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RESEARCH New Phytol. (2000), 147, 527-537 

Nitrogen fertilization reduces Sphagnum 
pro uction in bog communities 
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Villavdgen 14, SE- 752 36 Uppsala, Sweden 
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SUMMARY 

The effects of increased nitrogen influx on Sphagnum growth and on interspecific competition between Sphagnum 
species were studied in a 3-yr experiment in mires situated in two areas with different rates of airborne N 
deposition. Sphagnum growth was recorded after various supplementary N influxes (0, 1, 3, 5 and 10 g m-2 yr-1) 
in hummocks and lawn communities. Sphagnum biomass production decreased with increasing N influx in both 
areas. After the first season at the low-deposition site, Sphagnum showed an increased growth in length with the 
intermediate N treatment, but in the second and third seasons the control treatment had the highest growth in 
length. Capitulum dry mass increased with increasing N influx. Sphagnum N concentration and N/P quotient 
were higher at the high- than at the low-deposition site. The low quotient at the low-deposition site, together with 
the initial growth increase with intermediate N supplements, indicates that growth was N-limited at this site, but 
our lowest N supplement was sufficient to reduce growth. The N treatments had no effect on interspecific 
competition between the Sphagnum species. This indicates that the species have similar responses to N. The 
species studied all occur naturally on ombrotrophic, N-poor sites and show low tolerances to increased N influx. 
Reduced Sphagnum production may affect the carbon balance, changing the mires from C sinks to sources. 

Key words: air pollution, competition, eutrophication, fertilization, growth, nitrogen, Sphagnum, production. 

INTRODUCTION 

Boreal mires are characterized by their often con- 
spicuous microtopographic patterns with 
hummocks, lawns and hollows in increasing order of 
wetness. These microtopographic patterns are at 
least partly a result of interactions between 
Sphagnum (peat mosses) and vascular plants 
(Malmer et al., 1994). Hummocks can show high 
peat production over long periods compared with 
hollows (Ohlson & Okland, 1998) and have a thicker 
peat layer that is at least occasionally aerated 
(acrotelm, senasu Ingram, 1978). Methane emissions 
are reduced by a thick acrotelm, where the methane 
is oxidized (Sundh et al., 1995), thus hummocks 
emit less methane than hollows. 

Different vascular plant and bryophyte species 
characterize hummocks and hollows. Sphagnum 
species of the Acutifolia section, with good capillary 
water transport systems (Hayward & Clymo, 1982; 
Rydin, 1985), usually build up the hummocks. 
Branches and root systems of ericaceous shrub 
species provide structural support for the 
hummocks. Hollows are dominated by other, usually 

*Author for correspondence (fax +46 18 553419; e-mail 
urban.gunnarsson(ebc.uu.se). 

larger Sphagnum species, and among the vascular 
plants by narrow-leaved graminoids offering less 
support (Malmer et al., 1994). The intermediate 
zone between hummocks and hollows, the lawns, 
have species typical of both hummocks and hollows. 
Changes in the rate of peat production, decay, and 
vegetation in the lawn community potentially lead to 
development into either a hummock (increased peat 
net accumulation) or a hollow (decreased peat 
accumulation). 

A major threat to the function of terrestrial 
ecosystems in recent decades is increased airborne N 
pollution (Galloway, 1995; Bobbink et al., 1998; 
Lee, 1998). In a fertilizer experiment, Aerts et al. 
(1992) compared growth of Sphagnum in southern 
and northern Sweden. They found that growth 
increased in the north after N addition, and in the 
south after P addition. They interpreted this as 
indicating N saturation in southern Sweden as a 
result of a high N influx, and that instead growth was 
limited by P. We might therefore expect a threshold 
level of N influx above which Sphagnum growth 
switches from being N- to being P-limited. However, 
the results of Aerts et al. (1992) can be questioned on 
two counts: (1) Sphagnum species tested in northern 
Sweden were different from those tested in southern 
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Sweden; and (2) the experiments lasted only one 
growing season. 

