5). This pattern was 
evident throughout the sampling period, but was 
especially clear during summer. Compiling all 
data, concentrations of NO3

– in plate lysimeter 
soil water were significantly higher below Cal-
luna than below the other two vegetation types, 
at both depths (Fig. 5B and D). The same trend 
was shown for the rhizons, but differences were 
significant in May, July and August at > 20 cm 
only (Fig. 5A and C). Soil water NH4

+ concen-
trations below Calluna were higher than below 
Sphagnum in the upper soil layers. This was only 
significant for the rhizon water (Fig 4A). At the 
deeper soil layers, the NH4

+ concentrations in 
rhizon water were significantly lower below Cal-
luna than below Sphagnum (all data compiled; 
Fig. 4C). For the rhizon water, the DIN con-
centrations below Molinia and Sphagnum were 
relatively similar (Figs. 4A and C, 5A and C), 
whereas for the plate lysimeter water there was 
a tendency towards higher DIN concentrations 
below Molinia than below Sphagnum (Figs. 4B 
and D, 5B and D). In the same way as for DOC 
and DON concentrations, the difference in DIN 

concentrations in soil water below Calluna and 
Molinia decreased in the autumn, at both depths 
(Figs. 4 and 5).

Correlations

Figure 6 shows the linear relationship between 
chemistry in soil water sampled by rhizons and 
plate lysimeters. For DOC and DON concentra-
tion, results for the two different water types 
were significantly correlated (R2 = 0.53 and 0.51, 
respectively) (Fig. 6A and B). By contrast, there 
were poor correlations between results from the 
two lysimeter types for NH4

+
 and NO3

– concen-
tration (Fig. 6C and D).

Correlations between different parameters 
for soil water sampled by either rhizons or 
plate lysimeters, are summarised in Table 2. The 
DOC concentration was significantly and posi-
tively correlated with the DON and NH4

+ con-
centrations. For the plate lysimeters, the DOC 
concentration was also significantly positively 
correlated with the NO3

– concentration, but the 
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Fig. 4. mean ammonium (nh4-n) concentrations in soil water collected with (A) rhizons at 0–9 cm depth, (B) plate 
lysimeters at 0–10 cm depth, (C) rhizons at > 20 cm depth, and (D) plate lysimeters at 20/30 cm depth from may to 
november 2006. error bars indicate ± 1 sD. cal = Calluna, mol = Molinia, sph = Sphagnum.
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Table 2. Pearson correlations for different soil water results sampled by zero tension lysimeters and macro rhizons 
(in boldface). n = 75–100, p ≤ 0.05, ns = not significant.

 Doc Don Doc/Don nh4-n

Don 0.77/0.75 0.00– – –
Doc/Don 0.ns/0.26 –0.37/–0.32 – –
nh4-n 0.52/0.70 0.75/0.63 ns/ns –
no3-n 0.36/ns 0.64/0.79 ns/ns 0.80/0.34

correlation between the DON and NO3
– con-

centrations was stronger. NH4
+ and NO3

– were 
significantly positively correlated in both types 
of water.

Discussion

Lysimeter type and the chemistry of the 
collected water

Comparisons of the zero tension and tension 
lysimeters most often show higher concentrations 
of solutes in solution collected by tension lysime-
ters, since the water is assumed to have more time 

to react with the soil in finer pores as compared 
with the freely draining water (Simmons and 
Baker 1993, Fernandez et al. 1995, Marques et al. 
1996, Reynolds et al. 2004). In the present study, 
we have to take into account that the two differ-
ent lysimeter types reflect two different situations 
regarding time resolution. However, the slightly 
lower DOC and DON concentrations in rhizon 
water than in plate lysimeter water corresponded 
to results reported by Geibe et al. (2006), and 
may be a result of larger residence time and a 
higher possibility of retention of DOM in the 
finer pores, from where the rhizons collect water.

