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ABSTRACT 
The addition of nitrogen via deposition alters the 
carbon balance of temperate forest ecosystems by 
affecting both production and decomposition rates. 
The effects of 20 years of nitrogen (N) and phos- 
phorus and potassium (PK) additions were studied 
in a 40-year-old pine stand in northern Sweden. 
Carbon fluxes of the forest floor were reconstructed 
using a combination of data on soil 14c, tree 
growth, and litter decomposition. N-only additions 
caused an increase in needle litterfall, whereas both 
N and PK additions reduced long-term decomposi- 
tion rates. Soil respiration measurements showed a 
40% reduction in soil respiration for treated com- 
pared to control plots. The average age of forest 
floor carbon was 17 years. Predictions of future soil 
carbon storage indicate an increase of around 100% 
in the next 100 years for the N plots and 200% for 
the NPIC plots. As much as 70% of the increase in 

It has been suggested that the soils of large areas of 
coniferous forests of the Northern Hemisphere act 
as a carbon sink (see, for example, Valentini and 
others 2000; White and others 2000). Environmen- 
tal changes are likely to affect this process because 
the forest floor is the part of the soil that is most 
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soil carbon was attributed to the decreased decom- 
position rate, whereas only 20% was attributable to 
increased litter production. A reduction in decom- 
position was observed at a rate of N addition of 30 
kg C ha-' y-', which is not an uncommon rate of 
N deposition in central Europe. A model based on 
the continuous-quality decomposition theory was 
applied to interpret decomposer and substrate pa- 
rameters. The most likely explanations for the de- 
creased decomposition rate were a fertilizer-in-
duced increase in decomposer efficiency 
(production-to-assimilation ratio), a more rapid 
rate of decrease in litter quality, and a decrease in 
decomposer basic growth rate. 

Key words: carbon accumulation; decomposition 
rate; decomposition theory; forest fertilization; for- 
est floor model; nitrogen deposition; soil respiration. 

active and responsive to environmental changes 
(Townsend and others 1995). The existence and 
magnitude of the net carbon uptake of boreal for- 
ests depends on a delicate balance between ecosys- 
tem production and carbon loss (Valentini and oth- 
ers 2000), which occurs mainly through microbial 
and root respiration (Hogberg and others 2001). 
Production and respiration both depend on nutrient 
availability, particularly the availability of nitrogen. 

Nitrogen (N) modifies organic matter decompo- 
sition, often reducing the rates of decay at later 
stages (Berg 1993, 1991), mainly through effects on 



the decomposer community ( igren and others 
2001). As N deposition to forests continues, N ef- 
fects on the carbon balance are likely to become 
increasingly important. However, the potential ef- 
fect of N-induced changes in decomposition and 
litter inputs on the carbon balance of a boreal forest 
soil is still uncertain. 

Due to the peak in atmospheric 14cconcentra-
tions caused by nuclear testing in the 1950s and 
1960s, it is possible to trace recent carbon in organic 
soil layers. Combining this information with data 
on litter production and decomposition, carbon 
flows can be estimated using budget models. Mod- 
els for this purpose usually rely on assumptions of a 
steady state and homogenous pools (for example, 
see Harrison and others 2000). However, non-
steady-state carbon flows and N availability may 
require a different model-that is, a model that can 
account for heterogeneity of the processes and the 
effects of nutrient additions. Failure to account for 
the heterogeneity of soil organic matter could result 
in erroneous estimations of soil carbon storage re- 
sponses to environmental changes (Trumbore 
2000). The nutrient effects on long-term decompo- 
sition need especially careful examination for anai- 
yses beyond simple empirical extrapolations of 
short-term data. 

One feasible way to address these questions is to 
combine long-term experimental data on carbon 
inputs with a theory that can adequately account 
for the effects of nutrient additions. From the Nor- 
rliden site in northern Sweden there are extensive 
data sets on soil carbon and tree development (Hol- 
men and others 1976; Tamm and others 1999), as 
well as decomposition and respiration studies at 
different levels of NPK additions. Furthermore, 
measurements of 14cof different horizons in the 
forest floor provide a unique opportunity to study 
carbon turnover. 

Agren and Bosatta have developed a decomposi- 
tion theory that explains the effects of nutrients on 
litter decomposition ( igren and Bosatta 1998; 
Agren and others 2001). In this paper, we combine 
their theory with estimates of litter quality and 
temporal distributions of litter carbon and 14cin-
puts in a non-steady-state model of forest floor 
carbon dynamics. Our aim was to reconstruct the 
litter production and decomposition during stand 
development to evaluate the effect of nutrient ad- 
ditions on these processes. Using the theory formu- 
lated by ig ren  and Bosatta (1998), the effects on 
decomposition were interpreted in terms of decom- 
poser and substrate properties. The carbon fluxes 
were extrapolated to predict potential future carbon 
storage. In addition to the modeling, field soil res- 
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Table 1. Summary of Experimental Treatments 

Treatment N P K  B 
-

- - 2.5 (1980) 

60 (1971-73) - =C 
2.N1 - =C 
3.Nla - =C 

P 40 + K 76 
(every 3rd year 

- 1971-97) =C 

= N1 = PK =C 
= N2 = PK =C 
= N3= = PKa =C 

'The N3 and N3PK treatments were diswntinued in 1990. 

N (urea and ammonium nitrate), PK (triple super-phosphate + potassium chlo- 

ride), and boron (B) additions are given in kg element ha-' y-'. 
Years of fertilizer appliration are shown in parentheses. 
There are six replicate plots for treatments C and N1-N3, and four replicate plots 
for PK and NIPK-N3PK. 

piration was measured to further assess the effects 
on soil respiration and to compare them with the 
model predictions. 

SITECHARACTERISTICSAND NUTRIENT 
TREATMENTS 
The Norrliden site is located in northern Sweden 
and has the following geographical and climatic 
characteristics: latitude N 64'2 1 ', longitude E 
19'45', altitude 260-275 m, mean annual temper- 
ature 1.2'C, mean annual precipitation 595 mm, 
annual N deposition 2.5-5 kg ha-' y-'. The soil is 
classified as till with a distinctly developed iron 
podzol (Holmen and others 1976). 

