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During the initial stages of leaf and needle litter decomposition, microorganisms face nitrogen (N) and phos-
phorus (P) scarcity since plant litter is very N- and P-poor compared to microbial biomass. The processes that
microorganisms use to cope with the unfavorable stoichiometry, such as transport of nutrients into decomposing
litter, are still not fully understood.

The aim of the study was to explore the import and release of nutrients (N, P, K, Mn, Ca, and Mg) into and from

decomposing Norway spruce (Picea abies Karst) and Scots pine (Pinus silvestris L.) needle litter. For this purpose,
we conducted a paired-stand litterbag study at eight temperate and boreal forest sites in Sweden that each have a
spruce and a pine stand, over a period of five years.

The mass of N in decomposing spruce and pine needle litter increased during the first 172 and 356 days, on
average by 19% and 30%, respectively, compared to the initial masses of the element in the litter. The mass of P
in pine litter increased during the first 526 days of decomposition, on average by 48%. Net release of N from
spruce litter, relative to the initial N amount, only began after 895 days of decomposition. Net release of N and P
from pine litter, relative to the initial amounts of the elements, started only after 1097 days. In contrast, K, Mn,
Ca, and Mg were released right from the beginning of the decomposition process.

The results show that N and P import into decomposing plant litter is a quantitatively important process in
temperate and boreal coniferous forests during the first stage of litter decomposition when N and P concentra-
tions are low. Nutrient import alleviates stoichiometric imbalance between the microbial biomass and the litter
and likely contributes to microbial nutrient acquisition.

1. Introduction

The organic layer of forest soils is a challenging environment for
microbial life since microorganisms face substrates with very low ni-
trogen (N) and phosphorus (P) concentrations, and thus high C:N and C:
P ratios, compared to their own biomass (Zechmeister-Boltenstern et al.,
2015; Spohn, 2020). Soil microbial biomass has relatively constrained
molar C:N and C:P ratios across different soils and ecosystems (Cleve-
land and Liptzin, 2007; Xu et al., 2013) equaling 8 and 42, respectively,
on a global average (Xu et al., 2013). In contrast, the molar foliage litter
C:N ratio is 58 in temperate broadleaf forests and 87 in temperate
coniferous forests, on a global average, while the molar foliage litter C:P
ratio is 1702 in temperate broadleaf forests and 2352 in temperate
coniferous forests (McGroddy et al., 2004). More specifically, the molar
C:N ratio of foliage is 47 for Scots pine (Pinus silvestris L.) and 41 for
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Norway spruce (Picea abies Karst), on a European average (Cools et al.,
2014). The N and P concentrations of plant litter tend to increase during
decomposition due to the loss of C (mostly in the form of CO, but also
DOCQ), leading to decreases in the C:N and C:P ratios (Blair, 1988; Berg
and McClaugherty, 2020). Thus, it can be expected that N and P scarcity,
or limitation, occurs mostly in the beginning of the decomposition
process.

