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of n and K and the response of P resorption to fertiliza-
tion reflect the stoichiometric coupling of nutrient cycling, 
which varies among the two shrub species; changes in spe-
cies composition may affect nutrient cycling in bogs.
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Introduction

Plants may develop two advantageous strategies to adapt 
to nutrient deficiency: optimizing nutrient uptake and pro-
moting nutrient conservation (aerts and chapin 2000). The 
withdrawal of nutrients from senescing leaves and the sub-
sequent transportation to storage sites as well as new and 
growing organs, i.e. resorption (Killingbeck 1986), is an 
important nutrient conservation strategy, ensuring nutri-
ents are available for future plant growth and reducing the 
dependence on external nutrient availability (aerts 1996; 
aerts and chapin 2000). nutrient resorption efficiency, 
defined as the proportion of the nutrient that is resorbed 
during leaf senescence, has global averages of ~65 % for 
n and P and ~70 % for K (Vergutz et al. 2012). These val-
ues for n and P are substantially higher than the widely 
used global value of ~50 % (aerts 1996; Killingbeck 1996; 
aerts and chapin 2000).

In general, resorption is in a balance with the acquisition 
of nutrients from the soil and this balance depends on the 
relative energy consumption of these two processes: which 
process is energetically ‘cheaper’ (Wright and Westoby 
2003). One may anticipate that a high resorption plays an 
essential role in nutrient-poor environments, where the 
acquisition of nutrients from the soil is usually more ener-
getically costly relative to resorption (Wright and Westoby 
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term fertilization experiment at Mer Bleue bog, Ontario, 
canada. In general, n addition caused further P-(co)limi-
tation, increased P and K resorption efficiency but did not 
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2003). a negative relationship should occur between 
resorption and nutrient concentration in mature leaves, 
which is often considered as a good indicator of soil nutri-
ent availability (van den Driessche and rieche 1974), but 
this pattern may not occur, for a variety of reasons. First, 
besides the nutrient concentration in mature leaves (i.e. 
nutrient availability), other factors can control the resorp-
tion process, such as phloem transportation rates and load-
ings, the extent to which the organic n and P compounds 
are hydrolysed (loneragan et al. 1976), the sink strength 
of different plant organs (nambiar and Fife 1991) and soil 
moisture status (escudero et al. 1992; Pugnaire and chapin 
1993). second, in addition to employing nutrient resorption 
from leaves to satisfy nutrient demands, symbiotic relation-
ships with ericoid mycorrhizae can mobilize and/or utilize 
organic forms of limiting nutrients, especially n [e.g. gly-
cine (näsholm et al. 1998; Moore et al. unpublished data)] 
and P, reducing plant dependence on nutrient resorption, 
even in a nutrient-poor environments (straker 1996). The 
unique function of the ericoid mycorrhizae relies on unique 
enzymology, which can effectively out-compete other 
nutrient-acquisition mechanisms. Therefore, the relation-
ship between resorption efficiency and nutrient availability 
is variable, with resorption efficiency being reduced (Kobe 
et al. 2005; li et al. 2010; Vergutz et al. 2012), enhanced 
(chapin and Kedrowski 1983; Birk and Vitousek 1986; 
yuan et al. 2005) or unaffected (chapin and Moilanen 
1991; aerts 1996; Knops et al. 1997; Vitousek 1998; aerts 
and chapin 2000; yuan and chen 2009a) by increasing 
nutrient availability.

resorption proficiency, defined as the level to which the 
nutrients are reduced in the senesced leaves, has also been 
used to quantify resorption, with low nutrient concentration 
in senesced leaves indicating high resorption proficiency 
(Killingbeck 1996). resorption proficiency identifies the 
nutrients returned to the soil in litter and is generally less 
proficient (i.e. higher nutrient concentration in senesced 
leaves and litter) under more fertile conditions (chapin and 
Moilanen 1991; Vitousek 1998; Diehl et al. 2003; Wright 
and Westoby 2003; li et al. 2010), leaving the litter more 
rapidly decomposed. The efficiency of resorption reflects 
plant physiology and metabolic processes, whereas profi-
ciency is directly linked with decomposition processes and 
hence overall nutrient cycling.

as nutrient-poor ecosystems with slow rates of decom-
position, northern peatlands store ~450 gt of c, which is 
~30 % of global total soil c (gorham 1991), making them 
important c pools and sinks. Increasing atmospheric n 
deposition worldwide due to anthropogenic activities has 
evoked substantial concerns over the functioning of north-
ern peatland ecosystems (Bobbink et al. 1998). The avail-
ability of n in boreal ombrotrophic (rain-fed) peatlands 
(i.e. bogs) is often limited, as it relies on n2 fixation and 

atmospheric deposition and the very slow internal decom-
position and mineralization processes which lead to a sub-
stantial accumulation of n in the peat profile. For exam-
ple, the n accumulation rate in the Mer Bleue bog over 
the past 8,000 years averages 0.7 g n m−2 year−1 (Wang 
et al., unpublished data) and 1.8 g n m−2 year−1 in the past 
150 years (Moore et al. 2004). enhanced n input may not 
only increase the primary production of ecosystems but 
also change the relative significance of nutrients that limit 
productivity (Verhoeven et al. 1996; aerts and Bobbink 
1999). In ombrotrophic peatlands, we anticipate that nutri-
ent resorption is important in regulating nutrient cycling, 
because plants should be obligated to retain nutrients and 
reuse them as efficiently as possible. however, recent 
reviews of nutrient resorption mainly covered forests and 
grasslands, so peatlands have been overlooked (yuan and 
chen 2009a, b; Vergutz et al. 2012).

Plant growth in bogs is often n limited under low 
atmospheric n deposition (aerts et al. 1992; gunnarsson 
and rydin 2000), but increasing n deposition may shift to 
P-(co)limitation (aerts et al. 1992; Bobbink et al. 1998; 
gunnarsson and rydin 2000; Bragazza et al. 2004). K lim-
itation is rarely studied but can also occur in bogs, espe-
cially after n and P enrichments (hoosbeek et al. 2002). 
The possible shift in n, P and K interactions highlights 
that it is the relative balance among multiple nutrients, or 
ecological stoichiometry (sterner and elser 2002), in addi-
tion to their absolute amounts, that governs metabolic func-
tioning, plant growth and ecosystem processes. reed et al. 
(2012) examined global stoichiometric patterns in foliar 
n:P resorption ratios in response to plant nutrient limita-
tion and showed a trend of increasing ratios with latitude 
and decreasing ratios with mean annual temperature, with 
implications for nutrient cycling and limitation.

