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a b s t r a c t

Tree species can influence nutrient return to the forest floor and nutrient cycling through the amount and
chemical composition of throughfall and litter. We compared foliar nutrient concentrations, litter pro-
duction, nutrient return and soil chemistry under 7 tree species planted on the same site after two gen-
erations of a Norway spruce (Picea abies (L.) KARST.) monoculture. Common alder (Alnus glutinosa (L.)
GAERTN.), european beech (Fagus sylvatica L.), pedunculate oak (Quercus robur L.), silver birch (Betula pen-
dula ROTH.), goat willow (Salix caprea L.) and rowan (Sorbus aucuparia L.) were planted within an experi-
mental catchment on poor acid soil in south-eastern Belgium. Measurements were performed during one
year, 11 years after planting. This study demonstrated that Ca, Mg, K and N concentrations in foliage and
leaf litter are tree-species specific. Fresh foliage and foliar litter N concentrations were highest in alder
and willow, while Ca, Mg and K concentrations were highest in rowan. Litter Ca concentrations were
approximately twice in rowan than those of all other species. Differences in nutrient concentrations
between foliage and leaf litter depended both on the element concerned and on tree species. The total
average litterfall biomass ranged from 615 kg ha�1 year�1 under oak to 3122 kg ha�1 year�1 under rowan.
Foliar litterfall represented above 85% for beech, spruce and oak, 70% for alder and willow and ca. 55% for
birch and rowan. Reproductive parts formed 44% of total litterfall biomass under rowan. Ca, Mg, K and N
return via throughfall, foliar litter and reproductive parts were higher under accompanying tree species
(alder, birch, willow, rowan) than under the main commercial tree species (oak, beech, spruce). Total N
return was in the order of 50 kg ha�1 year�1 under accompanying species, 33 kg ha�1 year�1 under spruce
and near 20 kg ha�1 year�1 under beech and oak. Under rowan, total Ca, Mg, and K return to the forest
floor through throughfall deposition, litterfall of leaves and reproductive parts amounted to 47, 9 and
66 kg ha�1 year�1, respectively. Compared to spruce, forest floor pHH20 has increased by 0.4 unit under
birch and rowan, and exchangeable Ca2+, Mg2+, K+ have increased about threefold under rowan. Planting
rowan as accompanying species may therefore represent an interesting management option for improv-
ing forest floor chemistry on nutrient poor sites through Ca, Mg, and K nutrient return.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

The forest canopy has a major influence on soil nutrient avail-
ability through the amount and chemical composition of litter and
throughfall (Prescott, 2002; De Schrijver et al., 2007; Hansen et al.,
2009). Tree species can further influence nutrient cycling through
N2 fixation, mineral weathering by root exudates, root uptake, soil
processes, soil communities, and physical properties (Binkley and
Giardina, 1998; Augusto et al., 2002; Aubert et al., 2010). Principles
of sustainable forest management, such as the preservation of for-
ests’ biodiversity, productivity, soil and water resources, regenera-
tion capacity, vitality, and carbon storage, as well as the
adaptation of forest plantations to climate change, challenge previ-

ous management schemes, especially with regard to the choice of
tree species. For example, the adaptation of forest management to
climate change needs not only to consider species best suited to site
characteristics, but also to future climatic conditions whilst main-
taining/increasing the carbon sequestration potential (Ciais et al.,
2008; Bolte et al., 2009). Furthermore, concerns about soil quality
under coniferous monocultures (Augusto et al., 2002; Spiecker,
2003) have led to a shift in plantation strategies towards the use
of native tree species adapted to local site conditions through the
conversion of coniferous monocultures to broadleaved or mixed
stands in several regions (Spiecker et al., 2004). Changes in species
composition of plantation forests thus call for in-depth knowledge
on the effects of tree species on ecosystem functioning when
planted in monocultures and in mixtures (Richards et al., 2010).

Tree species differ in rooting depth and pattern, mycorrhizal
associations, root transport and their ability of mobilising nutrients
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by secreting root exudates (Attiwill and Adams, 1993; Larcher,
2003), scavenging of atmospheric aerosol particles and canopy ex-
change (De Schrijver et al., 2007; Talkner et al., 2010). They influ-
ence nutrient return to the forest floor by both throughfall
deposition (Lovett et al., 1996; Augusto et al., 2002; De Schrijver
et al., 2008; Talkner et al., 2010) and litterfall (Binkley, 1995). Can-
opy characteristics including architecture, roughness and density,
as well as nutrient status of the foliage influence the chemistry
of throughfall (Michopoulos et al., 2007). Dry deposition is gener-
ally higher under conifers, as their canopy is more efficient in inter-
cepting particles and cloud droplets than deciduous species
(Erisman and Draaijers, 2003; de Vries et al., 2007). Throughfall
deposition may thus be an important source of acidity and nutri-
ents, but the relative importance of throughfall and litterfall have
been rarely reported (Parker, 1983; Zimmermann et al., 2002).
The efficiency of mineral nutrient uptake by roots and preferences
for certain ions are inherent plant characteristics (Larcher, 2003;
Reimann et al., 2007) leading to differences in leaf/needle and litter
nutrient concentrations (Reimann et al., 2007). Such differences
may explain changes in the properties of the upper soil, especially
by so-called ‘soil improving species’ (Miller, 1984; Binkley, 1995).
As trees are effective in taking up nutrients and redistributing
them to the soil surface, afforestation or a change in vegetation
can alter the bioavailability of mineral nutrients (Finzi et al.,
1998; Jobbágy and Jackson, 2004; Vittori Antisari et al., 2013). Soil
nutrient availability under tree species is often analysed through
the lens of the influence of litter quality on litter decomposition
rates (Reich et al., 2005; Hobbie et al., 2006; Jacob et al., 2009; Apo-
nte et al., 2012). The rapid decomposition of high quality litter (low
lignin/N or C/N ratio) during the initial stages (Melillo et al., 1982)
has been previously used to explain differences in soil nutrient
availability (see Dijkstra, 2003; Prescott, 2005 and references
therein). While first-stage decomposition rates will determine
the early rate of nutrient release, they are not likely to be related
to the total amount of nutrients released. Indeed, high N concen-
trations will have a rate-retarding effect on litter decomposition
at later stages and determine a limit value for mass loss, the ‘max-
imum decomposition limit’ (Berg, 2000). Consequently, it has been
suggested that rather than decomposition rates it is litterfall mass,
litter nutrient content and maximum decomposition limit that
determine nutrient release (Prescott, 2002, 2005).

