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GRAPHICAL ABSTRACT

Rich litter (RL) is defined as leaf litter
promoting fast soil nutrient turnover.
In areas of high N deposition, N is no
longer limiting.

In this context base cations rather than
C/N are determining litter quality.

RL leads to increased earthworm bio-
mass and topsoil base saturation.

RL is functional as a restoration mea-
sure, even in poorly buffered sandy
soils.
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The adverse effects of soil acidification are extensive and may result in hampered ecosystem functioning. Admix-
ture of tree species with nutrient rich litter has been proposed to restore acidified forest soils and improve forest
vitality, productivity and resilience. However, it is common belief that litter effects are insufficiently functional for
restoration of poorly buffered sandy soils. Therefore we examined the effect of leaf litter on the forest floor, soil
chemistry and soil biota in temperate forest stands along a range of sandy soil types in Belgium, the Netherlands
and Germany. Specifically, we address: i) Which tree litter properties contribute most to the mitigation of soil
acidification effects and ii) Do rich litter species have the potential to improve the belowground nutrient status
of poorly buffered, sandy soils? Our analysis using structural equation modelling shows that litter base cation
concentration is the decisive trait for the dominating soil buffering mechanism in forests that are heavily influ-
enced by atmospheric nitrogen (N) deposition. This is in contrast with studies in which leaf litter quality is sum-
marized by C/N ratio. We suggest that the concept of rich litter is context dependent and should consider Liebig's
law of the most limiting: if N is not limiting in the ecosystem, litter C/N becomes of low importance, while base
cations (calcium, magnesium, potassium) become determining. We further find that on poorly buffered soils, tree
species with rich litter induce fast nutrient cycling, sustain higher earthworm biomass and keep topsoil base sat-
uration above a threshold of 30%. Hence, rich litter can trigger a regime shift to the exchange buffer domain in
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sandy soils. This highlights that admixing tree species with litter rich in base cations is a promising measure to
remediate soil properties on acidified sandy soils that receive, or have received, high inputs of N via deposition.

© 2019 Published by Elsevier B.V.

1. Introduction

Nutrient cycling is one of the key ecosystem functions underpinning
ecosystem services (Lavelle et al., 2003). A balanced return of nutrients
to the forest soil is crucial in assuring stable production and vital ecosys-
tems (Carnol and Bazgir, 2013). Yet, many temperate forests are charac-
terized by disrupted element cycling and soil nutrient imbalances as a
consequence of past and present human activity (Steffen et al., 2015).
Particularly nutrient depletion by practices such as litter raking, planta-
tion forestry using coniferous monocultures and atmospheric deposi-
tion of sulphur (S) and nitrogen (N) have led to widespread
acidification of forest ecosystems (De Schrijver et al., 2006; Ulrich,
1991). Effects associated with acidification, including the loss of base
cations (calcium (Ca), magnesium (Mg), potassium (K) and sodium
(Na)) and mobilization of aluminum (Al), are adverse for numerous liv-
ing organisms (Bowman et al., 2008; De Schrijver et al., 2012; Van Ranst
etal,, 2002). These disturbed nutrient cycles, alongside the lingering ex-
cess of N, jeopardize the potential diversity that forests can harbor
(Emmer et al., 1998; Galloway et al., 2008; Maskell et al., 2010;
Verstraeten et al., 2013) and have been linked to an overall reduced for-
est vitality (Lucassen et al., 2014; Tomlinson, 2003; Falkengren-Grerup
and Lakkenborgkristensen, 1994; Hevia et al., 2019).

Several avenues have been explored in recent decades to curb forest
soil acidification and its negative effects on tree vitality (Hiittl and
Schneider, 1998). A first strategy focused on the abiotic soil compart-
ment, augmenting soil pH by extensive application of lime to forest
soils, yet most of these efforts failed (Kreutzer, 1995; Lundstrom et al.,
2003; Hiittl and Schneider, 1998). Subsequently, multiple studies have
theorized that the admixture of tree species with nutrient rich, easy de-
gradable litter (further: rich litter species) may be a more successful
strategy to reduce the effects of soil acidification and to restore nutrient
cycles (Kooch and Bayranvand, 2017; Carnol and Bazgir, 2013; Emmer
et al,, 1998; Van Nevel et al., 2014; Hommel et al., 2007). Rich litter is
the basis of fast nutrient turnover (Hommel et al., 2007). In this theory,
tree species that produce rich litter, support a diverse belowground
community that readily breaks down the input of organic material
(OM). Subsequently this leads to enhanced incorporation and process-
ing of fresh organic material, leading to an overall fast turnover of soil
organic matter (SOM) and nutrients. This can finally result in aug-
mented aboveground productivity, reduced nutrient limitations and
feedback to the canopy as to further stimulate enhanced nutrient cy-
cling (Prescott, 2002; Muys and Granval, 1997). In view of this theory,
coniferous plantations and low tree diversity stands are actively con-
verted to mixed broadleaved forests (Kint et al., 2009), yet results re-
main variable. This may be due to the fact that litter degradability and
nutrient composition between species and even within species between
sites may vary considerably (Berg and McClaugherty, 2008) and that
site specific edaphic factors also affect decomposition dynamics (Brock
et al,, 2019; Verstraeten et al., 2018).

