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Abstract A descriptive temporal model is considered to
be the best available estimator for accretion, resorption
and proportional nutrient resorption. However, ecolog-
ical studies rarely collect sufficient data for applying such
a model. A less-demanding and commonly used estima-
tor for proportional resorption (PR) calculates PR as the
percentage of the nutrient pool that is withdrawn from
mature foliage before leaf abscission. Data from an
intensive sampling campaign of the aboveground nutri-
ent pools and fluxes of two Betula pendula Roth. stands
were used. We showed that the commonly used estimator
is not an accurate estimator for accretion, resorption and
proportional resorption. The commonly used estimator
underestimated the proportional resorption of N on the
average by 3–10%, and the proportional resorption of P
by 20–25%. The low accuracy of the estimations was
shown to be caused by a lack of selectiveness of the
commonly used estimator. In other words, the commonly
used estimator does not measure the underlying pro-
cesses in specific nutrient accretion and resorption at the
stand level. However, when a sufficiently high sampling
density with several samples at a given point in time is
used, then the commonly used estimator preserves the
ranking relationship between the PR of different sites for
N in 97% of the cases and for P in 71%. The commonly
used estimator can thus be used in comparative studies as
an index for proportional nutrient resorption only. The
quantitative results should not be taken literally, as they

are based on only two sets of observations. However, the
results show that the commonly used estimator should no
longer be used as a measure for accretion, resorption or
PR whenever the plant accretes nutrients in the foliage as
a compensation for nutrient losses due to foliar leaching
and litterfall during the growing season.
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Introduction

Resorption is a nutrient conservation mechanism that
affects key processes such as nutrient uptake (Chapin
1980), competition (Killingbeck 1985), carbon cycling
(Asner et al. 2001) and fitness in terms of growth and
reproduction (May and Killingbeck 1992). Nitrogen and
phosphorus, especially, are highly resorbed as a reaction
to self-shading as the canopy grows (Saur et al. 2000;
Franklin and Agren 2002) or from senescing leaves be-
fore abscission (Staaf 1982; Chapin and Kedrowski
1983). On the average, around 50% of the N and P are
resorbed from the tree foliage (Aerts 1996). Nutrients
that are resorbed and stored internally are a readily
available pool of nutrients for the plant. This pool al-
lows a higher rate of growth than would be possible
based on nutrient uptake from the soil alone. Nutrients
that are not resorbed will be circulated via litterfall.
However, nutrient circulation via litterfall has the dis-
advantage that neighbouring plants compete for the
nutrients, and that nutrients can be lost through leach-
ing or incorporated in stable soil pools. There is still
some controversy about whether resorption is an adap-
tive strategy of plants to their growing environment. As
arguments against the theory of an adaptive strategy,
resorption was reported to be: (1) similar under ambient
or elevated CO2 concentrations (Norby and Cotrufo
1998; Norby et al. 2000), (2) lower in evergreens than in
deciduous trees for N, (3) similar in evergreens and
deciduous trees for P, and (4) higher, lower or similar in
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fertile soils compared to infertile soils (Aerts 1996;
Knops et al. 1997; Wright and Westoby 2004). The
ecological theory was revised on the basis of these
unexpected or indisputable observations: plants growing
in infertile environments can conserve nutrients mainly
by extending the life span of their plant parts and/or by
minimizing the nutrient content of those parts that are
abscissed (Eckstein et al. 1999; Oleksyn et al. 2003).

The resorption process is commonly quantified by
means of the parameter nutrient resorption efficiency
(van Heerwaarden et al. 2003), which gives the propor-
tion of the nutrient pool that was withdrawn from the
foliage before leaf abscission. The parameter of nutrient
resorption efficiency is not more than a proportion (see
Eqs. 4, 5). Following on Wright and Westoby (2004),
we therefore used the wording proportional nutrient
resorption. A reliable estimate of proportional nutrient
resorption should be derived from its underlying physi-
ological processes, i.e. accretion and resorption. The
cumulative accretion or uptake of nutrients is commonly
estimated by quantifying the nutrient pool in mature
leaves. The cumulative resorption of nutrients is esti-
mated as the difference between the nutrient pools of
mature and abscissed leaves. Finally, the commonly
used estimator of proportional nutrient resorption as-
sumes that the canopy nutrient pools are not affected by
canopy exchange.

Although a lot of ecological theory is based on, or
revised on the basis of, observation and comparison of
the commonly used estimator of proportional nutrient
resorption, one important issue has not yet been ad-
dressed: is this commonly used estimator a reliable
parameter? Therefore, the aims of this study are to test
whether the commonly used estimator: (1) is an accurate
and precise estimator for proportional resorption, (2)
measures the underlying physiological processes of
resorption and accretion, and (3) preserves differences in
resorption, accretion and proportional resorption (PR)
between sites.

