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The temporal dynamics of 33 major, trace, and rare earth elements (REEs) were
studied in the litter samples containing Swedish Norway spruce (Picea abies) (NSL)
and Scots pine (Pinus sylvestris) (SPL), with the aim to assess their release and
accumulation dynamics. Litter bags (8 × 8 cm) were incubated in paired
monoculture stands with both the species for up to 5 years from 1979 to
1984 according to a randomized block design comprising 25 blocks (1 × 1 m)
within an area of 625 m2. The decomposition rate was slightly higher for Scots pine
litter (k = 0.315) than for Norway spruce litter (k = 0.217). During litter
decomposition, at ~70% accumulated mass loss (AML), the concentration of
trace elements increased by >50% in both litter types compared to initial
concentrations. The concentration change took place in a non-linear pattern,
and polynomial quadratic regression between concentration change and
accumulated mass loss resulted in significant relationships (adj R2 = 0.20–0.97;
p = 0.15–<0.0001). The changes in concentration and amount of trace elements
resulted in two main types of dynamics: 1) both concentration and amount
increased for Fe, Al, Ti, Cu, Mo, V, Zr, Sb, As, Cs, Pb, Th, and U; 2)
concentration increased but amount decreased for Ni, Zn, Li, and Sr. The
amount of REEs increased from ~3-fold to 99-fold from the beginning to the
end of incubation, suggesting accumulation during litter decomposition. The
dynamics of different REEs were similar in their change patterns in the two
litters. Different REEs had generally identical change patterns during
incubation, which is reflected in the high correlations among them
(r2 = >0.95). A general upward convexity in the dynamics suggests that if
further incubated in the field, decomposing litter could have accumulated
more REEs in the organic matter. The results of this study can be useful for
future studies in other ecosystems including metal-contaminated sites or
element-depleted sites. Plant litter accumulation, its decomposition, and build-
up of humic substances in the decomposing organic matter can act as a sink for
elements and can be used as a management tool for ecological amelioration of
metal-contaminated sites as well as natural systems that are impoverished,
especially recuperating sites. The study’s findings have implications beyond
such sites and can be useful in any research that seeks to understand the
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patterns of accumulation and release related to decomposition in different
ecosystems.
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1 Introduction

Release of nutrients from decomposing litter is one of the most
important processes in the cycling of elements and biogeochemistry
of vegetated ecosystems, including forests (Prescott, 2005; Berg,
2014; Hobbie, 2015; Yue et al., 2019; Montemagno et al., 2021).
Knowledge about the decomposition processes has helped us to link
primary productivity to soil nutritive capital through litter
decomposition (Hobbie, 2015; De Marco et al., 2022) and to
recognize its significance to vegetation and soil-inhabiting biota
(Hättenschwiler et al., 2005). The knowledge has thus facilitated us
to prioritize management strategies for both ecosystems, (semi-)
natural and artificial/man-made.

Work on understanding the dynamics of some of the elements in
this group, namely, heavy metals, started as early as the 1970s
(Rühling and Tyler, 1973) and was later followed by crucial studies
giving rare views of their dynamics [Fe, Mn, Zn, Cu, Al, Co, Mo, Ti,
V, Zn, Cd, Pb, Ni, Cr, and rare earth elements (REEs)] related to
litter decomposition (Laskowski and Berg, 1993; Yue et al., 2019;
Kondratova and Bryanin, 2021; Montemagno et al., 2021; De Marco
et al., 2022). Still, for most of the ecosystems, for reasons unknown,
such studies have not been prioritized for several other trace
elements and REEs (Berg and Laskowski, 2005; Brun et al., 2008;
Cao et al., 2018; Gautam et al., 2019). In particular, for REEs, despite
Tyler’s (2005) study and a few follow-up decomposition studies by
Brun et al. (2008), Gautam et al. (2019), and Montemagno et al.
(2021), the dynamics of REEs during litter decomposition have not
received much attention. In contrast to nutrient elements, the bulk
of the trace elements and REEs is not required by litter- and soil-
inhabiting macro- and microbiota involved in the decomposition
process. Humus, being built up in organic layers in the decomposing
environment, has a high capacity to tightly adsorb or chelate trace
elements and REEs (Stevenson, 1982; Laskowski et al., 1995; Tyler,
2004; VanNevel et al., 2014; Li et al., 2020). As a result, an increase in
the concentration of heavy metals and REEs takes place in the litter
during decomposition (Brun et al., 2008; Gautam et al., 2020).
Accumulation of certain trace elements, particularly heavy
metals, can impact decomposition, impeding the turn-over rate
(Laskowski and Berg, 1993). This is probably due to their direct
or indirect effect on the microenvironment of microbiota that is
critical for the decomposition process to proceed at optimal rates
(Scheid et al., 2009). On polluted sites with concentrations of heavy
metals exceeding the critical levels, rates of decomposition were
found to be severely affected, leading to litter accretion (Rühling and
Tyler, 1973). The same effect of heavy metals was recorded from
unpolluted sites as well (Laskowski and Berg, 1993). Compared to
polluted ecosystems, the dynamics of trace elements and REEs have
not been prioritized in unpolluted ecosystems. In recent years, due to
an extensive increase in the global production and widespread usage
of REEs in various services and industries, they have attracted

attention as emerging pollutants (Brioschi et al., 2013; Tao et al.,
2022). Recent studies have shown that loading of huge amounts of
REEs in the environment, like heavy metals, can have an adverse
effect on ecosystem processes (Carpenter et al., 2015; Kang and
Kang, 2020). However, although the effects of rare earth elements on
various ecosystem components are gradually increasing (Kang and
Kang, 2020), the knowledge about the dynamics of REEs associated
with litter decomposition over long-term periods is poorly explored
and needs to be prioritized.

A great number of litter decomposition studies, both short-term
and long-term, have been conducted globally in various ecosystems
to understand the litter decomposition process (e.g., Aerts, 1997;
Prescott, 2010; Berg and McClaugherty, 2020; Kondratova and
Bryanin, 2021). Traditional decomposition studies have largely
focused on understanding the dynamics and effects linked to
only a few major elements (Ca, Mg, K, P, S N, and Mn). These
studies have provided researchers, managers, and policymakers with
insights about elemental dynamics (release and immobilization)
associated with litter decomposition and factors affecting the
decay rates (Osono and Takeda, 2004; Prescott, 2005; Brun et al.,
2008; Brun et al., 2008; Prescott, 2010; Gautam et al., 2016; Cao et al.,
2018; Yue et al., 2019). The results from diverse ecosystems have
reported diverse dynamics of their release (Berg and McClaugherty,
2020); nevertheless, all have agreed on their nutritive significance to
the whole decomposition process; that is, in an impoverished
ecosystem with limiting nutrient elements, the whole
decomposition process can be constrained and thus delay the
release and recycling of essential elements (Hobbie, 1992; Berg
and Laskowski, 2005).

