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Stoichiometric controls of nitrogen and phosphorus cycling
in decomposing beech leaf litter
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Abstract. Resource stoichiometry (C:N:P) is an important determinant of litter
decomposition. However, the effect of elemental stoichiometry on the gross rates of microbial
N and P cycling processes during litter decomposition is unknown. In a mesocosm experiment,
beech (Fagus sylvatica L.) litter with natural differences in elemental stoichiometry (C:N:P)
was incubated under constant environmental conditions. After three and six months, we
measured various aspects of nitrogen and phosphorus cycling. We found that gross protein
depolymerization, N mineralization (ammonification), and nitrification rates were negatively
related to litter C:N. Rates of P mineralization were negatively correlated with litter C:P. The
negative correlations with litter C:N were stronger for inorganic N cycling processes than for
gross protein depolymerization, indicating that the effect of resource stoichiometry on
intracellular processes was stronger than on processes catalyzed by extracellular enzymes.
Consistent with this, extracellular protein depolymerization was mainly limited by substrate
availability and less so by the amount of protease. Strong positive correlations between the
interconnected N and P pools and the respective production and consumption processes
pointed to feed-forward control of microbial litter N and P cycling. A negative relationship
between litter C:N and phosphatase activity (and between litter C:P and protease activity)
demonstrated that microbes tended to allocate carbon and nutrients in ample supply into the
production of extracellular enzymes to mine for the nutrient that is more limiting. Overall, the
study demonstrated a strong effect of litter stoichiometry (C:N:P) on gross processes of
microbial N and P cycling in decomposing litter; mineralization of N and P were tightly
coupled to assist in maintaining cellular homeostasis of litter microbial communities.

Key words: Austria; ecological stoichiometry; Fagus sylvatica; isotope pool dilution; litter decompo-
sition; nitrogen; nutrient cycling; phosphatase; phosphorus; protease.

INTRODUCTION

The recycling of nutrients in plant litter is one of the

most important ecosystem processes, and the regulation

of nutrient release plays an integral role in terrestrial

ecosystem functioning. In terrestrial ecosystems litter

decomposition represents one of the most extensively

studied processes, with more than 5000 publications

during the past 20 years (Prescott 2010). Several factors

control litter decomposition (litter mass loss), among

which litter quality, climatic variables, and microbial

and faunal activity are the most important (Swift et al.

1979, Couteaux et al. 1995, Jonsson and Wardle 2008).

The importance of litter quality, particularly the

concentration and stoichiometry of carbon and nutri-

ents, as well as the chemistry (e.g., lignin concentration),

has been explored extensively as a major control of litter

mass loss (Zhang et al. 2008). In forest ecosystems,

nitrogen (N) and phosphorus (P) are the most common

limiting nutrients (Berg and McClaugherty 2003), and

both elements have been shown to have substantial

influence on the decomposition of plant litter, especially

during early-stage decomposition.

However, litter quality affects not only rates of litter

mass loss, but also the patterns and rates of microbial

nutrient release and immobilization. Net rates of N and

P release during litter decomposition are positively

related to the initial concentration of N and P and

therefore negatively related to litter C:N and C:P,

respectively (Maclean and Wein 1978, Aber and Melillo

1980). While measurements of net N mineralization and

nitrification have been applied in many litter decompo-

sition studies (Mansson and Falkengren-Grerup 2003,

Van Meeteren et al. 2007, Yahdjian and Sala 2008),

much less information is available on the release of

inorganic P during plant litter decomposition, which is

an essential process in maintaining P supplies in forest

ecosystems. The litter C:P ratio was considered to

provide an important indication of whether P will be
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mineralized or immobilized as the forest floor decom-

poses (Blair 1988). Recently, a modeling study based on

an extensive decomposition data set demonstrated that

N and P release during early stages of litter decompo-

sition depends on initial litter elemental composition,

but also strongly on the adaptation of the microbial

decomposer community to low nutrient availability via

decreases in their carbon use efficiency (Manzoni et al.

2010).

Despite this information there are gaps in our

understanding of the mechanisms that control nutrient

dynamics during litter decomposition. First, in litter

both N and P exist in a wide range of non-soluble

organic compounds and the availability of these

elements is inherently linked to depolymerization or

hydrolysis, i.e., the activity of extracellular enzymes

shifting high-molecular-mass compounds to lower-mo-

lecular-mass organic N and P compounds (Fig. 1).

Proteins represent the dominant input of organic N into

soil ecosystems, and they also constitute the largest pool

of N in plant litter (Jones et al. 2005, Kelleher et al.

2006). Protein depolymerization therefore is anticipated

to be the critical process determining the underlying

mechanisms in litter N dynamics. This includes initiating

the N mineralization sequence by providing substrates

for ammonification and microbial uptake (Schimel and

Bennett 2004, Wanek et al. 2010, 2011). The lack of

knowledge about organic N and P dynamics in litter in

situ is largely due to the lack of suitable techniques. Such

methods have, however, become available recently for

organic N (Wanek et al. 2010). In addition, while many

studies have determined potential activities of extracel-

lular enzymes in decomposing litter, these data only

represent a proxy of the total pool of enzyme present but

do not reflect in situ activities of these enzymes, nor the

resulting actual process rates (Wallenstein and Wein-

FIG. 1. Conceptual diagram of microbial processes during organic matter decomposition: (A) N transformation processes; (B)
P transformation processes. The N mineralization sequence is initiated by the depolymerization of proteins mediated by
extracellular protease. Subsequently, microorganisms directly take up low-molecular-mass (LMM) organic N (i.e., total free amino
acids [TFAA]) and only release the surplus of N in the form of NH4

þ after microbial N demand has been met and/or organic N is
first mineralized to NH4

þ by extracellular amino acid oxidase before being taken up as NH4
þ by microorganisms. According to N,

LMM organic P may be directly taken up by microorganisms and only the surplus of P is released in the form of PO4
3� and/or

dephosphorylation is completed outside microbial cells with all the P being mineralized by the action of phosphatases before
microbial assimilation.
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traub 2008). A second major gap in our understanding

of nutrient dynamics during litter decomposition stems
from the fact that rates of net mineralization of N and P

represent the sum of two opposing processes, i.e., gross
mineralization and gross immobilization. To date

investigating the controls of these microbial processes
has been possible only using measurements of gross
transformation rates (Davidson et al. 1991, Hart et al.

