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Abstract: During the last decade, tree species mixing has been widely supported as a silvicultural
approach to reduce drought stress. However, little is known on the influence of tree species mixing
on physical properties and the water storage capacity of forest soils (including the forest floor). Thus,
the study aimed to analyze the effect of mixing pine needles and oak leaves and mixing fir needles
and beech leaves on hydro-physical properties of the litter layer during laboratory tests. We used
fir-beech and pine-oak litter containing various shares of conifer needles (i.e., 0, 5, 10, 20, 30, 40, 50,
60, 70, 80, 90 and 100%) to determine the influence of the needle admixture on bulk density, total
porosity, macroporosity, water storage capacity, the amount of water stored in pores between organic
debris and the degree of saturation of mixed litter compared to broadleaf litter (oak or beech). We
found that the admixture of fir needles increased the bulk density of litter from 7.9% with a 5%
share of needles to 55.5% with a 50% share (compared to pure beech litter), while the share of pine
needles < 40% caused a decrease in bulk density by an average of 3.0-11.0% (compared to pure oak
litter). Pine needles decreased the water storage capacity of litter by about 13-14% with the share of
needles up to 10% and on average by 28% with the 40 and 50% shares of pine needles in the litter
layer. Both conifer admixtures reduced the amount of water stored in the pores between organic
debris (pine needles more than fir needles).

Keywords: forest hydrology; hydro-physical properties of litter layer; fir-beech litter; pine-oak litter;
mixed stands

1. Introduction

Recent research examining global climate changes indicates that drought conditions
have increased globally in the last 40-50 years [1]. Across much of the temperate zone,
further increase in drought frequency is predicted [2-5], which is likely to be particularly
consequential for forests. According to [6], drought occurs under low levels of available
water, caused by reduced precipitation and increased atmospheric evaporative demand
combined with low available soil water. Drought may lead to reduced photosynthesis,
increased defoliation, as well as decreased tree and stand growth [7]. Unlike gradual
climate change, the direct and indirect effects of drought will contribute to significant
ecological and financial losses, in view of which investigating the response of trees to
extreme drought is of great interest [8].

During the last decade, tree species mixing has been widely supported as a silvicultural
approach to reduce drought stress, because mixing tree species with various ecological
and resistance traits may mitigate adverse growth effects [7]. Many studies concerned the
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sensitivity of different tree species inside mixed stands to water stress during drought.
Many of these investigations focused on the hydraulic properties of leaves and stems as a
reaction to drought episodes [9-12]. However, in order to deal with drought effects, trees
adopt numerous belowground strategies (e.g., root architecture and depth, root access
to deep water) that likely interact with soil properties and soil biota [13-15]. For this
reason, taking into account only the aboveground traits of trees without consideration
for belowground traits and site conditions may lead to erroneous projections of drought
consequences. Any generalization or theory needs to be based on a broad overview of
the mixing reactions of functionally different tree species investigated in different mixing
proportions, patterns and under different site conditions [16].

Little is known on the influence of tree species mixing on physical properties and soil
water storage capacity, and consequently the indirect impact of mixed stands on drought
prevention. The species composition may affect soil properties through litterfall, composing
the forest floor on the soil surface. Although vegetation response to the changing climate
has been effectively measured and modeled, less is known about how these changes will
be reflected in changes in soil C, which in part is because soil C stocks cannot be measured
as easily as vegetation biomass over broad geographic scales [17]. Soil organic matter
(SOM) consists of fresh or undecomposed, partially decomposed, and fully decomposed
organic matter [18]. The soil surface layer of organic dead debris in various stages of
decomposition constitutes a forest floor, of which size and structure are a natural function
of vegetation type, climate and time [19]. The thickness of the forest floor varies both
within and between ecosystems and is increased with decreasing soil fertility [20]. The
forest floor is an active component of the forest ecosystems and plays different functions in
them. It is a significant reservoir of organic matter and nutrients, while it is also a protective
layer against microclimate fluctuations, soil compaction and erosion [21,22]. Moreover, the
forest floor plays a vital role in the forest water balance by controlling water fluxes and
reducing water and soil losses as a result of decreasing the kinetic energy of raindrops and
the amount of rainfall reaching the soil [20,23,24]. Helvey [25] stated that annual forest
floor interception losses of conifers range from 2 to 17% of gross rainfall, whereas Sun
et al. [26] reported that forest floor interception might amount to 10-19% of gross rainfall.
In an evergreen forest litter interception may consist of 8.9% of annual rainfall [27].