Materials and methods

Experimental set-up

We made a comparative study in two 30·40 m experi-
mental plots of even-aged silver birch (Betula pendula
Roth.) (Table 1) situated in southwestern Finland in the
southern boreal coniferous zone (Ahti et al. 1968). The
Harjavalta plot (61�19¢N, 22�07¢E) is situated about
30 km from the coast, and the area was subjected to a
heavy pollution load since the 1940s, mainly from a
smelter producing copper and nickel. The pollution load
and the effects of pollution on the ecosystems in the
vicinity of the plant were well documented in the litera-
ture and summarized by Kiikkilä (2003). The
Hämeenkyrö plot (61�42¢N, 23�10¢E) is situated about
80 km northeast of Harjavalta. The plot is located more
than 40 km from industry and is not affected by known

local sources of pollution. The sandy soil underlying both
plots is a Dystric Cambisol (FAO classification).

The experimental design on both plots was the same.
Thirty-six stand throughfall collectors and 18 litterfall
traps were distributed systematically over the plot. The
throughfall collectors consisted of plastic funnels with a
0.03 m2 collection surface, which drained into a 3-l
plastic bag. The litterfall traps were funnel-shaped with a
collection surface of 0.5 m2 . A cotton bag with a mesh
bottom for improved drainage was fitted to the neck of
each funnel. Following measurement of the tree stand,
45 neighbouring trees were chosen on each 30·40 m
plot. The selected trees were of the same height and
diameter class, and had a dominant or co-dominant
position in the stand. The 45 trees were divided into
three different sets of 15 trees to avoid excessive leaf
removal. Only one set of 15 trees was sampled each
sampling period, that way less than 4% of the leaf mass
of the sampling trees was lost due to sampling. Foliar
samples were taken from the crown at a height of 10, 16
and 22 m above ground level. At each of the three
canopy positions, a sample of at least 200 leaves was
taken per individual tree. Data from the three different
crown positions were used for a more accurate estimate
of average nutrient concentrations. In each set of 15
trees, two trees were equipped with a stemflow collector.
Stemflow was therefore measured on six trees on each
plot. The stemflow collectors consisted of circular collars
connected to a 40-l barrel by plastic tubing. Six bulk
precipitation collectors were placed in a straight line on
an open field located less than 500 m from the plots. The
construction of the bulk precipitation collectors was
similar to that of the throughfall collectors. Rainwater
and litter samples were collected weekly from bud break
(week 18) to abscission (week 45) in 2002. The mass of
each throughfall (MTFDt, g m�2), stemflow (MSFDt,
g m�2) and bulk precipitation (MBPDt, g m�2) sample
was recorded during sampling. Foliage was sampled 18
times, i.e. in weeks 20, 21, 22, 24, 26, 28, 31, 33, 35, 37,
38, 39, 40, 41, 42, 43, 44 and 45. The water, litter and
foliage samples were transported to the laboratory
within 10 h of sampling.

Table 1 Stand characteristics of the silver birch (B. pendula Roth.)
plots in Harjavalta and Hämeenkyrö in 2002

Harjavalta Hämeenkyrö

Stand
Density (trees ha�1) 558 433
Basal area (m2 ha�1) 20.7 17.8
Stem volume (m3 ha�1) 202 183
Mean diameter (m) 0.21 0.22
Mean height (m) 21.9 22.3
Planted (year) 1957 1969
Climate
Mean annual temperature (�C) 4.0 3.7
Precipitation sum (mm) 558 663

The long-term mean annual temperature and precipitation sum are
derived from nearby weather stations of the Finnish Meteorologi-
cal Institute
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Sample preparation and chemical analysis

Before analysis, the samples from different weeks were
bulked so that rainwater and litter had the same sam-
pling frequency as foliage (18 times). Subsequently, the
36 throughfall and six bulk precipitation samples were
pair-wise bulked; samples from neighbouring sampling
locations were bulked according to their relative
weights. Consequently, 18 throughfall ([TFx,Dt], g l�1),
three bulk precipitation ([BPx,Dt], g l�1) and six stemflow
(not bulked) ([SFx,Dt], g l�1) samples were analysed each
sampling period for each plot. The pH was measured on
unfiltered samples. The samples were then filtered
through a 0.45 lm membrane filter. Part of the filtrate
was preserved with concentrated HNO3 prior to deter-
mination of Na+ by inductively coupled plasma atomic
emission spectrometry (ICP-AES). The unpreserved part
of the filtrate was frozen prior to determination of Ntot

by flow injection analysis, and NH4
+, SO4

2�, NO3
� and

PO4
3� by ion chromatography. Foliar samples were dried

at 60�C, the number of leaves was counted and the
sample mass weighed. The mass per leaf for fresh leaves
was calculated (LEAFSMDt, g leaf�1) for each plot, for
all 18 sampling periods, and for all 45 foliage samples
separately. Litterfall samples were dried at 60�C and
leaves were separated from twigs, buds and seeds.
Leaves were counted and weighed (LITMDt, g m�2) so
that the mass per leaf of litter could be calculated
(LITSMDt, g leaf�1). Samples from the 18 litterfall traps
were then bulked in threes: six samples were therefore
analysed per plot. Unwashed leaves and litterfall were
milled and sieved before analysis. The N concentration
of the leaves ([LEAFx,t], g g�1) and litterfall ([LITx,Dt],
g g�1) was determined without further pre-treatment on
a CHN analyser. The P and Na concentrations in the
leaves were determined by ICP-AES following wet
digestion in HNO3/H2O2. The leaf samples were di-
gested by a Closed Wet digestion method in a micro-
wave. The results were expressed per 105�C dry mass.