Nitrogen deposition might affect bryophytes and 
vascular plants differently, as they capture N in 
different ways. Bryophytes lack roots and N is taken 
up directly through the leaves, while vascular plants 
take up N mainly through their roots. As the N 
supply to ombrotrophic bogs is exclusively through 
precipitation, the Sphagnum mosses, covering the 
mire surface, have an advantage over the vascular 
plants when capturing N (Malmer, 1988; Svensson, 
1995). The vascular plants have first access to N after 
mineralization of the peat. With increased N influx, 
the question is: to what optimum influx will 
Sphagnum increase its growth and capture the N? At 
some influx we expect that Sphagnum growth will 
become N-saturated or even toxic, and the N will be 
available to the vascular plants. This might change 
the competitive hierarchy (sensu Keddy, 1990) 
among the mire plants. Altered relations between 
Sphagnum and vascular plants might lead to changed 
proportions of hummocks and hollows on the mires 
(Lee & Studholme, 1992; Malmer et al., 1994), and 
change in their net peat accumulation rate and 
methane emission rate. Since northern peatlands 
contain 20-30%o of the world's total organic C 
(Gorham, 1991), this has implications for the global 
C balance (van Breemen, 1995). 

The term 'critical load' has been applied to 
description of the sensitivity of different ecosystems 
to environmental changes. Grennfelt & Thornelof 
(1992) defined the critical load for N as 'A quan- 
titative estimate of an exposure to deposition of N as 
NHX and/or NO, below which empirical detectable 
changes in ecosystem structure and function do not 
occur according to present knowledge'. A problem 
of this concept is that the critical loads probably 
differ among areas and populations (Jefferies & 
Maron, 1997). However, one advantage of studies in 
ombrotrophic mires is that the only N source is the 
precipitation, making comparisons among sites and 
regions meaningful. 

We performed 3-yr fertilization experiments with 
Sphagnum species in two areas in Sweden differing in 
N deposition ('deposition' is used for the present 
'natural' influx). Growth, shoot formation and 
interspecific competition were studied in mixtures of 
hummock Sphagnum species and in lawn com- 
munities as a function of N influx. The experiments 
were designed to answer the following four 
questions. (1) Does Sphagnum respond differently in 
areas of high and low N deposition when additional 
N is applied? (2) Does increased N supply affect 
growth patterns in Sphagnum, and does it affect 
competitive relations between the species? (3) Does 
N fertilization affect Sphagnum growing in 
hummocks differently from that growing in lawns?> 
(4) Does a 3-yr experiment yield results different 
from those of shorter study ? 

MATERIAL AND METHODS 

We performed two experiments. In experiment 1, 
Sphagnum hummocks were fertilized at the mires 
Akhultmyren and Luttumyren. In experiment 2, 
part of the EU-funded BERI project (Hoosbeek et 
al., 1995), Sphagnum-dominated lawn communities 
were fertilized at the mire Koppar'asmyren (Fig. 1). 
Koppar'asmyren and Akhultmyren are situated in 
southern Sweden in an area where the N wet 
deposition is about 0.7 g m-2 yr-1; Luttumyren is in 
central Sweden with about half that level of N 
deposition (Table 1). Thus the results from 
Akhultmyren and Luttumyren enable us to compare 
areas exposed to different rates of deposition, and the 
results from Akhultmyren and Koppar'asmyren give 
the comparison between hummock and lawn com- 
munities. Descriptions of Akhultmyren and 
Koppar'asmyren are given by Malmer (1962a,b) and 
Malmer (1990), respectively. 

