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Abstract: We studied the dynamics of stable carbon (δ13C) and nitrogen (δ15N) isotopes in litter from
Norway spruce (NSL) (Picea abies) and Scots pine (SPL) (Pinus silvestris) during in situ decomposition
over a period of more than 4 years. Relative to initial values, δ13CNSL showed a weak enrichment
(0.33‰), whereas δ13CSPL was depleted (−0.74‰) at the end of decomposition. Both litter types
experienced a depletion in δ15N during decomposition; δ15NNSL decreased by −1.74‰ and δ15NSPL

decreased by −1.99‰. The effect of the selective preservation of acid-unhydrolyzable residue (AUR)
in lowering δ13C of the residual litter was evident only in SPL. In the NSL, only in the initial stage
did C/N have a large effect on the δ13C values. In the later stages, there was a non-linear decrease in
δ13CNSL with a simultaneous increase in AUR concentrations, but the effect size was large, suggesting
the role of lignin in driving δ13C of residues in later stages. Depletion in 15N in the residual litters
concomitant with the increase in N concentration suggests bacterial transformation of the litter over
fungal components. A consistent decline in δ15N values further implies that bacterial dominance
prompted this by immobilizing nitrate depleted in 15N in the residual litter.

Keywords: litter decomposition; carbon isotope; nitrogen isotope; Scots pine; Norway spruce;
boreal forests

1. Introduction

During the decomposition process, litter undergoes significant chemical transforma-
tions as it transitions from fresh litter to humus [1–6]. The stable isotope signatures of
carbon (δ13C) and nitrogen (δ15N) and their discrimination during litter decomposition
have helped provide insight into different aspects of chemical transformations, including
carbon (C) and nitrogen (N) dynamics [7–12].

As decomposition proceeds and litter transitions through different phases involving
two or three stages of chemical transformations, it becomes imprinted with characteristic
isotopic ratios. These variations arise from a complex interplay of various factors [13–18].
Initially, litter decomposition is dominated by labile compounds over resilient ones [19]. As
decomposition progresses and easily and moderately degradable compounds are broken
down and leached out, the concentrations of recalcitrant organic matter—such as lignin or
acid-unhydrolyzable residue (AUR)—and decay-resistant secondary compounds increase
in the residual litter [4,8,19]. In the later stages, the ratio of the residual litter’s AUR,
including its modified products, to the labile fraction is higher than in the initial stage.
Incorporation of transformed carbon and nitrogen products of bacterial and fungal origin,
or old stable C and N from underlying layers in the decomposing litter, alters the isotopic
ratios of decomposing litter [20]. The nitrogen isotope ratio shows large changes due to
various stages of nitrogen transformation, transfer, and assimilation linked to isotopic
fractionation [21,22]. Loss of 15N-depleted labile N (through leaching, nitrification, and
denitrification) and accumulation of 15N-enriched microbial biomass can increase the δ15N
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of the litter [7,22–24]. However, bacterial dominance during decomposition can decrease
15N signatures as bacteria have a greater potential for immobilizing nitrate depleted in 15N
in the residual litter [22,23,25,26]. In contrast, fungal dominance in decay processes can
lead to an enrichment of 15N in decomposing litter [27].

Subsequently, the isotopic signatures diverge from the initial litter due to constant
transformation along with continuous accumulation or loss of transformed compounds.
The most important factors influencing this process are AUR, the AUR/N ratio for δ13C,
and organic-N fractionation for δ15N during mineralization. AUR, being recalcitrant,
is depleted in δ13C by 2–6‰ compared to easily degradable 13C-enriched compounds
like sugars, starch, and cellulose [8,28,29]. Its selective preservation relative to easily
degradable compounds in the decomposing litter, especially during the stable fraction
stage (late stage), lowers the δ13C values of residual litter [30–32]. Studies on δ13C and δ15N
ratios during decomposition have shown diverse outcomes, such as enrichment [29,30],
depletion [25,32,33], or negligible shifts in residual litter [9,33]. Some studies [7,8,11]
have observed both depletion and enrichment in different litter species within the same
region. The differences are likely related to the site conditions, which govern decomposition
dynamics, species-specific characteristics, and the incubation time in the field. Various
studies have provided important insight into the dynamics of carbon and nitrogen isotopes;
still, only some isotopic changes are known. Also, these changes are limited to only a few
litter types in certain ecosystems and generally on shorter timescales. Specific details of the
chemical composition of litter, especially when the decomposition dynamics (accumulated
mass loss) approach a limit value, or when concentrations of AUR or the AUR/N ratio
change, have not been extensively studied [7,29]. For most foliar litter types and ecosystems,
further investigations are needed, particularly on a long-term scale.