Several reviews showed that the quantity and quality of litter-
fall of different species differ at the global scale (Bray and Gorham,
1964; Vogt et al., 1986; Hobbie, 1992). While these data supply
important information on the general patterns and controls of lit-
terfall, such as climate (e.g. Berg and Meentemeyer, 2001; for coni-
fers), they fail at providing information on the litterfall and
nutrient return of different species when growing under similar
conditions. In other, more local studies, the interpretation of tree
species effects at different sites is often difficult due to possible
pre-existing differences between the sites (Sariyildiz and Ander-
son, 2005; Berger et al., 2009). As some site-specific effects may
be masked in large studies across environmental conditions (Ber-
ger et al., 2009; Hansen et al., 2009), common garden experiments
and research on single sites allow evaluating tree species effects
without environmental confounding factors (Binkley, 1995). In
common garden experiments, tree species have been shown to
influence soil N pools and dynamics (Finzi et al., 1998; Hobbie
et al., 2007; Vesterdal et al., 2008), nutrient cycling and C turnover
(Prescott, 2002; Vesterdal et al., 2012), soil acidity, fertility and
earthworm abundance and diversity (Finzi et al., 1998; Reich
et al., 2005), and litter decomposition (Hobbie et al., 2006). Most
of these changes were mediated by a difference in litter quality,
such as lignin, N and Ca concentrations. However, the majority of
studies concern only main commercial tree species in mature
stands (e.g. Binkley, 1995; Augusto et al., 2002) and surprisingly

little is known on the nutrient return to the forest floor of accom-
panying forest tree species in comparison to main commercial spe-
cies (Reimann et al., 2007). Furthermore, data on nutrient return
during early stand development are needed, as there is a distinct
species effect on nutrient uptake at this stage (Miller, 1995), most
likely to influence nutrient return to the forest floor. After canopy
closure, nutrient requirements are mainly satisfied through
retranslocation from older tissues (Miller, 1995; Ranger et al.,
1997).

The general objective of this study was to examine the potential
of three main commercial (spruce, oak, beech) and four accompa-
nying (birch, rowan, willow, alder) temperate forest tree species to
improve forest floor chemistry through nutrient return in through-
fall and litterfall in the absence of environmental confounding fac-
tors. The study was performed on an acid, nutrient-poor site after
two generations of Norway spruce monoculture, showing forest
decline symptoms and Mg deficiencies (Weissen et al., 1990). We
used a common garden experiment, where 6 tree species were
planted in a replicated block design (in addition to spontaneous
regenerated Norway spruce), to explore, 11 year after planting:
(1) nutrient concentrations in fresh foliage and litter fractions,
(2) biomass of litterfall fractions, (3) nutrient return to the forest
floor (throughfall and litterfall), and (4) forest floor chemistry.

2. Materials and methods

2.1. Study site and experimental design

The study was conducted within the 81-ha experimental catch-
ment ‘Robinette’ (50�330N, 6�040E; 470–530 m above sea level), lo-
cated in the ‘Hertogenwald’ (literally the ‘Duke’s forest’) in the
‘Ardenne’ natural region of south-eastern Belgium. The climate in
the study area is characterised by a mean annual temperature of
7 �C and a mean annual precipitation of 1300 mm (Buldgen,
1984). The geological formation consists of quartzites, quartzo-
phyllades and phyllades belonging to the Quaternary Period,
covered by eolian loess loam (Buldgen, 1984). The soils in the
catchment are classified as Cambisols (Dystric) (IUSS, 2006). They
are characterised by moder to dysmoder humus type and a base
saturation of 10–15% in the mineral soil horizons (Delecour,
1978). According to the soil map of Belgium (Legrain et al.,
2011), 74% of the catchment area is covered by stony loamy soils
(‘G’; more than 5% gravel) with moderately poor to poor drainage
(‘h’ and ‘i’), 21% by peaty soils (‘V’; more than 30% organic matter)
and the remaining 5% are stony soils with good drainage (Fig. 1).

In 1996, the second generation Norway spruce (Picea abies (L.)
KARST.) monoculture was clearcut and, in 1998, 3 fenced plots of
2 ha were installed on Gh or Gi soils (Fig. 1). Within these three
fenced plots, common alder (Alnus glutinosa (L.) GAERTN.), peduncu-
late oak (Quercus robur L.), silver birch (Betula pendula ROTH.), goat
willow (Salix caprea L.) and rowan (Sorbus aucuparia L.) were
planted in alternate rows, spaced by 2.5 m. These species are suit-
able for the site, according to climate, soil hydrological and trophic
conditions (Weissen et al., 1994). European beech (Fagus sylvatica
L.) is not well adapted to the hydrological conditions of the soil
at this site, but, according to general practice in the area, one
row was planted for ornamental reasons alongside the forest path
in plot 1 (Fig. 1). Alder, rowan, birch and oak were also planted
within the catchment (with individual protections against deer
damage). Norway spruce was not planted, but spontaneous regen-
eration resulted in thickets across the catchment, with trees in the
same age class as planted deciduous species. We sampled within
the 3 fenced plots and under spruce trees located in the thickets
across the catchment (Fig. 1). Measurements were performed un-

M. Carnol, M. Bazgir / Forest Ecology and Management 309 (2013) 66–75 67



Author's personal copy

der the canopy of individual trees and prior to crown closure, so
interactions among tree species are considered to be negligible.

2.2. Stand characteristics

Height, density and stem circumference of live trees (>2 m
height) were measured in April 2010 within five randomly located
0.04 ha subplots (20 m � 20 m) in each of the 3 fenced plots (McIn-
tire and Fortin, 2006) and within ca. 10 � 10 m areas of the nine
Norway spruce plots situated across the catchment.

2.3. Fresh foliage nutrient contents

Fresh leaves and needles were sampled in August 2009. Nine
deciduous trees per species were randomly selected within the
fenced plots (3 trees per species per plot). All 9 beech trees were
located within the row of beech located in plot 1. Nine spruce trees

were selected across the catchment (n = 9) (Fig. 1). Alder, birch, ro-
wan, willow, oak and beech leaves were collected by hand around
the tree from the upper half and the outer canopy (leaves devel-
oped in full light) of the tree (Rautio et al., 2010). Spruce needles
were sampled from 3 branches detached from the upper half and
the outer canopy around each selected tree. For each branch, cur-
rent-year needles (spruce0), 1-year-old needles (spruce1) and 2-
year-old needles (spruce2) were sampled. All samples were placed
in paper bags and transported to the laboratory. They were dried to
a constant weight (70 �C, 24 h), ground with an electronic grinder
(Culatti, Model DFH-48, 1 mm mesh size) and stored in pillboxes
until analysis. Samples were digested with the sulphuric acid–
hydrogen peroxide procedure (Allen, 1989). Concentrations of Ca,
Mg, and K were determined using ICP-AES (Varian, Australia). Total
C and N contents were determined by dry combustion using a
C–N–S elemental analyser (Carlo Erba, Italy).