There are different ways in which microorganisms can cope with the
unfavorable C:N:P stoichiometry (Mooshammer et al., 2014; Spohn,
2015, 2016; Manzoni et al., 2021). To a very limited extent, microor-
ganisms can increase their biomass C:N and C:P ratios, and this might be
more important in the organic layer than in mineral soil, as indicated by
the less constrained microbial biomass element ratios in organic layers
compared to mineral soil (Fanin et al., 2013; Heuck et al., 2015; Zederer
et al., 2017). Further, microorganisms can increase their respiration rate
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(Spohn and Chodak, 2015; Spohn, 2015) or the rate at which they
release incompletely decomposed organic C as dissolved organic carbon o
(DOC) (Hessen and Anderson, 2008), which allows them to dispose of C. 5‘ 5
The change in the respiration rate or C excretion rate leads to a decrease 38(332233883383288533
in the microbial C use efficiency, if not associated with a similar increase
in the gross growth rate (Sinsabaugh et al., 2013; Spohn et al., 2016a). o
Next, microorganisms can increase their N use efficiency (Mooshammer s -
et al., 2014). They can also increase the residence time of N or P in their E §
biomass by reducing N and P losses and increasing nutrient resorption C RGeS R R R ENEN
from senescing hyphae, which decreases the microbial need to take up N o
and P (Spohn and Widdig, 2017; Capek et al., 2021). Moreover, mi- E
croorganisms likely selectively feed on fractions of the soil organic g
matter (SOM) that match more closely their nutritional needs, which El - 0w oo "o 0o
also leads to a larger return on the investment of exoenzyme release as SE|IRBIISIREIASTRA
compared to more nutrient-poor fractions (Arsuffi and Suberkropp,
1989; Hood et al., 2014). This means that microorganisms proliferate E g g g g g 2 g 2 g v g g % g % v
more strongly in locations that are stoichiometrically closer to their & SESESESESESESE &R
nutritional demands, and they might more intensively colonize these
patches if they can move, as in the case of fungi and mobile bacteria o B
(Bending and Read, 1995; Leake et al., 2001). In addition, diazotroph %’ ] § g o g o %
microorganisms in decomposing plant detritus can fix Ny from the air . ; ki 9 § ; 5 % ; g § §
(Rinne et al., 2017). Finally, mostly fungi (Wells et al., 1990; Wells and 'ig % % % g E’, é E E é E z E,
Boddy, 1995; Frey et al., 2003; Boberg et al., 2014) but also microfauna, P OSsE®A Osm CsSZ A
insects, and mobile prokaryotes (Filipiak, 2018) can transport nutrients ©
from nutrient-enriched spots in soil to N- and P-poor microsites, which . =
they colonize to take up easily-available organic carbon there. In addi- S E
tion, litter can be enriched with nutrients from canopy throughfall and ¢ é oL 4 _§ 5. ..
faeces of canopy-inhabiting phyllophageous insects (Joergensen and g1 2 s £ £ & ggg S S
Meyer, 1990). Transport of N and P into decomposing litter, has been 2
shown for pine needles (Staaf and Berg, 1982; Fahey, 1983; Berg, 1988; A
Yavitt and Fahey, 1986), while results about N and P import into the 'c% . g E _
litter of other tree species is rather scarce (for exceptions see Berg and g, g £ =] E, = i
McClaugherty, 1989; Osono and Takeda, 2001). Given the small number g g 2 % = -§‘ = % = -%’ %
of studies about nutrient import into decomposing plant litter, also the % & £ES & © & © & ©
magnitude of the process is still not well known. g
In contrast to N and P, other nutrients such as potassium (K), man- e .
ganese (Mn), calcium (Ca), and magnesium (Mg) are less strongly S| — £ 3 - o 3
retained in litter (Berg and Staaf, 1980; Staaf and Berg 1982; Berg and § = -g g E -g B E -§ -é —§ i E
McClaugherty, 2020). Particularly K, but also Mg and Ca are quickly gl £ &d& &3 & & &9
leached out of decomposing plant litter (Osono and Takeda, 2004). §
The aim of the study was to explore the import and release of nu- E Eole o ® & o = w -
trients during the first five years of decomposition of spruce and pine % T T S Y T ST ST N
needle litter. For this purpose, we determined nutrient (N, P, K, Mn, Ca, E
and Mg) import and release from decomposing spruce and pine needle § _ -
litter at eight temperate and boreal forest sites in Sweden that each have = E E 3 & 5 8 8 8 © g
paired stands of Norway spruce and Scots pine, over a period of five g Il
years, using litterbags. We hypothesized that external N and P is im- %
ported into the decomposing spruce and pine needle litter during the 7z -i:
first years of needle litter decomposition, whereas K, Mn, Ca, and Mg are 8 b Ele o 8 o 8 o & 1§
continuously released from needle litter from the start of the decom- 3 22K - " e =@
position process. This study is unique since it has a paired-site design ,§
with two tree species, it is replicated at eight sites over five years, and = §
provides not only data on changes in mass loss during decomposition but - S T S T - S - B S
also changes in nutrient contents over time. In contrast, most previous g § glh B & K & o &0 %
litter decomposition studies considered fewer sites over a shorter period g
of time, did not have a paired-site design and many only provide data on % .
mass loss but not on changes in the nutrient contents. YR U T T T S S N
T|lgal2 2 2 2 89 ¥ S =
Q T Z (o)} [o9] O D [*9] [o)} [*9] [52]
2. Material and methods f S
4 =9
3 2 5
2.1. Site description g LE s £ & ;
g2 |22 2 % £ z o8 2
Decomposition was studied at eight sites that have both a Norway § g g & ‘é E 5 E E ﬁ
spruce (Picea abies) and a Scots pine (Pinus sylvestris) stand and that were -5
chosen because they have contrasting properties (Table 1). The sites are % é % W a e e w6~ ®
located in south and central Sweden between 56°N and 63°N, thus = /M
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covering temperate and boreal forest. Mean annual precipitation (MAP)
at the eight sites ranged from 460 mm to 1070 mm, and the mean annual
temperature (MAT) varied between 2.1 °C and 6.8 °C. The average stand
age was 58 + 6 years (Table 1). The forests did not receive fertilizer.
Atmospheric N deposition at the sites was very likely never higher than
4 kg~ ha~! yr ! (Spohn and Stendahl, 2022).