1994). It therefore remains unclear whether generaliza-
tions drawn from measurements of net release of N or P

are driven by mineralization or by immobilization.
Therefore, determining the underlying controls is not

possible using only measurement of net transformation
rates.

The aim of the present study was therefore to
determine how differences in resource stoichiometry

affected the component processes that contributed to N
and P cycling processes during early stages of litter

decomposition. More specifically, we investigated the
effects of litter stoichiometry on the production and

immobilization of total free amino acids, ammonium,
nitrate, and inorganic phosphate (Fig. 1). To do this we

conducted a litter decomposition experiment under
controlled conditions using a mesocosm approach and

made use of a recently developed array of isotope pool
dilution methods to study N dynamics (Wanek et al.
2010). We hypothesized that high litter C:N and C:P

ratios decrease gross rates of N and P processes due to
constraints of the microbial community stoichiometry

and enhanced nutrient demand when carbon availability
is high.

METHODS

Litter decomposition experiment

Beech litter (Fagus sylvatica L.) varying in elemental
and stoichiometric quality (C:N:P; Appendix A) was

collected at four different locations in autumn 2008 in
Austria: Achenkirch (AK), Ossiach (OS), Klausenleo-

poldsdorf (KL), and Schottenwald (SW; referred to as
‘‘litter types’’). Site characteristics as well as the litter
treatment were described previously (Wanek et al.

2010). In short, the collected litter was dried at 408C
for 48 h, finely chopped (2–10 mm), and sterilized by

gamma ray treatment. In order to obtain the same initial
microbial community for all litter types, sterilized litter

was inoculated with an O-horizon : litter mixture (1:1 on
a mass basis) from Klausenleopoldsdorf collected in

winter 2008. A suspension of the inoculum amounting to
1.5% dry mass of litter was added to every litter type. Of

each litter type 60 g fresh mass were placed into
mesocosms constructed from PVC tubes (height 10 cm,

diameter 12.5 cm) and kept at 158C throughout the
experiment. Mesocosms were placed in trays lined with

wet cloth and were capped with lids made of micromesh
cloth. Litter water content was maintained at 60% fresh
mass by adding autoclaved tap water weekly. In the

present study early-stage litter decomposition and gross
transformation processes were investigated over a period

of 15 months with two harvests, i.e., three months and

six months after start of the experiment. A last harvest

was performed after 15 months to investigate the effects

of resource stoichiometry on litter mass loss, which was

not significant after six months. For each harvest

separate mesocosms of each litter type (n ¼ 5) were

established, for a total of 60 mesocosms. Prior to taking

aliquots for analysis of dry mass loss, element pools, and

microbial processes in litter, the fresh mass contained in

each mesocosm was weighed and carefully mixed.

Litter mass, litter element, and solute contents

Aliquots of moist litter (5 g) were dried at 808C for 48

h to determine dry mass and calculate litter mass loss.

After grinding the dried litter in a ball mill (Retsch

MM2000, Hanau, Germany), total C and N were

analyzed using an elemental analyzer (CN2000, Leco,

St. Joseph, Michigan, USA). Litter P concentration was

determined by inductively coupled plasma atomic

emission spectrometry (Vista Pro, Varian, Darmstadt,

Germany) after acid digestion of litter samples with a

mixture of H2SO4 and HNO3 (Henschler 1988) in a

microwave oven (CEM MARS Express, Matthews,

North Carolina, USA). Extractable C, N, and P were

determined after extraction of 1.8 g moist litter in 50 mL

0.5 mol/L K2SO4, shaking on a reciprocal shaker (GFL

3020, Gesellschaft für Labortechnik, Burgwedel, Ger-

many) for 30 min at 200 oscillations and filtration

through ash-free filter paper. Extracts were kept frozen

at �208C until analysis. Dissolved organic carbon and

total dissolved nitrogen were analyzed using a TC/TN

analyzer (Shimadzu TOC-VCPH Organic C Analyzer

with TNM-1 module and ASI Autosampler, Shimadzu,

Vienna, Austria). Ammonium and nitrate concentra-

tions were quantified by colorimetric procedures as

described recently (Hood-Nowotny et al. 2010). Inor-

ganic phosphate was measured photometrically based

on phosphomolybdate blue reaction (Schinner et al.

1996) with or without prior alkaline persulfate oxidation

for total dissolved P and inorganic P, respectively

(Doyle et al. 2004). Inorganic N and P assays were

run in a microtiter plate format (lQuant Qx200, Bio-

Tek Instruments, Bad Friedrichshall, Germany). Con-

centrations of individual free and total free amino acids

were determined by gas chromatography-mass spec-

trometry (GC-MS) analysis of amino acids after

derivatization (Wanek et al. 2010). Lignin and cellulose

contents of initial, inoculated litter samples were

measured using an acid detergent fiber method (Row-

land and Roberts 1994).

