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Abstract: The article aims to raise the knowledge on how the Northern red oak affects the soil formation and nutrient
cycling compared to Scots pine during the early-stage reclamation of nutrient-poor mineral soil that originated in the
deep soil layers in a former sand quarry. Furthermore, the aim is to also answer the question if the admixture of red oak
helps to regenerate the soil properties more effectively than pure stands. Three treatments were established: pure red
oak, pure pine, and a mixed stand, where organic [composite samples of L+F (litter and fermented), F+H (fermented
and humic)] and mineral (A, C) soil horizons were analysed. The oak significantly outperformed the pine in the soil
amelioration, showing elevated pH, higher base saturation, and enriched concentrations of basic cations in the humus
horizons. The lower litter accumulation under the oak reflected the enhanced decomposability of its litter. A pat-
tern of reduced cation exchange capacity, but the elevated base saturation of the oak soils suggested the development
of a nutrient-rich microenvironment with a diminished risk of aluminium toxicity. Phosphorus remained critically lim-
iting. The mixed stand exhibited intermediate properties closer to the pine stand, with the synergistic effects currently
limited. Our results support red oak as an effective reclamation species for infertile post-mining soils, though sustained
amelioration requires a decades-long perspective and integrated forest management strategies.
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The reclamation of degraded land, such as sites
subjected to mineral extraction, represents one
of the critical challenges of contemporary for-
estry (Burger, Zipper 2018; Sheoran et al. 2010).
The re-naturalisation of abandoned sand and
gravel quarries through afforestation aims at re-
storing landscape ecological functions and estab-
lishing stable forest ecosystems on soils exhibiting
extremely adverse physical and chemical proper-
ties (Macdonald et al. 2015; Young et al. 2022). Af-
forestation of mine sites is associated with a high
risk of failure. The situation becomes considerably

more complex when the technical reclamation pro-
cess does not include an overlay of the reconstruct-
ed topography with the topsoil taken from the area
of the quarry before mining. Such an approach
is significantly more beneficial from a reclamation
perspective, particularly when the material that has
not been temporarily stored is directly transferred
from another part of the mining site (Ghose 2001;
Van Gorp, Erskine 2011). Sandy substrates, par-
ticularly those originating from depths of several
metres below the original ground surface, are char-
acterised by low base saturation, low cation ex-
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change capacity, and insufficient reserves of readily
available nutrients (Desie et al. 2021). These sub-
stantially impoverished conditions necessitate the
careful selection of suitable tree species capable
of both tolerating extreme soil conditions and pro-
gressively ameliorating the soil, i.e. enhancing the
soil fertility through the accumulation of organic
matter and nutrient cycling via litter fall and bio-
mass decomposition (Sheoran et al. 2010; Macdon-
ald et al. 2015). Despite the extensive use of tree
planting in reclamation, species-specific effects
on the early soil development under extremely nu-
trient-poor sandy substrates remain insufficiently
quantified.

The most common tree species of nutrient-
poor sandy sites within the lower vegetation
zones of Central Europe include the sessile oak
[Quercus petraea (Mattuschka) Liebl.] and Scots
pine (Pinus sylvestris L.). Both tree species are fre-
quently utilised in the reclamation of sandy soils
(Pietrzykowski 2019). However, sessile oak grows
extremely slowly under such conditions and com-
petes poorly with pine in terms of the growth rate.
Its maintenance within a stand is associated with
higher silvicultural costs, whilst its soil ameliora-
tion potential is severely constrained in the long
term by limited nutrient cycling. The cycling is lim-
ited by the low quantity of litterfall associated with
its slow growth. Consequently, it cannot initially
substantially contribute to the improvement of the
mineral soil chemistry.