To date, studies on tree species litter quality and effects typically dis-
cuss the amount of recalcitrant carbon (C) compounds, such as lignin, in
combination with the N content of the litter. Hence, litter decomposabil-
ity is frequently summarized by the C/N ratio (Maes et al., 2018; Melillo
et al., 1982; Moore et al., 2011; Satti et al., 2003; Wittich, 1953). This
may be valid for forests where N availability typically is the prime limit-
ing factor for growth (Fisher and Binkley, 2013). However, for a multi-
tude of forests in industrialized regions, N availability has drastically
increased due to anthropogenic factors. The atmospheric deposition of
reactive N has more than doubled over the past century (Denman,

2007) and is expected to increase even further in many regions around
the world (Galloway et al., 2004; Rockstrom et al., 2009). Moreover,
many forests around the globe are located on marginal, often acidic
soils and thus cycling of base cations may be an important limiting fac-
tor as well (Santriickova et al., 2019; Slessarev et al., 2016). Under such
conditions, litter C/N ratio may therefore not be the most suitable indi-
cator of tree species litter quality.

During acidification, aluminum in the soil solution increases drasti-
cally and the soil cation exchange complex (CEC) becomes loaded
with aluminum ions that sorb more strongly to it compared to base cat-
ions (Chadwick and Chorover, 2001). As a result, soil restoration is chal-
lenging and becomes progressively difficult with increasing CEC of the
soil (Desie et al., 2019; Verstraeten et al., 2018). For sandy soils, which
are characterized by low CEC, this implies, however, that their predom-
inant problem, i.e. the low CEC buffer capacity that has allowed them to
rapidly degrade, also becomes their advantage, as there is less alumi-
num to compensate for and the soil can more easily escape from the
negative spiral associated with soil acidification (Desie et al., 2019). In-
terestingly however, this potency seems to be partially missed in earlier
studies as the potential of admixing rich litter for soil restoration focuses
primarily on soils with a relative high CEC whereas for poorly buffered
sandy soils rich litter is believed to have less or even no potential,
with the same argument of having low buffering conditions (Hommel
et al,, 2007; Maes et al., 2018; Van Nevel et al., 2014).

Hence, in this study, we hypothesize that ‘rich litter’ is also func-
tional in poorly buffered, sandy soils. For this purpose we aim at
revisiting the concept of “rich litter” in a context of high N deposition.
Therefore, this study targeted forests on sandy soils where we could ex-
plore the idea of admixing “rich litter” tree species as a measure for soil
restoration. Specifically, we address the following research questions:
i) Which litter traits have most effect on soil chemical properties,
humus quality and burrowing soil fauna in forest on acidified sandy
soils (i.e. what is ‘rich litter’ for this context?) and ii) Has the admixture
of this rich litter species the potential to substantially improve the nutri-
ent status of poorly buffered, sandy soils?

2. Materials and methods
2.1. Study region and sampling design

The study region is located on Pleistocene deposits of the West-
European sand belt (Fig. 1) and stretches from Northern Belgium to
the Netherlands and the border area with Germany. Characterized by
a temperate climate, the mean annual precipitation (MAP) in the
study region is circa 800 mm and the mean annual temperature
(MAT) is 10.5 °C. Fourteen forest sites on sandy soils were selected
and in each site, plots containing a tree species in monoculture were
sampled. In total 50 of these monoculture-plots of 12 different tree spe-
cies were sampled with variable numbers of replications ranging from 1
to 8. (Tables 1 and S1 for details of the plots and species sampled). Only
for the species Alnus incana and Prunus padus no replicates could be
sampled (Table 1). The confounding in tree species and site for these
two plots was addressed by adding covariates to the model in order to
account for site specific effects.

By evaluating previous land use based on historical maps and by soil
auger descriptions (FAO, 2006) we ensured that all monoculture plots
within a study site were located on a similar soil type and had compara-
ble land use history. Monoculture plots were omitted from the study
when differences in soil type or land use history within a site were
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Fig. 1. Study region located over Belgium, the Netherlands and Western Germany. The West-European sand belt is the region where Pleistocene sands were deposited and is indicated by
the yellow layer (based on Beerten et al. (2014)). Study sites are indicated by purple dots. The size of the dots indicates the amount of plots sampled per site (ranging from 1 to 12). N = 50.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

apparent. In order to minimize effects of non-plot species, our single
species plots were established on sufficient distance from adjacent
plots based on visual inspection of litter fall in autumn (ranging from
10 m to 600 m). For this study, only plots on sand or loamy sand were
selected. Plots with a high loam or clay content (>40%) were discarded
from the experiment. Soil type varied between sites including
Arenosols, Cambisols, Podzols and Anthrosols. To account for the differ-
ence between anthropogenic influenced soil types and others, we
corrected for land use legacy in the analysis (vide infra). This research
was focused on pure rain-fed sandy soils, therefore plots that were
found to be under influence of groundwater were excluded from further
analysis.

In this study, we approached nutrient status of the forest below-
ground ecosystem by assessing nutrient concentrations in all compart-
ments separately. We did not measure fluxes or turnover rates
between individual compartments.

Table 1

2.2. Sampling and laboratory analysis

In summer 2017, soil samples were collected in each plot (n = 50).
Five mineral soil samples were randomly taken in each plot from two
depths (0-10 cm and 20-30 cm) and merged in one composite sample
per depth for chemical analysis. Mineral soil depths start under the for-
est floor layer and thus not at the surface (Zanella et al., 2014). We chose
these depth intervals to assure we sample a topsoil layer under direct
influence of tree species litter input and the subsoil layer which is less
directly impacted by tree species but with possible indications of lega-
cies. We determined organic matter content by weight loss-on-
ignition (LOI) after burning samples at 550 °C for a minimum of 6 h.
Soil pH, nitrate (NO3 ), ammonium (NHZ ) and available ion concentra-
tion were determined in salt extracts (after mixing fresh soil (17.5 g)
with 50 ml 0.2 M NaCl solution). The pH of the solution was measured
immediately using a combined pH electrode (radiometer and a

Values of litter properties, forest floor characteristics and topsoil (0-10 cm) chemistry per tree species. Tree species are ranked based on the number of observations (#obs). Leaf litter
cation contents are expressed as g/kg dry material and aluminum concentration as g/kg dry soil. Earthworms were sampled on a subset of 3 sites.