The quality of the analytical methods was checked by
means of method blanks, repeated measurements of
internal reference samples, repeated measurement of
certified reference samples and participation in inter-
laboratory tests. When episodes of high NH4

+ or Na+

deposition were observed, their timing and magnitude
was compared to respectively, NH4

+ and Na+ mea-
surements on the EMEP plots, which are managed by
the Finnish Meteorological Institute (unpublished data).
Episodes of high NH4

+ or Na+ deposition often coin-
cided with air masses transported over the Baltic Sea
and/or high precipitation amounts.

Resorption, accretion and proportional resorption

A descriptive temporal model that uses data from
intensive sampling of the aboveground nutrient pools
and fluxes was developed (Duchesne et al. 2001) for
estimating cumulative accretion and resorption at the

whole stand level throughout the growing season.
Nutrient losses from the foliage pool can arise from four
principal pathways: litterfall, leaf leaching, resorption
and herbivory. As no signs of pests were observed,
nutrient losses through herbivory were neglected in this
study. Consequently, net resorption at the stand level is
the sum of temporal changes in nutrient pools that
cannot be allocated to litterfall and leaching:

nRESx;Dt ¼ LEAFx;Dt � LITx;Dt � LEACHx;Dt ð1Þ

where LEAFx,Dt (g m�2) is the change in the foliar pool
of nutrient x in the period Dt, LITx,Dt (g m�2) is the loss
of nutrient x due to litterfall in period Dt, and
LEACHx,Dt (g m�2) is the change of the nutrient pool
due to interactions with incident precipitation in period
Dt. The cumulative accretion (cACCx) for the growing
season was calculated as

P18
Dt¼1 nRESx;Dt for

nRESx,Dt>0. The cumulative resorption (cRESx) was
calculated as

P18
Dt¼1 nRESx;Dt for nRESx,Dt<0.

Changes in the foliar nutrient pool in period Dt
(LEAFx,Dt) were calculated as:

LEAFx;Dt ¼ LEAFx;t � LEAFx;t�1 ð2Þ

where LEAFx,t (g m�2) is the nutrient pool at time t,
which was calculated as the product of the nutrient
concentration ([LEAFx,t], g g�1) and the foliar mass at
time t (g m�2). The relative spring-time build-up of the
foliar mass was modelled using the effective temperature
sum (Kellomäki et al. 2000). Parameter settings for
southwestern Finland were chosen according to Kel-
lomäki et al. (2000, 2001). The relative spring-time build-
up was then multiplied by the total biomass of leaves in
litterfall (

P18
Dt¼1 LITMDt, g m�2) and corrected with the

mass per leaf for litter (LITSMt, g leaf�1) and mass per
leaf for fresh leaves (LEAFSMt, g leaf�1) to obtain the
leaf mass at sampling time t (LEAFMt, g m�2). The loss
of nutrient x due to litterfall in period Dt (LITx,Dt,
g m�2) was calculated as the product of the nutrient
concentration in litterfall ([LITx,Dt], g g�1) and the bio-
mass of leaves in litter (LITMDt, g m�2) in period Dt.
The change of the foliar nutrient pool due to inter-
actions between the canopy, and the precipitation
and interception deposition (LEACHx,Dt, g m�2) was
calculated as follows:

LEACHx;Dt ¼ TFx;Dt þ SFx;Dt � BPx;Dt �DDx;Dt ð3Þ

where TFx,Dt is the nutrient flux in throughfall (g m�2),
SFx,Dt is the nutrient flux in stemflow (g m�2), BPx,Dt is
the nutrient flux in bulk precipitation (g m�2), and
DDx,Dt is the nutrient flux in dry deposition (g m�2) in
period Dt. Except for DDx,Dt, all fluxes are calculated
from the product of the measured nutrient concentration
([TFx,Dt], [SFx,Dt], [BPx,Dt], g g�1) and the measured mass
of the flux (MTFDt, MSFDt, MBPDt, g m�2). Conse-
quently, the DDx,Dt flux has to be estimated before
LEACHx,Dt and thus nRESx,Dt (g m�2) can be calcu-
lated. nRESx,Dt was calculated on the basis of three
different estimates for the DDx,Dt flux. In the most
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conservative approach, the DDx,Dt flux was absent; in a
worst case approach, the DDx,Dt flux was set to equal
BPx,Dt; and in the last approach, the DDx,Dt flux was
estimated using a seasonal dry deposition factor (DDF)
for Na+ (Ulrich 1983). The last method assumes that
leaching of Na+ is negligible compared to the Na+

deposition flux (LEACHNa�0). This assumption allows
for the calculation of the DDx flux on the basis of the
BPx, TFx and SFx flux. The DDF, which is calculated as
the ratio between the estimated DDx and the BPx flux of
Na+, is then assumed to be a model for dry deposition
of particles. Despite the fact that this assumption is not
valid when the deposition processes are principally dif-
ferent, which is true for N (Beier 1991), the DDFs were
calculated for both plots from the seasonal data and
then used to calculate the DDx,Dt flux of N and P for
every sampling period.