The several times greater DIN concentrations 
in plate lysimeter water than in rhizon water, and 

Fig. 5. mean nitrate (no3-n) concentrations in soil water collected by (A) rhizons at 0–9 cm depth, (B) plate lysim-
eters at 0–10 cm depth, (C) rhizons at > 20 cm depth, and (D) plate lysimeters at 20/30 cm depth from may to 
november 2006. error bars indicate ± 1 sD. cal = Calluna, mol = Molinia, sph = Sphagnum.
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the poor correlations between the two types of 
soil water for Calluna and Molinia sites, con-
tradicted what we hypothesised (hypothesis 1). 
Our initial explanation was that mineralisation 
occurred before the glass containers were emp-
tied and the water filtered. Both NH4

+ and NO3
– 

concentrations are known to be easily altered by 
biological processes (Ross and Bartlett 1990, 
Weihermüller et al. 2007), and especially at high 
temperatures during summer it is possible that 
this could occur. However, DON did not show 
any corresponding decrease as compared with 
that in rhizon water. On the contrary, it showed 
a slight increase, and DON was positively cor-
related with NO3

–. Even though the differences 
between the two solution types were considera-
ble, the concentrations in water from plate lysim-
eters were not unrealistically high as compared 

with those of the precipitation in the area (Strand 
et al. 2008). Thus the most plausible explanation 
for the high concentrations of DIN in the zero 
tension water as compared with that in the rhizon 
water is that the freely percolating water was less 
affected by soil processes, due to short residence 
time and the fact that the root systems and asso-
ciated mycorrhiza only to a low degree develop 
in macropores (Ranger et al. 2001).

Vegetation control on DOC and DON

The higher DOM production in the upper soil 
layers below Calluna than below Molinia during 
summer contradicted what we hypothesised 
(hypothesis 2). However, it corresponds with 
Strand et al. (2002), who reported higher soil 
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water concentrations of DOC below Calluna 
than below Molinia in a lysimeter experiment 
with soil from the same area as in the present 
study. Generally, one could expect higher DOM 
production below Molinia due to the lower 
lignin content of the litter (van Vuuren and van 
der Eerden 1992, Magill and Aber 2000) and the 
possibly higher degradability (Berendse et al. 
1989, Aerts et al. 1992, van Vuuren et al. 1993, 
van Vuuren and Berendse 1993). However, if 
litter and SOM below Molinia is more degrada-
ble, the lower DOM production in summer may 
be due to a higher degree of complete minerali-
sation (Gödde et al. 1996, Tipping et al. 2007). 
A higher degradability of the Molinia soil may 
be supported by the lower C/N ratio as compared 
with that in the Calluna soil (Table 1), as a low 
C/N ratio is commonly associated with higher 
decomposition rates (Gödde et al. 1996, Kalbitz 
et al. 2000). However, a low C/N ratio can also 
be associated with low decomposition rates, if it 
is an indication of highly decomposed material 
(Gödde et al. 1996).

The similar or higher DOC and DON concen-
trations in the upper soil layers below Molinia 
as compared with those below Calluna in late 
autumn (Oct.–Nov.) were in line with hypoth-
esis 2. It also corresponds with results from a 
freezing–thawing laboratory study on soil cores 
(upper 15 cm) from the same area. In that study, 
the Molinia soil gave higher concentrations and 
fluxes of DOC and DON than the Calluna and 
Sphagnum soils (Vestgarden and Austnes 2009). 
These results are more in line with what could 
be expected if SOM and litter below Molinia 
is more degradable (see above). It is possible 
that the higher degradability is more strongly 
reflected in DOM production in late autumn 
and winter, as the relative contribution of DOM 
(compared with CO2) to the C released during 
decomposition has been found to be higher at 
lower temperatures (Gödde et al. 1996).

The decline in DOC and DON concentrations 
with depth below Calluna, can be related to the 
marked decrease in organic matter content with 
depth in this soil (Table 1) (Tipping et al. 1999). 
The decreased DOC/DON ratio with depth could 
be due to older and more decomposed organic 
matter in the deeper than the upper soil layers 
(Schlesinger 1997) or a weaker adsorption of 

DOM with low DOC/DON ratio (Kalbitz et al. 
2000).

