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Abstract: Extensive areas of inland dunes are commonly overplanted with Scots pine (Pinus sylvestris).
However, thus far the pine litterfall has not been investigated in detail in Scots pine stands overgrowing
the landforms. Therefore, the aim of this study was to analyse the mass and chemical composition
of litterfall in a dune Scots pine forest, paying special attention to the differences in the properties of
the particular categories of litterfall (needles, twigs, bark, cones, residue) occurring in different seasons.
The secondary goal of the research was to investigate the possible effect of contrasting slope aspect on
litterfall properties. Litterfall was examined for three years on a north- and south-facing dune slope using
the litter trap method. The mass and chemical composition (C, N, P, K, Mg, Mn, Ca, Fe, Al) of each
litterfall category was analysed. Average annual mass of litterfall ranged from 322.0 + 2.6 (slope N) to
361.9 + 34.2 (slope S) g m~2 year~!. Fluctuations in the annual concentrations of N, P, K and Mg were
determined, which was the result of their gradual withdrawal from needles before they were dropped
in autumn. Immobile or poorly mobile elements (i.e., Mn, Ca, Fe and Al) were found to be steadily
accumulated during the year in fallen tissues. The studied elements can be set in the following order as
regards the annual pools which return to a topsoil with litterfall: C > N > Ca > K> Mg > Mn > Al > P > Fe
on slope N and C > Ca > N > K > Mg > Al > P > Mn > Fe on slope S. Despite the fact that the residue
(seeds etc.) constitutes a much smaller part of the total litterfall mass than the needles, comparable
amounts of N, P, K, Al and Fe return to a topsoil with both these categories. The only element for which
we determined differences in concentrations regarding slope aspect was Mn: the concentrations were
significantly higher for needles, twigs, bark and cones on the N than the S slope.

Keywords: plant litter; nutrient turnover; pine stands; Pinus sylvestris; dune areas; slope aspect

1. Introduction

Litterfall is a significant pathway for the return of nutrients from plants to the forest floor and,
subsequently, to the mineral soil [1]. It provides the soil surface with plant debris (e.g., needles,
broadleaves, twigs, branches, cones, bark, seeds, flowers, fruits) that gradually decays with the
participation of decomposer communities (bacteria, actinomycetes, fungi and invertebrates) during
the decomposition process [2,3]. During that process, nutrients gradually become available for plant
uptake, and consequently nutrient turnover in the vegetation—soil system is crucial for the productivity
of forest ecosystems [4]. The chemical composition of litterfall is one of the main factors determining
the course of nutrient release [5]. Thus, quantitative and qualitative analyses of litterfall contributes
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to a better understanding of nutrient cycling dynamics. Moreover, particular plant communities
are characterised by different chemical composition of litterfall, and thus, in the long term, litterfall
with specific chemical properties has an appreciable influence on the chemical and physicochemical
properties of soil organic matter and, subsequently, on soil type [6,7]. Some authors [8] even suggest
that litterfall can be used as an indicator of forest stand condition, especially in a coniferous ecosystem.
Therefore, any information supplementing the knowledge on the above issues may be useful in
sustainable forest management [9] or in the re-establishment of damaged environments [10].

The mass, structure and chemical composition of litterfall depend on many factors, the most
important of which include forest stand’s: species composition [9,11,12], stage of succession
development [13], age [14], tree density [15], tree vigour (health condition [8]), and form of regeneration
(naturally vs. artificially regenerated [16]). Additionally, the properties of litterfall are affected by
habitat conditions, such as climate [5], air temperature [12,13,17] and soil properties [7]. The mass,
structure and chemical composition of litterfall show annual dynamics associated with the cyclical
nature of physiological processes, usually resulting from the seasons [18,19]; however, the observed
regularities can be affected by incidental events, such as extreme weather conditions (strong winds or
heavy rainfall, [9]), fire [20] and tree pest gradation [21].

In most European forest ecosystems, the main source of litterfall is trees [5,22], and it is the foliar
fall which is the major constituent of the debris that falls to the ground surface [23]. However, other
categories of litterfall from various parts of trees, such as branches, cones, seeds, fruits, bark, etc.
are also important in the nutrient cycling dynamics, because they change the quality of annual
litterfall [9]. Most often, the research concerns the chemical composition in annual litterfall of particular
categories [9,12,23].

