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Abstract: Forest stand density has been shown to have different, albeit small, effects on soil carbon.
We hypothesized that the absence of a density effect on soil carbon (C) storage could be explained by
a loss of old soil C. This replacement of old by fresh C could result in zero net C sequestration by
soils but could also alter the quality of the soil organic matter. We used one afforestation experiment
in Siberia, in which three tree species (spruce, larch and Scots pine) have been grown for the last
30 years at 18 levels of stand density, ranging originally from 500 to 125,000 stems per ha. We selected
five density levels and studied the C and nitrogen (N) contents in mineral soils at 0–5 cm depth. The
age of the soil C was measured under larch and spruce for three levels of density by radiocarbon (14C)
dating. In all soil samples, we determined the stability of the soil organic matter (SOM) by assessing
two indices: C decomposability (mineralization of C per unit of soil C) and primability (susceptibility
of the SOM to microbial priming). The stand density affected the soil C and N contents differently
depending on the tree species. Only under spruce did both the C and N contents increase with
density; under larch and pine, the covariation was insignificant and N even tended to decline with a
density increase. With the 14C data, we were able to show the strong dilution of old SOM by fresh C
derived from the trees; the effect was stronger with a higher density. This provides the first evidence
that a density increase increases the fractions of new C versus old C and this can happen without
altering the total C contents such as under larch. Although the stand density altered the soil C and
N contents only under spruce, it altered C decomposability under all tree species; with a density
increase, the C decomposability declined under spruce but increased under larch and pine. This is
relevant to predicting C losses from forest soils with different tree species and densities. Higher C
losses would occur under larch and pine with higher densities but under spruce, a density increase
would reduce the losses of C from the soil. Furthermore, although no significant covariation of stand
density with C primability was detected, we first observed strong tree species effects on C primability.
Twice as much C was lost from the soil under larch than under spruce or pine by an equal addition of
C-glucose. This indicated that elevated C deposition from roots and exudates to the soil as predicted
due to an elevated CO2 concentration would most strongly accelerate the soil C turnover and C losses
under larch than under spruce and Scots pine. Overall, the tree species altered the susceptibility of
the soil C to an elevated C input and the stand density had a strong effect on the decomposability
of the SOM, which is an important parameter of C stability. The effect of stand density is, therefore,
important to consider even if the stand density does not affect the total soil C.

Keywords: tree species; afforestation; soil organic matter; carbon sequestration; forest soils; temperate
forests; soil 14C; soil priming
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1. Introduction

Forest soils store large amounts of soil organic matter, which plays a crucial role in
forest ecosystems including nutrient provision, carbon sequestration, water regulation,
soil structuring and biodiversity promotion. Trees are the main source of SOM in soils
through above- and below-ground litter inputs. It is surprising that the effects of stand
density and thinning on soil C stocks are not consistent among the published studies and
are often small [1]. Forest stands planted with a high density of stems generally have a
larger basal area than low-density stands. High-density stands should, therefore, have
higher C inputs into the soil than low-density stands, which should also increase their soil
C stocks compared with low-density stands [2]. A meta-analysis showed, however, that
afforested plantations with a high density (>1600 stems ha−1; 53 observations) did not
have greater soil C stocks (mean depth: 0–26 cm) compared with plantations with a low
planting density (<1600 stems ha−1; 55 observations) over 21 years [2]. Recent case studies,
on the other hand, show contrasting results regarding the stand density effect on the soil
C stocks. For instance, case studies in China (Fraxinus mandshurica plantations [3] and
Cunninghamia lanceolata plantations [4]) and in Canada (Populus plantations [5]) showed
increased soil C stocks (or contents for [4]) in high-density afforested stands compared
with low-density afforested stands 10 to 17 years after planting. Conversely, no clear
effects of the stand density on the soil C stocks were detected eight years after a plantation
establishment in a case study in Uruguay (Eucalyptus and Pinus plantations [6]). Another
study of 103 Quercus stands in Spain suggested a positive tree density effect on the soil C
stocks [7]. Conversely, lower soil C stocks in high-density stands (842 stems ha−1) than
in low-density stands (450 trees ha−1) were observed in a mature (65- to 75-year-old)
Pinus densiflora forest in South Korea [8]. Finally, no stand density effect on soil C stocks
was observed in mature Douglas fir (Pseudotsuga menziesii) plantations in France [9].