A clear arrangement of horizons is visible in a well-developed forest floor, from
freshly fallen leaves and twigs in the highest layers to the lowest layer of humus, with
an advanced degree of decomposition [18]. These horizons are usually identified as the
L (litter), F (fermented) and H (humus) layers, with each being characterized by various
physical and chemical properties that affect their water holding capacity [28]. Forest litter is
the primary source of soil organic matter in a forest ecosystem and acts as an insulating layer
that protects the soil from extreme fluctuations in moisture content and temperature [22].
Litter layer properties are determined by vegetation type, species composition, season and
forest management practices [28,29]. Tree species have consistent effects on forest floor
pH and nutrient concentrations [30]. According to Zagyvai-Kiss [31], the water holding
capacity of the litter layer is an essential parameter for hydrological modeling due to the
ability of litter to change the quantities of water available for soil infiltration and runoff.

For the development and implementation of appropriate forest management practices,
it is essential to understand the spatial and temporal distribution of droughts and their
relationship with tree species growing in these areas and take into account the vulnerability
of individual species to drought stress [32]. Insight into forest litter hydrologic dynamics
is necessary to provide land managers with practical information facilitating the rational
management of forest resources [33], especially in the context of mitigating adverse effects
of drought and broadening knowledge on the impact of individual tree species (and their
mixing) on water retention in forest soils, including the forest floor. Thus, the study aimed
to analyze the effect of mixing pine needles and oak leaves and mixing fir needles and
beech leaves on hydro-physical properties of the litter layer during laboratory tests. The
null hypotheses tested in this study are as follows: (1) hydro-physical properties of the
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litter layer are relatively constant, regardless of the stand species composition, and thus
(2) the mixing of tree species does not have a significant effect on hydro-physical properties
of the litter layer.

The rejection of the null hypotheses may indicate that the morphological traits of the
litterfall resulting from their botanical origin affect hydro-physical properties of the litter
layer, and by mixing tree species it may be possible to improve the retention capacity of
forest soils, which merits further research.

2. Materials and Methods
2.1. Study Site

We collected oak leaves, pine needles, beech leaves and fir needles from litter layers
of four one-species forest stands in southern Poland promptly after the fresh litter fall
(late November). Oak leaves were collected in a broadleaved lowland forest (50.0902° N,
20.3641° E) with the predominance of pedunculate oak (Quercus robur L.), while pine
needles were collected in a coniferous lowland forest (50.0752° N, 20.4093° E) with Scots
pine (Pinus sylvestris L.) as the dominant species. In contrast, beech leaves and fir nee-
dles were collected in mountain broadleaved (49.3300° N, 20.9434° E) and coniferous
forests (49.3236° N, 20.9347° E), in which European beech (Fagus sylvatica L.), and silver
fir (Abies alba Mill.), respectively, were dominant species (Figure 1). All the stands are
situated in a temperate climate zone. The above species are among the main forest-forming
tree species in Poland. Scots pine is a dominant species in 58.2% of Polish forests, while
pedunculate oak, European beech and silver fir dominate in 7.7, 6.0 and 3.2% of forest area
in Poland, respectively [34].
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Figure 1. Location of litter sample collection sites in southern Poland, where OL, PN, BL, and FN are
forest areas where oak leaves, pine needles, beech leaves and fir needles were collected, respectively.