2.2. Litter-bag study and chemical analyses

Litter was collected in the autumn by gently shaking the limbs of the
trees and collecting the needles on spread-out tarpaulins. Green needles
were removed by hand. Litter was air-dried, and stored dry at room
temperature. Before weighing, the needles were equilibrated to a con-
stant moisture level (5-8 + 0.5%) by drying them at room temperature
for about one month. Exact dry mass was determined as the average of
25 replicate samples that were dried to a constant mass at 85 °C. Lit-
terbags, measuring 8 x 8 cm, excluding a 1 cm-wide edge, were made of
polyester net with a mesh size of about 1.0 x 1.0 mm for pine needles
and about 1.0 x 0.5 mm for spruce needles. We adapted the bags mesh
sizes to the size of the needles with the intention to have as wide mesh
sizes as possible. The 2-5 cm long and paired Scots pine needles did not
easily go through a 1 x 1 mm net, whereas a net with 2 x 2 mm mesh
more readily allowed needles to pass. In contrast, the needles of Norway
spruce were single and thinner than those of Scots pine and passed
readily through a1 x 1 mm mesh, but not through a net with 1 x 0.5 mm
mesh. The litterbags’ different mesh sizes do not prevent the main de-
composers from entering the bags since decomposition in these forest
systems is almost exclusively conducted by fungi and bacteria but not by
soil animals (Persson et al., 1980). In a previous two-year study incu-
bating Scots pine litter, it was confirmed that there was no difference in
the decomposition rate between the bags with different mesh sizes (1.0
x 1.0 mm and 1.0 x 0.5 mm) (Berg, unpublished).

Exactly 1.00 g of needles was placed in each litterbag. The bags were
deployed on the top of the litter layer at the site and stand from which
the litter originated at 25 randomly located plots per stand (each
measuring 1 x 1 m) and fastened using 15-cm long pegs of stainless
steel. At regular intervals during five years, 25 litterbags, one from each
plot, were collected and carefully cleaned. Dry mass loss was determined
by drying the samples to a constant mass at 85 °C, and the 25 samples
from each stand were merged to obtain one composite sample. Subse-
quently, nutrient concentrations were analyzed as follows. After a wet
oxidation in H3SOy, total N was analyzed using a semi-micro Kjeldahl
procedure (Nihlgérd, 1972). Samples were digested for 48 h in a 2.5:1
(v/v) mixture of nitric and perchloric acid for the analysis of P, K, Mn,
Ca, and Mg. Phosphorus was determined colorimetrically by a method
including molybdenum blue (John, 1970). Potassium, Mn, Ca, and Mg
were determined by atomic absorption spectrometry (PerkinElmer 603)
according to Pawluk (1967). The litter decomposition study was con-
ducted from 1979 to 1984.

2.3. Data analysis

We modeled the mass loss of litter as a function of time using an
asymptotic concave function (Michaelis-Menten model). The model has
been used previously for other datasets to describe changes in soil pools
over time (McMahon et al., 2010; Spohn et al., 2016b).

Time

MassLoss = MassLoSSy,, ® —————
M= ks + Time

(Eq. 1)

MassLossyax is the maximum mass loss, and ky; equals the time at
which mass loss equals half of MassLossyax. We modeled the mass loss as
a function of time based on Eq. (1) using the nls function in R (version
4.1.1, R Core Team, 2021). We calculated the masses of elements in the
litterbags (in g) by multiplying the litter mass (in kg) with the respective
litter element concentrations (in g kg’l). Based on this, we calculated
changes (in %) in the masses of elements (N, P, K, Mn, Ca, and Mg) in the
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litterbags relative to their initial masses contained in 1.00 g of needle
litter. We tested whether differences between the initial masses of N and
P in the litterbags and the masses of N and P in the litterbags at the time
when the mean of the N and P amounts was highest were statistically
significant using Welch Two Sample t-test, where P = 0.05 was
considered as the threshold of significance. In addition, we tested if
there was a significant correlation between the mass loss of the litter at
the end of the experiment and a) the mean annual temperature at the
site, b) the initial N concentration of the litter or c¢) the initial P con-
centration of the litter, whereby P = 0.05 was considered as the
threshold of significance. All data analyses were conducted using R
(version 4.1.1, R Core Team, 2021).

