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Abstract Global warming will lead to increased nitrogen
supply in tundra ecosystems. How increased N supply
aVected leaf production, leaf turnover and dead leaf N input
into the soil of Empetrum nigrum and Andromeda polifolia
(evergreens), Eriophorum vaginatum (graminoid) and Bet-
ula nana (deciduous) in a sub-arctic tundra in northern
Sweden between 2003 and 2007 was experimentally inves-
tigated. There was considerable interspeciWc variation in
the response of leaf production to N addition, varying from
negative, no response to a positive response. Nitrogen addi-
tion eVects on leaf turnover also showed considerable vari-
ation among species, varying from no eVect to increased
leaf turnover (up to 27% in Eriophorum). Nitrogen addition
resulted in a four to Wvefold increase in N content in the
dead leaves of both evergreens and a 65% increase in Erio-
phorum. Surprisingly, there was no increase in Betula. The
response of dead leaf P contents to N addition was rather
species speciWc. There was no response in Empetrum,
whereas there were signiWcant increases in Andromeda
(+214%) and Eriophorum (+32%), and a decrease of 47%
in Betula. As an overall result of the changes in leaf pro-
duction, leaf turnover and dead leaf N and P contents, nitro-
gen addition increased in all species except Betula the
amount of N and, for Andromeda and Eriophorum the
amount of P transferred to the soil due to leaf litter inputs.
However, the way in which this was achieved diVered sub-
stantially among species due to interspeciWc diVerences in
the response of the component processes (leaf production,
leaf turnover, dead leaf nutrient content).

Keywords Leaf production · Leaf turnover · Nitrogen 
availability · Plant–soil feedbacks · Tundra

Introduction

Northern tundra ecosystems are generally characterized by
low nutrient mineralization rates as a consequence of low
temperature, low pH and low quality of soil organic matter
(Robinson 2002). Climate scenarios for the twenty Wrst cen-
tury predict substantial climate warming and this will be
most manifest at northern high-latitude sites, with the
exception of Greenland, with an estimated mean annual
increase between 1.0 and 7.5°C (ACIA 2004). Temperature
increases may aVect a wide range of abiotic and biotic pro-
cesses in high-latitude ecosystems. For the abiotic pro-
cesses, this may include increased soil nitrogen availability.
Rustad et al. (2001) performed meta-analysis on the results
of warming studies at 32 research sites representing four
broadly deWned biomes, including high-latitude or -altitude
tundra, low tundra, grassland and forest. They found con-
siderable variation among sites in response to warming. For
this meta-analysis, N mineralization data were available for
nine tundra sites. Using the data reported by Rustad et al.
(2001) I calculated that for these tundra sites, heating dur-
ing at least 3 years increased net N-mineralization from
0.32 § 0.31 (SE) g N m¡2 year¡1 in the controls to
0.53 § 0.31 (SE) g N m¡2 year¡1 in the heated plots, an
increase of about 70% (Aerts et al. 2006a). These results
show that warming does indeed lead to higher N availabil-
ity in high-latitude tundra sites, but the variability is sub-
stantial.

The warming-induced changes in soil nutrient availabil-
ity have a potentially strong impact on ecosystem function-
ing as plant growth in most high-latitude sites is nutrient
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limited (Shaver and Chapin 1995; Shaver et al. 2001; Van
Heerwaarden et al. 2003). Changes in soil nutrient avail-
ability may lead to direct responses due to phenotypic
responses of the standing vegetation, but also to long-term
responses as a result of changes in the species composition
of the vegetation. At the community level, nutrient addition
usually leads to the replacement of slow growing ever-
greens with low nutrient loss rates by fast-growing decidu-
ous species and graminoids with high nutrient loss rates
(Aerts 1999; Walker et al. 2006). Both these phenotypic
responses and the interspeciWc diVerences in productivity
and nutritional characteristics of plant species provide an
important feedback on soil nutrient availability (Aerts
1999). In nutrient-poor environments, species produce rela-
tively small amounts of litter due to the long lifespans of
the various tissues. This litter generally has low nutrient
concentrations and high concentrations of secondary com-
pounds such as lignin and phenolics. Litter decomposition
rates are positively related to the N concentration in the lit-
ter and negatively related to the lignin/N ratio (Aerts 1997).
Thus, species from nutrient-poor environments produce lit-
ter that decomposes slowly and from which only low
amounts of nutrients are released. The opposite holds for
species from fertile environments. Due to their high tissue
turnover rates they produce relatively large amounts of lit-
ter. Moreover, this litter contains relatively high concentra-
tions of mineral nutrients and low concentrations of
secondary compounds (Aerts 1999). As a result, this litter
decomposes relatively quickly and releases large amounts
of nutrients.