2.2. Laboratory Tests

All leaves and needles collected from the litter layers of particular stands were first air-
dried under laboratory conditions. Experiments were started by determining the moisture
content of air-dried leaves or needles, the maximum moisture content of leaves or needles
of particular tree species and their bulk density. To measure these properties, we prepared
130 air-dry leaf and needle samples, including 35 pine samples, 35 fir samples, 30 oak
samples and 30 beech samples. Each pine and fir sample contained 40 needles, whereas
each oak and beech sample was composed of five leaves. Particular samples were first
weighed (air-dried mass) and then were soaked in water to fill the internal capillarity of
organic debris, i.e., until the water-soaked leaves and needles reached the density of more
than 1.0 g cm 3 and fell to the bottom of the beaker [35,36]. After a given sample was
extracted from the water, we removed the excess water from the surface of the leaves using
damp paper and measured the mass of wet leaves or needles. Next, we determined their
volume in a graduated cylinder using the water displacement method and afterward each
sample was dried at 105 °C for 24 h and weighed again. The moisture content MCxy, (%)
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of air-dried leaves and needles and their maximum moisture content were calculated

according to the formula:

My — M

MCyp = 100 1)

where m, is the mass of air-dried or wet leaves or needles (g), m; is the dry mass of leaves
or needles (g), v is the volume of leaves or needles (cm?).

The bulk density of leaves or needles BDy. (g cm~3) was calculated as a ratio of m
tov.

To determine the effect of mixing tree species on hydro-physical properties of the litter
layer, we used two types of mixed litter: fir-beech and pine-oak. For a given type of litter,
artificial samples were prepared with various shares of conifer needles, i.e., 0, 5, 10, 20,
30, 40, 50, 60, 70, 80, 90 and 100% (Figure 2A). We prepared each sample according to the
method shown in Figure 2B. First, we weighed the previously calculated masses of air-dried
leaves and needles, which after mixing had the appropriate proportions (listed above).
The shares of leaves and needles refer to their dry mass; therefore, during weighing the
moisture content of air-dried leaves and needles was considered, as calculated following
Equation (1) (~15%). Next, the leaves and needles were soaked in water until they fell onto
the bottom of the beaker. After the leaves were drained and excess water was removed
from their surface using damp paper, the wet mass of leaves and needles was determined
and then they were placed in a 0.25 mm sieve inside a bowl with water. Submerged needles
and leaves were mixed thoroughly and afterwards with one quick movement the sieve was
pulled out of the water. The mixing of submerged leaves and needles ensured their random
distribution on the sieve surface and the same conditions of preparing all artificial samples.
The litter deposited on the sieve surface was drained, weighed and then the distance
between the top edge of the sieve and the litter surface was measured in twenty-five points
(Figure 2B). Litter thickness and volume were calculated based on the sieve volume and the
average distance from the top edge of the sieve to the litter surface. Then each litter sample
was dried at 105 °C to a constant mass. We prepared 60 artificial litter samples for each
type of mixed litter (five samples per given proportion needles to leaves, i.e., 120 samples).

We calculated bulk density BD, total porosity TP, water storage capacity Px, macrop-
orosity MP, the amount of water stored in pores between organic debris PW and the degree
of saturation SW for each artificial litter sample.

BD [g cm 3] was calculated as a ratio of dry mass M [g] to the volume of litter sample
V (cm3).

TP [cm® cm ™3] was calculated according to the following formula:

_ SD—BD

TP
SD

@)
where SD is specific density of 1.375 g cm 3, calculated as the average of specific density
measurements of 20 samples containing fir needles, beech leaves, pine needles, oak leaves
and their mixes. Specific density was measured using the pycnometer method in 99.8%
ethyl alcohol [37].

Pk [mm] was calculated according to the following formula:

where V0 is the volume of water stored in the litter calculated from the difference
between the wet and dry mass of litter (assuming a water density of 1 g cm~3), V is the
volume of litter (cm?), 10 is a conversion factor to result in mm of water in the litter with a
thickness of 1 cm.
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Figure 2. (A) Variants of artificial pine-oak or fir-beech litter samples with different shares of needles (Sy;) and leaves (St)

used in laboratory tests. (B) The scheme of artificial litter sample preparation during laboratory tests, where 1—drying

of collected needles and leaves under laboratory conditions, 2—weighing of air-dried needles and leaves in appropriate

proportions, 3—immersion of needles and leaves in water, and 4—soaking them until water-soaked leaves and needles fell

to the beaker bottom, i.e., when they reached the density of more than 1.0 g cm-3, 5—draining of wet leaves and needles,

6—removing excess water from the surface of leaves and needles using damp paper, 7—measuring the wet mass of leaves

and needles, 8—mixing submerged leaves and needles on the sieve, 9—draining of mixed litter sample deposited on the

sieve, 10—measuring the wet mass of litter, and 11—measuring the litter thickness and volume.