The primary objectives of this study were to elucidate (i) how δ13C and δ15N change
during long-term (up to 60 months) decomposition of Norway spruce (Picea abies) and
Scots pine (Pinus silvestris) litter and whether there is any litter-specific variability in
dynamics between the two litter types; and (ii) how δ13C and δ15N dynamics are influenced
by accumulated mass loss, AUR concentrations, and AUR/N ratios of the litter. The
study, spanning up to 60 months, offers a comprehensive long-term analysis of stable
isotopes during litter decomposition, exceeding the duration of several previous studies.
By examining δ13C and δ15N stable isotopes, it provides detailed insight into the chemical
transformations of Scots pine and Norway spruce litter during decomposition. The dual-
isotope approach, their corresponding long-term isotopic changes, and the focus on AUR
concentration and AUR/N ratio in the context of a hemiboreal forest provide a nuanced
understanding of long-term litter decay dynamics unique to each species.

2. Materials and Methods
2.1. Study Site

The litter decomposition study was conducted in hemiboreal coniferous forest stands
(site Grensholm) located in southeastern Sweden (58◦33′ N; 15◦59′ E, 58 m a.s.l.). The
experimental site was dominated by paired monocultural stands of Norway spruce and
Scots pine, aged 54 and 56, respectively. The boreal forest in Fennoscandia is dominated by
two conifer species, Norway spruce (Picea abies L. Karst) and Scots pine (Pinus sylvestris L.),
and both are of major importance for a wide range of forest ecosystem services, including
litter decomposition. Norway spruce (50%) and Scots pine (30%) together account for 80%
of forest biomass in Sweden. These two species are dominant in all the forests in Sweden.
It is for this reason that we used these two species for this study. Both stands were growing
on Eutric Cambisol, and the humus form was a mull. Further details about the site are
given elsewhere [34,35].

2.2. Needle Litter Collection, Storage, and Mass-Loss Determination

For this study, we obtained litter samples of Scots pine (SPL) and Norway spruce
(NSL) from the repositories developed by the late Dr. Maj-Britt Johansson along with
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Dr. Björn Berg. Local needle litter was collected from both Norway spruce and Scots
pine stands. Litter was collected in 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. Litter was air-dried and stored at room temperature. Before weighing, the needles
were equilibrated to a constant moisture level (5%–8% ± 0.5%) by drying them at room
temperature for about one month. The exact dry mass was determined by drying samples
to a constant mass at 85 ◦C.

Litterbags, measuring 8 × 8 cm, excluding a 1 cm wide edge, were made of polyester
net with a mesh size of about 1.0 × 1.0 mm for pine needles and about 1.0 × 0.5 mm for
spruce needles. We placed 1.0 g (to 3 decimal places) of needle litter in each litterbag. 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 pushed through the edges of bags. Litterbags were incubated in situ for
5 and 4 years in the Norway spruce and Scots pine stands, respectively. Litterbags were
retrieved from their respective sites after field incubation for 181, 369, 540, 736, 915, 1085,
1462, and 1833 days from the start of the experiment (June 1979 to May 1983). On each
occasion, 25 litterbags per litter type were collected from each stand. The litterbags were
gently brushed to remove new needles deposited on the bags and cleaned of residues such
as through-growing plants 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 of any ingrown foreign material (moss, grass, and plant roots).
Litter samples were then dried at 85 ◦C until they achieved constant weight (about 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 decimal places. Mean
values of mass loss were calculated for each sample set of 25 bags, and details are given in
Berg et al. [36]. Following air-drying to an even moisture level, samples were thoroughly
dried (85 ◦C). They were then ground into fine powder, sealed, and stored in air-tight
containers at room temperature. Ground samples stored in a dark and dry environment
have indefinite storage life and samples can be left for any length of time in clean air-tight
conditions Jones et al. [37] and Kalra et al. [38]. This way, samples’ integrity is maintained
for follow-up analytical work [39]. The biplot of old and new nitrogen analysis shows high
correlation (r = 0.97), and a standardized U value of zero means that there is no statistically
significant difference between the two samples according to the Mann–Whitney U test
(Ustandardized = 0.0; p = 0.95–0.32) (Supplementary Figure S1). Thoroughly dried, ground
litter samples were sealed and stored dry at room temperature until retrieved from storage
in April 2021. Litterbag data (data on accumulated mass loss) and AUR (gravimetric lignin)
were taken from Berg et al. [40].