While n, P and K are acknowledged to be the predomi-
nant limiting nutrients in peatlands, ca and Mg are impor-
tant in ecological processes in peatlands but are frequently 
overlooked. ca and Mg have an extremely low abundance 
in ombrotrophic bogs compared to minerotrophic fens or 
upland mineral soils (rydin and Jeglum 2006). Bubier et al. 
(2011) reported a decline in leaf ca and Mg concentrations 
in response to fertilization in three dominant bog shrubs, 
Chamaedaphne calyculata, Rhododendron groenlandicum 
and Vaccinium myrtilloides, indicating physiological stress 
under conditions of high n accumulation. The resorp-
tion of ca and Mg differs substantially, with ca generally 
accumulating continuously during leaf development, being 
immobile in the phloem and hence not being resorbed dur-
ing leaf senescence (clarkson and hanson 1980; negi and 
singh 1993; lambers et al. 1998). In contrast, Mg is tightly 
bound to polyphosphates, readily mobile (clarkson and 
hanson 1980) and thus more likely to be resorbed than ca. 
Most resorption studies have mainly focused on n and P 
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and sometimes K, with little attention paid to ca and Mg, 
although the interactions between n, P and K affect resorp-
tion in forest ecosystems (chapin and Moilanen 1991; 
Knops et al. 1997; Vitousek 1998; Diehl et al. 2003). In 
bogs where the availability of three potentially limiting 
macronutrients (i.e. n, P and K) is very small, substantial 
resorption during senescence is expected to regulate nutri-
ent cycling, and stoichiometric responses to changing nutri-
ent availability from for example nutrient deposition and 
global warming is important.

Our objective was to investigate the effect of n, P and 
K addition on resorption efficiencies and proficiencies of 
n, P, K, c, ca and Mg in two dominant evergreen shrubs 
(C. calyculata and R. groenlandicum) in a long-term ferti-
lization experiment established a decade ago in Mer Bleue 
bog in eastern Ontario, canada. after decades of elevated 
atmospheric n deposition in eastern canada (Turunen et al. 
2004), the leaf-level n, P and K stoichiometric relationship 
derived from the ternary diagram (Olde Venterink et al. 
2003) of these two species over the growing season (June–
august) indicates that plant growth in this bog is co-limited 
by P and n, and there is no evidence showing K limitation 
(Wang and Moore. unpublished). after a decade of fertili-
zation with n, PK, or their combination, we assumed the 
addition of n has stimulated further P-(co)limitation and 
reduced n resorption, which has been shown in a sub-arctic 
bog (van heerwaarden et al. 2003b). n enrichment should 
stimulate the resorption of P and K to maintain n:P:K 
stoichiometric homeostasis. long-term fertilization with 
P and K should shift the ecosystem to n limitation with a 
decline in the resorption of P and K while the resorption of 
n should be enhanced to maintain the n:P:K stoichiometric 
homeostasis.

Therefore, we hypothesized:

1. The addition of n would reduce the resorption of n, 
while the addition of PK would reduce the resorption 
of P and K (i.e. a direct fertilization effect).

2. The addition of n would stimulate the resorption of 
P and K, while P and K addition would increase the 
resorption of n (i.e. stoichiometric interactions).

3. ca would accumulate while Mg would be resorbed 
during leaf senescence irrespective of fertilization.

Materials and methods

study site and species description

The experiment was conducted at the Mer Bleue peatland, 
which is mainly a bog covering 25 km2 located 10 km east 
of Ottawa, Ontario, canada (45.40°n, 75.50°W). Mean 
annual temperature is 6.0 °c ranging from −10.8 °c 

in January to 20.9 °c in July (Bubier et al. 2007). Mean 
annual precipitation is 944 mm (78 % as rainfall), 342 mm 
of which falls from May to august (canadian climate nor-
mals 1971–2000). The estimated atmospheric inorganic 
wet n deposition in this site was ~0.8 g n m−2 year−1 
(Turunen et al. 2004).

There are two sets of fertilization experiments each with 
triplicate 3 × 3-m plots, set up on the hummock micro-
topography at Mer Bleue bog (see Bubier et al. 2007). 
experiment 1 was established in 2000 and 2001, and exper-
iment 2 started in 2005 (Table 1), with 27 plots in total and 
a spatial extent of ~600 m2 (20 × 30 m). The fertilization 
is conducted every 3 weeks from 1 May to 31 august each 
year, with n added as nh4nO3 and P and K as Kh2PO4. 
The dominant vascular species are Chamaedaphne caly-
culata (l.) Moench and Rhododendron groenlandicum 
(Oeder) Kron & Judd (formerly Ledum groenlandicum 
Oeder), which are the dominant evergreen shrubs in the 
boreal bogs of north america (glaser 1992). Sphagnum 
mosses survive only in some of the plots with low levels 
of fertilization. Vaccinium myrtilloides Michx. and Kalmia 
angustifolia l. were distributed sparsely in some of the 
plots, but not sampled.

The leaf longevity of both species is two growing sea-
sons (reader 1980) and to sample leaves that would 
senesce the coming fall, the previous season’s leaves were 
identified. To guarantee the leaves were sampled from the 
same cohort with the same age, individual leaves of C. cal-
yculata formed in 2010 were marked at the base of the leaf 
with a dab of latex paint at the end of June 2011, when it 
was still easy to differentiate the new from the old leaves. 
This ensured that only leaves that would senesce the com-
ing fall would be sampled. as R. groenlandicum produces 

Table 1  Design of the fertilization experiment at Mer Bleue bog

n fertilization levels are five, ten and 20 times the estimated summer 
time atmospheric wet n deposition and treatments are abbreviated 
accordingly. c1 and c2 are the controls (added distilled water only) 
for the two sets of experiments, respectively

Treatment start  
year

n (g m−2  
year−1)

P (g m−2  
year−1)

K (g m−2  
year−1)

experiment 1

 c1 2000 0 0 0

 PK 2000 0 5 6.3

 5n 2000 1.6 0 0

 5nPK 2000 1.6 5 6.3

 10nPK 2001 3.2 5 6.3

 20nPK 2001 6.4 5 6.3

experiment 2

 c2 2005 0 0 0

 10n 2005 3.2 0 0

 20n 2005 6.4 0 0
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its new leaves and stems by extending from old stem and 
leaf clusters, it was possible to select old leaves without 
labelling them.

sampling and chemical analysis

Two replicates (each ~40 leaves) of sun-exposed and fully 
expanded mature leaves of both species in each of the 27 
plots were collected on 25 and 28 July 2011 and a simi-
lar number of recently senesced, but still attached, red-
dish brown leaves were sampled on 22 October 2011. 
We scanned the leaves immediately (epson expres-
sion 10000Xl; epson american, Usa) to determine the 
total projected leaf area per sample using Image J soft-
ware (version 1.45 s; Wayne rasband, national Institute of 
health, Usa). leaves were then oven-dried at 60 °c to a 
constant weight and specific leaf area (sla) was calculated 
as the leaf area per unit leaf dry mass (cm2 g−1) (Online 
resource 1). samples were ground (Wiley Mini Mill 3383-
l10; Thomas scientific, Usa) to fine powder (60-mesh 
sieve) and total c and n concentrations were determined 
by dry combustion on an elemental analyser (leco cns 
2000; leco, st. Joseph, MI). subsamples were digested 
(Technicon BD-40 block digester; Technicon Instruments, 
Tarrytown, new york) in concentrated h2sO4 and h2O2 
with se and li2sO4 as catalysts (Parkinson and allen 1975) 
and passed through 0.45-μm glass fibre filters (Mn 85/90; 
Macherey–nagel, germany). Total P was determined col-
orimetrically by the ammonium molybdate-ascorbic acid 
method (Murphy and riley 1962) on a lachat Quik-chem 
ae flow-injection autoanalyser (lachat Instruments, Mil-
waukee, WI). K, ca and Mg concentrations were measured 
on an atomic absorption spectrophotometer (Perkinelmer 
model 2380; Perkinelmer, Usa).