3. Results

Mass loss of litter derived from the same tree species during the five
years followed a similar pattern across the eight study sites (Fig. 1a—d
and data in Appendix A), despite contrasting climate and soil charac-
teristics (Table 1). Pine needle litter decomposed initially faster than
spruce needle litter, but after 1830 days, similar percentages of the mass
had been lost from the litters of both tree species (78.7 + 5.7% and 76 +
3.3%, respectively) (Fig. 1a—-d, Table 2). The ky values that indicate the
time of half the maximal decomposition equaled 895 days for spruce and
429 days for pine (Fig. 1c and d). MassLossyax was overestimated by the
model for spruce litter, likely because the rate of mass loss of litter was
still relatively high in the fifth year of decomposition for spruce litter, in
contrast to pine litter (Fig. 1a and c). The mass loss of the litter at the end
of the experiment was not significantly correlated with the initial N or P
concentrations of the litter (P > 0.05). However, the mass loss of pine
litter, but not of spruce litter, at the end of the experiment was signifi-
cantly and positively correlated with the mean annual temperature of
the sites (R = 0.60, P < 0.05).

The mass of N in decomposing spruce litter (in litter bags that con-
tained initially 1.00 g needle litter) increased during the first 172 days,
on average by 19% compared to the initial mass of the element (Fig. 1e).
The mass of N in decomposing pine litter increased during the first 365
days, on average by 30% compared to the initial mass of the element
(Fig. 1f, Table 2). The mass of P in decomposing pine litter increased
during the first 526 days, on average by 48% (Fig. 1h). In contrast, for
spruce litter, P import was only observed at site 3 (Fig. 1g) where the
initial litter P concentration of the spruce litter was as low as the initial P
concentration of the pine litter. Net release of N, relative to the initial
mass of N in the litter, only occurred after 895 days from spruce litter
(Fig. le, Table 2). In pine litter, net release of N and P relative to their
initial amounts was observed only after 1097 days (Fig. 1f and h,
Table 2). Only 25 and 24% of the masses of N and P were lost after 1830
days of decomposition from pine litter (relative to the initial masses of N
and P in 1.00 g of litter). For spruce litter the losses of N and P during
1830 days were larger (32.5 and 64.5% of the initial masses, respec-
tively) (Table 2).

The concentrations of N (in g kg™!) in the plant litter increased
strongly during the first 526 days of decomposition by a factor of up to
2.8, i.e., 280% (Fig. 2a and b). Similarly, also the P concentration in the
pine litter increased strongly during the first 526 days of decomposition
in a similar magnitude as the N concentration (Fig. 2¢). In contrast, in
the spruce litter, the P concentration changed less and not consistently
(Fig. 2¢). Most molar N:P ratios of the litter during the five years of
decomposition were in the range of 3040, and there was no substantial
change in the N:P ratio of the decomposing spruce and pine litter over
time (Fig. 2e and f).

In contrast to N and P, we observed a net release of K, Mn, Ca, and Mg
since the beginning of the decomposition process (Fig. 3, Table 2). The
relative mass loss of Mn (relative to the initial Mn mass in 1.0 g of litter,
in %) was smaller than the relative mass loss of needle litter throughout
the decomposition process (Table 2). The relative decreases in the
masses of Mg and K (in %) in spruce litter were larger than the relative
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Fig. 1. Remaining mass (a and b) and accumulated mass loss (¢ and d) of needle litter as well as masses of nitrogen (e and f) and phosphorus (g and h) in spruce and
pine needle litter (in litter bags that contained initially 1.00 g needle litter) as a function of time during decomposition. Red dots and red numbers indicate the
arithmetic means. Stars in panels ¢ and d indicate the level of significance of the model parameters, whereby *** stands for P < 0.001. Different blue capital letter in
panels e, f, and h indicate significant differences tested between the initial masses of N and P in the litterbags and the masses of N and P in the litterbags at the time
when the mean was highest. The level of significance of this difference is indicated in the top right corner of each panel. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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Table 2

Change (in %) in the masses of elements (N, P, K, Mn, Ca, and Mg) in Norway spruce and Scots pine needle litter after a given number of days of decomposition, relative
to their initial masses contained in 1.00 g of needle litter. In addition, the change in mass of spruce and pine needle litter relative to litter mass at day 0 is given.
Negative changes in element masses indicate a net release of nutrients from litter compared to day 0, whereas positive changes indicate a net import of nutrients into
the decomposing litter as compared to day 0.