2.3. Sample Preparation and Chemical Analyses

To prepare homogenized samples for determining the concentrations of carbon and
nitrogen and their isotope values, the ground litter samples were first freeze-dried at
−80 ◦C for 96 h and then ground again into a fine powder using an agate ball mill (MM400;
Retsch, Haan, Germany) at Korea Basic Science Institute (KBSI), Korea, and stored in glass
vials. Litter C and N concentrations were determined by combusting samples at 1100 ◦C in
a Flash EA Elemental Analyzer (1112 Series, Thermo Electron S.p.A., Rodano, Italy) at the
Korea Basic Science Institute, Korea.

To determine the C and N isotope ratios, about 0.1 mg and 8 mg of the samples, respec-
tively, were enclosed in different tin containers (3.5 × 1.5 mm; Elemental Microanalysis,
Okehampton, UK). Until further analysis, the samples enclosed in tin containers were
stored in a desiccator to prevent vapor absorption. C and N isotope ratios were determined
using an isotope ratio mass spectrometer (IRMS; VisION, Isoprime Ltd., Manchester, UK)
equipped with a vario PyroCube elemental analyzer (Elementar, Hesse, Germany). The
elemental analyzer included a combustion tube maintained at 1150 ◦C, which was oper-
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ated in continuous flow mode. The encapsulated sample was combusted at 1150 ◦C in
a combustion reactor, and any excess oxides were subsequently removed in a reduction
reactor maintained at 850 ◦C. Afterwards, the N2 and CO2 gases generated were separated
through chromatography, and the isotope ratios were measured using the IRMS (VisION,
Isoprime Ltd., Manchester, UK). Because of varying content of C and N in samples, C
and N isotopes were analyzed separately. Stable isotope ratios were reported using the
standard delta notation (δ) relative to an international standard unit per mil (‰) as follows:
δ (‰) = (Rsample/Rreference − 1) × 1000, where Rsample and Rreference are the molar ra-
tios of the heavy to light isotopes of the sample and standard, respectively, represent-
ing 13C/12C or 15N/14N. The resulting δ13C and δ15N values were reported against Vi-
enna Pee Dee Belemnite (VPDB) and atmospheric nitrogen (air), respectively. The an-
alytical precision was within ± 0.1‰ for C and N isotopes. The following standard
reference materials were used for the calibration of C and N isotope ratios: NBS-22
(oil, δ13CVPDB = −29.8‰), IAEA-CH-3 (cellulose, δ13CVPDB = −24.73‰), IAEA-CH-6 (su-
crose, δ13CVPDB = −10.45‰), IAEA-600 (caffeine, δ13CVPDB = −27.77‰, δ15NAir = + 1.0‰),
USGS-40 (l-glutamic acid, δ13CVPDB = −26.39‰, δ15NAir = −4.52‰), and IAEA-NO3
(potassium nitrate, δ15NAir = + 4.7‰).

2.4. Data Analyses

The decomposition patterns and rates were estimated using the accumulated mass
loss (AML) or remaining amount (or concentrations for elements) of litter using the single
exponential model: ln (Mt/M0) = –kt, where M0 is the initial mass at time t0, Mt is the
mass at a certain time in the decomposition period, t (year), and k is the decay rate con-
stant (yr−1) [5,41]. We calculated the asymptotic limit values for decomposition and the
decomposition rate (kA) according to Wieder and Lang [42] and Berg and Ekbohm [43]:

Lt = m (1 − e
−kAt/m

)

where Lt is the accumulated mass loss (in percent), t is time in days, kA is the decompo-
sition rate at the beginning of the decay, and m represents the asymptotic level that the
accumulated mass loss will ultimately reach.

The per mil (‰) fractionation factor (∆) was calculated to estimate the difference in
C and N isotopic compositions between the residues at the start (t0 initial) and the end (tf
final) of decomposition [44].