At the phenotypic level, similar patterns have been
found. Increased N supply leads to higher leaf production
rates (Aerts et al. 1992; Thornton and Millard 1993; Poorter
and Nagel 2000; Zak et al. 2000), whereas the life expec-
tancy of leaves of single species is usually reduced in
response to increased N supply (Reader 1980; Shaver 1983;
Aerts 1989; Cordell et al. 2001; Reich et al. 2004). How-
ever, in some other studies leaf life expectancy was higher
at high than at low N supply (Turner and Olson 1976; Baz-
zaz and Harper 1977) or there was no eVect at all (Aerts and
De Caluwe 1995). In general, N addition also increases N
contents of senesced leaves (Kemp et al. 1994; Shaver and
Mellilo 1984; Vitousek 1998; Van Heerwaarden et al.
2003). As a result, it is to be expected that increased N sup-
ply increases the amount of N returned to the soil as a result
of leaf litter production.

These observations raise the question how the increased
nitrogen availability induced by climate change will aVect
leaf production and turnover of tundra species and how
changed leaf dynamics feedback on nutrient input into the
soil as a result of leaf litter production. I hypothesize that
higher N supply leads to higher leaf production, higher
rates of leaf turnover (lower leaf life expectancy) and

higher N contents in senesced leaves, thus causing higher N
inputs into the soil. I tested this hypothesis in a 4-year study
on the eVects of experimentally increased N supply on leaf
production and leaf turnover of four dominant plant species
in sub-arctic tundra in northern Sweden. These species
were: E. hermaphroditum and Andromeda polifolia (woody
evergreens), Betula nana (woody deciduous) and Eriopho-
rum vaginatum (graminoid). The major growth-forms in
high-latitude sites usually diVer in their responsiveness to
environmental change. In general, responsiveness tends to
increase in the order: woody evergreen < woody
deciduous < graminoid (Quested et al. 2003; Van Wijk
et al. 2004; Cornelissen et al. 2004). If this was also true
with respect to leaf dynamics and nutrient inputs into the
soil, then growth-form speciWc responses to N availability
would aVect the relative impact of these growth-forms on
soil nutrient inputs.

Study site and methods

Study site and plot design

The study was conducted at the Stordalen mire in northern
Sweden (68°20�N, 19°00�E), 10 km east of the Abisko Sci-
entiWc Research Station. Annual precipitation in this area
amounts to 320 mm per year with a mean summer tempera-
ture of 7°C and a mean winter temperature of ¡6°C. The
length of the growth season is 130 days. I conducted this
study in the elevated ombrotrophic (rain-fed) part of the
bog in the E. hermaphroditum–Vaccinium microcarpum
association.

To mimic climate change-induced increase in soil N
availability we started a long-term N fertilization experi-
ment that has been running now since 1998 at the Stordalen
mire. In May 1998 we laid out 16 plots measuring 1.5 by
1.5 m on relatively dry hummocks. The plots were sepa-
rated by buVer zones of at least 1 m. Eight plots served as
controls, whereas the other eight were fertilized with N.
Each plot contained at least some individuals of the follow-
ing species: E. hermaphroditum Hagerup (woody ever-
green), Andromeda polifolia L. (woody evergreen), B. nana
L. (woody deciduous), V. uliginosum L. (woody decidu-
ous), E. vaginatum L. (graminoid) and Rubus chamaemorus
L. (perennial herb). Total vascular plant cover in the plots
was about 80% (Karlsson, unpublished data). Further
details about this experiment can be found in Van Heerwa-
arden et al. (2003) and Aerts et al. (2006b).

During 1998–2002, so prior to the present experiment,
the N-plots received 10 g N m¡2 year¡1, given as NH4Cl.
This amount corresponds to about 2% of the amount of N
present in the upper 10 cm of the peat soil. We chose this
relatively high amount, as the microbial community in
123
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(sub-) arctic soils usually is a strong sink for added nutri-
ents and nutrient addition eVects on plants are initially
masked by this process (Jonasson et al. 1999). During the
present experiment (2003–2007) the supplied amount of N
was lowered to 5 g N m¡2 year¡1. During 1998–2002, N
was supplied in three equal portions in mid-June, mid-July
and mid-August dissolved in 5 l of lake water. The control
plots received the same amount of water. During the pres-
ent experiment the N was supplied in two equal portions in
July dissolved in 5 l of lake water.