The thinning of forests, in which a portion of the stems is removed, would be expected
to reduce the soil C stocks due to a reduced litter input and/or increased rates of decom-
position because of higher temperatures and moisture [10]. However, most studies on
the effects of stand thinning on soil C stocks have reported no significant effects on the
soil C stocks of mineral soil [11–22] although a few have documented soil C losses [23–26]
even in deeper soil horizons (down to 1 m depth) [27]. A recent meta-analysis including
53 studies did not find a remarkable thinning effect on the soil C stocks although the soil
CO2 efflux increased by almost 30% [28]. Similarly, an earlier meta-analysis [18] based on
28 observations (11 studies) found no significant effects of partial cutting (compared with
uncut controls) on the soil C stocks.

Although many studies have addressed tree species effects on the forest floor C
dynamics or mineral soil and forest floor C pools [29–32], they provide limited information
on the “stability” of these pools, particularly in the mineral soil where C can persist
for centuries through the association of soil organic matter (SOM) with minerals or the
occlusion of SOM within aggregates [33]. Tree species effects on the stability of SOM have
mostly been deduced from ex situ estimates of CO2 efflux from the soil by heterotrophic
respiration [34]. This measure mainly provides information on the amount and stability
of C in the SOM that is not protected by the soil mineral matrix via aggregation or other
physicochemical interactions with the soil minerals [35].

Planting trees could dilute old soil C by adding new C. Even if net changes in the
soil C are small due to the mineralization of the old soil C, the addition of newly derived
C from trees to the soil could cause the total soil C to be qualitatively different. This is
important to SOM stability and future soil carbon losses because the response of the soil
heterotrophic respiration to the altered temperature is largely determined by the quality
and availability of the SOM; thus, the tree species may determine the soil CO2 flux response
to the temperature increase without affecting the net C content in the soil. The susceptibility
of the SOM to microbial priming (primability) might also depend on the tree species and
stand density. This is potentially important because priming influences the oxidation of
the old soil carbon reservoirs in deep soil. In many cases, priming has been sufficiently
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large to induce soil carbon losses in response to long-term CO2 enrichment, influencing
the total carbon balance response of the system [36,37]. In these cases, the priming effect
is a major modulator of the net carbon balance response. Thus, the priming effect is now
acknowledged to be sufficiently large to warrant its inclusion in global models of carbon
cycling [38,39]. Unfortunately, the controls over priming are extremely difficult to discern.
In particular, the effects of plant species on soil priming are very poorly understood. The
goal of this work was to discern the effects of three individual Siberian tree species and
stand densities on the contents and stability of the SOM. We show here that the stand
density affects the decomposability of the soil C to a greater effect than the soil C contents.
This implies that the effect of stand density is important to consider even if the stand
density does not affect the total soil C. Moreover, we demonstrate for the first time strong
tree species effects on the primability of the soil C; this is important for predicting the soil
C response to global climate change under different tree species.

2. Materials and Methods
2.1. Research Sites and Experimental Setup

The afforestation experiment with varied stand densities was established by the idea
and under the supervision of Dr. Aleksey Buzykin in the southern taiga zone, 135 km
north of Krasnoyarsk. An 18 ha area was selected for the uniformity of the gray forest
soil, which was at the time managed as pasture. In 1982, 2-year-old seedlings of Scots
pine (Pinus sylvestries), larch (Larix gmelini) and spruce (Picea abies) were planted, each
at 18 different densities ranging from 500 to 128,000 trees per ha [40]. Due to density-
dependent self-mortality, the current stocking density as determined in 2016 had declined
and ranged from 400 to 19,000 trees per ha. An intensive forest survey was performed in
2013–2016 and included the stem diameter, stem height, base cone height, crown architec-
ture and tree mortality. Overall, all morphological characteristics except the tree height
were strongly affected by the stocking density. We selected five density levels for each tree
species, capturing the full range of densities but not sampling all of them (Table 1). We
collected mineral soil samples (0–10 cm depth) with composite samples generated from
5–10 collections along a transect between 2 neighboring trees at fixed intervals. Three tran-
sects were sampled at each plot and this resulted in three mixed soil samples that served as
replicates. The experimental design included pseudo-replications in the definition of [41];
therefore, all conclusions regarding the significant differences were produced under the
assumption that there were no other factors at the area of the experiment that affected the
soil properties greater than the tree species and densities.