Experiment 1 

At the end of July 1996 (Akhultmyren) and at the 
beginning of August 1996 (Luttumyren), 20 x 20 cm 
plots were established on selected sites with natural 
species mixtures of Sphagnum rubellum Wils. +S. 
magellanicum Brid. and S. fuscum (Schimp.) 
Klinggr. + S. magellanicum. All plots were located in 

Luttumyren 
T*s 

'90t 
Kopparas 

Akhult 

Fig. 1. Map of Sweden showing positions of the mire sites 
investigated.. 
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Table 1. Location, climate, deposition and ammonium proportion of wet deposition at the closest recording station 
for three Swedish mire sites 

Percentage 
Nitrogen wet ammonium of 

Altitude Precipitation deposition (g total N wet 
Site (station) Lat./long. (m) (mm) m-2 yr-1) deposition 

Akhultmyren (Aneboda) 570 06' N, 140 33' E 225 789+124 0.72+0.12 63 
Kopparasmyren (Aneboda) 570 07' N, 140 30' E 225 789+124 0.72 +0.12 63 
Luttumyren (Tand6vala) 610 02' N, 130 22' E 500 814+ 92 0.42+ 0.09 57 

The distance from Akhultmyren and Koppar'asmyren to Aneboda is 2 km, and from Luttumyren to Tand6vala approx. 
25 km. Wet deposition and precipitation data are from Swedish Environmental Research Institute (IVL). Precipitation 
and wet deposition values are yearly mean (? SD) values for 1983-98 in Aneboda and 1987-98 in Tandovala. 

bog or poor fen sites at the mire expanse on high 
hummocks (S. fuscum + S. magellanicum) or on low 
hummocks (and occasionally on high lawns) (S. 
rubellum +S. magellanicum). 

Five rates of N application were used: 0, 1, 3, 5 
and 10 g m-2 yr-1. Each treatment included five 
replicate plots, and the treatments were randomly 
assigned among the plots. Nitrogen was added as 
NH4NO3 in solution with distilled water (0.6 dm3 
plot-1 yr-1, equalling 15 mm extra precipitation per 
year). Because of the late start of the experiment in 
1996, only half the yearly dose was applied, divided 
into three applications. In 1997 and 1998 the full 
dose was applied in five applications per year. 

The growth in length of the Sphagnum species was 
measured using a cranked-wire method (Clymo, 
1970), with the following modification of the wires 
(developed by Bo Wallen, Lund University, 
Sweden). A small brush (approx. 1 cm in diameter) 
was attached to the lowest centimetre of the wire. 
The wire was inserted into the Sphagnum matrix 
with a narrow tube, the brush fixed c. 4 cm below 
the surface, and the tube then pulled up. The 
modified wires attached better to the Sphagnum 
matrix than the original cranked model. Three wires 
were used per plot. 

To assess competition between the species, the 
areas covered by each Sphagnum species were drawn 
on transparent film (diam. 10 cm) placed on the 
middle of the plots (Rydin, 1986). The areas covered 
by the different species were then measured using a 
digitizing pad. 

Measurements in the first year (1996) were made 
at the start of August and the end of September (no 
areas mapped), and then at the beginning of June 
and at the end of September in 1997 and 1998. The 
height of each plot above the groundwater table was 
measured in September (Akhultmyren) and in June 
(Luttumyren) 1998. 

Experiment 2 

At Koppar'asmyren 20 circular plots with lawn 
vegetation (1 m diam.) were established in June 1996 
in five blocks. The Sphagnum species were, in order 

of decreasing cover, S. magellanicum, S. papillosum 
Lindb., S. rubellum, S. balticum (Russ.) C. Jens., and 
S. tenellum Brid. Four rates of N addition (0,1, 3 and 
5 g m-2 yr-1) were randomly assigned within the 
block, and applied five times during the field season. 
Four wires per plot were put into the lawns, and 
vertical length was measured at the start of June and 
the end of September for the growing seasons of 
1996, 1997 and 1998. Height above the groundwater 
table was measured in September 1998. 

Sampling 

At the end of the 1998 growing season, cylindrical 
samples (10 cm diam.) were taken from the middle of 
each plot in experiment 1. Additionally, at the start 
of this experiment we collected small cylindrical 
samples (2.75 cm diam.) just outside the plots. The 
samples were separated into species and divided into 
the top 1 cm (capitula) and the next 2 cm (stems). 
The fractions were separately dried for 24 h at 80?C, 
and weighed. The numbers of capitula and stems (at 
3 cm depth) were counted. For each plot the quotient 
of number of capitula over number of stems, divided 
by the time taken to grow 3 cm, was used as a 
measure of new-shoot formation rate. 