Tree species #obs Leaf litter quality Forest floor Topsoil chemistry #obs Earthworms
C/Nratio  Basecations  Calcium  ThicknessO  Thickness OF + OH  BS pH-NaCl AP+ Biomass  Count
g/kg g/kg cm cm % g/kg g/m*

Pinus sylvestris 8 40.6 9.1 52 74 6.9 25.2 33 1.6 2 1.8 11
Tilia cordata 8 29.1 25.0 11.9 43 1.0 396 35 1.2 3 14.9 57
Quercus robur 8 344 15.4 7.2 9.8 6.8 271 32 1.7 3 33 61
Prunus serotina 5 355 238 8.9 1.7 0.7 374 33 14 2 5.0 69
Acer pseudoplatanus 5 30.7 20.5 11.7 44 3.0 30.1 32 1.7 0

Betula pendula 5 325 18.4 8.1 5.4 49 187 32 2.0 2 55 84
Fagus sylvatica 3 33.8 14.3 4.9 6.8 43 21.1 32 2.0 3 13 22
Prunus avium 2 434 34.2 13.0 29 0.0 71.1 4.2 0.1 0

Pseudotsuga menziesii 2 22.6 11.7 6.5 33 1.8 193 33 1.6 1 0.0 0
Pinus nigra 2 34.6 8.1 5.0 4.1 1.8 274 32 1.0 1 13 48
Alnus incana 1 213 22.6 17.6 0.5 0.2 321 3.6 1.6 1 1.0 44
Prunus padus 1 232 29.6 20.8 0.4 0.0 608 3.6 0.7 1 85 36
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TIM840 pH meter). Plant available phosphorus (P) was determined by
bicarbonate extraction (3 g of dry soil shaken with 100 ml of 0.5 M
NaHCOs) (Olsen et al., 1954), and CEC and base saturation (BS) by
mixing an amount of dry soil equivalent of 5 g fresh soil in 200 ml
0.2 M SrCl (Liu et al., 2001). Soil extracts were collected under vacuum
conditions with Teflon pore water samplers (rhizon, Eijkelkamp
Agrisearch Equipment, the Netherlands). In order to determine total el-
ement concentrations in soil material, 200 mg of ground, homogenized
and dried sample was digested for 17 min with 4 ml 65% HNO3z and 1 ml
30% H,0, (Milestone Ethos D - Microwave Labstone) (Jin et al., 1999).
Total concentrations of Ca, Mg, Al, iron (Fe), manganese (Mn), P, S,
silicium (Si) and Zinc (Zn) were measured with an Inductively Coupled
Plasma Spectrophotometer (ICP-OES, ICAP 6300 ARCOS MV, Spectro).
NO3, NH and phosphate (PO3 ™) concentrations were determined col-
orimetrically with a Seal auto-analyser III, using salicylate, hydrazin sul-
phate and ammoniummolybdate/ascorbic acid reagent, respectively.
Chlorine (CI™) was determined colorimetrically with a Bran + Luebbe
auto-analyser IIl system with mercuritiocynide. Na* and K™ were de-
termined with a flame spectrophotometer Sherwood Model 420
Flame Photometer (Technicon Corporation). Soil descriptions were exe-
cuted on each site according to WRB guidelines (IUSS Working Group
WRB, 2015). On each site an additional soil sample of the subsoil (C-ho-
rizon) was sampled and used for texture analysis (laser diffraction par-
ticle size analyzer - LS 13320).

In each plot the humus layer was described (n = 3) following the
European humus reference base, Zanella et al., 2014). Thickness of the
litter (OL), fragmentation (OF) and humic (OH) layers was measured
and humus type was determined using the humus index (HI) (Ponge
et al., 2002). Further analysis was based on the mean of the 3 replica-
tions (for HI the median).

In October 2017, fresh leaf litter was collected in every plot by catch-
ing 10 leaves falling from the canopy in the center of the plot. Leaf litter
samples were oven dried at 60 °C and ground before chemical analysis.
Total C and N content of the leaf litter were determined by combustion
with a CN-elemental analyzer (total combustion at 900 °C, Flash 2000
series, Thermo Scientific). Total element contents (P, Ca, Mg, K, Na, Cu,
Fe, Mn) of the leaf litter were determined after calcination (500 °C)
and acid digest extraction in nitric acid, using ICP-OES analysis. The
total base cation content was defined as the sum of Ca, Mg, K and Na
content of the leaf litter.

Soil biota were sampled in November 2016 and 2017 on a subset of
19 plots located over three sites: Kasterlee (B), Heesch (NL) and
Doorwerth (NL). Soil macrofauna was sampled in three pits (50 cm
x 50 cm and 20 cm depth) per plot. The OL and OF layer were taken
to the laboratory for hand-sorting. The OH-layer and mineral soil layer
were hand sorted at location by spreading smaller volumes of OH mate-
rial or mineral soil over a sieve into a tray. Macrofauna was preserved in
70% alcohol. In the lab, earthworms were identified to species level
using Sims and Gerard (1999) and Sherlock (2018) and weighed (wet).

