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ABSTRACT

The aim of this study was to better understand how soil carbon (C) and nitrogen (N) contents and the C:N ratio
are related to soil texture, pH, and exchangeable aluminum and calcium in forest soils.

For this purpose, we studied 1992 temperate and boreal forest soils located all over Sweden. We measured
organic C and N as well exchangeable aluminum, calcium, and pH in the organic layer and three depth in-
crements in the mineral soil (down to 65 cm), and analyzed the relationship between element contents, soil
texture, and soil pH as well as their interactions.

Soil C concentration and the C:N ratio were negatively related to soil pH. The C concentration was on average
2.6 times higher in very acidic soils (pH < 4.0) than in soils with pH > 5.0, in the uppermost 10 cm of the mineral
soil. In contrast, N varied much less with pH, particularly in the organic layer, but was related to soil texture. The
N concentration was 2.3 times higher in clayey and fine silty soils than in sandy soils, while the C concentration
was only 1.85 times higher in clayey and fine silty soils than in sandy soils (in the uppermost 10 cm). Differences
in C and N concentrations between clayey and fine silty soils compared to sandy soils were largest in the class of
soils with pH > 5.0 and smallest in the class of soils with pH < 4.0. Furthermore, C and N concentrations were
both positively correlated with the concentration of exchangeable aluminum in the mineral soil, and these
correlations were stronger in coarse-textured than in fine-textured soils. In addition, the C concentration was
positively correlated with the concentration of exchangeable calcium in the organic layer.

In conclusion, our results show that C concentration varied much more strongly with pH than N concentration,
likely due to effects of pH on microbial respiration. The N concentration was more strongly related to soil texture
than the C concentration, which is very likely due to the high charge density of organic N, which gives organic N
a high affinity to adsorb to mineral surfaces. Furthermore, exchangeable aluminum seems to play an important
role in the sorptive stabilization of organic matter in the mineral soil.

1. Introduction

surface area and high surface charge density, such as phyllosilicates
(clay minerals), as well as Fe and Al oxides and hydroxides (Oades,

Soils form a major carbon (C) pool in the Earth system, and nitrogen
(N) limits primary production in many ecosystems. Therefore, a solid
understanding of soil C and N storage is important. Yet, it is still not very
well understood how soil texture, pH and multivalent cations affect
organic C and N storage (Knicker, 2011; Schmidt et al., 2011; Wiesmeier
et al., 2019).

Soil organic matter storage depends on soil texture since the
adsorption of soil organic compounds to minerals slows down their
decomposition (Sollins et al., 1996; Kleber et al., 2007; von Liitzow
et al.,, 2006). The capacity of soils to adsorb organic compounds is
largely determined by their contents of fine mineral particles with high
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1988; Mayer, 1994; Hassink, 1997). In fine-textured soils, a large
number of organic compounds is adsorb to minerals, which protects
them against decomposition (Kaiser and Guggenberger, 2003; von Liit-
zow et al., 2006; Zinn et al., 2007; Kogel-Knabner et al., 2008; Kleber
et al., 2015). Sorption protects organic compounds against decomposi-
tion by steric hindrance since it physically prevents enzymes from
binding to the compounds and catalyzing their decomposition. Further,
sorption impedes that organic compounds are taken up and are metab-
olized by microorganisms (von Liitzow et al., 2006; Kogel-Knabner et al.,
2008; Kleber et al., 2015). It can by hypothesized that soil texture is
more important for organic matter stabilization in the subsoil than in the
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Fig. 1. Map of Sweden showing the location of the 1992 soils and their texture
at a depth of 0-20 cm. Please notice that the dots have transparent colors and
that new colors emerge from overlying dots. A few dots that appear not to be
located on land are in fact located on islands (which are not depicted in
the map).
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Table 1

Concentration of carbon and nitrogen together with the molar carbon-to-
nitrogen (C:N) ratio and pH measured in water as well as the exchangeable
aluminum (ex. Al) and calcium (ex. Ca) concentrations. Shown is the arithmetic
mean + standard deviation.

Soil depth  Carbon Nitrogen Molar PHm2o ex. Al ex. Ca
(gkgH (gkgH CN (mg (mg
ratio kg™ kg™H
Organic 3739+ 11.2 £ 40.2 + 3.8+ 310 + 2378 +
layer 90.7 3.2 11.0 0.4 307 2389
0-10cm 27.15 + 1.1+20 322 + 4.4 £ 233 + 148 +
25.9 10.1 0.4 154 446
10-20 21.2 + 0.9+ 0.9 30.4 + 4.7 + 166 + 131 +
cm 20.4 9.3 0.4 129 500
55-65 7.4 £ 03+£06 275+ 5.0+ 66 + 142 +
cm 15.4 11.1 0.4 70 428

mineral topsoil because in the topsoil, sorption sites might be saturated
due to the higher organic matter contents compared to the subsoil
(Hassink, 1997; Georgiou et al., 2022).

Soil pH affects the protonation of soil organic matter and minerals,
and thus their capacity to engage in sorption processes. Soil organic
matter contains different functional groups with variable charge.
Carboxyl, hydroxyl, and phenolic moieties are negatively charged when
deprotonated, while amino groups are positively charged when pro-
tonated. The protonation, and therefore the charge of these functional
groups depends on the soil pH. The pK, value of carboxyl groups lies in
the acidic pH range (pK, = 2-6) and varies depending on the functional
groups in their vicinity (Blume et al., 2015). The carboxyl group is the
most abundant functional group in soil organic matter, and hence the
net charge of organic matter is negative. Sorption of soil organic matter
also depends on the charge of soil minerals. pH-variable charge is found
on the oxides and hydroxides of iron, aluminum, silicon, and manga-
nese, which are positively charged under acidic conditions. Silicates
have mostly permanent negative charge and in addition some pH-
variable charge at their edges (Blume et al., 2015).