The descriptive temporal model was considered to be
the best available estimator of the real foliar accretion
and resorption because it estimates accretion and
resorption on the basis of 18 independent time steps, and
each time step uses direct measurements of all nutrient
pools and fluxes, except for dry deposition. The pro-
portional nutrient resorption (PR, %) at the stand level
was then calculated as:

PR ¼ cRESx

cACCx
� 100: ð4Þ

However, ecological studies rarely collect sufficient
data for applying a descriptive temporal model and
calculating the PR by means of Eq. 4. A less-demanding
approach is commonly used, in which PR at the stand
level is calculated as follows (Helmisaari 1992):

PR¼
LEAFx;Dt
� �

�LEAFMDt
� �

� LITx;Dt
� �

�LITMDt
� �

LEAFx;Dt
� �

�LEAFMDt
� �

�100

ð5Þ

Where PR is the proportional resorption (%), t is the
time before senescence, i.e. the last weeks of July, and Dt
is the period of litterfall from August until November.
Many authors suggest using leaf area as a basis for
expressing the PR (Oland 1963; Nordell and Karlsson
1995). Using leaf area as a basis assumes that the leaf
area is constant during the course of the observations.
Although this assumption might be valid for the com-
monly used estimator, it is not valid for the best avail-
able estimator as this estimator uses data from bud
break to the end of litterfall. Therefore, accretion,
resorption and PR were expressed on a unit stand area
basis because the stand area is constant during the
growing season. Due to the fact that both leaf area and
stand area are constant during the course of observa-
tions for the commonly used estimator, simple dimen-
sional analysis shows (not given) that the commonly
used estimator gives the same proportional nutrient
resorption irrespective of whether the nutrient pools

are expressed on a unit leaf area or a unit stand area
basis.

Bootstrap simulations

Bootstrap simulations can be used as repetitions for
hypothesis testing and for calculating confidence inter-
vals of the estimated parameters when real repetitions
are not available (Efron and Tibshirani 1993). Two
hundred and fifty bootstrap simulations were made for
each plot and each element. Within each simulation,
three foliar (one from the bottom, one from the middle
and one from the top of the crown), one throughfall, one
stemflow, one bulk precipitation and one leaf litterfall
sample was randomly selected for each sampling period
from week 18 until week 45 from the observations of
LEAFMt, LEAFMx,t-1, LITSMt, LEAFSMt, LITMDt,
[LITx,Dt], [TFx,Dt], [SFx,Dt], [BPx,Dt], MTFDt, MSFDt,
MBPDt and DDx,Dt. Consequently, each bootstrap sim-
ulation had its own real foliar accretion, resorption and
proportional nutrient resorption. All the bootstrap
simulations were re-run with a higher sampling density
at a given point in time. The sampling density was in-
creased and 30 foliar (for ten trees one from the bottom,
one from the middle and one from the top of the crown),
three throughfall, three stemflow, three bulk precipita-
tion and six observations for leaf litterfall were used for
each of the 18 time steps.

Hypothesis testing

Is the commonly used estimator for PR accurate
and precise?

The descriptive temporal model was used to calculate
the best available estimator of the real cumulative
accretion, cumulative resorption, leaching and PR for
each bootstrap. The proportional nutrient resorption
was then calculated by Eq. 4. The 95% confidence limit
for the cumulative accretion, resorption, and PR were
calculated from the 250 bootstrap simulations. In addi-
tion, each bootstrap simulation contained the required
data for calculating the PR by means of the commonly
used estimator (Eq. 5). For each bootstrap simulation,
the best available estimator for proportional nutrient
resorption (Eq. 4) was compared to the commonly used
estimator for PR (Eq. 5). If PR calculated with Eq. 5 is
an accurate and precise estimator for PR, it should equal
PR calculated with Eq. 4.

Is the commonly used estimator for PR selective?

A selective estimator provides only responses for the
processes being studied. Consequently, a selective esti-
mator for PR responds to changes in the cumulative
resorption and accretion. Equation 4 thus provides a
selective estimator for PR. Therefore, the commonly
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used estimator (Eq. 5) will be selective if the following
statements are valid: (a) cACCx,Dt � ([LEAFx,Dt]·
LEAFMDt) or the cumulative accretion or uptake of
nutrients is related to the nutrient pool in mature leaves,
(b) cRESx;Dt� LEAFx;Dt

� �
� LEAFMDt

� �
� LITx;Dt
� �

�
�

LITMDtÞ or the cumulative resorption of nutrients is
related to the difference between nutrient pools of ma-
ture and abscised leaves, and (c) LEACHx,Dt=0 or the
nutrient pools are not affected by canopy exchange.
Statements (a), (b) and (c) were derived by substituting
Eq. 5 in 4. Substitution is justified because each forest
plot has only one real value for PR. PR calculated with
the commonly used estimator must therefore equal PR
calculated with Eq. 4. Statements (a) and (b) were
evaluated by calculating Pearson correlation coefficients
between both terms in the statements. Correlation
coefficients were calculated for the low, as well as for the
high sampling density simulations. Statement (c) was
evaluated by comparing the average accretion, resorp-
tion, and PR calculated with and without leaching for
the low sampling density simulations.