2.3. Data analysis

A principal components analysis (PCA) was executed based on sub-
soil variables; plant available phosphorus (P), total phosphorus (Pges),
NHZ, NO3, OM, sand (%), silt (%) and clay (%) to evaluate possible
edaphic and land use variation present in the dataset (Fig. S1,
Table S2). The PCA was based on the correlation matrix and no matrix
rotation was performed. Principal component (PC) 1 corresponds with
the variation in texture and PC 2 corresponds with differences in land
use legacy. The plot scores on these two PC's were included in further
analysis to account for texture and land use legacy respectively
(Fig. S1, Table S2).

Tree species litter effects were tested by mixed models with site as a
random effect using nlme in R, followed by a post hoc Tukey test of the
multcomp package (Fig. S2). We assessed the normality and homosce-
dasticity of the residuals and found no violations of the assumptions.

Fig. 2 shows both the raw data and the predictions (of the above de-
scribed mixed models) per tree species for C/N ratio and base cation
concentrations. Correlations between litter properties were tested
using spearman correlation and significance values were reported in
the text. We considered relations significant if P values were lower
than 0.05 and indicated the level of significance (*P < 0.05, **P < 0.01,
***P < 0.001). Relations with P values between 0.05 and 0.1 were de-
scribed as marginally significant in the text but are not indicated in
any figures.

The effects of litter base cation concentration and litter C/N ratio on
the thickness of the forest floor layer and topsoil chemistry were evalu-
ated by mixed models including land use legacy and texture as covari-
ates, and site as a random effect (Table 1). Partial correlations
between litter quality (base cations and C/N) and soil properties were
evaluated by spearman correlation tests using the ppcor package in R,
and if significant the significance level was added to the linear relations
plots (Fig. 3). All additional correlations between litter and soil variables
were tested and illustrated with the Corrplot package in R (Fig. S5).

To gain a better understanding of the underlying mechanisms and to
analyze causal relationships, a structural equation model (SEM) was
constructed using the PiecewiseSEM package (Lefcheck, 2016) (Fig. 5).
The a priori model included the effects of leaf litter base concentrations
and C/N ratio on the thickness of the OF and OH layer, which in turn af-
fected topsoil pH and base saturation. All variables were standardized
(to a mean of zero and standard deviation of 1), and site was included
as a random effect.

3. Results
3.1. Soil properties

Although a considerable amount of variation between sites was de-
tected (Table S2), all sampled sites which were included in further anal-
yses could be classified as acidic to acid, sandy soils (with a mean pH of
3.3). The percentage sand in the soil ranged from 63% to 95% with a
mean of 80% (standard deviation of 7%) providing a good coverage of
sandy soil types in the 50 plots. Tree species did not significantly explain
variation in texture or any of the individual components of this variable
(% sand, % silt, % clay) indicating that there is no confounding effect be-
tween tree species and site quality in terms of texture (see Section 2.3).
Soil types varied within the study region in relation to former land use.
Soil types varied between sites from soils with no agricultural land use
legacy, such as Arenosols, Cambisols and Podzols, to those with agricul-
tural legacy, i.e. Anthrosols. Again tree species is not a significant factor
of influence on the encompassing variable land use legacy (see
Section 2.3). In terms of leaf litter properties, C/N ratio is correlated
with land use legacy (P = 0.02). There were no significant correlations
between other litter properties, such as P, and land use legacy or texture.
However, land use legacy was linked to topsoil base saturation and top-
soil available Al concentration (Table 2).

3.2. Litter quality

Leaf litter C/N ratio ranges from 20 (observation of Pseudotsuga
menziesii) to 47 (observation of Pinus sylvestris). Based on the predic-
tions of a mixed model, the sampled tree species could be ranked with
decreasing C/N: Prunus avium > Pinus sylvestris > Prunus serotina >
Pinus nigra > Quercus robur > Fagus sylvatica > Betula penduna > Acer
pseudoplatanus > Tilia cordata > Prunus padus > Alnus incana >
Pseudotsuga menziesi. The C/N ratio differed significantly between tree
species (P < 0.001) and subsequent multiple comparison test illustrated
that the C/N ratio of Pinus sylvestris is significantly higher than the C/N
ratio of Tilia cordata (P < 0.001), Pseudotsuga menziesii (P = 0.001)
and Acer pseudoplatanus (P = 0.003) (Fig. S2).

Cumulative base cation concentration range from 6.9 g/kg dry
weight (DW) (Pinus sylvestris) to 41.3 g/kg DW (Tilia cordata) and tree
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species could be ordered according to decreasing leaf litter base cation
concentrations: Prunus avium > Prunus padus > Tilia cordata > Alnus
incana > Prunus serotina > Acer pseudoplatanus > Betula pendula >
Quercus robur > Fagus sylvatica > Pseudotsuga menziesi > Pinus sylvestris
> Pinus nigra based on the predictions of a mixed model with Prunus
species, Tilia and Acer significantly different from Pinus sylvestris (see
Fig. S2 for all significant differences in between tree species).

There is only a marginally significant correlation between litter C/N
ratio and litter total base cation concentrations (r = —0.27, P = 0.06).
There are, however, significant negative correlations between litter C
content and litter base cation concentrations (total base concentration
(r = —0.42, P = 0.003), Ca (r = —0.38, P = 0.007) and Mg (r =
—0.30, P = 0.03)). When tree species litter C/N is plotted against litter
base cation concentration there is an overall significant negative linear
relation (P = 0.01), however, there are some tree species that do not
follow this trend: Prunus avium and Prunus serotina are tree species
with high base cation concentration (mostly Mg - Fig. S4) but simulta-
neously high C/N ratio, and inversely Pseudotsuga menziesii has low base
cation concentration, but also low C/N ratio (Fig. 2).