Gross microbial N and P processes

For determination of gross N and P transformation

processes during litter decomposition, isotope pool

dilution assays (IPD) were performed. The IPD assays

are based on labeling the target pool by adding 15N or
33P (32P) and subsequently quantifying the decrease in

the isotopic label and the change in concentration, which
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enable calculation of gross transformation rates (pro-

duction and immobilization rate). Gross protein depo-

lymerization and gross amino acid immobilization, gross

rates of N mineralization and ammonium immobiliza-

tion as well as nitrification and nitrate immobilization

were analyzed after three and six months as described

previously (Wanek et al. 2010). Briefly, gross protein

depolymerization and gross amino acid immobilization

were assayed by addition of 4–40 lg uniformly 15N-

labeled amino acid mix (98 atom% 15N, 20 amino acids)

to triplicate samples of 2 g fresh litter. The amount of

tracer added never exceeded 25% of the free amino acid

pool present in the litter. Assays were terminated after 2,

10, and 20 min by adding 14 mL 10 mmol/L CaSO4

containing formaldehyde (end concentration 3.7%),

which effectively inhibited protease activity but did not

lyse microbial cells. Concentrations and 15N:14N ratios

of individual amino acids were determined by com-

pound-specific isotope analysis via GC-MS (Wanek et

al. 2010). Gross inorganic N cycling rates were

determined analogously by addition of 15NH4
þ or

15NO3
� to litter and analysis of 15N:14N ratios after

microdiffusion via isotope ratio mass spectrometry (see

Wanek et al. [2010] for details). For quantification of

gross P mineralization and gross phosphate immobili-

zation we used a modified IPD assay with inorganic 33P

(Di et al. 2000, Kellogg et al. 2006). To accurately

measure the kinetics and the specific activity of the

inorganic P (Pi ) pool it is necessary to partition

inorganic and organic P (Po) before measurement of

the radioactivity of samples. We used acidified molyb-

date and isobutanol for partitioning dissolved Pi and Po

(Jayachandran et al. 1992). Acidified molybdate, used to

complex Pi for extraction into isobutanol, was prepared

by dissolving 50 g of ammonium molybdate

[(NH4)6Mo7O24�4H2O] in 1 L of 2.3 mol/L H2SO4. A

stock solution without molybdate was prepared by

dissolving 145.4 mg of antimony potassium tartrate in 1

L 0.5 mol/L H2SO4. The reducing agent was prepared

fresh daily by dissolving 1.32 g ascorbic acid in 250 mL

of molybdate-free stock solution. For the IPD assay

duplicates of 1.3 g of moist litter were incubated with 2.5

mL of 33P solution (20 kBq; carrier-free orthophos-

phoric acid in water, phosphorus-33 Radionuclide;

PerkinElmer, Waltham, Massachusetts, USA) for 4

and 24 h in a water bath at 158C. To stop incubations,

40 mL of 0.5 mol/L NaHCO3 (pH 8.5) were added and

shaken for 30 min. After centrifugation for 5 min at

5000 g, samples were filtered through ash-free filter

paper. A 5-mL aliquot of this extract was added to a 40-

mL high-density polyethylene (HDPE) plastic vial

containing 5 mL of acidified molybdate, 10 mL of

isobutanol, and 10 mL of deionized water. The vial was

shaken for 2 min and allowed to settle. Then the

isobutanol phase containing Pi was recovered and

washed with 10 mL deionized water. After phase

separation was complete, the aqueous phase was

removed. A 3-mL aliquot of the isobutanol phase was

transferred to a scintillation vial, 15-mL scintillation

cocktail (Ultima Gold, PerkinElmer) was added, and the

specific 33P activity of Pi was determined by scintillation

counting (liquid scintillation analyzer, Tri-Carb 1600

TR, Packard, Perkin Elmer). To determine Pi concen-

tration in the isobutanol phase, 10 mL of reducing agent

without molybdate was added to the isobutanol phase,

shaken for 1 min, and allowed to settle. An aliquot (2

mL) of the blue isobutanol layer was transferred to glass

cuvettes and P concentration was measured colorimet-

rically at 725 nm (DU 7400 Spectrophotometer, Beck-

man, Fullerton, California, USA) against KH2PO4

standards dissolved in 0.5 mol/L NaHCO3 (pH 8.5)

and processed as samples.

Gross rates were calculated according to isotope pool

dilution theory (Kirkham and Bartholomew 1954) as

described previously (Wanek et al. 2010). Throughout

the following Results and Discussion sections, ‘‘protein

depolymerization,’’ ‘‘amino acid immobilization,’’ ‘‘N

mineralization,’’ ‘‘ammonium immobilization,’’ ‘‘nitrifi-

cation,’’ ‘‘nitrate immobilization,’’ ‘‘P mineralization,’’

and ‘‘phosphate immobilization’’ refer to the gross rates

of these processes. Mean residence times (MRT) were

calculated by dividing the pool size by the mean of the

respective influx and efflux rates. We used the mean of

influx and efflux to calculate MRTs and report and

discuss MRT since this more accurately describes the

dynamics and flow through the respective pool.

Extracellular enzyme activities

Extracellular protease and phosphatase (phospho-

monoesterase) activities were measured as described in

Kaiser and co-workers (Marx et al. 2001, Kaiser et al.

2010), based on fluorimetric assays of potential activities

of the target enzymes. Protease activity (leucine amino-

peptidase) was assayed by leucine-7-amino-4-methyl

coumarin (AMC) addition and fluorescence measure-

ment of the release of the coumarin adduct. Phosphatase

activity was measured by following the release of 4-

methylumbelliferone (MUF) from the respective MUF-

P substrate.

STATISTICAL ANALYSIS

A two-way ANOVA was performed to analyze the

effect of harvest and litter type on nutrient concentra-

tions and MRTs. Normal distribution and homogeneity

of variances were tested by Kolmogorov-Smirnov and

Levene tests, respectively, and data were log transformed

if preconditions of ANOVA were not met. Stoichiomet-

ric controls of N and P processes were investigated with a

mixed-model ANOVA, with litter stoichiometry (C:N

for N processes and C:P for P processes) as a quantitative

factor and harvest as a fixed factor. Relations between

nutrient concentrations, rates of N and P cycling

processes, and potential enzyme activities were examined

through Pearson’s correlation analysis. To test the effect

of resource stoichiometry on microbial N and P

processes, simple linear regressions on untransformed
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data were performed. The litter C:N, C:P, and N:P ratios

were also subjected to a Pearson’s correlation analysis to

determine the effect of potential autocorrelations on the

analyses of the stoichiometric controls. All statistical

analyses were performed with StatGraphics 5.0 (Statis-

tical Graphics, Rockville, Maryland, USA).