The introduced northern red oak (Quercus ru-
bra L.) is regarded as a tree species whose estab-
lishment in stands presents certain risks with
respect to its natural regeneration capacity, some-
times evaluated as having invasive potential, and
in terms of reduced ground vegetation diversity
(Woziwoda et al. 2014; Vor et al. 2015; Nicolescu
et al. 2020). However, owing to its inherent prop-
erties, it demonstrates significantly higher vig-
our and competitive ability on nutrient-poor soils
in comparison with the sessile oak. For this reason,
it is utilised in European silvicultural practice, es-
pecially on such sites with a broadleaved admix-
ture (Nicolescu et al. 2020). As a broadleaved tree
species, it could contribute more effectively to soil
restoration — specifically to the improvement in the
soil chemistry on nutrient-poor sandy sites — than
the pine (compare Augusto et al. 2002; Kacalek
et al. 2017). Pine litterfall contains, in contrast
to broadleaves, a high proportion of recalcitrant
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compounds, which results in a slow nutrient return
to the soil and the prolonged maintenance of low
pH and low base saturation (Berger et al. 2015).
The positive effect of admixing northern red oak
on the soil chemistry has been demonstrated, for
example, within its natural range in approximately
50-year-old loblolly pine stands (Pinus taeda L.;
Polyakova, Billor 2007).

The dynamics of soil properties in young for-
est stands are determined primarily by the qual-
ity of their upper humic horizons (Muraskiene
et al. 2025) and by the rate of organic matter decom-
position (Ge et al. 2013). During the initial phase
of surface humus formation, the following factors are
critical: (i) the quantity and composition of the lit-
terfall, (ii) the quality of the litterfall in terms of the
C:N ratio, lignin content and other recalcitrant
compounds, (iii) the structure and activity of soil
fauna and microbial communities, and (iv) pedocli-
matic conditions (Ponge 2013; Frouz 2017; Irshad,
Frouz 2024). In sandy soils, the process is further ad-
versely affected by the low sorption capacity, which
significantly limits the retention of the released nu-
trients (Shepherd, Bennett 1998).

The aim of the study was to evaluate the influ-
ence of the northern red oak compared to the pure
Scots pine and their mixture on the pedogenesis
of the upper soil horizons following approximately
20 years of sand quarry reclamation. The specific
research questions were: (i) How do the propor-
tions and composition of the upper soil horizons
differ under the individual stand types? (if) What
are the differences in the distribution of avail-
able macronutrients (N, P, K, Ca, Mg) among the
stands? (iii) Does the admixture of northern red
oak into Scots pine stands at this stand age ensure
a measurable ameliorative effect on the soil chem-
istry and nutrient reserves?

MATERIAL AND METHODS

The condition of newly forming upper soil ho-
rizons was evaluated in the area of a former sand
quarry in the Orlice Tableland (Orlickd tabule;
50°11'N, 15°58'E) on a property managed by Hradec
Kralové Municipal Forests, Ltd., in the Czech Re-
public. Following the cessation of sand mining prior
to the year 2000, the quarry area was solely shaped
by mechanical means to the required topographic
configuration. No nutrient replenishment was car-
ried out through an overlay of forest topsoil mate-
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rial taken prior to the commencement of the sand
extraction. The newly formed horizon thus consist-
ed of an extremely poor sandy substrate originally
situated at a depth of approximately 5 m below the
original ground surface. The new oligotroph sub-
strate was fully absent of topsoil. The study site
represents an extreme case of a sandy post-mining
substrate, which allows isolating species-driven ef-
fects on the soil development. The soil is develop-
ing towards a regosol.

The site, at an elevation of approximately
250 m a.s.l, is classified according to the potential
natural forest community as a nutrient-poor pine-
oak forest (anthropogenic variant; according to the
forest site classification system of the Czech Re-
public, see Viewegh et al. 2003). Tree stands were
subsequently established in this substrate, with
a dominance of planted bare-root pine and groups
of red oak regenerated by sowing.

Sampling of the new forming soil was carried
out in the autumn of 2020 in an approximate-
ly 20-year-old northern red oak stand (area 0.05 ha),
in an 18-year-old Scots pine stand (area 0.5 ha), and
at the boundary between these stands where the in-
fluence of both tree species was evident. The stand
density was approximately 2 700 trees per ha, the
basal area reached ca 20 m? per ha for oak and
40 m? per ha for pine. The mean diameter at breast
height (DBH) and height of the northern red oak
was 9.6 cm and 7 m, and Scots pine was 14.2 cm
and 9 m, respectively. Soil samples were collected
in three replicates spaced at least 10 m apart under
three treatments: northern red oak (red oak — RO),
Scots pine (pine — Pi), and the soil beneath the mix-
ture of these tree species (RO+Pi). Sampling was
performed using a 25 x 25 cm pedological frame.
Because of their limited thickness, the L (litter) and
F (fermented) horizons and the F and H (humic) ho-
rizons were analysed as composite organic horizons
(L+F and F+H, respectively). To achieve a sample
of an adequate amount for the chemical analyses,
the L+F and F+H horizons from each sampling lo-
cation were represented by composite samples de-
rived from three frames randomly positioned within
1 m2. The third position of the frame was used for
sampling the mineral horizons as well. The A ho-
rizon was collected in its entirety to allow for the
determination of the dry matter content, the upper
C horizon was sampled to a depth of ca 15 cm for
the chemical analyses only. The average thickness
of the humus horizons reached 1.6 cm, 2.2 cm and

