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Abstract
Background and aims Fine root decomposition con-
tributes significantly to element cycling in terrestrial
ecosystems. However, studies on root decomposi-
tion rates and on the factors that potentially influ-
ence them are fewer than those on leaf litter decom-
position. To study the effects of region and land use
intensity on fine root decomposition, we established
a large scale study in three German regions with
different climate regimes and soil properties.

Methods In 150 forest and 150 grassland sites we
deployed litterbags (100 μm mesh size) with stan-
dardized litter consisting of fine roots from Europe-
an beech in forests and from a lowland mesophilous
hay meadow in grasslands. In the central study re-
gion, we compared decomposition rates of this stan-
dardized litter with root litter collected on-site to
separate the effect of litter quality from environmen-
tal factors.
Results Standardized herbaceous roots in grassland
soils decomposed on average significantly faster (24±
6 % mass loss after 12 months, mean ± SD) than beech
roots in forest soils (12±4 %; p<0.001). Fine root
decomposition varied among the three study regions.
Land use intensity, in particular N addition, decreased
fine root decomposition in grasslands. The initial
lignin:N ratio explained 15 % of the variance in grass-
lands and 11 % in forests. Soil moisture, soil tempera-
ture, and C:N ratios of soils together explained 34 % of
the variance of the fine root mass loss in grasslands, and
24 % in forests.
Conclusions Grasslands, which have higher fine root
biomass and root turnover compared to forests, also
have higher rates of root decomposition. Our results
further show that at the regional scale fine root decom-
position is influenced by environmental variables such
as soil moisture, soil temperature and soil nutrient con-
tent. Additional variation is explained by root litter
quality.
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Introduction

Decomposition of plant litter is one of the main process-
es driving nutrient and carbon (C) cycling in terrestrial
ecosystems and constitutes a major source of atmo-
spheric CO2 (Hobbie 1992). While most of the previous
studies on decomposition have focused on aboveground
plant litter, recent isotopic analyses and assessments of
root and shoot biomarkers indicate that root-derived C is
retained more efficiently in soils and microorganisms
than are C inputs from above ground plant litter (Kramer
et al. 2010; Mendez-Millan et al. 2010). Due to the close
proximity, root decomposition products are generally
better incorporated into soil aggregates and more easily
adsorbed to mineral surfaces than the ones of above-
ground litter (Rasse et al. 2005; Sanaullah et al. 2011).
Thus, plant litter, consisting of dead roots, is a major
source of soil organic matter, the largest terrestrial pool
of C (Schmidt et al. 2011).

Fine root decomposition rates do not mirror those of
aboveground plant litter in temperate ecosystems (Bird
and Torn 2006; Hobbie et al. 2010; Silver and Miya
2001), due to differences in the chemical composition of
both litter types (Kögel-Knabner 2002), and because
aboveground litter experiences different environmental
conditions compared to belowground litter (Hobbie
et al., 2010). Yet, only few experimental studies have
been designed to identify predictors of fine root decom-
position (Chen et al. 2002; Cusack et al. 2009; Fahey
et al. 1988; Ostertag and Hobbie 1999), and even fewer
extend beyond a single ecosystem (e.g. Long-term
Intersite Decomposition Experiment (LIDET), Harmon
et al. 2009). Previous studies have shown that root litter
quality (mainly lignin, nitrogen (N), C and calcium (Ca)
content) and climate factors such as temperature and
precipitation are the primary controls of root decompo-
sition. (Chen et al. 2002; Hobbie 2005; Silver and Miya
2001). However, little is known about how the direct
and indirect effects of land use and management may
influence fine root decomposition.

In grasslands, management practices such as fertiliza-
tion, mowing and grazing can alter plant community
structure, litter inputs and soil properties (Dickinson and
Polwart 1982; Hobbie 2005; Semmartin et al. 2008).
Some studies found that fertilization increases the decom-
position of plant litter, due to higher N availability
(Carreiro et al. 2000; Hobbie and Vitousek 2000). In
contrast, other studies observed either no significant
change or a suppression of decomposition rates as a

response to higher fertilization regimes (Bryant et al.
1998). The contrasting responses to N additions across
studies may be partly explained by differences in site-
specific atmospheric N deposition and by litter quality
(Knorr et al. 2005). However, it is unclear how N fertil-
ization alters root decomposition. Long-term grazing and
mowing activities may affect root decomposition directly
by altering the plant species composition and soil decom-
poser communities (Bardgett et al. 1998), or indirectly
through changes in soil properties such as bulk density
and soil moisture (e.g. through trampling) (Sankaran and
Augustine 2004; Taboada and Lavado 1988).

In forests, thinning and harvesting can lead to soil
degradation via soil compaction (Berthrong et al. 2009;
Liao et al. 2010), which in turn might alter fine root
decomposition rates due to changes in the aeration of
the soil and the volumetric soil moisture content. Further,
these practices as well as tree species selection may lead
to variations in soil C and nutrient contents which may
result in changes of the decomposer community. Higher
temperature andmoisture in more heavily thinned forests
can further result in faster root decomposition although
responses may vary among forests of different dominant
tree species (Cortina and Vallejo 1994; Prescott et al.
2000). The goal of this study was to quantify root litter
decomposition rates in differently managed temperate
grasslands and forests, and to disentangle the effects of
litter quality from environmental site effects.