In general, the litterfall in a Scots pine forest has been studied extensively in different ecosystems
e.g., [11,17,22,23]; however, so far litterfall has not been investigated and described in detail with
reference to inland dunes, despite the fact that these landforms are common and usually overgrown
with forest stands (pine dominated, mainly) in many regions of the world, especially in Central and
Eastern Europe [24], northern Asia [25] and North America [26]. Thus, the aim of this research was
to analyse the mass and chemical composition of litterfall from trees in a dune Scots pine forest,
paying special attention to the differences in properties of the particular categories of litterfall (needles,
twigs, cones, bark, residue) in seasons. Furthermore, despite inland dunes not being huge landformes,
topographically induced differentiation in some environmental characteristics and processes have
lately been described with regard to those landforms [27-29]. These findings encouraged us to establish
the secondary goal of our study, namely, to investigate the possible effect that contrasting slope aspect
(north vs. south facing) can have on the properties of litterfall. Designing our research, we hypothesised
that in a dune Scots pine forest (i) mass and chemical composition of litterfall from trees is significantly
different in particular seasons, (ii) mass and chemical composition of litterfall significantly varies
in particular categories of litterfall (needles, twigs, cones, bark, residue), (iii) litterfall categories of
relatively low mass can have a more crucial importance for nutrient turnover than would result from
their mass, and that (iv) slope aspect could potentially affect characteristics of litterfall.

2. Materials and Methods

2.1. Study Site

The study was conducted on an inland dune area of the Torun Basin (N Poland). The basin is one
of the largest inland dune fields in Central Europe [24]. The area has an average annual temperature of
7.9 °C and an average annual precipitation of 522.5 mm [30]. Following the fact that inland dunes
constitute poor habitats, the potential vegetation for dune fields of the basin is subcontinental, poor in
species richness pine forest Peucedano-Pinetum [31].

The research sites were situated on contrasting slope aspects (north and south facing, hereafter
referred to as “slope N” and “slope S”) of a latitudinally situated dune (52°55’13.08” N, 18°42/05.42” E)
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with a relative height of ca. 15 m. On both investigated slopes (north and south facing) acidic Podzols
occur, but the soil of the north facing slope is more podzolized [27,32]. Both slopes were located
within the same 145-year-old planted Scots pine stand, which has been subjected to the same forest
management treatments (thinning, etc.) on both studied slopes since planting. The average diameter
at breast height of pines growing on the studied slopes was 33.2 + 5.7 cm (32.4 + 5.5 cm on the north-
and 34.0 + 6.0 cm on the south-facing slope), whereas the average height was 20.1 + 1.8 m (19.7 + 1.7 m
on the north- and 20.5 + 1.8 m on the south-facing slope) [32].

2.2. Sampling

Litterfall was examined for three years (2013, 2016, 2017) on the north- and south-facing slopes on
the investigated dune using the litter trap method [33]. On both studied slopes, 10 litter traps were
placed (20 in total) and arranged on every slope in two rows of 5 traps each, spaced 5 m apart. The litter
traps had a circular shape with a nominal single sampling area of 0.25 m? and were installed at 1 m
above ground level. Subsequently, litterfall material was collected monthly (in the middle of a month)
from each trap to linen bags for laboratory analyses.

2.3. Laboratory Methods

The collected samples were dried at 65 °C to constant weight. Then, the samples were manually
sorted into five categories: needles, twigs, bark, cones and residue (which included other organic debris
like seeds and unidentified materials). Subsequently, the material of each category was weighed and
homogenised with a grinder. Next, for each category and each year separately, samples were combined
into compound samples representing seasons: winter (samples collected in December—February),
spring (March-May), summer (June-August) and autumn (September-November). The three years of
the study were replicates in the analysis of the contents of elements in particular litterfall categories in
each season. Altogether, 60 samples were obtained for each slope (5 categories X 4 seasons X 3 years),
thus a total of 120 samples being collected on two dune slopes were investigated in the study.

All the samples were tested for the contents of nine elements (C, N, P, K, Ca, Mg, Mn, Fe, Al),
which were determined according to the following methods: total nitrogen by the Kjeldahl method; organic
carbon by sample oxidation in a mixture of K,Cr,O; and H»SO; [34]; phosphorus by the colorimetric
method with the use of Molybdenum Blue; iron by the colorimetric method using 1,10-phenanthroline and
aluminium by the colorimetric method with the use of Aluminon. The contents of phosphorus, iron and
aluminium were measured with a UV-1601 Spectrophotometer (Beijing Rayleigh Analytical Instrument
Corp., Chaoyang District, Beijing, China) at wavelengths of 700, 518 and 525 nm, respectively. The contents
of K, Mg, Ca and Mn were determined with a SOLAR 969 Atomic Absorption Spectrophotometer
(UNICAM, Cambridge, United Kingdom). The contents of P, K, Mg, Ca, Mn, Fe and Al were determined
after an acidic digestion of the samples (acid mixture: nitric, perchloric and sulphuric acid in a volume
ratio of 20:5:1 [35]).