An organic compound can adsorb to a positively charged binding site
on a mineral through a negatively charged functional group. Further-
more, organic matter can adsorb to a negatively charged binding site
through a positively charged group (i.e., an amino group) or through a
negatively charged group and a multivalent metal cation that acts as a
metal bridge (von Liitzow et al., 2006; Kogel-Knabner et al., 2008;
Kleber et al., 2015). In acidic soils, aluminum cations act as bridges
between negatively charged clay minerals and negatively charged
organic compounds (Kunhi Mouvenchery et al., 2012; Rasmussen et al.,
2018; Yu et al., 2021). In addition, also calcium cations may be
important in acidic soils for crosslinking organic matter to minerals (von
Fromm et al.,, 2021; Rowley et al., 2023). Sorption of organic com-
pounds to clay minerals and iron and aluminum oxides and hydroxides
is strongly pH-dependent. For low molecular weight organic com-
pounds, it has been shown in sorption experiments that a higher pro-
portion of these compounds is adsorbed at low than at high pH to clay
minerals as well as iron and aluminum oxides and hydroxides (Gu et al.,
1994, 1996; Spark et al., 1997; Filius et al., 2000; Strahm and Harrison,
2008).

Soil N contents might be more strongly related to soil texture than C
contents because organic N, which represents most of the soil N in forest
soils, has on average a higher charge density than organic C compounds
that do not contain N (Sollins et al., 2006; Knicker, 2011) (Fig. S1). Soil
N consists mostly of proteinaceous material composed of amino acids
(Knicker et al., 1993; Knicker, 2004, 2011). All amino acids have at least
one carboxyl group and one amino group. In addition, some amino acids
(aspartic acid and glutamic acid) have a second carboxyl group, while
others have a second amino group (lysine, arginine, and histidine)
(Fig. S1). The amino groups have a pK, of approximately 9.0-10.5 and
carboxyl groups have a pK, of approximately 2.0-2.4 (Nelson and Cox,
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Fig. 2. Soil nitrogen concentration and the molar carbon-to-nitrogen (C:N) ratio depending on soil texture. The results are shown for the organic layer (a, b) and the
mineral soil at a depth of 0-10 cm (¢, d), 10-20 cm (e, f), and 55-65 cm (g, h). The number of observations and the P value of the Kruskal-Wallis test are given in the
upper right corner of each panel. Different capital letters below the boxes indicate significant differences (P < 0.05) tested by Dunn post hoc test separately for the
data of each panel. The black numbers depict the medians, blue dots and blue numbers show the arithmetic means. Soil texture indicated for the organic layer (panels
a and b) is the texture determined in the uppermost 20 cm of the mineral soil. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Table 2

Ratio of clayey and fine silty soils-to-sandy soils for nitrogen and carbon con-
centrations and the carbon-to-nitrogen (C:N) ratio in the organic layer and
different depth increments of the mineral soil (ratios are calculated based on
medians shown in Fig. 2 and S2).

Variable Soil depth Ratio of clayey and fine silty soils-to-sandy
soils
Carbon (gkg™')  Organic 0.93
layer
0-10cm 1.85

10-20 cm 1.44
55 - 65 cm 0.87

Nitrogen (gkg™')  Organic 1.17
layer
0-10 cm 2.33
10-20 cm 1.80
55 - 65 cm 1.50
Molar C:N ratio Organic 0.75
layer
0-10 cm 0.69

10-20 cm 0.71
55 - 65 cm 0.69

2004). Thus, in the large majority of soils, the amino group is proton-
ated, and the carboxyl group is deprotonated which allows amino acids
to adsorb to charged compounds (Fig. S1). Amino acids have a high
affinity to adsorb to soil minerals (Wang and Lee, 1993; Jones and
Hodge, 1999; Aufdenkampe et al., 2001; Ding and Henrichs, 2002;
Moon et al., 2016; Moon et al., 2019). Accordingly, the C:N ratio of
mineral-associated organic matter is lower and less variable than that of
particulate organic matter, as recently shown for 186 topsoils from
different regions of Europe (Cotrufo et al., 2019).

Sorption of amino acids is pH-dependent and a higher proportion of
amino acids is adsorbed at low pH (pH < 4.0) than at higher pH (Strahm
and Harrison, 2008). Yet, for proteins, it has been found that the highest
number of molecules is adsorbed when the pH is close to the point of
zero charge of the protein (Haynes and Norde, 1994; Meissner et al.,
2015). This is because the net charge of a given protein equals zero at the
point of zero charge, and thus the electrostatic repulsion between
adsorbed protein molecules is at its minimum (Meissner et al., 2015).
Proteins differ widely in their point of zero charge (Haynes and Norde,
1994), and little is known about pH-dependent sorption of proteins in
soil. Yet, Cao et al. (2011) found that sorption of N from extracellular
polymeric substances to different clay minerals and iron oxides
decreased with increasing pH.

Storage of C and N in soils also depends on factors that modulate
microbial activity, and hence decomposition, such as the soil pH. Low
soil pH typically leads to a low decomposition rate (Rousk et al., 2009;
Malik et al., 2018), and in soils with a pH below 4.5, microbial respi-
ration is strongly reduced compared to less acidic soils (Rousk et al.,
2009). Accordingly, liming of forest soils, which increases the pH,
typically leads to decreases in C storage in temperate and boreal forests
(Persson et al., 2021).

Understanding soil N storage is important because N limits primary
production in many ecosystems, including forests at high latitudes (De
Vries et al., 2006; Hogberg et al., 2006; Hyvonen et al., 2008; Sponseller
et al., 2016). In boreal and Northern temperate forests, a large part of N
is stored in the soil organic layer. Yet, a recent study showed that even in
the organic layer, the N concentration is affected by soil texture of the
underlying mineral soil (Spohn and Stendahl, 2022). This is likely
because plants connect N storage in the mineral soil to the organic layer
since they take up N in the mineral soil and provide N to the organic
layer through leaf and root litter.