In terrestrial ecosystems, decomposition of plant lit-
ter is commonly assessed using the litterbag method,
which consists of enclosing plant tissue of known mass
and chemical composition in a screened container
(Bocock and Gilbert 1957) that is placed in or on top
of the soil. When adopting the litterbag approach some
artefacts need to be considered, such as microclimate
alterations and exclusion of specific fauna size classes
due to the selection of small mesh sizes. Nevertheless,
the litterbag method is helpful to study decomposition
especially if comparing decomposition rates occurring
in different ecosystems and regions in a consistent way
(Kurz-Besson et al. 2005). Meta-analyses have been
used in previous studies to synthesize root decomposi-
tion (for example Silver and Miya 2001). The main
caveat of the meta-analysis approach is that it compares
decomposition rates derived from smaller scale root
decomposition studies which adopted different method-
ologies (i.e. diverse litterbag mesh sizes, enclosure of
root litter with diverse quality, and deployment at dif-
ferent soil depth). To study fine root decomposition at a
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large spatial scale in a comparative way, we used a
standardized methodology for a range of ecosystems
with different soil types, land uses and climate.

Our main objective was to quantify root litter decom-
position after 12 months in differently managed temper-
ate grasslands and forests. We were further interested in
understanding whether environmental site conditions
(including the microbial decomposer abundance) have
a stronger impact on decomposition than differences in
root litter quality between grasslands and forests. We
deployed litterbags containing standardized herbaceous
fine roots in 150 grassland plots and European beech
roots in 150 forest plots in three German study regions
managed with different land use intensities. Moreover,
we compared the mass loss rates of standardized root
litter with the rates for root litter collected on-site for one
of the three regions (50 forest and 50 grassland plots).
We hypothesized that root decomposition rates of stan-
dardized root litter would vary between the three study
regions, reflecting differences in climate and soil prop-
erties. We also hypothesized that decomposition of on-
site collected root litter would be affected by manage-
ment practices, specifically fertilization, grazing and
mowing activities in grasslands, and by different distur-
bance intensity and tree species selection in forests.

Material and methods

Study regions, management data, vegetation survey

Our study was carried out in the Biodiversity Explor-
atories (Fischer et al. 2010) which comprise a variety of

forests and grasslands under different land use intensi-
ties in three regions within Germany. The Schwäbische
Alb (ALB) is situated in south-western Germany, the
Hainich-Dün (HAI) in central Germany, and the
Schorfheide-Chorin (SCH) in north-eastern Germany.
Each study region includes 50 forest plots and 50 grass-
land plots. In SCH 27 grassland plots have been
established on organic soils (Histosols and Gleysols)
and 23 on mineral soils. The three study regions differ
in climate, altitude, and soil characteristics (Table 1).

In grasslands a land use intensity index (LUI) was
calculated using landowner surveys. The LUI summa-
rizes the individual land uses by summing up values for
fertilization (kg N per hectare per year), mowing (num-
ber of cuts per hectare per year), and grazing intensities
(livestock units per hectare per year) which have been
normalized by the mean of the region (Blüthgen et al.
2012). To evaluate land use and disturbance intensity in
the forests we used the LUDI index (Luyssaert et al.
2011). This index combines values of stand density and
diameter at breast height for a relatively unmanaged
forest and different management schemes, in conjunc-
tion with self-thinning values.

In 2009, we recorded vegetation data in 20 m×20 m
forest plots in spring and summer (for details see Boch
et al. 2013), and in 4 m×4 m grassland plots only once
in summer (for details see Socher et al. 2013). We
identified all vascular plant species and estimated their
percentage cover. To assess the diversity of the vascular
plant species in forest plots, we combined the spring and
summer records to consider early and late emerging
plants. For both, grassland and forest sites, we calculat-
ed the “Shannon Index” as a measure of plant species

Table 1 Main geographical and
environmental characteristics of
the three study regions:
Schwäbische Alb, Hainich-Dün,
Schorfheide-Chorin

Schwäbische Alb Hainich-Dün Schorfheide-Chorin

Location SW Germany Central Germany NE Germany

Coordinates N 48° 26′ E 9° 23′ N 51° 9′ E 10° 28′ N 53° 0′ E 13° 46′

Area [km2] ~422 ~1,300 ~1,300

Soil type forest Cambisol (eutric)-
Leptosol

Luvisol Cambisol (dystric)

Soil type grassland Leptosol-Cambisol Cambisol-Stagnosol-
Vertisol

Histosol-Gleysol-Cambisol-
Luvisol-Albeluvisol

Altitude a.s.l [m]. 460–860 285–550 3–140

Mean annual
temperature
(MAT) [°C]

6.0–7.0 6.5–8.0 8.0–8.5

Mean annual
precipitation [mm]

700–1,000 500–800 500–600
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diversity (Shannon 1948) (Eq. 1):

H ¼ −
Xn

i¼1
pi ln pi ð1Þ

where H corresponds to entropy in this case equivalent
to the Shannon Index, pi is the percentage cover of
individuals in the sampling area represented by species
i and is assessed by the quotient of number of individ-
uals of species i (Ni) and the total number of individuals
(N). Thus, the maximum diversity possible for N indi-
viduals occurs when all species have the same percent-
age cover when each individual belongs to a different
species. We further distinguished annual and perennial
species and calculated their number per plot.

Soil temperature and moisture

Soil temperature and soil moisture were measured contin-
uously in each plot every 10 min with ground surface
temperature sensors (Meier NT Type 2021, Zwönitz, Ger-
many) and soil humidity probes (DeltaT ML2X, Cam-
bridge, UK) at a soil depth of 10 cm. In this study, we used
the 6 and 12 months averages of soil temperature and
volumetric soil moisture. We also calculated the number
of days during which the soil was frozen (− 0 °C) for each
plot. Due to gap periods during the measurements, com-
plete data on soil temperature was only available for 187
and soil moisture for 274 of the 300 plots.