The untreated (control) samples were analysed 
photometrically for Kjeldahl N and P using a flow- 
injection analyser (FIA star 5012, Foss Tecator AB, 
H6ganas, Sweden). 

At Kopparasmyren (experiment 2), a sample 
cylinder (7.5 cm diam.) was collected at the location 
of each wire in September 1998. The samples, 
representing the lawn community, were dried and 
weighed but were not sorted by species. 

Calculations of productivity 

Following Clymo (1970), Sphagnum length growth 
was converted to biomass by multiplying the length 
increment by the bulk density of the stem section. In 
natural systems the capitulum represents an un- 
changed 'machinery', and should not be used for the 
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mass-growth calculation (Pakarinen, 1978). How- 
ever, the capitulum section dry mass might change 
with experimental treatment, and this change should 
be added to the production. We used the mean 
capitulum section mass in the control plots as 'no 
change'. In experiment 1 (in which samples were 
harvested at the start) no change over time was found 
in the control capitulum section mass (paired t 
=-0.70, P = 0.49). Production was thus calculated 
for each mire and species as: 

P = LxB+Amc 

(L, length increment; B, bulk density of stem 
section; Amc, difference in capitulum section dry 
mass per unit area between treatment and mean for 
its control plots.) 

The species 

Sphagnum fuscum and S. rubellum belong to section 
Acutifolia, and are both hummock-formers. Usually 
S. rubellum is found in hummocks of low to 
intermediate height, and S. fuscum mostly grows in 
high ombrotrophic hummocks (Du Rietz, 1949). 
The larger S. magellanicum (section Sphagnum) has 
a wide ecological niche (Rydin, 1993a) and can be 
found both on high hummocks and in lawns, and in 
both minerotrophic and ombrotrophic mires. The 
lawn and hollow species S. papillosum (section 
Sphagnum), S. balticum (section Cuspidata) and S. 
tenellum (section Mollusca) were only of minor 
importance in experiment 2. 

Statistical analysis 

We used repeated-measures ANOVA for the change 
in area covered by the different species in experiment 
1, and ANOVA to test if the N, P and N/P quotient 
differed between mires, species and sections; other- 
wise we used ANCOVA. Two different ANCOVA 
models were used, one for the analysis of response 
variables common to both experiments, and one for 
analysis of additional response variables measured 
only in experiment 1. Distance to water table is 
known to influence the water balance and growth of 
Sphagnum (Rydin, 1993a), and was used as a 
covariate in the analyses. As water tables were only 
measured once, the data are influenced by the 
weather on that occasion; raw data for Luttumyren 
are therefore not comparable with those from the 
other mires. In the analysis we used plot height 
expressed as distance from the highest plot at each 
site. The influx of N added was used as a continuous 
variable throughout the analysis. Additionally, con- 
trasts of the differences between the mires and 
species mixtures were applied using the ESTI- 
MATE option in SAS (SAS Institute Inc., 1989), 
with corresponding t-tests. Two plots at Akhult- 

myren were destroyed by moose trampling in 
summer 1998 and were excluded from the analysis 
for that year. The block structure and lawn comm- 
unity were applied only at Koppar'asmyren and for 
this reason were nested within mire. 

RESULTS 

Biomass production 

In the analysis of the two experiments together, the 
total biomass production decreased significantly with 
increasing N supply (Fig. 2, Table 2). As an example 
of reduced production under the treatment with the 
highest N concentration, S. fuscum showed only 
50 and 79o of the control-plot production at 
0 
Akhultmyren and Luttumyren, respectively. 

The lawns at Kopparoasmyren had higher pro- 
duction than the hummock communities at 
0 
Akhultmyren and Luttumyren (t = 5.21, P < 0.001). 
The mixtures with S. rubellum at Akhultmyren had 
higher production than on Luttumyren (t = 3.46, P 
< 0.001), and than S. fuscum mixtures at 
0 
Akhultmyren. By contrast, S. fuscum mixtures had 
higher production than S. rubellum mixtures at 
Luttumyren (Fig. 2). 

