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The temporal growth pattern, above- and below-ground biomass allocation of Erio-
phorum vaginatum (cottongrass) and its nutrient immobilisation dynamics were 
studied in a greenhouse experiment. The temporal growth pattern was also studied in 
a field experiment with three N and P addition levels in a restored peatland buffer in 
central Finland. The greatest seasonal increase in accumulated N and P occurred in 
roots and stems and leaf sheaths concurrently with the highest leaf elongation and new 
daughter tiller production. The amounts of N and P immobilised in cottongrass tissues 
were 73 g N m–2 (91% of the added N) and 13 g P m–2 (77% of the added P). A remark-
able liberation of P into outflow water was observed at the end of the growing period. 
The annually increasing mass of dead organs of cottongrass, typically highly resistant 
to decomposition, forms a potential long-term sink for nutrients.
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Introduction

Eriophorum vaginatum (cottongrass) is a plant 
species typically flourishing in disturbed peatland 
ecosystems. It can rapidly become dominant after 
restoration of cut-away peatlands (Tuittila et al. 
2000) and peatlands drained for forestry (Heikkilä 
& Lindholm 1997, Komulainen et al. 1998, 1999), 
and following fire (Wein & Bliss 1973, Keatinge 
1975). In sites drained for forestry it has a peak in 
abundance following drainage succession (Laiho 
1996), as well as clear-cuts (Kuusipalo & Vuori-
nen 1981) and fertilisations (Päivänen 1970). 

Buds of cottongrass are formed in the leaf 
axils and develop rapidly into new tillers (Kum-
merow et al. 1988). This particular growth pat-

tern, in combination with slow decomposition of 
the stems and leaf sheaths, results in the forma-
tion of characteristic tussocks (Polozova 1970, 
Wein 1973, Fetcher & Shaver 1982). Cottongrass 
has annual roots, which show signs of suberiza-
tion only at the very end of the growing season 
(Kummerow et al. 1988). These roots tend to 
grow vertically downward showing only occa-
sional ramification (Kummerow et al. 1988). 

Cottongrass has many properties that facili-
tate its high nutrient immobilisation capacity, 
such as effective biomass production and a nutri-
ent storage system mainly based on stems and 
leaf sheaths (Shaver et al. 1986), the sequential 
pattern of leaf production (leaf cohorts) through 
the growing season (Jonasson & Chapin 1985) 
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and the long lifespan of individual tussocks 
(Mark et al. 1985). The well recognizable resi-
dues of dead organs (leaf sheaths and roots) can 
be found in the peat layers formed thousands of 
years ago (Mäkilä 1994). 

Cottongrass has a highly developed tolerance 
to low resources and a high competitive ability 
in disturbed ecosystems (McGraw & Chapin 
1989, Thormann & Bayley 1997). It is a typi-
cal opportunistic plant species, with high nutri-
ent use efficiency under low-nutrient conditions 
(Thormann & Bayley 1997) and high nutrient 
uptake efficiency in luxuriant conditions (Shaver 
et al. 1986). The overwhelming importance of 
nutrients, especially N and P, in controlling the 
growth of cottongrass in Alaskan tussock tundra 
was demonstrated by Shaver et al. (1986).

In boreal peatlands, especially in disturbed 
peatland ecosystems, the same restricting envi-
ronmental conditions, i.e. low temperature, nutri-
ent limitation and high water table level also per-
sist (Tuittila et al. 2000). Despite the many stud-
ies concerning the growth of cottongrass espe-
cially in Alaskan permafrost tundra, its growth 
dynamics and long-term nutrient immobilisation 
are still poorly known in the boreal peatland 
ecosystems, especially for below ground organs. 
Additionally, the use of cottongrass in water pol-
lution control is an important aspect in Finland, 
where it is a common peatland plant (Hotanen 
2000) and therefore readily available in the con-
struction of wetland buffers.