2.1 cm for the A horizon and 2.3 cm, 0.8 cm, and
0.7 cm for RO, Pi and RO+Pi, respectively.

The laboratory determinations included the dry
matter content (L+F, F+H and A horizons). In the
F+H, A and C horizons, the analyses comprised
the oxidisable organic carbon (C,,; Springel-Klee
method), loss-on-ignition (LOI; determined by the
heating loss methodology), nitrogen accord-
ing to the Kjeldahl method, pH in H20 and KCl
(soil to solution ratios of 5 g: 50 ml for the F+H ho-
rizon and 10 g:50 ml for the A and C horizons),
characteristics of the sorption complex according
to Kappen 1929 [exchangeable base cations (BCC),
cation exchange capacity (CEC), hydrolytic acid-
ity (as CEC — BCC) and base saturation (BS)], and
plant-available nutrient content determined by Me-
hlich III extraction (Mehlich 1984). The macronu-
trients in the L+F horizon were analysed according
to plant material analytical methods (in a solution
of H,SO, + H,0, + Se), comparable with the In-
ternational Co-operative Programme (ICP) Forests
methodologies (Rautio et al. 2020).

Based on the dry matter content and nutrient
composition of the individual samples taken from
the respective horizons, the nutrient pools in the
L+F, F+H and A horizons were calculated (g:m=2).

The analysed soil properties for the individual
horizons and stand treatments were compared sta-
tistically using an analysis of variance (ANOVA),
whereas Welch's test (Welch 1951; one-way test
function) followed by Tukey's test were used in cas-
es of heterogeneity of variance. The nutrient con-
tents of the soil layers were compared by principal
component analyses (PCAs). The analyses were
performed in R statistical software (Version 4.5.1;
R Core Team 2025). Differences were consid-
ered statistically significant at a significance level
P = 0.1; nevertheless, the differences at P = 0.05 are
highlighted in the results tables.

RESULTS

The organic-layer mass differed most clearly be-
tween the pure red oak and the other two treat-
ments. Less dry matter accumulated under the
northern red oak in both the L+F and F+H hori-
zons, whereas the mixed stand resembled Scots
pine rather than red oak in the amount of surface
organic matter (Table 1). In the A horizon, the red
oak showed a higher mean dry matter content, but
this difference was not statistically significant.
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Table 1. Dry matter and nutrient pools in soil horizons (g:m~2) according to each treatment compared by ANOVA

or Welch test and subsequent Tukey test

Horizon  Treatment Dry matter N P K Ca Mg Cox LOI
P 0.034 0.063 0.092 0.322 0.221 0.088 - -
LiE Pi 5022 5.0 0.35° 0.63 2.46 0.22° - -
RO 269° 2.0° 0.17° 0.75 4.30 0.36° - -
RO+Pi 482° 4.5% 0.322 0.85 3.31 0.29% - -
P 0.003 0.003 0.033 0.055 0.020 0.045 0.004 0.007
EoH Pi 3270° 30.7¢ 0.08% 0.96% 4.93° 0.442> 608 15270
RO 1436° 6.4° 0.06° 0.54° 1.93b 0.21° 137° 3290
RO+Pi 3508° 41.8 0.13* 1.66* 5.11° 0.52? 9892 2191°
P 0.371 0.480 0.167 0.045 0.171 0.307 0.504 0.539
Pi 8 062 21.0 0.10 0.60° 3.53 0.37 284 852
A RO 22 854 30.1 0.51 1.612 5.82 0.87 440 1265
RO+Pi 6351 19.8 0.09 0.64° 1.88 0.29 364 1040
P 0.190 0.070 0.620 0.143 0.552 0.183 0.023 0.022
Pi 11 834 56.82 0.52 2.20 10.92 1.02 892 2 379
Together
RO 24 560 38.4° 0.74 2.90 12.04 1.44 576" 1595°
RO+Pi 10 342 66.2° 0.54 3.15 10.30 1.10 1353° 3231°