In the control plots (representing regional and 
habitat differences), production of S. rubellum 
mixtures was similar at Akhultmyren and 
Kopparoasmyren, and was almost twice that on 
Luttumyren (Fig. 2). However, production at the 
control plots of S. fuscum mixtures was about the 
same at Akhultmyren and on Luttumyren (Fig. 2). 
The dry mass of the capitulum section increased 
with increasing N supply (Fig. 3, Table 2), but no 
factor had a significant effect on stem dry mass 
(Table 2). 

Length increment 

Length increment results were similar to those for 
production, although the variation was smaller for 
length increment. In the first year (1996) we found a 
significant increase in length under intermediate N 
supply on Luttumyren (Fig. 4, indicated by signifi- 
cant second-degree function, F = 4.80, P = 0.033). 
The greatest increase in length was found for 1 g m-2 
yr-F (S. fuscum mixtures) and for 3 g m-2 yr-F (S. 
rubellum mixtures); in both treatments increase in 
length was three times that of the control plots. 
However after 2 and 3 yr, length increment was 
negatively affected by N supply at all sites (Fig. 4, 
Table 2). When comparing the different species 
mixtures we found that increase in length was 
greater in the lawn communities at Kopparaismyren 
than in the hummocks on the other mires for all 3 yr 
(t =3.36, P <0.001, Fig. 4). 
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Fig. 2. Mean annual dry mass production (+ SE) of different Sphagnum mixtures at three mires after treatment 
with different N supplements. lThe mixtures were on Akhultmyren and Luttumyren hummocks with either S. 
fuscum + S. magellanicum (S. fuscum mix) or S. rubellumin + S. magellanicutm (S. rutbelluim mix) and a Sphagnumn 
lawn community on Kopparasmyren. 

Table 2. Summary of ANCO VA results on factors affecting production, length increment and dry masses of 
different species mixtures (lawn community at Kopparasmyren, Sweden and the hummock mixtures of Sphagnum 
fuscum + S. magellanicum and S. rubellum + S. magellanicum at the other mires) after treatment with different 
supplementary N influx (0, 1, 3, 5 and 10 g m-2 yr-') 

Length increment Dry mass 

Factor df Production 1996 1997 1998 Capitulum section Stem section 

Height 1 ns * ns ns * ns 
N dose 1 * ns * * ns 
Mire 2 *** * ** lS 

Species mixture (mire) 2 ns ns ns ns 
Block (mire) 4 ns nis ns ns ns lls 

lThe highest dose was not applied at Kopparasmyren. Blocks and the lawn community were applied only at 
Kopparasmyren, therefore block and species were nested within mire. Height, height above the groundwater table. *, 
P <0.05; **, P <0.01; ***, P <0.001; lls, P )0.05. 

Nitrogen and phosphorus content 

Nitrogen concentration was higher at the high- 
0 

deposition site (Akhultmyren) than in the low- 
deposition site (Luttumyren; Fig 5; Table 3). The P 
concentrations did not differ between the sites, hence 
the N/P quotient was higher at Akhultmyren (mean 
capitula N/P quotient = 19.6) than at Luttumyren 
(mean capitula N/P quotient = 13.0, Fig. 5). 
Concentrations of N were greater in the capitulum 
section than in the stem section (Fig. 5, Table 3). 

Capitulum density and shoot-formation rate 

In this analysis we distinguished the response of S. 
magellanicum and that of Sphagnum section 
Acutifolia (S. rubellum or S. fuscum). Capitulum 

density was not significantly affected by N treatment, 
but the density of S. magellanicum was significantly 

O 
higher at Akhultmyren than onl Luttumyren (t = 

3.56, P <0.001, Tables 4, 5). 
Nitrogen influx had a significantly negative effect 

on shoot-formation rate for both S. magellanicum 
and S. fuscum/S. rubellum (Tables 4, 5). The shoot- 
formation rate was highest at Akhultmyren (S. 
magellanicum contrast: t = 2.71, P = 0.008. S. 
fuscum/S. rubellum contrast: t = 2.87, P = 0.005). 