2.4. Data Analysis

The Kruskal-Wallis test and post hoc Dunn’s test were used to compare the mean contents of
particular elements between studied categories of litterfall and the mean contents of the elements
in the same category of litterfall between seasons. While the Mann-Whitney U-Test was used to
compare the mean contents of elements in the same category of litterfall between investigated slopes.
In these calculations, detected differences were deemed significant if p < 0.05. The statistical analyses
were performed in Statistica 7.1 (StatSoft, Tulsa, OK, USA). In the Results section, mean values are
given together with values (+) of standard error.
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3. Results

3.1. Litterfall Mass Dynamics

Average annual mass of tree litterfall ranged from 3220 =+ 26 (slope N)
to 3619 + 34.2 (slope S) g m™2 year™! (Table 1). During the research, two peaks in the annual
dynamics of total litterfall were recorded: the primary in autumn and the secondary in summer (Figure 1).
The autumn peak was recorded in October, while the summer peak was in June (Figure 1). As can be seen
from Figure 2, the autumn peak was caused on both studied slopes by the pine needle fall, whereas the
summer peak was mostly caused by residue fall, and to a lesser extent by cone and pine needle fall.

Table 1. Mean mass (+SE) of the total annual litterfall and mass of the studied categories of litterfall
(g m~2 year™!) on slopes N and S (averaged for the three study years).

Category N S

Needles 169.7 £ 7.2 1833 +17.7
Twigs 19.0 + 3.6 20.7 +4.7
Bark 42.0+4.2 484 +7.3
Cones 31.8 +10.5 437 +72

Residue 59.5+83 65.8 +12.4
Total 322.0+26 361.9 + 34.2

T T T T T T T T T T
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec
[months]

Figure 1. Averaged annual dynamics of total litterfall mass on slopes N and S (averaged for the three

study years).
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Figure 2. Averaged annual dynamics of mass of the investigated litterfall categories on slopes N and S
(averaged for the three study years).
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3.2. Litterfall Chemistry

3.2.1. Differences Between Categories

The chemical composition of each category of litterfall significantly varied. On both studied slopes,
the lowest contents of N, P, K, Mg and C was found in the bark, the lowest contents of Ca and Mn was
found in the cones, and the smallest content of Fe and Al was identified in the needles and cones. The bark
possessed the highest content of Ca, and the needles had the highest content of Mn and C, whereas the
residue was characterised by the highest content of N, P, K, Mg, Fe and Al (Tables 2 and 3).

Table 2. Mean contents (+SE) of elements in the litterfall categories by season (g kg™!) on slope N.
p-values were obtained after the Kruskal-Wallis test: values in rows refer to differences in content of an
element between litterfall categories in a season; values in the last column refer to differences in content
of an element between seasons in a litterfall category (only values of p < 0.05 were shown); lower cases
at the SE values refer to rows (different letters indicate the difference in the element content between
seasons), while capital letters at the SE values refer to columns (different letters indicate the difference
in the element content between litterfall categories).

