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Abstract

Temperate forest soils are often considered as an important sink for atmo-
spheric carbon (C), thereby buffering anthropogenic CO, emissions. However,
the effect of tree species composition on the magnitude of this sink is unclear.
We resampled a tree species common garden experiment (six sites) a decade
after initial sampling to evaluate whether forest floor (FF) and topsoil organic
carbon (C,) and total nitrogen (N;) stocks changed in dependence of tree spe-
cies (Norway spruce—Picea abies L., European beech—Fagus sylvatica L.,
pedunculate oak—Quercus robur L., sycamore maple—Acer pseudoplatanus L.,
European ash—Fraxinus excelsior L. and small-leaved lime—Tilia cordata L.).
Two groups of species were identified in terms of C,., and N distribution:
(1) Spruce with high C,, and N; stocks in the FF developed as a mor humus
layer which tended to have smaller C,,; and N; stocks and a wider C,,:N; ratio
in the mineral topsoil, and (2) the broadleaved species, of which ash and maple
distinguished most clearly from spruce by very low C,,, and N; stocks in the
FF developed as mull humus layer, had greater C,,, and N; stocks, and narrow
Corg:N; ratios in the mineral topsoil. Over 11 years, FF C,;, and N; stocks
increased most under spruce, while small decreases in bulk mineral soil (esp.
in 0-15 cm and 0-30 cm depth) C,,; and N; stocks dominated irrespective of
species. Observed decadal changes were associated with site-related and tree
species-mediated soil properties in a way that hinted towards short-term accu-
mulation and mineralisation dynamics of easily available organic substances.
We found no indication for C,., stabilisation. However, results indicated
increasing N stabilisation with increasing biomass of burrowing earthworms,
which were highest under ash, lime and maple and lowest under spruce.
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1 | INTRODUCTION

Forest soils contain ~60% of the total organic carbon
(Corg) stored in temperate forests, and forests are often
considered as sinks for atmospheric C (Goodale
et al., 2002; Lal, 2005; Pan et al., 2011). The nitrogen (N)
cycle is closely coupled with the C cycle (Schulze, 2000),
for example, a greater N supply might lead to an
increased biomass production and thus increased litter
input to the forest floor (FF). As N is often the limiting
nutrient in forest ecosystems, and C,.,:N; ratios in
organic matter are relatively stable, soil C, sequestra-
tion rates are directly linked to, for example, N deposition
(Gundersen et al., 2006). The understanding of how tree
species selection might increase this C and N sink func-
tion is of high relevance, but not yet fully understood
(Mayer et al., 2020).

Tree species effects on FF C,,, and N; stocks have
been found in several studies and appeared to be remark-
ably consistent. They decreased from conifers over beech
and/or oak-dominated forests to other broadleaved for-
ests (Fleck et al., 2019; Peng et al., 2020; Vesterdal
et al., 2013). In the mineral topsoil, this ranking often
appeared to be vice versa (Fleck et al., 2019; Peng
et al., 2020; Rodeghiero et al., 2018; Vesterdal
et al., 2013), but in the case of topsoil C,,g stocks, species
effects were only found in ~60% of the studies and seem
to be context-dependent (Boca et al., 2014; Langenbruch
et al., 2012; Mayer et al., 2020; Peng et al., 2020; Vesterdal
et al., 2013). It remains unclear which biochemical and
climatic parameters favour species effects on topsoil Cog
stocks and how these stocks change with time (Mayer
et al., 2020).

Changes in C,, and N; stocks can be measured either
directly via repeated sampling (Achilles et al., 2021;
Griineberg et al., 2014) or indirectly, that is, by mass

ate after a decade.

« We studied if tree species differences in topsoil C,, and N; stocks substanti-
« The study is unique in its repeated soil sampling in a multisite common gar-

« Forest floors increased under spruce, but topsoil stocks decreased
irrespective of species.

« Changes were of short-term nature. Nitrogen was most stable under
arbuscular mycorrhizal species.

accumulation, carbon sequestration, clay, dynamics, earthworms, forest floor, forest
topsoil, soil nitrogen, soil organic carbon, temperate tree species

balances quantifying input and output fluxes (Angst,
Mueller, Eissenstat, et al., 2019; Vesterdal et al., 2012). The
latter provide valuable insights into the controlling pro-
cesses, but they are very laborious and seldom include all
input and output parameters with sufficient precision.
Direct measurement of C,,, and N stock changes in forest
soils is challenging as they may only be detectable after
~10 years depending on the magnitude of the expected
changes (Lawrence et al, 2013, 2016; Schrumpf
et al., 2011). Monitoring forest soil C,, stock changes via
repeated sampling have been reported at larger spatial
scales from national forest soil inventories (Griineberg
et al., 2014; Jonard et al., 2017) and after land-use change
such as afforestation (Li et al., 2015) and reforestation
(Shao et al., 2019). These soil monitorings show a strong
spatial range from soil C,s and N losses to uptakes. Very
recently, Achilles et al. (2021) found decadal losses of FF
Corg under beech-dominated, but not under coniferous
stands in Central Germany, while topsoil C,; and N; con-
centrations remained unchanged in beech-dominated and
coniferous stands. We are not aware of any study that
repeatedly measured soil C,,, and N; stocks in common
garden experiments to estimate their changes on a species
level.

Changes in forest soil C,,, and N; stocks could either
be of short-term nature by interannual variation in accu-
mulation and mineralisation dynamics, for example, due
to temperature and moisture differences, or of longer-
term nature through stabilisation processes (Jandl
et al., 2007). Recalcitrance is considered as a factor for
short-term stabilisation, while spatial inaccessibility,
mineral associations and complexation with metal ions
were identified as factors relevant for long-term
stabilisation (Kogel-Knabner et al, 2008). Cotrufo
et al. (2013) suggested that tree species with nutrient-rich
litter and fast microbially mediated decomposition are
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better suited for long-term sequestration of C,, stocks
than species with recalcitrant litter and high FF C,,
stocks.