To compare the dynamics in the litter types and emphasize temporal differences
in concentration and amount against time and AML, line plots were used. The trends
generated in the plots allowed us to perceive the distinctive pattern of change. We used
polynomial regression (linear and quadratic models) to test the relationships between ele-
ment dynamics and AML. Two separate regression analyses were run, one with the change
in element concentration vs. time and another with percent AML of the decomposing litter
to determine the underlying relationship. If a linear relationship was not fitting the data
and unable to capture the patterns, a polynomial quadratic regression was used to model
the relationship between variables to match the pattern of the data, Y = Pr1 + Pr2X + Pr3×

2,
where Y represents the element concentrations, Pr1 is the intercept, and Pr2 and Pr3 are
estimates of parameters of quadratic regression for AML. To quantify the strength of the
effect that these predictors have on the isotopic composition, Cohen’s f 2 statistic was used:
f 2 = R2/1 − R2, where R2 represents the coefficient of determination. Generally, a larger
f 2 value (>0.35) indicates a large effect size and hence a stronger relationship between
the variables. Effect sizes are medium and small when f 2 falls between 0.15 and 0.34
and below 0.02, respectively. Pearson correlation was used to study relationships among
various variables recorded during the decomposition. XLSTATpro (v 13.2.1.0) was used
for the statistical analyses and graphical visualizations (Addinsoft, New York, NY, USA).
Equality of slopes of regression was estimated using LINEST and slope test syntax in MS
Excel.
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3. Results
3.1. Initial Litter at Time t0

Scots pine needles (SPL) had low concentrations of carbon and AUR compared to
Norway spruce needles (NSL). In contrast, nitrogen concentration was slightly higher in
the SPL relative to NSL (Figure 1). The C/N and AUR/N ratios of NSL were higher in
comparison to those of SPL. Relative differences, however, between the two litter types
were small. In terms of stable isotope ratios, NSL was depleted in 13C compared to SPL by
0.09‰, whereas NSL was enriched in 15N relative to SPL by 0.27‰ (Figure 1).
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Figure 1. Initial and final concentrations of C, N, and AUR as well as the ratios for C/N and AUR/N.
Their C (δ13C) and N (δ15N) isotopic compositions are given. NSL and SPL are Norway spruce and
Scots pine litter types, respectively. The subscripts i and f denote initial and final litters. AML is
accumulated mass loss, and AUR is acid-unhydrolyzable residue.

3.2. Litter Mass Loss and Decomposition Dynamics

During decomposition, litter undergoes significant chemical transformations from
fresh litter to humus, influenced by various factors including the balance of labile and
recalcitrant compounds and microbial activity [1,17,19,32]. As decomposition progresses,
labile compounds break down first, leaving behind more recalcitrant compounds such as
lignin, which impacts the chemical and isotopic composition of the remaining litter. These
changes are reflected in the residual litter, which provides insights into the underlying
biochemical processes [3,4,11,19].

The relationships between percentage AML and time resulted in a good fit (R2 ≥ 0.95)
(Figure 2a). AML was higher for SPL (42%) than for NSL (19%) in the first year. NSL took
more than twice the time compared to SPL to achieve an equivalent AML. After one year,
the AML rate declined, with SPL decreasing faster than NSL (Figure 2b). SPL consistently
had higher AML than NSL (Figure 2b). After about four years of in situ decomposition, SPL
began to plateau, asymptotically approaching a limit value of 74.4% AML. Conversely, after
5 years and 68% mass loss, NSL’s AML still decreased, suggesting that a longer incubation
would be needed for NSL to reach the limit value of 92.2% AML.

Decay rates differed between the two species. The annual k decay constant suggested
higher decomposition rates for SPL in terms of C and AUR as well as a higher N loss
rate compared to NSL (Table 1). The equality of slopes test (p < 0.05) showed significant
differences in the decay rates (heterogeneity in slope), with steeper slopes for SPL up to
about 75% AML. SPL’s decay rate decreased less rapidly near the limit value, whereas
NSL maintained a relatively steady decay rate (approaching an asymptote) throughout the
observation period. Loss rates of C, N, and AUR also differed between the two litter types
(Figure 2).
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Table 1. Overall annual decay rate constant (ksyr−1) for needle litters of Norway spruce (NSL) and
Scots pine (SPL). The ks was calculated for the whole in situ decomposition period. The ∆ is the
difference between initial and final litter isotopic ratios (in per mil ‰).