Category Season p-Value
Winter Spring Summer Autumn
Carbon
Needles 550 + 3 2A 548 + 52A 544 + 624 553 + 524
Twigs 540 + 534 533 + 9 aA 512 + 534 519 + 8 3AB
Bark 512 + 234 509 + 2 aA 503 + 6 3A 508 + 3 aB
Cones 562 + 33 3A 510 + 12234 527 + 73A 528 + 5aAB
Residue 537 + 1224 526 + 1634 531 + 9 aA 534 + 7 aAB
p-value 0.05
Nitrogen
Needles  7.67 +0.323bAB 965 1+ 0.413AB 782 +0.343PAB 501 + 0.28 bAB 0.04
Twigs 8.78 +0.493AB 833+ 03528  665+0673AB  9.18 +0.69 2AB
Bark 3.98 + 0.62 2A 421 +0.2023A 3.91 +0.353A 3.66 + 0.09 aA
Cones 10.6 + 1.1 2AB 6.79 £ 1.002AB 641 £1.203AB 767 +1.0323AB
Residue 16.9 £ 0.7 2B 182 +1.22B 12.5 £ 0.52B 15.6 £ 1.0 2B
p-value 0.01 <0.01 <0.01 0.02
Phosphorus
Needles 045+ 0.05% 047 +£0.083AB 051 +0.0524  0.29 + 0.04 2AB
Twigs 0.46 £0.092A  0.40+0.022AB  027+0.083A  0.33+0.052AB
Bark 0.26 + 0.05 2A 0.12 + 0.03 2A 0.19 + 0.052A 0.16 + 0.03 2A
Cones 0.56 +0.102A 044 +0.052AB 030 +0.0724  0.37 +0.09 2AB
Residue 1.33 +0.18 24 1.59 + 0.08 2B 0.94 + 0.08 @A 1.26 +0.20 2B
p-value <0.01 <0.01
Potassium
Needles  1.24 +0.022AB 183 +0.0524B 250+ 0.372A 1.29 + 0.12 2AB 0.04
Twigs 1.06 £0.172AB 077 +0.092AB 1,01 £0.0924  1.09 +0.11 2AB
Bark 0.52 + 0.07 2A 0.40 + 0.02 2A 0.50 + 0.07 2A 0.54 + 0.05 2A
Cones 151 £ 059248 315+ 1.0024B 222 1+02324A 1.72 £ 0.35 2AB
Residue 3.85+1.30°2B 2.79 + 0.30 @B 1.96 + 0.13 24 350 + 0.91 2B
p-value <0.01 <0.01 - <0.01
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Category Season p-Value
Winter Spring Summer Autumn
Calcium
Needles 613 +05624B 524 1+ 0282AB 509+ 0412AB 6,15+ 0.49 2AB
Twigs 595+ 0.092AB  540+0382AB  570+0542A8 631 +0.44 248
Bark 7.73 + 0.60 @A 8.31 + 0.572A 8.54 + (.53 2A 8.38 + 0.30 24
Cones 1.42 + 0.62 2B 0.75+ 0.14 2B 0.59 + 0.05 2B 0.77 £ 0.11 2B
Residue 523+ 1.00*AB 595+ 1323AB  540+0.843AB 468 +(.812AB
p-value 0.04 <0.01 <0.01 <0.01
Magnesium
Needles 0.65 + 0.07 @A 1.02 £ 0.18 2A 1.34 £ 0.092AB 105+ 0.102AB
Twigs 070 £0.112A  0.64+0.0624  1.02+0.122AB  1.26 + 0.08 24B
Bark 0.35+0.15 34 0.24 +0.02 34 0.27 + 0.03 24 0.34 +0.03 24
Cones 0.52 + 0.03 2A 078 £0.223A 094 +0.122AB 112 +0.122AB
Residue 1.34 £ 0.47 34 1.54 £ 0.30 24 1.37 +0.18 3B 1.14 + 0.08 3B
p-value <0.01 0.01
Manganese
Needles 0.74 + 0.03 2A 0.68 + 0.03 2A 0.79 + 0.07 @A 0.70 + 0.05 24
Twigs 0.22+0.023AB  0.19+0.022AB 023 +0.032AB  0.25+0.022AB
Bark 0.17 £0.032AB  015+0.0124B  0.15+0.012AB (.19 + 0.022AB
Cones 0.08 + 0.01 2B 0.08 + 0.02 2B 0.07 + 0.01 2B 0.09 + 0.01 2B
Residue 048 +0.172AB 027 £0.022AB 032 £0.052AB 043 + (.14 2AB
p-value 0.01 <0.01 <0.01 <0.01
Iron
Needles 017 +0.0238B (.17 +£0.042AB  0.18 £ 0.053AB .12 + 0.00 2AB
Twigs 0.47 +0.073AB 054+ 0.082AB  035+0.042AB  0.54 +0.04 2B
Bark 047 £0.092AB 034 +0.0324B 020+ 0.022AB 021 +0.012AB 0.04
Cones 0.15 + 0.022A 0.36 + 0.27 2A 0.11 + 0.022A 0.10 = 0.02 2A
Residue 1.06 £ 0.22 2B 1.74 + 0.31 2B 0.60 = 0.05 2B 0.73 +0.04 B
p-value <0.01 <0.01 <0.01 <0.01
Aluminum
Needles  0.35+0.012AB  036+0.012A  036+0.042AB 032 +0.022AB
Twigs 0.77 +0.052AB 084 +0.072AB 059 +0.0224B  0.82 + 0.06 2AB
Bark 077 £0.132AB 061 +0.0124B 046 +0.022AB .48 + 0.06 2B
Cones 0.40 + 0.08 2A 0.36 + 0.07 2A 0.27 +0.04 2A 0.22 +0.042A
Residue 1.66 + 0.16 2B 1.77 £ 0.16 2B 0.76 + 0.08 2B 1.05 + 0.07 2B 0.03
p-value <0.01 <0.01 <0.01 <0.01
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Table 3. Mean contents (+SE) of elements in the litterfall categories by seasons (g kg~!) on slope S.