Before 1953, the whole area was an old-growth 
stand dominated by Norway spruce (Picea abies 
Karst). The stand was clear-cut and the ground 
vegetation removed by prescribed burning. There- 
after, the area was planted in 1953 with 2-year-old 
Scots pines (Pinus sylvestris L.). Ground vegetation 
was mainly dwarf shrubs (Vaccinium spp.), grass 
(Deschampsia flexuosa), and mosses (mainly Pleu- 
rozium schreberi). In 197 1, the nutrient treatments 
with N (in the form of urea and ammonium nitrate) 
and PIC (triple superphosphate and potassium chlo- 
ride) fertilizer started. The stand was divided into 30 
X 30 m plots (20 X 20 m net plots used for sam- 
pling) where different amounts of nutrients were 
applied (Table 1).The stand was thinned in 1984 
and 1989. Detailed descriptions of the experiments 
and the site are given in Tarnrn and others (1999) 
and Holmen and others (1976). 
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Figure 1. Measured carbon amounts in the S, F, and H 
layers. Bars show standard errors. Number of plots per 
treatment are n = 6 (treatments: C, N1, N2, N3) or n = 4 
(treatments: PK, NlPK, N2PK, N3PK). Treatments in Ta- 
ble 1. 

Soil Carbon Measurements 

In 1992, in six (N treatments) or four (NPK treat- 
ments) replicate plots per treatment, 10 soil cores 
per plot of the organic horizon were sampled and 
divided into S, F, and H layers. The S layer included 
litter and living moss and lichens. Carbon content 
was measured for each layer in each core. For ' 4 ~  

analysis, the cores for each treatment (40-60 cores 
per treatment) and layer were pooled into one ho- 
mogenized sample, which was analyzed using ac- 
celerator mass spectrometry (AMS). 14c is ex- 
pressed as percent of a standard concentration (% 
modern) of prebomb levels. In all samples, coarse 
material, such as branches and cones, which often 
belonged to several horizons, was removed. 13c was 
measured along with the I4c and used to correct 
the 14c values for isotopic discrimination after car- 
bon fixation based on the average value of 613c = 
-25.95 for new needles in Norrliden during the 
period 1970-94 (P. Hogberg unpublished). Mea- 
sured amounts of forest floor carbon and 14c en- 
richment are shown in Figures 1 and 2. Owing to 
the failure of AMS analysis of samples from the PK 
plot, this treatment was not included in the mod- 
eling. 

Field Respiration Measurements 
Soil respiration measurements were made on three 
different occasions, 20 and 21 August 1996,4 and 5 
September 1997, and 2 and 3 September 1999. The 
average temperatures in the mor layer were 11.8, 
13.8, and 1 1°C, respectively, at the time of the three 
different samplings. Twelve of the 30 X 30 m2 plots 
were studied (including the C-, PK-, N1-, and N2- 

C N1 NlPK N2 N2fX N3 N3fX 

Figure 2. Measured 14C enrichment in the S, F, and H 
layers. Composite samples of 40-60 soil cores per treat- 
ment. Bars show precision of measurements = ? 0.5% 
modem. Treatments in Table 1. 

treated ones, but excluding the N3 treatments). The 
respiration rate from each 30 X 30 m2 plot was 
determined as the mean respiration of four 
243-mm diameter plots that were randomly laid 
out within the central 10 m2 of each of the 30 X 
30 m plots. The distance between each of the 
243-mm diameter plots was 1-2 m. Basal soil res- 
piration and substrate-induced respiration mea- 
surements (SIR) (respiration rate l h after addition 
of 300 ml sucrose solution to the mor layer; con- 
centration 33 mg ml-') were made from each 
243-mm diameter plot in situ as described previ- 
ously (Hogberg and Ekblad 1996; Ekblad and Hag- 
berg 2000). Each 243-mm diameter plot was used 
only once for basal respiration and SIR determina- 
tions. The SIR technique gives a measure of micro- 
bial biomass (Anderson and Domsch 1978) and has 
usually been applied under laboratory conditions, 
Our assumption in the present study was that the 
increase in respiration following sucrose addition 
corresponds to the nonsymbiotic microbial biomass 
in the soil and that roots andlor mycorrhizal fungi 
do not respire the added substrate or increase their 
respiration of endogenous carbon in response to the 
sucrose addition. There are several direct and indi- 
rect lines of evidence supporting this assumption 
(Ekblad and Nordgren 2002), 

Model Structure 
Our aim was to make a budget model that balances 
measured carbon and I4C content in the organic soil 
layers (Figures 1 and 2) with past litter inputs and 
decomposition. The site has previously been exten- 
sively studied, including measurements of stand de- 
velopment (Tamm and others 1999) and litter de- 
composition (Berg and others 199 1 ). These detailed 
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input data made it possible to limit degrees of free- 
dom in the model to a few unknown carbon fluxes 
(ground vegetation litter production, root litter pro- 
duction, and long-term decomposition) and to sep- 
arate effects on these carbon fluxes. Estimated car- 
bon fluxes could then be extrapolated to predict 
potential future carbon storage. 

A key assumption in the model is the represen- 
tation of soil as a series of consecutively deposited 
cohorts of litter with no vertical mixing, an assump- 
tion applicable in this soil type, where there is rel- 
atively little activity of burrowing soil animals (for 
example, earthworms). The soil layers ( S f  F, and H) 
in our model are not represented by pools; instead, 
they represent points of measurement along a con- 
tinuous (yearly cohorts) gradient of increasingly 
decomposed organic material. This contrasts to 
many other models, where the soil carbon is repre- 
sented by completely mixed pools (see for example, 
Harrison and others 2000). 

Litter input to the S layer comes from pines and 
from ground vegetation. In the F and H layers, 
there is also an influx of root litter, which is as- 
sumed to be distributed in the soil profile, decreas- 
ing exponentially with depth. The model equations 
describe carbon and 14c of each layer as sums (or 
integrals) of yearly litter cohorts, where the amount 
of C in each cohort is determined by the amount 
deposited to the soil and its stage of decomposition 
(Figure 3). Each type of litter (needle, root, ground 
vegetation) has separate input and decomposition 
functions. The litter cohort ages at the divisions 
between layers (S, F, and H) result from the fitting 
of the model to the measured data. Litter cohort age 
in Figure 3 is defined as the age of the remaining 
aboveground litter content in each cohort, although 
each cohort in the F and H layer contain root ma- 
terial of different ages. The model has no reference 
to actual soil depth (in cm), and the only difference 
between layers-assumed a priori-is that roots en- 
ter only the F and H layers. 

The model is represented by a system of equa- 
tions for the amounts of carbon and 14c enrichment 
in each of the S, F, and H layers (C and 14c for three 
layers in seven treatments = 42 equations). The 
parameters determined by fitting the model to mea- 
sured soil C and l , ~  are, for each treatment, ground 
vegetation litter production (assumed to be equal 
for all treatments), root litter production, long-term 
decomposition, and age spans of soil layer material 
(S, F, and H). 