MP [cm® cm~3] was calculated according to the equation:

_ Vh,0
MP = TP — ( 5 ) 4)

PW is a part of the water storage capacity of the litter, corresponding to the amount
of water stored between the organic debris (also on its surface), disregarding the internal
capillarity of needles and leaves. PW [mm] was calculated according to the equation:

PW = (MW_A‘/I/L_MN)lo )

where My, is the wet mass of litter, M; and My is the wet mass of leaves and needles,
respectively, determined after draining of leaves and needles and removing excess water
from their surface (Figure 2b).

SW is the degree of filling all litter pores with water. SW (%) was calculated according
to the formula:

1%
SW = (%.Tp—l) 1100 (6)
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2.3. Statistical Analysis

The statistical analysis and associated graphics were performed in Statistica 13.3 PL
(StatSoft Inc., Tulsa, OK, USA). Significant differences in hydro-physical properties of
leaves/needles and litter between particular tree species were tested by one-way ANOVA
and post-hoc Tukey’s test after checking normality by the Shapiro-Wilk test and the equality
of variance by Levene’s test. In the case of the non-parametric data, the Kruskal-Wallis test
was applied. To compare the hydro-physical properties of litter between two species (e.g.,
oak vs. beech) or between coniferous (pine and fir) and broadleaved tree species (beech
and oak) the t-test was used, whereas in the case of the non-parametric nature of data the
Mann-Whitney U test was applied. All the tests were performed at a significance level
of 0.05.

3. Results
3.1. Bulk Density and Moisture Content of Leaves and Needles

The bulk density of the needles ranged from 0.308 to 0.404 g, while the bulk density of
the leaves ranged from 0.265 to 0.373 g-cm 3 (Figure 3A). The bulk density of the leaves
was on average 13.9% lower than that of the needles, with significant differences between
the coniferous species (p < 0.001) and no differences between the broadleaved species
(p = 0.285). The bulk density of pine needles was on average 14.0% greater than that of
the other species, with the largest difference observed between pine and oak (p < 0.001)
(Figure 3A).
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Figure 3. (A) Variability of bulk density and (B) maximum moisture content of needles and leaves of a particular tree
species, and (C) correlation between the maximum moisture content of needles and leaves and their bulk density. Different
letters indicate significant differences between tree species determined using Tukey’s (A) and the Kruskal-Wallis (B) tests

(p < 0.05).

The maximum moisture content of the needles and leaves ranged from 175% to 233%
and 214% to 296%, respectively (Figure 3B). Overall, the moisture content of the leaves was
20.2% greater than that of the needles, with significant differences between the coniferous
species (p < 0.001) and no differences between the broadleaved species (p = 0.870). Oak
leaves reached the highest moisture content (254.1 £ 3.4%), which was 15.1 and 27.8%
higher than the moisture content of fir and pine needles, respectively (Figure 3B). Similarly,
the moisture content of beech leaves was 12.3 and 25.4% higher than that of fir and pine
needles, respectively. We observed a clear relationship between the maximum moisture
content and the bulk density of the leaves and needles (Figure 3C).

3.2. Hydro-Physical Properties of Pure Litter Layers

The oak and beech litters had similar hydro-physical properties, with no significant
differences observed between these species in terms of bulk density (p = 0.506), total
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porosity (p = 0.506), macroporosity (p = 0.685), water storage capacity (p = 0.707), amount
of water stored in pores between organic debris (p = 0.957) and the degree of saturation
(p = 0.706) (Figure 4). Among all the species, fir litter had the highest bulk density, water
storage capacity, degree of saturation and the lowest total porosity, macroporosity and
amount of water stored in pores. Macroporosity, water storage capacity and the degree
of saturation in pine litter were similar to those of broadleaved species. The bulk density
of pine litter was on average 47.8% higher than the bulk density of broadleaved litter and
56.7% lower than that of fir litter. The total porosity of pine litter and the amount of water
stored in pores were 1.5 and 64.3% lower than those in broadleaved litter and 4.6 and 31.0%
higher than in fir litter (Figure 4).
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Figure 4. Hydro-physical properties of pure fir, pine, beech and oak litter layers (mean + SE).