This study was conducted to assess the tem-
poral growth pattern and the nutrient retention 
dynamics of cottongrass, and to investigate the 
growth dynamics in different N and P levels. 
Since cottongrass has high nutrient use effi-
ciency under low-nutrient conditions and high 
nutrient uptake efficiency in high-nutrient condi-
tions, we postulated that cottongrass as a nutrient 
conserving plant allocates biomass and nutrients 
in the slowly decomposing storage organs (stems 
and leaf sheaths) proportionally more than in the 
rapidly decomposing organs (leaf blades). 

Materials and methods

This study was divided into a greenhouse experi-
ment and a field experiment. The temporal 

growth pattern, above- and below-ground bio-
mass allocation of cottongrass and its nutrient 
immobilisation dynamics were investigated in 
the greenhouse experiment, and the temporal 
growth pattern also in the field experiment with 
three N and P addition levels in a constructed 
wetland buffer. 

Growth dynamics study in the 
greenhouse

The greenhouse experiment was conducted to 
assess the seasonal growth and nutrient immobi-
lisation dynamics of cottongrass in situation with 
controlled nutrient input. For the experiment, 
50 vigorous tussocks of cottongrass were col-
lected from the site of the field experiment in late 
November 1998. The tussocks were wintered in 
a cellar at +5 °C. In May 1999 the tussocks were 
separated into individual tillers and roots were 
removed, and on average 15 tillers of a uniform 
size were planted into 36 cylindrical tubes (12 
cm diameter, 60 cm height) filled with quartz 
sand. The 36 tubes were divided randomly into 
three harvest groups, 12 tubes in each group. The 
first group was harvested in July, the second in 
August and the third in November 1999.

The tubes were inserted into the ground with 
only the uppermost 5 cm of the tube protruding 
above the surrounding ground level. Water table 
level was regulated by irrigation (on average two 
or three times a week) to 10 cm below the quartz 
sand surface level, equal to the average water 
table level of the field experiment. 

A water-soluble multi-nutrient fertilizer was 
given with the irrigation water at a concentration 
of 0.1%, amounting to 81 g N m–2 and 17 g P 
m–2 during the growing season. Nutrient content 
(g kg–1) of the multi-nutrient fertilizer used in 
the greenhouse experiment was 64 for NO3

–, 50 
for P, 260 for K and 27 for Mg. Irrigation and 
outflow water was sampled simultaneously with 
irrigation at two weeks intervals, and their total 
N and P concentrations were analysed using 
Tecator 5020 FIA and ICP ARL 3580 analysers.

At each harvest group, living and dead leaf 
blades, stems and leaf sheaths and roots were 
separated. The dry masses (at 60 °C) of each 
separate organ were measured, and the concen-
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trations of N and P were analysed using Leco 
CNS 1000 and ICP ARL 3580 analysers. The 
mass values were related to the surface area of 
the tubes and expressed as g m–2.

The exsertion, elongation and senescence of 
leaves from 12 tillers of the third harvest group 
were measured, and the genesis of new tillers 
was observed at two-week intervals, following 
the method that Shaver and Laundre (1997) used 
in Alaska. The tillers were marked by placing 
small wires attached to a coloured stick around 
them. On each measurement date, the length 
of the green part of each leaf, from oldest to 
youngest, was measured using the end of the leaf 
sheath as a baseline. The lengths of roots of these 
12 tillers were measured individually in Novem-
ber during the harvest of the third group.

Because each leaf could be uniquely identi-
fied, and because repeated measurements could 
be made of each leaf from the same baseline, it 
was possible to follow individual leaf life histo-
ries.

Growth dynamics study in a restored 
peatland

The field experiment was conducted to assess the 
seasonal growth dynamics of individual tillers in 
three different N and P levels formed by artificial 
N and P addition through a feeder ditch in the 
upper end of the site (Silvan et al. 2002). Along 
the distance from the feeder ditch, a gradient in 
moisture and nutrients was formed (Table 1).

The experiment was carried out in a peat-
land in central Finland (61°48´N, 24°17´E) that 
had been drained for forestry in the 1950s and 
restored in 1995 by rewetting and clearcutting 
the forest stand (Komulainen et al. 1998, 1999). 
The original mire type before forest drainage 
was oligotrophic tall-sedge pine fen (for mire 
site type description see Laine & Vasander 1996) 
which is the most widespread mire type in Fin-
land (Kalliola 1973). 