The aim of this study was to better understand how soil carbon (C)
and nitrogen (N) contents and the C:N ratio are related to soil texture,
pH as well as exchangeable aluminum and calcium in forest soils. For
this purpose, we investigated 1992 temperate and boreal forest soils
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(Fig. 1) based on data collected for the Swedish Forest Soil Inventory. In
a previous study (Spohn and Stendahl, 2022), we showed that the
organic layer stock, and hence the soil stocks of C, N, and phosphorus are
strongly related to mean annual temperature, based on 309 soil profiles.
The present study is based on a substantially larger dataset (1992 soil
profiles) and investigates the relationships of soil C and N concentrations
with soil texture, pH, and exchangeable aluminum and calcium.

In this study, we tested the following seven hypotheses.

H1: C and N concentrations are higher in fine-textured soils than in
coarse-textured soils (because fine-textured soils have a higher density
of binding places to which organic compounds can adsorb than coarse-
textured soils).

H2: N is more strongly enriched in fine-textured soils (compared to
coarse-textured soils) than organic C in the mineral soil, leading to lower
C:N ratios in fine-textured than coarse textured soils (because soil
organic N compounds have on average a higher charge density than non-
N containing organic compounds).

H3: The N concentration in the organic layer is higher in fine-
textured soils than in coarse-textured soils (because the higher N con-
centration in the mineral soil leads to a higher N content in plant
biomass and litter that supplies the organic layer with organic matter).

H4: Differences in C and N concentrations and the C:N ratio among
soils with different texture are larger in the subsoil than in the mineral
topsoil (since mineral surfaces in the topsoil but not in the subsoil are
saturated with organic matter).

H5: The concentrations of exchangeable aluminum and calcium are
positively related to C and N concentrations in the mineral soil (because
aluminum and calcium cations act as bridges between negatively
charged clay minerals and negatively charged organic compounds
which slows down the decomposition of organic matter).

H6: Soils with a low pH (pH < 4.0) have higher soil organic C con-
tents and C:N ratios than less acidic soils (because the acidity decreases
microbial respiration).

H7: Soil C and N concentrations differ more strongly among texture
classes in soils with pH < 4 than in soils with higher pH (because a larger
proportion of organic compounds is adsorbed to clay minerals and ox-
ides at pH < 4.0 than at higher pH).

2. Material and methods
2.1. Structure of the inventory and sample collection

Soil samples were collected for the Swedish Forest Soil Inventory.
The Swedish Forest Soil Inventory in its current form started in 1983 and
monitors the state of the Swedish forests with respect to soil and vege-
tation. It covers all of Sweden except for arable land and urban areas,
and is conducted in collaboration with the Swedish National Forest In-
ventory. The inventory visits about 20,000 permanent plots distributed
all over Sweden over a 10-year period. Circular plots with 10 m radius
are located in quadratic clusters on a triangular grid (Ranneby et al.,
1987), which is denser towards the south of the country to account for
the greater fragmentation of the landscape and a more diverse geology
in the south of Sweden. Each quadratic cluster encompasses eight cir-
cular plots (or four in the southwestern region). At each of these circular
plots, forest characteristics including tree diameter, the dominant tree
type and stand age is classified.

Description and sampling of soil profiles is carried out on a subset of
the circular plots, in total c. 4,500 plots (visited over a 10-year period).
The organic layer is sampled volumetrically in a 3.14 m? subplot within
each circular plot throughout the entire depth of the organic layer
(excluding the litter layer). For this purpose, 1-9 volumetric samples are
taken and combined to gain a sample volume of 1.5 L (using a corer with
a diameter of 10 cm). In addition, a small soil profile is prepared in the
subplot and mineral soil is collected at fixed depth intervals: 0-10 cm,
10-20 cm, and 55-65 cm. The soil group is determined according to the
World Reference Base for Soil Resources (IUSS Working Group WRB,
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Fig. 3. Soil nitrogen concentration and the molar carbon-to-nitrogen (C:N) ratio in the mineral soil at a depth of 0-10 cm depending on soil texture in soils with
different pH. The results are shown for soils with pH < 4.0 (a, b) pH > 4.0 and < 4.5 (c, d) pH > 4.5 and < 5.0 (e, f) as well as pH > 5.0 (g, h). The number of
observations and the P value of the Kruskal-Wallis test are given in the upper right corner of each panel. Different capital letters below the boxes indicate significant
differences (P < 0.05) tested by Dunn post hoc test separately for the data of each panel. The black numbers depict the medians, blue dots and blue numbers show the
arithmetic means. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 3

Ratio clayey and fine silty soils-to-sandy soils for the nitrogen and carbon con-
centration and the carbon-to-nitrogen (C:N) ratio for soils of four pH classes at a
depth of 0-10 cm in the mineral soil (ratios are calculated based on medians
shown in Fig. 3 and S3).

Variable pH class Ratio of clayey and fine silty soils-to-sandy
soils
Carbon (g kg™) <4.0 1.47
>40&<45 2.04
>45&<50 161
> 5.0 2.68
Nitrogen (g <40 1.90
kg™
>40& <45 267
>45&<50 240
> 5.0 3.40
Molar C:N ratio <4.0 0.84

>4.0& <45 0.70
>45&<5.0 072
> 5.0 0.75

2014). The texture of the mineral soil samples is determined in the field
for the uppermost 20 cm of the mineral soils, and for the depth incre-
ment 55-65 cm according to the following classes: gravel, coarse sand,
sand, fine sand, coarse silt, fine silt, and clay, using the so-called finger
test (Vos et al., 2016). The texture classes each have a number from 2 for
gravel to 8 for clay (which makes it possible to test whether the average
texture class for different groups of soils differs). In the laboratory, all
soil samples are dried to constant weight at 35 °C. The samples are
homogenized and sieved (<2 mm), and living and dead roots > 1 mm
diameter are removed from the mineral soil samples. The samples are
weighed and the stock of the organic layer is calculated based on the
weight of the < 2 mm-fraction of the organic layer. Chemical analyses
are carried out on the fine soil fraction (<2 mm).