NSL SPL

ksyr−1

AML 0.22 0.32
C 0.002 −0.031
N −0.21 −0.25
AUR −0.12 −0.21
δ13C 0.003 −0.007
δ15N 0.09 0.02

∆ (‰)
∆13C (‰) 0.33 −0.74
∆15N (‰) −1.74 −1.99

3.3. δ13C Dynamics during Decomposition

The δ13CNSL values fluctuated narrowly, ranging from −25.63‰ to −25.30‰ (Figure 3).
After a decline between 12 and 24 months (from−25.06‰ to −25.78‰), NSL’s δ13C values
remained relatively stable, ending at −25.30‰ after 5 years, showing slight enrichment
(Figure 3a). SPL’s δ13C values ranged from −25.65‰ to −26.28‰. The δ13C values for
SPL showed a declining trend overall, suggesting a shift towards depletion during the
decomposition. After 48 months, SPL’s lowest value was −26.28‰, indicating significant
depletion. Comparing δ13CNSL and δ13CSPL, NSL showed more fluctuations, reflecting
dynamic enrichment and depletion, whereas SPL exhibited relatively stable δ13C values,
indicating minimal fluctuations.
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Figure 3. Carbon (δ13C) (a) and nitrogen δ15N (b) over time and their decay rates (kyr−1) dynamics
through time (c,d), respectively, during in situ decomposition of local needle litters of Norway spruce
(blue circle) and Scots pine (red square).

The regression fit parameter of δ13C against AML showed a significant relationship
only for the SPL (R2 = 0.80; p < 0.05) and not for that of NSL (R2 = 0.03; p = ns) (Figure 4a).
The same trend was seen for the change in carbon concentration (Figure 4b). For NSL,
linear or quadratic terms for other variables (C, N, C/N, AUR, AUR/C, and AUR/N) were
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not statistically significant predictors of δ13C dynamics (R2 = 0.01–0.13, p-values > 0.05).
However, the polynomial quadratic regressions showed moderate to high explanatory
power (R2 = 0.67–0.79) for δ13CSPL, indicating these variables’ role in carbon isotopic
variability. SPL peaks at approx. 60% AML, shifting from an increase to a decrease
(Figure 4g). The model fitted the data reasonably well, and N, C/N, and AUR are the
individual predictors which significantly explain variation in δ13CSPL.
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3.4. δ15N Dynamics during Decomposition

Initially, NSL exhibited a δ15N value of 0.68‰, indicating slight enrichment. Over time,
δ15N values decreased to −1.35‰ at the 4-year mark and slightly increased to −1.07‰ after
5 years, suggesting δ15NNSL depletion (Figure 5b). In contrast, δ15NSPL fluctuated, starting
at 0.95‰, decreasing to −1.45‰ at the 24.1-month mark, and recovering to −1.04‰ after
4 years. Both litters types experienced δ15N depletion, but NSL exhibited a more consistent
and pronounced depletion trend compared to SPL’s variability.
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represent Norway spruce and Scots pine litter, respectively.
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The AML is a significant predictor of δ15N for both NSL and SPL, indicated by high
R2 (0.90–0.99) and low p-values (<0.05) (Figure 5a). Polynomial regressions suggest a
non-linear relationship where δ15N decreases as AML increases (Figure 5a). C, N, C/N,
AUR, AUR/C, and AUR/N also showed strong fits (R2 = 0.76–0.99; p < 0.05), suggesting
their effects on δ15N dynamics of both litter types (Figure 5b–g).

4. Discussion

4.1. Comparison of Change in δ13C with Previous Studies

The divergence in δ13C dynamics between the two litter types is noticeable. Similar to
Connin et al. [7], we noticed both enrichment and depletion in our litter types. NSL experi-
enced enrichment, similar to previous studies [29,30]. Its δ13C dynamics was two-phased,
initially showing enrichment in the first few months before undergoing depletion, reaching
an asymptote after the 16th month. Conversely, SPL showed a single-phase decline in δ13C,
with faster depletion in the early stage, reconciling with previous studies [7,8,33]. Contrary
to our observation, other researchers [9,34] have reported negligible shifts in the δ13C
values of the residual litter. This is likely due to the shorter incubation period employed
in these studies. The later phases of both litter types exhibited more stable isotopic shifts,
suggesting that isotopic discrimination is primarily determined during the initial decay
phases [7]. The overall dynamics and asymptote align with δ13C changes against AML and
decay rate over time, particularly in later stages. The relationship, however, was significant
only in SPL, especially against AML.