One tiller from each of nine tussocks was 
selected for intensive observation of the leaf and 
tiller growth dynamics, and they were measured 
as in the greenhouse experiment. Nine tussocks 
situated in three groups along a decreasing gradi-
ent of altitude, moisture and N and P concentra-

tion in soil water were selected for the study. 
There was a height difference of 0.8 m in 70-m 
distance between the upper and lower experi-
mental areas, and the N and P load in the central 
and lower areas was received through water 
transport through the upper experimental area. 
The soil was rather humified Carex peat and the 
peat depth more than two meters (Jauhiainen et 
al. 2003). 

The leaf length and tiller number data in the 
field were analysed using ANOVA with repeated 
measurements using the SYSTAT software pack-
age (SYSTAT 1999) for determining the dif-
ferences in total average leaf lengths and tiller 
numbers between the field experimental areas. 
The total average leaf length or tiller number of 
three mother tillers in each group was used as a 
dependent variable in the model. Nutrient level 
(experimental area, three levels: upper experi-
mental area, lower experimental area and control 
area) was used as a grouping factor and sampling 
time (seasonal effect) as a within factor (together 
with their interaction) in the analysis. 

Results

Growth dynamics

Following our results, the growth dynamics of 
cottongrass is determined by four processes: 
(1) the development of leaf cohorts, (2) leaf 
elongation, (3) new tiller production and (4) root 
elongation. 

The leaves of the 3rd and 4th cohorts never 
reached the same lengths as the leaves of the 1st 
and 2nd cohorts (Fig. 1). Additionally, the length 
of the 3rd and 4th cohort leaves decreased along 
the decreasing N and P concentration and mois-
ture gradient, and the 4th cohort was completely 
missing in the lower experimental area (Fig. 1). 

Table 1. Concentrations (± SE) of NO3
– and PO4

3– (µg l–1) 
in soil water and water table levels (cm below soil sur-
face) in the three experimental areas in 1998–2000.

 Upper Central Lower

NO3
– 7596.34 ± 3036.36 12.22 ± 2.36 6.96 ± 0.65

PO4
+ 764.40 ± 314.60 68.66 ± 55.32 20.83 ± 8.14

WT 7.46 ± 0.44 9.49 ± 0.58 22.93 ± 1.90
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Fig. 1. Development of the mean length of individual leaf cohorts of cottongrass in different NP-treatment areas 
of the field experiment and in the greenhouse experiment measured in 1999. Year n represents the leaf cohorts 
emerged in 1999, the overwintered leaves from 1998 were used to mimick the development of overwintered leaf 
cohorts during the next growing season (n + 1). Upper experimental area = high added NO3

– and PO4
3– concentra-

tion in 1999, middle experimental area = lower added NO3
– and PO4

3–, lower experimental area = lowest added 
NO3

– and PO4
3–. Vertical bars are the S.E. of means. 
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This difference in the development of 3rd and 4th 
cohorts between experimental areas was reflected 
in the total leaf lengths and their seasonal devel-
opment. The seasonal pattern in leaf elongation 
and senescence was rather similar in the green-
house and in the upper experimental area with 
similar nutrient and moisture availability (Fig. 1).

Nutrient level (experimental area) affected 
significantly (F = 9.53, P = 0.020) the total aver-
age leaf lengths in the experimental areas in the 
field. The leaves in the upper experimental area 
were approximately 50 mm longer than those in 
the other areas (Fig. 1). Nutrient level affected 
also the seasonal pattern in leaf elongation and 
senescence which differed significantly (F = 
2.13, P = 0.016) between the experimental areas.