Root collection, abiotic soil properties and microbial
biomass

In each of the 300 plots we collected 14mineral soil cores
with a split tube sampler (diameter of 5 cm) along two
20 m transects in grasslands and 40 m transects in forests
in May 2011. Organic layers in forests and aboveground
plant parts in grasslands were removed before coring. We
then prepared a composite sample from the 14 mineral
soil cores by mixing the upper 10 cm of the mineral soil.
Roots were removed from the composite sample, cooled
to 4 °C for soil analysis (root biomass, texture, pH and C
and N concentrations,) and frozen to − 20 °C for micro-
bial biomass measurements, and transported to the labo-
ratory. Soil samples were all sieved to<2 mm.

Microbial biomass C was estimated by chloroform-
fumigation-extraction (Vance et al. 1987). In brief, 10 g
soil (fresh weight) of a homogeneous subsample of each
plot was fumigated under vacuum with ethanol-free

chloroform in a desiccator for 24 h. After removing the
chloroform, samples were extracted by adding 40 ml of a
0.5 M K2SO4 solution (1:4 w/v soil/extractant ratio),
shaken for 30min at 250 revmin−1 on a horizontal shaker
and centrifuged for 30 min at 4,422 g. A second subsam-
ple of 10 g was treated similarly but without fumigation
for the estimation of 0.5 M K2SO4 solution extractable
organic C. Organic C in the supernatants was measured
with a DOC/TN-analyser (Multi N/C 2100S, Analytik
Jena, Jena, Germany). Extractable organic C content of
the non-fumigated samples was subtracted from C con-
tent of the fumigated samples and resulted in extractable
microbial biomass. For estimation of total microbial bio-
mass a kec-factor of 0.45 was used (Joergensen 1996).

Soil samples were air dried. The dry biomass of the
washed fine roots was weighed after oven-drying the
root samples at 40 °C. To evaluate the soil texture we
determined the percentage of sand (2–0.063 mm), silt
(0.063–0.002 mm) and clay (<0.002 mm) in the soil
samples. We separated soil particles and size classes by
sieving and sedimentation procedures (DIN-ISO
11277). We determined the pH values of our composite
soil samples in duplicate using a 0.01M CaCl2 solution.
The soil solution ratio was 1:2.5.

Soil subsamples were ground in a ball mill (RETSCH
MM200, Retsch, Haan, Germany). Total C and N con-
centrations were determined by dry combustion in an
elemental analyser (VarioMax, Hanau, Germany). To
evaluate the concentration of organic C in each soil sam-
plewe determined the amount of inorganic C by removing
all organic carbon at a temperature of 450 °C for 16 h, and
subtracted this value from the total C concentration.

Chemical composition of fine roots

To identify the initial quality, subsamples of the root
litter were ground in a ball mill (RETSCH MM200,
Retsch, Haan, Germany). Total C and N concentrations
were determined using an elemental analyzer (Vario EL,
Elementar, Hanau, Germany). Concentrations of Ca,
magnesium (Mg), aluminium (Al) and phosphorus (P)
were measured using inductively coupled plasma—op-
tical emission spectrometry (ICP-OES, Optima 3300
DV, Perkin Elmer, Norwalk, USA), after 50 mg of root
material were diluted in 3 ml of HNO3 65 %, (Merck,
Darmstadt, Germany) and microwave digested at high
pressure (Multiwave, Anton Paar, Graz, Austria)
(Raessler et al. 2005). Lignin and holocellulose content
(ideally composed by cellulose and hemicellulose) were
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estimated from thermogravimetric analysis in Argon
atmosphere (TGA/SDTA851e Mettler Toledo, GmbH,
Giessen, Germany) (Yang et al. 2005). Temperature
programming consisted of an initial isothermal phase
at a temperature of 100 °C for 5 min, a dynamic phase
with a heating rate of 40 °C min−1 from 100 °C to
1,000 °C, and a second isothermal phase for 10 min at
a temperature of 1,000 °C. To prevent heat and mass
transfer limitations, small samples (5 to 10 mg) were
used. Weight loss and heating rate were continuously
recorded. We calculated the amounts of lignin and
holocellulose by dividing the biomass pyrolysis in the
following ranges: < 220 °C, moisture evolution; 220–
400 °C, holocellulose decomposition; > 400 °C, lignin
decomposition as indicated by Yang et al. (2005). As
reference materials we used pure lignin (alkali, low
sulfonate content) and cellulose powder.

Root litter decomposition experiments

We conducted two litterbag decomposition experiments
using two different litter types: 1) we studied decompo-
sition of standardized root litter at all 300 plots in forests
and grasslands of the three regions, and 2) we used on-
site collected material only in plots of the HAI region.
As standard material for the forest sites we used fine
roots collected from 2 year old European beech saplings
(Fagus sylvatica L.) grown in sand. As standard mate-
rial for the grassland sites, we used fine roots which we
collected from a 16 m2 area in a lowland mesophilous
hay meadow belonging to the alliance Arrhenatherion
elatoris W. Koch (Isserstedt, Thuringia, Germany, 50°
57′ 30.3″ N 11° 31′ 20.5″ E).

We removed the mineral-soil particles attached to the
roots, by carefully washing the roots with distilled water
in a 63 μm sieve. In addition, we suspended the root
material in a tray containing distilled water to remove
the more adherent mineral particles. We separated the
fine roots (<2 mm diameter) from the coarse roots and
dried all samples at 40 °C to constant weight in a force-
air oven. We put 0.5 g of dry fine root litter (mass
selected according to average local root biomass distri-
butions in top-soils) into a 10 cm × 10 cm litterbag made
of a 100 μm polyester mesh screening to allow micro-
faunal decomposition (Schwegmann Filtrations-
Technik GmbH, Grafschaft-Gelsdorf, Germany). The
variation of the initial weight was (0.508±0.006 g).
We individually labelled each litterbag with a stainless

steel label which was placed inside the enclosure and
measured the total mass of each litterbag.