3.3. Effect of litter quality on forest floor layer, soil chemistry and soil
macrofauna

With mixed models the impact of litter quality and specific site
properties on forest floor and topsoil chemical properties was tested
(Table 1). Litter base cation concentration was negatively related to
the thickness of the forest floor, the humus index and aluminum con-
centrations of the topsoil. In contrast, litter base cation concentration
was positively related to topsoil pH, base saturation, and available Ca.
Litter C/N ratio and soil texture are not significant predictors for any of
the tested variables (Tables 1, S3 and Fig. 5). Additionally, partial corre-
lation coefficients were calculated for the above discussed relations
(Table S3). These analyses indicate the same trend as the mixed models
above described.

Litter base cation concentration is positively correlated with earth-
worm biomass (g/m?) (r = 0.53, P = 0.02) whereas no significant cor-
relation was found for litter C/N ratio and earthworm biomass (Fig. 4).

The tested structural equation model (Fig. 5) fitted the data well
(fisher.c = 10.23, df = 8, P = 0.24) and shows significant pathways
from leaf base concentration directly to topsoil base saturation (0.47, P
= 0.003) and the thickness of the OF and OH layer (—0.51, P < 0.001)
and from there further to topsoil pH (—0.27, P = 0.05). There was no
significant pathway (P = 0.21) from leaf litter C/N ratio to the forest
floor layer nor from the forest floor layer to topsoil base saturation (P
=0.57).

4. Discussion
4.1. Soil properties

Studies evaluating tree species litter effects are often executed in
common gardens or adjacent forest stands of different tree species,
planted for comparative purposes on a homogeneous site. Such set-
ups minimize confounding effects between tree species performance
and environmental factors (Augusto et al., 2002), and have contributed
greatly to our current knowledge on tree species effects on soils (Angst
et al,, 2018; Augusto et al., 2002; Mueller et al., 2015; Muys et al., 1992;
Reich et al., 2005). A drawback, however, is that experimental common
gardens seldom incorporate tree species other than the most commonly
used in forestry or that existing common gardens are often young
stands in which tree species effects are accordingly less developed
(Vesterdal et al., 2013). This current study evaluates tree litter effects
in adjacent forest stands located at multiple sites. Such set-up allows
the incorporation of less frequently used tree species (Vesterdal et al.,
2013), in this case the evaluation of tree species with assumed
remediating litter effects. As an additional benefit, our study covers a va-
riety of sandy soil types and land-use legacies, which are too often con-
sidered as one and the same poor substrate or not considered at all. Our
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Fig. 3. Relation between litter base cation concentration (left) and litter C/N ratio (right)
with thickness of the OF and OH layer (top), topsoil base saturation (middle) and
topsoil pH (bottom). All observations are indicated by grey dots. Significant correlations
are indicated by full lines whereas correlations that are not significant are indicated by
dotted lines. The 95% confidence interval is indicated by a grey area along the regression
line. Significance level of the correlation is indicated by ** for P < 0.01 and *** for P <
0.001 in the top right corners.

analyses indicate that texture only impacts litter K content and that land
use legacy only affects litter C/N ratio and no other litter properties. Al-
though there are correlations with litter properties and topsoil variables
(Fig. S5), we argue that this is mostly in the direction of leaf litter
impacting topsoil conditions. It could be that improved topsoil condi-
tions feedback into improved nutrient availability in the plant leaves,
however we consider this enforcing feedback as part of the tree species
litter effect. We assured that all tree species in the same site were sam-
pled on the same soil type with the same land use history, as to assure
that any measured difference in topsoil quality can be attributed to
tree species effects. With this set-up, we can thus evaluate litter effects
on the topsoil independent from intrinsic soil quality, also by addressing
potential confounding with site or land-use history using co-variates in
the analysis.

Table 2
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4.2. Ledaf litter quality spectrum

Our study proves that tree litter quality is the most important driver
of forest belowground ecosystem functioning in comparison to land use
legacy and soil texture for the considered range in soil properties. This is
congruent with Maes et al. (2018), who report litter quality as a stron-
ger driver of topsoil conditions compared to land-use history and atmo-
spheric N deposition across European temperate deciduous forests. Base
cation concentrations and C/N ratio are key leaf litter traits that contrib-
ute considerably to the variation within tree species and are prominent
drivers of litter quality, sometimes extended by leaf litter lignin content
(Reich et al,, 2005; Zhang et al., 2008).

Based on leaf litter base cation concentration, we rank tree species
from rich litter broadleaved species (Prunus, Alnus, Tilia, Acer and Betula)
over broadleaved species with a more conservative resource use strat-
egy (Quercus and Fagus) to coniferous species (Pseudotsuga and Pinus).
This rank corresponds with Ponge's (2003) theory of ecosystem strate-
gies, i.e. how tree species capture and use resources. In terms of C/N
ratio the ranking of tree species is less evident. In correspondence to
other studies (Hobbie et al., 2006; Schelfhout et al., 2017), our results
show a low leaf litter C/N ratio for tree species Tilia cordata, Acer
pseudoplatanus, Prunus padus and Alnus incana. Remarkably, Prunus
serotina and Prunus avium have very high C/N ratios, comparable to
Pinus sylvestris and Pinus nigra, but combined with high base concentra-
tions (Fig. S2). Hence not all rich litter species meet both norms of low
C/N and high base cations and follow the linear gradient (Fig. 2). A mul-
tivariate representation of litter quality (Fig. 2) seems necessary if we
want to correctly define litter quality differences between tree species.
The importance of Ca for litter decomposition has been reported earlier
(Reich et al., 2005; Hobbie et al., 2006). In our study, Ca contributes al-
most 50% to the total amount of base cations in leaf litter, followed by
K 40% and Mg 10%, yet the variation in Mg shows the most interesting
trend. Prunus serotina and Prunus avium, two tree species that combine
high C/N ratios with high base cation concentrations, have mostly high

Effects of litter variables, land use legacy and soil texture on forest floor and topsoil (0-10 cm) variables. Standardized coefficients with standard deviations and significance levels of fixed
effects (intercept, litter base cations, litter C/N, land use legacy and texture) of mixed models including site as a random factor. Significance levels are indicated by ** for P <0.01 and *** for P

<0.001.