Methods

Leaf production and leaf survival

The study focused on the leaf dynamics of four dominant
species in the plots: E. hermaphroditum and A. polifolia
(woody evergreens), B. nana (woody deciduous) and E.
vaginatum (graminoid). Sampling was started in the end of
July 2003 and continued 4 years with annual intervals until
July 2007. As the species involved diVerent growth forms,
the methods that I used to determine annual leaf production
and leaf survival diVered among growth forms. For both
evergreen species I collected during each sampling occa-
sion three randomly chosen branches in each plot. Due to
the closely packed leaf whorls at the transition between
years, the branches could be separated into annual leaf
cohorts. As the leaves leave a scar on the branch when they
are shed, I could determine the amount of leaves produced
in each leaf cohort and the percentage remaining leaves (cf.
Karlsson 1992). By repeating this procedure for 4 years, I
could determine the leaf survival of the leaf cohorts 2003
and 2004. For Eriophorum I tagged both in July 2003 and
in July 2004 three tussocks in each plot. The second youn-
gest leaf was marked with a tiny aluminium ring. During
each consecutive sampling occasion I counted the amount
of living and dead leaves on the tagged plant. In this way I
could determine leaf production and leaf survival of the
2003 and 2004 leaf cohorts. As B. nana is deciduous it was
not feasible to determine leaf survival. In each plot I tagged
three randomly selected branches and counted the number
of produced leaves on each sampling occasion.

Dead leaf N and P contents

The nutrient input due to leaf turnover is not only deter-
mined by the rate of leaf turnover, but also by the nutrient
content of the shed leaves. In the year when the experiment
was started, about 25 recently senesced leaves of each spe-
cies were collected in each plot in the beginning of Septem-
ber, counted and dry weights were determined (48 h, 70°C).
These leaves were random collections of all age classes
(except for Betula as this is a deciduous species) and thus

represent the ‘average’ dead leaf input into the soil. The
leaves were grinded and N and P concentrations were deter-
mined with standard chemical methods. Using data on
mean leaf weight and leaf N and P concentrations, the N
and P contents per leaf were calculated.

Calculations and statistical analysis

For each plot mean leaf production and percentage leaf sur-
vival were calculated using the averaged data of the three
separate measurements per plot. In some cases, rings or
tags were lost and the mean values per plot were than based
on two (or in 2 cases 1) individual measurements per plot.

The annual data on leaf survival were used to determine
leaf life expectancy (ex). Maximum life span of the leaves
of the perennials I investigated was 3 years (in a few excep-
tional cases 4 years). As life expectancy measurements for
the perennials therefore require at least 3 years of measure-
ments, this parameter was calculated for the leaf cohorts of
2003 and 2004 only. Life expectancy of these cohorts was
calculated using standard demographic techniques (Pielou
1977). For the calculations I assumed linear leaf loss rates
between sampling intervals. As the study was terminated in
2007, I determined for the 2005 and 2006 leaf cohorts only
leaf production and 1st year (2005 and 2006 cohorts) and
2nd year (2005 cohort) leaf survival.

Annual leaf production and life expectancy data were
analysed with two-way ANOVA with N supply and year as
independent variables. In addition, the eVect of N supply on
leaf production and, when applicable, on leaf life expec-
tancy of annual cohorts were determined with one-way
ANOVA.