Does the commonly used estimator for PR preserve
differences between the plots?

Hundred of the 250 bootstrap simulations for nutrient
cycling at Hämeenkyrö were randomly selected. Each of
these randomly selected simulations was matched with a
randomly selected bootstrap simulation for Harjavalta.
For each of the 100 pairs, the best available estimator
for accretion, resorption and PR, as well as the com-
monly used estimator for accretion, resorption and
proportional resorption, were available for both plots.
The ranking relationship of the best available estimator
for accretion, resorption and proportional resorption for
Hämeenkyrö and Harjavalta was determined and com-
pared to the relationship for the commonly used esti-
mator. The preservation of the relationship was tested
for the simulations that were based on both the low and
high sampling density.

Results

N and P concentrations and biomass

Seasonal variation of the N and P concentrations, and
foliar and litterfall biomass, were similar in Hämeenkyrö
and Harjavalta (not shown). Buds began to break in
week 18 and foliar biomass reached its maximum
around week 31 (Fig. 1). Bud break was followed by a
rapid increase of leaf N and P concentrations up until
week 20 (Fig. 1). From then on, N showed a different
dynamic pattern than P. The N concentration decreased
almost continuously until week 38 and decreased rapidly
afterwards. The P concentrations deceased between
week 20 and 25. After this point of time, the P concen-
tration remained relatively constant during the growing

season. Litterfall started in week 25, and therefore oc-
curred before the foliar biomass reached its maximum.
A sharp increase in litterfall occurred in week 35
(Fig. 1). The dynamics for N and P concentration in
litterfall were similar to the dynamics for N and P in
foliage; the N concentrations decreased during the
growing season, whereas the P concentrations remained
relatively constant (Fig. 1).

The level to which nutrient concentrations are re-
duced in senesced leaves or litter is called the resorption
proficiency and is a different but complementary index
of nutrient conservation from the proportional nutrient
resorption (Killingbeck 1996). According to Killing-
beck’s (1996) benchmarks of resorption proficiency for
deciduous species, N and P resorption were incomplete
in Hämeenkyrö and Harjavalta in the year 2002.
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Fig. 1 Seasonal variation of N (first panel) and P (second panel)
concentration in foliage and litterfall in Hämeenkyrö. The average
nutrient concentration in foliage is shown by the solid line. The
average nutrient concentration in litterfall is shown by the dotted
line. The third panel shows the average evolution of the foliar
biomass (solid line). The average evolution of the litterfall biomass
is shown by the dotted line. The error bars illustrate the 95% CI
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Best available estimator of accretion and resorption

The differences between the N and P dynamics were
reflected in the pattern of the cumulative N and P
accretion and resorption. Patterns in the cumulative
accretion and resorption were similar in Hämeenkyrö
and Harjavalta (Fig. 2). At the start of the growing
season, N was accreted in the leaves. N accretion in the
leaves ceased almost completely in week 31 (Fig. 2)
when the canopy was fully formed (Fig. 1). Phospho-
rus, however, continued to be accreted in the leaves
until the end of the growing season. Resorption of both
N and P began at the start of the growing season, but
remained low during canopy formation. From week 31
onward, resorption increased rapidly (Fig. 2) and, by
the end of the growing season, the best available esti-
mator for proportional resorption (±95% confidence
limit) was 68.30 (±9.99)% and 62.46 (±7.69)% of the
total N pool in Hämeenkyrö and Harjavalta, respec-
tively; and 55.18 (±12.51)% and 59.38 (±10.84)% of
the total P pool in Hämeenkyrö and Harjavalta,
respectively.

All the data needed for the model can be easily ob-
tained from direct measurements except for the dry
deposition flux (Anderson and Hovmand 1999). As dry
deposition was not measured, it had to be estimated.
Although dry deposition can affect accretion, resorption
and thus PR through foliar leaching, there was no evi-
dence to show that the three tested scenarios for dry
deposition resulted in different estimations for foliar N
accretion (ANOVA; P=0.423 in Hämeenkyrö,
P=0.617 in Harjavalta), N resorption (P=0.309,
P=0.414), P accretion (P=0.969, P=0.989), and P
resorption (P=0.779, P=0.857). Consequently, all three
scenarios were equally suitable for estimating foliar
accretion and resorption. However, we preferred to set
the dry deposition equal to the bulk deposition, as the
absence of dry deposition is an unrealistic assumption
and calculating the DDF according to Ulrich would
have been based on several untested assumptions.

Is the commonly used estimator for PR accurate
and precise?