A simplified mathematical representation of a 
model equation of one soil layer is given in Eqs. (1) 
and (2). The decomposition functions of the model 

Amount of carbon [kg. ha-'] 

I4C enrichment [YO modern] 

Figure 3. Modeled amount of carbon (shaded areas) and 
14C enrichment (lines) in each cohort of litter input versus 
the age of its needle litter content. The C and 14C for root 
material is a result of yearly inclusions of new roots in 
each litter cohort. C and 14C content of each layer (S, F, 
and H) are obtained by integration of the curves over the 
cohort ages spanned by each layer. Ages at layer divisions 
are obtained by fitting of the model to measured soil layer 
C and 14c. The abrupt change in remaining litter C 
amounts at age = 39 marks the clear-felling and burning 
of the stand. Figure based on control plot model results 
(see Table 4 and Figure 5). 

and the litter input data are described in detail 
below. 

agelayer r ~ p  

C = 
needle root ground veg. 

Clitterfall(a) ' g(a) da 

1 agelayer top 

E14c = - C needle root around vee. 
Clitterfall(a) 

agelayer bottom 

where C = amount of carbon in a soil layer (S, F, or 
H) consisting of litter cohort ages between age,,,, ,, 
and age,,,, ,,,,; E,,, = 14c enrichment of a soil 
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layer; Cbte, (a) = amount of carbon in litter depos- 
ited at time a ago; '*c,,,~,,, (a) = '*c enrichment in 
litter deposited at time a ago; and $(a) = decomposi-
tion function describing the remaining fraction of lit- 
ter carbon after a time a of decay. 

Decomposition Submodel 

A detailed decomposition submodel was needed to 
include and interpret the effects of fertilization on 
decomposition. A model based on separate proper- 
ties of decomposers and substrate and the interac- 
tion between them has been developed by igren 
and Bosatta (1998). In this theory, carbon from the 
substrate is respired or incorporated in decomposer 
biomass, and dead decomposer biomass is returned 
to the substrate. Substrate carbon is characterized 
by its quality, which is a measure of how easily it 
can be consumed by the decomposers. When pass- 
ing from decomposers to substrate, the quality of 
the remaining carbon is decreased. From this the- 
ory, an equation for the change in remaining car- 
bon can be derived (Eq. [3]). A parameter of initial 
leaching (L) was added to the model because for 
some litters, a significant fraction of newly depos- 
ited litter is lost through leaching (Nykvist 1963; 
Bogatyrev and others 1983). 

e,- 1 

g(t) = L .(1 + PqfcuoqoPt)TE- (3)  

or by aggregating parameters, 
g(t)  = L - ( 1  + P,t)-P2 (4)  

where q, = initial quality of the substrate; e, = 
efficiency-that is, production to assimilation ratio 
of the decomposers; u, = growth rate parameter of 
decomposers;f ,= fraction of carbon in decomposer 
biomass; q = change in quality of carbon passing 
through the decomposer biomass; P = interaction 
between quality and decomposer growth; L = frac-
tion remaining after initial leaching; and P, , P2 = 
aggregated parameters. 

In Eq. (3), all parameters except q, and L are 
associated with the decomposers. This separation of 
decomposer and substrate parameters makes it pos- 
sible to separate effects of decomposers and sub- 
strate. The decomposer parameters are affected 
only by the treatment of the plot and not by litter 
substrate (for example, mosses, dwarf shrubs, pine 
needles, or roots). 

Because it is not necessary to estimate all param- 
eters of the decomposition model separately, the 
parameters have been aggregated in Eq. (4). The 
same P, (Eq. [4]) is used for a11 litters in the same 
treatment (or plot) because P ,is only dependent on 

decomposer properties. Different litters are defined 
by different initial qualities (q,) and different initial 
leaching (L).  Relative q, and L of each litter type as 
well as initial decomposition rates (P , - P ,)were 
determined from litterbag decomposition studies 
(see below and Table 2), while P2 for each treat- 
ment is an unknown parameter fitted by the forest 
floor model. P2 largely determines the long-term 
decomposition-that is, the proportion of remain- 
ing carbon after many decades. 

Initial decomposition parameter estimations. Although 
long-term decomposition, regulated by P, (Eq. [4]), 
is estimated in the forest floor model, initial decom- 
position rates (P, .P,) and relative qualities of dif- 
ferent litters are input parameters that need to be 
determined beforehand. Needle litter decomposi- 
tion parameters were estimated from litterbag stud- 
ies from the Norrliden site (Berg and others 1991). 
Decomposition parameters of litters other than pine 
needles (fine roots, moss, and dwarf shrubs) were 
calculated using data from other sites (Berg 1984a, 
1984b; Johansson 1993), and parameter values 
were determined relative to those of local pine nee- 
dles (Table 2) .  For a given site, decomposer param- 
eters P2 (Eq. [4]) was determined from local pine 
needle decomposition. This P2 was then used for 
other litters at the same site, while substrate param- 
eter (q,) and initial leaching (L) were fitted to lit- 
terbag data. A nonlinear least-squares method was 
used to fit the model (Eqs. [3] and [4]) to the 
litterbag data, which had been corrected for local 
climatic variation (see Appendix). 

The relative value of qo substratel4'0 pine needle = (PI 
P2)subsrrate1(P1 ' P2)pine needle used 

the relative q, values for substrates measured in 
other sites to corresponding values for the same 
species in Norrliden. Because P, and P, are depen- 
dent (see Eqs. [3] and [4]), the product P, . P, is 
used when relative values of substrate parameters 
(q,) are calculated. This product also equals the 
initial decomposition rate. 

Nutrient effects on initial decomposition. From Nor- 
rliden, there are litterbag experimental data where 
the same litter ("standard litter" originating from 
control plots) has been used in differently treated 
plots and where different litters (local litter origi- 
nating from fertilized plots) have been used in its 
plot of origin (Berg and others 199 1). This makes it 
possible to test the assumptions of separate effects 
of nutrient treatment and substrate on the decom- 
position function. 

If the model describes the decomposition process, 
adequately, the following hypotheses about the 
model behavior should hold: (a) There is no differ- 
ence in decomposer parameters (P,) between de- 
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Table 2. Summary of Assumptions and Parameters of the Forest Floor Model 

Model Input Data and Basic Nutrient Treatment Effects a Model Output (Fitted 
ProcessNariable Assumptions priori Assumptions Parameters) 

Soil layer ages - - S, F, and H -layer age spans 
for each treatment 

Pine needles Production calculated from Input based on separate -
basal area measurements, measurements for all 
biomass allocation functions, treatments. Needle life 
and needle survivorship span dependent on 
curves treatment. 