p-values were obtained after the Kruskal-Wallis test: values in rows refer to differences in content of an

element between litterfall categories in a season; values in the last column refer to differences in content

of an element between seasons in a litterfall category (only values of p < 0.05 were shown); lower cases

at the SE values refer to rows (different letters indicate the difference in the element content between

seasons), while capital letters at the SE values refer to columns (different letters indicate the difference

in the element content between litterfall categories).

Category Season p-Value
Winter Spring Summer Autumn
Carbon
Needles 547 + 337 547 + 337 546 + 7 a7 561 + 437
Twigs 547 + 234 545 + 10 24 524 + 1024 517 £ 9234
Bark 508 + 6 A 510 + 5234 510 + 3237 507 + 624
Cones 552 + 29 aA 526 + 4 aA 506 + 8 A 538 + 7 aA
Residue 555 + 124 527 + 1434 519 £ 534 527 + 8 3aA
p-value
Nitrogen
Needles  6.79 + 0.35°PAB 8861+ (0.313AB 787 1 (0.542PAB 460 + 0.20 PAB 0.03
Twigs  7.62+0.162AB 820+ 04534 700+ 0.142AB 784 +0.76 2AB
Bark 451 +0.342A 4.00 + 04227 325 +0.342A 3.59 +0.33 24
Cones 8.69+2573AB 473106324  446+0.853AB 750+ 0.622AB
Residue 14.9 + 1.0°B 16.7 + 0.6 2B 12.2 + 0.9 2B 15.5 + 0.9 2B
p-value <0.01 <0.01 <0.01 <0.01
Phosphorus
Needles 030 +0.0424  055+0.052AB 047 +0.062AB .25+ 0.03 2AB
Twigs 0.38+0.072A  039+0.06*A8B  032+0.0528 (.34 +0.04 248
Bark 0.19 £ 0.03 24 0.16 £ 0.02 24 0.13 £ 0.03 24 0.17 £ 0.03 24
Cones 057 £0.132A  030+0.0524B 024 +0.0624B (.28 + 0.08 2AB
Residue  0.99 +0.2324 1.57 + 0.05 2B 0.86 + 0.12 2B 1.22 +0.20 2B
p-value <0.01 0.02 <0.01
Potassium
Needles 1.11 £ 0.1024 195+ 0.082AB 239+ 0333AB 142 1+0.162AB 0.05
Twigs 0.87 +0.042A  0.88+0.022AB  1.05+0.062A8 153 +0.37234B
Bark 0.46 + 0.02 24 0.42 £ 0.04 A 0.48 + 0.03 2A 0.53 £ 0.01 24
Cones 121 +£0.042A 130010228 165+0.192AB 171 £ 0.163AB
Residue  3.37 = 0.96 24 2.99 + (.49 2B 3.03 + 0.83 2B 438 +1.59 2B
p-value - <0.01 <0.01 <0.01
Calcium
Needles 590+02324B 547101124 5541 0.172AB .20+ 0.08 2AB
Twigs  6.30+04934B 649+ 055348 622+ 026348 675+ (.57 2AB
Bark 9.76 + 0.32 3A 8.14 + 05124 9.22 +0.283A 837 +0.513A
Cones 1.17 + 0.35 2B 1.13 +0.223B 0.42 +0.04 2B 0.56 + 0.05 2B
Residue 574 +1.033AB 551 +1.183AB 462 +0.233AB 500+ (.71 3AB
p-value <0.01 <0.01 <0.01 <0.01
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Table 3. Cont.