2.4. Litterfall

Litterfall was collected monthly, from June 2009 to May 2010,
with circular litter traps (0.4 m2). The traps consisted of 1 mm ny-
lon mesh netting attached to a plastic hoop, raised 1 m above the
ground with 3 wooden poles (Pitman et al., 2010). Nine litter traps
were installed under nine, randomly selected, deciduous trees per
species (alder, birch, rowan, willow) within the fenced plots (3
trees per species per plot). For beech, all 9 litter traps were in-
stalled within the row of beech located in 1 plot. Litter traps were
installed under 9 spruce trees across the catchment (Fig. 1).

Litter from species other than the target tree was removed (rep-
resenting less than 5%) and litterfall was divided into three frac-
tions: leaves/needles, twigs, reproductive parts (flowers, seeds
and fruits), dried to constant weight (70 �C, 24 h), weighed and
pooled to constitute an annual sample. Well mixed subsamples
were ground with an electronic grinder (Culatti, Model DFH-48,
1 mm mesh size) and stored in pillboxes until analysis. Leaves/nee-
dles and reproductive parts fractions were chemically analysed as
describe above.

2.5. Throughfall

Throughfall was collected monthly from June 2009 to May
2010. Collectors consisted of polyethylene funnels, 10 cm diame-
ter, placed at 1 m height and connected by a black polyethylene
tube to a polyethylene bottle placed below the ground. A nylon
mesh (mesh size 1 mm) was placed in the neck of the funnels to
avoid contamination.

Throughfall collectors were placed under the same trees than
those for litterfall sampling. Under spruce, throughfall was sam-
pled with 5 collectors (contents pooled), installed in the 9 plots
across the catchment (n = 9). Under alder, birch, rowan, willow,
and oak throughfall was sampled under the 9 randomly selected
trees of each species in the fenced plots (3 trees per species per
plot). Throughfall samples of the three collectors under each spe-
cies in each fenced plot were pooled (n = 3). Under beech, all 9 col-
lectors were installed within the row of beech located in 1 plot and
pooled by groups of 3 (n = 3).

Throughfall pH was measured with a glass electrode (WTW,
pH-Electrode SenTix 41). Samples were filtered (filter 6151/4 Mach-
ery-Nagel, Germany) and stored at 4 �C until analyses. NO�3 -N con-
centrations were determined using High Performance Liquid
Chromatography (HPLC, Hitachi). Cations (Ca2+, Mg2+, K+) were ana-
lysed using ICP-AES (Varian, Australia). NHþ4 -N and dissolved organ-
ic nitrogen (DON) were analysed colorimetrically with a continuous
flow analyser equipped with an UV digestor (AutoAnalyzer3, Bran-
Luebbe, Germany). Dissolved organic carbon (DOC) was measured

3

2

1

Legend:
1, 2, 3 fenced plots: fresh foliage, throughfall and 

litterfall under planted deciduous species
1 fenced plot: soil sampling under planted1     

deciduous speciesp
fresh foliage, throughfall, litterfall and soil 
sampling under spruce thickets
fresh foliage, throughfall and litterfall 
sampling under spruce thickets

 

Fig. 1. Map of the Robinette experimental site and sampling locations. Grey tones
and letters indicate soil types according to the soil map of Belgium.
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with a Total Organic Carbon analyser (Labtoc, Pollution and Process
Monitoring Limited, UK).

2.6. Forest floor sampling and analyses

Forest floor (Of and Oh, <10 cm thick) was sampled beneath the
canopy of 6, randomly selected, trees of each species in the fenced
plot 1 and under 6 spruce trees located in the catchment. The 6 soil
sampling locations were chosen randomly out of the 9 throughfall/
litterfall sampling plots for each species. Each sample was a com-
posite of 5 subsamples taken with a corer (8.2 cm diameter) at
1 m distance around each selected tree. Samples were sieved
(4 mm) and stored at 4 �C before analysis (within one week of sam-
pling). Soil pH was measured in distilled water and 1 M KCl with a
glass electrode (WTW, pH-Electrode SenTix 41) in a soil suspension
(1:1; v:v). Exchangeable cations (Ca2+, Mg2+, K+) were extracted
using 0.1 M BaCl2 (Hendershot and Duquette, 1986). Chemical
analysis of the filtered (Machery-Nagel 6151/4, Germany) BaCl2 ex-
tracts were performed using ICP-AES (Varian, Australia). Soil C and
N contents were measured with a C–N–S elemental analyser (Carlo
Erba, Italy) on oven dried and ground subsamples. The dry mass of
the sample was calculated by weight loss after drying 3–5 g of soil
at 105 �C to constant weight.

2.7. Data analyses

Data collected for individual trees were extrapolated to the
hectare scale for each tree species separately. Annual throughfall
fluxes were calculated for each sample by summing monthly
fluxes, obtained by multiplying monthly throughfall or bulk vol-
ume by element concentration. Annual potential nutrient return
to the forest floor from foliar litterfall and reproductive parts was
calculated by multiplying element concentrations with the quan-

tity of the litter fraction for each litter trap. Foliage to leaf litter ra-
tios were calculated from mean element concentrations in each
species.

Effects of tree species were analysed by two-way analysis of
variance, with plot as a block factor. As a block effect was not pro-
nounced (alder and rowan smaller in plot 2), one-way analysis of
variance was performed to evaluate the differences between the
tree species investigated in foliage and litterfall nutrient contents,
litterfall quantity and potential nutrient return to the forest floor
(proc GLM, SAS 9.2; SAS Institute Inc., Cary, NC, USA). Differences
in forest floor chemistry were also analysed with one-way ANOVA.
In case of significant differences, means were separated by Dun-
can’s multiple range test. Results are reported as significant when
P < 0.05.

3. Results

3.1. Stand characteristics

Mean height, circumference and density for young spruce thick-
ets (natural regeneration) across the catchment were 4 m, 16.7 cm
and 6028 trees ha�1 respectively (Table 1). Whereas tree height
and circumference were in the same range than those of the other
species, the density of spruce thickets was much higher than that
of deciduous species planted in the three fenced plots (no signifi-
cant difference between the three plots). Within plots 1 and 2, tree
density did not differ between the deciduous species. In plot 3,
birch density was significantly higher compared to oak and willow.