Unlike the knowledge of major elements, the knowledge about the
dynamics of most trace elements and REEs is still scarcely available. Out
of three studies performed to capture the dynamics of REEs, only that by
Brun et al. (2008) is a long-term study (≥2 years), whereas two of them
are short-term studies (1–2 years) (Gautam et al., 2019; 2020). However,
the study by Brun et al. (2008) presented limited information about the
dynamics of most of the trace elements with no particular focus on the
dynamics of REEs. In his 2005 study, Tyler presented a significant
perspective on the continuum of REE concentration change from leaf to
the organic soil layer. However, he did not link their dynamics to in situ
litter decomposition. In the case of trace elements, few decomposition
studies that researched the dynamics of heavy metals are long-term
studies, exceeding 2 years (Lomander and Johansson, 2001).
Additionally, due to differences in chemical properties, there is
incongruence in the dynamics of some major and few trace
elements, which have been subject to extensive long-term studies
(Hobbie, 2015; Pourhassan et al., 2016; Berg and McClaugherty,
2020). In the short-term REE dynamics reported by Gautam et al.
(2020), though, all the studied REEs showed a congruent behavior of
change in concentrations. It is, however, important to know what
happens in the more lengthy periods. To capture maximum
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variability in their dynamics, long-term studies are needed. It is
imperative to document how the majority of elements behave in the
long term, especially when litter decomposition is dominated by a
recalcitrant phase (Berg and McClaugherty, 2020). For nutrient
elements, a general rule of immobilization and release is seen in both
the short- and the long-term studies. However, such understanding of
trace elements and REEs is limited. The existing datasets are too small to
allow any generalization about the dynamics of trace elements and REEs
during litter decomposition. To address this issue, the main objectives of
the present study were to understand changes in the concentrations and
amounts of 33 elements, including REEs, during litter decomposition
and to compare the variability in their dynamics of changes. The present
investigation describes the results of a long-term study (up to 5 years) on
the dynamics of major elements (Na and S), trace elements (Cu, Mo, Ba,
Sr, Co, Cr, Li, Ni, V, Zn, Zr, As, Sb, Cd, Cs, Pb, Th, andU), and REEs (La,
Ce, Pr, Nd, Sm, Sc, Eu, Gd, Dy, and Lu) associated with decomposing
litter of Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies
L.), two common and representative forest tree species of Sweden,
accounting for approximately 80% of the total volume of Swedish
forests. During decomposition, humic substances increase in the
decomposing environment. We assume that due to organo–mineral
complex formation, elements, especially metals (loids), will accumulate
in the decomposing litter and increase in their net amount at the end of
decomposition. Rare earth elements have shown strong chelation
properties with organic matter in the soil (SOM), and thus we
hypothesize that their concentration and amount will also increase
continuously in the decomposing litter. In addition to this, since
different plant species have different patterns in the accumulation of
rare earth elements in them, herein, we make an effort to find the
differences in their dynamics in these two litter types.

2 Materials and methods

2.1 Study site

The litter samples were collected in the Grensholm Castle, which
is located in southeastern Sweden and northeast to Linköping City at
58o 33′N; 15o 59′ E and at an altitude of 58 m a.s.l. The mean annual
precipitation (long-term) is 520 mm, and the mean annual
temperature is 6.3°C, with a long-term annual actual
evapotranspiration of 484 mm (Johansson et al., 1995; Berg et al.,
2000; Berg et al., 1997). The site has paired monocultural stands of
Norway spruce (P. abies) and Scots pine (P. sylvestris), aged 54 and
58 years, respectively, at the start of the study. The Norway spruce
stand had herbs and moss as ground vegetation and Scots pine had
Bilberry (Vaccinium myrtillus) and grasses. Both stands grew on
Eutric Cambisol, and the humus was of the mull form. Further site
descriptions are provided in Berg et al. (1991a) and Berg et al. (1997).

2.2 Needle litter collection, storage, and
mass loss determination

For this study, the litter samples of Scots pine and Norway spruce
were obtained from the repositories developed by late Dr. Maj-Britt
Johansson along with Dr. Björn Berg. Local needle litter was collected
from both Norway spruce and Scots pine stands. The litter was collected

in the autumn of 1978 by gently shaking the branches of the trees and
collecting the needles on spread-out tarpaulins. Green needles were
removed by hand. The litter was air-dried and stored dry at room
temperature. Beforeweighing, the needleswere equilibrated to a constant
moisture level (5%–8% ± 0.5%) by drying them at room temperature for
approximately 1 month. The exact dry mass was determined by drying
the samples to a constantmass at 85°C (Berg et al., 1991b; Laskowski and
Berg, 1993).

Litter bags, measuring 8 × 8°cm, excluding a 1-cm-wide edge,
were made of polyester net with a mesh size of approximately 1.0 ×
1.0 mm for pine needles and approximately 1.0 × 0.5 mm for spruce
needles (Berg and Ekbohm, 1991). This size enables penetration of
fungal hyphae and allows access to soil- and litter-dwelling
microfauna and, at the same time, also prevents loss of material
generated from decomposition. In a method study incubating Scots
pine litter in litter bags of both mesh sizes (1.0 mm × 1.0°mm and
1.0 mm × 0.5 mm), no difference was observed in litter mass loss
over a two-year period, justifying a comparison using these two
mesh sizes (B. Berg, unpublished). A measure of 1.0 g (3 decimals) of
needle litter was placed in each litter bag. The bags were deployed on
the top of the litter (L) layer in 25 randomly located 1 × 1 m spots
within each plot in early May 1979. In each such spot, 10–14 bags
were attached to the ground using pegs through the edge of the bags.
The litter bags were incubated in situ for 4 and 5 years in Norway
spruce and Scots pine stands, respectively. The litter bags were
retrieved from their respective sites after field incubation on 181,
369, 540, 736, 915, 1,085, 1,462, and 1,833 days from the start of the
experiment (June 1979 to May 1983). On each sampling date,
25 litter bags per litter type were collected from each site. The
litter bags were gently brushed to remove new needles deposited on
the bags and cleaned for through-growing plant residues like moss,
grass, and plant roots. The bags were individually packed in brown-
paper envelopes and transported to the laboratory. The bags were
either stored at −20°C (if storage was needed) or cut open
immediately to air-dry the litter sample and clean the litter for
any ingrown foreign material (moss, grass, and plant roots). The
litter samples were then dried at 85°C until the sample achieved
constant weight (approximately 2 days). The dried samples were
allowed to cool in a desiccator before weighing, and the exact litter
weight of each bag was recorded with an accuracy of two decimals.
Mean values of mass loss were calculated for each sample set of
25 bags, and the details are provided in Berg et al. (1993).
Thoroughly dried, ground litter samples were sealed and stored
dry at room temperature until retrieved from the storage on April
2021. Ground samples stored in a dark, dry environment have a long
storage life, and samples can be left for a longer time under clean air-
tight conditions that maintain sample integrity for follow-up
analytical work (Jones et al., 1991; Campbell and Plank, 1998).
Litter bag data (data on accumulated mass loss) and data on
concentrations of Ca, K, P, N, Mn, and AUR (acid-
unhydrolyzable residue or gravimetric lignin) were extracted
from Berg et al. (1991b).

2.3 Sample preparation and analyses

To prepare homogenized samples for determining the
concentrations of major, trace, and rare earth elements, the ground
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litter samples collected from Sweden were first freeze-dried at −80°C for
96 h and then ground again into a fine powder using an agate ball mill at
Korea Basic Science Institute (KBSI), Republic of Korea (MM400;
Retsch, Haan, Germany), and stored in glass vials. Samples were
digested using a modification of the method suggested by Hansen
et al. (2009). For elemental analyses, approximately 0.40 g of the
homogenized sample was weighed, to the nearest 0.1 mg, and then
transferred into a Teflon vial (Savillex, Minnetonka, MN, United States).
For sample digestion, 9 mL of concentrated nitric acid (HNO3) (70%,
Sigma-Aldrich, St Louis, MO, United States) and 1 mL of ultrapure
hydrogen peroxide (H2O2) (70%, Sigma-Aldrich, Seoul, Republic of
Korea) were added into the Teflon vial. The Teflon vial carrying the
sample mixture was then closed and placed in a microwave oven
(Milestone ETHOS EASY, Sorisole, Italy). The heating program of
the digestion system was performed in two steps. In the first step,
the ramp time was 10°min, temperature range was 20°C–180°C, and
power was 1,200W. In the second step, the hold time was 10°min,
temperature was 210°C, and power was 1,800W, followed by a cooling
time of approximately 10 min. Afterward, to completely dissolve the
sample, it was again digested for 15 min at the same power and
temperature in a microwave oven. At the end of the microwave
program, the vials were cooled for 30 min. The completely dissolved
sample solution after cooling was diluted with 10 mL deionized water
(Milli-Q water >18.0 MΩ cm) and transferred into a new Teflon vial
(20 mL). The microwave-digested samples were then evaporated to
dryness at 150°C on a hotplate overnight. The final and clear residue
left after drying was dissolved in 1% nitric acid for complete dissolution
of the samples, and the solution was adjusted to a final volume of 20 mL
for elemental analyses. Two replicate digestions were performed for each
sample, and the same method was applied to the blanks as well.