Category Season p-Value
Winter Spring Summer Autumn
Magnesium
Needles  0.68 + 0.09 24 1.38 £ 0.312A 1.46 +0.102A 1.06 + 0.09 2AB
Twigs 0.85+0.152A  0.87 +0.2223A 124 +0.15%A 120 +0.1723AB
Bark 0.32 + 0.07 24 0.23 +0.02 24 0.28 + 0.01 24 0.36 + 0.00 @A
Cones 0.50 + 0.08 2A 0.75 + 0.24 2A 0.69 £0.052  0.96 + 0.11 2AB
Residue 1.10 £ 0.36 A 1.57 + 0.40 34 128 £0.173A 1.45 + 0.02 @B
p-value <0.01
Manganese
Needles 052 +0.0224 0.50 + 0.01 2A 0.57 £ 0.04 2A 0.62 + 0.00 @A
Twigs  0.16+0.01**8  017+00124  0.18+0.01**8 019 +0.012AB
Bark 0.13 £ 0.01 2AB 0.11+0.012  0.13+0.012AB 015+ 0.01 2AB
Cones 0.05 + 0.00 2B 0.11 + 0.06 @A 0.04 + 0.00 2B 0.06 + 0.00 2B
Residue  0.40+0.152AB 021 +0.0324  025+0.052AB 034 +0.102AB
p-value 0.02 <0.01 <0.01
Iron
Needles  0.17 £ 0.0134 0.19 + 0.04 @A 0.14 + 0.01 24 0.13 £ 0.00 @A
Twigs  051+0.072A8 048 +0.0224  041+0.022AB 048 +0.08 2AP
Bark 0.40 = 0.04 2AB 037 +0.0524 021 +0.013AB 021 +0.023AB 0.04
Cones 0.12 + 0.01 2B 027 £ 0.13 24 0.10 = 0.01 2B 0.11 = 0.02 2B
Residue  1.12+0312AB 168 +02334  0.62+0.0724B  0.84 +0.082AB 0.01
p-value <0.01 <0.01 <0.01
Aluminum
Needles 040 +0.0224B 034 +0.0324  032+0.022AB .35+ 0.022AB
Twigs  0.82+0.072A8 078 £0.023AB 062+ 0.052A8B 073 + 0.06 2AP
Bark 071 +0.052AB 063 +0.012AB 047 +0.0324B (.53 + 0.06 2B <0.01
Cones 0.38 + 0.05 24 0.62 = 0.22 2AB 0.22 £ 0.03 24 0.17 £ 0.04 2A 0.05
Residue  1.56 + 0.063PB 1.81 + 0.08 2B 0.79 + 0.11bB 1.21 + 0.10°bB 0.03
p-value <0.01 <0.01 <0.01 <0.01

3.2.2. Differences Between Seasons

The dynamics of C, Mn and Ca content in particular litterfall categories did not show significant
seasonal variation, whereas there was clear inter-seasonal variation in N, P, K and Mg content in
needles, and in N and P content in residue. In the case of pine needles, the content of N and P was the
lowest in autumn. By contrast, in the case of residue, a reduced content of N and P was observed in
summer (Tables 2 and 3). Thus, in both cases the lowest content of N and P was observed during the
highest fall of the category (autumn for needles, summer for residue, Figure 2). Furthermore, it was
also found that the content of K in needles significantly decreased in winter compared to other seasons
(Tables 2 and 3). With regard to the dynamics of N, P, K and Mg contents in the fall of the bark, cones
and branches, no regularities were noted (Tables 2 and 3).

Statistically significant differences between seasons were found in the Fe content in fall of bark,
and the Al content in the fall of residues on both studied slopes (Tables 2 and 3). Additionally, the
Kruskal-Wallis test detected statistically significant differences between seasons in the Fe content in
the fall of residues as well as the Al content in the fall of bark and cones on slope S (Table 3).

3.2.3. Pools of Elements Returning to the Topsoil

The studied elements can be set in the following order as regards the increasing annual pools
which return to the organic soil horizon with litterfall: C > N > Ca > K > Mg > Mn > Al > P > Fe on
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slope N and C > Ca > N > K> Mg > Al > P > Mn > Fe on slope S (Table 4). The largest proportions
of pools of C, Mg, Ca and Mn return to the topsoil with needles (Figure 3), and the most N, P, K and
Al returns to topsoil with the needles and residue (similar proportions in both categories of litterfall,
despite the fact that the mass of needle fall to the surface is much higher than mass of residue, Table 4),
while the highest proportion of Fe pools returns to the topsoil with the residue (Figure 3).

Table 4. Return of particular elements to a topsoil (g m™2 year’l) with total annual litterfall on slopes
N and S.

Slope C N P K Mg Ca Mn Fe Al

N 172 232 015 052 030 18 018 0.09 0.15
S 193 248 016 068 034 318 014 010 0.18
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Figure 3. Return of elements to soil with particular categories of litterfall on slopes N and S.