Change in areal distribution 

The change in areal distribution in the species 
mixtures showed large variation. There was no 
significant effect of N treatments (F = 1.10, P = 

0.29). The rate of areal change differed between 
mires (F = 5.0, P <0.001); the S. magellanicum area 
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Fig. 3. Mean dry mass (+SE) of the capitulum section (top cm) of different Sphagnum mixtures at three 
mires after treatment with different N supplements. The mixtures were on Akhultmyren and Luttumyren 
hummocks with either S. fuscum+S. magellanicum (S. fuscum mix) or S. rubellum+S. magellanicum (S. 
rubellum mix) and a Sphagnum lawn community on Koppar'asmyren. 
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concentrations and N/P quotient at two Swedish mire sites 

Factor d f N concentration P concentration N/P quontient 
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Table 4. Summary of ANCO VA results showing the effect of capitulum density and shoot formation rate after 
treatments with different supplementary N influx (0, 1, 3, 5 and 10 g m-2 yr-1) on two Swedish mires (Akhultmyren 
and Luttumyren and in two species mixtures (Sphagnum fuscum + S. magellanicum and S. rubellum + S. 
magellanicum) 

Capitulum density (m-2) Shoot formation rate (yr-') 

S. fuscum or S. fuscum or 
Factor df S. magellanicum S. rubellum S. magellanicum S. rubellum 

Height 1 ns ns ns ns 
N dose 1 ns ns ** * 
Mire 1 ** ns ** ** 

Species mixture 1 ns ** ns ns 
Mire x species mixture 1 ns * ** ** 

Responses of both S. magellanicum and either S. fuscum or S. rubellum are shown. Height is the height above the 
groundwater table. *, P <0.05; **, P <0.01; ns, P )0.05. 

Table 5. Capitulum density and shoot formation rate (number of new capitula per year and shoot) for different 
species (Sphagnum fuscum, S. rubellum and S. magellanicum) after treatment with different supplementary N 
influx on two mires, Akhultmyren and Luttumyren, Sweden 

Supplementary Akhultmyren Luttumyren 
N influx 
(g m-2 yr-1) S. fuscum S. rubellum S. magellanicum S. fuscum S. rubellum S. magellanicum 

Capitulum densities (cm-2) 
0 5.7 (0.3) 7.2 (1.3) 3.5 (0.5) 6.3 (0.7) 6.9 (0.6) 1.9 (0.2) 
1 5.9 (0.7) 7.9 (0.6) 2.9 (0.2) 7.1 (0.8) 8.1 (1.6) 2.0 (0.4) 
3 5.1 (0.4) 7.4 (0.6) 4.0 (0.8) 5.9 (0.5) 6.2 (0.8) 2.1 (0.3) 
5 7.0 (1.0) 9.1 (2.1) 2.8 (0.2) 7.5 (1.0) 6.0 (0.6) 1.9 (0.3) 

10 5.7 (0.7) 7.7 (0.3) 2.8 (0.3) 6.6 (0.6) 8.1 (1.0) 2.7 (0.5) 
Shoot formation rate (shoor1 yr-1) 

0 0.64 (0.17) 0.73 (0.11) 0.49 (0.07) 0.41 (0.08) 0.29 (0.04) 0.33 (0.05) 
1 0.34 (0.20) 0.51 (0.10) 0.35 (0.06) 0.35 (0.02) 0.29 (0.03) 0.28 (0.02) 
3 0.55 (0.06) 0.52 (0.09) 0.46 (0.06) 0.42 (0.07) 0.28 (0.05) 0.32 (0.05) 
5 0.39 (0.06) 0.45 (0.21) 0.32 (0.07) 0.26 (0.04) 0.20 (0.03) 0.21 (0.02) 

10 0.24 (0.07) 0.65 (0.14) 0.31 (0.07) 0.28 (0.07) 0.13 (0.04) 0.17 (0.04) 

Figures are means and SE (in parentheses). Sphagnum magellanicum figures are pooled from both S. fuscum and S. 
rubellum mixtures on the mires. 

increased on Luttumyren over time, but a decrease 
was seen at Akhultmyren. 