Results

Leaf production and leaf survival

Leaf production of E. hermaphroditum was relatively con-
stant among years, except for a lower production in 2006
(Tables 1, 2). The eVect of N addition on the number of
produced leaves was rather variable and the overall eVect
was not signiWcant. However, there was a signiWcant N
supply £ year interaction. No eVects of N supply were
observed in 2003 and 2006. However, in 2004 there was an
11% increase whereas in 2005 leaf production was
decreased by 9% in response to N supply. Nitrogen supply
increased leaf survival after 1 year for the 2003 and 2006
leaf cohorts by 14% for both years and 2-year survival was
increased by 73 and 66% for the 2004 and 2005 cohorts,
respectively. Maximum leaf life span was 3 years. Life
expectancies of the 2003 and 2004 leaf cohorts were similar
and were not aVected by N supply (Tables 1, 2).
123
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As was the case for Empetrum, leaf production of the
other evergreen species, Andromeda polifolia, was rela-
tively constant among years, except for a lower leaf produc-
tion in 2006 (Tables 1, 3). However, in contrast to
Empetrum, N addition resulted in lower leaf survival rates
after 1 year for the 2004 (¡18%) and 2005 (¡21%) cohorts
and 29% lower leaf survival for the 2004 cohort after
2 years. Maximum leaf life span was 3 years. Life expec-
tancy for the 2004 leaf cohort was considerably higher than
that of the 2003 cohort and was reduced by 14% in
response to enhanced N supply (Tables 1, 3).

Nitrogen supply reduced leaf production of the graminoid
E. vaginatum for the 2003 cohort by 30%, but had no eVect
for the 2004 cohort (Tables 1, 4). Nitrogen addition did not
signiWcantly reduce leaf survival, except for a 14% reduc-

tion of leaf survival after 9 months for the 2003 cohort, but
the overall pattern resulted in a reduced life expectancy for
both the 2003 (¡27%) and 2004 (¡26%) leaf cohorts
(Tables 1, 4). Maximum life span was slightly over 3 years.
In the deciduous dwarf shrub B. nana, N addition resulted in
a consistent reduction of twig length varying from 21 to
31% (Table 5). However, the number of produced leaves per
twig was not aVected (Tables 1, 5). It is striking to see that
leaf production in 2005 and 2006 was 70–80% higher than
in 2003 and 2004. Nitrogen addition resulted in a lower
number of inXorescences, except in 2004.

Leaf N and P contents

For obvious reasons, dead leaf N and P contents (expressed
per leaf) diVered strongly among species (Table 6). The
amounts of N and P were very low in the very small leaves
of E. hermaphroditum and substantially higher in Eriopho-
rum and Betula. The other evergreen, A. polifolia, had
intermediate N and P contents.

Nitrogen addition resulted in a four to Wvefold increase
in N content in the dead leaves of both evergreens and a
65% increase in Eriophorum. Surprisingly, there was no
increase in Betula. The response of P contents to N addition
was rather species speciWc. There was no response in
Empetrum, whereas there were signiWcant increases in
Andromeda (+214%) and Eriophorum (+32%), and a
decrease of 47% in Betula.

Discussion

Leaf production and turnover in relation to N supply

Considering all four species, leaf production varied both
in response to N addition and among years. However,

Table 1 Results of two-way ANOVAs on various leaf parameters as
dependent on N supply and year

The F values for the main eVects and their interactions are presented,
together with their level of signiWcance

* P < 0.05; ** P < 0.01; *** P < 0.0001

Parameter N supply Year N supply £ year

Empetrum hermaphroditum

Leaf production 1.6 17.3*** 3.2*

Life expectancy 0.4 0.1 0.4

Andromeda polifolia

Leaf production 10.3** 12.8*** 0.4

Life expectancy 4.7* 27.2*** 1.2

Eriophorum vaginatum

Leaf production 0.1 4.5* 5.4*

Life expectancy 7.5* 1.4 0.1

Betula nana

Leaf production 0.3 6.6*** 0.3

Twig length 48.0*** 2.9* 0.1

InXorescences 10.9*** 1.0 0.4

Table 2 Leaf production per 
twig, % leaf survival of annual 
leaf cohorts and life expectancy 
(ex: years) of Empetrum her-
maphroditum in relation to N 
supply (O: no N; N: 5 g N 
m¡2 year¡1)

#Leaves Survival (%) after ex

1 year 2 years 3 years

Cohort 2003

O 28.2 § 1.8 65.2 § 4.9 38.8 § 7.1 0.0 1.54 § 0.08

N 29.2 § 1.2 74.2 § 4.1* 30.3 § 6.2 0.0 1.54 § 0.12

Cohort 2004

O 24.3 § 1.0 80.8 § 2.5 18.6 § 4.6 0.0 1.49 § 0.07

N 26.9 § 1.3* 77.3 § 2.9 32.1 § 5.6* 0.0 1.58 § 0.06

Cohort 2005

O 25.2 § 1.6 76.3 § 3.1 30.0 § 5.4 Nd –

N 22.9 § 1.8* 82.2 § 3.8 48.8 § 6.0* Nd –

Cohort 2006

O 18.2 § 4.2 76.9 § 4.5 Nd Nd –

N 21.3 § 5.0 88.0 § 2.4* Nd Nd –

Data are mean § SE (n = 8)