nutrient resorption proficiency and efficiency calculation

resorption efficiency may be underestimated because 
the loss of leaf mass or leaf shrinkage during senescence 
may be up to 10 and 6 %, respectively (van heerwaarden 
et al. 2003a). The resorption efficiency can be corrected 
using leaf mass loss and shrinkage of leaf area, or lignin 
concentration (van heerwaarden et al. 2003a) but as the 
lignin concentration may be affected by our long-term fer-
tilization (Vitousek 1998), we did not measure it to cor-
rect for mass loss. Instead, leaf area was used as the met-
ric to calculate resorption efficiency, given that the tough 
structure of these two sclerophyllous evergreen shrubs was 
resistant to leaf shrinkage during senescence. Mass-based 
nutrient concentration was divided by sla to derive leaf 
area-based nutrient concentration and the latter was used 
in the calculation of resorption efficiency (nutrient concen-
trations in mature leaves are shown in Online resource 2). 

Mass-based nutrient concentrations in mature and senesced 
leaves are presented in Online resource 3 and 4. nutrient 
resorption proficiency was based on the nutrient concentra-
tion in senesced leaves: the lower the nutrient concentra-
tion, the higher resorption proficiency (Killingbeck 1996). 
nutrient resorption efficiency (re) was calculated as:

where [nutrient]senesced and [nutrient]mature are the leaf 
area-based nutrient concentrations (mg cm−2) of recently 
senesced and mature leaves, respectively. nre, Pre, Kre, 
cre, care and Mgre were calculated correspondingly.

statistics

The normality of data was examined by a shapiro–Wilk test 
and levene’s test was used to check the homogeneity of 
variance. Because the data transformations have to be done 
in different ways to meet the assumptions of homogeneity 
of variance, a Kruskal–Wallis non-parametric test was per-
formed separately for experiments 1 and 2 with non-trans-
formed data. Differences between individual treatments 
and the corresponding control were assessed by the steel 
method (a non-parametric version of Dunnett’s post hoc 
test) for experiments 1 and 2 separately. We used a t-test 
to examine the interspecific difference between C. calycu-
lata and R. groenlandicum in mature and senesced leaves’ 
nutrient concentration and nutrient resorption efficiency 
under the same treatment, and the difference between the 
resorption efficiency under unfertilized conditions and the 
global averages of evergreen angiosperms (Vergutz et al. 
2012), using raw data from different sites prior to averag-
ing [data from the Oak ridge national laboratory Distrib-
uted archive center (http://daac.ornl.gov)]. The correla-
tion among nutrient concentration in mature and senesced 
leaves, resorption efficiency and the stoichiometric ratios 
were conducted by spearman’s rank correlation analysis. 
analyses were conducted in JMP 10 software (sas Insti-
tute, cary, nc).

Results

resorption proficiency in senesced leaves

Under the same treatment, n, P, K, c and Mg concentrations 
in senesced leaves were all significantly lower in C. caly-
culata (P < 0.001), although the ca concentration was sig-
nificantly higher than that in R. groenlandicum (P < 0.001; 
Fig. 1). The addition with n, PK or their combinations had 
little effect on n, K and c concentrations in either species 
compared to the controls (P > 0.05; Fig. 1a, c, d).

RE =

(

1 −
[Nutrient]senesced

[Nutrient]mature

)

× 100 %

http://daac.ornl.gov
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all treatments with PK addition (i.e. PK, 5nPK, 10nPK 
and 20nPK) significantly increased P concentration com-
pared to the control in both species (P < 0.05; Fig. 1b). n 
addition did not affect P concentration (P > 0.05).

The combination of n and PK addition showed  
stronger effects on ca and Mg concentrations than n or PK 
added separately, but no consistent pattern was observed 
(Fig. 1e, f).

resorption efficiency in senesced leaves

The resorption efficiencies of all nutrients were higher in 
C. calyculata than in R. groenlandicum under the same 
treatment (P < 0.01; Fig. 2). high levels of n addition (i.e. 

10n and 20n treatments) showed a stronger impact on 
resorption efficiencies than a low level of n addition (i.e. 
5n treatment) and PK added alone (i.e. PK treatment). The 
combinations of n and PK did not affect resorption effi-
ciencies in a consistent way and the effect varied between 
species.

The nre was not affected in n-only treatments (i.e. 5, 10 
and 20n) compared to controls in either species (P > 0.05; 
Fig. 2a). 5nPK and 20nPK significantly increased nre 
compared to the controls in C. calyculata and R. groen-
landicum, respectively (P < 0.05). The Pre was signifi-
cantly increased under 10 and 20n treatments compared to 
the control in both species (P < 0.05; Fig. 2b). however, 
PK treatment did not affect Pre in either species (P > 0.05), 

Fig. 1  n, P, K, c, ca and Mg 
concentrations (mg cm−2) (a–f) 
in senesced leaves of Chamae-
daphne calyculata (left bars) 
and Rhododendron groenlandi-
cum (right bars) in response to 
long-term n, P and K fertiliza-
tion. Values are mean ± se 
(n = 6). Open and pattern-filled 
bars are treatments in experi-
ment 1, and light- grey- and 
dark grey-filled bars are 
treatments in experiment 2. 
Open stars indicate significant 
difference between individual 
treatments and the controls 
in experiment 1 (P < 0.05), 
filled stars indicate significant 
difference between individual 
treatments and the controls in 
experiment 2 (P < 0.05). Treat-
ment abbreviations as described 
in Table 1
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and 10nPK significantly reduced Pre in C. calyculata 
compared to the control (P < 0.05).

n-only treatments did not affect Kre in C. calyculata 
(P > 0.5; Fig. 2c); however, both 10 and 20n doubled Kre 
in R. groenlandicum compared to the control (P < 0.05). 
similar to the pattern observed for Pre, PK treatment did 
not affect Kre in either species (P > 0.1). cre in C. calycu-
lata did not respond to nPK fertilization (P > 0.05; Fig. 2d). 
however, 20nPK treatment significantly increased cre in 

R. groenlandicum compared to the control (P < 0.01) and so 
did the 10 and 20n treatments (P < 0.05).

In general, C. calyculata showed positive resorp-
tion efficiencies of both ca (4–30 %) and Mg (29–41 %), 
while ca and Mg were accumulated (i.e. negative resorp-
tion efficiency) in R. groenlandicum (Fig. 2e, f). The effect 
of n addition on care and Mgre in both species was very 
weak and no significant effect of PK or nPK addition was 
detected (P > 0.5).
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Fig. 2  nutrient resorption efficiency (re) of n, P, K, c, Mg and 
ca (a–h) of C. calyculata (diamonds) and R. groenlandicum (trian-
gles) in response to long-term n, P and K fertilization. Values are 
mean ± se (n = 6). Open stars above the symbols indicate signifi-
cant difference between individual treatments and controls in C. cal-
yculata in experiment 1, filled stars above the symbols indicate sig-
nificant difference between individual treatments and controls in C. 

calyculata in experiment 2 (P < 0.05); open stars below the symbols 
indicate significant difference between individual treatments and con-
trols in R. groenlandicum in experiment 1, filled stars below the sym-
bols indicate significant difference between individual treatments and 
controls in R. groenlandicum in experiment 2 (P < 0.05). Treatment 
abbreviations as described in Table 1
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correlations among nutrient concentration, resorption 
efficiency and stoichiometric ratios

For both species, the nutrient concentrations in mature 
leaves were positively correlated with those in senesced 
leaves, except for n (Table 2). In contrast, resorption effi-
ciencies were negatively correlated with the nutrient con-
centrations in senesced leaves (i.e. positively with resorp-
tion proficiency) in both species. In general, resorption 
efficiencies were significantly correlated with nutrient con-
centration in both mature and senesced leaves.