For each of the two experimental set-ups we tied
together three litterbags, representing replicates
containing the same material type (standard litter
and on-site collected litter) for every collection
time. In October 2011, we placed them approxi-
mately 3 m apart from meteorological stations.
The litterbags were distributed vertically into a
10 cm deep slit in the mineral soil. After 6 months
(in April 2012) and after 12 months (October 2012)
respectively we collected three litterbags at each
site containing standardized material. In addition,
we sampled three litterbags containing on-site col-
lected material in all of the 100 HAI plots in
October 2012. The collected litterbags were
transported to the laboratory where we gently re-
moved the ingrown material and cleaned the fine
root-litter from adherent soil particles. After drying
at 40 °C we calculated the fine root decomposition
rates (mass loss in %) for each plot as the mean
mass loss of the three litterbags collected at each
collection date (standard deviations for the three
replicates ranged between 0.1 and 3.5 % after
6 months of decomposition and between 0.1 and
8.2 % after 12 months of decomposition). We fur-
ther used the negative exponential single-pool de-
composition model (Olson 1963) to estimate the
root litter decomposition rates (k), though we rec-
ognize that this represents only initial decomposi-
tion rates (12 months) and that these slow over
time in most decomposition experiments (e.g. Sun
et al. 2012).

Statistics

We conducted statistical analyses with R, version
3.0.2 (R Development Core Team 2013). Through-
out the manuscript we present data as means±stan-
dard error. Two way analysis of variance (ANOVA)
accompanied by Holm’s test was used to examine
statistical differences between the mass loss of stan-
dardized fine root litter (after 6 and 12 months), soil
moisture, soil temperature, soil properties, land use
and root biomass, in grassland and forest plots
among the regions (in the SCH study region we
additionally distinguished between organic soils
(Histosols and Gleysols) and mineral soils). Signif-
icant differences between fine root litter chemistry
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of grasslands and forests, and between standardized
and on-site collected root material were tested with
Student’s t-test.

To detect the environmental predictors of fine
root decomposition in grasslands and forests, we
applied general linear models (GLM). In grasslands
we conducted three separate GLMs, one grouping
all three study regions, one for the mineral soils in
the three study regions and one for SCH to evaluate
the difference between organic and mineral soils. To
check whether complex interactions between ex-
planatory variables were present and to select which
variables should be included in the GLM and in
which order, before conducting each GLM we fitted
a tree model (Crawley 2007). In the tree model
analysis we included the following variables: soil
properties (pH, organic C content, C:N ratio and
texture, microbial biomass), climate (soil tempera-
ture and moisture), land use (LUI and LUDI), plant
diversity (Shannon index) and number of perennial
species. We calculated the variance inflation factor
(VIF) between the variables selected from the fitting
of the tree models to prevent multicollinearity. We
manually simplified all GLMs to the minimum ade-
quate model by using stepwise selection of variables
until all terms contained in the model were signifi-
cant (Crawley 2007). We then checked the model
assumptions using the diagnostic plot function in R
(Crawley 2007).

To assess whether environmental variables have a
stronger impact on decomposition than root litter
chemistry differences within grassland and forest
sites, we used multiple regression analysis. As for
the GLMs, we fitted a tree model (one for grasslands
and one for forests) before conducting multiple re-
gressions. Root litter chemistry (content of C, N, Ca,
Mg, Al, P, holocellulose, C:N and lignin:N ratio)
was included in the tree models in addition to the
environmental variables. Quadratic terms of each
variable were included in the model to check for
non-linear responses.

We used partial linear regression to determine
the amounts of variations explained by land use
and the other environmental variables on decom-
position of standardized fine root litter in grass-
lands (Legendre 2008). We used this method also
to distinguish between the variation explained by
environmental and root-litter chemistry variables
on fine root decomposition in grasslands and

forests of the HAI region. The variables we
adopted in the partial linear regression were the
ones which were selected from the minimum ade-
quate GLM and the multiple regressions.

Results

Soil characteristics and root biomass

The soils of the ALB study region showed higher
volumetric soil moisture content than the ones in
HAI and SCH for both grasslands and forests during
6 and 12 months of decomposition. Soil tempera-
tures were higher in SCH than in the ALB and HAI
regions (Table 2). The soils in the HAI study region
were on average frozen for more days during the
12 months period (7 days) than ALB (5 days) and
SCH (4 days).

In grassland soils, we found on average higher
clay contents, pH values, C:N ratios and microbial
biomass than in forest soils (Table 3). Soil prop-
erties also differed between study regions (Table 3).
Organic C and microbial C were positively related
to clay contents (r=0.68, r=0.70) in mineral soils.
Microbial biomass was also positively correlated
with the soil organic C content (r=0.65). The
organic soils of the SCH contained higher soil
organic C and microbial biomass compared to the
mineral soils of the study region. In grasslands,
fine root biomass was highest in the mineral soils
of the SCH followed by HAI, the organic soils in
SCH, and then ALB, whereas in the forests root
biomass was greater in the HAI study region than
in SCH and ALB.