Within all plots (Table 1), birch trees were largest with mean
(across plots) height and circumference of 6.6 m and 29 cm,
respectively. In plot 1, alder were also larger (height: 5.9 m) than
other species, except rowan. Birch trees had a higher circumfer-

Table 1
Mean (SE; n = 5) tree height, tree density and circumference at 130 cm of planted (1998) tree species in three fenced plots and spruce regeneration in thickets (n = 9) within the
catchment in 2010. Number of trees measured per plot (minimum–maximum number measured in 5 subplots).

Stand characteristics Species Catchment Plot 1 Plot 2 Plot 3

Height (m) Alder 6.0 (0.7) a A 3.4 (0.2) b B 4.5 (0.4) b AB
Birch 6.7 (0.4) a A 6.4 (0.2) a A 6.6 (0.3) a A
Beech 6.3 (0.4)
Oak 3.7 (0.2) b A 3.2 (0.3) b A 3.8 (0.1) b A
Willow 3.4 (0.2) b A 3.2 (0.1) b A 3.7 (0.0) b A
Rowan 5.2 (0.4) ab A 3.9 (0.2) b B 5.1 (0.2) ab A
Spruce 4 (0.3)

Tree density (stems ha�1) Alder 270 (44) a A 135 (37) a A 185 (52) ab A
Birch 260 (71) a A 125 (26) a A 305 (63) a A
Beech n.d.*

Oak 130 (48) a A 30 (18) a A 40 (26) b A
Willow 140 (38) a A 70 (46) a A 80 (58) b A
Rowan 165 (27) a A 180 (65) a A 200 (64) ab A
Spruce 6028 (2161)

C130 (cm) Alder 23.6 (4.3) a A 15.3 (1.5) b A 23.9 (4.1) ab A
Birch 24.3 (2.1) a A 31.7 (2.2) a A 31.2 (3.1) a A
Beech 21.1 (2.5)
Oak 13.9 (1.3) a A 15.9 (3.6) b A 11.5 (0.8) b A
Willow n.d. n.d. n.d
Rowan 19.3 (1.0) a A 18.1 (1.1) b A 19.2 (0.8) ab A
Spruce 16.7 (1.8)

Number of trees Alder 54 (7–16) 27 (2–9) 37 (1–12)
Birch 52 (5–21) 25 (2–7) 61 (9–21)
Beech 13
Oak 26 (1–10) 0–4 (6) 8 (0–5)
Willow 28 (2–8) 0–10 (14) 16 (0–12)
Rowan 33 (4–10) 2–16 (36) 40 (1–11)
Spruce 197 (20–27)

Different small letters in each column denote significant differences among tree species (P < 0.05). Different capital letters in each row denote significant differences among
plots (P < 0.05).
* n.d.: Not determined.
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ence than some other species in plots 2 and 3. The circumference of
the other tree species was similar in the three plots.

3.2. Fresh foliage and litter nutrient contents

Fresh foliar N, Ca, Mg and K concentrations differed significantly
between the seven tree species growing on the same site (Table 2).
N concentrations were three times higher in alder and willow than
in spruce (P < 0.05), while they were intermediate in the other spe-
cies. Ca, Mg and K concentrations were highest in fresh foliage of
rowan and lowest in spruce needles. Alder and willow also had
higher K concentrations in fresh foliage than the other species.
Ca concentrations in spruce significantly increased by 146% from
current-year needles to 2-year-old needles (Table 3). Mg and K
concentrations did not differ significantly in spruce needles of dif-
ferent age classes.

Foliar litter C/N ratio was significantly higher for beech and
spruce (ca. 50) than for willow and alder (ca. 25) (Table 2), whereas
N concentrations were highest in alder and willow. Foliar litter Ca
concentrations were approximately twice in rowan (20 mg g�1)
than all other tree species. Foliar litter Ca concentrations of beech
were also significantly higher than the concentrations of most
other species (except rowan and oak). Mg foliar litter concentra-
tions were also highest in rowan, followed by birch and alder. K
concentrations in foliar litter ranged from 2.8 (spruce) to 9.0 (wil-
low) mg g�1 in the different species.

Differences in nutrient concentrations between fresh foliage
and leaf litter depended both on the element concerned and on
tree species (Table 2). N and K concentrations decreased substan-
tially during senescence for all species, except for spruce and
oak, respectively. In spruce needles, N concentrations were higher
in leaf litter compared to the fresh foliage. K concentrations in oak
leaves and litter were comparable. Calcium concentrations in-
creased after leaf abscission for all species, except for rowan (ra-
tio = 1). Mg concentrations in leaf litter decreased for alder, birch,
beech and rowan, but increased for willow and spruce and were
comparable for oak.

3.3. Litterfall

The mean total litterfall biomass flux was highest under rowan
(3122 kg ha�1 yr�1) and birch, lowest under beech, spruce and oak
(615 kg ha�1 yr�1) and intermediate under alder and willow

(Table 4). Foliar litterfall biomass was significantly lower under
oak and beech (544 and 646 kg ha�1 year�1, respectively) than un-
der the other tree species. Mean annual litter return as branches/
twigs was highest under birch (651 kg ha�1 year�1) and alder, fol-
lowed by willow and lowest under oak, beech, rowan and spruce
(7.5 kg ha�1 year�1). Reproductive parts of litterfall biomass ran-
ged from 0.0 (oak) to 1493 (rowan) kg ha�1 year�1. Willow, birch
and alder showed intermediate values for litter return in form of
reproductive parts (388–597 kg ha�1 year�1).

Foliar litterfall represented above 85% of total litterfall for the
main forestry species beech, spruce and oak. Foliar litterfall of alder
and willow represented ca. 70% of total litterfall biomass, the
remaining fractions being branches/twigs and reproductive parts,
in equal proportions. For birch and rowan, foliar litterfall repre-
sented ca. 55% of total litterfall biomass, the remaining fractions
being branches/twigs and reproductive parts, in equal proportions
under birch and mainly reproductive parts (44%) under rowan.

3.4. Nutrient return in throughfall and litterfall

Throughfall water fluxes were significantly lower, by ca. 50%,
under spruce compared to the other tree species (Table 5). A com-
parison of annual nutrient fluxes via throughfall, foliage litter and
reproductive parts among tree species indicated significant differ-
ences (P < 0.05) for most considered elements, except throughfall
NHþ4 -N, DON and total N (Tables 5 and 6).

Under the 7 tree species, Ca return to the forest floor occurred in
the range of 6.1–9.8 kg ha�1 year�1 as throughfall deposition, 6.2–
32.3 kg ha�1 year�1 in form of leaf litter and 0–5.6 kg ha�1 year�1

as reproductive parts (Table 5). Throughfall Ca2+ deposition was

Table 2
Mean (SE; n = 9) fresh foliage and foliar litter nutrient concentrations (mg g�1). Ratio of concentrations in fresh foliage and foliar litter (fresh foliage/foliar litter): values greater
than 1 indicate higher concentrations in fresh foliage; values below 1 indicate higher concentrations in foliar litter.