RESULTS

Because it is known that patterns and rates of microbial

nutrient release and immobilization are affected by litter

chemistry and nutrient content, we first compared

chemical and elemental litter characteristics. We found

that initial lignin content of all litter types varied between

15% and 20% and cellulose content between 18% and 21%
of dry mass, indicating that beech litter types had similar

basic carbon chemistry. Total litter N and P contents

remained largely constant and only few changes were

recorded (Appendices A and B). After three months litter

N content increased by 3–5% in OS (P¼0.02, paired t test)

and SW litter (P ¼ 0.01) while litter P content of KL

decreased by 11% after six months (P¼ 0.001).

Processes

There was no significant loss of litter mass for any of

the litter types after the initial three months (1.6% 6

0.5%, mean 6 SE, n ¼ 20) and six months of

decomposition (3.8% 6 1.0%, P . 0.10). After 15

months litter mass loss had increased to 7.9% 6 0.6%
and was highest in SW (10.8%) compared to KL (8.3%),

AK (6.6%), and OS (5.8%, P ¼ 0.01).

Gross microbial N and P cycling processes are

presented in Fig. 2A. Data of compound-specific rates

of amino acid production and immobilization are

provided in Appendices C and D. All gross microbial N

and P cycling processes were significantly affected by litter

type and harvest, with the exception of amino acid

immobilization, which varied between litter types only

(ANOVA; Appendix B). Protein depolymerization in-

creased over time, while N mineralization, ammonium

immobilization, nitrification, and nitrate immobilization

decreased. Phosphorus mineralization decreased but only

in two litter types (OS, SW; Fig. 2A). Only microbial

immobilization processes (amino acids, nitrate, and

phosphate) showed significant interactions terms in the

two-way ANOVA, i.e., different trajectories between litter

types. The differences in immobilization responses be-

tween litter types were mainly caused by OS, which had

the highest C:N ratios and the lowest N:P ratios.

Pools and mean residence times

Concentrations of individual free amino acids are

provided in Appendix E. All dissolved N and P forms

(total free amino acids, ammonium, nitrate, dissolved

organic phosphorus, and phosphate) as well as dissolved

organic carbon differed between harvests and litter types

(Table 1; ANOVA, Appendix B). Total free amino acid

concentration did not change significantly between

harvests but trajectories differed between litter types as

found for all other solutes (significant interaction term

harvest 3 litter type in Appendix B). Ammonium and

nitrate concentration increased and phosphate concen-

tration decreased over time for all litter types (Table 1).

The changes and differences in process rates and pool

sizes resulted in different MRTs. The litter phosphate

pool had a higher MRT (27–95 h; Fig. 2B) relative to N

pools, due to higher litter phosphate concentrations

compared to inorganic and organic N (Table 1). For N,

MRTs were highest for ammonium, ranging from 7 to

38 h (Fig. 2B). The most dynamic N pool was the amino

acid pool (0.4–4 h), with MRTs of nitrate covering a

similar range from 1 to 5 h. The effects of harvest and

litter type on MRTs of amino acids, ammonium, nitrate,

and phosphate are shown in Appendix B.

Stoichiometric controls of processes

Since there was no significant litter mass loss after

three and six months we evaluated how the stoichiom-

etry of each litter type affected mass loss after 15

months. Litter mass loss was strongly negatively related

to litter C:N (R2¼ 0.58, P , 0.001) but not to litter C:P

(P ¼ 0.30) and litter N:P (P ¼ 0.88, data not shown).

Moreover, though C chemistry varied slightly between

beech litter types (e.g., lignin concentration), lignin

content and litter mass loss were not related (P ¼ 0.12;

data not shown).

A mixed-model ANOVA, using harvest as a fixed

factor and litter C:N as a quantitative factor, revealed

that only protein depolymerization was affected by

harvest besides litter C:N. All other processes were not

affected by harvest but were strongly dependent on litter

C:N (Appendix F). We therefore combined the results

from all litter types and both harvests (three and six

months; n¼36–40) and found that litter C:N ratios were

predictive for organic and inorganic N cycling processes

(Fig. 3). Protein depolymerization, amino acid immobi-

lization, N mineralization, ammonium immobilization,

nitrification, and nitrate immobilization showed signif-

icant negative correlations with litter C:N (Fig. 3). The

strongest stoichiometric relationships were found be-

tween litter C:N and N mineralization and between litter

C:N and ammonium immobilization, explaining 63% of

their variance (P , 0.001). Relationships between litter

C:N and nitrification or nitrate immobilization were

intermediate in stringency (R2 ¼ 0.28–0.36, P , 0.001),

while those with organic N processes (protein depoly-

merization and amino acid immobilization) were weaker

yet still significant (R2¼ 0.12–0.13, P , 0.05). A mixed-

model ANOVA, using harvest as a fixed factor and litter

C:P as a quantitative factor, showed a significant effect

of litter C:P and harvest on P processes (P mineraliza-

tion and PO4
3� immobilization) and significant interac-

tion terms (Appendix F). Phosphorus cycling processes

(P mineralization, phosphate immobilization) were

negatively correlated with litter C:P, with P mineraliza-

tion (R2 ¼ 0.64, P , 0.001) showing a considerably

stronger stoichiometric control compared to phosphate
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immobilization (R2 ¼ 0.12, P , 0.05; Fig. 4). For C:N

and C:P controls of N and P processes, correlations were

even stronger when harvests were not combined but
investigated separately (data not shown).