The common garden experimental sites in Denmark
have been intensively studied with respect to C,, and N;
stocks and relevant driving parameters under six tree spe-
cies (European beech [Fagus sylvatica L.], pedunculate
oak [Quercus robur L.], sycamore maple [Acer
pseudoplatanus L.], small-leaved lime [Tilia cordata L.],
European ash [Fraxinus excelsior L.] and Norway spruce
[Picea abies L.]): (1) FF C, and N; stocks decreased in
the order spruce > beech, oak > maple, lime, ash
(Vesterdal et al., 2008) and (2) topsoil C,,z and Ny stocks
in 15-30 cm depth were highest under ash and lime and
lowest under spruce. (3) The C,4:N; ratio down to 15 cm
soil depth was highest under spruce and lowest under
maple and ash. (4) Burrowing earthworms contributing
to bioturbation, were most abundant under ash, maple
and lime and almost absent under spruce (Schelfhout
et al., 2017). (5) Soils under species associated with
ectomycorrhiza (ECM), that is, beech, oak, lime and
spruce (Harley & Harley, 1987), showed greater fungal
and bacterial biomass and fungal growth, while soils
under species associated with arbuscular mycorrhiza
(AM), that is, maple and ash, showed greater bacterial
growth (Hedenec et al., 2020). The question remains
whether the reported differences in C,; and N; stocks
will substantiate with time and whether the wide range
in tree species litter quality, mycorrhizal association and
associated soil biota may explain such temporal changes
in soil C,, and N; stocks.

In this study, we evaluated decadal FF and mineral top-
soil Cog and N, stock changes from repeated soil sampling
under the respective six tree species at six common garden
experimental sites located across Denmark. We aimed to
evaluate consistent tree species effects across multiple sites
with a wide range in soil texture. We expected small
changes in C,y and N; stocks after one decade, that is, in
these forest stands from ~30 to ~40 years of age, and we
expected that tree species-related differences widened dur-
ing a decade. Specifically, we expected that the accumula-
tion of Cye and N; would be more pronounced in the
topsoil under AM species and tree species with high-quality
litter and a high abundance of bioturbating earthworms,
while in ECM species and tree species with lower quality
litter and low abundance or absence of earthworms, greater
amounts of Co; and N; would accumulate in the FF. We
hypothesised that topsoil accumulation of Cop and N
would be highest under ash and maple, followed by lime,
intermediate under beech and oak, and lowest under
spruce, while we expected highest C,;, and N; accumula-
tion in the FF under spruce.

2 | MATERIALS AND METHODS

21 | Common garden experiment

This study was conducted in a common garden experiment
replicated at six sites located across Denmark that varied in
climatic and soil conditions as well as the previous land-
use (Table 1). Each site contained monoculture stands of
six tree species (European beech, pedunculate oak, syca-
more maple, small-leaved lime, European ash and Norway
spruce) that were planted in adjacent blocks of each
ca. 0.25ha in 1973; except for Kragelund, where stands
were smaller and trees were planted in 1961. The studied
tree species differed in litter chemistry, biomass production,
mycorrhizal association and earthworm communities
(Table 2). The sites were thinned approximately every
4 years. The last thinning was conducted in 2015. See Ves-
terdal et al. (2008) for a full description of the study design.

2.2 | FF and mineral soil sampling and
sample preparation

We resampled the FF and mineral soil in 2015/2016 in the
same season as 11 years before in the initial sampling cam-
paign (Vesterdal et al., 2008). The FF of each stand was res-
ampled in the second week of September 2016, that is,
directly before the start of the dormant season, by collecting
10 samples evenly distributed across the stand with a cylin-
der (diameter: 20 cm). The 10 samples of each species stand
were pooled to one composite sample. FF humus forms
were characterised according to Zanella et al. (2011).

The mineral topsoil was resampled between November
2015 and March 2016 by taking 15 soil cores evenly distrib-
uted across each species stand with an auger designed for
undisturbed soil sampling (diameter: 5 cm) down to 30 cm
soil depth. The soil cores were carefully divided into three
depth increments: 0-5 cm, 5-15 cm and 15-30 cm. Subse-
quently, the 15 samples of each depth increment were
pooled to one sample per species stand. By this method, we
aimed at minimising effects related to small-scale spatial
variability in concentrations of C,,, and N; and at deriving
a value quite close to the true plot mean.

The FF samples were air-dried at room temperature
until constant weight was achieved; grasses, herbs and
mosses were removed. Subsequently, the FF samples
were divided into foliar (i.e., leaf litter material) and non-
foliar (i.e., fruits, twigs, branches) compartments and
weighed. After well mixing of the sample, part of the
foliar forest floor (FFF) was ground—depending on the
volume of the sample either with the disc vibration mill
(Scheibenschwingmiihle-TS, Siebtechnik, Miilheim an
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Foliar litter chemistry, mycorrhiza (AM, arbuscular mycorrhiza; ECM, ectomycorrhiza), soil pH in 0-5 cm, earthworms and aboveground biomass production (ABP) from 2004

TABLE 2

to 2015 of the six species under study

Earthworm biomass in forest floor
plus mineral topsoil® (g m2)

ABP

Foliar litter chemistry®

Lignin

Proportion

since planting

(mgha™ ")
117b (16)
129b (7)

Soil pH

Anecic

Epigeic Endogeic

Mn (mg g‘l)
1.17bc (0.07)

Ca(mgg")
10.2a (0.1)
11.4a (0.8)
10.4a (0.7)

16.6b (1.9)

Myc. (mgg™) Lignin:N

Species

0.292 (0.02)
0.40b (0.01)

0.32ab (0.01)

3.6d (0.2)

3.8cd (0.1)
3.9bed (0.1)
4.3abc (0.1)

0.0a (0.0)
9.9abc (4.5)

0.0a (0.0)
9.0ab (4.2)

0.5a (0.3)
2.0ab (1.2)

19.1bc (1.6)

255b (3)
292b (7)