a<statistically different groups within a given parameter and horizon; bold — differences at a significance level of P = 0.1;

underlined — differences at P = 0.05; L+F — composite of litter and fermented horizons; F+H — composite of fermented and

humic horizons; A — topsoil mineral horizon; Pi — Scotch pine; RO — Northern red oak; RO+Pi — soil beneath the mixture

of the two species; C_, — oxidisable organic carbon; LOI — loss-on-ignition

The nutrient composition of the upper humus
horizons also separated the red oak from the other
treatments, while the mixed stand remained closer
to the pine in the PCA ordination. In the L+F hori-
zon, the red oak differed from the other treatments
by lower N and higher K, Ca and Mg contents;
in the F+H horizon, it differed mainly by lower
N and at P = 0.1, and also higher P contents (Fig-
ure 1; Tables 2, 3). The admixture effect of red oak
into the pine was detectable in the L+F horizon
only, where the mixed stand showed higher K and
Mg contents than the pure pine, while Ca was also
higher, but not significantly (Figure 1; Table 2).

In the mineral soil, the treatment differences
in the nutrient concentrations were limited and
horizon-specific. In the A horizon, the Scots pine
had higher Ca and lower P contents than the red
oak, whereas in the C horizon, the only confirmed
difference concerned a lower Ca content under the
red oak. No statistically significant treatment dif-
ferences in the C:N ratio were found in any ho-
rizon, although the mean C:N ratio was highest
in the mixed stand in both the F+H and A horizons
(Table 3).
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Patterns in the nutrient pools differed from those
observed for the nutrient concentrations. In the L+F
horizon, despite the lower dry matter under the red
oak, significant differences in the nutrient pools were
detected only at P = 0.1, namely lower N and P pools
and higher Mg pools under the red oak (Table 1).
In the F+H horizon, the red oak had lower pools
of all macronutrients, with the clearest differences
relative to the mixed stand and less pronounced dif-
ferences relative to the pine. In the A horizon, the
mean nutrient pools were higher under the red oak
due to the higher mean dry matter content, but a sta-
tistically significant difference was confirmed only
for K (Table 1). The mixture effect was obvious in the
chemistry of the whole analysed profile. Overall,
the mixed stand was lowest in the mean dry matter,
but in N (P = 0.07 only), C and LOI contents it was
higher than the red oak (Table 1).

The soil acidity showed the clearest advantage
of the red oak in the F+H horizon, whereas the dif-
ferences became weaker with depth. In the F+H
horizon, the red oak had a higher pH in both H,O
and KCl than the other treatments (Table 4). In the
A horizon, the pH also differed among the treat-
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Figure 1. Principal component analysis (PCA) graph of nutrient content (A) in the L+F (composite of litter and fermented
horizons) and (B) F+H (composite of fermented and humic horizons)

Pi — Scotch pine; RO — Northern red oak; RO+Pi — soil beneath the mixture of the two species

Table 2. Nutrient contents in the L+F horizon (plant material analytical methods; %) according to each treatment
compared by ANOVA with subsequent Tukey test

Horizon Treatment N P K Ca Mg
g 0.022 0.518 <0.001 < 0.001 <0.001
LiE Pi 0.970? 0.068 0.127¢ 0.470P 0.044¢
RO 0.736" 0.062 0.280* 1.580° 0.136%
RO+Pi 0.9442 0.067 0.177° 0.690P 0.060°

a<statistically different groups within a given parameter; bold — differences at a significance level of P = 0.1; underlined — dif-
ferences at P = 0.05; L+F — composite of litter and fermented horizons; Pi — Scotch pine; RO — Northern red oak; RO+Pi — soil

beneath the mixture of the two species

Table 3. Chemical properties of the F+H, A and C horizons according to each treatment: C:N ratio and nutrient
content (Mehlich III extraction)