Species Fresh foliage (mg g�1) Foliar litter (mg g�1) Fresh foliage/foliar litter

N Ca Mg K C/N N Ca Mg K N Ca Mg K

Alder 28.4 a 7.23 b 2.02 b 13.42 a 23.71 d 22.67 a 8.90 c 1.79 b 5.11 c 1.25 0.81 1.13 2.63
(1.5) (2.02) (0.21) (0.54) (1.82) (1.56) (1.13) (0.15) (0.34)

Birch 21.2 bc 7.60 b 2.10 b 10.94 b 39.56 c 13.06 b 10.20 c 1.83 b 5.18 c 1.56 0.75 1.15 2.11
(0.9) (0.68) (0.10) (0.61) (2.55) (0.74) (0.93) (0.06) (0.42)

Beech 22.8 bc 6.49 b 1.22 c 9.36 b 55.63 a 9.21 c 14.07 b 0.71 d 4.24 cd 2.48 0.46 1.72 2.21
(0.9) (0.38) (0.14) (0.63) (4.40) (0.68) (1.38) (0.10) (0.54)

Oak 20.7 c 6.24 b 1.69 b 9.41 b 41.76 bc 12.92 b 11.56 bc 1.40 c 3.54 de 1.60 0.64 1.06 1.05
(1.4) (0.47) (0.13) (0.86) (3.96) (1.09) (1.38) (0.09) (0.46)

Willow 25.2 ab 6.53 b 1.73 b 13.57 a 26.17d 20.15 a 9.78 c 1.59 bc 8.95 a 1.25 0.33 0.72 1.81
(0.9) (0.77) (0.21) (0.89) (0.55) (0.43) (0.65) (0.09) (0.71)

Rowan 18.9 c 12.16 a 3.46 a 14.56 a 40.31 bc 13.09 b 19.61 a 2.41 a 7.50 b 1.44 1.05 2.47 4.11
(0.6) (0.45) (0.13) (0.92) (2.44) (0.93) (1.66) (0.13) (0.46)

Spruce 9.1 d 2.77 c 0.62 d 6.76 c 49.52 ab 10.59 bc 9.48 c 0.82 d 2.76 e 0.86 0.29 0.76 2.45
(0.5) (0.19) (0.04) (0.48) (4.49) (0.79) (0.61) (0.06) (0.36)

Different letters indicate significant differences between species (P < 0.05).

Table 3
Mean (SE; n = 9) foliage nutrient concentrations in needles of different ages.
Spruce0 = current year needles; Spruce1 = 1 year old needles; Spruce2 = 2 year old
needles.

Needle age class Macro-elements (mg g�1)

Ca Mg K

Spruce0 2.77 c 0.62 a 6.76 a
(0.19) (0.04) (0.48)

Spruce1 5.67 b 0.68 a 6.27 a
(0.24) (0.05) (0.40)

Spruce2 6.81 a 0.59 a 5.66 a
(0.37) (0.06) (0.33)

Different letters indicate significant differences between age classes (P < 0.05).
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significantly higher under birch, oak and rowan, compared to
spruce. Ca return as leaf litter and reproductive parts was at the
least twice as much under rowan compared to the other tree spe-
cies. Three groups could be distinguished for the total Ca return
(sum of throughfall deposition and fluxes of foliar litter and repro-
ductive parts): highest return was observed under rowan
(47.3 kg ha�1 year�1), followed by alder, birch and willow (22.5–
28.9 kg ha�1 year�1), and lowest return under beech, oak and
spruce (15.5–18 kg ha�1 year�1). Throughfall formed 20% (ro-
wan)–60% (oak) of total annual Ca return.

Mg return to the forest floor was in the range of 1.6–3 kg ha�1

year�1 for throughfall, 0.5–3.9 kg ha�1 year�1 for foliar litter and

0–2.1 kg ha�1 year�1 for reproductive parts. Throughfall Mg2+

deposition was highest under birch and lowest under spruce, beech
and willow. Mg return as leaf litter and reproductive parts was
highest under rowan. As for Ca, three groups could be distin-
guished for the total Mg return: highest return was observed under
rowan (8.3 kg ha�1 year�1), followed by alder, birch and willow
(5.1–6.6 kg ha�1 year�1), and lowest return under beech, oak and
spruce (2.9–3.1 kg ha�1 year�1). Mg return in throughfall was 30%
(rowan)–76% (beech) of the total annual nutrient return.

K return to the forest floor was in the range of 12.3–
33.5 kg ha�1 year�1 for throughfall, 2.2–14.7 kg ha�1 year�1 for fo-
liar litter and 0–20.5 kg ha�1 year�1 for reproductive parts. Highest

Table 4
Mean (SE; n = 9) annual quantities and percentages of litterfall fractions.

Species Quantities (kg ha�1 year�1) Litterfall fractions (%)

Total litterfall Foliar litter Branches/twigs Reproductive parts Foliar litter Branches/twigs Reproductive parts

Alder 2213.2 b 1401.6 a 423.7 ab 387.9 bc 67.7 cd 15.7 ab 16.7 bc
(334.2) (164.6) (169.5) (77.3) (5.1) (4.2) (2.3)

Birch 2845.0 ab 1596.5 a 651.0 a 597.4 b 56.4 d 22.2 a 21.4 b
(187.8) (162.6) (141.1) (86.7) (4.5) (4.6) (2.9)

Beech 752.3 c 645.9 b 28.1 c 78.3 c 85.9 ab 2.8 cd 11.3 cd
(115.6) (101.6) (19.1) (10.5) (2.3) (1.9) (1.2)

Oak 614.9 c 544.1 b 70.8 c 0.0 c 85.2 ab 14.8 ab 0.0 e
(101.3) (97.9) (11.8) (0.0) (4.9) (4.9) (0.0)

Willow 2113.8 b 1624.3 a 229.1 bc 260.3 bc 76.9 bc 11.0 bc 12.1 cd
(222.3) (180.3) (31.1) (67.9) (1.8) (1.0) (2.4)

Rowan 3122.2 a 1593.8 a 35.6 c 1492.9 a 55.3 d 1.2 d 43.5 a
(362.0) (177.7) (8.3) (343.4) (6.9) (0.3) (6.7)

Spruce 1261.2 c 1198.7 a 7.5 c 55.0 c 94.1 a 0.6 d 5.3 de
(279.5) (273.2) (1.9) (7.9) (1.1) (0.1) (1.1)

Different letters indicate significant differences between species (P < 0.05).