Table 1. The initial and current density levels of five selected plots with three tree species.

Our
Numbering Initial Density at Planting (Trees/ha)

Current Density (Trees/ha)

Spruce Larch Scots Pine

1 500 470 426 457
2 2500 1118 1342 1124
3 8000 2793 2838 2523
4 40,000 9495 7667 8236
5 125,000 18,170 18,000 17,795

2.2. Soil Sample Preparation and Analysis

Each soil sample was divided into two subsamples; one was air-dried at room temper-
ature for further incubation studies and the other was used for the C and N determination.
For this, the samples were dried at 60 ◦C over 1–2 weeks and then ground with a mechanical
mill (40 mesh). Samples of approximately 15–20 mg of soil were weighed for the analysis.
The total C and N contents were measured with an online C/N analyzer (Carlo Erba).
Subsamples from each of the three replicates and from three plots with spruce and larch
were mixed and sent to the Arizona AMS laboratory for 14C dating.
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2.3. Determining the Priming of Soil Organic Matter and C Decomposability

For each sample, we added 40 g (dry weight) of soil to specimen cups (120 mL) and
adjusted the soil moisture content to 70% of the water holding capacity. The specimen
cups were placed in mason jars (473 mL) for one week of preincubation (22 ◦C) to allow
for a recovery from any physical disturbance of the soils prior to the incubation. After
preincubation, the weekly substrate addition treatments began. One set of soils received
only deionized water (control) and the treatment samples received 13C-labeled glucose.
We determined priming using an isotope mass balance, introducing an artificially high
13C tracer with the substrate additions. To achieve the 13C signal, universally labeled
13C-glucose (D-Glucose-13C, 97 atom%; Cambridge Isotope Laboratories, Tewksbury, MA,
USA) was added to natural abundance glucose such that the added substrate had a δ13C
signature of 1357‰. Most priming studies apply substrates in a single addition; however,
repeated substrate additions have been proposed to better represent the substrate inputs
through root exudation in the field [42–44]. A single substrate addition has also been
reported to induce stronger priming than multiple additions, possibly overestimating the
priming effect [44,45]. For these reasons, we elected to use multiple substrate additions
(one per week) over the 5-week period. Each treatment had three replicates and all soils
were incubated under the same conditions as the preincubation. Each week, we sealed the
jars to measure the CO2 fluxes during three measurement periods: 0–2 days, 2–5 days and
5–7 days after the weekly substrate addition [43]. These periods were short enough that
jars did not become anoxic. After each sampling, the jars were opened to room air before
resealing for the next measurement interval. A 20 mL gas sample was taken for the CO2
concentration with a gas-tight syringe. For the 13C-CO2 values, a 20 mL gas sample was
injected into a Picarro 2131 isotope spectrometer interfaced with a Picarro Small Sample
Introduction Module (SSIM) and 16-port Multiplexer, allowing the automatic processing of
up to 8 syringes in 1 cycle. CO2-free air was used to dilute the gas samples when the CO2
concentrations were greater than 2000 ppm. Labeled glucose was added at 1000 µg C g−1

every week in a 1 mL deionized water solution; only 1 mL deionized water was added to
the control samples.