Concentrations of major elements (S and Na) and a few trace
elements (Al, Ti, and Fe)were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, 8300DU; PerkinElmer
Optima, Waltham, MA, United States). Remaining elements, both
trace elements (Cu, Mo, Ba, Sr, Co, Cr, Li, Ni, V, Zn, Zr, As, Sb, Cd,
Cs, Pb, Th, and U) and REEs (La, Ce, Pr, Nd, Sm, Sc, Eu, Gd, Dy, and
Lu), were determined by inductively coupled plasma mass spectrometry
(ICP-MS, iCAP™ TQ; Thermo Fisher Scientific, Germany) (Falciani
et al., 2000). Both the analyses were performed at Korea Basic Science
Institute (KBSI, Chungbuk, Republic of Korea). Indium was used as an
internal standard. The analytical quality of the measurement was
checked by simultaneously running blanks every five samples and
repeated measurements of standard reference materials. The
following standard reference materials were also processed to verify
the sample preparation and analytical quality of the instruments: SRMs
NIST 1570a and NIST 1573a. The detection limit for S and Na was
approximately 0.1–2.0 mg/kg. The detection limits of trace elements
were 0.005–1.0 mg/kg, and those of REEs were 0.001–0.01 mg/kg. The
recovery rates associated with the whole procedure of all standard
reference materials were approximately 82%–127%.

2.4 Data analyses

The decomposition patterns and rates were estimated using the
accumulated mass loss or remaining amount of litter using the single
exponential model:

ln Mt/M0( ) � –kt,

where M0 is the initial mass, Mt is the mass at a certain time, t,
(normally given in year), and k is the decay rate constant (yr−1)
(Olson, 1963; Berg, 2014). The time required for 50% (t50) mass loss
was calculated as given in Olson (1963):

t50 � 0.693/k.

The absolute amount of elements remaining is calculated by
multiplying the concentration of elements with the amount of dry
litter mass remaining in the litter bag after incubation as given in
Berg and Laskowski (2005). Differences in the element
concentrations and amounts before the start of in situ incubation
(initial) and at the end of in situ incubation (final), as percentage
change, were calculated as given in Gautam et al. (2020):

XF –XI( )/XI[ ] × 100,

where XI is the initial concentration or amount of litter in the
bag and XF is the final concentration or amount in the residual litter
at the end of the decomposition period.

To compare the dynamics in the litter types and emphasize
temporal differences in concentration and amount against time and
mass loss, line plots were used. The trends generated in the plot
allowed us to perceive the distinctive pattern of change. We used
polynomial regression (linear and quadratic models) to test the
relationships between element dynamics and amounts of
accumulated litter mass loss. Two separate regression analyses
were performed: one with change in element concentration and
another with percent accumulated mass loss of the decomposing
litter, to determine the underlying relationship. If the linear
relationship did not fit the data and was unable to capture the
patterns, polynomial quadratic regression was used to model the
relationship between variables to match the pattern of the data.

Y � Pr1 + Pr2ML + Pr3ML2,

where Y determines the element concentrations or amounts, Pr1 is
the intercept, and Pr2 and Pr3 are estimates of parameters of
quadratic regression for the amount of accumulated mass loss
(ML). Additionally, ordinary least square regression was
performed between concentrations of trace elements and C, N,
AUR, P, and Mn to understand their general
relationship. Correlations among elements during decomposition
using Spearman’s rank-order correlation were carried out separately
for both the litter types. A canonical correlation analysis (CCoA) was
performed to study the relationship between REE dynamics and four
predictors (AUR, N, Fe, and Al) that probably can define their
dynamics. CCoA is a multivariate technique that checks the
association between two groups of variables by assessing the
correlation between the linear combinations of a first variate
group and the linear combinations of a second variate group
(Legendre and Legendre, 2012). These four predictor variables
were selected from all seven predictor variables based on the
condition that the significant coefficient of determination
exceeding 0.50 (p < 0.05); C, P, and Mn were excluded from the
final analyses because they showed a non-significant relationship
with the REEs. In the two sets of variables, with REE concentrations
as the dependent variable and predictor concentration as the
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independent variable, CCoA extracts pairs of canonical functions
from each set that are correlated with each other. We determined the
existence of overall relationships between two sets of variables
(dependent u and predictor v) by examining the standardized
squared correlation coefficients (Rc

2). Wilk’s lambda test was
used to test the significance of the first Rc

2. If we observed a
p-value < 0.05 (large lambda value), then the two sets of
variables were considered related and dependent. Following this,
canonical factor loadings or structure correlation coefficients for
significant Rc

2 were examined to determine the contribution of each
element to their respective canonical variates. Canonical cross-
loading was also assessed to check how each variable was
correlated with the corresponding canonical variate. Finally, the
redundancy coefficient (Rd) was calculated to measure for each set of
input variables what proportion of the variability of the input
variables is predicted by the canonical variables (both u and v).
Prior to CCoA, Box–Cox transformation of the data related to
independent and predictor variables was performed to achieve
normality. XLSTAT was used for the analyses (XLSTAT-pro;
Addinsoft, New York).

3 Results

3 1 Decomposition: overview and general
trend

Accumulated mass loss for both the litter types, annual decay
constants (k), and other general characteristics and initial
concentrations of major, trace, and rare earth elements in both
the litter types are given in Tables 1, 2, Supplementary Figure S1,
respectively. Accumulated mass loss as a percentage of initial dry
litter mass declined exponentially and significantly through
decomposition years for both Scots pine litter (SPL) (F = 59.2,
p < 0.002) and Norway spruce litter (NSL) (F = 577, p < 0.0001). The
adjusted coefficients of determination (adj R2) for the regressions
(percentage accumulated mass loss vs. time-years) were 0.92 and
0.99 for SPL and NSL, respectively (Table 1). In 4 years, 70.1% of
SPL and in 5.2 years, 68.5% of NSL decomposed during the in situ
field incubations. In the initial 12 months, accumulated mass loss
was 2.2-fold higher in the SPL relative to NSL. The estimated annual
organic matter decay constants (single exponential) (k)
were −0.323 for SPL and −0.217 for NSL. Overall, the t-test of

the regression slopes revealed significant differences (p = 0.04) in the
decomposition rates between NSL and SPL. The time required for
50% accumulated mass loss showed that the decomposition was
~1.5-fold higher in SPL than NSL (Table 1).

The initial concentrations of Na and S were slightly higher in
SPL than in NSL (Supplementary Figure S1; Table 2). The initial
concentrations of Sr, Al, Cr, Co, Zr, Mo, Sb, As, Cd, Cs, and Th were
higher in SPL than in NSL (1.04–10.68-fold). In contrast, the
concentrations of Fe, Zn, Ba, Li, Ti, Cu, V, Pb, and U were
higher in NSL than in SPL (1.06–1.90-fold). For most of the
elements, the relative differences between the two litter types
were small (1.04–1.90-fold). The largest concentration difference
between the two litters was observed for Cr, Zr, and Co, the
concentrations of which in SPL were 4.7–10.7-fold higher than
those in NSL. In the case of REEs, except for Sc and Eu, all
concentrations were higher in SPL than in NSL (1.08–1.30-fold),
and the largest difference in REEs, viz., 3.8-fold higher
concentration, was recorded for Sc in NSL.