The commonly used estimator was, on the average,
neither accurate nor precise for estimating the N PR in
Harjavalta or the P PR in Hämeenkyrö and Harjavalta
(Fig. 3). As an exception, the commonly used estimator
for PR resulted in an accurate and precise estimate of
the proportional resorption for N in Hämeenkyrö
(Fig. 3). The good result for PR for N in Hämeenkyrö
was coincidently caused by averaging the results of the
individual bootstrap simulations: the low accuracy of
the commonly used estimator was confirmed by low
Pearson correlation coefficients (r) between the com-
monly used estimator and best available estimator for
PR for the individual simulations, i.e. r=0.210 for N in
Hämeenkyrö, r=0.080 for N in Harjavalta, r=0.268 for

P in Hämeenkyrö and r=0.156 for P in Harjavalta. An
inaccurate estimator has a correlation coefficient which
strongly deviates from 1. The precision, expressed as the
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Fig. 2 Best available estimator of the cumulative foliar accretion
and resorption for N (first and second panel) and P (third and fourth
panel) between week 18 and 45 in year 2002 for the plots in
Hämeenkyrö and in Harjavalta. Cumulative accretion and resorp-
tion were calculated at the stand level according to Eq. 1. The
positive line shows the average cumulative accretion of N or P, and
the negative line shows the average cumulative resorption of N or P.
The error bars show the 95% CI. All calculations are based on a
low sampling density. The difference between the cumulative
accretion and resorption is a measure for the amounts of nutrients
lost through litterfall and leaching
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95% confidence interval (95% CI), ranged from 7.7% to
10% for N and from 11% to 13% for P.

As the low accuracy and precision of the commonly
used estimator may have been caused by the variability
introduced by the low sampling density of the experi-
ment, increasing the sampling density at all 18 sampling
times should increase the accuracy and precision. This
was tested by re-running all the bootstrap simulations
with a higher sampling density at all 18 sampling times.
On the average, the higher sampling density resulted in
an increased precision for the commonly used estimator.
The PR values were estimated with a precision, expressed
as the 95% CI, ranging from 2.6% to 6.3% for N and
from 2.8% to 5.7% for P. Although the precision
increased considerably, the accuracy of the commonly
used estimator did not change very much as indicated by
the weak correlations between commonly used estimator
and best available estimator for the individual simula-
tions (r=0.205 for N in Hämeenkyrö, r=0.308 for N in
Harjavalta, r=0.02 for P in Hämeenkyrö, and r=0.072
for P in Harjavalta.). Consequently, the low sampling
density at all 18 sampling times caused the low precision,
but was not the overriding cause for the lack of accuracy.

Is the commonly used estimator for PR selective?

The bootstrap simulations contained the data required
for quantifying the validity of statements (a) through (c)
on the plots in Hämeenkyrö and Harjavalta. However,
the evidence which was found in support of these
statements was weak (Table 2). The relationship be-
tween the cumulative accretion and the nutrient pool in
mature leaves was weak [statement (a)]. Furthermore,
only a weak relationship was found between the cumu-
lative resorption of nutrients and the difference between
the nutrient pools of mature and abscissed leaves
[statement (b)]. We can argue that the weak correlations
are a reflection of a high variability introduced by the

low sampling density and, therefore, do not reflect the
validity of statements (a) and (b). Although a higher
sampling density at all 18 sampling times resulted in a
reduction of the variability, the evidence supporting
statements (a) and (b) remained weak (Table 2).

The seasonal flux for leaching [statement (c)] indi-
cated nutrient loss from the foliage for 70% of the
simulations for N and 100% of simulations for P in
Hämeenkyrö, and 80% of the simulations for N and
100% of the simulations for P in Harjavalta. Conse-
quently, leaching was not symmetrically centred around
zero and there was strong evidence to reject the state-
ment that leaching equalled zero. Leaching (Table 3)
was low compared to foliar accretion and resorption in
Hämeenkyrö and Harjavalta (Table 4). Not taking
leaching into account in the estimation of accretion and
resorption resulted in both under- and overestimations
of foliar accretion, resorption and proportional resorp-
tion. The difference in PR was significant (P<0.05) for P
in Hämeenkyrö, and for N in Harjavalta (Table 4).

Does the commonly used estimator for PR preserve
differences between plots?

The commonly used estimator is often applied in com-
parative ecological studies for testing ecological theory,
i.e. is the proportional resorption lower on fertile plots
than on infertile plots? Despite its shortcomings, the
commonly used estimator might be a valuable parameter
in comparative ecological studies if it preserves the
ranking between the plots. Two plots with a different (t-
test, P=0.000 for N and P=0.000 for P) PR for N and P
were investigated in this study. The ranking was pre-
served for 81% of the comparisons for N and for 53% of
the comparisons for P. When the precision of the PR
was increased by calculating the PR from a higher
sampling density at all 18 sampling times, the ranking
was preserved for 97% and 72% of the comparisons for
N and P, respectively. However, preservation of the
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Fig. 3 Comparison of the accuracy (bar) and precision (error bar)
of the best available estimator (grey; Eq. 4) and the commonly used
estimator (white; Eq. 5) for PR. The calculations are based on the
low sampling density with only one repetition at each of the 18
sampling times