3.3. The Impact of Mixing Tree Species on Hydro-Physical Properties of the Litter Layer

The percentage changes in the hydro-physical properties of the litter layer (relative to
pure beech or oak litter) resulting from the share of the coniferous admixture in the litter
(fir or pine needles) are shown in Figure 5.

The admixture of fir needles increased the bulk density of litter from 7.9% with a 5%
share of needles to 55.5% with a 50% share, while the share of pine needles < 40% caused
a decrease in bulk density by an average of 3.0-11.0%. Both fir and pine needles had a
slight effect on the total porosity of litter, while at a 50% share of needles they reduced
porosity by less than 1% relative to broadleaved litter. The admixture of fir needles did not
exert much influence on litter macroporosity, whereas with their 50% share macroporosity
decreased by less than 1% compared to pure beech litter. In turn, pine needles increased
litter macroporosity (compared to pure oak litter) by 2.3% with a 10% share of needles
and by 5.1% in the case of the 30% share (Figure 5). The admixture of fir needles had
no significant effect on the water storage capacity of the litter or its degree of saturation
(Figure 5). Pine needles decreased the water storage capacity of litter by about 13-14%
with the share of needles up to 10% and on average by 28% with the 40 and 50% shares
of pine needles in the litter layer. A similar effect of pine needles was observed for the
degree of saturation. Both conifer admixtures reduced the amount of water stored in the
pores between organic debris (pine needles more than fir needles). With a 5% share of pine
needles the amount of water stored in pores decreased on average by 16% (in the case of fir
by 2.5%), while with a 50% share it decreased by 46% (in the case of fir by ~ 36%) (Figure 5).
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Figure 5. Percentage changes in bulk density (ABD), total porosity (ATP), macroporosity (AMP), water storage capacity
(APx), amount of water stored in pores (APW), and degree of saturation (ASW) of the litter layer (relative to pure beech or
oak litter) resulting from the share of coniferous admixture in the litter (fir or pine needles).

4. Discussion

We chose pine-oak and fir-beech litters for our study for several reasons. Scots pine
and oak are economically very important tree species in Europe. Scots pine is the most
widespread species of the Pinus genus globally and the second most widespread conifer
after common juniper (Juniperus communis) [38,39]. In Europe, the area of Scots pine forests
exceeds 28 million hectares, comprising over 20% of the productive forest area [40], while
in Poland they cover the majority of the country’s forest area (58.2%), constitute the largest
share in forests managed by the State Forests (60.3%), and slightly smaller in private
forests (55.0%) [34]. Scots pine and oak are widely considered to be promising tree species
that allow forest managers to reduce risks associated with climate change (e.g., droughts,
wildfires) [16] and this mixture has been quite natural and common in the past [41]. In the
mixture, both species currently cover approximately 1.3 x 10° ha in Europe, with a potential
distribution area of 35 x 10° ha [16]. Beech and fir-beech forests represent the dominant
community of potential natural vegetation from the planar to montane zones of Central
European temperate forests. They are the dominant forest communities in the Carpathians
that form a part of the Central- and East-European region of mixed broadleaved-coniferous
forests. Currently, the development of beech is the opposite of that of fir, and beech becomes
definitely dominant in the Carpathian natural fir-beech forests and governs their current
developmental dynamics [42,43].