Table 5
Mean yearly throughfall volume (SE; n = 9 spruce, n = 3 deciduous), annual nutrient return in throughfall and in two litter fractions (SE; n = 9; kg ha�1 year�1). Total = sum of
throughfall deposition and fluxes of foliar litter and reproductive parts.

Species Throughfall
Volume
(mm
year�1)

Ca (kg ha�1 year�1) Mg (kg ha�1 year�1) K (kg ha�1 year�1)

Throughfall Foliar
litter

Litter:
Reproductive
parts

Total Throughfall Foliar
litter

Litter:
Reproductive
parts

Total Throughfall Foliar
litter

Litter:
Reproductive
parts

Total

Alder 887.78 a 8.08 ab 12.94
bc

1.52 bc 22.5 2.16 ab 2.50 b 0.44 bc 5.1 19.78 b 7.25 c 1.47 b 28.5

(35.30) (0.55) (3.18) (0.39) (0.13) (0.39) (0.10) (2.39) (1.06) (0.40)

Birch 1038.41 a 9.80 a 16.62
b

2.53 b 28.9 2.98 a 2.94 b 0.68 b 6.6 27.37 a 8.49
bc

2.71 b 38.6

(17.46) (1.80) (2.91) (0.54) (0.43) (0.36) (0.12) (3.79) (1.32) (0.51)

Beech 916.03 a 6.91 ab 9.03
bc

0.55 c 16.5 1.59 b 0.49 c 0.05 c 2.1 12.32 c 2.99 d 0.14 b 15.5

(14.89) (0.50) (1.61) (0.12) (0.13) (0.1)1 (0.01)) (0.92) (0.70) (0.03)

Oak 1066.04 a 9.32 a 6.17 c 0 c 15.5 2.14 ab 0.75 c 0 c 2.9 16.36 bc 2.18 d 0 b 18.5
(14.31) (0.46) (1.41) (0) (0.17) (0.15) (0) (2.81) (0.60) (0)

Willow 981.50 a 7.80 ab 15.30
bc

1.33 bc 24.4 1.85 b 2.55 b 0.26 bc 4.7 29.54 a 14.74
a

2.71 b 47.0

(112.24) (1.06) (1.34) (0.23) (0.20) (0.28) (0.06) (1.36) (1.99) (1.12)

Rowan 1013.11 a 9.36 a 32.33
a

5.55 a 47.3 2.58 ab 3.86 a 2.11 a 8.6 33.47 a 11.74
ab

20.49 a 65.6

(45.53) (0.70) (5.67) (1.06) (0.15) 0.47) (0.47) (2.51) (1.32) (4.87)

Spruce 525.61 b 6.10 b 11.72
bc

0.19 c 18.0 1.96 b 1.08 c 0.03 c 3.1 17.62 bc 3.71 d 0.01 b 21.34

(57.58) (0.67) (2.94) (0.03) (0.26) (0.29) (0.01) (1.24) (1.12) (0.02)

Different letters indicate significant differences between species (P < 0.05).
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K+ throughfall deposition occurred under birch, willow and rowan.
Leaf litter K return was highest under willow, whereas rowan
showed highest K return in form of reproductive parts. The same
3 classes as before can be distinguished for K return with highest
return under rowan (65.6 kg ha�1 year�1), followed by alder, birch
and willow (28.5–47 kg ha�1 year�1), and lowest return under
beech, oak and spruce (15.5–21.3 kg ha�1 year�1). K nutrient re-
turn was composed by 51% (rowan)–88% (oak) of throughfall.

N deposition via throughfall occurred in the forms of nitrate,
ammonium and dissolved organic nitrogen (Table 6). NO�3 -N depo-
sition was significantly higher under spruce (8.3 kg ha�1 year�1),
whereas NHþ4 -N, DON and total N deposition did not differ among
species. Total N deposition in throughfall ranged between 12–
19 kg ha�1 year�1, with DON contributing by 21% under spruce
and by 36–45% under the other species. N return to the forest floor
was in the range of 5.8–33.4 kg ha�1 year�1 for foliar litter and 0–
19 kg ha�1 year�1 for reproductive parts. Foliar litter deposition
was highest under alder and willow (33 kg ha�1 year�1), followed
by birch and rowan (20 kg ha�1 year�1), and lowest under beech,
oak and spruce. N return through reproductive parts was at least
double under rowan compared to the other species. Total N return
to the forest floor ranged from 19–33 kg ha�1 year�1 under beech,
oak and spruce, and was around 50 kg ha�1 year�1 under alder,
birch, willow and rowan. Throughfall formed 24% (alder)–66%
(oak) of total annual nutrient return for N.

3.5. Forest floor chemistry

The mean pH measured in H2O and KCl ranged from 3.5 to 3.9
and from 2.9 to 3.2 under the different species (Table 7). pHH20

was significantly increased by 0.4 units under birch and rowan,
compared to spruce and beech. Soil pHKCl under willow, birch, ro-
wan and alder was significantly higher (0.2 units) than under
spruce and oak. Soil C/N ratio was highest under beech (29) and
lowest under alder (22). Exchangeable Ca2+, Mg2+, K+ were signifi-
cantly higher under rowan, with increases of 212%, 189%, 168%,
respectively, compared to spruce.

4. Discussion

We studied nutrient return to the forest floor under 3 commer-
cial and 4 accompanying forest tree species planted within an
experimental catchment after 2 generations of Norway spruce
monoculture. Our results demonstrate that tree species can im-
prove forest floor nutrient availability, 11 years only since conver-
sion from a second-generation Norway spruce plantation. Rowan
showed high nutrient improvement capacities, with exchangeable
Ca, Mg, and K concentrations increased by factors of 1.4–2.3, 1.7–
2.7, 1.5–3.8, respectively, compared to the other investigated
deciduous species, and by a factor of 3, 2.8, and 2.5 compared to

Table 6
Mean yearly annual nitrogen return in throughfall (SE; n = 9 spruce, n = 3 deciduous; kg ha�1 year�1) and in two litter fractions (SE; n = 9; kg ha�1 year�1). DON = dissolved
organic nitrogen. Total N return: sum of organic and inorganic throughfall deposition, fluxes of foliar litter and reproductive parts.