4.2. Factors Influencing δ13C Signatures of Decomposing Litter

The different isotopic shifts for the two litters suggest that different processes are
involved in the shift in δ13C values of the residual litter. To determine if changes in carbon
concentrations are related to an increase in δ13C, we regressed both of them. For NSL, no
significant relationship was found, with very low Cohen’s f 2 effect sizes (0.01–0.15). At
68.5% AML, the change in carbon concentration of NSL was negligible, showing a 0.01-fold
decrease from the initial value, which occurred only in the initial month. This infinitesimal
change in carbon concentration over 5 years cannot account for the observed increase in
δ13C during decomposition. A shift in δ13C towards a less negative value over time is
generally tied to fungal- or bacteria-mediated transfer of 13C-enriched fractions from the
decaying environment to residual litter, or the incorporation of microbial biomass into the
decaying litter [29,45,46]. It was also suggested that this increase may be related to the
preferential utilization by microbes and subsequent loss of 12C-enriched soluble fractions
from the decomposing litter during transformation [7]. Fungal biomass is known to be
enriched in 13C compared to intact foliar components [46,47]. The loss of 13C-depleted
lignin or lignin-like compounds can increase the isotope signatures of residual litter [8]. In
our study, we found an insignificant relationship between δ13C and AUR. The AUR in NSL
showed a 1.81-fold increase compared to the initial value, suggesting the preservation of
lignin or lignin-like compounds. No significant relationships were found between δ13CNSL
and other parameters (N, C/N, AUR/N), with very low Cohen’s f 2, demonstrating a
miniscule to non-existent effect of these parameters on δ13C values. The fractionation
from substrate breakdown and CO2 release during microbial respiration can also affect the
isotopic composition of residual litter [48,49]. As CO2, depleted in 13C, is respired during
microbial respiration, the subsequent isotopic fractionation alters the initial litters’ isotopic
values [50,51]. Preferential utilization and loss of 12C during microbial respiration can
result in the enrichment of residual matter in 13C [52].

The depletion observed in SPL can primarily be attributed to site-specific spatial het-
erogeneity between NSL and SPL stands. Variations in microbial biomass, their succession
during decomposition, and differences in litter fraction utilization and transformation rates
contribute to the δ13C disparities [11,53]. The decrease in δ13C values is associated with
the selective preservation and accumulation of lignin or similar organic molecules in the
residual litter [32,54,55]. Lignin, which is depleted by −4‰ to −7‰ in 13C relative to easily
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degradable labile carbon pools, plays a significant role in this process [55]. The δ13CSPL
decrease is correlated with an increase in AUR concentration, underscoring lignin’s role
in decreasing δ13C values of litter, especially in the advanced stages of litter decomposi-
tion. Similarly, NSL experienced increased AUR concentration, although the δ13C–AUR
relationship is not significant. If AUR overwhelmingly defines the δ13C of litters during
advanced decomposition, both litters would exhibit depleted isotopic values, but that was
not observed. These results suggest that the role of lignin in δ13C values is co-dependent
on other factors.

Both AUR concentration and its decay rate (ks) increased continuously until a mass
loss of approx. 60% was reached, followed by limited change (Figure 2e). In the early
stages, SPL exhibited faster and higher AML and decay rate (ks) relative to NSL. The
heterogeneity of slopes resulted in significant differences between AML and decay rate
dynamics of both litter types. This implies that SPL had a higher degradation rate of
polysaccharides early on. Furthermore, AUR either became stabilized, or its decomposition
was lagging or limited [56]. The increase in AUR concentration is associated with an
increase in carbon concentration, suggesting co-preservation in SPL (R = 0.86; p < 0.05)
(Supplementary Figure S2). This is probably the carbon that was tightly bound to highly
recalcitrant AUR or lignin–carbohydrate complexes or other organic molecules, which are
13C-depleted [8,19]. Berg and Staaf [57] reported a decrease in cellulose and hemicellulose
while lignin and nitrogen increased. The selective consumption by microbes and subse-
quent loss of polysaccharides (cellulose and hemicellulose), especially during the initial
stages, presumably shifted the C isotope composition of the residual litter to being more
negative.