Ground Includes dwarf shrubs, grass, No mosses on fertilized plots. Yearly production common 
vegetation and mosses with different life No treatment effect on to all treatments 

spans total ground vegetation 
production. 

Roots Exponentially decreasing with - Production estimated for 
depth. Temporally each treatment 
proportional to needle 
production in each treatment 
(no relation assumed between 
treatments). 

14C Litter 14cconcentrations - -
calculated from needle and 
atmospheric measurements 
and seasonal growth pattern 

Decomposition Relative substrate quality and Fixed initial decomposition Decomposer parameters 
initial leaching for all litters rates dependent on N level: (regulating long-term 
calculated from litterbag C, N1, and N2-N3 decomposition) for each 
experiments treatment 

composition curves of different substrates decom- 
posing in the same plot, and (b) there are 
differences in decomposer parameters but no differ- 
ence in the substrate parameter q, where the same 
substrate has been used in different treatments. 
These hypotheses were tested using analysis of vari- 
ance (ANOVA). 

Litter Inputs 
Pine needles. From tree basal area data of the 

stand (Gay and others 1994; Tamm and others 
1999), needle biomass for every year from 1953 to 
1993 was estimated using empirical biomass func- 
tions for each treatment (Tamm and others 1999). 
The amount and age distribution of the needle lit- 
terfall of each year were calculated using needle 
maximum life span (5 years for fertilized plots, 6 
years for control plots), needle growth (10% per 
year linear weight increase), and needle survivor- 
ship curves (Flower-Ellis and others 1994; Jalkanen 
and others 1995; Tamm and others 1999). This 
calculation also took into account a 20% resorption 
of needle carbon before abscission (J. G. I<. Flower-
Ellis personal communication). 

Ground vegetation. Ground vegetation was 
mainly dwarf shrubs (Vaccinium spp.), grass (De- 
schampsia flexuosa), and mosses (mainly Pleurozium 
schreberi). The distribution of species was different 
depending on treatment. Mosses disappeared and 
grass cover increased on fertilized plots, whereas 
dwarf shrubs were dominant on control plots. Moss 
production was assumed to be one-third of total 
ground vegetation production in controls (C. 0 .  
Tamm personal communication). Despite changes 
in species composition, a field estimation of ground 
vegetation production done in 1985 showed similar 
total production on the N2PK fertilized plot and the 
control (C. 0. Tamm personal communication). 
Ground vegetation has also been studied by Johan- 
nisson and others (1999). 

Production of ground vegetation was assumed to 
increase linearly during the 4 years after the burn- 
ing of the site in 1953 and then remain at a constant 
level. This level was determined as one of the fitted 
parameters of the model. 

Roots. Because coarse roots were removed from 
the soil samples, only fine-root production was in- 
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cluded in the model. The temporal development of 
fine-root litter production was assumed to be pro- 
portional to needle production development within 
each treatment. The constants of proportionality- 
that is, the absolute amounts of root production- 
were estimated independently for each treatment 
in the model. The vertical distribution of root input 
was assumed to be an exponentially decreasing 
function of soil cohort age (r = e-0.07 'Ohon age1. 
Fine-root life span was assumed to be 1-year (Per- 
sson 1980). However, recent studies have shown 
that fine-root life span is variable and may be longer 
than previously estimated (Gaudinski and others 
2001; J. Gaudinski personal communication). The 
effect of longer fine-root life span was investigated 
using a 3-year fine-root life span in the model. 

14cinput. A l4cenrichment input curve for car- 
bon fixation was derived from measurements of 14c 
in new local pine needles and from atmospheric 
measurements (Nydal and Lijvseth 1983; Olsson 
1993) combined with the expected seasonal growth 
pattern (Bergh and others 1998). This curve was 
then combined with the data on needle growth, 
needle C resorption, and needle life span to obtain 
the 14cenrichment of the litterfall of each year. 
This resulted in a litterfall 14cenrichment curve, 
which was shifted a few years and somewhat flat- 
tened out compared to the atmospheric curve. Fine 
roots were assumed to be formed from carbon fixed 
in the previous year (Gaudinski and others 2001). 
In Figure 3, the soil 14ccurves of needle litter and 
ground vegetation litter correspond to their respec- 
tive litterfall 14ccurves, whereas 14cenrichment of 
root material is a result of the continuous inclusion 
of new C in each soil age cohort. The 14cdata were 
corrected for radioactive decay between carbon fix- 
ation and soil sampling. 

Pre-1943 conditions. Because the forest floor con- 
tains material deposited before 1953, estimates of 
litter inputs before the current stand was planted 
were needed. Before 1953, the whole area was an 
old-growth spruce-dominated stand (Holmen and 
others 1976) with no records of litter production 
and species composition. An estimate of 800 kg C 
ha-' y-l needle litter production and a ground 
vegetation production of 350 kg C ha-' y-' with a 
moss fraction of one-third and two-thirds dwarf 
shrubs were used for model input. 

The lack of information about the vegetation his- 
tory before 1953 is not as serious as might be ex- 
pected. First, because decomposition progresses 
very rapidly in the beginning, the remaining frac- 
tion of carbon deposited before 1953 is very small 
and will not have much influence on calculated 

properties. Second, because all plots were alike be- 
fore the experiments started in 1971, the earlier 
history should not have a great effect on relative 
differences between treatments. 

Calculation Method 

Using the predetermined (fixed) input parameters 
and unknown (fitted) output parameters (sumrna- 
rized in Table 2), the model equation system (com- 
pare Eqs. [ l ]  and [2]) was fitted to the measured C 
and 14cof each layer and treatment. For this, we 
used MathCad 8 mathematical software (Mathsoft 
Engineering 6 Education, Inc., Cambridge, MA), 
which uses a conjugate gradient optimization 
method. The results obtained for the past carbon 
fluxes were also extrapolated forward in time to 
assess potential impact of nutrient additions on fu- 
ture forest floor carbon accumulation. Because 14c 

measurements were made on one composite sam- 
ple for each treatment and layer, variation could be 
calculated based only on the variation in carbon 
amounts between replicate plots. The effects of un- 
certainty in 14cmeasurements as well as estimates 
of root life span and root decomposition rate were 
evaluated in a sensitivity analysis. 