ECM

Spruce
Beech
Oak

1.63c (0.24)
1.55¢ (0.22)
1.13bc (0.22)

25.3¢ (4.0)
17.1b (1.3)

ECM
ECM

62a (6)

129b (7)
93ab (6)
89ab (6)

5.3ab (2.1)
24.3cd (6.8)

3.5ab (1.5)

7.8¢ (2.6)
7.5bc (3.2)

266b (11)

0.35ab (0.02)
0.36ab (0.01)

7.7b (1.8)
8.0b (3.5)

16.2b (3.8)

15.7b (1.2)

ECM  272b(18)

AM

Lime
Ash

4.6a(0.2)
4.4ab (0.2)

38.9d (20.5)
20.3bcd (5.8)

5.5bc (4.3)
6.7bc (2.4)

0.232 (0.13)
0.63b (0.14)

101a(1.6)  20.7b(2.5)

183a (14)
177a (14)

0.33ab (0.02)

19.3b (1.7)

10.4a (1.0)

AM

Maple

Note: Displayed are means with SE in brackets. Different lowercase letters indicate significant differences between the species at p < 0.05.

*Vesterdal et al. (2012).

Schelfhout et al. (2017).

e WILEY-L o>

der Ruhr, Germany) or with the mixer mill (MM 400,
Retsch, Haan, Germany)—to fine material. The non-
foliar part of the FF was very heterogeneous, and, hence,
ground completely.

The fresh mineral topsoil samples were weighed and
subsequently sieved to 2 mm. A subset was used for
deriving the moisture content and the remaining part
was air-dried at room temperature until constant weight.
Coarse material (gravel and stones) was weighed. Bulk
density of the fine mineral soil (<2 mm) of the individual
depth increments was derived similarly to the method in
Vesterdal et al. (2008). A subsample of each sieved soil
sample was ground to fine material in the disc vibration
mill (Scheibenschwingmiihle-TS, Siebtechnik, Miilheim
an der Ruhr, Germany).

2.3 | Chemical analyses

Prior to measurements, the ground FF and mineral soil
samples were dried at 105°C for 24 h. To derive the Cz and
N; concentrations, all samples were analysed by dry com-
bustion, however, the instrument used differed between the
2004/2005 samples (a Leco CSN 2000 Analyzer, Michigan,
USA) and the 2015/2016 samples (an Elementar VarioMax
analyser, Hanau, Germany). To account for instrument-
related differences, a subset of the 2004/2005 samples were
re-analysed after drying at 105°C for 24 h with the
VarioMax analyser. Two tests were conducted to account
for instrument comparability: (1) Paired t-tests with original
(Leco) and remeasured (VarioMax) values. (2) Regression:
The deviation of the remeasured values (VarioMax) from
the originally measured (Leco) values was calculated and
these deviations were plotted on the y-axis against the
values from original measurements at the Leco on the
x-axis. The C,,, concentrations were comparable (i-test:
p > 0.9; regression: p = 0.305) between the two instru-
ments (Cro1s/16 = 1.0415%Ca004/05 — 0.0777, R* = 0.98),
but N, concentrations needed corrections (¢-test: p < 0.1,
regression: p < 0.1) by the observed linear relationship
(Nao15/16 = 1.1112*Njp04/05 + 0.0137, R* = 0.98). Analo-
gous to Vesterdal et al. (2008), we assumed all measured
C to be organic and that there was no CaCOj; in the sam-
ples, because pH measured in CaCl, (not shown) was
below 5.5.

2.4 | Calculation of C,,; and N; stocks
and decadal changes

FF C,rg and N stocks were calculated by multiplying the
sampled mass with the area of the sampling frame. Soil
densities decreased irrespective of site and species
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Soil layer 2004/2005 2015/2006 | ABLES3  Soil density of the depth
) ) . increments and corresponding lower

0-5cm Soil density (g cm™~) 0.82 (0.03) 0.65 (0.02) soil depth (i.e., 0 cm to corresponding
5-15 cm 1.17 (0.02) 1.02 (0.02) depth) of the equivalent soil masses in
15-30 cm 1.42 (0.02) 1.31 (0.04) 2004 and 2015
350 Mg soil ha™! Corresponding soil depth (cm) 4.4 (0.1) 5.6 (0.2)
1400 Mg soil ha™" 13.7(0.2) 15.8 (0.3)
3400 Mg soil ha 27.9 (0.3) 31.7 (0.8)

Note: Displayed are means across all sites and species with SE in brackets.

(Table 3) from 2004/2005 to 2015/2016, which could be
caused either by methodological bias or by true changes in
bulk density. As suggested for soil monitoring studies on
stock changes (Lee et al., 2009; Wendt & Hauser, 2013), we
calculated equivalent soil masses (ESM) that correspond
to the different depth increments by cubic spline via bulk
densities of the different soil depth increments. We used
the MS Excel template provided for download by Wendt
and Hauser (2013). We observed three ESM (Table 3) that
corresponded to the mean depth increments 0-5 cm, 0-
15 cm and 0-30 cm. The topsoil C,g and N; stocks were
calculated based on the ESM, but for easier readability we
will refer to the mean depth increments within the result
and discussion section.
Stock changes were calculated by Equation (1).

Change(dec) = (X2015 — X2004)/1 1 year x 10 years, (1)

with ‘X’ being the value of the parameter within the cer-
tain year. Negative changes indicate a loss in stocks,
while positive changes indicate an increase.

We had data obtained at two time points that allowed
us to calculate changes on a linear basis. Soil C,, and N¢
stocks will reach a saturation level at some point (Six
et al.,, 2002) and changes cannot necessarily be expected
to be linear. Nonetheless, we think that the calculation of
linear changes over one decade is quite close to true con-
ditions due to the following two reasons: (1) As land-use
change happened 30-40 years ago, the soil C and N
stocks have most likely not reached steady-state condi-
tions yet (Mayer et al., 2020), that is, the stocks have not
yet reached the saturation level. (2) One decade is a very
short time scale in respect to soil development time
scales. Therefore, we assume that the pattern will not dif-
fer much from linear conditions within the decadal time
scale.