Response variable Intercept Litter base cations Litter C/N Land use legacy Texture

Total O layer 6.03 (+0.85) " —2.36 (£0.57) " —0.29 (+0.57) —0.39 (+0.66) —0.02 (+0.74)
OF + OH layer 3.85 (£0.55) " —1.73 (£043) "™ —0.05 (+0.42) —0.83 (+0.47) —0.14 (+0.54)
Humus index 5.44 (+£0.37) ™" —1.85(£0.31) ™" —0.02 (£0.30) —0.35 (+0.33) —0.41 (+0.38)
Topsoil BS 29.89 (£1.68) 9.87 (+1.86) ™" 242 (+7.78) 5.54 (+1.74) ** 3.28 (£1.99)
Topsoil pH 3.28 (+0.06) " 0.15 (£0.05) ™* 0.06 (+0.05) 0.02 (£0.05) —0.01 (+0.06)
Topsoil Al 1.52 (+0.07) ™" —0.23 (£0.07) ™ —0.08 (+0.07) —0.40 (£0.07) *** 0.03 (+0.08)
Topsoil Ca 2.96 (£0.53) ** 1.12(£033) ™ —0.03 (+0.33) 0.33 (£0.34) 0.36 (£0.38)
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Fig. 5. Piecewise structural equation model capturing the causal pathway from litter
quality to topsoil chemistry. Arrow width is proportional to the size of the standardized
model coefficients. *P = 0.05, *P < 0.05, **P < 0.01, ***P < 0.001 and dashed lines
represent non-significant (NS) effects. Number below the endogenous variables indicate
the percentage of variation explained (R? conditional). Abbreviations: base saturation
(BS).

Mg concentrations and relatively low Ca concentrations in their litter
contrary to tree species such as Tilia and Acer with low C/N ratios
(Fig. S4). It has previously been suggested that Mg fulfills a role compa-
rable to Ca due to its similar chemical characteristics (Cesarz et al., 2016;
Schelfhout et al., 2017; Wittich, 1948). Therefore the total amount of
base cations present in the leaf litter may be a better predictor for litter
effects to soil ecosystem functioning than Ca concentration alone. Both
total bases as C/N ratio were subsequently linked to litter layer charac-
teristics, soil fauna and soil chemistry.

4.3. Impact on belowground ecosystem compartment

4.3.1. Earthworms and the forest floor

Earthworm biomass increases markedly with litter base concentra-
tions, whereas no correlation with C/N ratio could be reported, indicat-
ing again the negligible influence of C/N in the functioning of our
systems. From medium to high litter base cation concentrations
(>18 mg/kg DW) onwards all three functional groups of earthworms
(i.e. epigeics, endogeics and epi-ancecics) are present, suggesting higher
functional diversity in these plots. These results correspond with
Neirynck et al. (2000) and Schelfhout et al. (2017) who found more di-
verse earthworm community under rich litter species (Tilia, Acer and
Fraxinus) compared to poor litter (Quercus, Fagus or Picea). A true
anecic species such as Lumbricus terrestris was not found in our study
sites. Muys and Granval (1997), Reich et al. (2005) and Valckx et al.
(2010) have shown close relationships between the quality of its living
environment (in terms of pH and Ca concentrations) and the occurrence
density of these species. Soil pH values in our sites are below 4.4 and cal-
cium concentrations were below 9.7 mg/g DW and therefore too low to
allow occurrence of real anecic species like Lumbricus terrestris.

Accordingly, higher leaf litter base cation concentrations lead to sig-
nificantly reduced thickness of the forest floor layer (Fig. 3). The high Ca
and/or Mg concentrations in rich litter support a higher earthworm
abundance, directly through the high requirement of such elements
for the calciferous glands of earthworms (Piearce, 1972) and indirectly
by increasing the soil pH and creating a more favorable environment.

As a result, this leads to enhanced bioturbation and incorporation of lit-
ter material in the mineral soil so that less material can accumulate on
top in the forest floor and less aggressive organic acids are formed,
resulting in mull humus types. No significant correlation is observed be-
tween litter C/N ratio and the thickness of the forest floor layer, suggest-
ing the low impact of C/N in comparison to base cations as a predictor of
litter decomposition. In terms of litter accumulation Pseudotsuga
menziesii shows an opposite trend: despite the low base cation concen-
trations in its needles, C/N ratio is low and the thickness of the forest
floor layer is limited. Our study did only include two observations of
Pseudotsuga menziesii, which bids some caution when interpreting the
trend. Nonetheless, this result corresponds with multiple other field ob-
servations of moder to even mull humus types under Pseudotsuga
menziesii. This suggests that if litter base cation concentrations are
high, C/N ratio has low importance, yet for medium or low concentra-
tions of base cations, litter C/N ratio does play a role in forest floor de-
composition and prevailing humus type. Also lignin content may play
a role in the accumulation of organic material on top of the soil.
Thomas and Prescott (2000) already linked the low lignin content of
Pseudotsuga menziesii to its faster litter turnover. Although lignin con-
tent plays an important role in terms of microbial decomposition, the
contrast in lignin content between broadleaved species remains limited
(Brock et al.,2019; Satti et al,, 2003) and with earthworms as the drivers
of the so called nutrient pump, leaf litter lignin is less determinant for
forest floor turnover than leaf litter base cation content (Hobbie et al.,
2006). Finally, unlike previously assumed (Muys and Lust, 1992;
Ponge, 2003) our results indicate that mull humus types can occur on
poor sandy soils when leaf litter quality is high enough (in terms of
base cation concentrations) to sustain an earthworm population and
corresponding fast nutrient cycling.