Nd Not determined

* SigniWcant diVerence from 
control (P < 0.05)
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contrary to my hypothesis, there was no consistent N addi-
tion eVect (Tables 1, 2, 3, 4, and 5) as I found both positive
eVects, negative eVects and no eVect, even within one

species among years (Empetrum). Actually, the variation
among years (up to 88% in Betula) mostly exceeded the N
addition eVect (up to 30% in Eriophorum). On the one hand
this emphasizes the need for multi-year studies, but on the
other hand this raises the question what the underlying
cause of this large inter-annual variability might be. The
most likely explanation is the temperature sensitivity of
photosynthetic production in tundra plants (Arft et al. 1999;
Rustad et al. 2001; Aerts et al. 2006a). Thus, NPP in tundra
ecosystems is not only N-limited (see “Introduction”), but
also temperature limited. This is most apparent from the
experimental warming studies that have been performed in
tundra ecosystems. Walker et al. (2006) performed a meta-
analysis on the results of the experimental warming studies
that are embedded in the International Tundra Experiment
(ITEX). They found that already after two seasons of exper-
imental warming height and cover of deciduous shrubs and
graminoids were increased. This indicates that inter-annual
variability in summer temperatures might partly explain the
interannual diVerences in leaf production that I found. The
changes in leaf production that we found for most species
do indeed correlate with the interannual variability of sum-
mer temperatures as measured at the weather station in Abi-
sko (10 km from our site). However, given the diVerent

Table 3 Leaf production per 
twig, % leaf survival and life 
expectancy (ex: years) of annual 
leaf cohorts of Andromeda poli-
folia in relation to N supply 
(O: no N; N: 5 g N m¡2 year¡1)

#Leaves Survival (%) after ex

1 year 2 years 3 years

Cohort 2003

O 5.1 § 0.4 47.5 § 6.2 9.2 § 3.0 0.0 1.07 § 0.08

N 6.1 § 0.4* 44.2 § 5.7 5.3 § 2.3 0.0 1.00 § 0.03

Cohort 2004

O 5.8 § 0.3 65.0 § 5.0 34.0 § 4.4 0.0 1.49 § 0.08

N 6.3 § 0.4 53.2 § 5.0* 24.0 § 5.6* 0.0 1.28 § 0.08*

Cohort 2005

O 5.5 § 0.3 69.2 § 3.7 16.7 § 5.7 Nd –

N 6.0 § 0.3 54.9 § 5.0* 13.9 § 3.8 Nd –

Cohort 2006

O 4.0 § 0.3 58.4 § 6.5 Nd Nd –

N 4.7 § 0.3* 49.3 § 5.7 Nd Nd –

Data are mean § SE (n = 8)

Nd Not determined

* SigniWcant diVerence from 
control (P < 0.05)

Table 4 Leaf production per 
shoot, % leaf survival and life 
expectancy (ex; years) of annual 
leaf cohorts of Eriophorum vag-
inatum in relation to N supply 
(O: no N; N: 5 g N m¡2 year¡1)

#Leaves Survival (%) after ex

9 months 12 months 22 months 34 months

Cohort 2003

O 1.38 § 0.14 100.0 § 0.0 30.2 § 8.5 11.8 § 5.8 2.1 § 2.0 1.14 § 0.09

N 0.96 § 0.16* 86.1 § 8.4* 20.0 § 8.1 9.4 § 5.1 3.6 § 3.5 0.83 § 0.08*

Cohort 2004

O 1.50 § 0.45 66.7 § 10.9 Nd 15.4 § 9.0 6.3 § 3.3 0.98 § 0.10

N 1.75 § 0.19 49.0 § 12.1 Nd 11.9 § 5.8 2.8 § 2.0 0.73 § 0.09*

Data are mean § SE (n = 8)

Nd Not determined

* SigniWcant diVerence from 
control (P < 0.05)

Table 5 EVect of N addition (O: no N; N: 5 g N m¡2 year¡1) on twig
length, leaves per twig and inXorescences per twig of tagged Betula
nana plants