Absolute changes in N; stocks were negatively corre-
lated with initial N, stocks in all soil masses, and absolute
changes in C, stocks in 0-15 cm were negatively corre-
lated with initial C,, stocks. These correlations might hint
towards regression to the mean (RTM; Barnett et al., 2005).

However, as for relative changes (Equation (2)), these corre-
lations were absent, except for N; stock changes in 0-30 cm,
we propose that RTM had been negligible in this study.

Rel_Changeyec) = (Change(dec> / X2004) *100% (2)

In 2005, the spruce stands had been damaged by
storm and clear-cut at two sites (Kragelund and
Wedellsborg). We only considered spruce soil changes
since 2004 from those sites where they were still present
in 2015, that is, we included data from four sites for
spruce for both years.

2.5 | Statistical analyses
To detect possible differences in Cry and N stocks, Corg:
N, ratio as well as their relative decadal changes and ver-
tical distribution between the six tree species and three
species types ((1) coniferous species [CF-ECM]: spruce;
(2) broadleaved species associated with ectomycorrhiza
[BL-ECM]: beech, oak and lime, (3) broadleaved species
associated with arbuscular mycorrhiza [BL-AM]: maple
and ash) across the sites, we used analysis of variance
with site as random factor followed by Tukey's HSD test
(p < 0.05). In cases, residuals were not (almost) normally
distributed (Shapiro-Wilk-test, p < 0.05) and/or vari-
ances were not homogeneous (Levene, p < 0.05), data
were transformed using the natural logarithm. If no
transformation of the data was possible, a Kruskal-Wallis
rank sum test followed by pairwise comparison using the
Wilkoxon rank sum test was conducted instead
(Table S1). These statistical analyses were conducted by
R 3.6.0 using the packages ‘lme4’ Version 1.1-21 (Bates
et al., 2015), ‘lmerTest’” Version 3.1-1 (Kuznetsova
et al., 2017), ‘car’ Version 3.0-6 (John Fox, 2019), ‘mul-
tcompView’ Version 0.1-8 (Spencer Graves et al., 2019)
and ‘Ismeans’ Version 2.30-0 (Lenth, 2016).

We further conducted automatic multiple linear
regression analyses with stepwise forward inclusion of
explanatory variables (limited to a maximum of three;
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Tree species-mediated and site-mediated variables tested for their explanatory strength in multiple linear regression analyses

and examples of the relevant underlying processes and/or correlations with C,, and N, stocks as suggested from the literature

Variables

Tree species-mediated  Biomass production

Earthworms

Acidity

Foliar litter quality

Site- and soil-mediated Climate

N input

Soil properties

ABP
ABP%

Biomass of burrowing
earthworms

Biomass of epigeic
earthworms

Soil pH

Lignin

N

Lignin:N

Ca

MAT

MAP

N deposition

Clay content and clay
+ silt content

Base saturation

Exchangeable Ca*"

Exchangeable Fe>*

Exchangeable AI*™

Mechanism

Organic matter production,
affecting litterfall rate

Organic matter production,
affecting litterfall rate

Bioturbation, stabilisation of
soil carbon in aggregates

Litter-dwelling species

Affects microbial biomass and
activity

Recalcitrant

Hampers lignin degradation
by suppressing ligno-lytic
enzymes

Affects litter decomposition
rate

Relevant for earthworms

Essential for activity of Mn
peroxidase, a lignin-
degrading enzyme

Affects microbial activity and

turnover of labile organic
matter

Leaching of dissolved and
water-soluble C and N;
affects decomposition rate

Affects C stocks, fertilisation
effect

Adsorption of organic matter
to minerals, C stabilisation

Affects microbial biomass and
activity

Relevant for earthworms;
bridges between mineral
surfaces and organic matter

Organo-metal complexes

Organo-metal complexes

Reference

Hansen et al. (2009)

Hansen et al. (2009)

Curry & Schmidt (2007),
Angst, Mueller, Prater,
et al. (2019)

Curry & Schmidt (2007),
Angst, Mueller, Prater,
et al. (2019)

Angst, Mueller, Eissenstat,
et al. (2019), Hedenec
et al. (2020)

Berg (2000)
Berg (2000)

Mellilo et al. (1982)

Hobbie et al. (2006)
Berg (2000)

Jandl et al. (2007)

Zhang et al. (2015)

Mayer et al. (2020), Jandl
et al. (2007)

Jandl et al. (2007); Six
et al. (2002)

Angst, Mueller, Eissenstat,
et al. (2019), Hedenec
et al. (2020)

Hobbie et al. (2007);
Rasmussen et al. (2018)

Rasmussen et al. (2018)
Rasmussen et al. (2018)

Note: ABP: aboveground biomass production (2004-2005); ABP%: proportion of aboveground biomass production since planting occurring in the period 2004-
2015; biomass of burrowing earthworms: endogeic and anecic species; soil pH measured in 0-5 cm in 2004; foliar litter nutrients measured in 2004; mean open-
field N deposition from 2004 to 2015; MAT and MAP: mean annual air temperature and precipitation from 2004 to 2015; exchangeable cations in 15-30 cm
measured in 2004/2005; clay content and clay plus silt content in 15-30 cm measured in 2015/2016; base saturation of the parent material measured in

2004/2005.