DISCUSSION 

Identification of the growth-limiting nutrient in 
wetland communities has been shown by 
Koerselman & Meuleman (1996) to be guided by the 
N/P quotient, with values above 16 indicating P 
limitation and those below 14, N limitation. Ac- 
cording to these guidelines, growth should be N- 
limited at Luttumyren (low-deposition site) and P- 

o 
limited at Akhultmyren (high-deposition site). This 
was confirmed by the observations from the first year 
(1996) that the Sphagnum mixtures at the low- 
deposition site had the maximum increase in length 
in the intermediate treatments. No growth stimu- 
lation was found in the N treatments at the high- d 
deposition site (Akhultmyren), which supports the 

conclusion of Aerts et al. (1992), that Sphagnum 
growth on bogs and poor fens in southern Sweden is 
N-saturated. Since the N/P quotient was rather 
close to the critical 14-16, the negative effects after 
two and three seasons support the breakpoint 
suggested by Koerselman & Meuleman (1996). 

Excess N can accumulate in Sphagnum tissue 
(Malmer, 1988), but when accumulation has reached 
a critical value, further N addition reduces growth. 
As an example Rudolph & Voigt (1986) showed that 
S. magellanicum was sensitive to high concentrations 
of ammonium ions. The hummock species S. fuscum 
and S. rubellum have been found to have high NH4- 
uptake rates (Jauhiainen et al., 1998b), but since 
there is no known regulatory mechanism blocking 
NH4 uptake, the species store N mainly as free 
amino acids (Baxter et al., 1992; Karisto et al., 1996; 
A. Nordin & U. Gunnarsson, unpublished). Nitro- 
gen supply rates of > 350 mmol m-2 yr-1 (c. 5 g m-2 
yr-1) had deleterious effects on Sphagnum growth in 
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England (Ferguson et al., 1984), and reduced shoot 
elongation was observed in a series of laboratory 
experiments on Sphagnum growth (Jauhiainen et al., 
1994, 1998a). 

Rudolph & Voigt (1986) found optimal N influx 
for Sphagnum growth in growth chambers to be 170 
mmol m-2 yr-1 (2.3 g m-2 yr-1). Our results show that 
the growth optimum was similar to this value, but 
only during the first year. The critical load of N 
(sensu Grennfelt & Thornelof, 1992) is, according to 
our results, somewhere below the lowest treatment 
(1 g m-2 yr '), and might well be at or below the 
actual deposition in Aneboda, Sm'aland (Table 1). 
The results further show the necessity for studies 
lasting > 1 yr to establish long-term critical loads. 

The morphological responses to N treatment of 
the Sphagnum mixtures included heavier capitula 
(top cm); decreased shoot-formation rate; and 
changed colour (more dark green and fewer coloured 
shoots after N addition). Jauhiainen et al. (1994) 
found increased capitulum mass in a high N 
treatment (10 g m-2 yr-l), mainly as a result of 
decreased length increment. This is also partly true 
of our study, but accumulation of biomass in the 
capitula is also of importance. Reduced shoot 
formation is probably a response of the impaired 
vigour of the fertilized Sphagnum plots. In the 
fertilized plots we observed that new shoots 
(innovations) were formed just under the old capitula 
as a form of emergency shoots. The darker green 
colour in the fertilized plots might indicate increased 
chlorophyll and reduced sphagnorubin concen- 
trations, which have been noted after N fertilization 
(Rudolph & Johnk, 1982; Rudolph & Voigt, 1986; 
Baxter et al., 1992). 