4.3.2. Soil chemistry

When leaf litter base cation concentrations are low, organic matter
accumulates in the forest floor leading to moder/mor humus types
and the production and leaching of strong organic acids. These acids in-
crease the hydrogen load on the soil's exchange complex and may sub-
sequently induce and shift of the soil to the aluminum buffer domain
(Muys et al., 1992; de Vries et al., 1995; Vitousek and Chadwick,
2013). What follows is a vertical decoupling of nutrient cycles: the ab-
sence of earthworms implies poor vertical distribution of organic matter
and nutrients, soil pH is below the threshold of 4 (Muys and Granval,
1997) and soil base saturation below 30% (Chadwick and Chorover,
2001; Desie et al., 2019). Contrary, for tree species with the highest litter
base cation concentrations we find base saturation values above the 30%
threshold, which is substantial for sandy forest soils with a history of
acidification due to land use changes and atmospheric deposition, and
sufficient to push the system out of the Al buffer domain and back
into the more favorable exchange domain where acidity is buffered by
base cations on the exchange complex, supply of base cations to plants
is adequate and aluminum toxicity is relieved (Ulrich and Sumner,
1991; Vitousek and Chadwick, 2013; Desie et al., 2019).

When leaf litter traits are linked to soil chemistry and soil biota, litter
base cation concentration is consistently a significant predictor for top-
soil chemistry (Table 1). Contrary, C/N ratio is never a significant predic-
tor for topsoil pH or topsoil base saturation. Previous works have
repeatedly emphasized the importance of C/N ratio in terms of litter
quality (Kooch et al., 2017), promoting it as the most appropriate mea-
sure to summarize tree species litter quality (Maes et al., 2018; Melillo
et al., 1982; Moore et al., 2011; Wittich, 1953). In contrast, our result
suggest a negligible impact of C/N ratio on the belowground functioning
of forests on poor sandy soils compared to litter base cation content.
Hence, in line with the proposed theory of fast nutrient cycling
(Hommel et al., 2007), we found that litter quality indeed drives ecosys-
tem functioning of forests on sandy soils mainly through base cation
concentrations. Tree species with high concentrations of base cations
in their litter drive the nutrient cycle by promoting higher abundance



8 E. Desie et al. / Science of the Total Environment 699 (2020) 134383

of earthworms with burrowing capacities, which in turn positively im-
pact soil chemistry via increased organic matter incorporation.

4.3.3. Nutrient imbalanced soils

The specific context of West-European Pleistocene sandy soils may
explain the dominance of litter base cation concentration over the
other litter traits (i.e. C/N ratio). Acidification as a consequence of land
use changes along with N and S deposition, induced leaching of base
cations. Simultaneously, past and continued N deposition have caused
a lingering overload of N in all compartments of natural ecosystems.
The combination of both acidification and eutrophication has resulted
in a limiting amount of macronutrients available for growth (Perakis
and Sinkhorn, 2011; Perakis et al., 2006). This shortage of nutrients is
a consequence of the above described mechanisms concerning macro
fauna that lead to reduced incorporation of nutrients but also because
high N deposition impedes microbial litter decomposition as the lig-
nin/N ratio is drastically affected (Aerts, 1997; Prescott et al., 2004).
The reduced decomposition due to higher N inputs, however, also pro-
motes SOM accumulation. The results discussed above are a reminder of
the broad validity of Liebig's law “the availability of the most abundant
nutrient in the soil is only as good as the availability of the least abundant
one”. Leaf litter C/N ratios in our study are lower compared to C/N ratios
reported in studies where eutrophication was no significant factor
(Fassnacht and Gowerr, 1999; Satti et al., 2003; Thomas and Prescott,
2000; Wittich, 1953). Muys (1995) already suggested that the low C/N
ratios he observed in Belgium, which are comparable to our results,
must be a consequence of high N-deposition in the region and in time.
Therefore, the lower importance of C/N found in this study is, poten-
tially, specifically related to the context of nutrient imbalanced sandy
soils. Similarly, other studies already reported the decreasing value of
C/N ratio as an indicator due to with N saturation in plant tissue of li-
chens and mosses as a consequence of N enrichment (Fritz et al.,
2014; Lamers et al., 2000; Remke, 2010). In Europe the largest N depo-
sition is concentrated in the Western part (de Vries et al., 2014), with
multiple studies in Belgium (Carnol and Bazgir, 2013; Muys and Lust,
1993), the Netherlands and Denmark (Schelfhout et al., 2017) reporting
similar low C/N ratios, yet the ever increasing loads of N in natural sys-
tems due to human activity is a continental and even global problem
(Galloway et al., 2004; Rockstrom et al., 2009). Since there are many
other forest sites around the globe facing identical threats of acidifica-
tion and eutrophication (Schwede et al., 2018), our findings have
broad implications.