Fine root initial chemical composition

C concentrations, estimated lignin content and
lignin:N ratios were lower, and P and holocellulose
content were higher in root samples collected in
grasslands than those collected in the forest sites
(Table 4). Variability in the chemical quality of roots
was greater for root material collected across 50
plots (both for forest and grassland) compared to
standard material derived from a single site
(grassland) or species (forest). The standardized
grassland root litter differed significantly from fine
root litter collected in the HAI grassland plots, with
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lower N (p< 0.05) and holocellulose content
(p<0.001). The higher N content and variability
for the roots collected on-site compared to the stan-
dardized material in grasslands probably results
from the wide range of fertilization regimes. The
Ca and Al concentrations were lower in the stan-
dardized compared to on-site collected root material
(Table 4). The standardized root material used in
forests differed from the average of the fine root
litter collected on the HAI forest sites, with higher
C (p<0.001) and lignin (p<0.05) content, possibly
due to variable contributions of understory roots in

on-site collected samples. In addition, standardized
beech roots had lower Mg, Ca and Al content than
the root material collected on site in the HAI forest
plots (p<0.05).

Fine root mass loss in the standard litter across three
regions

Herbaceous standardized fine root litter deployed in
grasslands lost more mass (p<0.01) after 12 months
(24±6 % mass loss) compared to the mass loss of
tree standardized fine root litter in forests (12±

Table 2 Soil moisture and temperature over 6 and 12 months, in
all study regions (mean ± SD). Soil temperature is expressed in °C
and soil moisture is expressed in percentage of volumetric water
content (%VWC). Significant differences between study regions

are indicated by lowercase letters, and between land use types by
capital letters according to Holm’s test (p<0.05) (n=274 for soil
moisture, n=187 for soil temperature)

Land use Study region Soil moisture Soil temperature

6 months 12 months 6 months 12 months

% % °C °C

Forest All plots 26±10A 26±10A 7±5A 9±4A

Schwäbische Alb 34±7a 34±7a 5±3a 7±2a

Hainich-Dün 29±6b 29±6b 5±1a 9±2ab

Schorfheide-Chorin 15±3c 15±4c 10±5b 10±4b

Grassland All plots 37±9B 34±9B 7±4A 11±4B

Schwäbische Alb 41±4d 40±4d 5±2a 8±2a

Hainich-Dün 33±6a 29±4b 6±2a 11±3b

Schorfheide-Chorin 34±11a 29±10b 12±6c 14±4c

Table 3 Soil properties and dry root biomass among different land uses and study regions (mean ±SD). Significant differences between
study regions are indicated by lowercase letters and between forests and grasslands by capital letters according to Holm’s test (p<0.05)

Land use Study region n Sand
g kg−1

Clay
g kg−1

pH Total N g
kg−1

Organic
C g kg−1

C:N Microbial
biomass
μg g−1

Root
biomass
g m−2

Forest All plots 150 329±387A 281±203A 4±1A 3±2A 40±20A 15±3A 436±308A 98±90A

Schwäbische Alb 50 60±46a 496±105a 5±1a 5±1a 53±14a 13±1a 737±220a 67±56a

Hainich-Dün 50 58±18a 301±99b 5±1b 3±1b 36±10ab 13±1a 449±214b 155±120b

Schorfheide-Chorin 50 871±61b 45±19c 3±0.1 c 1±0.2 b 21±5b 19±3b 123±38c 73±45a

Grassland All plots 150 190±228B 378±192B 7±1B 7±5B 72±64B 10±1B 656±291B 175±149B

Schwäbische Alb 50 57±45a 536±134d 6±1d 6±1a 65±14a 10±1c 748±210a 35±30d

Hainich-Dün 50 58±23a 423±130e 7±1e 4±1ab 46±12a 10±1c 594±169d 215±87e

Schorfheide-Chorin
mineral soils

23 643±101c 137±93f 6±1d 2±1b 21±4b 10±1c 236±62e 246±122f

organic soils 27 324±179d 216±119g 7±1e 15±2d 170±102c 11±2c 906±338f 180±127e
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4 %). The mass loss of fine root litter in both land
uses nearly doubled from the first collection
(6 months, over winter) to the second (a full year,
including summer; Table 5). The mass loss of fine
root litter was significantly faster in the SCH study
region followed by ALB and HAI for both collec-
tion times (Table 5). Mass loss of standardized fine
root material after 6 and 12 months of decomposi-
tion was correlated in grasslands (r=0.51) and for-
ests (r=0.64) (Fig. 1). These not so high correla-
tions may be related to the comparison of different
root litterbags collected at different times in the
same plots. We based our subsequent analyses on
the mass loss of fine roots after 12 months
decomposition.

Predictors of fine root mass loss (standardized litter)

Differences between study regions influenced fine
root decomposition in grasslands and forests
(Table 6b, 6d). Within all grasslands, the mass loss
of the standardized fine root material was further
influenced by the total organic C content present in
the soil, the soil moisture and the LUI (adjusted
r2=0.39) (Table 6a). Partial linear regression anal-
ysis showed that the LUI explained 4 % of the
variation while organic C, study region, and soil
moisture together explained 24 % of the variation.
The effect of organic C and soil moisture was not
observed in the model including only the mineral
soils of the three study regions (Table 6b). In fact,

Table 4 Chemical quality of the standardized fine root litter and
the fine root litter collected on site in the Hainich-Dün and used in
this study (mean ± SD). For the standardized material 20 replicates
of fine root material were analysed. Significant differences

between fine roots collected on-site and standardized material for
grasslands and forests are indicated by lowercase letters according
to Holm’s test (p<0.05)

Fine root material Land use n. C N P Ca Mg Al Holocellulose Lignin C:N Lignin:N

mg/g mg/g mg/g mg/g mg/g mg/g mg/g mg/g mg/g mg/g

Standardized Forests 20 470±13a 11±2a 1 a 5 a 1 a 6±0a 418±6a 433±7a 49±6a 40±1a

Grasslands 20 433±17b 8±1b 2 b 6±1a 3 b 5a 585±7b 251±5b 53±3b 31±1b

Collected on-site Forest 50 448±32c 11±2a 1a 10±5b 2±2b 7±3b 424±40a 361±35c 41±7c 34±6c