Horizon Treatment C:N (IOZ) (mg~Pkg‘1) (mgig'l) (mg(?ljg'l) (mg/{fg‘l)
P 0.258 0.006 0.104 0.253 0.950 0.805
EH Pi 19.8 0.93° 22.7° 288.7 1494.7 132.0
RO 20.4 0.46° 44.7 382.7 1410.7 148.0
RO+Pi 23.6 1.18* 36.0% 466.7 1452.0 147.3
r 0.276 0.178 0.080 0.327 0.006 0.248
Pi 14.5 0.25 12.3 74.7 434.3 45.7
A RO 14.5 0.16 20.3 82.7 263.3 40.3
RO+Pi 18.2 0.38 13.3% 117.7 304.7° 48.3
P 0.790 0.935 0.618 0.380 0.087 0.961
Pi 17.2 0.07 23.3 36.0 192.72 30.3
¢ RO 15.8 0.07 20.7 32.0 150.3° 30.0
RO+Pi 17.4 0.06 20.0 32.0 168.7% 30.0

a~statistically different groups within a given parameter and horizon; bold — differences at a significance level of P = 0.1; un-
derlined — differences at P = 0.05; L+F — composite of litter and fermented horizons; F+H — composite of fermented and humic

horizons; A, C — mineral horizons; Pi — Scotch pine; RO — Northern red oak; RO+Pi — soil beneath the mixture of the two species
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Table 4. Chemical properties of the F+H, A, and C horizons according to each treatment

Horizon Treatment pHyu0 PHxal Bce _ CEC_BC? CEC _ BS Cox Lor
l (mval-100 g!) (mval-100 g1) (mval-100 g1) (%) (%) (%)
p 0.003 0.001 0.863 0.008 0.060 0.004 0.009 0.020
Pi 4.9b 3.8b 16.6 22.0% 38.5% 43.1b 18.5®>  46.2%
F+H
RO 5.52 4.52 14.3 7.9b 22.2b 65.12 9.6" 23.7b
RO+Pi 4.7b 3.4b 16.0 30.52 46.52 34.0° 27.92 62.1*
P 0.055 0.031 0.003 0.027 0.028 0.001  0.104 0.036
A Pi 5.1 3.8% 4.8 7.0% 11.7% 40.72 3.6 10.7%
RO 5.42 3.9° 1.5 4.3b 5.8b 26.6" 2.2P 6.1°
RO+Pi 4.8b 3.3b 3.0 11.42 14.52 21.1° 7.0 19.02
p 0.134 0.186 0.198 0.458 0.738 0.134 0.996 0.543
Pi 5.6 4.1 1.3 3.3 4.6 26.6* 1.1 3.2
< RO 5.6 4.1 0.6 3.6 4.1 13.7% 1.1 3.6
RO+Pi 5.4 4.0 0.5 3.9 4.3 10.6 1.1 3.7

a<statistically different groups within a given parameter and horizon; bold — differences at a significance level of P = 0.1;

underlined — differences at P = 0.05; F+H — composite of fermented and humic horizons; A, C — mineral horizons; Pi — Scotch

pine; RO — Northern red oak; RO+Pi — soil beneath the mixture of the two species; BCC — exchangeable base cations;

CEC — BCC - hydrolytic acidity; CEC — cation exchange capacity; BS — base saturation; C,, — oxidisable organic carbon;

LOI - loss-on-ignition

ments, but the pattern was weaker; in the C hori-
zon, no significant pH differences were confirmed
(Table 4).

Most sorption-complex and organic-matter char-
acteristics did not indicate a general increase under
the red oak; instead, the red oak combined higher
base saturation in the F+H horizon with lower val-
ues of several other parameters. Except for the base
saturation in the F+H horizon, the red oak showed
lower values of the sorption-complex characteris-
tics in both the F+H and A horizons, together with
lower C_, and LOI contents in F+H. These differ-
ences were confirmed more often against the mixed
stand than against the pure pine stand (Table 4).