2.2. Selection of plots and basic plot description

For the present study, we selected plots from the inventory that have
been sampled between 2013 and 2020 and are classified as sub-alpine
forest or productive forest (i.e., productivity > 1 m® ha™! yr™1), which
includes all forest types of the inventory, but excludes grasslands. From
this dataset, we excluded plots with the humus form mull because at
these plots the samples are taken in different depth intervals for the
Swedish National Forest Inventory. Furthermore, we excluded soils
classified as Histosols, soils that had the texture gravel at a depth of
0-10 cm, and soils that only consisted of an organic layer on solid
bedrock (because we aimed at exploring the relationship between soil
texture and organic matter). We excluded all profiles for which no data
on soil texture and C and N concentrations in 0-10 cm depth in the
mineral soil were available, e.g. due to obstacles in the soil. Further-
more, we considered C:N ratios > 100 as outliers, and excluded soils
with C:N ratios > 100 from the data analysis (removal of outliers).

The plot selection based on these criteria resulted in a total number
of 1992 plots, located between 55.75°N and 68.42°N (Fig. 1). Of these,
1939 plots were classified as productive (lowland) forest (productivity
>1m®ha ! yr 1) and 53 as sub-alpine forest. The mean stand age was
62 years and the median stand age was 47 years. Of the 1992 plots, 42 %
were covered by pine forest, 29 % by spruce forest, 13 % by mixed
coniferous forest, 6 % by mixed deciduous-coniferous forest, 5 % by
deciduous forest, and 3 % had no tree cover (due to recent logging). Of
the 1992 soils, 64 % had the organic layer form mor with dominance of
the F subhorizon (mor type 1), 14 % had the organic layer form mor with
dominance of the H subhorizon (mor type 2), 12 % had the humus form
peaty mor, 5.1 % had no organic layer (likely related to recent clear-
cutting), 4 % had the humus form moder, and 2 % had the humus
form peat. Furthermore, 56 % of the soils were classified as Podzol, 33 %
as Regosol, 5 % as Gleysol, 3 % as Arenosol, 2 % as Leptosol, 1 % as
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Cambisol, and 0.6 % as Umbrisol.

At a depth of 0-20 cm, 42 % of the soils had the texture fine sand, 25
% had the texture sand, 18 % had the texture coarse silt, 9 % had the
texture coarse sand, 4 % had the texture fine silt, and 3 % had the texture
clay. At a depth of 55-65 cm, 35 % of the soils had the texture fine sand,
29 % had the texture sand, 16 % had the texture coarse silt, 10 % had the
texture coarse sand, 5 % had the texture fine silt, and 4 % had the texture
clay.

2.3. Soil chemical analyses

The organic C and total N concentrations were analyzed using an
elemental analyzer (TruMac CN, LECO). The pH was determined in
water (at a soil:water ratio of 1:2.5) using a Pt electrode (Aquatrode Plus
Pt1000, Metrohm). Exchangeable aluminum was extracted in 1 M KCI
and exchangeable calcium was extracted in 1 M ammonium acetate
buffered at pH 7.00. Both aluminum (Al) and calcium (Ca) were quan-
tified by inductively coupled plasma optical emission spectroscopy (ICP-
OES; Avivo 200, Perkin Elmer). The exchangeable aluminum and cal-
cium fractions represent the plant available aluminum and calcium.

2.4. Calculations and data analyses

The molar C:N ratio was calculated by dividing the moles of soil
organic carbon by the moles of total nitrogen. For the analysis of soil
texture, the two texture classes clay and fine silt were combined into one
class called clay and fine silt, in order to gain a more equal distribution
of the soils across different texture classes. For the same reason also the
two texture classes sand and coarse sand were combined. We divided the
soils into four pH classes (<4.0, 4.0-4.5, 4.5-5.0, and > 5.0). Results for
these pH classes are presented for all soil depth increments, except for
the lowest one (55-65 cm) because in this soil depth increment, only six
soils had a pH < 4.0. Furthermore, we calculated mean and median C
and N concentrations and C:N ratios of soils in the four texture classes,
separately for the four different pH classes. This analysis was exclusively
conducted for the soil depth increment 0-10 cm due to the fact we have
the highest number of observations for this soil depth increment.

We tested for significant differences in soil chemical properties
among different groups of soils by Kruskal-Wallis test followed by Dunn
post hoc test (using the R package FSA, version 0.9.4), whereby P <
0.050 was considered to indicate statistically significant differences.
This was done separately for the different soil depth increments to
compare soils of different texture and pH classes. In addition, we
calculated multiple linear regression models with C, N or the C:N ratio as
a function of soil texture, pH, exchangeable metal cations and their in-
teractions. This was done separately for the different soil depth in-
crements. For the regression analyses, concentrations of C and N and the
C:N ratio were transformed by calculating their natural logarithm since
they were not normally distributed. All data analyses were conducted
using R (version 4.1.1, R Core Team, 2021).

3. Results

Concentrations of C and N declined with increasing soil depth, and
varied widely across all soils (Table 1). The molar C:N ratio decreased
from a mean of 40.2 in the organic layer to 27.5 at a depth of 55-65 cm
(Table 1). The mean pH increased from 3.8 in the organic layer to 5.0 at
a depth of 55-65 cm (Table 1). The concentration of exchangeable Al
declined with increasing soil depth (Table 1). The concentration of
exchangeable Ca was very similar in all depth increments of the mineral
soil, and it was on average 16.5-times higher in the organic layer than in
the mineral soil (Table 1).