In both species, nre, care and Mgre were weakly corre-
lated with the stoichiometric ratios (i.e. n:P, n:K and K:P) 
considered indicators of the types of nutrient limitation 
(Table 2). The correlation between nutrient resorption effi-
ciencies and stoichiometric ratios was generally stronger in 
C. calyculata than R. groenlandicum: Pre in both species was 
positively correlated but Kre and cre were negatively corre-
lated with all three stoichiometric ratios only in C. calyculata.

Few significant correlations between resorption efficien-
cies were observed in C. calyculata, whereas in R. groen-
landicum the resorption efficiencies were significantly cor-
related with each other, except for care.

The stoichiometric relationship between n, P and K 
during leaf senescence

neither species showed evidence of n being the predomi-
nantly limiting nutrient under all treatments, with no sam-
ples falling in the n-limited section of the ternary diagram, 
nor were they primarily n limited even after P and K addi-
tion (Fig. 3). The effect of fertilization on n:P:K stoichiom-
etry was more substantial in senesced leaves than in mature 
leaves. In both species, the addition of P and K drove the 
symbols to the bottom left, reflecting an increase in the 
relative P concentration, a decrease in the relative n con-
centration and little effect on the relative K concentration, 
compared to the control (i.e. moving parallel to the P-axis) 
(Fig. 3). If n was added alone, no substantial change was 
observed. For both species, after fertilization with PK (i.e. 
PK, 5nPK, 10nPK and 20nPK), leaf senescence generally 
increased the relative P concentration and decreased the rela-
tive n concentration, but did not affect the relative K concen-
tration substantially, similar to the effect of P and K addition 
compared to the control or n-only treatments (Fig. 3).

Discussion

resorption efficiency: boreal bog plants in a global context

We used leaf area-based nutrient concentration to derive 
nutrient resorption efficiency because mass-based data can 

underestimate the resorption efficiency by up to 10 % (van 
heerwaarden et al. 2003a). Mass loss during leaf senes-
cence is likely due to the removal of compounds and carbo-
hydrates (nordell and Karlsson 1995). The leaves of both 
evergreen shrubs contained ~54 % c (Online resource 3) 
and assuming that leaf shrinkage of both sclerophyllous 
species during senescence is negligible, we can estimate 
leaf mass loss based on cre, which are ~27 and ~3 % in 
C. calyculata and R. groenlandicum, respectively, under 
unfertilized conditions. The leaf mass loss in C. calyculata 
is similar to the global average of evergreen angiosperms 
(Vergutz et al. 2012), but the small mass loss in R. groen-
landicum requires further investigation.

Vergutz et al. (2012) compiled a global dataset of nutri-
ent resorption efficiency with the averages of n, P, K, c, 
ca and Mg for evergreen angiosperms (mainly tree species) 
being 56, 58, 56, 21, −5 and 12 %, respectively. The nre 
and Pre are slightly higher than those reported by aerts 
and chapin (2000) for evergreen species (50 and 55 %, 
respectively), probably because their study covered a larger 
proportion of evergreen species in boreal and subarctic 
ecosystems. Our study indicated interspecific differences 
under natural conditions: in C. calyculata, the cre (27 %) 
and Mgre (29 %) were higher (P < 0.001) while nre 
(50 %) and Pre (41 %) were lower (P < 0.001) than the 
global average and there was no significant difference for 
Kre (55 %) and care (4 %) (P > 0.5). In R. groenlandicum, 
the resorption efficiency of all nutrients (n, P, K, c, ca and 
Mg: 24, 10, 28, 3, −26 and −16 %, respectively) was sig-
nificantly lower than the global averages (P < 0.001). The 
nre and Pre in R. groenlandicum were also substantially 
lower than in a congeneric species, Rhododendron lap-
ponicum, in which nre and Pre were 78–79 and 80–85 %, 
respectively (Karlsson 1994). as both species are ericoid 
mycorrhizal evergreen shrubs, mycorrhizal fungi may 
mediate uptake, reducing dependence on resorption from 
senesced leaves.

small (1972) reported the n, P and K concentrations in 
fresh litters at Mer Bleue were 7.5, 0.3 and 0.3 mg g−1 in 
C. calyculata and 4.0, 0.3 and 1.1 mg g−1 in R. groenlandi-
cum (referred to as Ledum groenlandicum in his work), 
respectively, similar to Killingbeck’s (1996) critical values 
of potential n and P resorption proficiency for evergreen 
species. Therefore, we consider these n, P and K concen-
trations in fresh litters as the critical values of potential 
resorption proficiencies under natural condition in C. caly-
culata and R. groenlandicum. C. calyculata resorbs n and 
P proficiently by minimizing nutrient loss through litters 
(7.4 mg n g−1 and 0.4 mg P g−1 in unfertilized senesced 
leaves, Online resource 4), while R. groenlandicum 
does not (8.4 mg n g−1 and 0.6 mg P g−1 in unfertilized 
senesced leaves, Online resource 4). In contrast, neither 
species resorbs K proficiently (1.8 and 3.2 mg K g−1 in 
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unfertilized senesced leaves of C. calyculata and R. groen-
landicum, respectively). The general trend of lower nutri-
ent concentration, or higher resorption proficiency, in the 

senesced leaves of C. calyculata than R. groenlandicum, 
apart from ca, suggests that C. calyculata adapts to nutri-
ent deficiency better than R. groenlandicum, by minimiz-
ing nutrient loss. The two species did not show differences 
in sla of mature leaves (Online resource 1) but the dif-
ference appeared in the senesced leaves. a larger sla in 
senesced leaves contributes little to changes in leaf life 
span or morphological adjustment (shipley et al. 2005), but 
reflects mass loss during leaf senescence.

effects of fertilization on resorption proficiency 
and efficiency

resorption proficiency and efficiency complement each 
other and are often used together to investigate nutrient 
resorption. We found there was a strong negative correla-
tion between nutrient resorption efficiency and the nutrient 
concentration in senesced leaves (Table 2), indicating that, 
in general, resorption efficiency and proficiency respond to 
nutrient addition identically.