Grasslands 50 400±24d 11±3a 2±1b 9±4b 2±3b 8±3b 510±32b 259±13b 38±9d 24±5b

Table 5 Mass loss of standard fine root litter and of the fine root
litter collected on-site after 6 and 12 months of decomposition
(mean ± SD). Significant differences between study regions are

indicated by lowercase letters, and between forests and grasslands
by capital letters according to Holm’s test (p<0.05)

Fine root litter Land use Study region n Mass loss after
6 months (%)

Mass loss after
12 months (%)

k-values (year−1)

Standardized Forest All plots 150 6±3A 12±4A 0.12±0.5A

Schwäbische Alb 50 6±2a 11±3a 0.12±0.03a

Hainich-Dün 50 4±2b 8±5b 0.09±0.05b

Schorfheide-Chorin 50 8±2c 16±2c 0.17±0.02c

Grassland All plots 150 12±5B 24±6B 0.27±0.8B

Schwäbische Alb 50 12±4d 23±7d 0.27±0.07d

Hainich-Dün 50 9±4c 20±5e 0.22±0.06e

Schorfheide-Chorin mineral soils 23 15±3e 26±3f 0.32±0.04f

organic soils 27 17±4e 31±3g 0.37±0.04 g

Collected on site Forest Hainich-Dün 50 - 8±4Cb 0.09±0.05Cb

Grassland Hainich-Dün 50 - 19±7De 0.21±0.06De
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when excluding the organic soils present in the
SCH, fine root mass loss was explained by differ-
ences in study regions and LUI. The separation
between organic and mineral soils in the SCH
explained most of the variance of fine root mass
loss in this study region followed by the LUI
index (Table 6c). We checked the effect of fertil-
ization, grazing and mowing intensities on fine
root mass loss within the grasslands of all three
study regions. The standardized fine roots
decomposed faster in unfertilized plots than fertil-
ized plots both after six months (unfertilized grass-
lands: 12±4 %; fertilized grasslands: 10±4 %,
p<0.01) and after 12 months (unfertilized grass-
lands: 25±6 %; fertilized grasslands: 22±6 %,
p<0.01). Fine root mass loss did not differ signif-
icantly between grazed and not grazed plots and
mowed and not mowed plots. In forests we did
not observe an effect of land use on fine root
decomposition.

Fine root mass loss for on-site collected litter in the HAI
region

Despite differences in the initial fine root litter
quality, the average mass loss of fine roots during
the first 12 months of decomposition was similar
between on-site collected root litter and the

standardized root material in the HAI study region
both for grasslands (~20 % mass loss) and forests
(~8 % mass loss) (Table 5). Overall, the correla-
tion between mass lost by on-site collected root
litter versus standardized root litter was poor
(r=0.44 in grasslands and r=0.10 in forests)
(Fig. 2).

Predictors of fine root mass loss (on-site collected litter)

According to our analysis fine root decomposition
in grasslands was primarily positively related to
the lignin:N ratio of roots and to soil C:N ratios
(Table 7a). We further observed a relation between
fine root decomposition and soil moisture and soil
temperature. The best linear model for predicting
fine root mass loss in grasslands was highly sig-
nificant (p<0.001) with an adjusted r2 value of
0.55. We observed that in the grasslands the
lignin:N ratio of fine roots was negatively corre-
lated to the LUI index (r=−0.64) (Fig. 3). In
grasslands the lignin:N ratio explained 15 % of
the variation of fine root decomposition; while
the sum of the environmental variables explained
34 % of the variation (Fig. 4a).

In forests, fine root decomposition was negatively
related to the lignin:N ratio of roots, followed by soil
moisture and temperature (Table 7b). The best linear

Fig. 1 Comparison between the
mass loss of standardized fine
root litter after 6 and 12months of
decomposition across all study
regions, for both grasslands and
forests
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model for predicting fine root decomposition in grass-
lands was highly significant (p<0.001) with an adjusted

r2 value of 0.42. We further observed a decline in the
lignin:N ratio with the number of tree species present on

Table 6 Result of the best predictive model on decomposition
rates (mass loss %) of standardized fine root litter a) in all grass-
lands (mineral and organic soils, 150 plots) b) in the mineral soil of
the grasslands c) in the grasslands of the Schorfheide-Chorin
(mineral and organic soils, 50 plots) d) forests (150 plots), accord-
ing to ANCOVA analysis. ***p<0.001, **p<0.01, *p<0.05

Coefficients Df Mean Sq F value

a) Mass loss (standardized material, grasslands)

Organic C 1 119.6 4.9*

Study region 2 742.7 30.4***

Soil Moisture 1 140.3 5.7*

LUI 1 191.1 7.8**

Residuals 109 24.5

b) Mineral soils Schwäbische Alb, Hainich-Dün, Schorfheide-
Chorin. Mass loss (standardized material, grasslands)

Study region 2 330.42 12.30**

LUI 1 176.9 0.01*

Residuals 92 30.2

c) Schorfheide-Chorin. Mass loss (standardized material,
grasslands)

Mineral vs Organic soil 1 236.7 26.27***

LUI 1 50.2 5.57**

Residuals 38 9.1

d) Mass loss (standardized material, forests)

Study region 2 563.5 53.35***

Residuals 132 10.6
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Fig. 2 Relationship between the
mass loss of fine roots collected
on-site and fine roots used as
standardized material in the
Hainich-Dün study region after
12 months of decomposition