DISCUSSION

The formation of the upper soil horizons in sandy
substrates is a slow process, dependent on both the
quantity of litterfall and the rate of its decomposi-
tion. After 20 years of the tree-mediated nutrient
cycling, the thickness of the newly formed soil ho-
rizons remains low across all the treatments in our
experiment. In the area, for example, the 60-year-
old stands of pine and red oak growing on perma-
nent forest land had an average thickness of the
A horizon of 4.6 cm and 5.2 cm, respectively (un-
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published data). As expected, the nutrient pools
of experimental stands also remain significantly
lower than the nutrients beneath the permanent
forest. A mature pine stand, in 2.3 times higher
dry matter of organic horizon, accumulated over
3 times more N and P, 2.6 times more Mg and
1.4 times more Ca, the nutrient pools in A were
up to 2 times higher (in Ca; unpublished data) than
pine in the presented plot in a former sand quarry.

The lower dry matter content that we confirmed
in the L+F and F+H horizons beneath RO compared
with Pi cannot be simply interpreted as a weaker
ameliorative effect. It conversely reflects better
litter decomposability under RO. This result can
be interpreted in the context of differing litter
properties: RO produces foliar litter with a lower
lignin content and higher decomposability (cf. Wei
et al. 2020). In contrast, pine litter contains high
proportions of recalcitrant compounds, including
lignin and terpenes, which microbial communi-
ties degrade more slowly (Park et al. 2018; Stuck-
enberg et al. 2025). The available studies suggest
that young oak stands have a higher annual litter-
fall than young pine stands (Carnol, Bazgir 2013;
Uri et al. 2022; Turski et al. 2024); however, there
are insufficient direct measurements for red oak
(e.g. Ciuldiené et al. 2017). From a long-term per-
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spective, the lower litter accumulation beneath
RO need not necessarily represent a disadvantage,
as more efficient decomposition leads to a faster
nutrient return to more readily available forms for
plant uptake (Ponge 2013).

The observation that the mixed stand exhibited
a dry matter content in the L+F and F+H horizons
similar to Pi suggests that the presence of foliar
litter from the northern red oak has not yet cre-
ated a significant synergistic effect on the reduc-
tion of organic layer mass. However, the literature
on the effects of species diversity on litter decom-
position indicates that the addition of broadleaf lit-
ter can accelerate the decomposition of coniferous
litter due to its superior quality and higher nitrogen
content (Polyakova, Billor 2007). Nevertheless, this
acceleration is conditioned by the environmental
context in which the litter decomposition proceeds
(Prescott et al. 2000; Zhang et al. 2008). In our case,
however, this acceleration has not yet been suffi-
ciently pronounced to result in a reduction in the
total dry matter mass of organic horizons beneath
the mixed stand.

The principal component analysis of macronutri-
ent contents in the L+F and F+H horizons dem-
onstrated that the nutrient profile of the mixed
stand also more closely resembled Pi than RO. This
suggests that the pine needles in the mixed stand
continue to represent the dominant substrate con-
trolling nutrient cycling as well. Beneath RO, the
L+F horizon exhibited a statistically significantly
lower N content and a higher K, Ca, and Mg con-
tent (Table 2), consistent with the higher base
cation content of the oak foliage (Hallett, Horn-
beck 1997). These differences are critically impor-
tant in the context of post-mining land reclamation,
where the increased pH and base saturation are
recognised as essential outcomes of successful
soil revitalisation (Sheoran et al. 2010; Ippolito
et al. 2024). However, this ameliorative effect re-
mains somewhat limited in the above-ground hu-
mus layers. The soil improvement potential of RO
was only partially manifested in the F+H and A ho-
rizons, only in terms of the nutrient concentra-
tion rather than the nutrient pools (Table 1), and
in the selected sorption complex parameters (Ta-
ble 4). The lower pools of all the macronutrients
in the F+H horizon beneath RO compared with the
mixed treatment (and often also compared with Pi)
suggests that the more intensive decomposition
of broadleaf litter likely leads not only to more effi-

cient nutrient transport as you move down the soil
profile, but also to nutrient losses through miner-
alisation and leaching.