We found the addition of n or PK only weakly affected 
resorption directly (hypothesis 1) and stoichiometric inter-
actions played a more important role, given the significant 
positive effect of n addition on P and K resorption (hypoth-
esis 2). We found an inconsistent effect of fertilization on 
ca and Mg resorption and the two species resorbed ca and 
Mg in different ways: C. calyculata resorbed both ca and 
Mg while R. groenlandicum resorbed neither (hypothesis 
3). In general, the response of nutrient resorption to nPK 
addition depended on the types of nutrient limitation.

as expected, after a decade of n addition combined with 
atmospheric n deposition (0.8 g n m−2 year−1), P was the 
predominant limiting nutrient or at least co-limited with n 
(Fig. 3). contrary to our first hypothesis, the addition of n 
did not affect n resorption, regardless of the level of addi-
tion (1.6, 3.2 or 6.4 g n m−2 year−1), supporting the argu-
ment of possible n saturation in this ecosystem (Bubier 
et al. 2011). To maintain a balanced n:P:K stoichiom-
etry, we anticipated an increase in P and K resorption in 
response to n addition, especially under P-(co)limited con-
dition: we found Pre of both species was increased by high 
levels of n addition (3.2 and 6.4 g n m−2 year−1) which 
also increased Kre of R. groenlandicum. This positive 
response of P resorption to n addition follows the general 
anticipation that in a P-(co)limited ecosystem, the conser-
vation of P will be stimulated to meet the requirement of P 
when the availability of n is increased (rejmánková 2005).

a difference in resorption proficiency response to 
increasing nutrient availability among species affects the 
role of vegetation in ecosystem nutrient cycling (van heer-
waarden et al. 2003b), through a feedback between soil 
fertility and plant economics. raising soil fertility usually 
has positive effects on plant leaf nutrient concentration, 

Fig. 3  Ternary diagram showing the stoichiometric relationship of n, 
P and K in the mature and senesced leaves of C. calyculata (upper) 
and R. groenlandicum (bottom) in response to long-term n, P and 
K fertilization. Open symbols indicate mature leaves, filled symbols 
indicate senesced leaves. Dashed lines indicate the critical ratios of 
n:P (14.5), n:K (2.1) and K:P (3.4) (Olde Venterink et al. 2003). 
These lines divide the plot into four parts, and three of them indicate 
n limitation (n section), P or P, n-co-limitation (P or P + n section) 
and K or K, n-co-limitation (K or K + n section), respectively. For 
the central triangle section, the stoichiometric ratio cannot be used to 
determine the type of nutrient limitation or this is non-nPK limita-
tion. For visual reasons, the P concentration is multiplied by a factor 
of 10. Arrows show the direction in which the axes should be read. 
Treatment abbreviations as described in Table 1
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increasing the amount of nutrients returning to the soil. 
Increasing abundance of C. calyculata over R. groen-
landicum after a decade with the highest n level together 
with PK (i.e. 20nPK) (Bubier et al. 2011) suggests further 
attention should be paid to the relationship between nutri-
ent resorption and changes in species composition in bog 
ecosystems. The interspecific divergence in nutrient resorp-
tion can mediate ecosystem nutrient cycling through stoi-
chiometric interactions with consumers and decomposers 
along the food webs (sterner and elser 2002). For example, 
the higher resorption proficiency in C. calyculata than R. 
groenlandicum would further decrease litter decomposition 
by exacerbating the mismatch of c:element ratios between 
plants and decomposers.

after the addition of PK alone for 12 years, P-(co)limi-
tation was compensated but not yet shifted into n limita-
tion and the shrubs were on the margin of K limitation 
(Fig. 3). This may be related to K leaching through the peat 
owing to the high mobility of K under acidic conditions in 
this ecosystem (rydin and Jeglum 2006) and the lack of 
response of K resorption to PK addition goes against our 
first hypothesis. The dominance of co-limitation by n and 
PK is supported by changing shrub abundance in response 
to fertilization: the abundances of C. calyculata and R. 
groenlandicum under n- or PK-only treatments were not 
significantly different from controls, whereas their abun-
dances increased by ~50 % under 10nPK and 20nPK 
treatments (larmola et al. under review). There was a 
strong correlation between mature and senesced leaves’ P 
concentration (spearman’s r = 0.9), and the addition of 
PK increased the P concentration in mature and senesced 
leaves to a similar extent, leading to a higher P resorp-
tion proficiency but unchanged efficiency. This response 
of resorption proficiency over efficiency to nutrient addi-
tion has been discussed in subarctic bog species (van 
heerwaarden et al. 2003b), mangroves (Feller et al. 2003; 
rejmánková 2005) as well as in a perennial herb (ander-
son and eickmeier 2000). contrary to our second hypoth-
esis, PK addition did not significantly increase n resorp-
tion. The weak trend of increasing n resorption efficiency 
and proficiency in response to PK addition in both species 
implies that the increase in n resorption cannot keep pace 
with the increasing P concentration, leading to an ultimate 
shift in nutrient limitation.

There was no general, strong interactive effect among 
n, P and K resorption, contrary to our expectation, and the 
few significant effects are mainly due to the cumulative 
rather than the interactive effect of n and PK. For example, 
although 5n, 20n and PK can increase nre substantially 
but insignificantly (from a statistical perspective), their 
combination showed a significant increase of nre in 5nPK 
and 20nPK treatments in C. calyculata and R. groenlandi-
cum, respectively.

The lack of correlation between mature and senesced 
leaves’ n concentration to a certain extent supports the 
argument that a large portion of n in mature leaves is prob-
ably stored as amino acids. These are easy to transport 
when resorbed (chapin and Kedrowski 1983) and reduce 
the risk of toxic effects of nh4

+ through excess n avail-
ability (Bubier et al. 2011).

contrary to our third hypothesis, there was interspe-
cific divergence in ca and Mg resorption, with ca accu-
mulation in R. groenlandicum and Mg resorption in C. 
calyculata during leaf senescence. however, C. calyculata 
can resorb ca as reported in grasslands and alpine forests 
(ralhan and singh 1987; Peri and lasagno 2010), while 
R. groenlandicum did not conserve Mg through resorption 
(i.e. resorption efficiency ≤0). The positive resorption of 
ca and Mg in C. calyculata is attributable to the conser-
vation of these two important cations in bogs, and might 
facilitate the growth of C. calyculata in an acidic ombro-
trophic environment where the available ca and Mg are 
extremely low and benefit its competitive advantage over 
R. groenlandicum.

stoichiometric relationships and the implications for bogs

Bogs, covering ~700,000 km2 in canada, are generally 
poor in nutrients, dominated by evergreen shrubs and 
mosses, and nutrient retention and recycling by plants 
play an important role in the functioning of these peatland 
ecosystems, one process being the resorption of nutri-
ents from senescent leaves. elevated rates of atmospheric 
deposition of nutrients, especially n, and global warming 
(rustad et al. 2001) have increased nutrient availability. 
Thus, determining shrub nutrient resorption and the effect 
of added nutrients are important with regard to the future 
of these important c-sequestering ecosystems. Our results 
illustrate that, although C. calyculata and R. groenlandicum 
share the same habitat and have a similar leaf life span and 
n and P concentrations in mature leaves, they have differ-
ent resorption characteristics.