Table 2 Pearson correlation coefficient (r) and significance (P) of
the relationships given in statement (a) cACCx;Dt � LEAFx;Dt

� ��

�LEAFMDtÞ and (b) cRESx;Dt � LEAFx;Dt
� �

� LEAFMDt
� �

� LITx;Dt
� �

� LITMDt
� �

for N and P on the plots in Harjavalta and
Hämeenkyrö

Statement Sampling
density

Element Harjavalta Hämeenkyrö

r P r P

(a) Low N 0.250 0.000 0.285 0.000
P 0.194 0.000 0.358 0.000

(b) Low N 0.145 0.022 0.218 0.001
P 0.124 0.050 0.267 0.000

(a) High N 0.463 0.000 0.247 0.000
P 0.176 0.005 0.142 0.025

(b) High N 0.379 0.000 0.193 0.002
P 0.106 0.093 0.000 0.996

Coefficients and significances were calculated for the low and the
high sampling densities at each of the 18 sampling times
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ranking relationship was not necessarily caused by a
correct ranking of the underlying processes. Between
60% and 88% of the cases preserved the correct ranking
for the accretion, while 47–59% of the cases preserved
the ranking for resorption.

Discussion

The commonly used estimator was found to be inaccu-
rate, as the PR for N was, on the average, underesti-
mated by 3–10% and the P resorption by 20–25%.
Consequently, care should be taken when interpreting
accretion, resorption and proportional resorption based
on the commonly used estimator. Some authors, for
example Côté et al. (2002), further simplify the com-
monly used estimator and do not account for seasonal
changes in the foliar and leaf litter biomass which leads
to a further underestimation of the PR by 20% (van
Heerwaarden et al. 2003). Inaccuracy of the commonly
used estimator is caused by a lack of selectiveness, since
the commonly used estimator does not respond to the
processes, it is expected to respond to, i.e. accretion and
resorption. The lack of selectiveness came as a surprise,
because the assumptions that make the calculation of
commonly used estimator less demanding than that of
best available estimator are, at first sight, reasonable.
Using the commonly used estimator assumes that the
cumulative accretion relates to the maximum nutrient

pool in mature leaves, and that the cumulative resorp-
tion relates to the differences in the nutrient pool be-
tween abscissed and mature leaves. Only weak evidence
was found in support of the assumed relationships,
which illustrates that the cumulative accretion and
resorption cannot be approximated by the nutrient pools
before and after abscission. First, the nutrient pool in
mature leaves does not quantify those nutrient losses
which were compensated for by nutrient accretion. For
example, the canopy P pool decreased between t and
t+1 due to litterfall. As a means for understanding the
shortcoming of the commonly used estimator, we as-
sumed that this loss was completely compensated for by
an increased P concentration in the foliage such that the
P pool in mature leaves remained unchanged between t
and t+1. However, the cumulative accretion at t+1
increased with an amount similar to the P losses due to
litterfall. Therefore, the nutrient pool in mature leaves
underestimates the cumulative accretion (Fig. 4; similar
graphs for Harjavalta, not given). Although the results
in the present study are based on only two plots, the
shortcoming of the nutrient pool as an estimator of the
cumulative accretion is valid whenever the plant com-
pensates for nutrient losses due to foliar leaching and
litterfall. Our data of even-aged B. pendula stands in the
southern boreal coniferous zone (Fig. 2) and data for an
uneven-aged stand dominated by sugar maple (Acer
saccharum Marsh.) in association with yellow birch (B.
alleghaniensis Britt.) and American beech (Fagus gran-
difolia Ehrh.) in the northern hardwood zone (Duchesne
et al. 2001), show that losses due to foliar leaching and
litterfall are compensated for, by accretion during the
whole growing season. Second, the commonly used
estimator estimates the cumulative resorption as the
difference in nutrient pools between mature and abscis-
sed leaves. The nutrient pool in abscissed leaves can be
correctly estimated by multiplying the weighted average
nutrient concentration in leaf litter with the total bio-
mass of leaf litter. However, the commonly used esti-
mator of resorption is based on the commonly used
estimator for accretion. As the commonly used estima-
tor for accretion is flawed, the commonly used estimator
for resorption must also be flawed. Finally, the com-
monly used estimator does not use deposition and
throughfall data, and consequently assumes that there is

Table 3 Average leaching (g m�2), throughfall (g m�2), bulk deposition (g m�2), stemflow (g m�2) and dry deposition (g m�2) for N
and P

Harjavalta Hämeenkyrö

N P N P

Leaching �0.06±0.34 �0.01±0.01 �0.24±0.32 �0.07±0.02
Throughfall �0.46±0.39 �0.03±0.01 �0.26±0.22 �0.07±002
Bulk deposition 0.20±0.04 0.02±0.01 0.27±0.02 0.00±0.00
Stemflow �0.00±0.00 �0.00±0.00 �0.04±0.02 �0.00±0.00
Dry deposition 0.20±0.04 0.02±0.01 0.27±0.02 0.00±0.00