Basic Soil Measurements 

From the soil C measurements (Figure l ) ,  it is clear 
that carbon storage has increased in response to the 
nutrient additions. Possible reasons for this are in- 
creased litter production and/or reduced decompo- 
sition. The 14cenrichment values are highest in the 
F layer, which indicates that this layer contains 
much of the material formed during the atmo-
spheric 14cbomb peak in the 1960s. However, in- 
ferring treatment effects directly from C and 14c 
values is not straightforward or even possible. The 
age span of material in the layers of different treat- 
ments is not necessarily similar, and the root pro- 
duction in the F and H layers is a complicating 
factor (compare Figure 3). These factors can only be 
untangled by modeling. 

Initial Decomposition Rates: Litterbag 
Studies 

The ANOVA analysis of parameters (Eq. [4]) for 
standard litter placed in plots with different treat- 
ments showed significant differences in both P, ,P, 
and P, - P, (initial decomposition rate) between 
fertilized and control plots (P < 0.008). 

The effects of different substrates placed in the 
same plot showed no significant differences in the 
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Table 3. Estimated Relative Litter Initial Qualities (q,), Initial Leaching (L), and Initial Decomposition 
Rates 

Relative Initial Quality 
Litter (q, litter/q,pine needle) 

Pine needles 1.OO 
Dwarf shrubs, Grass 1.02 
Mosses 0.42 
Roots 0.31 

Initial qualities are given relative to that of pine needles. 
q 0 and L refer to Eqs. (3) and (4). Treatments in Table I 

decomposer parameters represented by P, between 
standard and fertilized local litter (P = 0.18-0.84). 
Given no difference in P,, there were differences in 
PI-that is, q,, between litters originating from dif- 
ferent treatments (P < 0.022). 

We conclude that this analysis supports the as- 
sumptions of separate fertilization effects on de-
composer community and substrate, described by 
changes in their respective parameters. P, is only 
dependent on decomposer properties, whereas P, 
depends both on substrate and decomposer proper- 
ties. However, given the short time span of the 
litterbag studies (4-5 years), the fitting of the forest 
floor model provides more confident estimates of 
the long-term decomposition rate than the litterbag 
results. 

Estimated initial quality, initial leaching, and ini- 
tial decomposition rates for different litters are 
shown in Table 3. 

Modeled Nutrient Effects on Past Litter 
Production and Long-term Decomposition 

The model fit to measured data is shown in Figure 
4. Table 4 summarizes the soil layer ages and de- 
composition properties derived from the model. 
The mean ages of soil layers are calculated through 
integration over all ages of material included in 
each layer. Average ages for S, F, H, and the whole 
forest floor are 5.2, 13, 38.4, and 17.1 years, respec- 
tively. However, inferring treatment effects from 
mean layer ages is not meaningful because layers 
are not separate entities and the age span and com- 
position of layer material differ between treatments 
(results not shown). 

Estimated needle litter production was based on 
extensive measurements by Tamm and others 
1999, which showed that N level had significant 

Initial Decomposition Rates in 
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Figure 4. Measured and predicted forest floor carbon 
amounts and l4C enrichment for all treatments and all 
soil layers. 

effects on stemwood production and its relation to 
needle biomass. As expected, our estimated needle 
litter production matches the results for stemwood 
production and needle biomass, showing an in-
crease on fertilized treatments. The root-above 
ground litter production ratio decreased with in- 
creasing nutrient addition. Decomposition was rad- 
ically changed by the treatments. The results indi- 
cate that both N and PK additions had negative 
effects. Although the initial decomposition rate in- 
creased (Table 3),  a reduction in the long-term de- 
composition rate is the main consequence of nutri- 
ent additions. In agreement with reduced long-term 
decomposition rates, modeled percentage forest 
floor carbon respired per year was also reduced in 
the fertilized treatments compared to the control 
(Table 4). 
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Table 4. Forest Floor Model Results 

Decomposition 
Mean Age of Organic Soil Layers (y)" parsb 

Decomposition ~espiration~ 
Treatment S F H S+F+H P, P, 50 yC (% C) %C y 

C 5.5(0.39) 13.7(0.96) 42.0(0.46) 17.3(0.57) 0.19 1.48(0.040) 96.9(0.2) 7.6 (0.21) 
N 1 3.9(0.10) 11.1 (0.36) 37.7(0.45) 17.6(0.42) 0.55 0.70(0.014) 90.5(0.3) 6.7 (0.1 1 )  
NlPK 5.4(0.14) 11.6(0.49) 38.4(0.98) 18.3(1.16) 0.82 0.47(0.054) 82.4(2.7) 5.1 (0.41) 
N2 5.3(0.07) 11.9(0.46) 37.8(0.71) 17.2(0.88) 0.67 0.62(0.050) 88.9(1.4) 6.6 (0.36) 
N2PK 6.0 (0.09) 14.6 (0.91) 46.5 (1.09) 19.6 (0.66) 1.08 0.39 (0.066) 79.1 (3.9) 4.7 (0.56) 
N3 4.1 (0.08) 13.9(0.67) 39.4(0.67) 17.0(0.90) 0.68 0.62(0.046) 89.2(1.3) 6.5 (0.31) 
N3PK 5.9(0.07) 14(0.97) 26.7(0.37) 13.1(0.70) 0.9 0.47(0.034) 83.8(1.4) 5.4 (0.25) 
mean 5.2 (0.13) 13.0 (0.69) 38.4(0.68) 17.1 (0.76) 96.9 (1.6) 6.1 (0.32) 

Standard errors (based on carbon amounts in replicate plots) given in parentheses. 
Number of plots per treatment are n = 6 (treatments: C, NI, N2, N3) or n = 4 (treatments: NIPK, NZPK, N3PK) 
"Ages are integrated values of all material in each layer. 
b~ararneters of Eq. (4) for pine needles 
'The fraction of pine needle litter C lost afer 50 years 
*~espiration is % forest floor carbon mineralized 1993 
Treatments in Table I. 

rn plne 
needle 

o ground 
wg 
root 

400 - -- 

C N1 NIPK N2 N2PK N3 N3PK 

Figure 5. Pine needle, ground vegetation, and fine-root 
litter production for all treatments. Needle production is 
average yearly litterfall 1983-93; ground vegetation and 
root litter production is for 1993. Bars show standard 
errors for root production based on carbon amounts in 
replicate plots. Number of plots per treatment are n = 6 
(treatments: C, N1, N2, N3) or n = 4 (treatments: NlPK, 
N2PK, N3PK). Treatments in Table 1 .  