Table 7 Result of the best predictive model on decomposition
rates (mass loss %) of fine roots collected on-site in the a) Hainich-
Dün grasslands and b) Hainich-Dün forests, according to multiple
regression analysis. ***p<0.001, **p<0.01, *p<0.05

Coefficients Estimate Std.
Error

t value

a) Mass loss (on-site collected material, grasslands)

Intercept −233.80 95.83 −2.44*
Lignin/N ratio 49.40 15.90 3.11**

C/N ratio soil 25.26 9.83 2.57*

Soil Moisture 8.60 3.08 2.79**

(Soil Temperature)2 0.18 0.7 2.58*

C:N ratio soil : Soil Moisture −0.97 0.32 −3.05**
Soil moisture : Soil
temperature

0.14 0.05 2.68*

b) Mass loss (on-site collected material, forests)

Intercept 84.88 17.87 4.75***

Lignin/N ratio −0.18 0.06 −2.89**
Soil Moisture −1.44 0.37 −3.94***
Soil Temperature −10.04 2.82 −3.57**
(Soil Temperature)2 0.27 0.09 2.72*

Soil moisture : Soil
temperature

0.16 0.04 3.9***

Residual standard error: 3.262 on 25° of freedom, Residual stan-
dard error: 2.431 on 35° of freedom
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site (r=−0.31, p<0.05). Root lignin:N ratios explained
11 % of the decomposition of fine roots, while the sum
of the environmental variables explained 24 % of the
variance (Fig. 4b).

Discussion

Our root decomposition study shows, in accordance
with other experiments using the litterbag method, that
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y=−5.16x+32.67
p−value < 0.001

r2= 0.40

Fig. 3 Regression between the
lignin:N ratio and the land use
intensity index (LUI) in the
Hainich-Dün study region

Root Lignin : NSoil moisture,
Soil temperature

Grassland

34 156

45

Forest

7 11

58

24

a)

b)

C:N ratio soil,
Soil moisture,

Soil temperature
Root Lignin : N

Fig. 4 Venn diagrams
representing the partition of the
variation of decomposition in
response to environmental
variables (continuous line) and
litter chemistry (dashed line) for
grassland (a) and forest
ecosystems (b) in the Hainich-
Dün region. The total variation
for each diagram is 100. The
intersection represents the
amounts of variation explained by
two different linear models we
used for the analysis (the first
model only including root litter
quality and the second only
including the environmental
variables). The unexplained
variation (residual variation) is
represented by the number
outside the circles. Partition of
variation is expressed in %.
Adapted from Legendre (2008)
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substantial decomposition can occur in litterbags in
grasslands and forests, even in the absence of mechan-
ical breakdown by macrofauna. Overall we observed
relatively low rates of mass loss during the first year of
decomposition. One factor to explain this is the relative-
ly cold and dry conditions in temperate ecosystems.
Parton et al. (2007) observed that leaf and root decom-
position were slowest in cold dry regions such as tundra
and boreal forests and fastest in tropical regions. We
cannot exclude that absolute values might be affected by
the experimental set-up (i.e. mesh size), but as all litter-
bags were the same, our discussion will focus on relative
differences between study sites and root litter quality. In
any case, with this work in three large regions in Ger-
many we mostly provide an indication of the initial
decomposition rates of fine roots and the factors which
control this process in central European temperate grass-
lands and forests.

In comparison to previous studies on aboveground
litter decomposition in temperate ecosystems
(Butenschoen et al. 2011; Heim and Frey 2004), fine
roots seem to lose mass at lower rates than leaves. Other
studies also found that roots decompose more slowly
than leaf litter of different species or ecosystem types
(Vivanco and Austin 2006). Lower decomposition rates
of root litter in comparison to aboveground litter may be
a result of different nutritional requirements of decom-
posers above versus belowground. Environmental dif-
ferences above and belowground could also overcome
litter chemistry effects on decomposition (Hobbie et al.
2010).

Fine root decomposition rates in grasslands and forests

Overall, herbaceous roots (deployed in grasslands)
decomposed twice as fast than roots from forests (de-
ployed in forests) in all study regions (Table 5). This was
true for both standardized and on-site collected litter. No
common material was incubated in both grasslands and
forests so this result can be related to differences in
environmental conditions or in litter quality. We noted,
for instance, higher soil moisture in grasslands than in
forests (Table 3). Direct influences of moisture contents
on fine root respiration, have been previously observed
by Chen et al. (2000) for unsaturated soils. In grass-
lands, we further observed higher microbial biomass
contents and higher pH values.

We also observed differences in fine root litter quality
between herbaceous plants and trees (Table 4). For

example greater lignin content in tree roots can control
mass loss rates during the first stages of decomposition
by its high resistance to enzymatic attack, as well as
through physical interference with the decomposition of
other cell wall fractions (Alexander 1977). Results of
the global meta-analysis on fine root decomposition
performed by Silver and Miya (2001) have also shown
that decomposition rates of roots belonging to tree spe-
cies were lower than those of graminoid roots due to
lower Ca content and higher lignin:N ratios in tree roots.

Overall, we found up to 2 times higher stocks of fine
roots and roughly 2 times faster decomposition rates in
grasslands than in forests. These observations together
with the results of recent studies in the same regions
which have shown younger C in fine roots (Solly et al.
2013), and in the unprotected fraction of the soil organic
matter (Herold et al. 2014) in grasslands, indicate faster
fine root derived C cycling in grasslands than in forests.
Interestingly these differences do not extent to the min-
eral associated fraction of the soil organic matter.