Table 4) for observed differences in decadal changes of
Corg and N stocks as well as Cq4:N; ratio by IBM SPSS
Statistics Version 27. Prior to multiple regression

analyses, all parameters were checked for linearity. If
necessary, the parameters had been square-root or
In-transformed (Table S2).
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FIGURE 2

Relative changes in total (c, d) and foliar (a, b) forest floor C,s and N; stocks as well as Cq:N; ratio from 2004/2005 to

2015/2016. The bars are the mean values of the species (a, c) or species group (b, d) and the error bars correspond to +1 SEM. Different
lowercase letters indicate significant differences between species or species groups at p < 0.05, and if in parentheses, they indicate a trend at
0.05 < p < 0.1. AM, arbuscular mycorrhizal; BL, broadleaved; CF, coniferous; ECM, ectomycorrhizal

3 | RESULTS
3.1 | Stocks of Cog and N; and Co:N;
ratio

TFF and FFF C,, and N, stocks were lowest under ash,
maple and lime and highest under spruce (Table 5). The
humus forms were eu-mull for maple, ash and lime, dys-

mull to moder for beech and oak and mor for spruce
(Zanella et al., 2011). The C,4:N; ratio of TFF was not
significantly affected by species or species groups, but
FFF C:N¢ ratio was smaller in oak than in spruce,
beech and lime (Table 5).

In the mineral soil, in 0-5 cm depth, C,, stock was
greater under spruce than under beech and maple
(Table 5), while N; stock was not affected by species or
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FIGURE 4

Spruce‘ Beech  Oak = Lime Maple‘ Ash

CF_ECM BL_ECM BL_AM

Relative changes in total forest floor (FF) plus mineral topsoil (0-30 cm) C,rg and N, stocks as well as Cog:N; ratio from

2004/2005 to 2015/2016. The bars are the mean values of the species (a) or species group (b) and the error bars correspond to +1 SEM.

Different lowercase letters indicate significant differences between species or species groups at p < 0.05. AM, arbuscular mycorrhizal; BL,

broadleaved; CF, coniferous; ECM, ectomycorrhizal

species groups. No species and species group effects on
Corg stocks were observed for thicker soil layers (0-15 cm
and 0-30 cm). However, in these layers, N, stocks were
greater under AM species than under ECM species. Total
Corg stock (TFF + 0-30 cm of mineral soil) was greater
under spruce than under all broadleaved species
(Table 5) Total N; stock was highest under ash and lowest
under beech. The C,,:N; ratio increased in all mineral
soil layers in the order BL-AM < BL-ECM < CF-ECM.

3.2 | Vertical distribution

In AM species, 97% of the FF and topsoil (0-30 cm) Cy,
and 99% of the N, stock were stored in the mineral top-
soil, and in ECM broadleaved species, the proportions
were 94% for C,,g and 98% for N,. In contrast, the propor-
tions in spruce were ~72% (Coe) and 84% (Ny), respec-
tively. Within the mineral topsoil (0-30 cm), relatively
less C,rg and N¢ was found below 5 cm under spruce com-
pared to the broadleaved species (Figure 1). The propor-
tion of Cyy and N stored in the FF increased under
spruce since 2004 due to an absolute increase in FF Cy
and N, stocks.

3.3 | Decadal changes in C,,; and N
stocks and their ratios

In general, FFF C,, and N; stocks increased from
2004/2005 to 2015/2016 (Figure 2a,b). Relative changes

in FFF were most pronounced in BL-AM and on a spe-
cies level in ash, while relative positive changes in TFF
Corg (and N stocks) were mainly limited to spruce
(Figure 2c). TFF C,:N, ratio decreased significantly
under ash from 2004/2005 to 2015/2016 (Figure 2c),
while it remained more or less unchanged under spruce,
beech and oak. FFF C,:N; ratio slightly increased under
all broadleaved species except ash, but differences
between species were not significant (Figure 2a).

Decreases in mineral topsoil C,y and N stocks were
the dominant trend from 2004/2005 to 2015/2016
(Figure 3), and relative losses of N; were greater than that
of Corg. Although not significant, mean losses of N
increased in the order BL-AM < BL-ECM < CF-ECM in
0-5 cm depth, and C,,:N ratio increased relatively more
under CF-ECM than under BL-AM (Figure 3b). This spe-
cies group ranking disappeared with increasing soil depth
(Figure 3d,f).

TFF plus topsoil C,, stocks increased under spruce
from 2004/2005 to 2015/2016 (5.6 +3.3 Mgha '
decade_l), but decreased under the broadleaved species
(5.2 +£ 1.2 Mg ha™' decade™'; for relative changes see
Figure 4). The N; stocks decreased irrespective of species
(—0.65 + 0.08 Mg ha™' decade ). However, the relative
loss of N; from 2004/2005 to 2015/2016 was more pro-
nounced under the broadleaved species. TFF plus topsoil
Corg:N; ratio slightly increased (highest in spruce) from
2004/2005 to 2015/2016 (Figure 4).

In the multiple regression analyses, those variables that
were affected by tree species were predominantly included
in explaining FF C,, and N; stock changes, while they with

FIGURE 3

Relative changes in C, and N stocks as well as the C,:N; ratio from 2004/2005 to 2015/2016 in three soil increments. The

bars are the mean values of the species (a, c, ) or species group (b, d, f) and the error bars correspond to +1 SEM. Different lowercase letters

indicate significant differences between species or species groups at p < 0.05, and if in parentheses, they indicate a trend at 0.05 < p < 0.1.

AM, arbuscular mycorrhizal; BL, broadleaved; CF, coniferous; ECM, ectomycorrhizal
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one exception had a negligible role in explaining relative
Corg and N; stock changes in the mineral topsoil (Table 6).
Earthworms correlated with relative changes in FF C,, and
N; stocks: Losses of C; and N; were greater under species
with a high mass of burrowing earthworms and low bio-
mass of epigeic earthworms. Of the potentially related litter
quality and nutrient variables, litter Mn correlated nega-
tively with relative changes in FFF N; stocks. In the mineral
soil, ABP% correlated positively with relative changes in N;
stocks in 0-15 cm, that is, a higher proportion of topsoil N;
was lost under species with a lower ABP%.

Individual tree species-affected variables explained
relative changes in C,:N; ratios in a few cases. Relative
changes in the TFF C,,:N; ratio were smaller under spe-
cies with a higher pH, while relative changes in mineral
topsoil and in TFF plus mineral topsoil were smaller at
sites with a greater biomass of burrowing earthworms.