The enrichment of nitrogen leads to an increase in AUR concentration within de-
composing residues [19,58,59]. This happens through the effect of N in suppressing or
decreasing the formation of fungal lignolytic enzymes, which are responsible for mediating
lignin breakdown [56,60,61]. Also, a direct incorporation of N compounds in lignin may
take place as discussed by Berg and McClaugherty [19]. We observed significant negative
correlations of nitrogen and lignin concentration with the decrease in the decay rate (ks)
of SPL (r = −0.90) (Table 2). Additionally, a direct relationship was observed between
increases in the concentrations of nitrogen and lignin (R2 ≥ 0.98) (Figure S3). This relation-
ship was significant in both litter types. However, only in the SPL, both nitrogen and lignin
(AUR) showed significant relationships with δ13C. Probably, in SPL, this is a nonlabile form
of nitrogen that is bound to lignin which is retained during litter decomposition [62].

Table 2. Correlation matrix showing Pearson’s correlation coefficients (R) of decay rate (ks) with other
variables for decomposing litter of local Norway spruce (NSL) and Scots pine (SPL) in hemiboreal
forest stands, site Grensholm Castle, Southern Sweden. Superscript asterisk (*) next to correlation
coefficient shows significant correlation at p-value ≤ 0.05. AML, C, N, and AUR are accumulated
mass loss, carbon, nitrogen, and acid-unhydrolyzable residue.

AML C N AUR C/N AUR/N

ksNSL −0.49 −0.27 −0.54 −0.48 0.67 * 0.72 *
ksSPL −0.89 * −0.18 −0.90 * −0.91 * 0.94 * 0.92 *

4.3. Comparison of Change in δ15N with Previous Studies

According to ANOVA, both NSL and SPL experienced significant δ15N depletion
relative to initial isotopic values during decomposition. NSL exhibited a more consis-
tent depletion compared to SPL, which showed slight enrichment towards the study’s
end. The δ15N depletion observed in our study aligns with previous studies [6,25].
Bragazza et al. [26] found both depletion and enrichment among various litter species
collected from a 2 ha Marcesina bog. Other studies have reported δ15N enrichment during
decomposition [7,10,21]. The differences likely stemmed from variations in litter species
and site-specific factors. Overall, both litter types experienced single-phase depletion with
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AML. δ15N decline was more rapid in SPL than in NSL. In the initial years, SPL showed
a greater magnitude of decrease compared to NSL, with SPL decreasing ~250% and NSL
~62% in the first year. At the same time, SPL’s AML was twice that of NSL. NSL took an
additional 1.5 years of incubation to match SPL’s magnitude of the initial percent decrease.

4.4. Factors Influencing δ15N Signatures of Decomposing Litter

The negative coefficients of regression for nitrogen concentration indicate an inverse
relationship with δ15N, suggesting that higher nitrogen concentration leads to lower ni-
trogen isotopic ratios. The regression showed high explanatory power (R2 > 0.93). The
robust δ15N-to-N concentration relationship across litter types suggests nitrogen’s crucial
role in determining δ15N in litter. Possible explanations for the observed depletion include
interactions between nitrogen availability, microbial processing, and isotopic fractiona-
tion within the litter decomposition continuum [7,20,22,26,63]. Nitrogen concentrations
differed significantly between initial and final values, increasing by more than 175% for
both litter types, suggesting immobilization and enrichment of residual litter with nitrogen.
Melillo et al. [25] noted a correlation between δ15N decrease and nitrogen immobilization.
Similar to our study, they too recorded a depletion in δ15N values by 2–3‰ during the
immobilization phase.