2.4. Priming Calculation

The mass balance was used to separate the SOM-derived CO2 from the glucose-derived
CO2 (Equation (1)) and priming was the difference of the SOM-derived CO2 between the
glucose-amended and control samples (Equation (2)):

CSOM-glucose = Ctotal (δtotal − δglucose)/(δSOM-control − δglucose) (1)

Priming = CSOM-glucose − CSOM-control (2)

where CSOM-control is CO2-C (mg g−1) from the control, CSOM-glucose and Ctotal are CO2-C
(mg g−1) derived from the SOM and glucose in the glucose-amended samples, δtotal and
δglucose are the δ13C of CO2 from the glucose-amended samples and glucose solution
(1357‰) and δSOM-control is the δ13C of CO2 from the control samples. We presented the
relative priming (%) estimated as:

Relative priming = Priming (mg g−1)/CSOM-control (mg g−1) × 100%. (3)

Finally, the soil C decomposability was estimated by dividing the amount of CO2
emitted over the incubation time from the control sample by the soil C contents in the given
sample:

Soil C decomposability = CSOM-control (mg g−1)/soil C (mg g−1). (4)

2.5. Statistical Data Analysis

All measurements were performed in duplicate for each soil sample and the mean
values of the duplicates from each soil sample were used for the statistics. All parameters
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were tested for a normality of distribution and a homogeneity of variance with Kolmogorov–
Smirnov and Levene’s tests, respectively. The main effects of the tree species and stand
density were determined by a two-way analysis of variance (ANOVA) with three replicates
(three mixed soil samples). The independent factors were the tree species (three levels)
and stand density (five levels); the dependent variables were the C and N contents. We
considered the effect significant at p < 0.050. When the interaction of the species versus the
density was significant, a one-way ANOVA was performed for each tree species separately
to determine if the main effect of the stand density was significant. In the two-way ANOVA,
and only when the main effects were significant, post-hoc comparisons with the Tukey
honest significant difference (HSD) test were performed to discern under which species
and at what density level the studied soil parameters were different. A power function
was computed to determine the links between the C and N contents and soil age, C
decomposability and stand density. The effects of the stand density and tree species on the
amount of CO2 produced in an incubation experiment and on the relative priming were
also studied with a two-way ANOVA. All statistics were carried out with the statistical
package STATISTICA (7.0 for Windows [46]).

3. Results

Both the C and N contents were strongly affected by the tree species and stand density
and the effects were highly interactive (Table 2). The highest soil C content was under
spruce; it differed from larch (p = 0.013) and Scots pine (p = 0.040). Spruce also increased
the soil N contents compared with larch (p = 0.046) and Scots pine (p = 0.031). Scots pine
and larch were not different in the soil C or N contents.

Table 2. The results (p-values) of the two-way ANOVA with tree species and stand densities as main
factors and their interactions (n = 3). ND: not determined because of the lack of interactions between
the tree species versus density. Significant values (p < 0.050) are highlighted in bold.

Soil Chemical
Properties

Two-Way ANOVA One-Way ANOVA, Density Effect Within Different
Tree Species

Tree Species Density
Tree Species ×

Density
Interactions

Spruce Larch Scots Pine

Soil C contents <0.001 <0.001 <0.001 <0.001 0.109 0.019
Soil N contents <0.001 <0.001 <0.001 <0.001 0.016 <0.001

The dependency of the stand density effects on the C and N contents from the tree
species is illustrated on Figure 1. It could be seen that a clear positive effect of the density on
the soil C and N contents was detectable only under spruce. Here, the soil C and N contents
increased with the stand densities. This supported the hypothesis that an increasing stand
density increases the soil C sequestration. In contrast, no effect of the stand density was
significant for the C content in soils under larch but it was significant for the N content
(Table 2). Under pine, the main effect of the density was significant for both C and N
(Table 2) but the concentrations of both elements increased up to 2523 stems per ha and
declined when the density was higher (Figure 2).
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Figure 1. Soil C and N contents under spruce (a,b), larch (c,d) and Scots pine (e,f) at five levels of
density. For each species and density level we had three replicates, which are shown.
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A covariation analysis revealed a significant (p < 0.050) relationship between the stand
density and the soil C and N contents only under spruce; the stand density there explained
83 and 84% of the variation in the soil C and N (Figure 2), respectively. Under the other
two tree species, the density explained less than 20% of the variation for either element.
Both the C and N contents under spruce were related to the stand density through the
power function with the exponents near to 1/8. The exponents for C were 0.13 with the
upper and lowest values within 95% confidence of 0.17 and 0.10. The exponent for N
was 0.125, an exact 1/8, with a 95% confidence interval between 0.09–0.15. Thus, the
significant accumulation of C and N with an increasing forest stand density was observed
only for spruce.