3.2 Dynamics of concentration change in
decomposing litter for major, trace, and rare
earth elements

A general decrease (73%–79%) and an increase (20%–61%) in the
concentrations of Na and S, respectively, were noticed in both SPL and
NSL with time and accumulated mass loss (Figure 1A; Table 2). Trace
elements showed almost identical dynamics of concentration increase
through time, except for a few (Li in NSL and Co, Sr, and Ba in SPL)
(Figure 1A; Table 2). The percentage concentration increase in SPL
was 50%–12652%, which was lowest in Li (from 1.05 to 1.57 mg/kg)
and highest in V (from 0.05 to 5.85 mg/kg); in NSL, it was 69.6%–
4,548%, which was lowest in Ba (from 148 to 250 mg/kg) and highest
in Zr (from 0.04 to 2.05 mg/kg). For NSL, significant positive
correlations (r = 0.44–1.0; p = 0.04–<0.0001) were found for the
concentration change among most of the elements, whereas for SPL,
most of the elements showed insignificant correlations among them
(r = 0.001–1.0; p = 1.0–0.003) (Electronic Supplementary Figure S2).
Polynomial quadratic regression of trace element concentration
against accumulated mass loss resulted in significant relationships
for SPL (p = 0.31–0.002; adj R2 = 0.20–0.98) and NSL (p =
0.15– <0.0001; adj R2 = 0.29–0.97) (Figure 1B; Supplementary
Table S1). We noticed significant relationships between

TABLE 1 Summarized results for decomposition of local litter of Norway spruce (NSL) and Scots pine (SPL); final accumulated mass loss (%), decomposition rate
constants (k) (year−1) of the negative single exponential model, time to achieve 50% (t50) decomposition for the litter of Scots pine and Norway spruce at site
Grensholm Castle, Southern Sweden. The star in the superscript on the standardized coefficient beta shows the significant t-test of the regression coefficient.
Different lowercase superscript letters on k show heterogeneity of slopes between the decomposition of the two litter types.

Litter Time
(yr)

Mass
loss
(%)

Intercept SE Beta k(yr−1) t50 F adj
R2

P Na

(%)
Pa

(%)
Ka

(%)
Caa

(%)
Mna

(%)
AURa

(mg/g)

NSL 5.2 68.5 98.4 0.009 ‒

0.994a
‒

0.217a
3.19 577 0.99 <0.0001 0.45 0.07 0.16 2.12 0.16 282

SPL 4.0 70.1 83.2 0.041 ‒

0.968a
‒

0.323b
2.17 59.2 0.92 0.002 0.39 0.02 0.11 0.75 0.09 218

AUR: acid-unhydrolyzable residue.
aData on concentrations of P, K, Ca, Mn, and AUR (gravimetric lignin) are derived from Berg et al. (1991b) and Berg et al. (2000).
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TABLE 2 Changes in concentrations (mg/kg) and percentage change in element concentrations after in situ decomposition of local litter containing Norway spruce
(NSL) and Scots pine SPL). Percentage change is calculated as [(CF–CI)/CI] × 100, where CI is the initial concentration of litter in the bag and CF is the final
concentration of the residual litter at the end of the decomposition period. The plus sign (+) shows an increase, and theminus sign (−) shows a decrease in element
concentrations.

Norway spruce (NSL) Scots pine (SPL)

Elements Newly shed
litter initial
concentration

Final concentration
at the end of the
decomposition
period

Concentration
change (%)

Newly shed
litter initial
concentration

Final concentration
at the end of the
decomposition
period

Concentration
change (%)

Major elements

Na 339 92.1 −72.8 343 73.6 −78.6

S 910 1,463 60.7 1,122 1,343 19.7

Trace elements

Fe 72.6 752 951 61.5 1,607 2,555

Al 75.9 924 1,118 100 2,462 2,374

Co 0.63 2.04 225 4.45 1.72 −61.0

Ti 3.57 57.4 1,509 3.36 79.6 2,268

Ni 2.49 6.90 177 3.22 6.54 103

Cu 1.63 6.96 327 1.21 12.3 916

Zn 104 296 184 95.0 189 99.0

Mo 0.07 0.35 425 0.09 0.49 478

Cr 0.45 2.75 515 2.10 4.62 120

V 0.09 4.01 4,508 0.05 5.85 12,652

Li 1.16 0.68 −41.2 1.05 1.57 50.0

Sr 42.6 48.0 12.9 49.8 15.7 −68.0

Zr 0.04 2.05 4,548 0.47 4.11 770

Sb 0.02 0.20 966 0.03 0.27 892

As 0.09 0.61 581 0.09 0.93 892

Cd 0.17 0.87 411 0.22 0.53 136

Cs 0.01 0.13 988 0.01 0.29 1932

Ba 148 250 69.6 134 48.2 −64.0

Pb 3.29 24.3 640 2.59 20.2 680

Th 0.014 0.285 1935 0.016 0.786 4,777

U 0.027 0.187 584 0.026 0.362 1,303

Rare earth elements

La 0.163 1.53 838 0.182 3.233 1,679

Ce 0.236 3.022 1,180 0.308 7.060 2,193

Pr 0.031 0.320 946 0.034 0.768 2,144

Nd 0.096 1.199 1,148 0.117 2.830 2,319

Sm 0.019 0.227 1,081 0.021 0.556 2,575

Eu 0.021 0.061 192 0.019 0.081 328

Gd 0.024 0.246 918 0.026 0.567 2055

(Continued on following page)
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concentrations of trace elements with N, AUR, Mn, or P (p =
0.45–<0.05; R2 = 0.03–0.99) (Figures 2, 3). However, no significant
relationship was observed between carbon and trace elements (results
not shown).

All the REEs increased in concentration during the in situ
decomposition (Figure 4A; Table 2). Generally, REE changes in
concentrations in both litter types showed high and significant
positive correlations for SPL (p = 0.0001–<0.0001, r = 0.92) and

TABLE 2 (Continued) Changes in concentrations (mg/kg) and percentage change in element concentrations after in situ decomposition of local litter containing
Norway spruce (NSL) and Scots pine SPL). Percentage change is calculated as [(CF–CI)/CI] × 100, where CI is the initial concentration of litter in the bag and CF is
the final concentration of the residual litter at the end of the decomposition period. The plus sign (+) shows an increase, and the minus sign (−) shows a decrease
in element concentrations.

Norway spruce (NSL) Scots pine (SPL)

Elements Newly shed
litter initial
concentration

Final concentration
at the end of the
decomposition
period

Concentration
change (%)

Newly shed
litter initial
concentration

Final concentration
at the end of the
decomposition
period

Concentration
change (%)

Sc 0.192 0.779 306 0.050 0.576 1,040

Dy 0.016 0.173 999 0.017 0.411 2,306

Lu 0.001 0.012 916 0.001 0.029 2,182

FIGURE 1
(A) Concentration change dynamics through time of major (Na and S) and trace (Fe–U) elements during in situ decomposition of local litter of
Norway spruce (NSL) and Scots pine (SPL) in hemi-boreal forest stands, site Grensholm Castle, Southern Sweden. (B) Fitted plots of polynomial quadratic
regressions between concentration change and accumulatedmass loss for major (Na and S) and trace (Fe–U) elements (mg/kg) for decomposing litter of
local Norway spruce (NSL) and Scots pine (SPL) in hemi-boreal forest stands, site Grensholm Castle, Southern Sweden.
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NSL (p = 0.29–<0.0001, r = 0.16–1.0) (Electronic Supplementary
Table S2). REEs also showed significant correlations with AUR
(acid-unhydrolyzable residue), Fe, Al, N, C, C:N, and P (Table 3).
Polynomial quadratic regressions between accumulated litter mass
loss and corresponding changes in their REE concentrations showed
significant relationships between them in both the litter types (SPL
adj R2 > 0.95; p = 0.001–<0.0001; NSL adj R2 > 0.74; p =
2.71–<0.0001) (Figure 4B; Supplementary Table S2).