The different bulk densities and maximum moisture contents recorded for the leaves
and needles of individual tree species indicate that the botanical origin of dead organic
debris determines their initial physical properties, affecting the litter layer’s water storage
capacity (Figure 3). The maximum moisture content of pine needles was on average ~28%
and ~25% less than the moisture content of oak and beech leaves, respectively (Figure 3B).
Similarly, Walsh and Voigt [44] stated that individual beech leaves retain one and a half
times the amount of water that pine needles do. This is related to the contrasting physical
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characteristics of dead leaves and needles, notably the much greater surface area/weight
ratio of beech leaves. The low moisture content of pine needles may be caused by the fact
that they are well adapted to cold and drought, i.e., pine needles have embedded stomata
and a thick-walled epidermis with a wax layer protecting the needle from water loss [39].

Variation in the hydro-physical properties of pure litter layers indicates that they
are probably dependent on the structure and size of the pore spaces, determined by the
size of organic debris [45] (thus Hypothesis 1 was rejected). Silver fir has flattened nee-
dles, 1.5-3.0 cm long and ~2 mm wide, while Scots pine needles are 2.5-9.0 cm long and
1.5-2.0 mm wide [46], whereas leaves of European beech are 5-6 cm long and 3.2-3.8 cm
wide [47]. The length and width of English oak leaves amount to 7.3-15.2 cm and 2.5-7.3 cm,
respectively, with the broadest portion toward the outer end of the leaf [48]. The large size
of beech and oak leaves results in a low bulk density, high porosity and macroporosity, low
water storage capacity and degree of saturation. The small size of fir needles affected the
high litter density, low total porosity, and macroporosity, which increased water storage
capacity and degree of saturation of this litter compared to the other species (Figure 4).
Some studies also report that stand species composition affects the water storage capacity
of the litter layer. For example, Ilek et al. [28] found that the water storage capacity of
beech (F. sylvatica), fir (A. alba) and spruce (P. abies) litter was 1.6, 2.8, and 4.44 mm, respec-
tively, which well corresponds with our results (Figure 4). Spruce needles are 1-2.5 cm
long and 4-angled in cross-section [49], so they were the tiniest among all the examined
species, which is probably why the water storage capacity of the spruce litter layer was
high. According to Putuhena and Cordery [50], the water storage capacity of pine and
eucalyptus litter amounts to 2.3 and 1.4 mm, respectively. Gerrits [51] found that the water
storage capacity of beech litter is about 44% greater than that of cedar litter.

Interestingly, conifer litter stored significantly less water in pores between organic de-
bris than broadleaved litter (p < 0.001). In the fir litter, water stored in the pores constituted
on average 6.9 £ 0.8% of the water storage capacity, while in the pine, oak and beech litters
it was 22.5 + 1.5%, 51.5 &+ 1.6%, and 54.1 & 2.0%, respectively (Figure 4). It indicates that
water in the fir litter is stored mainly inside organic debris, while broadleaved litter (despite
high macroporosity) stores above 50% water outside of organic debris, probably mainly
on the surface of leaves. It corresponds with the findings of Sato et al. [52], who argued
that water storage capacity of litter layers was proportional to the litter mass regardless of
layer thickness; this signified that the storage of the litter layer may not be determined by
the “capillary water” held in the gaps created between litters, but by the “adhesion water”
held by each litter surface [53]. Taking into account the relatively fast water absorption
time of beech leaves amounting to about one day [36], it can be assumed that wet, heavy
and large leaves flatten and adhere to each other, which may also increase the amount of
water stored between organic debris in the broadleaved litter.