Throughfall Litter Total N return

Foliar litter Litter: reproductive parts
NO�3 -N NHþ4 -N DON Total N throughfall N N N

Alder 2.80 b 5.96 a 5.30 a 13.94 a 33.42 a 9.58 b 57.1
(0.55) (1.24) (0.52) (1.37) (6.09) (2.18)

Birch 4.90 ab 6.67 a 6.35 a 17.27 a 20.70 b 10.11 b 48.8
(1.19) (1.67) (0.73) (3.11) (2.50) (1.62)

Beech 3.80 b 4.33 a 4.30 a 12.11 a 5.80 c 1.07 c 19.3
(0.16) (0.52) (0.31) (0.69) (0.87) (0.18)

Oak 3.52 b 6.07 a 5.58 a 15.16 a 7.56 c 0 c 22.8
(0.57) (1.39) (0.50) (1.69) (1.83) (0)

Willow 3.36 b 4.55 a 5.46 a 13.32 a 32.52 a 5.59 bc 52.6
(0.63) (0.70) (0.45) (1.36) (3.46) (1.21)

Rowan 3.25 b 3.76 a 5.37 a 12.02 a 20.27 b 18.45 a 51.3
(0.49) (0.48) (0.07) (0.88) (1.86) (4.36)

Spruce 8.27 a 6.53 a 3.96 a 18.76 a 13.75 bc 0.64 c 33.0
(1.19) (1.06) (0.36) (2.33) (3.82) (0.11)

Different letters indicate significant differences between species (P < 0.05).

Table 7
Forest floor pH, C/N ratio and exchangeable Ca2+, Mg2+ and K+ (means, SE; n = 6).

Soil characteristic Alder Birch Beech Oak Willow Rowan Spruce

pH (H20) 3.64 abc 3.91 c 3.49 a 3.60 ab 3.84 bc 3.90 c 3.54 ab
(0.08) (0.05) (0.11) (0.08) (0.11) (0.03) (0.06)

pH (KCl) 3.10 bc 3.13 bc 2.96 ab 2.89 a 3.22 c 3.11 bc 2.86 a
(0.08) (0.06) (0.06) 0.03) (0.07) (0.06) (0.04)

C/N 21.69 c 24.03 bc 28.94 a 25.54 b 24.76 bc 23.58 bc 26.44 ab
(0.31) (1.05) (1.01) (1.02) (0.74) (2.91) (1.93)

Ca2+ (mg kg�1) 1416.63 c 1766.86 bc 1876.88 bc 2364.99 b 1608.38 bc 3311.24 a 1061.15 c
(246.82) (330.13) (287.82) (237.35) (329.11) (396.36) (127.74)

Mg2+ (mg kg�1) 160.78 b 259.70 b 203.47 b 233.61 b 176.94 b 436.38 a 150.71 b
(26.24) (60.15) (62.21) (37.70) (44.25) (48.54) (18.33)

K+ (mg kg�1) 186.39 c 376.55 b 153.02 c 181.82 c 283.62 bc 581.19 a 217.08 c
(28.84) (46.38) (47.39) (23.44) (52.78) (65.67) (42.80)

Different letters indicate significant differences between species (P < 0.05).
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spruce. Although rowan has long been considered as a ‘soil improv-
ing species’, surprisingly little data have been published on avail-
able nutrients under this species (Emmer et al., 1998). We found
only 2 papers investigating soil recovery under spontaneous birch
and rowan regenerations in the organic horizon of former spruce
stands. In the regeneration plots, 20 years after windthrow in the
upper Solling (NW-Germany), increased total P, K, and Mg contents
were observed compared to the mature spruce stand (Zerbe and
Meiwes, 2000) and 20–50 years after forest dieback or clearcut in
the Krkonoše mountains (Czech Republic), exchangeable K, Ca
and Mg were higher under the pioneers, compared to the 40–
120 year-old spruce stands (Emmer et al., 1998). The similarity in
soil chemistry under beech, oak and spruce is in line with a com-
parative study of mature spruce, beech, oak and Douglas-fir stands
at four sites, showing that exchangeable calcium in the forest floor
was not affected by these tree species (Malchair and Carnol, 2009).
Also, a similar effect of beech relative to spruce was found in the
mineral topsoil after afforestation of former agricultural land (Ha-
gen-Thorn et al., 2004). In contrast to literature data, we did not
find increased acidification under alder (Van Miegroet and Cole,
1984; Hart et al., 1997) or a difference in pH under oak and beech
compared to spruce (Augusto et al., 2002). In our experiment, plan-
tations were established on initially very acid soils, so that changes
in pH under the main tree species may take longer to develop than
the 11 years since plantation. Furthermore, acidity due to in-
creased nitrification under alder (data not shown) might be buf-
fered by cation exchange, a hypothesis supported by the low
exchangeable cation concentrations under alder. Decreased soil
acidity in the forest floor under pioneer species (alder, willow,
birch and rowan) is consistent with previous reports for birch
and rowan compared to spruce (Emmer et al., 1998), Douglas fir
(Welke and Hope, 2005) and pine-spruce stands (Kanerva and
Smolander, 2007). In contrast to these studies, we compared soil
chemistry under young trees of the same age, confirming that
the early soil improving capacities of birch and rowan offer good
possibilities for restoration management.

Fresh foliar nutrient concentrations differed between the 7 tree
species growing at the same site, confirming that the chemical fo-
liar composition depends not only on site but also on species (Hob-
bie, 1992). As expected, we found highest leaf N concentrations in
the N2-fixing alder (Hansen and Dawson, 1982). Highest Ca, Mg
and K concentrations in fresh leaves of rowan may be explained
by plant physiological characteristics leading to better exploitation
of soil resources from the total pool of available nutrients (Attiwill
and Adams, 1993; Larcher, 2003). There were several indications of
nutrient deficiencies in the commercial tree species in this exper-
iment. Indeed, according to threshold values summarised by Jo-
nard et al. (2009), N, Ca and Mg concentrations in fresh spruce
foliage were below the deficiency level, and K concentrations with-
in the critical level. Also the new foliar nutrient thresholds, com-
piled by Mellert and Göttlein (2012), classify N concentrations of
spruce needles in our study in the extreme deficiency range, Ca
and Mg in the latent deficiency range, and K in the central normal
range. N nutrition of oak was in the critical range (Jonard et al.,
2009), and Ca nutrition of oak was in the deficiency range (Mellert
and Göttlein, 2012). Nutrient concentrations of the other reported
elements for oak and beech were in the normal or optimal ranges.
Threshold values published by Mellert and Göttlein (2012), com-
piled data from young and old stands, while data summarised by
Jonard et al. (2009) were established for mature trees. However,
as foliar nutrient concentrations decrease with tree age (DeBell
and Radwan, 1984), nutrient deficiency for the major elements is
very likely to occur at our site.