Of the tested soil chemical parameters, base satura-
tion and exchangeable Ca*" (Table 6) correlated posi-
tively with relative changes in C,, and N; stocks in the
FF and the top 5 cm of mineral soil. In the case of N;
stock changes, correlations with soil chemical parameters
were still relevant in thicker topsoil layers (Table 6). In
0-15 and 0-30 cm, relative changes in topsoil C,; and N¢
stocks were related to soil physical parameters, indicating
higher relative losses at sites with a higher clay content.
Relative changes in topsoil C,,:N; ratios were negatively
correlated with the clay content. In addition, they were
positively correlated with the two soil chemical parame-
ters “exchangeable Ca*"” and “base saturation”.

Among climatic variables, high MAP was associated with
smaller changes in C,,:N; (Table 6). N deposition correlated
negatively with relative changes in the FF C,,:N; ratio.

4 | DISCUSSION

We faced the open question, how temperate FF and top-
soil C,r and N, stocks change with time in dependence of
tree species, and how tree species effects interact with site
properties (Mayer et al., 2020). There is an urgent need for
increasing the sink strength for atmospheric C through
targeted selection of tree species in forest management.
The present study provides first indications of possible
relationships and species effects on decadal C,z and N;
stock changes within the FF and mineral topsoil (0-
30 cm) in a Danish multisite common garden experiment.

41 | Stocks of C,; and N; and their
vertical distribution

Species ranking of FF and mineral topsoil C,r, and N
stocks as well as the vertical distribution was as expected

ence

from earlier findings (Achilles et al., 2021; Hagen-Thorn
et al., 2004; Langenbruch et al., 2012; Lorenz & Thiele-
Bruhn, 2019; Oostra et al., 2006; Peng et al., 2020;
Vesterdal et al., 2008, 2013). They provide further support
that species could be grouped by their effect on C,, and
N¢ dynamics. Ash, lime and maple had leaf litter high in
N and base cations but low in lignin (Vesterdal
et al., 2008) contributing to fast decomposition of litterfall
and transformation by bacteria-dominated microbial bio-
mass (Hedenec et al., 2020) and translocation by earth-
worms of Co and N; to the mineral soil (Schelfhout
et al., 2017). Norway spruce acted oppositely: low leaf lit-
ter N and base cation concentrations, high lignin and
high soil acidification lead to longer-term storage of Co,,q
and N, within the FF (mor) due to slow decomposition
and mineralisation of litterfall, which partly attributed to
low macrofauna abundance and to fungal-dominated
microbial community (Hedenec et al., 2020; Schelfhout
et al., 2017). Oak and beech are characterised by interme-
diate leaf litter traits and effects on the C,, and N
dynamics.

Compared to European forests, FF C,, stocks under
mull-forming species at our sites were rather low (De Vos
et al., 2015), which could in part be attributed to the rela-
tively young age of the stands. However, under the mor for-
ming species spruce, the FF C,,, stocks fell into the range of
earlier published values. Mineral topsoil (0-30 cm) C,,
stocks (~53-~64 Mg ha™') were at the lower end of publi-
shed values for forested Luvisols in a European context
(De Vos et al., 2015). However, topsoil C,, stocks under
beech, oak and spruce in our sites were in the mean range
between topsoil C,,, stocks in three 38-year-old even-aged
first-generation forest stands that differed strongly in tex-
ture and fertility (Ladegaard-Pedersen et al., 2005). The N;
stocks in the mineral topsoil were within the mean range
observed for European forest soils within the ICP Forests
programme (Fleck et al., 2016).

4.2 | Cgyg:N¢ratio

Differences in the FF C,:N; ratio remained uncorrelated
with differences in litterfall N status a decade after the
previous sampling (Vesterdal et al., 2008). The Coy:N;
ratio variation among tree species was more related to
different stages of decomposition of the litter material.
Recently fallen litter in the early stages of decomposition
is high in CggN; ratio, and N; will gradually be
immobilised in the litter material, thereby reducing the
Corg:N; ratio (Berg, 2000). A smaller C,,:N; ratio is char-
acteristic of partly decomposed material, as it can be
found in the mor or dys-Mull horizons, while a wider
Corg:N; ratio is characteristic of quite undecomposed litter
material. The species and species group ranking of
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mineral topsoil C,4:N; ratio was as expected from earlier
publications (Peng et al., 2020; Vesterdal et al., 2008).

4.3 | Decadal changes in C,; and N;
stocks and C,,,:N; ratio
431 | FF plus topsoil
The increase of FF plus topsoil C,,, stock under spruce as
well as the decrease of it under the broadleaved species
was in the range of earlier published individual values
for comparable European forest soils (Luvisols) and
under even-aged stands (Griineberg et al., 2014; Jonard
et al., 2017). Losses of N, were at the lower end of earlier
published ranges of N; changes in FF plus mineral soil
after ~15 years (Fleck et al., 2019). In their large-scale
monitoring study, Fleck et al. (2019) identified that differ-
ences in N deposition, N emissions, N leaching and N
uptake by vegetation as well as soil acidification affected
forest soil N; stock changes across and within forest types
and soil types. We expect our decadal losses to be related
to a more unfavourable combination of the N input and
output parameters in 2015/2016 compared to 2004/2005.
The strong C,,, increase in the FF under spruce sup-
erimposed the C,,, losses in the topsoil, resulting in an
overall increase of C,, stock. In the broadleaved species,
FF Cog and N stocks as well as C,:N; ratio only played
a subordinate to negligible role and we found no evi-
dence for a redistribution of C, or N; within the soil
profile. Therefore, the parameters that explained varia-
tion in C,, and N, stocks were very similar to those for
the mineral topsoil and will be discussed alongside.