4.4. Management implications for restoration of acidified sandy soils

It is commonly assumed that poor sandy soils drastically limit the
options in tree species choice for forest managers as well as the perfor-
mance in terms of forest floor dynamics (e.g. mull humus is not possi-
ble) which determines the herb layer to a great extent and in terms of
productivity (Maes et al., 2018; Muys et al., 1992; Ponge, 2003; Van
Nevel et al., 2014). For that reason, alongside historical land-use lega-
cies, many of Western Europe's sandy soils have been converted from
heathlands into homogenous, even-aged plantations of coniferous spe-
cies or broadleaved species such as oak and beech with similar low litter
quality (Augusto et al., 2002). Although many forest managers in the re-
gion have moved away from production oriented monocultures to more
close-to-nature systems (Kint et al., 2009) allowing birch to co-
dominate oak stands, the current forest composition of oak and birch
proves insufficient to restore degraded soils and performs below-
average in terms of multifunctionality and productivity (Baeten et al.,
2018). This is in line with our study as Betula pendula did not produce
high quality litter in our study (intermediate between Acer
pseudoplatanus and Quercus robur).

Our study confirms the importance of leaf litter quality in shaping
topsoil conditions and this impact is even more crucial in sandy soils
given their low acid buffering capacity. In poorly buffered soils, litter

effects are not only more pronounced in terms of soil chemistry (Desie
et al., 2019; Verstraeten et al., 2018), but also on soil biota (Cesarz
et al., 2016): endogeic earthworms become more dependent on litter
quality when soils are poor in organic matter and switch feeding behav-
iour accordingly from humified organic matter to litter input, which
consequently affects the food source for several microbial communities
(Cesarz et al., 2016; Brown et al., 2000). Unlike previously assumed this
highlights great opportunity for managers as the impact of overstory
tree species composition, and thus the foresters' choice, is substantial
in such sandy soils.

Our results highlight the potential of certain tree species to aid in soil
and ecosystem restoration. We identify tree species with medium to
high base cation concentration in their leaf litter, i.e. Tilia cordata, Acer
pseudoplatanus, Alnus incana and Prunus species, as potential candidate
species for restoring nutrient imbalanced soils. Previous studies also
mention Acer pseudoplatanus and Prunus serotina as tree species with
soil ameliorative capacities and additionally suggested the potential of
Sorbus aucuparia and Carpinus betula (Carnol and Bazgir, 2013; Kooch
and Bayranvand, 2017; Van Nevel et al., 2014). Once these mature
rich-litter tree species occupy the canopy and produce sufficient quan-
tities of rich litter, they can fundamentally impact the belowground eco-
system functioning by shifting the soil buffer domain at work. The
establishment of tree species on acidified sandy soils may be challeng-
ing, therefore integrated soil restoration methods combining tree spe-
cies conversion with nutrient replenishment and inoculation of soil
biota should be further explored (Muys et al., 2003).

Keeping forest production and multifunctionality in mind, managers
often opt to mix tree species with different strategies, and thus in prac-
tice also rich and poor litter species (Nickmans et al., 2019). Here we fo-
cused on the effects of rich litter species in monocultures and hence we
cannot predict how much recalcitrant litter may be admixed to a rich lit-
ter matrix to remain in the exchange buffer domain. Van Nevel et al.
(2014) found that a dense shrub layer (of up to 90% cover) of Prunus
serotina under dominant pine or oak canopies only contributes up to
17% of the total litterfall, which was insufficient to significantly improve
topsoil conditions in pine and oak stands on poor sandy Podzols. This
suggests that a high proportion of rich litter input is necessary to im-
prove soil conditions in acidified sandy soils. On the other hand, there
are studies which report that mixtures of different litters support
more divers forest floor communities throughout the year and have
positive effects on decomposition (Hdttenschwiler et al.,, 2005;
Gartner and Cardon, 2004; Forrester and Bauhus, 2016). Further re-
search may identify the ideal species composition and specifically the
share of rich litter needed in a mixture for specific soil contexts, to
have a comparable beneficial remediating effect as the monocultures re-
ported in this study (but see Nickmans et al., 2019; Baeten et al., 2018).
Moreover, future studies should research the economic potential of rich
litter tree species as a source of high quality wood in the context of mul-
tifunctional forest management.

5. Conclusion

Our study of tree species litter effects on acidified sandy soils across
Belgium, the Netherlands and Western Germany shows that high qual-
ity litter (rich litter) positively impacts topsoil pH and base saturation,
as well as earthworm biomass and density. Leaf litter base cations con-
centrations, mainly Ca and Mg, are consistently well correlated with soil
chemistry and soil biota whereas no significant correlation with litter C/
N ratio is found, indicating the more prominent impact of litter base cat-
ion concentrations in comparison to litter C/N ratio on belowground
ecosystem functioning. This allows defining “rich litter” as litter with
high base cation concentrations (>20 g/kg DW) which promotes nutri-
ent cycling via biological processes such as mechanisms where
burrowing earthworms play a key role. Accordingly, the importance of
C/N ratio as an indicator for litter quality decreases. This definition of
rich litter and reported effects should be seen in the context of nutrient
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imbalanced, sandy soils that are characterized by past and present N-
deposition and high acidity that has led to base cation leaching. This
study focused on monocultures and should stimulate further research
determining the impact of rich litter in tree species mixtures and to ul-
timately determine optimal tree species compositions. Nonetheless, our
results show the potential of the management intervention “admixing
rich litter species” for restoring degraded soil systems and suggest the
restorative capacities of rich litter are not limited to only fine textured
soils, i.e. also poorly buffered sandy soils can benefit from rich litter
input.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.134383.
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