Prediction of Future Forest Floor Carbon 
Accumulation 

of 1993, and estimated decomposition parameters 
for the different treatments (Table 4), the model 
was extrapolated 100 years forward in time (122 
years of nutrient effects in total). 

The forest floor carbon future predictions showed 
large differences in carbon accumulation between 
treatments with a potential increase in forest floor 
carbon of about 100°/0-300% (10,000-30,000 kg/ 
ha) compared to the control under the present con- 
ditions at the Norrliden site (Figure 6). 

The predicted changes in soil carbon storage are 
consequences of nutrient effects on both decompo- 
sition and litter production. These two effects were 
separated by including each effect exclusively in 
separate model runs. The relative effects of decom- 
position and production were then calculated from 
differences in predicted carbon storage between 
control and treatments (Figure 6). Averaging all 
treatments, the nutrient effect on decomposition 
and production explained 69% and 2 1 %, respec- 
tively, of the increase in soil carbon. The fraction of 
soil carbon accumulation that could be attributed to 
reduced decomposition increased with increasing 
nutrient addition. 

Predictions of future forest floor carbon are highly 
dependent on future litter inputs. The estimates Field Respiration Measurements 

used were based on a conservative extrapolation of Nutrient additions reduced the basal respiration 
calculated litter inputs (Figure 5). For needle litter rate on average to only 60% of the control (mean 
inputs, the values used were (in kg C ha-' y-') 500 for all treatments and all years). The N2 and N2PK 
for C; 700 for N1, NlPK, N2, and N2PK; and 600 for treatments showed the lowest basal respiration 
N3 and N3PK. Root and ground vegetation inputs rates compared to the control; overall, the respira- 
were the same as those calculated for 1993 (Figure tion rates in these two treatments were reduced to 
5). Based on these litter inputs, soil carbon amounts 50%- 35% of that of the control (Figure 7A). In- 
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Figure 6. Effects of decomposition and production 
changes on organic (S+F+H layers) soil carbon. Carbon 
storage is extrapolated 100 years forward in time (since 
1993) using separated effects of reduced decomposition 
and increased production. Treatment effects: d, decom- 
position effect; p, litter production effect; d*p, interaction 
effect. Soil carbon in the control plot was 12,490 kg C 
ha-'. Bars show standard errors based on carbon 
amounts in replicate plots. Number of plots per treatment 
are n = 6 (treatments: C, N1, N2, N3) or n = 4 (treat- 
ments: NIPK, N2PK, N3PK). Treatments in Table 1. 

deed, multiple regression analysis showed that both 
N and P had significant negative effects on basal 
respiration [statistically significant model Y (basal 
respirationlbasal respiration for control) = 0.909 2 

0.047 (SE) - N 0.187 ? 0.031 (P < 0.001) - PK 
e0.132 2 0.051 (P = 0.014) mg C m-2 h-'; R ~ , , ~  = 
0.55; P < 0.001 for the model; n = 35; data from all 
3 years together]. 

The SIR increase 1 h after sucrose addition varied 
greatly between treatments and years (Figure 7B). 
However, multiple regression analysis showed that 
PK had a negative effect on the respiration increase 
[statistically significant model Y (respiration in- 
crease) = 58.8 t 5.6 - PK . 28.4 ? 8.1 mg C m-2 
h-'; P = 0.001; R ~ , ~ ~  = 0.25; n = 351, hence sug- 
gesting a negative effect on soil microbial biomass. 

Sensitivity Analysis 

The estimate of fine-root litter initial quality was 
assumed to be relatively less confident compared to 
other parameter estimates because of the small 
amount of measured data available and the high 
variability in size and distribution of roots. Because 
the measured root decomposition rate and initial 
litter quality (q,) was lower than expected (Table 
2), the effect of increasing root litter quality was 
investigated. In addition, the effects of increasing 
root life span from 1 to 3 years were evaluated. 

Changing the root initial quality to the same as 

?!' 
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C 
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a 
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Figure 7. Measured field respiration rates. A Basal respi- 
ration. B SIR (increase in respiration after sucrose addi- 
tion). Bars show standard error for n = 2 plots per 
treatment. Treatments in Table 1. 

for pine needles (60% increase in root initial de- 
composition rate) caused a slight compensatory in- 
crease in root production and a decrease ( 1 5 %) in 
ground vegetation production. The effects on other 
results, such as long-term decomposition, were 
very small, resulting in almost no change in predic- 
tions of future carbon accumulation (Table 5). 
Thus, the prediction of long-term decomposition is 
not sensitive to initial litter quality and initial de- 
composition rate. Also, the effects of an increased 
root life span were modest, with only a slight in- 
crease in the long-term decomposition rate and a 
small reduction in nutrient effects on carbon accu- 
mulation. 

The sensitivity to variation in 14c data was eval- 
uated by randomly increasing or decreasing each 
measured 14c value by 1 %-that is, 1.12%-1.35% 
modern, which is comparable to the difference be- 
tween most of the treatments. This procedure was 
repeated for 10 model runs; the resulting coeffi- 
cients of variation in selected results are shown in 
Table 6. Relative to the differences between treat- 
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Table 5. Change in Selected Results Caused by Increase in Root Life Span (from 1 to 3 years) and Root 
Litter Quality Increase to the Same as for Pine Needles 

Original model 

Root lifespan increase 

Root decomposition Increase 

C Acc from 
Root prodb Decomp. Soil C ACC." Decomp. 

Treatmentsa (kg C ha-') 50 yC(%) (kg C ha-') Rede (%) 

C 
N 
NPK 
C 
N 
NPK 
C 
N 
NPK 

"C = control, N = NI and N2 combined, NPK = NIPK and N2PK combined treatments in Table I 
b~ine-rootproduction 
'Fraction of carbon lost afier 50 years of decomposition of pine needles 
dPredicted increase of soil C relative to control after 1DO years 
'% soil C inmease relative to control caused by decomposition rate reduction 

Table 6. Sensitivit of Selected Results to 
Random Change in I4C Soil Enrichment Values 
by 1% (1.1%-1.3% Modern) 

Root Decomp. Soil C % C Acc. from 
Treatments Prod. 50 y Acc. Decomp. Red. 
-- 

C 7.7 3 
N 11.4 5.7 13.5 4.8 
NPK 10.0 7.5 12.9 8.0 

Columns as in Table 5 

Values are coeficients of variation (%). 


ments, root production is sensitive to 14cvariation, 
whereas the sensitivity of the predictions of nutri- 
ent effects on carbon accumulation is low compared 
to the treatment differences. Thus, uncertainty in 
14cmeasurements would result in uncertainty in 
estimates of root production and the long-term de- 
composition rate of single treatments, whereas the 
general pattern of carbon accumulation as a result 
of reduced decomposition in nutrient treatments 
would remain. 