The N concentrations were significantly higher in fine-textured soils
than in coarse textured soils, in all three depth increments of the mineral
soil and also in the organic layer (Fig. 2). The ratio of N in the clayey and
fine silty soils-to-N in the sandy soils (based on the medians) was largest
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Fig. 4. Soil carbon concentration and the molar carbon-to-nitrogen (C:N) ratio depending on soil pH. The results are shown for the organic layer (a, b) and the
mineral soil at a depth of 0-10 cm (c, d), 10-20 cm (e, f), and 55-65 cm (g, h). The number of observations and the P value of the Kruskal-Wallis test are given in the
upper right corner of each panel. Different capital letters below the boxes indicate significant differences (P < 0.05) tested by Dunn post hoc test separately for the
data of each panel. The black numbers depict the medians, blue dots and blue numbers show the arithmetic means. Soil texture indicated for the organic layer (panels
aand b) is the texture determined in the uppermost 20 cm of the mineral soil. The results are not shown for the soil increment 55-65 cm since there were only six soils
that had a pH < 4.0 in this depth increment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

at a depth of 0-10 cm (2.33; Table 2). This ratio decreased with
increasing soil depth, to 1.50 at a depth of 55-65 cm (Fig. 2, Table 2).

Organic C was less strongly enriched in fine-textured soils (compared
to coarse-textured soils) than N in all depth increments (Table 2).
Organic C was higher concentrated in the fine-textured than in the
coarse textured soils at a depth of 0-10 and 10-20 cm (Fig. S2). The ratio
of C concentration in the clayey and fine silty soils-to-C concentrations
in the sandy soils (based on medians) was largest at a depth of 0-10 cm
(1.85; Table 2). The C:N ratio also varied with soil texture (Fig. 2). The C:
N ratio of the clayey and fine silty soils was smaller than the one of the
sandy soils, by a factor of 0.69 to 0.75 (Fig. 2; Table 2).

For the depth increment 0-10 cm of the soils, divided into four
different pH classes, we found that the difference in N concentration
between clayey and fine silty soils compared to sandy soils was largest in

the class of soils with pH > 5.0, and smallest in the class of soils with pH
< 4.0 (Fig. 3, Table 3). The same was true for the C concentration
(Fig. S3, Table 3). In all four pH classes, the ratio clayey and fine silty
soils-to-sandy soils was larger for N than for C (Table 3). For instance, in
the class pH > 5.0, the ratio clayey and fine silty soils-to-sandy soils was
3.40 for N (Fig. S3; Table 3) and 2.68 for C (Fig. 3; Table 3).

Soils with pH < 4 had significantly higher C concentrations than soils
with a higher pH, in the organic layer and in the mineral soil at a depth
of 0-10 and 10-20 cm (Fig. 4), independently of texture. The largest
differences in C concentrations among soils of contrasting pH classes
were observed in the uppermost 10 cm of the mineral soil (Table 4). At
this soil depth, the C concentration was on average 2.59 times higher in
soils with a pH < 4 than in soils with a pH > 5.0 (Table 4). In contrast,
the N concentration in the organic layer did not differ significantly
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Table 4

Ratio of soils with pH < 4.0 to soils with pH > 5.0 (based on medians) for the
nitrogen and carbon concentration and the carbon-to-nitrogen (C:N) ratio in the
organic layer and different depth increments of the mineral soil (ratios are
calculated based on medians shown in Fig. 4 and S4).

Variable Soil depth Ratio soils with pH < 4.0-to-soils with pH >
5.0
Carbon (g kg™ 1) Organic 1.52
layer
0-10cm 2.59
10-20 cm 2.01
Nitrogen (gkg™')  Organic 0.97
layer
0-10 cm 2.00
10-20 cm 2.50
Molar C:N ratio Organic 1.52
layer
0-10 cm 1.45
10 - 20 cm 1.23

Table 5

Carbon, nitrogen, and the C:N ratio as a function exchangeable aluminum (Al).
Shown are the P value as well as the adjusted coefficient of determination (Ad.
R?) for all significant correlations (P < 0.05).

Function Soil depth P value Ad. R?
Ln(Carbon) ~ Al Organic layer > 0.05 -
0-10 cm < 0.001 0.32
10 -20 cm < 0.001 0.34
55-65cm < 0.001 0.38
Ln(Nitrogen) ~ Al Organic layer < 0.05 0.03
0-10cm < 0.001 0.29
10 - 20 cm < 0.001 0.32
55-65cm < 0.001 0.36
Ln(C:N ratio) ~ Al Organic layer < 0.001 0.03
0-10cm <0.01 0.35
10 -20 cm > 0.05 -
55 - 65 cm < 0.05 0.01

Table 6

Carbon, nitrogen, and the C:N ratio as a function of soil texture, pH,
exchangeable aluminum (Al), exchangeable calcium (Ca), and their interactions.
Shown are the P value and the adjusted coefficient of determination (Ad. R?).

Function Soil depth P value Ad. R?

Ln(Carbon) ~ texture x pH x Al x Ca Organic layer < 0.001 0.40

0-10cm < 0.001 0.46
10 - 20 cm < 0.001 0.46
55-65cm < 0.001 0.49
Ln(Nitrogen) ~ texture x pH x Al x Ca Organic layer < 0.001 0.18
0-10cm < 0.001 0.49
10 -20 cm < 0.001 0.47
55 - 65 cm < 0.001 0.45
Ln(C:N ratio) ~ texture x pH x Al x Ca Organic layer < 0.001 0.38
0-10cm < 0.001 0.18
10 - 20 cm < 0.001 0.19
55 - 65 cm < 0.001 0.18

among soils of the four pH classes (Fig. S4). The C:N ratio was larger in
soils with a pH < 4 than in soils with a pH > 5.0, by a factor of 1.52 in the
organic layer and a factor of 1.45 and 1.23 at 0-10 and 10-20 cm soil
depth, respectively (Table 4).

In the organic layer, the median pH was 3.8, 3.7 and 4.0 for spruce,
pine, and deciduous forests, respectively. Furthermore, in the uppermost
10 cm of the mineral soils, the median pH was 4.4, 4.4 and 4.6 for
spruce, pine and deciduous forests, respectively. Thus, soil pH varied
only very little among forests with different tree species. The slightly
higher pH values in the deciduous forests have a limited effect on the
analysis since deciduous forests represent only 5 % of the forest soils
studied here (see section 2.2). Furthermore, the median texture class
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(see section 2.1) was 5.0 for spruce, pine, and deciduous forests,
showing that there is no co-variation of soil texture and tree species.