Sphagnum was an important source for DOC 
and DON release. At the 10 cm depth the C 
content was ~45% for all vegetations. Given the 
special properties and slower decomposition of 
organic matter derived from Sphagnum (Verho-
even and Toth 1995, Scheffer et al. 2001, L. S. 
Vestgarden unpubl. data), one could expect mark-
edly lower DOC and DON concentrations below 
Sphagnum than below Calluna and Molinia at 
this depth. However, the concentrations were 
only slightly lower below Sphagnum. The higher 
DON, and particularly DOC, concentrations at 
the > 20 cm depth below Sphagnum as compared 
with those below the other vegetations, supported 
hypothesis 3 and was probably due to the higher C 
and N contents below Sphagnum (Table 1).

The summer peaks of DOC and DON in our 
study correspond to the seasonal pattern of total 
organic carbon and nitrogen in the runoff from 
small headwater catchments in the same area 
(Strand et al. 2008). DOC and DON are often 
found to be higher in summer than winter, due 
to enhanced microbial activity and/or low water 
fluxes (Cronan and Aiken 1985, Currie et al. 
1996, Scott et al. 1998, Kalbitz et al. 2000). The 
increase in DOC/DON ratio in late autumn may 
be a result of the DOM being less decomposed 
than in summer, when the temperature is higher, 
or a result of increased input of fresh litter 
(Currie et al. 1996).

Vegetation control on concentrations of 
NH4

+ and NO3
–

The higher concentrations of inorganic N for 
Calluna as compared with those for Molinia 
were most evident for NO3

–. Since this vegeta-
tion effect was not significant for rhizon water, 
hypothesis 4 was only partly supported. A simi-
lar vegetation effect on NO3

– concentrations was 
found in the above-described freezing–thaw-
ing incubation experiment by Vestgarden and 
Austnes (2009). Hence a higher NO3

– retention, 
a lower nitrification and/or a more extensive 
denitrification may have occurred below Molinia 
and Sphagnum as compared with that below Cal-
luna. Moreover, Calluna prefers NH4

+ as the N 
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source, whereas Molinia and Sphagnum utilise/
absorb both NH4

+ and NO3
– (de Graaf et al. 1998, 

Tomassen et al. 2003, Herrmann et al. 2005). 
This may also contribute to a higher NO3

– con-
centration below Calluna than below Molinia 
and Sphagnum.

To get rough estimates of N fluxes, we com-
bined the plate lysimeter NO3

–, NH4
+ and DON 

concentrations with the runoff data (continu-
ously logged) from an adjacent small (48 m2) 
and shallow (mean depth 12 cm, max. depth 
34 cm) headwater catchment (Strand et al. 
2008). Since detailed water fluxes for the dif-
ferent vegetation spots are lacking, the estimates 
only indicate potential fluxes, and the differences 
between vegetations are results of differences in 
concentration only. The TDN flux estimates from 
the 10 cm depth for the period May–Novem-
ber were 467, 362 and 194 mg N m–2 for Cal-
luna, Molinia and Sphagnum, respectively. From 
the 20 cm depth, corresponding values were 
313, 204 and 222 mg N m–2. NO3-N contributed 
54% to the TDN loss below Calluna (20 cm). 
Thus, with an annual wet deposition of 332 
mg NO3-N m–2 in the area (average for the period 
2001–2005) (Strand et al. 2008), the NO3-N 
export from the 20 cm depth below Calluna 
(May to November) corresponded to 50% of the 
deposition input. Summing NO3

– and NH4
+ gives 

an output equal to 32% of the annual wet deposi-
tion of inorganic N (650 mg m–2) (Strand et al. 
2008) during summer and autumn. Correspond-
ing values for Molinia and Sphagnum based on 
the same approach are 10% and 6%. In addition 
to the already-mentioned limitations of the flux 
estimates, our results include neither winter nor 
spring, which may be important contributors, 
and also to some degree may give different pat-
terns concerning the vegetation control of the 
concentrations and fluxes of N (Vestgarden and 
Austnes 2009).