The age of the soil C, determined with 14C, declined with an increasing stand density
under both spruce and larch from 900–980 to 350–390 years (Figure 2). As the density
increase caused a soil C increase only under spruce, a similar decline in the proportion
of old soil organic C under larch indicated that fresh C entered the soil without a net C
accumulation.

The tree species respired a similar amount of C-CO2 (Figure 3); the main effect of the
tree species was not significant (p > 0.050). The stand density affected the amount of CO2
produced; more CO2 was emitted with a higher density of all tree species. This could be
attributed to higher C contents in high-density stands by spruce. Under larch and Scots
pine, a higher density mineralization rate could be due to other factors.

The estimated C decomposability showed a strong interaction between the density
and tree species. The density declined the soil C decomposability under spruce whereas an
increase in the density increased the decomposability of the soil C under larch and Scots
pine (Figure 4).

In contrast to the decomposability, the priming effect was not altered by the stand
density but it was strongly affected by the tree species (Figure 5). The highest priming was
measured in the soil samples under larch; the addition of easily degradable C increased the
mineralization of the native SOM by almost 20%. The priming effects under spruce and
Scots pine were significantly lower (for both, p < 0.001) than under larch with the mean
values reaching only 8–9%.

Figure 3. Cont.



Forests 2022, 13, 284 8 of 13

Figure 3. Amount of C-CO2 produced from mineralization of SOM during 5 weeks of incubation of
soil samples with glucose addition for priming estimation (black bars) and without (grey bars) for
spruce (a), larch (b) and Scots pine (c). The difference between the black and grey bars indicates the
priming effect. Bars represent mean values ± SE, n = 3.
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Figure 4. Soil C decomposability versus forest stand density for spruce (a), larch (b) and Scots pine
(c). Mean values ± SE, n = 3.
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Figure 5. Priming effect and relative increase in C mineralization rate in the presence of easily
degradable C. Similar letters within the bars indicate no significant difference.

4. Discussion

Our work aimed to elucidate the interactions between the tree species and stand
density effects on the soil C sequestration and stability of the SOM. We used two indices of
C stability: (a) soil C decomposability estimated as the C mineralization rate per unit of
soil C; and (b) the susceptibility of soil C to microbial priming. The major findings of our
work were: (a) the stand density strongly altered the decomposability of the soil C but the
direction of change depended on the tree species; (b) the stand density had no impact on
the primability of the SOM but the tree species affected the susceptibility of the SOM to
microbial priming; and finally (c) radiocarbon dating revealed a strong impact of the stand
density on the soil C even when no changes in the C contents were observed.

A literature review suggested that the effect of the tree species has been studied to a
greater extent than that of the stand density [29–32,47,48]. Although the thinning of forest
stands is a major operation in forest management, the discussion of forest management
effects on the soil C sequestration has been predominantly centered on the changes of the
C stocks in soils [12]. Only recently have researchers started to consider the tree species
effects on the stability of the SOM in soils [49]. For instance, using a 40-year-old common
garden experiment with replicated plots of eleven temperate tree species, researchers
measured five SOM stability indices including heterotrophic respiration, C in aggregate
occluded particulate organic matter (POM) and mineral-associated SOM and bulk SOM
δ15N and ∆ 14C [49]. The stability of the SOM varied substantially among the tree species
and this variability was independent of the amount of organic C in the soils. Thus, when
considering forest soils as C sinks, the stability of the C stocks must be considered in
addition to their size. The effect of the stand density on the stability of the soil C has
previously not been considered. We concentrated on the SOM changes in the mineral
soil because: (a) the tree species and density effect on the litter layer accumulation was
relatively better established [50]; and (b) the litter C can easily be lost through fires and
other disturbances so mineral soil C is more likely to be a key reservoir for long-term C
storage [12].