The effect of mixing tree species on hydro-physical properties of litter can be con-
sidered in two ways: 1) for the admixture of coniferous organic matter in a broadleaved
stand, and 2) for the admixture of broadleaved organic matter in a coniferous stand. In
general, needles as an admixture in broadleaved litter decreased the amount of water
stored in pores between organic debris, while leaves as an admixture in the coniferous
litter increased the amount of water stored outside the organic debris and decreased the
water storage capacity and degree of saturation (Figure 5) (thus Hypothesis 2 was rejected).
Needles between leaves in the litter prevent wet leaves from sticking to one another and
increase water infiltration through the litter, reducing the amount of water stored in pores
between organic debris in the mixed litter. Zema et al. [54] found that soil water infil-
tration was greater in the Pinus + Juniper mixed forest and the Pinus + Quercus + Juniper
mixed forests compared to the monospecies forest. Fernald et al. [33] observed that mixed
coniferous stands produced a higher runoff rate (5.18 & 1.11 cm hr~!) than ponderosa
pine (3.6 + 0.64 cm hr1). Needle litter allowed the moisture to drain in a more vertical
pattern, resulting in lesser potential for interception [50]. The low impact of the fir needle
admixture on the water storage capacity of the litter (compared to pure beech litter) and
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the degree of saturation (despite the increase in its bulk density) may be related to the fact
that the losses related to the reduced water volume in the pores were compensated for
by the relatively high moisture content of the fir needles themselves (Figure 3). The low
moisture content of pine needles probably did not compensate for losses in the amount
of water stored in pores between organic debris (the more so as pine needles caused an
increase in litter macroporosity). In turn, this probably resulted in a reduction of the litter
water storage capacity and degree of saturation, despite the slight impact of pine needle
admixture on changes in bulk density of the litter and its porosity (compared to pure oak
litter). Some studies indicated that mixed litter had a higher water storage capacity than
pure coniferous litter [33], but mixed coniferous-broadleaved litter usually showed a lower
water storage capacity than mixed coniferous litter [55,56]. Mixed stands also influence
other properties of the litter. Kara et al. [57] indicated that beech forest has a higher average
total litterfall than fir-beech and fir forests in temperate forests in northwestern Turkey
(4.2,3.5,and 2.9 t ha—! year~!, respectively), and the C/N and lignin/N ratios were much
higher for beech leaves than for fir and fir-beech litters. Bloriska et al. [58] found that the
admixture of oak in pine stands increases soil microbial activity.

Our results indicate that variation in hydro-physical properties of mixed litter may
considerably contribute to small-scale variation in forest floor properties in a mixed stand.
The differences in bulk density, total porosity and the macroporosity of pure and mixed
litter layers show the initial material’s diversity before the beginning of the decomposition
process. Hart et al. [59] found that decomposition rates in a mixed conifer forest were found
to be significantly higher than that of drier ponderosa pine, with a loss of half the total mass
of forest floor litter within the first three months of decomposition. Therefore, in order to
better understand the influence of mixed stands on hydrological properties of the forest
floor, further research is needed considering the decomposition rate and quality of organic
matter in this layer, especially that the F and H horizons containing semi-decomposed
organic matter usually have a higher water storage capacity than the litter layer [28,60]. The
limitation of our study is that we conducted experiments only in laboratory conditions. We
did not consider the climate and environmental factors that could affect the hydro-physical
properties of the litter layer. Future research should consider these factors and the variation
of litter properties formed in natural mixed stands. Moreover, to better understand the
effect of mixing tree species on soil hydrology under global climate change, further research
should consider the impact of drought on the forest floor, i.e., how long-term water deficit
periods impact the water repellency of forest floor in mixed and pure stands.

5. Conclusions

This study evaluated the effect of mixing pine needles (P. sylvestris) and oak leaves
(Q. robur) and mixing fir needles (A. alba) and beech leaves (F. sylvatica) on the hydro-
physical properties of the litter layer relative to pure beech and oak litters during laboratory
tests. Results revealed the following:

(1) Due to the relatively small size of fir needles, fir litter had the highest bulk density, wa-
ter storage capacity, degree of saturation, and the lowest total porosity, macroporosity
and amount of water stored in pores between organic debris among all the species.
The hydro-physical properties of the pine litter layer were closer to the hydro-physical
properties of oak and beech litters except for the amount of water stored in pores
between organic debris (or on their surface), which was similar to fir litter;

(2) Although the admixture of fir needles increased the bulk density of litter compared
to pure beech litter, their influence on total porosity, macroporosity, water storage
capacity and the degree of litter saturation was relatively low;

(3) The admixture of pine needles had a slight effect on bulk density and total porosity of
litter (compared to pure oak litter), but they increased macroporosity and decreased
the water storage capacity and the degree of litter saturation;

(4) Both fir and pine needles decreased the amount of water stored in pores between
organic debris (or on its surface), which was probably related to the fact that needles
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between the leaves in the litter prevent wet leaves from sticking to one another and
increase water infiltration through the litter.
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