Retranslocation, the nutrient recovery from senescent tissues,
especially foliage, is an important species-specific mechanism for
the conservation of nutrients within the tree (Mahendrappa

et al., 1986; Miller, 1995). We observed N translocation for all spe-
cies (20–60% of leaf N before abscission), except spruce. The high N
translocation in beech (60%) was in the same range as values re-
ported for low-fertility soils (Sariyildiz and Anderson, 2005) and
for afforestated agricultural land (Hagen-Thorn et al., 2006). In-
creased Ca concentration in litter relative to leaves might be ex-
plained by Ca retention in combination with decreased K
concentrations due to leaching of K and simple sugars after autol-
ysis of the cells during senescence (Sariyildiz and Anderson, 2005).
Differences in fresh foliage nutrient concentrations and retranslo-
cation resulted in high concentrations in foliar litter of alder (N),
willow (N, K), rowan (Ca, Mg, K), and birch (Mg), relative to the
other species. Nutrient concentrations in foliar litter are generally
considered to be higher for deciduous species compared to conifers
(Augusto et al., 2002), which was confirmed in our study. The high-
er litter nutrient contents observed in this study are consistent
with the measured changes in soil chemistry. Better soil nutrient
availability is often thought to be related to faster initial decompo-
sition rates, due to lower litter C/N (Taylor et al., 1989; Zhang et al.,
2008). However, soil nutrient enrichment in our study was highest
under rowan rather than under species with lowest litter C/N ratios
(alder, willow). This could be explained by the rate-retarding effect
of high litter N concentrations on later decomposition stages, lead-
ing to a lower total mass loss (Berg, 2000) and consequently lower
nutrient release. Thus, despite intially different decomposition
rates, mass loss of numerous species tend to converge on the long-
er scale (12 y) (Prescott, 2010), so that nutrient enrichment of the
soil would mainly be determined by litter biomass and nutrient
content (see below).

Total annual litterfall was up to three times higher under
accompanying species than that of the main forestry species. High-
er litter biomass of pioneer species in our study reflects their rapid
growth and canopy development. This is part of the inherent char-
acteristics of these species, which, in addition to high litter quality,
enable nutrient return to the forest floor early during stand devel-
opment. Differences in throughfall volume (526–1066 mm year�1),
litterfall quantities (615–3122 kg ha�1 year�1), as well as litter and
throughfall nutrient concentrations, resulted in diverging nutrient
return to the forest floor under the 7 species. The fraction of nutri-
ent return to the soil by throughfall was higher under commercial
tree species, compared to pioneers, representing 83–88 vs 51–71%
for K, 42–60 vs 20–36% for Ca, 63–76 vs 30–45% for Mg, and 57–66
vs 23–35% for N. In contrast, higher nutrient return by litterfall rel-
ative to throughfall has been reported under chesnut in Switzer-
land (Zimmermann et al., 2002). Total Ca, Mg, K and N return via
throughfall, foliar litter and reproductive parts was higher under
accompanying tree species (alder, birch, willow, rowan) than un-
der the commercial tree species (oak, beech, spruce). Total N return
was in the order of 50 kg ha�1 year�1 under accompanying species,
33 kg ha�1 year�1 under spruce and near 20 kg ha�1 year�1 under
beech and oak. Under rowan, total deposition was highest,
amounting to 47, 9 and 66 kg ha�1 year�1 for Ca, Mg, and K, respec-
tively. The threefold increase in soil exchangeable Ca2+, Mg2+, and
K+ may thus be related to the high return of these nutrients under
rowan.

Assessment of the long-term potential of rowan to increase soil
nutrient availability and extrapolation to forest management plans
would require some further information. Data through stand
development on the forest floor, mineral weathering, exchangeable
cation pools, the mineral soil layer, and the evolution of litter bio-
mass and chemical composition with stand age would allow eval-
uating the proportion of pioneer species needed for a sufficient
improvement in soil quality. Furthermore, in the longer term, soil
Ca enrichment through tree species may have a profound effect
on soil acidity, along with earthworm abundance and diversity,
as has been reported 30 years after afforestation of a previous pine
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forest (Reich et al., 2005). Although litter input is likely to increase
with stand age, especially during the rapid growth phase of trees
(Lebret et al., 2001; Welke and Hope, 2005; Trap et al., 2011), the
difference between species is likely to decrease with time, as in
closed-canopy temperate forests, the amount of litterfall is only
slightly influenced by species (Augusto et al., 2002) and tree den-
sity (Bray and Gorham, 1964). The variation of foliar nutrient con-
centrations with age depend on the species; for example, nutrient
concentrations of alder have been reported to decrease with tree
age (DeBell and Radwan, 1984), while concentrations in birch in-
creased (Ovington and Madgwick, 1959). Although differences be-
tween species in nutrient return to the forest floor might evolve
during stand development, differences are most important for soil
fertility during early stages. Indeed, at this stage trees rely mostly
on soil for their nutrient requirements (Miller, 1995), so that soil
enrichment is particularly important during early stand develop-
ment for avoiding deficiency symptoms.

Our study allows strong inference for the individual tree species
effects (Hurlbert, 1984), as species were subjected to identical site
conditions, including land use history, climate, rainfall composition
and geology. Indeed, within sites, tree species effects can be impor-
tant (Malchair and Carnol, 2009) and most relevant for forest man-
agement. However, results cannot be extrapolated to other
environmental conditions and across large geographical regions
(Binkley, 2008). Both large scale approaches and replicated exper-
iments at plot or catchment scale provide useful and complemen-
tary information on forest ecology, keeping a balance between
generalisation and specificity (Kim et al., 2009; Minocha et al.,
2010; Sridevi et al., 2012). This study improves our understanding
of the effects of individual tree species on nutrient return, neces-
sary for the mechanistic explanation of nutrient cycling in other
studies, such as mixed species stands (Nadrowski et al., 2010; Rich-
ards et al., 2010).

In conclusion, our data suggest that differences in total nutrient
return via throughfall and litterfall under tree species influence the
availability of nutrients in the forest floor, 11 years after conver-
sion from a Norway spruce plantation. Tree-species specific Ca,
Mg, K and N concentrations in foliage and leaf litter, as well as dis-
tinct throughfall deposition and litterfall biomass, resulted in high-
er Ca, Mg, K, and N return under accompanying tree species (alder,
birch, willow, rowan) than under the main commercial tree species
(oak, beech, spruce). Under rowan, high throughfall, litterfall bio-
mass, and litterfall Ca, Mg and K concentrations resulted in highest
nutrient return to the forest floor and higher exchangeable Ca, Mg,
and K in the forest floor. Planting rowan as accompanying species
may therefore represent an interesting management option for
improving soil chemistry on nutrient poor sites through Ca and
Mg nutrient return.
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