3.2.4. Differences between Slopes

No significant differences in chemistry of litterfall were found between the studied slopes, except
Mn. Content of Mn in the fall of needles, twigs, bark and cones differs significantly between slopes.
Specifically, we found that the values were statistically higher on slope N than S (e.g., Mn content in
needles in winter was 0.74 + 0.03 and 0.52 + 0.02, respectively, etc., Tables 2 and 3).

4. Discussion

4.1. Litterfall Mass Dynamics

The total annual litterfall mass and that of the particular categories obtained in our research is
consistent with values obtained in previous studies conducted in coniferous stands at similar latitudes
in the northern hemisphere [11,22,36]. The values of total annual litterfall obtained by us are lower than
those obtained by other authors to the south of the latitude tested by us, e.g., 411.6 + 93.2 g m~2 year 2
at Valsain in Segovia in Spain [37], and higher than values of litterfall mass to the north of the
latitude tested by us, e.g., 199.5 + 27.2 g m~2 year 2 in eastern Finland [38]. However, the values
we received fit into ranges obtained at other latitudes in earlier years, e.g., 270-440 g m~2 year~2 in
the eastern Pyrenees (Iberian peninsula; [39]), 132.5-340.2 g m~2 year2 at various sites in Finland

(in the north—south transect; [23]). Other species of the genus Pinus growing in tropical climates
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have a much greater total annual litterfall mass, e.g., 598.8 + 64.7 ¢ m~2 year~2 for Pinus caribaea in
Ibadan in Nigeria [40], 800 g m~2 year~2 for Pinus luchuensis in the north of Okinawa Island [41],
and 1430 g m~2 year~2 for Pinus caribaea var. hondurensis in Puerto Rico [9]. The mass of litterfall
is closely related to latitude, as other authors have already shown in their studies [5]. However,
this dependence may be changed by environmental factors such as altitude, microclimate, catastrophic
events like droughts and gradations, etc.; thus, in some cases litterfall in forest stands in northern areas
may be larger than that in southern areas, as shown in some of the examples we have provided above
regarding our results. The changing climate also affects the mass of litterfall [37].

Litterfall occurs throughout the whole year, but in temperate regions of the northern hemisphere,
its intensity varies seasonally and forms two peaks within a year. The highest, which is majorly
composed of leaf/needle fall, is recorded in autumn (October or November), followed by the summer
peak (May or June) majorly composed of other categories of litterfall [16,22], while the lowest rate is
found in winter and spring. The dynamics of litterfall are related to latitude; specifically, further north
of our research area, in northern Finland, autumn litterfall is in early August [22], while further south of
our research area, in a Mediterranean climate, the pattern of dynamics of litterfall is different, with the
highest peak of litterfall being observed in June during the drought period [22,37]. Atlatitude, which we
also studied, there is a seasonal shift in the recorded months of the autumn litterfall peak, when we
compare the reports of earlier studies to recent ones. For instance, a study from northern Poland
reported September as hosting the maximum litterfall [42], whereas in recent studies, October [43] or
November [36] showed the highest peak. The contemporary examples are consistent with our studies.
This might be an indicator of a seasonal shift in litterfall that could potentially be being induced by
climate variability and change [5,17]. However, this issue requires further research, which is not within
the scope of this study, and here it is only being mentioned. Martinez-Alonso et al. [37] also found
that more detailed studies of litterfall are needed for better forest management in the era of ongoing
climate change.

4.2. Chemistry of Litterfall

Amongst the elements returning to topsoil in litterfall, C has the highest amount, reaching
100 times that of other elements, as it is the basic ingredient of all organic compounds in plants
and constitutes about half the mass of litterfall. Liski et al. [44] report in their research that litterfall
in western European forest was the greatest source of soil carbon, providing about 70-80% of the
total. Furthermore, according to our studies, the amounts of N and Ca returned in litterfall were
the highest after that of C. A similar composition of these two elements was reported by similar
investigations [23,45,46]. Further, the amounts of K and Mg returned in litterfall were the highest after
those of Ca and N, and the least returned to the topsoil with litterfall were Mn, P, Fe and Al (Table 4).
Litterfall is a main pathway for N, P, Ca, Mg, Mn and Fe to the forest floor, but for K the main pathway
to the forest floor is leaching by the throughfall [47].