Site effects on fine root decomposition rates

As hypothesized, standardized root decomposition var-
ied among the three study regions, with the highest rates
(in grassland and forest) in the SCH study region,
followed by ALB and HAI (Table 5). The decomposi-
tion patterns were the same for herbaceous and beech
standardized root material deployments, indicating that
the trends were not related to litter quality, but to differ-
ences in the soil decomposition environment between
the study regions. HAI is intermediate in average cli-
mate and most soil properties (Table 2, Table 3), but has
the lowest overall decomposition rates. The only factor
we found that might explain this is that the soils in HAI
were frozen for a longer number of days compared to
ALB and SCH. It has been shown that in soils with
temperatures below 0 °C the microbial activity is slowed
down. This is due to the rapid decline of unfrozen water
content which can decrease the diffusion of substrates,
nutrients, and waste products (Dioumaeva et al. 2002;
Mikan et al. 2002; Ostroumov and Siegert 1996). Thus,
also the degradation of fine roots may be slowed down,
especially during the winter season in temperate ecosys-
tems. In grasslands, we further observed considerably
higher fine root decomposition in organic soils
(Histosols and Gleysols present in the SCH study re-
gion) than in mineral soils in the SCH study region. This
was probably related to the different soil properties, such
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as soil moisture and nutrient contents, which may in turn
influence the soil biota which directly degrades the root
litter.

After the removal of variance specific of the study
regions and differences in organic and mineral soils, we
observed that the decomposition of standardized fine
root litter in grasslands decreased with increasing land
use intensity. However, in comparison to other environ-
mental properties which explained together 24 % of fine
root decomposition, land use intensity explained only a
small proportion of variation (4 %). The negative rela-
tion observed between root decomposition and land use
intensity is in our study mainly affected by the addition
of N by fertilization. The lower need to mineralize
organic N might slow down decomposition rates (Fog
1988). Knorr et al. (2005) reported that litter decompo-
sition is inhibited by N additions when fertilization rates
exceed by 2 to 20 times the atmospheric N deposition
level. Since our fertilized plots received a maximum of
140 kg N ha−1 yr−1 and the average bulk N deposition
levels for our study regions are on average
10 kg N ha−1 yr−1 (Schwarz et al. 2014), it is possible
that the amount of added fertilizer inhibited the rates of
root decomposition in fertilized ecosystems. In forests
we did not observe land use effects on fine root
decomposition.

Relevance of environmental site conditions and root
litter chemistry on fine root decomposition

The lignin:N ratio explained the largest amount of var-
iability (15 % in grasslands and 11 % in forests) of the
mass loss of on-site collected fine root-litter in the
grasslands and forests of the HAI region (Fig. 4). The
remaining variability was explained by the sum of other
environmental factors such as soil moisture and soil
temperature, but also by the soil C:N ratios in grasslands
(all environmental variables explained 34 % of the
variance in grasslands and 24 % in forests) (Fig. 4).
Although the lignin:N ratio itself merely describes the
proportions of lignin to N without providing informa-
tion about how lignin and N are distributed in plant
organs, previous studies have shown that it is a valuable
predictor for root decomposition (Bardgett et al. 1998;
Hobbie 2005; Scheffer and Aerts 2000). Berg (1984)
also concluded that the dominant factors for initial mass
loss rates of root litter in a Scots pine forest are the
relative amount of nutrients together with the initial
lignin content. In particular, plant litter with higher N

concentrations decomposes faster than its lower nitro-
gen counterpart, while plant litter with high levels of
lignin decomposes slower (Berg 1984; Janssens et al.
2010). While in forest ecosystems we observed a de-
cline of the decomposition rates for increasing lignin:N
ratio of the litter, in grasslands we found the opposite
relationship. The detected patterns may reflect the vari-
ation in the initial root chemistry among the fine roots
collected on-site in grasslands and forests (Hobbie et al.
2010; Silver and Miya 2001). For instance we found
high variability of N concentration in fine roots of
grasslands (table 4). The lignin concentrations were
instead relatively constant. On the other hand in forest
sites the lignin concentrations in tree roots encompassed
a relatively large variability.

In the grasslands of the HAI region we observed a
negative relation between the LUI index and the
lignin:N ratio of fine roots collected on-site (Fig. 3).
This indicates that land use can affect fine root decom-
position through its influence on litter quality. In forests,
we observed a negative correlation between the lignin:N
ratio and the number of tree species per plot. However,
this may be a function of our study design, as most of
our plots are covered by pure European beech or mixed
forests with more than one species and only a small
number are pure Norway spruce (Picea abies (L.) H.
Karst.) or Scots pine (Pinus sylvestris L.) forests. There-
fore, higher lignin:N ratio in plots with a smaller number
of tree species may be due to the higher amounts of
lignin contained in European beech fine roots in com-
parison to, for example, coniferous tree species (Hobbie
et al. 2010).

Conclusions

We observed that fine root decomposition in temperate
grasslands is two times faster than in temperate forests
within the range of measured values. This finding to-
gether with other observations of older C in fine roots
and in the unprotected fractions of soil organic matter in
forests overall indicate slower C turnover in forests
compared to grasslands. In both grasslands and forests
the decomposition patterns of standardized fine root
litter were different for the three study regions, indicat-
ing that the trends are influenced by differences in
environmental properties such as the soil biota and the
soil microclimate. Land use intensity in grasslands, in
particular N additions, also had an influence on fine root
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decomposition, though this amount of variation was
small compared to the other abiotic factors. Within one
study region, environmental variables explained the de-
composition of both standardized and on-site collected
litter. Additional variation for the on-site collected litter
was explained by root lignin:N ratio, which in our study
was influenced by land use; for example N addition in
grasslands and tree species composition in forests.
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