Data are mean § SE (n = 8)

* SigniWcant diVerence from control (P < 0.05)

Length (mm) #Leaves #InXorescences

2003

O 110.2 § 7.8 20.1 § 1.9 1.8 § 0.5

N 77.0 § 3.8* 20.8 § 1.2 0.8 § 0.2*

2004

O 116.4 § 9.2 20.7 § 2.5 0.4 § 0.3

N 77.7 § 4.8* 20.8 § 5.1 0.1 § 0.1

2005

O 128.8 § 9.0 34.2 § 3.5 1.1 § 0.3

N 87.9 § 6.6* 31.8 § 3.4 0.5 § 0.2*

2006

O 132.3 § 10.0 37.5 § 4.1 1.5 § 0.6

N 94.3 § 4.4* 33.5 § 2.4 0.3 § 0.3*
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interannual responses of Betula compared to the other spe-
cies, it is clear that other factors also play a role. Currently,
it is not clear what these factors might be.

It is striking to see that N addition resulted in a strong
reduction of twig length in Betula (Table 5). A possible rea-
son is that increased N supply resulted in decreased auxin
production in this species, leading to the loss of apical dom-
inance and thus reduced twig length (cf. Lambers et al.
2006). I have observed similar eVects in a fertilization
experiment with ericaceous species (Aerts 1994).

Leaf life expectancy in the controls showed little varia-
tion among the species with a perennial canopy and varied
from slightly over 1 year in Eriophorum to 1.5 years in
Empetrum and Andromeda. For the deciduous Betula it was
about 0.3 years. In general these data are similar to those
found in related studies. For Empetrum this compares well
with data from Karlsson (1992) for the same region and
with data from Aerts (1989) for the cool temperate ericoid
species Erica tetralix and Calluna vulgaris. Leaf survival
rates of annual cohorts, and thus life expectancy, of
Andromeda determined in this study resemble very closely
those of Flower-Ellis (1980) determined in 1974 at the
same location. Shaver and Chapin (1995) found slightly
higher life expectancy (1.5 years) for the graminoids
(mostly E. vaginatum) in Alaskan tussock tundra than I
found for Eriophorum.

As was the case for leaf production, I did not Wnd the
hypothesized lower leaf life expectancy in response to N
addition. Instead I found variable eVects (Tables 1, 2, 3, and
4), varying from no eVect in Empetrum, to a negative eVect
for one leaf cohort of Andromeda, to a consistent negative
eVect in both cohorts of Eriophorum. These variable
responses to the increased N supply of leaf life expectancy
in evergreens have been reported before. As was the case

for Empetrum in this study, no eVect of increased N supply
was found by Aerts (1989) with the evergreen shrub Cal-
luna vulgaris, and by Reader (1980) with the evergreen
shrubs Kalmia polifolia and Ledum groenlandicum.
Decreasing leaf lifespan upon enhanced nutrient supply
was also found by Reader (1980) who studied the evergreen
shrub Chamaedaphne calyculata, by Aerts (1989) for the
evergreen shrub E. tetralix, and by Shaver (1983) for the
evergreen shrub Ledum palustre. The response I found in
the graminoid Eriophorum vaginatum contrasted with the
results of Shaver and Laundre (1997) who found no eVect
of increased NPK supply on leaf turnover of E. vaginatum
in Alaskan tussock tundra. This is in line with a study on
leaf lifespan with four temperate Carex species from fens
diVering in nutrient availability. Aerts and De Caluwe
(1995) found that leaf lifespan was not signiWcantly
aVected by enhanced N supply, except in C. diandra, where
leaf lifespan decreased upon enhanced N supply. A possible
explanation for these variable responses is given by Oikawa
et al. (2006). They showed that the mechanism by which
leaf lifespan is determined depends on the availability of
the resource (nutrients vs. light) that is most limiting to
plant growth. In dense stands, where light intensity deeper
in the canopy is very low, leaf life expectancy is decreased.
In more open stands this is very often not the case.
Although this may explain the variation in responses in the
studies cited above, it is questionable if this explanation
also holds for the variable responses I found in this study.
The vegetation in my experimental plots was very low sta-
tured (<10 cm) and light penetration to the soil surface was
high, both in the controls and in the N-fertilized plots.
Alternatively, it has been suggested that the N nutrition sta-
tus of plants partly determines the activity of the phytohor-
mones abscisic acid (ABA) and cytokinins (Lambers et al.
2006). Cytokinins delay leaf senescence, whereas ABA can
induce leaf senescence. Thus, the phytohormone synthesis
of plant species may respond diVerently to N supply,
thereby bringing about diVerences in leaf life span. Unfor-
tunately, no information on these processes is available for
the species that I studied.