3.3 Dynamics of amount change in
decomposing litter for major, trace, and rare
earth elements

The amounts of Na and S decreased in SPL (94.2% and 67.8%,
respectively) and NSL (91.5% and 49.4%, respectively). Fe, Al, Co,
Ti, Cu, Mo, Cr, V, Zr, Sb, As, Cd, Cs, Pb, Th, and U showed an
overall increase (least in Co with 2.4% and most in V with 3,334%).

The amounts of Ni, Zn, Li, Sr, and Ba decreased during
decomposition (most in Sr with 91.5% and least in Zn with
10.7%) (Figure 5A; Table 4). Polynomial regression of
accumulated mass loss against the amount resulted in low adj R2

and low p-values for both litter types where points did not fit closely
on the fitted line (Figure 5B; Supplementary Table S3).

The amount of all the REEs increased non-linearly with time
during in situ decomposition in both the litter types (with 15.4%–

621% in SPL and 27.8%–303% in NSL) (Table 4; Figure 6A).
Polynomial regression between the amount and accumulated mass
loss resulted in adj R2 in the range of 0.21–0.96 and p-values in the
range of 0.28–0.0001, with the best-fit line not adequately fitting
the data in NSL (Figure 6B; Supplementary Table S4). Canonical
correlation analysis (CCoA) resulted in four canonical functions,
with the first two of them cumulatively explaining 98% of the
variance between predictor and dependent variables (Figure 7A;
Table 3). The results indicate that the first canonical correlation
was significant (p < 0.05), which implies a strong relationship

FIGURE 2
Ordinary least-square regressions showing relationships between changes in the concentrations of trace elements with N, AUR, P, and Mn during in
situ decomposition of Norway spruce litter. R2 is the coefficient of determination, and the superscript asterisk and ns denote a significant relationship at
p < 0.05 and a non-significant relationship, respectively.
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between the REE and predictor variables. Other canonical
functions did not yield a significant correlation. Supplementary
Table S5 shows the standardized canonical coefficients and other
indices of the canonical correlation analysis. Both the dependent
and predictor variables showed high structure correlation
coefficients or canonical factor loadings on factor 1. Factor
1 was loaded with Al, Fe, N, and AUR, and factor 2 was
moderately loaded with AUR and N. All the REEs also showed
high loading on factor 1 (Figure 7A; Supplementary Table S5). It
can be seen from the biplot that Al and Fe had the largest effect on
the REE dynamics and accumulation richness compared to AUR
and N (Figure 7A). The variables within factor 1 yielded a high
canonical correlation of 0.99 and a squared canonical coefficient
(Rc

2) effect of 0.99, and the variables linked to factor 2 also had a
high correlation of 0.96 and squared canonical coefficient (Rc

2)
effect of 0.95. CCoA also resulted in a high redundancy coefficient
(Rd > 0.75), suggesting that a significant proportion of the
variability of the input variables is predicted by the canonical
variables (Figures 7B, C).

4 Discussion

4.1 Na and S dynamics during
decomposition

We established a correlation between concentration changes
during decomposition and the cumulative mass loss, as well as
variations in the elemental content of the remaining litter. At the end
of the study period, at approximately 68% and 70% accumulated
mass loss and relative to the initial concentration, the Na
concentration in NSL and SPL had decreased by 73% and 79%,
respectively (Table 2). In addition to this, both the litters had >91%
decrease in the Na amount compared to the initial amount (Table 4).
In NSL, the lowest point of Na concentration and amount occurred
at approximately 48% accumulated mass loss after 3 years into the
decomposition (Figure 1A; Figure 5A). After this point, an upward
progression was noticed. At the same time, a similar decrease in
concentration and amount in SPL was observed but at 70%
accumulated mass loss. Na probably is loosely bound to the litter

FIGURE 3
Ordinary least-square regressions showing relationships between changes in the concentrations of trace elements with N, AUR, P, and Mn during in
situ decomposition of Scots pine litter. R2 is the coefficient of determination, and the superscript asterisk and ns denote a significant relationship at p <
0.05 and a non-significant relationship, respectively.
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and hence easily released (Brun et al., 2008). However, the change
pattern was irregular; after an abrupt decrease in the initial
6 months, both concentration and amount increased, probably
linked to litter decomposers who have the capacity to accumulate
Na up to approximately 100–1000-fold (Cromack et al., 1977). This

increase was followed by a steady decrease until the end of the study
period. Similar findings have been made by Brun et al. (2008) and
Cao et al. (2018). The decreases in concentration and amount were
best described by the negative polynomial model—with the increase
in accumulated mass loss, an increased release of Na was noticed.
The decrease in Na concentration and/or amount was observed in
previous studies as well (Brun et al., 2008; Hristovski et al., 2014;
Gautam et al., 2019), meaning that no net accumulation/
immobilization took place and that the bulk of the Na was
released from the litter, leaving only a small percentage (<9% of
the initial amount) in the residual litter at the end of the
decomposition period (Figure 5A).

On the other hand, S concentration in both NSL and SPL
decreased by only 15% and 35%, respectively, with accumulated
mass loss in the initial months (Figure 1A; Table 2). Similar to the
observations of Laskowski et al. (1995) and Brun et al. (2008) for S
concentration dynamics, we found that after an initial decrease in
both the litter types, the concentration of S increased continuously
until the end of the decomposition study. The increase in
concentration with accumulated mass loss was best represented
by a positive and significant quadratic polynomial model
(Figure 1B). On the other hand, the net amount in both the litter
types decreased (Figure 5A), and with the accumulated mass loss,
this resulted in a significant, negative quadratic model (Figure 5B).
With the increase in concentration by 61% and 21% in NSL and SPL,
respectively, they had lost 50% and 68% of their original amount at
approximately 70% accumulated mass loss. A decrease in the

FIGURE 4
(A) Concentration change dynamics through time of rare earth elements (La–Lu) during in situ decomposition of local litter of Norway spruce (NSL)
and Scots pine (SPL) in hemi-boreal forest stands, site Grensholm Castle, Southern Sweden. (B) Fitted plots of polynomial quadratic regressions between
accumulated mass loss and concentration of rare earth elements (La–Lu) in decomposing local litter of Norway spruce (NSL) and Scots pine (SPL) in
hemi-boreal forest stands, site Grensholm Castle, Southern Sweden.

TABLE 3 Coefficient of determination (r2) for Spearman’s rank correlation
between concentrations of rare earth elements and a few predictor variables
(Fe, Al, N, C, C:N ratio, P, and Mn), including AUR (acid-unhydrolyzable
residue). Correlations in the matrix are significant at a p-value < 0.05. ns in the
superscript illustrates non-significant correlations.