432 | Forest floor
The effect of tree species
TFF C,,, and N; stocks increased strongest under spruce,
which was the species with the thickest FF (mor type)
that is characterised by slow decomposition and conse-
quently high accumulation of organic matter which is
conducive to soil acidification (De Schrijver et al., 2012).
Accordingly, Vesterdal et al. (2008) found lowest frac-
tional annual losses of TFF and FFF C,;, and N; stocks
under Norway spruce, suggesting that it takes longer for
this tree species to reach steady-state conditions in the FF
than for those with fast decomposing litter (Olson, 1963).
Of the tested tree species-mediated variables, earth-
worms appeared to have the strongest explanatory
strength on relative changes in FF C,, and N; stocks.
With increasing biomass of burrowing earthworms, Cg,

and N, stocks in the FF increased least or even decreased
most from 2004/2005 to 2015/2016. Burrowing earth-
worm biomass was lowest in spruce and highest in ash,
lime and maple (Schelthout et al, 2017) suggesting
highest translocation and/or mineralisation processes of
Corg and N, from the FF to deeper soil layers in ash, lime
and maple and lowest in spruce (Angst, Mueller, Prater,
et al., 2019). Epigeic earthworms live in the litter layer or
FF. It is, therefore, not unexpected that we observed a
positive correlation between these litter-dwelling earth-
worms and the relative changes in FF C,,, and N; stocks.

Foliar litter quality and nutrient variables appeared to
play a minor role. However, tree species low in litter Mn
(e.g., ash) had larger FFF N, increases. Foliar litter N and
Mn were negatively correlated (not shown). We therefore
expect that we observed simply an accumulation of FF N
and that the foliar litter N was the causal driver for this
change.

Similarly, we expect the correlation of the soil pH
with relative changes in the TFF C,4:N; ratio to be of
random nature, as in the mull-forming species where
non-foliar FF was the dominant part of TFF at sampling
time, the TFF C,:N; ratio highly depended on the ratio
between twigs and fruits (Hansen et al., 2009) and we
expect these fractions to be highly temporally variable.

The effect of soil and site variables

In the FF, the impact of soil- and site-related variables on
relative changes of C,, and N; stocks (exchangeable
Ca*") as well as Corg:N( ratio (N deposition) was subordi-
nate compared to species-related variables and their
direction within regression analyses was opposite to what
we would have expected from common understanding.
There is little evidence of mechanisms to support their
explanatory value and we expect them to be mostly of
random nature.

433 | Mineral topsoil

The multiple common garden sites were established on
former arable land or beech forest in 1973 (1961 for
Kragelund), that is, ~30 years prior to first and ~40 years
prior to second sampling. One decade is a significant time
interval since establishment of the tree species plots and
we expect the sites had not yet reached new steady-state
levels. Mayer et al. (2020) reviewed that steady-state con-
ditions may not happen within 100 years after afforesta-
tion. Furthermore, clear-cut harvesting, as has happened
at four of the six sites prior to establishment of the com-
mon garden experiment, is well-known to result in signif-
icant losses of FF and at some cases also of mineral soil
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Corg stocks. Chronosequence studies suggested that 1-5
decades after the harvest, the stocks started to recover
(Mayer et al., 2020). Considering this, we would have
expected small, but significant increases in C, and N;
stocks in some tree species that we suggest also to happen
for a few more decades until the sites had reached new
steady-state conditions. Furthermore, we expect that the
tree species-related differences in C,, and N; stocks
would have intensified from 2004/2005 to 2015/2016. In
contrast, we observed relative losses in topsoil C, and
even stronger losses in N; stocks between 2004/2005 and
2015/2016 irrespective of tree species. Soil- and site-
related variables were found to have a much stronger
explanatory power on decadal changes in C,, and N;
stocks as well as the C,:N; ratio than species-related
parameters, which was in agreement with a study
by Brock et al. (2019) on a comparison of deciduous
stands versus ~50-year-old monoculture spruce planta-
tions that were converted from the adjacent deciduous
stands.

The effect of tree species
Among the species-related variables, earthworms had the
strongest impact on relative changes in topsoil Co:N;
ratios. The ranking in relative increases in C,4:N; ratios in
0-5 cm depth from BL-AM species over BL-ECM species
to spruce was related to differences in burrowing
earthworm biomass. It hints towards a positive feedback
of earthworms on translocation and microbial
immobilisation of N to support a more long-lasting sink
from the litter to the soil and on an increased capacity for
microbial biomass (with a smaller C,:N; ratio than bulk
soil Corg:N; ratio) (Groffman et al., 2015). From this, we
expect a greater N mineralisation and immobilisation in
earthworm-rich soils, such as under BL-AM, than in earth-
worm poor soils, such as under spruce. Supportingly, Lin
et al. (2017) found greater mineral N and N turnover in
soils under AM species with a mineral N economy com-
pared with ECM species with an organic N economy.
Results indicated that in 0-15 cm depth, less N was
lost from the soil under species with high ABP%. We
assume this to relate to temporary processes and to indi-
cate different forest development status among the spe-
cies. Nord-Larsen and Pretzsch (2017) found that mean
ABP peaked after a few decades in spruce species, while
beech had not yet reached its maximum ABP after almost
50 years. Litterfall rate was reported to relate positively
with ABP (Hansen et al., 2009, Matala et al., 2008). The
N, losses could be attributed to species-specific variations
in litterfall N inputs with time (Portillo-Estrada et al.,
2013) as a consequence of species-specific variation in
biomass production. A slight decline in litterfall inputs
could be a consequence of a rather low ABP% as found

ence

for spruce. In contrast, a rather high ABP% (as in beech)
might indicate more litterfall inputs. From this, we
expect a greater loss of accumulated but unstabilised top-
soil N; under spruce compared to beech.