Plant–soil feedbacks

Nitrogen addition did in general result in a strong increase
in the N and P content of senesced leaves (Table 6). How-
ever, the responses were very species speciWc. In Empetrum
and Andromeda litter N contents increased four to Wvefold,
whereas the increase in Eriophorum was about 60% and
there was no increase in Betula. Thus, these species
respond very diVerently to increased N supply, but contrary
to general ecological belief I found that both evergreen spe-
cies showed the strongest response. Phosphorus contents
also changed in response to increased N supply (Table 6).

Table 6 Dead leaf N and P content (�g leaf¡1) at the start of the
demographic measurements (after 5 years of treatment) in relation to N
supply (control: no N; N: 5 g N m¡2 year¡1)

Data are mean § SE (n = 8)

Asterisks indicate signiWcant diVerence from control (* P < 0.05,
** P < 0.0001)

Control N

Nitrogen

Empetrum hermaphroditum 1.64 § 0.19 6.67 § 0.47**

Andromeda polifolia 13.5 § 0.6 65.6 § 4.9**

Eriophorum vaginatum 29.7 § 1.9 49.5 § 6.2**

Betula nana 44.2 § 2.8 47.7 § 5.2

Phosphorus

Empetrum hermaphroditum 0.17 § 0.01 0.16 § 0.01

Andromeda polifolia 0.76 § 0.04 2.39 § 0.27**

Eriophorum vaginatum 1.05 § 0.12 1.39 § 0.21*

Betula nana 0.64 § 0.10 0.34 § 0.04**
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Normally one would expect lower P contents due to dilu-
tion eVects. However, this was only the case for Betula.
Both in Andromeda and Eriophorum P contents increased.
A possible reason might be that due to increased N supply
the root mass of these species increased, thereby facilitating
the spatial foraging for the immobile phosphate. This eVect
is probably the strongest if the larger investment in root
mass is mainly directed to Wne roots, as these are most
eYcient in P acquisition. Such a mechanism has been found
before with species from heathlands and fens (Aerts 1994).

The patterns in leaf production, leaf turnover and leaf lit-
ter N contents have important implications for the nutri-
tional feedback of plant responses to soil N and P
availability (Aerts and Chapin 2000). Higher leaf production
and higher leaf turnover in response to N supply increase the
amount of N going to the soil compartment. This eVect is
reinforced when litter N contents also increase in response
to higher N supply. From the qualitatively summarized
responses for the four studied species (Table 7) two main
conclusions can be drawn. First of all, it showed that
increased N supply increased for three out of four species
the amount of N and for two species the amount of P trans-
ferred to the soil due to leaf litter inputs. However, the
mechanism by which this is achieved diVers substantially
among species. For example in Empetrum this is the result
of strongly increased litter N contents whereas in Androm-
eda it is the result of both higher leaf production, higher leaf
turnover and higher leaf litter N contents. Thus, although the
amount of N and P transferred to the soil increased for most
species, the mechanism by which this is achieved diVered
substantially due to interspeciWc diVerences in the response
of the component processes (leaf production, leaf turnover,
dead leaf N and P contents). In addition, it must be empha-
sized that, although I generally found indications for higher
leaf litter N and P inputs into the soil upon enhanced N sup-
ply, this does not mean that the high N and P input is readily
available for plant uptake. In an earlier study (Aerts et al.
2006b) we studied in the same experiment that the eVect of
N addition on litter decomposition rates of Empetrum, Erio-
phorum, Betula and Rubus chamaemorus (thus Andromeda
was not included in that study). In the controls of this

decomposition experiment, we measured even after three
years no or only slight net N mineralization. In the N-fertil-
ized treatments we even found strong net N immobilization
during 3 years, especially in Eriophorum and Betula. Thus,
although N inputs into the soil increased, this N was for at
least 3 years occluded in organic soil N pools. Nevertheless,
it might be expected that this N is released over longer peri-
ods of time, but long-term (>3 years) decomposition studies
are needed to substantiate this claim.
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