According our studies, each category of litterfall has a different chemical composition.
The proportions of particular categories of litterfall in total litterfall regulate the litter chemistry and
subsequent litter decomposition and the soil-forming process more than other factors, e.g., climate [48].
Most C is returned to the soil with the category of litterfall with the greatest mass, i.e., needles. However,
this relationship (i.e., that the highest mass of an element returns with the category of the greatest mass)
does not hold for all elements. According our studies, despite the fact that the residue is a much smaller
part of the mass of the total litterfall than the needles, it returns to the topsoil a comparable amount of
elements such as N, P, K and Al as do needles, and Fe returns much more to the soil from residue than
from needles. Ukonmaanaho et al. [23] found that Fe was the only element with a higher concentration
in the residue category than in needles. They found this regularity despite the fact that they studied
cones, bark, branches and residue jointly, and treated these categories as one laboratory sample.

However, the chemical composition in particular categories of pine litterfall is not constant,
and shows seasonal variation, which was stated not only in our findings (Tables 2 and 3), but also in other
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studies [19,38]. In a temperate climate in the northern hemisphere, mobile nutrients (i.e., N, P, Kand Mg)
are retranslocated from senescing needles (in autumn, before their falling) to remaining needles and
other tree structures for overwinter storage [19,38]. Then, they are used for physiological processes,
or to form new plant structures [12,19], so the elements are not lost. About 60-90% of N, P and K
contents are retranslocated from senescing needles before falling [19]. This is perceived by some
authors as a sign of adaptation to habitats with poor nutrient supply [49]. However, other researchers
report that retranslocation is not determined by soil nutrient availability, but the growth rate of trees is
the main factor controlling the process [50]. Retranslocation may also occur in young needles during
intensive growth [51]. About 17-42% of the annual requirements of N, P and K for the production of
above-ground tree biomass are provided by retranslocation [1]. Regarding Mg, it should be noted that
it is an element necessary for the proper functioning of chlorophyll and it has an important function
in photosynthesis [52]. The lowest content of Mg in winter needles identified in our study might
be associated with the weakest rate of photosynthesis occurring in this season. Immobile or poorly
mobile nutrients (C, Mn, Ca, Fe and Al) are steadily accumulated in the tissues [19,38]. According to
our studies, in the case of Fe and Al, significant differences between seasons occur in bark, twigs and
residue, and this may be due to which parts of the twigs and bark (more or less woody) are falling.

The uniformity of most nutrients between the investigated aspects (slope N vs. slope S) might
be due to the uniform stand on both slopes and to the same forest management activities. In our
study, the content of Mn is higher in categories of litterfall on slope N than slope S. In line with our
findings, Ukonmaanaho et al. [23] showed that Mn concentrations increased northwards. However,
some environmental factors that do not matter in our research were relevant in ecosystems investigated
by Ukonmaanaho et al. [23]. Previous research at the current study area showed that the process
of podzolization is stronger on the north- than the south-facing slope [27]. Additionally, the litter
decomposition process is faster on slope N than slope S [29], and the release of manganese from
decomposing material is faster on slope N [29], so the circulation of this element could also be faster on
slope N. The larger contents of Mn in categories of litterfall on slope N could be related to the availability
of Mn in the soil of that stand, and to trees thus consuming more Mn and litterfall returning more of this
element to the soil [45]. It may also be related to the production and activity of manganese peroxidase,
which is a lignin-degrading enzyme involved in decomposition process [53,54], whose production
could be higher on slope N. This issue, however, requires further research.

5. Conclusions and Management Implication

Our study showed the detailed characteristics of pine litterfall on inland dunes regarding litterfall
categories, seasons as well as slope aspect, which thus far have not been reported. We discovered that
even the litterfall categories of relatively low mass are important for the total return of nutrients to
topsoil (and subsequently for the whole nutrient turnover). This importance is greater than would
result from their mass. Despite the fact that the residue is a much smaller part of the mass of the
total litterfall than the needles, it returns to the topsoil a comparable number of elements. In turn,
the effect of slope aspect on characteristics of litterfall was negligible in this study, which likely could
be explained by the unification influence of forest management treatments on forest ecosystem.

Following the fact that the lowest contents of nutrients were found in litterfall in autumn, it could
be presumed that cuttings executed in the season due to forest management could be postponed for
winter months. Then, contents of nutrients in needles which are usually left on the ground after the
cuts are higher than in autumn, and consequently it can be presumed that the elimination of nutrients
from forest ecosystem with timber removal could be decreased. This idea would be especially relevant
to poor ecosystems such as inland dunes; the nutritional state of a forest site is only one of the premises
which should be considered when the term of cuttings in forest stands are planned. However, in an era
of ongoing climate change, research into the impact of climate change on the mass, seasonal dynamics
and chemical properties of litterfall is needed. This type of research would be helpful in sustainable
forest management.
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