Litter elemental ratios were mainly driven by varia-
tions in nutrient (N and P) but not C content (Appendix

A). Correlation analysis between the different litter

element ratios yielded a weak positive relationship

between litter C:N and C:P (R2¼ 0.10, P¼ 0.05) and a

strong relationship between litter C:P andN:P (R2¼0.86,
P , 0.001). Litter C:N and N:P ratio were not related (P

¼ 0.70). We therefore only tested the stoichiometric

controls of N cycling processes against litter C:N and

litter N:P, both being independent from one another.

Only amino acid immobilization was found to be
negatively correlated with litter N:P (Appendix G).

Intrinsic controls of processes

Relationships between N and P pools, microbial N

and P cycling processes, and extracellular enzymes

(protease, phosphatase) were examined through corre-

lation analysis (Table 2). We found positive relation-

FIG. 2. (A) Nitrogen and phosphorus transformation rates, with immobilization shown in the right-hand column, and (B) mean
residence times (MRT) of amino acids, ammonium, nitrate, and phosphate during litter decomposition. Analyses were performed
three and six months after inoculation of the litter. Sites (and therefore litter types) are: AK, Achenkirch; KL, Klausenleopoldsdorf;
OS, Ossiach; SW, Schottenwald. Data are presented as mean 6 SE (n ¼ 5 mesocosms per litter type and harvest).
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TABLE 1. Concentrations of dissolved organic carbon and phosphorus (DOC, DOP), total free amino acids, ammonium, nitrate,
and inorganic phosphate and changes in litter N and P content during beech litter decomposition.

Measurement

Three months

AK KL OS SW

DOC 333.6 6 16.9 116.2 6 6.3 194.7 6 14.4 530.1 6 28.8
Amino acid N 7.42 6 0.19 8.77 6 0.58 9.38 6 0.46 13.82 6 0.44
NH4

þ-N 6.83 6 0.33 11.94 6 0.69 9.34 6 0.47 18.47 6 0.96
NO3

�-N 2.54 6 0.29 2.90 6 0.17 2.39 6 0.16 4.15 6 0.18
DOP 120.4 6 15.8 40.5 6 13.5 8.21 6 7.23 42.7 6 11.1
PO4

3�-P 66.20 6 7.73 31.45 6 5.54 194.5 6 7.0 226.1 6 22.2
Change in litter N þ4.80 6 7.02 þ3.90 6 4.17 þ2.81 6 0.77 þ5.33 6 1.23
Change in litter P þ4.80 6 5.64 þ2.37 6 3.89 þ3.05 6 2.49 þ2.28 6 1.60

Notes: Analyses were performed three and six months after inoculation of the litter. Values are means of five mesocosms 6 SE.
Units for pool sizes are lg/g dry mass. The change in litter N and P (%, by direction of change,þor�) refers to N and P content of
the initial litter measured two weeks after the start of the experiment. Site abbreviations are: AK, Achenkirch; KL,
Klausenleopoldsdorf; OS, Ossiach; SW, Schottenwald.

FIG. 3. Relationships between litter C:N and N transformation rates across four beech litter types and two harvests. Solid
symbols represent data of the harvest after three months, and open symbols from the harvest after six months. Sites (and therefore
litter types) are: AK, Achenkirch; KL, Klausenleopoldsdorf; OS, Ossiach; SW, Schottenwald.
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ships between microbial processes of N (P) release and

N (P) immobilization, i.e., protein depolymerization, N

mineralization, nitrification, and P mineralization rates

were significantly correlated with the respective immo-

bilization rates of amino acids, ammonium, nitrate, and

phosphate (P , 0.01). Concentrations of total free

amino acids, ammonium, and phosphate were positively

correlated with the respective production and consump-

tion processes (P , 0.01) while this was not true for the

nitrate pool. Protease and phosphatase activities were

positively correlated with the respective gross process

rates, i.e., protein depolymerization and P mineraliza-

tion (R2¼ 0.15, P , 0.05). Moreover, on a log scale we

found a positive correlation between ln(phosphatase

activity) and ln(protease activity), explaining 27% of

their variability (P , 0.001).

DISCUSSION

This study is the first to systematically investigate

stoichiometric controls of gross N and P cycling

processes during terrestrial litter decomposition. Our

experimental setup, i.e., using soil-less mesocosms filled

with beech litter from different locations with differing

elemental stoichiometries but a similar organic chemis-

try, was chosen to investigate the effect of resource

stoichiometry on litter mass loss without the confound-

ing effect of litter carbon quality and admixture of soil.

The results therefore do not state that carbon quality

does not affect litter decomposition. Carbon chemistry

varied only slightly between beech litter types (e.g.,

lignin concentration) and therefore was not significantly

related to litter mass loss and litter decomposition in this

experiment. In contrast we found a strong negative

influence of litter C:N but not of litter C:P or litter N:P

on litter mass loss. Litter decomposition was generally

low, with an average 8% of litter dry mass being lost

after 15 months. We ascribe these slow decomposition

rates to the specific compositional characteristics of

beech litter and the mesocosm conditions in which

leaching and litter fragmentation by invertebrate fauna

were absent and microbial processes (respiration,

denitrification) were the only processes potentially

resulting in mass loss. Beech litter is placed on the

slowly decomposing, recalcitrant end of the leaf litter

continuum, with its comparatively high litter C:N and

C:P ratios and high lignin concentrations and lignin :N

ratios (Jacob et al. 2010, Sariyildiz and Anderson 2003).

For instance, Klotzbücher et al. (2011) reported mass

loss rates in the field of 8% after 12 months and 26%
after 27 months from leaf litter of European beech, while

litter of mountain ash (41% after 12 months) and

sycamore maple (29% after 12 months) decomposed

more rapidly.

All of the gross processes studied showed stoichio-

metric regulation, demonstrating for the first time that

during litter decomposition, gross N and P cycling

processes are influenced by C : nutrient ratios. Hetero-

trophic organisms including bacteria and many fungi

have been shown to be (strictly) homeostatic with

respect to biomass C:N, C:P, and N:P (Persson et al.