Under natural conditions, substantial portions of n, P 
and K were resorbed (10–55 %) during leaf senescence in 
the two shrubs, though ca and Mg resorption was lower 
and R. groenlandicum showed a gain in ca and Mg in 
some treatments during senescence. Fertilization with PK 
(i.e. PK, 5nPK, 10nPK and 20nPK) drove the trend of 
increasing relative concentration of P, decreasing n and 
not affecting K in both mature and senesced leaves in 
the ternary diagram. a similar pattern was observed dur-
ing leaf senescence (i.e. difference between mature and 
senesced leaves) under PK treatments, suggesting that lit-
ter decomposition could become more n limited after P 
and K fertilization. By resorbing nutrients proficiently, the 
shrubs maintain a low nutrient concentration in the litter, 
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with likely slower decomposition rates, thereby linking the 
leaf economy and soil processes and imposing a feedback 
on nutrient cycling.

The lack of correlation between nre and the resorption 
efficiency of other nutrients, especially P, confirms that n 
and P resorption are not always coupled, as the hydrolysis 
processes of n and P during leaf senescence are regulated 
by independent mechanisms (rejmánková 2005). The nre 
showed no correlation with the types of nutrient limita-
tion, as indicated by the stoichiometric ratios (Table 2). 
In contrast, Pre in general positively correlated with n:P 
and K:P ratios, which appears to counter the argument 
that there is no relationship between nutrient resorption 
and the types of nutrient limitation among wetland grami-
noids (güsewell 2005). however, our results indirectly 
confirmed the conclusion from rejmánková (2005) that 
P resorption was significantly higher in P-limited plots, 
facilitating adaptation to nutrient limitation. This may be 
an important strategy of these two shrubs in Mer Bleue 
bog, which adapt to increased n deposition (from ~0.2 to 
~0.8 g m−2 year−1).

C. calyculata and R. groenlandicum are two dominant 
shrubs in boreal peatlands and appear similar in many 
characteristics including leaf-level photosynthetic capac-
ity, leaf chemistry and morphology (Bubier et al. 2011), 
yet resorbed nutrients in different ways during the long-
term fertilization: C. calyculata showed a greater ability 
to resorb nutrients than R. groenlandicum by embracing a 
higher sla in senesced leaves. Other physiological con-
trols of the interspecific difference in terms of resorption 
efficiency and proficiency in response to the increased soil 
n, P and K availability remain unknown, but observed 
changes in species composition can have a strong impact 
on nutrient cycling through nutrient resorption. recent 
reviews of nutrient resorption have established broad pat-
terns, mainly in forests and grasslands (yuan and chen 
2009a, b; Vergutz et al. 2012). Our study advances the 
understanding of the stoichiometric interactions of mul-
tiple limiting nutrients in bog ecosystems, showing the 
large variation between species within plant functional 
types in nutrient resorption (nordell and Karlsson 1995; 
aerts 1996; eckstein et al. 1998; aerts and chapin 2000). 
changes in species composition through changing nutrient 
limitation, owing to nutrient enrichment or global warm-
ing, could mediate ecosystem nutrient cycling in bog 
ecosystems.

Acknowledgments We gratefully acknowledge the field and/or lab-
oratory assistance of angela grant, agnieszka adamowicz-Walczak, 
hélène lalande and Mike Dalva and the comments of Jill Bubier. 
M. W. was financially supported by the chinese scholarship council 
for his Ph.D. study and the research was funded by a natural sciences 
and engineering research council Discovery grant to T. r. M.

References

aerts r (1996) nutrient resorption from senescing leaves of per-
ennials: are there general patterns? J ecol 84:597–608. 
doi:10.2307/2261481

aerts r, Bobbink r (1999) The impact of atmospheric nitrogen depo-
sition on vegetation processes in terrestrial, non-forest ecosys-
tems. In: langan sJ (ed) The impact of nitrogen deposition on 
natural and semi-natural ecosystems. Kluwer, the netherlands, pp 
85–122

aerts r, chapin Fs (2000) The mineral nutrition of wild plants revis-
ited: a re-evaluation of processes and patterns. adv ecol res 
30:1–67. doi:10.1016/s0065-2504(08)60016-1

aerts r, Wallén B, Malmer n (1992) growth-limiting nutrients in 
Sphagnum-dominated bogs subject to low and high atmospheric 
nitrogen supply. J ecol 80:131–140. doi:10.2307/2261070

anderson W, eickmeier Wg (2000) nutrient resorption in Claytonia 
virginica l.: implications for deciduous forest nutrient cycling. 
can J Bot 78:832–839. doi:10.1139/b00-056

Birk eM, Vitousek PM (1986) nitrogen availability and nitro-
gen use efficiency in loblolly pine stands. ecology 67:69–79. 
doi:10.2307/1938504

Bobbink r, hornung M, roelofs JgM (1998) The effects of air-
borne nitrogen pollutants on species diversity in natural 
and semi-natural european vegetation. J ecol 86:717–738. 
doi:10.1046/j.1365-2745.1998.8650717.x

Bragazza l, Tahvanainen T, Kutnar l, rydin h, limpens J, hájek M, 
grosvernier P, hájek T, hajkova P, hansen I, Iacumin P, gerdol r 
(2004) nutritional constraints in ombrotrophic Sphagnum plants 
under increasing atmospheric nitrogen deposition in europe. new 
Phytol 163:609–616. doi:10.1111/j.1469-8137.2004.01154.x

Bubier Jl, Moore Tr, Bledzki la (2007) effects of nutrient addi-
tion on vegetation and carbon cycling in an ombrotrophic bog. 
global change Biol 13:1168–1186. doi:10.1111/j.1365-2486. 
2007.01346.x

Bubier Jl, smith r, Juutinen s, Moore Tr, Minocha r, long s, 
Minocha s (2011) effects of nutrient addition on leaf chemistry, 
morphology, and photosynthetic capacity of three bog shrubs. 
Oecologia 167:355–368. doi:10.1007/s00442-011-1998-9

canadian climate normals (1971–2000) national climate data and 
information archive. http://climate.weatheroffice.ec.gc.ca/cli-
mate_normals. accessed 01-april-2013

chapin Fs, Kedrowski ra (1983) seasonal changes in nitro-
gen and phosphorus fractions and autumn re-translocation in 
evergreen and deciduous taiga trees. ecology 64:376–391. 
doi:10.2307/1937083

chapin Fs, Moilanen l (1991) nutritional controls over nitrogen 
and phosphorus resorption from alaskan birch leaves. ecology 
72:709–715. doi:10.2307/2937210

clarkson DT, hanson JB (1980) The mineral nutrition of higher 
plants. annu rev Plant Physiol 31:239–298. doi:10.1146/annurev.
pp.31.060180.001323