Alternative Models, Validity, and 
Limitations 

There is always a question as to how many param- 
eters and how much complexity should be included 
in a model to get the most useful results. In this 

case, the minimum set of parameters needed to 
explain the observations satisfactorily was chosen. 
The introduction of additional degrees of freedom 
for treatment effects on ground vegetation litter 
input and root distribution did not produce signifi- 
cant improvements in the model fit to the data. 

Because of the high cost, 14cwas analyzed for 
one pooled sample per treatment and layer; thus, 
the presented SEs in the results are based on the 
variability between replicate plots in carbon 
amounts only. However, there are reasons to ex- 
pect a low variation in 14cenrichment compared to 
variation in carbon amounts. Possible sources of 
variation in 14cvalues are differences in decompo- 
sition and proportions of different litter inputs 
(compare Figure 3 ) .  On the other hand, variation in 
the total amount of litter production should not 
affect the soil 14cvalues. Because the stand is very 
uniform (Tamm and others 1999) and the only tree 
species is pine, the replicate plots differ mainly in 
number of trees. Consequently, the main difference 
between replicate plots should be in total litter pro- 
duction, which affects amounts of soil carbon but 
not I4c enrichment. In a mixed natural stand of 
mainly Pinus sylvestris and Picea abies in Aheden in 
northern Sweden (Persson and others 2000b; 
Harrison and others 2000), the coefficient of vari- 
ation in 14cin the 1; + F layer was 1% (A. F. 
Harrison personal communication), which is com- 
parable to the variation introduced in our sensitiv- 
ity analysis. 

The sensitivity analysis (Table 6) shows that ran- 
dom changes in 14c comparable to the differences 



between treatments do not refute the main conclu- 
sions of the original results. Small treatment differ- 
ences in I4c values combined with larger differ- 
ences in carbon amounts are compatible with 
different carbon accumulation but similar soil ages 
of different treatments. 

Alternative Models, Soil Pools, and Mean 
Residence Times 

In addition to our model, a commonly used pool 
model (Harrison and others 2000) was tested. This 
model is based on assumptions of a steady state and 
homogenous soil carbon pools-in this case, repre- 
sented by our organic soil layers (S, F, and H). 
Estimated soil layer ages and total carbon fluxes of 
this three-pool model were on average similar to 
the predictions by our model, but the ranking of 
treatments was different, with no clear relation to 
nutrient addition level. One reason for this is the 
concept of soil pools, which means that a continu- 
ous quality distribution of soil material must be 
approximated with a pool represented by a single 
mean residence time (MRT). This is especially prob- 
lematic for the F and H layers, where new roots 
enter older decomposed material. Furthermore, to 
make treatments comparable would require very 
careful definition and sampling of the pools-for 
example, division of the F and H layers. These prob- 
lems are largely avoided in our continuous model. 

One serious problem of using the pool model 
with our data is that root litter input could not be 
included in the F and H soil layer due to its math- 
ematical structure. When the approach followed by 
Harrison and others (2000) is used, roots are re- 
moved from the samples before analysis of '*c, but 
this was not done for our samples. 

The assumption of a steady state used in the pool 
model is not valid and the concept of MRT is not 
very useful in the investigated type of disturbed 
(fertilized) ecosystem. Because carbon is accumu- 
lating partly as a consequence of retarding late- 
stage decomposition, MRTs become very large and 
sensitive to asymptotic decomposition rates, which 
are uncertain. 

Modeled Litter Production 

Nutrient additions seem to have increased needle 
litter production on all treated plots, with relatively 
small differences between nutrient levels, indicat- 
ing that above the lowest level of nutrient addition, 
other factors were limiting to litter production (see 
also Tamm and others (1999) Figure 5).  

Carbon stocks and fluxes in comparable stands in 
Finland have been studied by Makipaa (1995). 
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Their results (Makipaa 1995) for soil carbon were 
similar to this study, but for ground vegetation bio- 
mass they found a decrease on fertilized plots. Al- 
though it has not been shown in this study, a re- 
duction of ground vegetation on fertilized plots may 
also take place in Norrliden as the tree canopy 
becomes more closed. 

Results for root-shoot litter production ratios 
show the expected negative relation with amount 
of added N. The amount of root production can be 
compared to a study of a younger pine stand in 
central Sweden, where Persson (1980) estimated a 
total annual root production in the F/H layer of 
about 1000 kg C-' ha-'. However, a reevaluation 
of that result indicated that it is likely a considerable 
overestimate (Hogberg and others 2002). Further- 
more, the results presented here are based on inte- 
grated inputs over decades that suffer less from 
temporal variation and other problems of more di- 
rect methods. 

Decomposition and Soil Respiration 

A comparison of the results for the different N levels 
shows that differences in respiration and decompo- 
sition (Figure 6) are relatively small compared to 
the differences between NPK and only N treat- 
ments. Even at the lowest N addition level-be- 
tween 30 and 60 kg N ha-' y-' (Table 1)-the 
nutrient effects seem to have almost reached a 
maximum. At this level of N input, the availability 
of P and K have a greater influence on decomposi- 
tion than further N additions. 

In accordance with the model results, the field 
respiration measurements showed a 40% reduction 
in respiration on the fertilized plots compared to the 
control. This might be a result of reduced respira- 
tion by saprotrophic microorganisms, and/or a re- 
duced respiration by roots and their mycorrhizal 
fungi. In support of the first assumption, the model 
showed only minor nutrient effects on root produc- 
tion (Figure 5). Furthermore, in combination with 
the increase in forest floor carbon, the SIR results 
indicated a reduction in microbial biomass per unit 
soil carbon in fertilized plots (Figures 1 and 7B). The 
SIR results also suggested that the effect of PK was 
strong even without N addition. However, since 
mycorrhizal root respiration is a large component of 
soil respiration in boreal pine forests (Hogberg and 
others 2002), nutrient effects on tree belowground 
C allocation may also be important and thus war- 
rant further study. 