The phosphorus beneath RO showed an interest-
ing pattern: higher available P in both the F+H and
A horizons (Table 3), yet lower total P pools (Ta-
ble 1). This can be explained by the fact that while
the broadleaf litter contains a higher P content, the
more intensive decomposition leads to the faster
P release and subsequent leaching (Zonnchen
et al. 2014; mean P pools in the A horizon beneath
RO were higher, albeit not statistically significant),
or to immobilisation by the soil microflora. Phos-
phorus is a limiting nutrient in sandy soils, with
its retention severely constrained by the deficien-
cy of clay minerals and iron/aluminium oxides
that would enable chemical P fixation (Borggaard
et al. 1990), and by the low organic matter content
(Ritchie, Weaver 1993). These results suggest that
the sandy substrates after 20 years of afforestation
still lack the capacity to effectively retain the re-
leased P.

The higher dry matter content of the A horizon
beneath RO (albeit without any statistical sig-
nificance) was accompanied by the higher mean
macronutrient pools, although only the available
K content was statistically significantly increased.
This suggests that the RO litter gradually contrib-
utes to the enrichment of mineral horizons. How-
ever, this raises a puzzling observation: namely,
the lower Ca content and pool in the A and C
horizons beneath RO. This could be explained
by the intensive Ca uptake by the trees and its
preferential reallocation to the tree bodies and
foliar biomass at the expense of fine root tissues
(thereby depleting Ca from the fine root resi-
dues that decompose within the A and C hori-
zons). Conversely, the lower available P in the
F+H and A horizons beneath Pi may be attrib-
utable to its limited availability in the pine litter
combined with the potential P fixation in these
nutrient-poor, oxidic substrates.

The higher soil pH beneath RO compared with
Pi represents an evident manifestation of the red
oak's superior ameliorative potential. The pH dif-
ferences progressively diminished with increasing
depth in the soil. The elevated pH is a direct con-
sequence of the higher base cation content in the
broadleaf litter (confirmed for K, Ca, and Mg
in the L+F horizon) and their release during litter
decomposition, which contributes to the neutral-
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isation of the soil acidity (Téth et al. 2011). This
increase probably also reflects a higher base satu-
ration (BS) in the F+H horizon.

The character of the sorption complex revealed
a particular paradox: beneath RO, lower cation ex-
change capacity (CEC) was recorded, yet concur-
rently higher base saturation (BS). This indicates
that RO creates a soil environment with a lower
organic matter content (and consequently few-
er exchange sites), but with a proportionally higher
abundance of base cations (Gruba, Mulder 2015).
The higher BS shows a reduced risk of aluminium
toxicity and improved nutrient availability for plant
uptake (Bojorquez-Quintal et al. 2017; Olorunfemi
et al. 2018).

The mixed treatment exhibited soil properties
closer to Pi across multiple parameters, indicating
the current dominance (i.e. within the initial twen-
ty years of reclamation) of the pine litter effect. This
is consistent with the anticipated biomass alloca-
tion of the two species, as Pi exhibits higher produc-
tivity on these nutrient-poor substrates. However,
certain parameters (namely, higher pools of N, P,
Ca, and Mg in the F+H horizon; higher BS) provide
evidence of a measurable contribution of the pres-
ence of RO to the soil nutrient enrichment. These
findings align with the literature on mixed-species
stands, where synergistic effects (Liu et al. 2020)
primarily manifest over longer temporal scales.
Specifically, the positive impacts of species diver-
sity on nutrient cycling and humus decomposition
typically become statistically demonstrable only
after 30—50 years of stand development (Cremer,
Prietzel 2017; Rothe et al. 2002).

Soil microflora also play an important role: pine
needles and oak foliage support the establishment
of distinct microbial communities. Ectomycorrhi-
zal fungi are more strongly associated with nutri-
ent-poor soils and coniferous substrates, whereas
arbuscular mycorrhizae are favoured in more nu-
trient-rich environments (Hedénec et al. 2023).

The carbon-to-nitrogen ratio (C:N) showed
no statistically significant differences among the
treatments across all the horizons. This finding
is consistent with the observation that in early pedo-
genic stages, the C:N ratio is primarily determined
by the quality of the incoming biomass, which only
changes gradually over time (Zhou et al. 2019).

Pedogenesis on sandy substrates derived from
former sand quarries exhibits distinctive charac-
teristics that diverge markedly from those of estab-
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lished forest soils. The first operative mechanism
includes the gradual accumulation of organic mat-
ter, which progressively generates sorption sites
and enhances the physical properties of the devel-
oping soil (Bartuska, Frouz 2015; Voltr et al. 2021).
The second mechanism involves the release of base
cations from the litter, which can incremental-
ly lead to an increase in the base saturation and
soil pH (Desie et al. 2020). Additionally, the pro-
gressive differentiation of soil microbial commu-
nities occurs, accompanied by increasing faunal
biodiversity (Ponge 2003), processes which col-
lectively enhance the nutrient cycling efficiency
(Speckert et al. 2024).