In conditions with high availability of nutri-
ents and moisture new tiller production increased 
rapidly from the beginning of the growing season 
and reached a peak in late July (Fig. 2). In poorer 

conditions tiller production was weak: during a 
two-week period a mother tiller hardly produced 
a single tiller (Fig. 2). The total number of tillers 
produced during a growing season decreased 
with the decreasing N and P concentration and 
moisture: 12 in the upper experimental area, 3.7 
in the middle and 3.3 in the lower experimental 
area on average (Fig. 2). Repeated measures 
ANOVA showed a significant effect of nutrient 
level (experimental area) on new tiller produc-
tion (F = 41.667, P < 0.001), and also on sea-
sonal pattern in new tiller production (F = 2.01, 
P = 0.046). New tiller production followed a 
rather similar pattern in the greenhouse experi-
ment and in the upper experimental area with 
similar nutrient and moisture availability (Fig. 
2) and the level of new daughter tillers, 7.5, was 
also rather similar.

The average root length in the greenhouse 
experiment at the end of the growing period was 
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39.0 ± 2.5 cm, the maximum root length being 
80 cm. There was a positive correlation between 
the total root (sum of all the roots) and leaf 
lengths of individual tillers (r = 0.88, P ≤ 0.001) 
(Fig. 3) as well as between the total root length 
and the number of daughter tillers (r = 0.82, P ≤ 
0.001) (Fig. 3).

Dynamics of biomass accumulation

In the greenhouse experiment, all organs 
increased in biomass throughout the growing 
period (May–November) (Fig. 4). In May the 
greatest dry mass proportion was in the living 
stems and leaf sheaths (Fig. 5). During the seven 
months period the biomass of the living leaf 
blades increased approximately sevenfold and 

living stems and leaf sheaths up to twelvefold. 
The biomass of roots increased from 0 to 1400 g 
m–2 (Fig. 4). In November up to 45% of the dry 
mass of the living organs (Fig. 4) and over 20% 
of the total dry mass (Fig. 5) was in the roots. 
In November the greatest dry mass proportion 
was in the dead stems and leaf sheaths (Fig. 5). 
The biomass of the living leaf blades peaked 
in August–September and started to decrease, 
while the mass of the roots and dead stems and 
leaf sheaths increased rapidly towards the end of 
the growing season (Figs. 4 and 5). 

N and P dynamics

Except in living leaf blades, the amounts of N 
and P increased throughout the growing period 
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(May–November) (Fig. 4). In May the greatest N 
and P proportions, following the biomass, were 
in living stems and leaf sheaths (Fig. 5). A rather 
even increase in accumulated N and P occurred 
in roots and living stems and leaf sheaths over 
the season, while inleaf blades accumulated N 
and P decreased towards November after the 
peak (Fig. 4). In November the greatest N and P 
proportions, following the biomass accumulation 
dynamics, were in dead stems and leaf sheaths 
(Fig. 5).

Similarly, differences between the amounts 
of N and P in irrigation and outflow water indi-
cated a clear accumulation of N and P into the 
cottongrass tissues during the growing period 
(Fig. 6). The immobilised amounts of N and P 
were 73 g N m–2 (91% of the added N) and 13 g 
P m–2 (77% of the added P) (Fig. 6). At the end 
of the growing period a clear liberation of P into 
the outflow water was observed (Fig. 6). The 
greatest difference in the input and output water 
N and P amounts was observed in July–August 
(Fig. 6). The greatest N and P uptake occurred 
in June–August (Fig. 6), concurrent with the 
highest leaf elongation and new daughter tiller 
production (Figs. 1 and 3). 

Seasonal changes were very similar for both 
N and P concentrations (Fig. 7). While in all 
living tissues concentrations decreased from 
May to November (Fig. 7), this trend was clear-
est in leaf blades and roots (Fig. 7). 