2010). Cleveland and Liptzin (2007) also reported

stoichiometric homeostasis of soil microbial communi-

ties in a global meta-analysis, and preliminary data

FIG. 4. Relationships between litter C:P and P transformation rates, with immobilization shown in the right-hand column,
across four beech litter types and two harvests. Solid symbols represent data of the harvest after three months, and open symbols
from the harvest after six months. Sites (and therefore litter types) are: AK, Achenkirch; KL, Klausenleopoldsdorf; OS, Ossiach;
SW, Schottenwald.

TABLE 1. Extended.

Six months

AK KL OS SW

95.7 6 3.8 235.6 6 4.7 150.9 6 4.7 394.6 6 20.7
6.15 6 0.29 13.88 6 0.78 5.78 6 0.14 16.49 6 1.63
8.64 6 0.43 18.14 6 0.62 10.45 6 0.35 32.93 6 2.81
3.51 6 0.31 7.00 6 1.33 3.40 6 0.20 7.22 6 0.10
121.8 6 21.3 142.7 6 7.2 101.5 6 3.9 115.6 6 11.0
51.2 6 6.4 19.19 6 2.90 117.6 6 3.1 135.1 6 5.0
þ5.33 6 2.75 þ2.92 6 1.28 þ3.76 6 2.80 þ1.75 6 4.17
�0.70 6 1.28 �10.8 6 1.3 �1.89 6 3.01 �5.57 6 2.07
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point in the same direction, i.e., strict homeostatic

behavior of the microbial decomposer communities

(K. M. Keiblinger, unpublished data). Homeostatic

organisms maintain their elemental composition, inde-

pendent of the resources consumed (Sterner and Elser

2003). Thus an imbalance between resource stoichiom-

etry and microbial stoichiometry, which is likely for

plant litter having markedly higher C:N and C:P ratios

than microbial biomass, is expected to affect the nutrient

release and mineralization patterns but not microbial

community stoichiometry within a given litter type.

Given homeostatic regulation of cellular element com-

position of microbial consortia, ecological stoichiometry

theory would predict that microbial N cycling (N

mineralization and immobilization) increases from high

to low C:N litter and that microbial P cycling is faster in

low than in high C:P litter (Elser and Urabe 1999,

Sterner and Elser 2003). These are exactly the relation-

ships that we found in this experiment (Fig. 3), and these

are consistent with the differences in the magnitude of

microbial N and P cycling processes between different

litter types being driven primarily by differences in

resource stoichiometry (litter C:N and C:P). Therefore,

the data clearly indicate that litter stoichiometry is a

major determinant of microbial nutrient cycling pro-

cesses during early-stage litter decomposition. Similar

results have been reported for microbial substrate

interactions in soil ecosystems. Resource C:N of seven

different residues amended to soils was negatively

correlated to gross N mineralization after five days

(but not later), although the significance level was lower

(R2 ¼ 0.51, P , 0.05; recalculated from Luxhoi et al.

[2006]) compared to litter. In contrast to our study, gross

ammonium immobilization was not affected by C:N of

the amended residue (Luxhoi et al. 2006) while in

decomposing litter it was (Fig. 3) independent of

decomposition stage. Moreover, several studies of gross

N mineralization showed a weak negative correlation

with soil C:N (Booth et al. 2005), while in others,

variation in gross ammonification was best explained by

C and N quantity rather than C:N ratios of whole soil

(Burton et al. 2007) or was not related at all (Merila et

al. 2002). It is so far unknown why stoichiometric

controls of microbial N mineralization processes are

more pronounced during residue and litter decomposi-

tion than during decomposition of soil organic matter,

but we may speculate that the pathway of N mineral-

ization differs between soil organic matter and litter

(Geisseler et al. 2010) or that environmental or C quality

controls are stronger during humus than during litter

decomposition. While litter C:N has long been recog-

nized as an index for effects of litter quality on organic

matter decomposition, here we also demonstrated that

litter C:P affects gross P mineralization and gross

phosphate immobilization in decomposing litter. Critical

litter C : nutrient ratios have been defined as C : nutrient

ratios below which net nutrient release occurs (Manzoni

et al. 2010). Critical C:P ratios are controlled by

consumer stoichiometry and their carbon use efficiency

and are dependent on initial litter C:P (Manzoni et al.

2010). For forest floor organic matter, a critical C:P

ratio of 550 has been reported based on net P release

(Saggar et al. 1998). In our study, gross phosphorus

mineralization decreased with increasing litter C:P and

was negligible for litter C:P .1800. This indicates a

critical litter C:P ratio for beech of ;1800, above which

gross P mineralization halts. Greater critical C:P (and

C:N) ratios as previously reported stem from the

difference in reporting for net or gross processes. Net

mineralization processes are the result of concurrent

gross mineralization and gross immobilization fluxes,

which, if they cancel one another out, produce zero net

fluxes. Gross P mineralization can occur at much higher

C:P ratios due to activities of extracellular enzymes

TABLE 2. Correlation analysis of N and P concentrations, N and P transformation rates, and potential enzyme activities.

AA NH4
þ NO3

� PO4
3� Depoly AA im N min NH4

þ im

NH4
þ 0.878***

NO3
� 0.643*** 0.728***

PO4
3� 0.250 0.186 �0.107

Depoly 0.461** 0.629*** 0.677*** �0.096
AA im 0.606*** 0.527*** 0.341* 0.411** 0.449**

N min 0.747*** 0.664*** 0.280 0.444** 0.026 0.354*

NH4
þ im 0.773*** 0.709*** 0.329* 0.461** 0.106 0.400* 0.989***

Nit 0.573*** 0.475** 0.193 0.499** �0.050 0.313 0.797*** 0.759***

NO3
� im 0.467*** 0.373* 0.116 0.425** �0.131 0.216 0.718*** 0.665***

P min 0.537*** 0.494** 0.141 0.803*** 0.174 0.519*** 0.714*** 0.744***

PO4
3� im 0.382* 0.189 0.006 0.483** �0.038 0.426** 0.467** 0.481**

Prot 0.161 0.249 0.258 0.309 0.381* 0.419** 0.071 0.113
Phos 0.677*** 0.685*** 0.631*** 0.219 0.471** 0.441** 0.499** 0.532***