The organic matter exhibits a dual functional-
ity in these post-mining substrates. On one hand,
it serves as a source of nutrient release and the
primary generator of sorption sites. On the other
hand, when accumulating excessively, it can impede
efficient nutrient cycling (Bradley, Fyles 1996). This
duality is particularly crucial for interpreting the
lower oxidisable organic carbon (C,,) and loss-on-
ignition observed beneath RO. The lower C_, con-
tent may favour nutrient bioavailability; however,
this potential advantage is concurrently counter-
balanced by the reduced sorption capacity of the
substrate.

The study results demonstrate that after approxi-
mately twenty years of upper horizon development,
RO exhibits measurable ameliorative effects com-
pared with Pi — notably an elevated soil pH and
a higher base cation content — although the overall
soil improvement trajectory remains modest. This
finding aligns with the established literature indi-
cating that the restoration of soil fertility on nutri-
ent-impoverished substrates represents a gradual
process typically requiring several decades (Burg-
er, Zipper 2018; Sheoran et al. 2010). Pedogenesis
on sandy substrates proceeds characteristically
slowly, with the fundamental limiting factor still
being the inherently low sorption capacity of these
soils, which severely constrains the effective reten-
tion of newly released nutrients (Weil, Brady 2017).
In the specific context of nutrient-poor sandy con-
ditions of a post-mining site, the absence of topsoil
replacement prior to afforestation means that the
soil formation proceeds exclusively from deeply
buried alluvial material, lacking the initial nutrients
typically accumulated in natural soil profiles. With-
in this challenging pedogenic setting, RO demon-
strates a superior functional capacity relative to Pi
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in ameliorating the developing soil conditions. Its
strategic role should be taken primarily as a long-
term investment in progressive soil condition im-
provement rather than as a mechanism for rapid
fertility restoration.

CONCLUSION

The tree species identity strongly influenced the
early pedogenesis within two decades of afforesta-
tion on the nutrient-poor sandy post-mining sub-
strate at the analysed site. The red oak exhibited
a more pronounced ameliorative effect than the
Scots pine, particularly in the humus horizons,
as reflected by the higher pH, increased base satu-
ration, and elevated concentrations of exchange-
able base cations (K, Ca, Mg). These changes
indicate a faster transition from acidic, oligotroph-
ic conditions of the sandy substrate towards a more
chemically favourable soil environment. The lower
accumulation of organic matter under the red oak
reflects enhanced litter decomposability and accel-
erated nutrient cycling, in contrast to the slower
decomposition and persistent organic layer typi-
cal of pine stands. However, this more dynamic
nutrient turnover is accompanied by lower nutri-
ent pools in the forest floor and potential nutrient
losses under low sorption capacity conditions.
The combination of lower cation exchange capacity
and higher base saturation under the red oak sug-
gests improved nutrient availability despite limited
retention capacity, indicating a reduced aluminium
toxicity risk relative to pine soils.

In mixed stands, the total N and C_, pools and
also loss-on-ignition were increased. The other
soil properties remained largely similar to the pine
stands, demonstrating the current dominance
of the conifer-driven processes. Only limited indi-
cations of the red oak influence were detected, sug-
gesting that the synergistic effects of the admixture
are still weak at this stage of stand development.
Phosphorus remained a key limiting element across
all the treatments, with increased mobilisation un-
der the red oak, which carries the risk of leaching
in substrates with limited sorption capacity.

Our results, although based only on one experi-
mental site, support red oak as an effective com-
ponent of reclamation strategies for nutrient-poor
post-mining substrates, particularly where topsoil
was not placed over the newly formed terrain.
The use of this tree species in small pure regenera-

tion patches and in mixed stands can help to create
a heterogeneous environment that reduces the risks
associated with red oak cultivation and, as a result,
can accelerate new-forming soil improvement and
lead to increased biodiversity in the revitalised en-
vironment of former sand-mine areas.
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