Possible consequences of vegetation 
changes on DOM and DIN release from 
montane areas

During the last decades, a replacement of vegeta-
tion adapted to low N-input with more nitrophil-
ous species has been driven by increased N 

deposition and nutrient availability (Milne and 
Hartley 2001). This has been especially evi-
dent for nutrient-poor heathlands, where Calluna 
vulgaris to a large extent has been replaced by 
grasses such as Molinia caerulea and Deschamp-
sia flexuosa (Heil and Bruggink 1987, Chambers 
et al. 1999, Britton et al. 2003). Increased nutri-
ent availability and higher sensitivity to frost and 
damage by the heather beetle Lochmaea sutura-
lis (Thompson) is probably the key to these 
specific changes (Aerts 1989, Lee 1998, Carroll 
et al. 1999, Sæbø et al. 2001, Roem et al. 2002). 
Increased grazing may also give replacement 
of Calluna moorland with Molinia-dominated 
grassland (Hester et al. 1996).

Increased N-deposition has also changed 
species composition in ombrotrophic bogs with 
invasion of grasses as Molinia when the Sphag-
num layer has reached a maximum N content 
and started leaching of N to the roots of vascular 
plants (Tomassen et al. 2004). Declined size of 
Sphagnum beds may also be due to higher tem-
peratures and lower precipitation (Whinam and 
Copson 2006).

Our results indicate that a shift of Calluna 
to Molinia will have greater effects on DIN pro-
duction than on DOM production, since the soil 
water NO3

– concentrations in soil water were 
60%–70% higher below Calluna than Molinia 
during summer/autumn. Hydrology and possible 
hydrologic changes will play an important role 
for the effects of a change from Calluna towards 
Molinia domination. Where the water flows at 
shallow depths, our results indicate no change, 
or a slight reduction of DOM concentrations 
with the given vegetation shift, whereas at sites 
with the main water flow occurring deeper than 
20–30 cm, DOM, and especially DOC concentra-
tions may increase if Molinia replaces Calluna.

Invasion of Molinia on Sphagnum beds is not 
likely to cause major changes in soil water DOM 
and DIN concentrations. However, where water 
flows in deeper soil layers, one could expect 
decreased DOM concentrations.

Conclusions

Soil water collected by tension (rhizons) had 
lower concentrations of DOC, DON and DIN 
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than water collected by zero tension (plate) 
lysimeters. This was opposite to what we 
hypothesised (hypothesis 1). The explanation 
was probably that the rhizons collect water from 
the finer soil pores, where the residence time is 
longer and the possibility of retention is higher. 
The concentrations of DOC and DON in upper 
soil layers with high and fairly similar content 
of organic matter was lower below Sphagnum 
than below Calluna and Molinia. This was prob-
ably due to lower degradability of Sphagnum 
litter and SOM, but the difference was not as 
marked as expected. Higher concentrations were 
observed below Calluna than Molinia, especially 
during summer, most likely due to a higher 
degree of complete mineralisation to CO2 below 
Molinia. Hypothesis 2, that the concentrations 
would increase in the order Sphagnum < Calluna 
≤ Molinia was thus only partly supported. The 
concentrations of DOC and DON in deeper soil 
layers increased in the order Calluna < Molinia 
< Sphagnum. This corresponds to the variation 
in organic content, and the results are thus in line 
with hypothesis 3. Soil water concentrations of 
inorganic N increased in the order Sphagnum < 
Molinia < Calluna for the plate lysimeters. This 
was most evident for NO3

–
. Generally NO3

– con-
centrations were higher than the concentrations 
of NH4

+, indicating that NH4
+ was more effec-

tively retained in the soils. Thus, hypothesis 4 
was partly supported.

The vegetation composition, as well as pos-
sible changes in this, seem to be important con-
trols on the present and future C and N release 
in our and other similar heterogeneous montane 
systems.
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