Notes: AA, NH4
þ, NO3

�, and PO4
3� represent the concentrations of total free amino acids, ammonium, nitrate, and phosphate

in litter. Abbreviations for processes and potential enzyme activity are: Depoly, protein depolymerization; im, immobilization; min,
mineralization; Nit, nitrification; Prot, potential protease activity; Phos, potential phosphatase activity. Analysis includes data of all
four litter types from harvest after three and six months (n ¼ 36–40 mesocosms). Numbers represent correlation coefficients, r;
statistical significance is indicated by asterisks. Units are: concentrations, lg N/g dry mass (DM) or lg P/g DM; transformation
rates, lg N�[g DM]�1�d�1 or lg P�[g DM]�1�d�1; potential enzyme activity, nmol�[g DM]�1�min�1.
*P , 0.05; **P , 0.01; ***P , 0.001.
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though gross P immobilization will cause negative net P

mineralization (i.e., net P immobilization) due to P

limitation of microbial communities at such high litter

C:P ratios. Net N and net P mineralization are therefore

expected to occur at lower C:N and C:P ratios than

gross fluxes. As shown here litter C:P also serves as a

good predictor of gross P mineralization and microbial

P cycling in decomposing beech litter as well as for forest

floor organic matter.

Given that the microbial community was homeostatic,

ecological stoichiometry would also predict a stronger

stoichiometric control of intracellular processes (e.g., N

mineralization, nitrification) than of extracellular pro-

cesses (release of organic N from in situ proteolytic

activities). In this study, N mineralization and nitrifica-

tion showed a stronger negative relationship with litter

C:N than protein depolymerization. This comes because

N mineralization is directly controlled by microbial

metabolism in litter, i.e., represents an intracellular

process compared to protein depolymerization, which is

performed by extracellular proteolytic enzymes (Wanek

et al. 2010). Based on modeling N mineralization

activity is expected to increase from high C:N litter

where microbes are N limited to low C:N litter where

microbes are C limited and the excess N is released in the

form of ammonium to maintain cellular homeostasis

(Schimel and Weintraub 2003). Therefore, N minerali-

zation is expected to decrease with the difference

between resource C:N and microbial C:N. In contrast,

protein depolymerization is not under direct metabolic

control, and once secreted into the environment,

extracellular enzymes such as proteases and peptidases

are beyond the direct control of microorganisms. In

effect, actual rates of protein depolymerization are

controlled by the complex interplay between (1) the

production, stabilization, and ultimately the size of the

active extracellular protease pool, the production of

which may be constrained by resource stoichiometry, (2)

the amount of hydrolyzable protein, and (3) thermody-

namics (Wallenstein and Weintraub 2008, Wanek et al.

2010). Proteolytic activity can therefore be controlled by

protein supply to proteases, if they are substrate limited,

or by the activity of the enzyme pool, if the enzyme

activity is saturated by high substrate availability. The

weak correlation between gross protein depolymeriza-

tion and potential protease activity therefore suggests

that depolymerization rates were more strongly limited

by available substrates than by the protease pool size

during early litter decomposition. In terms of the

relation between litter C:N and protein depolymeriza-

tion, we anticipate that litter C:N reflects protein

availability for depolymerizing enzymes (plant litter N

is .90% protein; Jones et al. 2005, Kelleher et al. 2006)

rather than stoichiometric control of protease produc-

tion.

In terms of microbial P mineralization, litter C:P

represents the concentration of P bound in organic P

forms, normalized to C content, which in litter is largely

invariable. A large proportion of labile P in litter is

bound in ester forms, e.g., 46% monoester and 32%
diester of NaOH extractable P (Miltner et al. 1998),

which can be mineralized by the action of microbial

phosphatases. In both cases the lack of correlation

between protease activity and litter C:N (P ¼ 0.90) and

between phosphatase activity and litter C:P (P ¼ 0.36)

strongly suggests that the extracellular enzyme pool was

not directly controlled by effects of resource stoichiom-

etry on their production but that the in situ activities of

both enzymes were constrained by the availability of the

substrate. Thus, stoichiometric regulation of litter

depolymerization was only found for gross rates, but

not for extracellular (potential) enzyme activities.

The tight positive relationship between microbial

processes of N release and N immobilization (protein

depolymerization, N mineralization, and nitrification

rates were significantly correlated with the respective

immobilization rates of amino acids, ammonium, and

nitrate) suggests that in situ microbial N demand and N

supply were tightly co-regulated at the community level.

The same pattern was found for P supply and microbial

P demand, with a strong correlation between in situ

mineralization of organic P and phosphate immobiliza-

tion. This finding represents strong support for the

resource allocation theory in which extracellular enzyme

production is controlled according to principles of

resource supply and demand (Allison et al. 2011).

Microbes invest in the production of extracellular

enzymes when simple substrates are scarce and complex

substrates are available. Enzyme production is cost

intensive for microbes due to energy demand (C costs)

and N expenditure for depolymerizing enzymes, while

there is no direct P cost of extracellular enzyme

production. The correspondence between microbial N

and P demand and supply of N and P via extracellular

enzymes further implies that (1) the microbial cycling of

N and P was highly efficient, i.e., that net accumulation

of available inorganic N and P forms was small,

resulting in slow release of N and P from the

decomposing litter pack, (2) that pool sizes of simple

substrates (inorganic and dissolved organic N and P)

were small in decomposing litter, and (3) therefore mean

TABLE 2. Extended.

Nit NO3
� im P min P im Prot

0.966***

0.640*** 0.556***

0.397* 0.394* 0.700***

0.182 0.100 0.424** 0.177
0.438** 0.310 0.384* 0.144 0.476**
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residence times of organic and inorganic N and P

compounds were generally low due to high microbial

process rates.