We found a strong and positive effect of the stand density on the soil C and N contents
only under spruce (Figure 1). The stand density explained the high (83–84%) variability
in the soil C and N contents. An accumulation of C in the soil is a balance between a
fresh C deposition and C losses. The C deposition to mineral soil is mostly determined
by the below-ground NPP, which is positively related to the density of the stand [51]. The
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effect of the stand density on the C mineralization is less known but we have shown that
an increase in the stand density under spruce declined the decomposability of the soil C
(Figure 4). A higher C and N accumulation in the soils under a high-density treatment in
spruce covariated with a lower degradability of the SOM. This is new but the mechanistic
explanation of the cause and effects needs further investigation. Nevertheless, the observed
correlation of the stand density and C contents suggested that the C accumulation under
spruce was constrained by the C deposition rather than by C losses. This was in line
with the observations that, among boreal and temperate forest tree species, spruce is the
champion of soil C sequestration [52–54]. By contrast, in the soils under Scots pine and
larch, the density had no or very small effects if not all density levels were considered
on the C and N contents (Figure 1). In the Scots pine soil, the C and N contents were
even slightly lower at a higher density, indicating that the C mineralization exceeded the
C deposition. Thus, the stand density effects on the soil C and N depended on the tree
species and the interpretation of the results from the afforestation experiments must take
into account the differences in the stand densities.

Despite the lack of a stand density effect on the soil C and N under larch, a strong
effect of the density was observed on the age of the soil C, as evidenced by radiocarbon
dating (Figure 2). The effect was as strong as for spruce where a significant accumulation of
C was found in the high-density treatments. The observed decline in the age of the soil C
from 900 to 450 years with a density increase under larch indicated a strong dilution of the
old soil C by fresh C derived from the trees. As the stand density increase in larch did not
increase the soil C content, large losses of the old soil C seem to be a plausible explanation
for the observed density effect on the soil C age.

If half of the old soil C, present in the soil before afforestation, was substituted by
new tree-derived C, a profound change in the stability of the SOM could be expected.
This was tested by the incubation study that demonstrated that the C decomposability
increased with a density increase under Scots pine and larch and decreased under spruce.
Although the stand density did not affect priming, the tree species altered the susceptibility
of the SOM to microbial priming with an acceleration of SOM mineralization under an
elevated C input. The strongest priming was observed under larch, the most dominant
tree species in Eurasian boreal forests. The soil under larch lost two times more C than
the soils under Scots pine and spruce under an elevated C input. Global climate change
alters the tree species composition worldwide [55,56]. Several scenarios predict a shift in
the species composition in Russian boreal forests [57]. If larch forests, as predicted, are
partially replaced by spruce and Scots pine [58], less carbon will be lost from the soils due
to priming, providing negative feedback to global climate change.

Overall, we demonstrated that the stand densities affected the soil C accumulation
differently depending on the tree species. Species where no extra accumulation of either C
or N due to an increased stand density was found still altered the stability of the soil C, a
very important parameter for predicting the future changes in soil C in response to global
changes. To our knowledge, this work is the first to demonstrate a species-dependent effect
of stand density on the decomposability of soil C and the first to demonstrate tree species
effects on the susceptibility of SOM to microbial priming.

5. Conclusions

We have shown that the soil C content is not always affected by the stand density but
the soil stability almost certainly is. The decomposability of the soil C increased with a
density increase under spruce and declined under larch and Scots pine. This warrants a
further intensification of the research on the forest stand density effects on soil C, especially
when changes in C contents are minor. The high priming effect under larch is also highly
relevant for explaining the current and future roles of the Russian boreal forests dominated
by larch in the global C cycle. Overall, our results provide a strong reason for including
the forest stand density together with the tree species into global biogeochemical models
predicting soil C responses to altered environmental conditions.
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