AUR Fe Al N C(ns) C:N P Mn(ns)

Sc 0.68 0.66 0.62 0.60 0.43 0.54 0.53 0.01

La 0.90 0.90 0.89 0.81 0.28 0.73 0.31ns 0

Ce 0.90 0.92 0.91 0.80 0.30 0.72 0.30ns 0

Pr 0.91 0.93 0.92 0.82 0.29 0.75 0.31ns 0

Nd 0.91 0.93 0.92 0.82 0.29 0.75 0.31ns 0

Sm 0.91 0.93 0.92 0.82 0.29 0.75 0.31ns 0

Eu 0.70 0.56 0.52 0.72 0.07 0.73 0.40 0.1

Gd 0.91 0.93 0.92 0.82 0.29 0.75 0.31ns 0

Dy 0.91 0.93 0.92 0.82 0.29 0.75 0.31ns 0

Lu 0.91 0.93 0.92 0.82 0.29 0.75 0.31ns 0
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amount concomitant with an increase in the concentration implies
that when sulfur was released from the litter during decomposition,
the remaining elements (~32%–50%) left behind in the litter were
immobilized in the residual litter by humic components (Laskowski
et al., 1995; Lomander and Johansson, 2001; Berg, 2014; Van Nevel
et al., 2014). The functional groups on humic substances have a
tendency to interact with different ions, including S, and form
soluble salts (humates) which render the remaining elements
immobilized within the residual litter (Berg and Laskowski, 2005).

4.2 Trace element dynamics during
decomposition

Despite over 4 years of in situ decomposition of both the litters,
when approximately 70% of the initial mass was lost, not all the trace
elements were released. Both the decomposing litter types acted as a
source for some elements and as sink for the others (Tables 2, 4). In
our study, the concentration of five nutrient trace elements—Fe, Ti,
Cu, Mo, and V—increased non-linearly during the incubation,
similar to the dynamics reported in previous decomposition

studies (Lomander and Johansson, 2001; Tyler, 2005; Hristovski
et al., 2014; Gautam et al., 2020). In addition to this, non-essential
elements like Zr, Th, and U and toxic elements, including the heavy
metals Al, Sb, As, Cs, and Pb, also increased in concentrations as
decomposition proceeded. The increase in the concentration of
these elements agrees with other studies performed in
Scandinavian ecosystems (Laskowski and Berg, 1993; Brun et al.,
2008) and elsewhere (Yue et al., 2019; Li et al., 2020; Kondratova and
Bryanin, 2021; De Marco et al., 2022). Their increase in
concentrations is probably related to increased AUR and N since
we observed a significant relationship between them (Figures 2, 3).
The concentration increase was higher for NSL than for SPL, which
may be due to the difference in the decomposition rates and
incongruence in the formation of element–organic matter
complexes (Laskowski and Berg, 1993; Van Nevel et al., 2014;
Berg and McClaugherty, 2020).

With a general pattern of significant polynomial fittings and
high adj R2, it seems that accumulated mass loss may explain the
increases in the concentrations of trace elements (Figure 1B).
Concentration increases happen due to the low mobility of
elements when they are retained in residual litter mass. Most of

FIGURE 5
(A) Amount change dynamics of major (Na and S) and trace (Fe–U) elements through time during in situ decomposition of local litter of Norway
spruce (NSL) and Scots pine (SPL) in hemi-boreal forest stands, site Grensholm Castle, Southern Sweden. (B) Fitted plots of polynomial quadratic
regressions between percentage accumulated mass loss and change in amount of major (Na and S) and trace (Fe–U) elements for decomposing litter of
Norway spruce (NSL) and Scots pine (SPL) in hemi-boreal forest stands, site Grensholm Castle, Southern Sweden.
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TABLE 4 Absolute (μg) and percentage changes in the amounts of major and trace elements as well as in REEs after in situ decomposition of local litter fromNorway
spruce (NSL) and Scots pine (SPL). Percentage change is calculated as [(AF−AI)/AI] × 100, where AI is the initial amount of litter in the bag and AF is the final amount
of the residual litter at the end of the decomposition period. The plus sign (+) shows net element accumulation, and the minus sign (−) shows net element release.

Norway spruce (NSL) Scots pine (SPL)

Elements Newly shed
litter initial
amount

Litter final amount at the
end of the decomposition
period

Amount
change (%)

Newly shed
litter initial
amount

Litter final amount at the
end of the decomposition
period

Amount
change (%)

Major elements

Na 339 28.98 −91.5 343 19.8 −94.2

S 910 460.58 −49.4 1,122 362 −67.8

Trace elements

Fe 71.6 237 231 60.5 433 615

Al 75.9 291 283 99.5 663 566

Co 0.63 0.64 2.41 4.45 0.46 −89.6

Ti 3.57 18.1 406 3.36 21.4 538

Ni 2.49 2.17 −12.9 3.22 1.76 −45.3

Cu 1.63 2.19 34.5 1.21 3.32 174

Zn 104 93.2 −10.7 95.0 50.9 −46.4

Mo 0.07 0.11 65.4 0.09 0.13 55.5

Cr 0.45 0.87 93.7 2.10 1.24 −40.8

V 0.09 1.26 1,351 0.05 1.58 3,334

Li 1.16 0.21 −81.5 1.05 0.42 −59.7

Sr 42.6 15.1 −64.5 49.8 4.23 −91.5

Zr 0.04 0.65 1,363 0.47 1.11 134

Sb 0.02 0.06 235.7 0.03 0.07 167

As 0.09 0.19 115 0.09 0.25 167

Cd 0.17 0.28 60.8 0.22 0.14 −36.5

Cs 0.01 0.04 242.5 0.01 0.08 447

Ba 148 78.8 −46.6 134 13.0 −90.3

Pb 3.29 7.66 133 2.59 5.44 110

Th 0.01 0.09 541 0.02 0.21 1,213

U 0.03 0.06 115 0.03 0.10 278

Rare earth elements

La 0.16 0.48 195 0.18 12.0 6,506

Ce 0.24 0.95 303 0.31 26.2 8,415

Pr 0.03 0.10 229 0.03 2.85 8,232

Nd 0.10 0.38 293 0.12 10.5 8,883

Sm 0.02 0.07 272 0.02 2.06 9,835

Eu 0.02 0.02 −8.00 0.02 0.30 1,491

Gd 0.02 0.08 221 0.03 2.11 7,902

Sc 0.19 0.25 27.8 0.05 0.15 207

Dy 0.016 0.054 246 0.02 1.53 8,834

Lu 0.001 0.004 220 0.001 0.11 8,375
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these elements showed significant correlations among them,
suggesting that they have increased in concentration through
similar processes (Electronic Supplementary Figure S2). In the

course of the decomposition processes, a build-up of organic
matter takes place, and the amount of humic substances
increases (Scheid et al., 2009), which immobilizes elements in the

FIGURE 6
(A)Dynamics of REE (La–Lu) amount change through time during in situ decomposition of local litter of Norway spruce (NSL) and Scots pine (SPL) in
hemi-boreal forest stands, site Grensholm Castle, Southern Sweden. (B) Fitted plots of polynomial quadratic regressions between accumulatedmass loss
and amount change of rare earth elements (La–Lu) for decomposing local litter of Norway spruce (NSL) and Scots pine (SPL) in hemi-boreal forest stands,
site Grensholm Castle, Southern Sweden, Sweden.