Based on multiple linear regression models, we found that C, N and
the C:N ratio were significantly related to interactions of soil texture and
pH in all soil depth increments (Table S1). The coefficient of determi-
nation (R2) increased strongly for the mineral soils, if the concentration
of exchangeable aluminum was included in the models (Table S2).
Aluminum alone was also positively, and relatively strongly correlated
with C and N in the mineral soil, but not in the organic layer (Table 5).
The C concentration was on average 3.7 times higher in the quartile of
soils with the highest aluminum concentration compared to the quartile
of soils with the lowest aluminum concentration, in the uppermost 10
cm of the mineral soil. The concentration of exchangeable calcium was
only weekly positively correlated with C and N (Table S3). Yet, calcium
in combination with texture, and pH was strongly correlated with C and
N, particularly in the organic layer (Table S4). Together, texture, pH,
and the concentrations of both aluminum and calcium explained almost
half of the variability in C and N concentrations in the mineral soil
(Table 6).

When calculating models for soils with different texture separately,
we found that the coefficients of determination (R?) of the linear models
of C or N as a function of pH and Al were larger for the coarse-textured
soils than for the fine-textured soils (Table 7). The R? of the linear
models of C as a function of pH and calcium, was substantially larger for
the organic layer than for the mineral soil, in the soils of all four texture
classes (with one exception) (Table 7). The pH tended to be slightly
higher in the clayey and fine silty soils than in all other soils (Fig. S5).

4. Discussion
4.1. C and N depending on soil texture

In accordance with hypothesis 1, we found that C and N concentra-
tions were higher in fine-textured soils than in coarse-textured soils
(Fig. 2 and S2). The most likely reason for the higher concentrations in
the fine-textured soils is that these contain more binding sites on min-
erals to which organic compounds can adsorb than coarse-textured soils.
Adsorption slows down decomposition of organic compounds, which
leads to enrichment of organic matter in soils with a high density of
binding sites (Kogel-Knabner et al., 2008; Kleber et al., 2015). In addi-
tion, the fine-textured soils contain more nutrients than coarse-textured
soils, which tends to cause higher primary production, resulting in high
organic matter inputs to the soil. Our results are in accordance with
many studies reporting a negative relationship between organic C con-
centration and the average diameter of mineral particles (Kaiser and
Guggenberger, 2003; von Liitzow et al., 2006; Zinn et al., 2007; Kogel-
Knabner et al., 2008). Our finding is also in accordance with results of
our previous study showing enrichment of C and N in fine-textured soils
compared to coarse-textured soils in Sweden (Spohn and Stendahl,
2022). The differences between fine- and coarse-textured soils for C and
N were slightly higher in the previous study, likely because we consid-
ered only forests with a stand age >60 years in the former study (the
mean stand age was 113 years), which excludes effects of recent clear-
cutting and soil preparation on the element contents. In contrast, in
the present study, the mean stand age was 62 years, and thus the forests
had less time to build up organic matter.

In agreement with hypothesis 2, we found that N was more strongly
enriched in fine-textured soils (compared to coarse-textured soils) than
organic C, leading to lower C:N ratios in fine-textured than coarse
textured soils (Fig. 2, Fig. S2, and Table 2). The reason for the stronger
enrichment of N in the fine-textured soils is likely that organic N has a
high charge density, and therefore a high affinity to adsorb to charged
mineral surfaces. It was shown in experiments that amino acids bind
more strongly than the total dissolved organic matter pool to soil min-
erals (Aufdenkampe et al., 2001). In addition, it was demonstrated that
positively charged amino acids have a particularly high adsorption
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Table 7
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Carbon and nitrogen as a function pH and exchangeable aluminum (Al) or, alternatively, pH and exchangeable calcium (Ca) in soils of the four texture classes (clay and
fine silt, coarse silt, fine sand, and sand) at different depths. Shown are the P value and the adjusted coefficient of determination (adjusted R2).R2%> 0.30 are given in

bold font.
Clay and fine silt Coarse silt Fine sand Sand

Function Soil depth P value Adjusted R? P value Adjusted R? P value Adjusted R? P value Adjusted R?

Ln(Carbon) ~ pH x Al Organic layer < 0.001 0.14 < 0.001 0.22 < 0.001 0.24 < 0.001 0.23
0-10cm < 0.001 0.20 < 0.001 0.30 < 0.001 0.34 < 0.001 0.34
10 - 20 cm < 0.001 0.13 < 0.001 0.35 < 0.001 0.41 < 0.001 0.39
55 - 65 cm < 0.001 0.39 < 0.001 0.44 < 0.001 0.43 < 0.001 0.46

Ln(Nitrogen) ~ pH x Al Organic layer < 0.01 0.07 < 0.001 0.04 < 0.05 0.01 < 0.001 0.02
0-10cm < 0.001 0.18 < 0.001 0.26 < 0.001 0.32 < 0.001 0.31
10 - 20 cm < 0.001 0.15 < 0.001 0.31 < 0.001 0.38 < 0.001 0.38
55 - 65 cm < 0.001 0.32 < 0.001 0.35 < 0.001 0.41 < 0.001 0.44

Ln(Carbon) ~ pH x Ca Organic layer < 0.001 0.36 < 0.001 0.41 < 0.001 0.40 < 0.001 0.39
0-10cm < 0.001 0.16 < 0.001 0.26 < 0.001 0.16 < 0.001 0.21
10-20 cm < 0.001 0.37 < 0.001 0.23 < 0.001 0.19 < 0.001 0.20
55 - 65 cm < 0.001 0.26 < 0.001 0.13 < 0.001 0.22 < 0.001 0.23