There was a significant relationship between δ15N values and AML (R2 > 0.90). The
depletion of δ15N probably resulted from microbial activity [21,26,64]. Various studies
suggest that changes in bacteria-to-fungi ratios in the decaying environment can either
increase or decrease the δ15N values [22,23,25–27]. Decomposition driven primarily by
bacteria can decrease δ15N signatures due to discrimination and biological fractionation
during nitrogen transformations [23,25]. Bacteria have a greater potential for immobilizing
nitrate depleted in 15N in the residual litter [22,23,26]. Nitrification of ammonium can lead
to a decrease in the δ15N due to discrimination against the heavier nitrogen isotope (15N)
by both ammonia-oxidizing bacteria and nitrite-oxidizing bacteria [22]. The δ15N values
are particularly sensitive to the fractionation effects during nitrification, which tends to
decrease their values [22,23]. In contrast, dominance of fungi can lead to an enrichment
of 15N in decomposing litter [27]. Although we did not investigate bacterial and fungal
biomass in our study, the decrease in δ15N of NSL and SPL during decomposition may be
largely mediated by bacterial biomass. A study by Bragazza et al. [26] reported a similar
observation in sedge and grass litter.

We recorded a significant relationship between δ15N and C:N ratios (R2 > 0.90)
(Figure 5d) and between C:N ratios and AML (R2 > 0.92). As AML increased, nitrogen
concentration increased relative to carbon, depleting residual litter in 15N. The decrease
in the C:N ratio is primarily due to increased nitrogen, with a limited increase in carbon.
Low C:N ratios lead to intense bacterial activity and their increased biomass. The decrease
in C:N ratios in the residual litter indicates conditions conducive to bacterial dominance
over fungal colonization [26,64]. Bacteria preferentially assimilate δ15N-depleted nitrogen,
possibly decreasing δ15N values in remaining litter. Indirectly, the dominant bacterial role
is suggested by the increased AUR concentration with AML in the residual litter. Nitro-
gen availability influences the composition and activity of microbial communities. High
nitrogen levels can increase AUR concentration by suppressing the population and activity
of lignin-degrading fungi and inhibiting lignolytic enzymes’ production (i.e., peroxidases
and laccases) by fungi [36,60,61]. The observed decrease or lack of change in δ13C values
supports that δ15N values are modulated by bacteria rather than fungi in both NSL and
SPL. We also noticed a significant relationship between δ15N and AUR, with a high Cohen’s
f 2 effect (>3.17). Overall, the decrease in δ15N with increasing AUR and nitrogen concen-
tration suggests a complex interplay between nitrogen availability, microbial community
dynamics, and isotopic fractionation processes during decomposition.
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5. Conclusions

The dynamics of δ13C and δ15N isotopes during litter decomposition in hemiboreal for-
est stands reveal complex interactions influenced by litter type and environmental factors.
The δ13C values of NSL and SPL litter exhibited distinct patterns, with NSL experienc-
ing overall enrichment and SPL showing depletion, reflecting the interplay of microbial
processes and litter composition. Regression analyses indicated that AML significantly
predicted δ13C and δ15N dynamics, highlighting the importance of bacterial activity and
litter transformation rates in isotopic fractionation. This effect was modulated by AUR
and nitrogen concentrations. Similarly, the δ15N values showed depletion over time. The
relationship between δ15N and nitrogen concentration, C:N ratio, and AML underscored
the influence of microbial community dynamics and nitrogen availability on isotopic frac-
tionation processes during decomposition. Notably, the decrease or lack of change in δ13C
and consistent depletion of δ15N during litter decomposition, along with increased AUR
and nitrogen concentrations, support that the decomposition rate decreases and its effects
on isotopic values are modulated by bacteria rather than fungi in both NSL and SPL litter.
Overall, these findings contribute to better understanding of litter decomposition processes
and the underlying mechanisms driving isotopic dynamics in forest ecosystems.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/f15081294/s1: Figure S1. Biplots showing the high correlation
between N (%) from old analysis (Nold) and N (%) from this study (Nnew) in decomposing litter of
local Norway spruce (NSL) (a) and Scots pine (SPL) (b) in hemi-boreal forest stands, site Grensholm
Castle, Southern Sweden. Figure S2. Pearson correlation matrix showing relationships among
accumulated mass loss (AML) (%), carbon (%), nitrogen (%), AUR (mg/g), C/N, AUR/N and
AUR/C for decomposing litter of local Norway spruce (NSL) (green lower panel) and Scots pine
(SPL) (upper red panel) in hemi-boreal forest stands, site Grensholm Castle, Southern Sweden. R is
correlation coefficient and P is significance value at ≤0.05. Figure S3. Biplot showing the significant
relationship between N and AUR concentrations in 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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