Element Spruce Pine
Change Change Change Change Change Change Change Change Change Change Change Change
day 173 day 365 day 528 day 895 day 1097 day 1830 day 173 day 365 day 528 day 895 day 1097 day 1830
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
N +19.5 +11.6 +8.0 +5.4 -1.4 -32.5 +13.5 +29.7 +24.8 +12.7 +2.2 —-25.0
P —27.4 —25.8 -32.3 -33.9 —45.2 —64.5 +12.0 +32.0 +48.0 +24.0 +8.0 —24.0
K —59.8 —62.1 —60.9 —69.0 —75.3 —85.1 —35.8 —35.8 —22.2 —39.5 —58.0 —-75.3
Mn —45.5 —-39.2 —45.9 -37.8 —45.0 —-52.3 —57.5 -56.7 —61.7 —55.8 —64.2 —68.3
Ca -17.0 -8.1 —25.6 -32.6 —47.9 —~76.4 -14.6 -27.1 —-51.6 —61.7 —~76.0 —86.7
Mg —28.7 —40.6 —61.4 —-70.3 —73.3 —80.2 —34.0 —52.8 —64.2 —56.6 —60.4 —75.5
Needle —-22.9 —-29.0 —43.2 —-53.2 —58.7 -76.0 —-32.2 -39.0 —55.6 —63.1 —68.0 —78.7
litter

decrease in the mass of spruce litter throughout the decomposition
process (Table 2). With respect to pine litter, this was only true for Mg,
while the mass of K decreased more slowly than the mass of the needle
litter (Fig. 3; Table 2). The initial Ca concentrations in spruce litter
varied strongly among the sites but were on average more than twice as
high as in pine litter, while the relative losses of Ca were larger in pine
than in spruce litter (Fig. 3g and h; Table 2).

4. Discussion

Here we show that N was imported into decomposing spruce and
pine needle litter during the first 172 and 365 days of decomposition,
respectively. Further, P was imported into pine litter during the first 526
days of decomposition, and the average import of P relative to the initial
amount (48%) was larger than for N (30%). At site 3, where the initial
litter P concentration was low, P import into the decomposing spruce
litter also occurred (Fig. 1g), which suggests that P import was largely
affected by the litter P concentration. Import of N and P likely occurred
predominantly during the first months of decomposition because of the
low N and P concentrations during this stage of decomposition
(Fig. 2a-d). The imported nutrients are most likely derived from
nutrient-rich parts of the mineral soil or litter layer, and are transported
by fungi, mobile prokaryotes, soil microfauna, and insects (Wells et al.,
1990; Wells and Boddy, 1995; Frey et al., 2003; Filipiak, 2018). It might
also be that N enters the litter through Nj fixation (Rinne et al., 2017).
However, given that N and P in pine needle litter showed similar dy-
namics, transport of N together with P seems more likely. The transport
of N and P into litter results mostly from the colonization of the litter by
fungi, i.e. movement of biomass, and the senescence of N- and P-rich
biomass of fungi in the colonized litter (Osono and Takeda, 2001). In
addition, transport of N through an established fungal mycelium and
release of N-rich exoenzymes may contribute to the enrichment of litter
with N (Sinsabaugh et al., 2002). Through heavily colonizing the litter
and supplementing it with N- and P-rich necromass, fungi create an
organic matter pool that is stoichiometrically less dissimilar to their own
biomass than the plant litter.

Import of N has previously been reported mostly for pine litter (Staaf
and Berg, 1982; Fahey, 1983; Yavitt and Fahey, 1986; Berg and
McClaugherty, 1989). Here we show that N is also imported into spruce
needle litter during the first stage of decomposition. In accordance with
Fahey (1983) who studied nutrient dynamics in decomposing Lodgepole
pine (Pinus contorta Douglas) needle litter in Wyoming, USA, we found
higher P than N import into pine litter. The percentage of increase in
both N and P observed in the present study was a little larger than the
one observed by Fahey (1983) who reported increases in N by about
10% and increases in P by about 15%. However, it might be that Fahey
(1983) missed the time point of maximal net N and P import due to the
coarser temporal resolution of the study. Similarly, Osono and Takeda

(2001) reported that the mass of N increased by 40% and the mass of P
by 50% in Japanese beech (Fagus crenata Blume) litter during the first
two years of decomposition. The higher import of P than of N into pine
needle litter is also in accordance with Staaf and Berg (1982) who
investigated decomposition of Scots pine needle litter at a site in central
Sweden and found that the mass of P relative to the initial P mass
increased by almost 70% during the first two years of decomposition.