FIGURE 7
(A) Canonical correlation plot between litter properties (u = AUR, Fe, Al, N) and REE dynamics (v) for the litter decomposition. (B) Path diagram
showing canonical correlation loadings for independent (u) and dependent variables (v) and interrelationships between the two sets of variables (u–v).
AUR is the acid-unhydrolyzable fraction; Var is the variance; Rc

2 is the squared canonical correlation coefficient; Rd is the redundancy coefficient; Rsc is
the structure correlation coefficient. (C) Two-stagemodel for concentration change in REEs during decomposition. In the early stage, at an average
of 25% accumulated mass loss, the concentration increase was small; however, in later stages, the concentration increase was rapid. REE concentration
increase, both in the early and late stages, is influenced by increases in Al, Fe, AUR, and N. Mn also seems to have a small stimulating effect on the increase
in REE concentration since it was not significantly correlated with their increase. For both the litter types, on average, the accumulatedmass loss reached
almost 70% in the humus-near stage (Berg, 2014), andwhen the decomposition rate was reaching toward zero, REE concentration for decomposing litter
was still increasing and not reaching asymptote (i.e., limit value).
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residual litter (Laskowski and Berg, 1993; Van Nevel et al., 2014). In
this study, both Al and Fe showed accumulation during litter
decomposition. This finding is consistent with the results
obtained by Tyler (2005), Brun et al. (2008), and Shen et al.
(2020). Their enrichment is probably related to their continuous
chelation with the organic substances generated during litter
decomposition and accumulation (net increase) by
microorganisms. We recorded a significant relationship of Al and
Fe with AUR and N in both the litter types. The continuous
formation of Al and Fe organo-mineral complexes and their
accumulation in litter bags increase their own activity (Shen
et al., 2020). Such increased activity probably can immobilize
other elements indirectly through Al and Fe (hydro)oxide
formation (Miltner and Zech, 1998). A significant correlation
observed between trace elements and Al and Fe suggests such a
relationship (Electronic Supplementary Figure S2). Both the litters
decomposed to approximately 70%, and at the same time, the
concentration increase was remarkable, ranging from 1.5-fold to
as much as 127-fold higher than the initial concentration. This
means that the elements that were present in the initial litter from
the beginning stayed in the litter but now became stored in a reduced
amount of litter, consequently making the litter more concentrated
with elements. Additionally, the dynamics show an increase with the
curve rising with percentage accumulated mass loss (Figure 1B),
which possibly suggests that if left in the field for a longer time,
further increase in the concentration might have occurred.

The amount of these same trace elements increased 1.34–34-fold
non-linearly with accumulated mass loss (Figure 5B). Probably,
these elements would have accumulated in the litter bags from
external sources (Laskowski and Berg, 1993; Laskowski et al., 1995;
Tyler, 2005; Van Nevel et al., 2014). Fungal mycelia growing inside
the litter bags can accumulate and immobilize elements through
intensive mycelial growth, and fungi can also accumulate soil-
derived elements (Gadd and Griffiths, 1978; Lomander and
Johansson, 2001). When Fe and Al were regressed with Mn and
P, significant relationships were observed with either one of them
(Figures 2, 3). Generally, an increase in the concentration of Mn is
associated with increased fungal activities in the decaying
environment where it acts as a co-factor for peroxidases
produced by fungi (Berg and McClaugherty, 2020). The elements
can also come from atmospheric dust, either directly or via
throughfall and bioturbation (Brun et al., 2008; Gautam et al.,
2020). Regardless of the pathways, once the elements are in the
litter bags and in contact with the litter, secondary compounds
generated during decomposition act as chelating agents for
accumulating elements. Stabilization of organo-minerals in the
organic matter of decomposing litter render these elements
immobilized (Stevenson, 1982; Scheid et al., 2009). Two
processes, immobilization and accumulation in tandem, thus
seem to have resulted in an increase in both the concentration
and amount of these elements.

Ni, Zn, Li, and Ba increased in concentration, but there was a net
decrease in amounts in both litter types during the progression of
decomposition (Tables 2, 4). Such a divergence in the concentration
and amount dynamics happens when release of elements takes place
from the litter (Lomander and Johansson, 2001). A decrease in
amount suggests mineralization and net release of the element from
the decomposing litter. Non-significant relationships with

accumulated mass loss with low adj R2 (Supplementary Table S3)
suggest that apart from mass loss, there are other factors and
processes which are responsible for the decrease in the amount
of these elements. At high pH (>6.5) and high concentrations,
accumulation of Ni takes place (Shi et al., 2012) through the
formation of chelates with organic matter (Misra and Pande,
1974). Generally, Scandinavian forests have thick organic layers
with low pH (<6.0) (Laskowski and Berg, 1993). AlthoughNi in both
litters had a net decrease in amounts, in NSL, this element showed a
two-phase dynamics process; the amount increased ~3-fold relative
to the initial amount (up to 38 months at 47.7% accumulated mass
loss), followed by an abrupt decrease below the initial amount
(38–62 months at >50% accumulated mass loss) (Figure 5B).
Accumulation (due to microbial colonization) and release taking
place in phases in NSL are probably related to the lag in the accretion
of new organic matter in the bags. After a lag, decomposition led to
the accumulation of organic acids, which resulted in a pH decrease
in the litter bags (Adeleke et al., 2017). In the case of Ba, we noted a
difference in its release pattern between NSL and SPL. The release
from SPL was fast; at approximately 40% accumulated mass loss, the
amount had decreased 25-fold in the first year. In contrast, in NSL,
the dynamics were different; both the elements (Ni and Ba) initially
showed an infinitesimal increase, and after 20% accumulated mass
loss, there were sharp decreases in the amount. In the case of SPL,
the bulk of the Ba was released during four and a half years of
decomposition, leaving only 9% of the initial amount. However,
from NSL, only half of the initial amount was released after almost
five and a half years of incubation. Solubilization and release of the
Ba under acidic conditions occur in tandem with microbial action.
Lu et al. (2019) observed that low pH promotes its release from
organic matter and soil, which is due to the limited ability of organic
ligands to form complexes with barium. The release from SPL (10-
fold) was higher than that from NSL (1.8-fold), which probably is
again related to the faster decomposition of the former compared to
the latter litter type. The amount of Li too decreased rapidly in both
the litter types. In NSL, its decrease was fast; it decreased 5-fold in
the first year until an accumulated mass loss of 20% was reached.
SPL achieved the same level of decrease at approximately 35%
accumulated mass loss. However, unlike the other three elements,
at 40% accumulated mass loss, for both litter types, a slight net
accumulation of Li was noticed in the decomposing litter
(Figure 5B).

Release of Zn from the litter noticed in this study was different
from other studies performed in the Scandinavian ecosystems
(Laskowski and Berg, 1993; Lomander and Johansson, 2001) and
elsewhere (Van Nevel et al., 2014). In the initial years, for SPL, a high
decrease in the amount of Zn was observed, gradually reaching an
asymptote after 40% accumulated mass loss (Figure 5B). For NSL,
there was mainly no change. Zn generally is not tightly bound to the
organic matter and hence is prone to leaching losses from
decomposing litter, especially in initial years when the amount of
new organic matter generally is less in the bags (Brun et al., 2008).
The release of Zn generally is intensified under acidic conditions
prevalent in the microenvironment because Zn is most readily
mobile at lower pH. According to Kabata-Pendias (2010), the
adsorption of Zn can be reduced at lower pH (<7) by competing
cations, and this results in easy mobilization and leaching of Zn,
which is an essential micronutrient element needed in trace amounts
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by the decomposer population. Rapid release of Zn is also probably
due to its significance for the microbial population since it is an
important co-factor in microbial enzymes, including those of fungi
(Glass and Orphan, 2012). Sr decreased in both concentration and
amount (Figure 1A, B, Figure 5A, B). In SPL, only ~12% (at 35%
accumulated mass loss) of the original Sr was left in the litter bag
after 6 months of decomposition. Within the same period, the
change in the amount in NSL was infinitesimal (Figure 5B). After
the initial abrupt release, the amount of Sr in SPL decreased only
marginally and reached an asymptote with only 8% of the original
amount left at the end of the study. Contrary to this, the decline in
the amount of Sr in NSL was gradual, and 35.5% of the original
amount was still left in the bags at the end of the study. If left in the
field, the litter would have further released its Sr. Release of Sr during
decomposition is probably related to its diminishing adsorption with
decreasing pH. At low pH (<5), due to competing acidic cations, Sr
fails to chelate with organic matter and exist in free ionic conditions
(Juo and Barber, 1970) and is susceptible to leaching losses. In this
study, in both the litter types, Sr did not yield significant
relationships with AUR and N (and not with other variables—C,
P, and Mn) (Figures 3, 4). Gradual build-up of lignin and AUR
further impacts Sr retention in the litter. Lignin does not provide any
adsorption sites for Sr detached from litter during decomposition
(Boyer et al., 2018), the reason for free Sr being susceptible to
leaching losses.