Discussion

Early growing season

At the start of the growing season the storage 
organs, namely stems and leaf sheaths, form 
a significant part of the overwintered biomass 
(Fig. 5), which contains high concentrations of 
mineral nutrients (Fig. 6) as well as carbohy-
drates (Shaver et al. 1986). This, together with 
partial overwintering of photosynthetic organs: 
leaf blades (Fig. 5), facilitates the rapid early 
growth of cottongrass (Fig. 1). The overwinter-
ing of green leaf blades is functionally similar to 
the habit of evergreen shrubs (Mark & Chapin 
1989). This trait may enable evergreens to initi-
ate seasonal activity earlier (Mark & Chapin 
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1989, Bubier et al. 1998), photosynthesise over a 
longer period (Chabot & Hicks 1982), and reduce 
annual nutrient requirement for leaf production 
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(Chapin 1980). The evergreen habit of cotton-
grass is consistent with the theory of evergreen 
species being the effective exploiters of infertile 
soils (Grime 1977, Mark & Chapin 1989). 

The survival of several leaf blades and leaf 
stems, only to die early in the growing season 
suggests that these serve mainly as a source 
of carbohydrates and nutrients to support early 
spring growth. The high accumulation of bio-
mass, as well as N and P in the overwinter-
ing storage organs supports this. The rapid 
early growth of cottongrass in the greenhouse 
experiment (Fig. 4), even though all roots were 
removed before the planting, reveals the insig-
nificant role of root system in the early season.

Peak season

The high biomass of new photosynthetic tis-
sues was mainly produced with recently uptaken 
nutrients. The maximum leaf elongation and 
new daughter tiller production occurred in June–
August (Figs. 1 and 3), concurrently with the 
highest nutrient uptake (Fig. 6) and increased 
with nutrient availability. 

The sequential pattern of leaf production 
(Fig. 1) can be seen as an adaptation to effec-
tive photosynthesis in infertile habitats (Jonas-
son & Chapin 1985). The large leaf area enables 
effective photosynthesis (Tuittila et al. 1999) 
and accumulation of photosynthates into roots 
and stem bases and sheaths, as shown in the 
clear relation between total root length and the 
amount of photosynthetic tissues (Fig. 3). Simi-
larly Kummerow et al. (1988) reported a clear 
trend between the root and leaf areas of cotton-
grass in Alaska. 

In spite of the moderately increased leaf 
lengths and the number of cohorts (Fig. 1) the 
high nutrient input was mainly allocated to the 
production of new daughter tillers (Fig. 2). This 
strategy in allocation was similarly observed in 
Alaskan tussock tundra (Shaver et al. 1986). 

Late season

Towards the end of the growing season, addi-
tional nutrients were stored in the stems and leaf 
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sheaths to support the start of the next season’s 
production (Fig. 4), similarly to Alaska (Shaver 
et al. 1986). Most cottongrass tissues die during 
winter (Wein 1973), except the storage organs 
and part of the leaves (Fig. 5), and at the begin-
ning of the next growing season previous years’ 
living root biomass will form the dead root mass 
(Wein 1973). In spite of effective storing of nutri-
ents, a part will stay in dying biomass (Shaver 
& Chapin 1995). Macroscopically identifiable 
residues of roots and leaf sheaths found in large 
quantities in peats with ages of several thousands 
of years (Mäkilä 1994), imply a long-term reten-
tion for this part. The annually increasing mass of 
dead roots may form a major long-term sink for 
nutrients. The results supported the postulate that 
cottongrass allocates biomass and nutrients in the 

slowly decomposing storage organs (stems and 
leaf sheaths and roots) proportionally more than 
in the rapidly decomposing organs (leaf blades).

Conclusions

The growth and nutrient immobilisation dynam-
ics of cottongrass can be simulated with the 
greenhouse experiments, as shown by the simi-
larity in growth dynamics between the field 
and the greenhouse with similar nutrient and 
moisture conditions. This direct, budget-oriented 
approach has led to the conclusions that although 
cottongrass is capable of thriving in nutrient poor 
habitats it has an adaptation to efficient nutrient 
uptake and biomass accumulation in conditions 
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with excessive nutrient supply. Although this 
study concentrated on short-term allocation pat-
terns of biomass and uptake of nutrients of cot-
tongrass, the slow decomposition of annually 
increasing mass of dead organs, especially of 
roots, forms a potential long-term sink for nutri-
ents, and thus cottongrass may play an essential 
role in the long-term nutrient immobilisation of 
restored peatland buffers. 
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