Our results show that N and P import into decomposing plant litter is
a quantitatively important process that substantially enriches the litter
with N and P. Therefore, the process of N and P transport into decom-
posing litter should be considered in studies of the stoichiometric
imbalance between microbial biomass and soil, and the process should
also be included in microbial decomposition models (Manzoni et al.,
2021). The enrichment of the plant litter with N- and P-rich microbial
necromass is likely beneficial for microbial N and P acquisition, because
the enrichment renders the litter stoichiometrically more similar to the
microbial biomass. It could be speculated that the import of nutrients
slows down the decomposition process because it decreases the neces-
sity for microorganisms to mine the litter for nutrients (Craine et al.,
2007). Yet, given the faster decomposition (Fig. 1c and d) and the higher
P concentration (Fig. 2¢ and d) of spruce litter compared to pine litter,
this speculation about nutrient mining is unlikely true.

The total net loss of N from spruce and pine needle litter during 1830
days (5 years) was small (33 and 25%, respectively) compared to the loss
of litter mass (76 and 79%, respectively) as well as the loss of other el-
ements, such as K and Mg, indicating that N is strongly retained in the
litter. The reason for this is most likely that microbial biomass is very N-
rich (the global mean of the microbial biomass C:N ratio equals 6, Xu
et al., 2013), and microorganisms, including fungi, incorporate a large
part of the N derived from the needles into their biomass which retains N
in decomposing litter. The same applies to P in pine litter as pine litter
only released on average 24% of its initial P. In contrast, spruce litter
released on average 65% of its initial P during the first five years of
decomposition, and the reason for this is very likely the higher P con-
centration of the spruce litter at the beginning of the decomposition
process.

The smaller relative loss of Mn as compared to the relative mass loss
of needle litter throughout the decomposition process (Table 2) in-
dicates that Mn was also preferentially retained, particularly in spruce
litter, albeit less strongly than N in spruce litter and N and P in pine
litter. The reason for the retention of Mn might be that Mn is needed for
the oxidative decomposition of organic compounds through the lignin-
degrading enzyme manganese peroxidase produced by white-rot fungi
(Perez and Jeffries, 1992). This interpretation is supported by strong Mn
enrichment in decomposing dead wood (Blanchette, 1984) and foliage
litter (Pinzari et al., 2018). The differences in the time during which
individual elements are retained in the decomposing litter, likely also
strongly affect the transit time of the elements in the entire forest
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Fig. 2. Nitrogen concentrations (a and b), phosphorus concentration (c and d), and the molar N:P ratios (e and f) of spruce and pine needle litter as a function of time

of decomposition.

ecosystem (Spohn and Sierra, 2018).

Our study shows that pine needle litter decomposed initially faster
than spruce needle litter (see ky; value in Fig. 1c and d which was more
than two times larger for spruce than for pine) which could be due to
differences in organic matter quality among spruce and pine litter or due
to the higher P concentration of the spruce litter (Fig. 2c). Yet, after five
years, the accumulated mass losses of the two litter types were very
similar. Notably, mass loss of litter derived from the same tree species
during the five years followed a similar pattern across all eight sites
(Fig. la-d), despite contrasting climate and site characteristics
(Table 1). The similar mass loss of the litter derived from one tree species
at the contrasting sites, and the differences in decomposition among
spruce and pine litter indicate that litter characteristics are more
important for the decomposition process than site characteristics (within
similar climate zones and biomes). This finding is in contrast to recent
reviews about mineral soil (Schmidt et al., 2011; Dungait et al., 2012),

which state that organic matter quality plays a subordinate role for the
decomposition process. In this context, our results suggest that, in
contrast to the mineral soil, in the organic layer, the decomposition
process is largely controlled by organic matter quality, at least if only
similar climate zones and biomes are considered.

In conclusion, our study shows that substantial N and P import into
decomposing needle litter takes place during the initial stages of
decomposition. The import of N and P into the N- and P-poor litter al-
leviates a stoichiometric imbalance between the microbial biomass and
the litter during initial decomposition when the N and P concentrations
of the litter are low, and thus likely contributes to microbial nutrient
acquisition.
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