One year after the soil samples used in this study 
were taken, laboratory respiration measurements 
on root-free samples from the plots were conducted 
(M. Sjoberg and T. Persson personal communica- 
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Figure 8. Forest floor microbial respiration. Model re- 
sults, with and without root litter, compared to labora- 
tory incubation measurements of samples where fresh 
and dead roots had been removed (T. Persson, personal 
communication). Bars show standard error for laboratory 
measurements n (plots per treatment) = 2 for C and PK 
and n = 4 for N2 and N2PK; for model results SE based on 
carbon amounts in replicate plots, n = 6 for C, n = 4 for 
N2 and N2PK. Treatments in Table 1 

tion). Measured respiration was converted to aver- 
age yearly field conditions using a conversion factor 
from Persson and others (2000a). The measured 
respiration per unit of organic matter for the or- 
ganic layers are close to the predictions by our 
model (Figure 8). 

Although nutrient additions on the whole reduce 
decomposition rates and thus microbial respiration, 
there is an increase in the initial decomposition rate 
(Table 3). Furthermore, using the estimated fertili- 
zation-induced changes in decomposition parame- 
ters in Eqs (3) and (4), decomposition ratess initially 
increase after nutrient addition, regardless of how 
much decomposition has proceeded before nutrient 
addition. However, the initial increase is followed 
by a decline, resulting in the observed overall re- 
duction in decomposition in the fertilized plots (Fig- 
ure 6 ) .  Thus, the time span of litter decomposition 
studies is crucial for the interpretation of long-term 
consequences. 

Although this study cannot provide numbers for all 
separate parameters of the decomposition process 
(Eq. [3]), the long time span of integration ensures a 
more confident estimation of the combination of pa- 
rameters that determine long-term decomposition 
than what could be obtained from extrapolation of 
short-term litterbag studies. The consequences of de- 
viations in different parameters when decomposition 
is extrapolated from short-term data can be substan- 
tial (Hyvonen and others 1998). 

Mechanisms of Decomposition Changes 
In terms of the decomposition theory (Eq. [3]), the 
exact mechanisms of the interaction between added 

nutrients and the decomposition process cannot be 
fully explained from the aggregated parameters P, 
and P, (Eq. [4]). One possible combination of pa- 
rameter changes that can explain these results is 
that both the decomposer parameters e, and q have 
increased together with q, (Eq. [3]). A similar re- 
sponse of the decomposition parameters to nutrient 
additions was observed by Agren and others (2001). 
In other terms, this means that the microbial 
growth to assimilation ratio (e , ) ,  the substrate qual- 
ity degradation rate (q), and the substrate initial 
quality (q,) all are increased by nutrient additions. 
Possibly, there has also been a decrease in the de- 
composer basic growth rate (u,), which would 
agree with the decreased decomposer biomass sug- 
gested by field SIR measurements. The suggested 
changes in microbial properties could be a result of 
shifts in microbial species composition, which have 
been discussed in depth by &ren and others 
(2001). 

Persistence of Nutrient Effects 

Are the nutrient effects on decomposition persis- 
tent? Or will they reverse if nutrient inputs stop? 
An indication of recovery is given by the relatively 
small effects in the highest levels of nutrient treat- 
ments (N3 and N3PK) compared to the low-dosage 
treatments. This result may reflect the recovery of 
the decomposer community after the discontinua- 
tion of the N3 and N3PK treatments in 1990 (3 
years before sampling). Resilience of the decompos- 
ers would imply that if nutrient additions cease, a 
reduction in soil nutrient availability due to re- 
duced decomposition and N mineralization would 
not be persistent. 

Potential Effects on Future Carbon Storage 

Our results suggest that nutrient additions substan- 
tially increase forest floor carbon in this type of 
ecosystem (Figures 1 and 6 ) .  In fact, nutrient addi- 
tions are already occurring through N deposition at 
for example, about 30 kg N ha-' y-' in central 
European sites (Persson and others 2000b). Al- 
though the N levels used in this study were high, 
the results of an almost maximum effect at the N1 
level indicate that lower N inputs also would have 
effects. The addition of 15 kg N ha-' y-' gave rise 
to similar effects on decomposition, as has been 
shown in this study (Agren and others 2001). The 
effect of a reduction in the long-term decomposi- 
tion rate caused by NPK additions is stronger than 
the increase in production as a mechanism of future 
soil carbon buildup (Figure 6 ) .  The effect on decom- 
position prevents soil carbon from reaching a steady 
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state, whereas a steady state is reached if only the 
production effect is included. Thus, the dominance 
of the decomposition effect would increase with a 
longer time span of extrapolation. A steady state of 
soil carbon is never reached in the fertilized plots 
because, during the decomposition process, the rate 
of reduction in substrate quality is very high com- 
pared to the carbon mineralization rate (Bosatta 
and Agren 1985). 

A potentially important process not modeled ex- 
plicitly in this study is leaching from decomposed 
organic matter. Although the initial leaching from 
litter included in our model (around looh of litter C 
input) affects soil carbon accumulation only mar- 
ginally, leaching from old recalcitrant material 
could significantly decrease predicted carbon accu- 
mulation at longer time scales. Including a 1% per 
year leaching rate of all ages of organic material in 
our modeled system reduced predicted carbon ac- 
cumulation in 100 years by up to 30% in nutrient 
treatments. However, more knowledge is needed 
before we can confidently include this process in 
our model. 

The combination of 14cand amount of carbon data 
of the three subdivisions (S, F, and H) of the organic 
layer combined with litter initial decay rates and an 
elaborate decomposition theory made it possible to 
reconstruct the main fluxes of carbon without as- 
sumptions of steady state and completely mixed 
pools. 

Nutrient additions increase the initial decompo- 
sition rate but reduce the long-term decomposition 
rate and total soil carbon mineralization, a conclu- 
sion also supported by field respiration measure- 
ments. The addition of PK augments this effect 
compared to N-only treatments. 

A comparison of the effects on production and 
decomposition shows that the reduced decomposi- 
tion rate is the main cause of the observed and 
potentially large increase in forest floor carbon stor- 
age. The results suggest that these effects may be in 
progress in areas where N deposition is high. 
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Correction of Climatic Effects on 
Decomposition Data 

To minimize the effect of seasonal and between- 
year climatic variation, we constructed a climatic 
compensation curve that describes the relative de- 
composition rate over the years of interest. First, an 
"average" decomposition curve was fitted using all 
data from the Norrliden site (36 litterbag data se- 
ries) (Berg and others 1991). This curve was used 
on consecutive individual data points to calculate 
deviations in the decomposition rate from the ex- 
pected rate. This calculation was done for all data 
series and plots of the site, and the results were 
summed to give the average relative decomposition 
rate for each day. In the summation, the calculated 
deviations are weighted depending on the SEs of 
the data points and the length of time interval 
between data points. The final compensation curve 
was used on each data series to correct the sampling 
intervals (time-data points) for climatic variation. 
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