4.3 Rare earth element (REE) dynamics
during decomposition

All the REEs showed strong and significant positive increases
both in concentration and amount with accumulated mass loss
(Figures 4, 6). Few other short-term (Tyler, 2005; Gautam et al.,
2020; Montemagno et al., 2021) as well as long-term (Brun et al.,
2008) studies have reported an increase in REEs with the progression
of decomposition. The increase probably is related to their
immobilization and accumulation in the decomposing litter
(Laskowski et al., 1995; Lomander and Johansson, 2001).

A limited increase (concentrations and amount) in the REEs was
noticed in the initial years. This implies that they are not mobile
during the initial decomposition phase when generally the mass loss
rate was the highest and water-soluble elements disappeared fast
from litter (Lomander and Johansson, 2001). The amount of REEs
increased significantly in the litter only after reaching >35%
accumulated mass loss. Their encumbered behavior followed by
enrichment can be related to the build-up of organic matter in the
litter bags. A number of studies have linked the REE enrichment of
litter to biological, chemical, and/or physical processes (Brun et al.,
2008; Gautam et al., 2020; Montemagno et al., 2021). Microbes that
contribute to litter decomposition have the capacity to render REEs
immobilized in their biomass. Fungal mycelia can transport REEs
into the decomposition litter (organic matter) from the
microenvironment in which litter bags are placed and incubated,
thus enriching it with REEs (Tsuruta, 2007).

Organic matter plays an important role in the transfer,
immobilization, and accumulation of REEs, controlling REEs
dynamics in decomposing litter. As litter decomposes, its
exchange capacity increases significantly due to humus

formation (Prescott, 2005; Berg and McClaugherty, 2020).
Due to their strong complexing capacity, humic substances in
the organic matter, generated during decomposition, likely play
an important role in the complexation of rare earth elements
(REEs) and concentrating them in the decomposing litter
(Davranche et al., 2011; Vermeire et al., 2016; Montemagno
et al., 2021). Organic matter has many negatively charged sites
per unit area, which offer REEs to chelate with it or be adsorbed
(Berg and Laskowski, 2005). A number of studies linked the
accumulation of REEs with the formation of Fe-, Al-, and Mn-
oxides (Aubert et al., 2004; Davranche et al., 2011). Canonical
correlation analysis that was used to test the relationship of REE
dynamics with selected predictors (AUR, Fe, Al, and N) resulted
in a high structure canonical correlation coefficient (Figure 7).
The strong canonical correlation may indicate that there is a
strong influence on the behavior of the REE dynamics from these
studied predictors. These predictor variables (AUR, Fe, Al, and
N) had positive relationships with the dynamics of REEs, further
suggesting that the increase in their concentrations during litter
decomposition was coincidental with the increase in the
concentrations of REEs during decomposition (Figure 7C). Of
the four predictors, Fe and Al had the highest loading and cross-
loading, indicating that these two elements, as predictor
variables with a relatively higher structure of canonical
correlation, have a greater influence on the concentration
change dynamics of REEs relative to AUR and N.
Redundancy analysis, which is generally used in canonical
correlation analysis to determine if one dataset explains the
variation in the second dataset, resulted in a high redundancy
coefficient, suggesting that the majority of the variability in REE
concentration changes during litter decomposition can be
related to Fe, Al, AUR, and N build-up in the decomposing
environment (Figure 7B). According to Vermeire et al. (2016),
Fe-, Al-, and Mn-oxides are known to scavenge REEs through
either one process or a combination of processes such as co-
precipitation, adsorption, surface complex formation, ion
exchange, and penetration of the lattice. In our study, we
have recorded an increase in the concentrations of Fe and Al
during the progression of decomposition (Table 2). It thus seems
that humification processes that increased the concentrations
and amounts of Fe and Al in the litter can also immobilize a large
amount of REEs. Irrespective of the type of REEs, a general
pattern of high and significant correlations was recorded among
REEs (Electronic Supplementary Figure S2). Phosphates can also
a play role in the chemical speciation of REEs (Hu et al., 2006).
The canonical correlation was insignificant when P was used as a
predictor variable in the model, but it has moderate (but non-
significant) correlations with REEs. Diatloff et al. (1993), in a
simulation study, found that REEs have the ability to precipitate
as phosphates, and in a separate study, Liu et al. (2022) found
immobilization of REEs with the addition of P. Berg and
Laskowski (2005) and Brun et al. (2008) used the same litter
samples for the same region and noticed the accumulation of P
during decomposition. It is possible that in leaf–litter
decomposition, P plays some role in the adsorption or
precipitation of REEs. Since REEs behave geochemically
coherently owing to the small but steady decrease in ionic
radius with increasing atomic number (Vermeire et al., 2016),
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a high correlation may indicate a common mechanism adopted
by the litter’s organic phase to immobilize and accumulate REEs.
Such high correlations most likely imply their common source
as well.

Changes in the concentration and amount were higher in SPL
than NSL; in particular, the amounts of La, Ce, Pr, Nd, Sm, Gd, Dy,
and Lu were higher (>25-fold) in SPL (Tables 2, 4). This is probably
due to the difference in the rate of decomposition and concomitant
rate of humic substance formation in the decomposing litter. A
general trend of upward convexity was noticed in the REE dynamics
of concentration and amount for both the litter types (Figures 4, 6).
Even after >4 years and at >68% of the accumulated mass loss, such
an increasing trend suggests that further in situ decomposition of
litter would have probably resulted in further accumulation of REEs
in/onto the organic substances, including recalcitrant fractions like
lignin.

5 Conclusion

The leaf–litter decomposition of Norway spruce (P. abies L.) and
Scots pine (Pinus sylvestris L.) was investigated for over 4 years to
improve our understanding of long-term temporal dynamics of
understudied trace elements and overlooked rare earth elements in
the hemi-boreal forest of Southern Sweden. Our results indicated
that trace elements can be divided into two main groups based on
the difference between the beginning and the end of the in situ
incubations: 1) Fe, Al, Ti, Cu, Mo, V, Zr, Sb, As, Cs, Pb, Th, and U
increased in amount, suggesting their immobilization and
accumulation, and 2) Ni, Zn, Li, Cd, and Sr decreased in
amount, implying their utilization and/or release during the
decomposition processes. Of all the trace elements that showed
enrichment with the progression of decomposition, only Ti, Cu, Mo,
and Pb reached limit values, whereas the other elements showed an
upward trend, which implies that they would have probably
accumulated more in the new organic matter of the litter if
incubation had been extended further.

The accumulation of REEs in the organic phase of the
decaying litter suggests a shared mechanism, with levels
increasing by as much as approximately 99 times by the end
of the incubation period. The illustration that the bulk of the
REEs initially present in the litter can be retained and, with the
development of organic substances, can also be immobilized and
accumulated in the short-term (≤1 year) to long-term (≥4 years)
litter incubation has significance for the biogeochemical
behavior of REEs at the ecosystem scale, especially for those
ecosystems that are experiencing metal contamination. Litter
decomposition drives a build-up and dynamics of stable organic
matter and microbial communities in an ecosystem. The organic
matter and microbial biomass act as sinks for elements and aid in
their immobilization.
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