The different species mixtures and communities 
reacted differently to N addition. The higher 
production values of S. rubellum mixtures at 
0 
Akhultmyren than on Luttumyren (Fig. 2) show that 
the growth conditions were advantageous for growth 
of S. rubellum mixtures at the high-N-deposition 
site. The N-deposition influx might be better for 
growth of S. rubellum mixtures at Akhultmyren than 
at Luttumyren, where growth appeared to be N- 
limited. By contrast, productivity of S. fuscum 
mixtures was about the same at Akhultmyren as at 
Luttumyren (Fig. 2). At Akhultmyren, S. fuscum 
might not have been able to increase growth as much 
as S. rubellum at the high-N-deposition site; because 
it might be more sensitive than S. rubellum to high 
N-influx. During the first growing season on 
Luttumyren, the greatest length increase was found 
at N influxes of 1 and 3 g m-2 yr-1 for S. fuscum and 
S. rubellum mixtures, respectively. This is a further 
indication that S. fuscum hummocks are more 
sensitive than S. rubellum to increased N influx. In a 
series of laboratory experiments, Jauhiainen et al. 
(1994, 1999) found such differences between species 
in sensitivity to increased N concentration. Growth 

of S. fuscum was severely reduced by addition of 10 
g m-2 yr-l, but S. angustifolium, which is tolerant to 
a wide range of nutrient availability, showed no such 
reduction. The lawn community at Koppar'asmyren 
was less affected than the hummock communities by 
the addtion of N. 

Our N and P concentrations agree well with the 
results of Aerts et al. (1992), but we found no 
difference in P concentration between the sites. 
Nitrogen concentration was higher in the capitula 
than in the stem sections, reflecting the reallocation 
of N from old Sphagnum branches to the newly 
produced branches (Malmer, 1988). A similar trans- 
port of P has been shown in Sphagnum (Rydin & 
Clymo, 1989) but we did not find significant 
differences in P concentration between capitula and 
stem sections. 

Because of the large morphological differences 
between S. magellanicum and the section Acutifolia 
species (S. fuscum and S. rubellum), we had expected 
the species would show different responses to 
increased N supply. One explanation for the lack of 
difference between the species could be that all three 
occur naturally on nutrient-poor sites and are 
adapted to low N supply, and therefore show the 
same response to the treatment. The species in the 
mixtures were, in this case, competitive equivalents 
(Fowler, 1990) regarding increased N. Rydin (1993b) 
showed that some ombrotrophic Sphagna were more 
or less ecological equivalents in competition for area 
during a long-term transplantation experiment. By 
contrast, Litke Twenh6ven (1992) found in a field 
experiment that the minerotrophic species S. fallax 
was able to outcompete S. magellanicum under high- 
N supply in hummocks and lawns. 

Reduced increase in length can affect the com- 
petitive balance between vascular plants and Sphag- 
num to the benefit of the former. Vascular plants 
benefit not only because of reduced increase in 
length (light competition) of the Sphagna, but also 
because of the increased nutrient availability 
resulting from reduced nitrate retention after long 
exposure to a high deposition rate (Woodin & Lee, 
1987). Miore N will pass through the living 
Sphagnum and will be available for the vascular 
plants (Malmer et al., 1994; Jauhiainen et al., 1998b). 
Since S. fuscum and S. rubellum are two of the main 
hummock-forming Sphagna in boreal mires, 
reduced production of these species might lead to 
decreased hummock formation, and potentially 
change the microstructure of the bogs. The 
hummocks might change in structure and function - 
there is an obvious risk that hummocks will collapse 
under high N deposition. Reduced Sphagnum pro- 
duction in the hummocks might also result in 
decreased peat formation and increased methane 
emission (Sundh et al., 1995; Granberg et al., 1997). 

Many Sphagnum species have successfully adapted 
to grow in, and to create, true ombrotrophic 
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conditions. They have developed the ability to 
recycle nutrients (Malmer, 1988; Rydin & Clymo, 
1989) and store excess N (Malmer, 1990; Baxter et 
al., 1992), and therefore have a high nutrient-use 
efficiency. These same abilities result, as our data 
indicate, in little tolerance of increased N influx by 
these species. 
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