Leaching and dry deposition were calculated, the other fluxes were observed on the experimental plots in Harjavalta and Hämeenkyrö
between week 18 and 45 in the year 2002

Table 4 Comparison of the average cumulative accretion (g m�2),
cumulative resorption (g m�2) and PR (%) under the assumption
that statement (c) LEACHx,Dt=0 is valid and, for the best available
estimator based on the low sampling density at all 18 sampling
times

Harjavalta Hämeenkyrö

Statement
(c)

BAE P Statement
(c)

BAE P

N accretion 9.26 9.15 0.215 8.24 8.33 0.403
N resorption �5.66 �5.75 0.338 �5.66 �5.71 0.626
N PR 60.73 62.46 0.000 68.31 68.30 0.990
P accretion 1.08 1.07 0.870 1.21 1.24 0.095
P resorption �0.65 �0.65 0.959 �0.72 �0.69 0.044
P PR 59.32 59.38 0.901 59.09 55.19 0.000
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no nutrient leaching from the foliage. Although leaching
occurs and its flux differs from zero, the flux is low
compared to the accretion and resorption fluxes and, in
general, its omission did not change the estimation of
cumulative accretion and resorption. Nevertheless,
omission of the leaching flux was shown to have a po-
tential for changing the ratio between resorption and
accretion and thus the estimation of the PR.

The precision of an estimator depends on the heter-
ogeneity of the processes under study and on the sam-
pling density, which is the ratio of the total size of the
entity under study to the product of the sampling density
and sample support (Luyssaert et al. 2003). The preci-
sion for the commonly used estimator was especially low
for P (11–13%) when the sampling density was low, i.e.
the sampling density was limited to one replicate sample
at each of the 18 sampling times with a sample support
as specified in the methods and material section. It is
difficult to judge whether this low sampling density
represented a commonly used sampling density, because
very few studies report the number of replicate samples
taken, the support of the samples and the total size of
the entity under study. Compared to the sampling den-
sity used among others, Killingbeck (1985), and Norby
et al. (2000), our settings for the low sampling density
could be considered to be realistic. Consequently, the

high variability for the commonly used estimator for P,
as reported in literature reviews (Aerts 1996; Aerts and
Chapin 2000) and the high variation in the difference
between the measured resorption and the potential
resorption (Killingbeck et al. 1990; Killingbeck 1996)
could be an artefact of the used estimator and sampling
density instead of a reflection of a highly variable
physiological process. However, we have no direct evi-
dence for this. By using a higher sampling density, i.e. 30
foliar (for ten trees one from the bottom, one from the
middle and one from the top of the crown), three
throughfall, three stemflow, three bulk precipitation and
six observations for leaf litterfall for each of the 18 time
steps, the precision of the commonly used estimator can
be highly improved, which is an advantage when com-
paring the PR between plots and between years. A high
precision ranging between 2.6% and 6.3% for N and P
was obtained for the high sampling density.

Although the commonly used estimator is unselec-
tive, inaccurate and in general imprecise, it was found to
be a useful parameter for comparing the PR between
plots, as it preserved the ranking of the best available
estimator of the PR for different plots well. Without
paying special attention to the sampling program, there
is a chance of 20% that the order is lost for N and of
50% that it will happen for P. We hypothesize that some
of the conflicting results in relation to PR as an adaptive
strategy of plants to their growing environment could
have been caused by the loss of the order between plots
in different growing environments. However, when the
sampling density is increased, there is only a 3% chance
that the order is lost for N and a 29% chance that this
will happen for P. These favourable results were not
accompanied by order preservation of the accretion and
resorption. Nevertheless, as the best available estimator
for both plots is rather similar and the order is well
preserved, we suggest that order preservation is a more
general characteristic of the commonly used estimator.

Conclusive remarks

As the calculations for both N and P are based on the
same sampling, the more important underestimation of
the proportional P resorption obtained using the com-
monly used estimator is due to different P dynamics
during the course of the vegetation period compared to
N. Although leaching occurs, the flux is low compared
to the accretion and resorption fluxes and its omission
did not change the estimation of cumulative accretion
and resorption. The weakness of the commonly used
estimator is caused by the use of the nutrient pool in
mature leaves as an approximation of the cumulative
accretion (Fig. 4). The nutrient pool in mature leaves
would be a good approximation when accretion and
resorption follow each other in time. Our data of even-
aged silver birch stands in the southern boreal conifer-
ous zone and data of uneven-aged stand dominated by
sugar maple in the northern hardwood zone (Duchesne
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et al. 2001) show that accretion and resorption are not
separated in time, but occur both throughout the
growing season (Fig. 2). We do not recommend that our
quantitative results be taken literally, as they are based
on only two sets of observations. However, the results
show that the commonly used estimator should no
longer be used as a measure for accretion, resorption or
PR whenever accretion and resorption are not separated
in time. Nevertheless, when a sufficiently high sampling
density is ensured, the commonly used estimator can be
used in comparative studies as an index for PR only.
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