In addition to the coordination of microbial nutrient

supply and demand, we generally found positive

correlations between N (P) pools, N (P) transformation

and immobilization rates, and the respective extracellu-

lar enzymes. This produced a network of feed-forward-

regulated processes and pools for both N and P in

decomposing leaf litter. In contrast to this type of feed-

forward control, one might alternatively expect a

negative relationship between, e.g., immobilization rates

and the respective substrate pools consumed thereby,

feedback control of mineralization by the end product

(ammonium) or inhibition of nitrate immobilization by

ammonium, which we did not find. Positive covariation

between the pool sizes of ammonium and nitrate, gross

N mineralization, gross nitrification, and gross N

immobilization has also been found in a meta-analysis

of .100 soil studies (Booth et al. 2005). Moreover, a

feed-forward control has been suggested by the observed

induction of many extracellular enzymes in the presence

of suitable complex substrates, while only a small

fraction is constitutively produced as a sensing mecha-

nism to detect substrate availability in the environment

(Wallenstein and Weintraub 2008). Though feedback

controls of extracellular enzyme production have been

reported, they seem to be of less importance in soils

(Geisseler et al. 2010) and in decomposing litter, as

demonstrated here.

Interestingly, we found a negative correlation between

litter C:P and protease activity (R2¼ 0.12, P¼ 0.02), as

well as a highly significant negative relationship between

litter C:N and phosphatase activity (R2 ¼ 0.27, P ¼
0.001). This points to increased phosphatase production

under high N conditions (in low C:N litter) or

partitioning of C and N toward protease production

when P was readily available (in low C:P litter). Recently

in a global analysis of extracellular enzyme activities in

soil and sediment, heterotrophic microbial communities

were shown to abide to a common functional stoichi-

ometry in relation to organic nutrient acquisition (C:N:P

enzymes; Sinsabaugh et al. 2009). The mean ratio of

N:P-releasing extracellular enzymes was close to 1:1 on a

log scale, being highly constrained globally with an R2

of 69% (P , 0.0001). Their analysis suggested that the

capacity of microbial communities to alter relationships

among C, N, and P acquisition activities in response to

environmental resource availability is limited, with

similar boundaries in all habitats and biomes. In our

analysis the strength of the relationship between N:P

enzymes was much weaker (R2 ¼ 29%), adding to the

evidence that on an ecosystem scale the global patterns

must not be observed in similar stringency. C:N:P

acquisition activities may be modulated by inorganic

nutrient availability, the responses being interpreted in

the context of resource allocation theory. This model

predicts that cellular resources directed toward N and/or

P acquisition reduce resources available for C acquisi-

tion or the acquisition of the other nutrient. We here go

beyond that model by showing allocation of abundant

nutrients and of carbon into enzyme production for

release of the nutrient in low supply, which, in terms of

microbial stoichiometry, can greatly help microorgan-

isms maintain cellular N:P homeostasis. This regulatory

mechanism was stronger for P enzymes by N supply

than for N enzymes via P supply, as also reported for the

regulation of soil phosphatase and chitinase activity by

N and P availability (Olander and Vitousek 2000). The

latter authors referred to this kind of regulatory

relationship between nutrient supply and nutrient

mineralization as asymmetric for N and P (Olander

and Vitousek 2000). Given a broader occurrence of such

reciprocal allocation patterns, this would extend the

theory of microbial resource allocation from one in

which enzyme production is mainly regulated in

response to the availability and demand for simple and

complex substrates (Allison and Vitousek 2005) to one

in which C, N, and P cycles are more strongly

interrelated through increased investment of carbon

and available nutrients into enzymes mining for limiting

nutrients (Sinsabaugh et al. 2002).

Conclusions

In summary, we here applied an array of isotope pool

dilution techniques to quantify in situ rates of microbial

N and P processes during litter decomposition and to

elucidate their stoichiometric controls. We found that

microbial N and P cycling processes were strongly

negatively related to litter C:N and litter C:P but not to

litter N:P. Nutrient supply and microbial nutrient

demand were tightly co-regulated, and strong relation-

ships between the different production and consumption

processes pointed to feed-forward control of microbial

litter N and P cycling processes. Furthermore, the results

demonstrated that microbes tended to allocate carbon

and nutrients in ample supply into the production of

extracellular enzymes to mine for limiting nutrients and

thereby maintain cellular N:P homeostasis.
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SUPPLEMENTAL MATERIAL

Appendix A

Litter and microbial C, N, and P content, as well stoichiometric ratios (mass ratios) of four different beech litters from four sites
in Austria (Ecological Archives E093-068-A1).

Appendix B

Two-way ANOVA for the effect of harvest and litter type on various pool sizes and on mean residence times of amino acids,
ammonium, nitrate, and phosphate during litter decomposition (Ecological Archives E093-068-A2).

Appendix C

Production of 15 amino acids by protein depolymerization during decomposition of four beech litter types varying in elemental
and stoichiometric quality (Ecological Archives E093-068-A3).

Appendix D

Microbial immobilization of 15 amino acids during decomposition of four beech litter types varying in elemental and
stoichiometric quality (Ecological Archives E093-068-A4).

Appendix E

Relative contributions of 15 amino acids to the total free amino acid pool (mol-N%) during decomposition of four beech litter
types varying in elemental and stoichiometric quality (Ecological Archives E093-068-A5).

Appendix F

Effect of harvest and litter stoichiometry (C:N or C:P) on microbial gross processes, analyzed by mixed-model ANOVA using
harvest as a fixed factor and litter stoichiometry as a quantitative factor (Ecological Archives E093-068-A6).

Appendix G

Relationship between litter N:P and microbial N transformation rates across four beech litter types and two harvests at three and
six months after inoculation (Ecological Archives E093-068-A7).
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