Ln(Nitrogen) ~ pH x Ca Organic layer < 0.001 0.10 < 0.001 0.10 < 0.001 0.06 < 0.001 0.10
0-10cm < 0.001 0.22 < 0.001 0.23 < 0.001 0.14 < 0.001 0.18
10 - 20 cm < 0.001 0.31 < 0.001 0.19 < 0.001 0.17 < 0.001 0.18
55 - 65 cm < 0.001 0.14 < 0.001 0.04 < 0.001 0.14 < 0.001 0.21

coefficient (Wang and Lee, 1993; Jones and Hodge, 1999; Aufdenkampe
et al., 2001; Ding and Henrichs, 2002; Moon et al., 2016; Moon et al.,
2019). Sorption of organic N compounds likely slows down their
decomposition in soils because microbes cannot take up adsorbed
compounds, and exoenzymes cannot bind to them and catalyze their
decomposition. Accordingly, it was shown that sorption of amino acids
to minerals restricted their uptake and decomposition (Vieublé Gonod
et al., 2006; Hunter et al., 2016). Furthermore, it was found that addi-
tion of clays strongly decreased microbial decomposition of proteins
(Chevallier et al., 2003), and that amino acids decomposed more slowly
than other organic compounds in soil (Miltner et al., 2009), which is
likely related to their high affinity to adsorb to charged mineral surfaces.
Thus, sorption of organic N compounds very likely results in the strong
enrichment of N in fine-textured soils.

Our findings are in line with a study about a soil texture gradient in
the Amazon forest reporting a decrease in the C:N ratio with increasing
soil clay content (Silver et al., 2000). The findings are also in accordance
with results reported in Spohn and Stendahl (2022) about temperate and
boreal forests. In this previous study, the difference in the C:N ratio
among sandy and clayey soils was larger, mostly due to higher C:N ratios
in the sandy soils. The reason for this is most likely that in the previous
study, we only considered forests with a stand age >60 years, and these
forests had several decades to build up organic matter, and particularly
structural tissue of plants with high C:N ratio, in contrast to the forests of
the present study which have mean age of 62 years (see section 2.2). Our
results are also in accordance with several studies reporting that
mineral-associated organic matter is particularly rich in N (e.g. Sollins
et al., 2006). These studies were synthesized recently in a meta-analysis
which concluded that the C:N ratio of soils is closely related to their
particle-size distribution, and tends to be lower in the clay-size than in
the sand-size fraction of soils (Amorim et al., 2022).

Our results suggest that N compounds play an important role in
organo-mineral interactions. Still, recent studied indicate that organic
phosphorus compounds might be even more important for the formation
of organo-mineral interactions than organic N since they have a very
high affinity to adsorb to mineral surfaces (Spohn, 2020a, Spohn, 2020b;
Spohn and Stendahl, 2022).

4.2. C and N depending on soil texture and soil depth

In accordance with hypothesis 3, we found that the N concentration
was higher in the organic layer of fine-textured soils than of coarse-
textured soils (Fig. 2a and Table 2). This is most likely because of N
cycling between soil and plants. The high N concentration in the

mineral, fine-textured soils likely leads to high N contents of plant
biomass and litter, which supplies the organic layer with organic matter.
This explanation is supported by a recent study about vertical patterns of
N isotopes in Swedish forest soils, in which we found indications for
strong recycling of N between plants and soils, leading to enrichment of
15N in the topsoil (Spohn and Stendahl, 2023). In addition, the high N
concentration in the organic layer of fine-textured soils could also partly
result from high Ny fixation since fine-textured soils are commonly
formed from nutrient-rich minerals, which support higher plant pro-
ductivity and microbial Ny fixation (Clarholm and Skyllberg, 2013). We
are not aware of any other study, except for Spohn and Stendahl (2022),
showing that the N concentration of the litter layer increases with
decreasing particle size of the underlying mineral soil.

In disagreement with hypothesis 4, we did not find that differences in
C and N concentrations and the C:N ratio among soils with different
texture were larger in the subsoil than in the mineral topsoil. On the
contrary, we found that differences in C and N concentrations among
soils with different texture declined with increasing soil depth (Fig. 2
and Table 2). Given that the C and N concentrations both declined with
increasing soil depth, the likelihood for organic matter to be in direct
contact with minerals is higher in the subsoil than in the topsoil. Yet, this
seems to have no effect on C and N contents in these soils. The reason for
this might be related to the fact that the pH in the subsoil is higher than
in the topsoil (Table 1), which likely leads to higher adsorption of
organic matter to clay minerals in the top- than in the subsoil (Gu et al.,
1994, 1996; Spark et al., 1997; Filius et al., 2000; Strahm and Harrison,
2008). However, the reason might also be that the C concentrations are
rather low even in the mineral topsoil. Thus, even in the topsoil, the
sorption places on mineral surfaces are likely not saturated. This is
related to the fact that the soils are mostly Podzols and Regosols in
which the organic matter is largely concentrated in the organic layer.
Our results are in accordance with Silver et al. (2000) who found no
change in the difference in the C:N ratio among sandy and clayey forest
soils with increasing soil depth.

4.3. C and N depending on soil texture and cations

In agreement with hypothesis 5, we found that the linear models
explained a much higher proportion of the variability in C and N con-
centrations if they included exchangeable aluminum (Table 6) as
compared to the models including only texture and pH (Table S1),
particularly for the subsoil. The positive correlations of C and N with the
aluminum concentration (Table 6) indicate that aluminum plays an
important role in stabilizing organic matter in the mineral soil. This is
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likely because the trivalent aluminum cations connect negatively
charged organic compounds to negatively charged clay surfaces or to
negatively charged organic compounds (Piccolo, 2002; Kunhi Mou-
venchery et al., 2012; Yu et al., 2021; von Fromm et al., 2021). Con-
centrations of C and N in the mineral soil were more strongly correlated
with the aluminum concentration (Table 5) than with the combination
of texture and soil pH (Table S1). This observation is in accordance with
a study demonstrating that multivalent cations are stronger predictors of
soil organic C than the clay content in a large dataset on soil profiles
from different continents (Rasmussen et al., 2018).