Diehl P, Mazzarino MJ, Funes F, Fontenla s, gobbi M, Ferrari J 
(2003) nutrient conservation strategies in native andean-Patago-
nian forests. J Veg sci 14:63–70. doi:10.1111/j.1654-1103.2003.
tb02128.x

eckstein rl, Karlsson Ps, Weih M (1998) The significance of resorp-
tion of leaf resources for shoot growth in evergreen and decidu-
ous woody plants from a subarctic environment. Oikos 81:567–
575. doi:10.2307/3546777

escudero a, Delarco JM, sanz Ic, ayala J (1992) effects of leaf lon-
gevity and re-translocation efficiency on the retention time of 
nutrients in the leaf biomass of different woody species. Oecolo-
gia 90:80–87. doi:10.1007/BF00317812

http://dx.doi.org/10.2307/2261481
http://dx.doi.org/10.1016/S0065-2504(08)60016-1
http://dx.doi.org/10.2307/2261070
http://dx.doi.org/10.1139/b00-056
http://dx.doi.org/10.2307/1938504
http://dx.doi.org/10.1046/j.1365-2745.1998.8650717.x
http://dx.doi.org/10.1111/j.1469-8137.2004.01154.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01346.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01346.x
http://dx.doi.org/10.1007/s00442-011-1998-9
http://climate.weatheroffice.ec.gc.ca/climate_normals
http://climate.weatheroffice.ec.gc.ca/climate_normals
http://dx.doi.org/10.2307/1937083
http://dx.doi.org/10.2307/2937210
http://dx.doi.org/10.1146/annurev.pp.31.060180.001323
http://dx.doi.org/10.1146/annurev.pp.31.060180.001323
http://dx.doi.org/10.1111/j.1654-1103.2003.tb02128.x
http://dx.doi.org/10.1111/j.1654-1103.2003.tb02128.x
http://dx.doi.org/10.2307/3546777
http://dx.doi.org/10.1007/BF00317812


 Oecologia

1 3

Feller Ic, McKee Kl, Whigham DF, O’neill JP (2003) nitro-
gen vs. phosphorus limitation across an ecotonal gradient in 
a mangrove forest. Biogeochemistry 62:145–175. doi:10.102
3/a:1021166010892

glaser Ph (1992) raised bogs in eastern north america—regional 
controls for species richness and floristic assemblages. J ecol 
80:535–554. doi:10.2307/2260697

gorham e (1991) northern peatlands: role in the carbon cycle and 
probable responses to climatic warming. ecol appl 1:182–195. 
doi:10.2307/1941811

gunnarsson U, rydin h (2000) nitrogen fertilization reduces Sphag-
num production in bog communities. new Phytol 147:527–537. 
doi:10.1046/j.1469-8137.2000.00717.x

güsewell s (2005) nutrient resorption of wetland graminoids is 
related to the type of nutrient limitation. Funct ecol 19:344–354. 
doi:10.1111/j.1365-2435.2005.00967.x

hoosbeek Mr, Van Breemen n, Vasander h, Buttler a, Berendse F 
(2002) Potassium limits potential growth of bog vegetation under 
elevated atmospheric cO2 and n deposition. global change Biol 
8:1130–1138. doi:10.1046/j.1365-2486.2002.00535.x

Karlsson PF (1994) The significance of internal nutrient cycling in 
branches for growth and reproduction of Rhododendron lapponi-
cum. Oikos 70:191–200. doi:10.2307/3545630

Killingbeck KT (1986) The terminological jungle revisited: mak-
ing a case for use of the term resorption. Oikos 46:263–264. 
doi:10.2307/3565477

Killingbeck KT (1996) nutrients in senesced leaves: keys to the 
search for potential resorption and resorption proficiency. ecol-
ogy 77:1716–1727. doi:10.2307/2265777

Knops JMh, Koenig WD, nash Th (1997) On the relationship 
between nutrient use efficiency and fertility in forest ecosystems. 
Oecologia 110:550–556. doi:10.2307/4221644

Kobe rK, lepczyk ca, Iyer M (2005) resorption efficiency 
decreases with increasing green leaf nutrients in a global data set. 
ecology 86:2780–2792. doi:10.1890/04-1830

lambers h, chapin Fs, Pons Tl (1998) Plant physiological ecology. 
springer, new york

li XF, Zheng XB, han sJ, Zheng JQ, li Tg (2010) effects of nitro-
gen additions on nitrogen resorption and use efficiencies and 
foliar litterfall of six tree species in a mixed birch and pop-
lar forest, northeastern china. can J For res 40:2256–2261. 
doi:10.1139/X10-167

loneragan JF, snowball K, robson aD (1976) remobilization of 
nutrients and its significance in plant nutrition. In: Wardlaw IF, 
Passioura JB (eds) Transport and transfer processes in plants. 
academic Press, new york, pp 463–469

Moore T, Blodau c, Turunen J, roulet n, richard PJh (2004) Pat-
terns of nitrogen and sulfur accumulation and retention in ombro-
trophic bogs, eastern canada. global change Biol 11:356–367. 
doi:10.1111/j.1365-2486.2004.00882.x

Murphy J, riley JP (1962) a modified single solution method for 
determination of phosphate in natural waters. anal chim acta 
26:31–36. doi:10.1016/s0003-2670(00)88444-5

nambiar eKs, Fife Dn (1991) nutrient re-translocation in tem-
perate conifers. Tree Physiol 9:185–207. doi:10.1093/treep
hys/9.1-2.185

näsholm T, ekblad a, nordin a, giesler r, högberg M, högberg 
P (1998) Boreal forest plants take up organic nitrogen. nature 
392:914–916. doi:10.1038/31921

negi gcs, singh sP (1993) leaf nitrogen dynamics with particu-
lar reference to re-translocation in evergreen and deciduous 
tree species of Kumaun himalaya. can J For res 23:349–357. 
doi:10.1139/x93-051

nordell KO, Karlsson Ps (1995) resorption of nitrogen and dry 
matter prior to leaf abscission: variation among individuals, 

sites and years in the mountain birch. Funct ecol 9:326–333. 
doi:10.2307/2390581

Olde Venterink h, Wassen MJ, Verkroost aWM, de ruiter Pc 
(2003) species richness-productivity patterns differ between 
n-, P-, and K-limited wetlands. ecology 84:2191–2199. 
doi:10.1890/01-0639

Parkinson Ja, allen se (1975) Wet oxidation procedure suit-
able for determination of nitrogen and mineral nutri-
ents in biological material. commun soil sci Plan 6:1–11. 
doi:10.1080/00103627509366539

Peri Pl, lasagno rg (2010) Biomass, carbon and nutrient stor-
age for dominant grasses of cold temperate steppe grasslands 
in southern Patagonia, argentina. J arid environ 74:23–34. 
doi:10.1016/j.jaridenv.2009.06.015

Pugnaire FI, chapin Fs (1993) controls over nutrient resorption from 
leaves of evergreen Mediterranean species. ecology 74:124–129. 
doi:10.2307/1939507

ralhan PK, singh sP (1987) Dynamics of nutrients and leaf mass 
in central himalayan forest trees and shrubs. ecology 68:1974–
1983. doi:10.2307/1939888

reader rJ (1980) effects of nitrogen fertilizer, shade, and the removal 
of new growth on longevity of overwintering bog ericad leaves. 
can J Bot 58:1737–1743. doi:10.1139/b80-201

reed sc, Townsend ar, Davidson ea, cleveland cc (2012) stoi-
chiometric patterns in foliar nutrient resorption across multiple 
scales. new Phytol 196:173–180. doi:10.1111/j.1469-8137.2012. 
04249.x

rejmánková e (2005) nutrient resorption in wetland macroPhytes: 
comparison across several regions of different nutrient status. new 
Phytol 167:471–482. doi:10.1111/j.1469-8137.2005.01449.x

rustad le, campbell Jl, Marion gM, norby rJ, Mitchell MJ, hart-
ley aW, cornelissen Jhc, gurevitch J, gcte-news (2001) a 
meta-analysis of the response of soil respiration, net nitrogen 
mineralization, and aboveground plant growth to experimen-
tal ecosystem warming. Oecologia 126:543–562 doi: 10.1007/
s004420000544

rydin h, Jeglum JK (2006) The biology of peatlands. Oxford Univer-
sity Press, new york

shipley B, Vile D, garnier e, Wright IJ, Poorter h (2005) Functional 
linkages between leaf traits and net photosynthetic rate: reconcil-
ing empirical and mechanistic models. Funct ecol 19:602–615. 
doi:10.1111/j.1365-2435.2005.01008.x

small e (1972) Photosynthetic rates in relation to nitrogen recycling 
as an adaptation to nutrient deficiency in peat bog plants. can J 
Bot 50:2227–2233. doi:10.1139/b72-289

sterner rW, elser J (2002) ecological stoichiometry: the biology of 
elements from molecules to the biosphere. Princeton University 
Press, new Jersey

straker cJ (1996) ericoid mycorrhiza: ecological and host specificity. 
Mycorrhiza 6:215–225. doi:10.1007/s005720050129