The effect of soil and site variables
The clay content was associated significantly with rela-
tive changes in C,,, stocks (and partly N; stocks), and its
impact increased with increasing depth. Results indicated
stronger losses of C,r (and N; stocks) at sites with a
greater clay content. In accordance, Griineberg
et al. (2019) found in their meta-study on C,. stock
changes in German forests a negative impact of the clay
content. Also, Verstraeten et al. (2018) found soils with a
greater clay content were in general positively related
with endogeic and epigeic earthworm biomass, but these
soils were also more sensitive to the impacts of acidifica-
tion caused by conversion of broadleaved forests to coni-
fer plantation. Clay-rich soils have a greater cation
exchange capacity and, therefore, a greater capacity to
accumulate exchangeable aluminium which in turn neg-
atively affects soil communities such as burrowing earth-
worms. This could cause translocation of C,,, and N
from the FF to the mineral soil and its cycling to slow
down. Angst, Mueller, Eissenstat, et al. (2019) and
Hobbie et al. (2007) found a positive correlation between
clay content and CO,-respiration from the soil. We specu-
late that the observed negative correlation hints towards
temporal accumulation and mineralisation of labile Cg.g,
which could partly be related to the fact that BS% was
greater in soils with greater clay content. Results indi-
cated faster mineralisation processes in soils with a
greater BS%. This could be due to a positive impact of the
base saturation and pH on microbial biomass (Angst,
Mueller, Eissenstat, et al., 2019) and activity (Hedenec
et al., 2020). Clay content explained a greater portion of
variability in relative changes in C, stocks than in N
stocks. This resulted also in a negative correlation of the
clay content with relative changes in the C,4:N; ratio.
Results indicated that at sites with a high concentra-
tion of clay plus silt, a smaller proportion of C,, was lost.
This might indicate a stabilisation process due to, for
example, adsorption to mineral surface (Jandl
et al., 2007; Six et al., 2002), but as this correlation was
opposite to the observed stronger impact of the clay con-
tent, it might as well have been a random correlation.
The positive correlation of exchangeable Ca®" with
relative changes in topsoil C,, stocks could hint towards
stabilisation through the formation of bridges between
mineral surfaces and soil organic matter (Rasmussen
et al., 2018), however, this process is more typical for less
acidic soils (pH > 5.5) (Angst, Mueller, Eissenstat,
et al., 2019). Therefore, we expect it rather to be a
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random correlation or a proxy for other soil characteris-
tics beyond the focus of our study. In contrast, relative
changes in N; stocks in TFF+ 0-30 cm soil depth were
negatively correlated with exchangeable Ca®*. Exchange-
able Ca®" positively correlated with the biomass of
burrowing earthworms and with earthworm abundance
(Schelfhout et al., 2017). Thus, we speculate that labile,
that is, accumulated but not yet stabilised, N; was lost
from the soil.

At our sites, the small variation in climatic variables
only marginally related to relative changes in Cgg:N;
ratios. At sites with a greater MAP, the C,,:N; ratio
decreased strongly in the 0-15 cm soil depth. This might
be related to a faster leaching of dissolved N from the FF
to the mineral soil at sites with a greater MAP
(Christiansen et al., 2010). Our results do not allow any
conclusion on long-term effects of this correlation and
future research is necessary.

44 | Temporal dynamics or long-term
changes?

We found first indications that N; long-term stabilisation
occurred through the positive feedback of burrowing earth-
worms on translocation and microbial immobilisation of N
(Groffman et al.,, 2015). We suggest that N; stabilisation
within the topsoil was greater under species associated with
AM than under spruce. However, the overall observed top-
soil Cor and N losses from 2004/2005 to 2015/2016 were
related to decomposition patterns of labile C,,. The ratio of
labile C,,; accumulation to its mineralisation varies inter-
annually due to differences in MAT and MAP affecting
ABP and litter input on the one hand and mineralisation
rate of labile Coy On the other hand (Luan et al., 2014;
Teramoto et al., 2016). Because of these prominent tempo-
ral dynamics, we conclude that one decade was not long
enough to detect increases of C,,; and N within the mineral
soil when looking at bulk stocks. Future research should
concentrate on changes of C,, and N, in different fractions
within the soil (density, aggregate and particle size).

Mayer et al. (2020) stated that thinning might tem-
porarily reduce soil C,. stocks within the first few
years. The sites under study had been thinned every
4 years since canopy closure, including the year prior to
samplings, that is, in 2004 and in 2015, and in addition
in 2009. Thinning intensity differed slightly between
sites and species and it tended to increase over the years
(Jorgensen, personal communication). This could in
addition have contributed to the observed negative
changes in C,, and N; stocks from 2004/2005 to
2015/2016.

5 | CONCLUSION
Norway spruce separated from the broadleaved species
with greater C,; and N; stocks and a different vertical
distribution from FF to topsoil. Spruce formed a thick FF
(mor) that further increased from 2004 to 2015. It tended
to have lowest N; stocks and the widest C,:N; ratio in
the mineral topsoil. It is therefore inferred to have a slow
Corg and N cycling. Among the broadleaved species, ash
and maple distinguished clearly from spruce. The humus
form was eu-mull, which inferred a fast C,, and N
cycling. In the mineral soil, the mycorrhizal associa-
tion seemed to be a relevant grouping trait, as lime was
more associated with beech and oak (BL-ECM) than
with ash and maple (BL-AM), which tended to have
highest topsoil N; stocks and the narrowest topsoil
Corg:N; ratio.

Contrary to our hypotheses, losses of topsoil C, and
N, stocks were a dominant trend from 2004/2005 to
2015/2016 irrespective of tree species or species group.
We expect these losses to be of temporal nature, for
example, due to interannual variability in accumulation
and mineralisation dynamics. We found one first indica-
tion for a species effect on soil N; sequestration through
earthworms that were strongly dependent on the over-
story tree species. We speculate that—as hypothesised—
more N; was stored under BL-AM species than under
spruce in the past decade. As expected, FF C,r and N;
stocks increased strongest under spruce. Contrary to our
expectations, topsoil C,y stock changes were predomi-
nantly correlated with site and soil-related parameters.
We expect that species effects did occur but were too
small to be detectable within the large pool of bulk soil
Corg after one decade. Future studies should concentrate
on different fractions of soil organic matter that were
related to different degrees of organic matter persistence,
for example, density fractions or separation by aggregate
size and stability.
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