The coefficients of determination (R2) of the models of C and N as a
function of pH and aluminum were higher for the coarse-textured than
for the fine-textured soils (Table 7), indicating that aluminum is more
important for organic matter stabilization in coarse-textured than fine-
textured soils. The reason for this might be that aluminum cations do
not only connect negatively charged organic compounds to negatively
charged minerals, but also contribute to the formation of so-called
supramolecules, which consist of organic compounds that are con-
nected through multivalent metal cations (Piccolo, 2001, 2002; Kunhi
Mouvenchery et al., 2012). These organo-organo interactions may be
relevant for organic matter stabilization in soils with a low clay content
because they might prevent microbial uptake and decomposition of
organic compounds bound in supramolecules (Piccolo, 2001, 2002;
Sutton and Sposito, 2005).

Inclusion of the exchangeable calcium concentration in the models
did not increase the proportion of explained variability as much as in-
clusion of the aluminum concentration (compare Table 6 and S4),
indicating that aluminum cations play a more important role than cal-
cium cations for the stabilization of organic matter in acidic mineral
forest soils. Yet, in the organic layer, the R? of the linear models of Cas a
function of pH and calcium was comparatively high (Table 7 and S4).
This might suggest that calcium cations are relevant for stabilizing
organic C in the organic layer, potentially by interconnecting negatively
charged organic compounds, and thereby forming supramolecules that
are difficult to decompose (Piccolo, 2001, 2002; Kunhi Mouvenchery
et al., 2012). One main reason why exchangeable calcium was more
strongly related to the C concentration in the organic layer than in the
mineral soil is likely that the exchangeable calcium concentration was
about 16.5-times higher in the organic layer than in the mineral soil
(Table 1).

4.4. C and N depending on soil texture and pH

In accordance with hypothesis 6, we found that soils with a very low
soil pH (pH < 4.0) had higher soil organic C concentrations and C:N
ratios than less acidic soils (Fig. 4). Our result that soils of different pH
classes differed significantly in C but not in N concentration of the
organic layer (Fig. S4) indicates that pH largely affects microbial
respiration, and hence the loss of C from the soil. This is in accordance
with studies showing that soil pH strongly influences microbial respi-
ration, and leads to very low respiration rates at pH < 4.5 (Rousk et al.,
2009). The C concentration in the mineral topsoil was on average 2.6
times higher in very acidic soils compared to soils with a pH > 5.0 (Fig. 4
and Table 4). This finding suggests that pH has a major effect on soil C
contents in temperate and boreal forest soils. Recent reviews on the
main factors controlling soil organic C stocks hardly mentioned pH as an
influencing factor of soil C sequestration (Schmidt et al., 2011; Wies-
meier et al., 2019). Yet, the results of our study indicate that pH should
be considered as an important determinant of the soil organic C content,
particularly in temperate and boreal forest soils.

In contrast to hypothesis 7, we did not find that soil C and N con-
centrations differed more between texture classes at pH < 4 than at
higher pH (Fig. 3 and S3, Table 3), as we had hypothesized based on
results about sorption of amino acids and other low molecular weight
organic compounds (Spark et al., 1997; Strahm and Harrison, 2008). On
the contrary, we found that the clayey and fine silty soils contained more
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N than the sandy soils by a factor of 3.4 at pH > 5.0 and by a factor of
only 1.9 at pH < 4 (Table 3). These findings seem to be in contradiction
with the result of many laboratory studies, concluding that organic
compounds have a higher affinity to adsorb to clay minerals and iron
and aluminum oxides and hydroxides at pH < 4.0 that at pH > 5.0 (Gu
et al., 1994, 1996; Spark et al., 1997; Filius et al., 2000; Strahm and
Harrison, 2008). The main reason for this apparent contradiction could
be that pH also strongly affects decomposition and other biotic pro-
cesses, which leads to increased organic C and N contents in the mineral
soil at low pH, irrespective of soil texture (see above). Thus, the effect of
pH on organic matter contents likely reduces the texture-dependent
differences in C and N concentrations under very acidic conditions.
However, it could also be that proteins in these soils have a point of zero
charge at pH > 5.0, which causes highest adsorption of these compounds
at pH > 5.0 (Quiquampoix et al., 1993; Haynes and Norde, 1994;
Meissner et al., 2015). Future studies should explore experimentally the
pH-dependent sorption of proteins to soil minerals.

While we concentrated on analyzing the relationship of soil C and N
with soil pH, texture, and the concentrations of metal cations in this
study, it should be mentioned that soil C and N contents in temperate
and boreal forest soils are also influenced by other factors. Mean annual
temperature affects both organic matter inputs to soil and the decom-
position rate and hence has a large effect on soil organic matter stocks
(Spohn and Stendahl, 2022). Furthermore, topography influences
organic matter stocks through its effect on soil moisture (Seibert et al.,
2007). In addition, tree species affect the C:N ratio of the soils (Spohn
and Stendahl, 2022), and the fungal community in the organic layer
influences decomposition, and thus organic carbon stocks (Lindahl et al.,
2021).

4.5. Conclusions

Based on an exceptionally large dataset containing data on 1992 soil
profiles, we showed that soil C and N concentrations and the C:N ratio
are strongly related to texture, pH, and aluminum in temperate and
boreal forest soils. Specifically, our results demonstrate that N concen-
tration is more strongly related to soil texture than C concentration,
which is very likely due to the high charge density of organic N com-
pounds, which allows organic N to adsorb to mineral surfaces. In
contrast, C concentration was more strongly related to pH than N con-
centration, likely due to effects of pH on microbial respiration. The
concentration of exchangeable aluminum was a good predictor of C and
N in the mineral soil, suggesting that aluminum cations play an
important role in slowing down soil organic matter decomposition by
interconnecting charged compounds in soil.
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