Turunen J, roulet nT, Moore Tr, richard PJh (2004) nitrogen dep-
osition and increased carbon accumulation in ombrotrophic peat-
lands in eastern canada. global Biogeochem cycles 18:gB3002 
doi: 10.1029/2003gb002154

van den Driessche r, rieche K (1974) Prediction of mineral nutrient 
status of trees by foliar analysis. Bot rev 40:347–394. doi:10.10
07/BF02860066

van heerwaarden lM, Toet s, aerts r (2003a) current measures 
of nutrient resorption efficiency lead to a substantial underesti-
mation of real resorption efficiency: facts and solutions. Oikos 
101:664–669. doi:10.1034/j.1600-0706.2003.12351.x

van heerwaarden lM, Toet s, aerts r (2003b) nitrogen and phos-
phorus resorption efficiency and proficiency in six sub-arctic bog 
species after 4 years of nitrogen fertilization. J ecol 91:1060–
1070. doi:10.1046/j.1365-2745.2003.00828.x

http://dx.doi.org/10.1023/A:1021166010892
http://dx.doi.org/10.1023/A:1021166010892
http://dx.doi.org/10.2307/2260697
http://dx.doi.org/10.2307/1941811
http://dx.doi.org/10.1046/j.1469-8137.2000.00717.x
http://dx.doi.org/10.1111/j.1365-2435.2005.00967.x
http://dx.doi.org/10.1046/j.1365-2486.2002.00535.x
http://dx.doi.org/10.2307/3545630
http://dx.doi.org/10.2307/3565477
http://dx.doi.org/10.2307/2265777
http://dx.doi.org/10.2307/4221644
http://dx.doi.org/10.1890/04-1830
http://dx.doi.org/10.1139/X10-167
http://dx.doi.org/10.1111/j.1365-2486.2004.00882.x
http://dx.doi.org/10.1016/S0003-2670(00)88444-5
http://dx.doi.org/10.1093/treephys/9.1-2.185
http://dx.doi.org/10.1093/treephys/9.1-2.185
http://dx.doi.org/10.1038/31921
http://dx.doi.org/10.1139/x93-051
http://dx.doi.org/10.2307/2390581
http://dx.doi.org/10.1890/01-0639
http://dx.doi.org/10.1080/00103627509366539
http://dx.doi.org/10.1016/j.jaridenv.2009.06.015
http://dx.doi.org/10.2307/1939507
http://dx.doi.org/10.2307/1939888
http://dx.doi.org/10.1139/b80-201
http://dx.doi.org/10.1111/j.1469-8137.2012.04249.x
http://dx.doi.org/10.1111/j.1469-8137.2012.04249.x
http://dx.doi.org/10.1111/j.1469-8137.2005.01449.x
http://dx.doi.org/10.1007/s004420000544
http://dx.doi.org/10.1007/s004420000544
http://dx.doi.org/10.1111/j.1365-2435.2005.01008.x
http://dx.doi.org/10.1139/b72-289
http://dx.doi.org/10.1007/s005720050129
http://dx.doi.org/10.1029/2003gb002154
http://dx.doi.org/10.1007/BF02860066
http://dx.doi.org/10.1007/BF02860066
http://dx.doi.org/10.1034/j.1600-0706.2003.12351.x
http://dx.doi.org/10.1046/j.1365-2745.2003.00828.x


Oecologia 

1 3

Vergutz l, Manzoni s, Porporato a, novais rF, Jackson rB (2012) 
global resorption efficiencies and concentrations of carbon and 
nutrients in leaves of terrestrial plants. ecol Monogr 82:205–220. 
doi:10.1890/11-0416.1

Verhoeven JTa, Keuter a, logtestijn rV, Kerkhoven MB, Wassen M 
(1996) control of local nutrient dynamics in mires by regional 
and climatic factors: a comparison of Dutch and Polish sites. J 
ecol 84:647–656. doi:10.2307/2261328

Vitousek PM (1998) Foliar and litter nutrients, nutrient resorption, 
and decomposition in hawaiian Metrosideros polymorpha. eco-
systems 1:401–407. doi:10.1007/s100219900033

Wright IJ, Westoby M (2003) nutrient concentration, resorption and 
lifespan: leaf traits of australian sclerophyll species. Funct ecol 
17:10–19. doi:10.1046/j.1365-2435.2003.00694.x

yuan Zy, chen hyh (2009a) global-scale patterns of nutri-
ent resorption associated with latitude, tempera-
ture and precipitation. global ecol Biogeogr 18:11–18. 
doi:10.1111/j.1466-8238.2008.00425.x

yuan Zy, chen hyh (2009b) global trends in senesced-leaf nitro-
gen and phosphorus. global ecol Biogeogr 18:532–542. 
doi:10.1111/j.1466-8238.2009.00474.x

yuan Zy, li lh, han Xg, huang Jh, Jiang gM, Wan sQ, Zhang 
Wh, chen Qs (2005) nitrogen resorption from senescing leaves 
in 28 plant species in a semi-arid region of northern china. J arid 
environ 63:191–202. doi:10.1016/j.jaridenv.2005.01.023

http://dx.doi.org/10.1890/11-0416.1
http://dx.doi.org/10.2307/2261328
http://dx.doi.org/10.1007/s100219900033
http://dx.doi.org/10.1046/j.1365-2435.2003.00694.x
http://dx.doi.org/10.1111/j.1466-8238.2008.00425.x
http://dx.doi.org/10.1111/j.1466-8238.2009.00474.x
http://dx.doi.org/10.1016/j.jaridenv.2005.01.023

	Nutrient resorption of two evergreen shrubs in response to long-term fertilization in a bog
	Abstract 
	Introduction
	Materials and methods
	Study site and species description
	Sampling and chemical analysis
	Nutrient resorption proficiency and efficiency calculation
	Statistics

	Results
	Resorption proficiency in senesced leaves
	Resorption efficiency in senesced leaves
	Correlations among nutrient concentration, resorption efficiency and stoichiometric ratios
	The stoichiometric relationship between N, P and K during leaf senescence

	Discussion
	Resorption efficiency: boreal bog plants in a global context
	Effects of fertilization on resorption proficiency and efficiency
	Stoichiometric relationships and the implications for bogs

	Acknowledgments 
	References


