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Abstract: Current knowledge about the potential impacts of microplastics (MP) on vadose zone
hydrology is scarce. The primary goal of this study was to address some of the limitations of previous
research by developing more reliable and conclusive statistical evidence to better understand whether
MP pollution can potentially cause hydrological impacts. We examined the effects of MP shape
(type), as well as the magnitude of pollution (MP/soil mass ratio, λ) on water holding capacity
(WHC) and bare soil water evaporation (ER) of fine sand, under controlled laboratory conditions.
Three different shapes (types) of MP—fiber (polyacrylic), strand (polymethyl methacrylate), and
pellet (acrylonitrile butadiene styrene), with six environmentally relevant MP concentration levels
(MP/soil mass ratio), all ≤1.5%, were studied. Statistical regressions and non-parametric analyses of
variance (i.e., Kruskal–Wallis analysis) indicate that MP pollution has a substantial potential to change
WHC and late-stage evaporation, even at relatively low MP concentrations, but has minimal impacts
on early stage evaporation of the studied fine sand. The magnitude of the impacts depends on
individual MP shape (type) and concentration, connoting those MP impact mechanisms are complex.
These findings suggest that the global issue of growing soil–MP pollution should be regarded as
a concerning environmental and water resources stressor that could potentially cause widespread
environmental change by altering soil-water dynamics at the watershed scale.

Keywords: microplastic; soil–microplastic pollution; bare soil water evaporation; water holding capacity

1. Introduction

Over the last fifty years, plastics have increasingly replaced traditional materials such
as metal, wood, and glass because of their desirable qualities, such as malleability, dura-
bility, and cost-efficiency. It is estimated that the yearly rate of plastic production has
exponentially increased from 1.5 million tons in 1950 to 259 million tons in 2018 [1], with
predictions of a further tripling by 2050 [2]. Witnessing the alarming rate of plastic genera-
tion and knowing that traditional and current plastic waste management practices have
been incapable of preventing their dissemination into the environment, many researchers
have raised concerns about the effects of the enormous amount of plastics accumulating in
the environment [3–5].

In the environmental pollution literature, plastic pollutants are commonly categorized
by size as macroplastics (>5 mm), microplastics (1 µm–5 mm), henceforth called MP, and
nanoplastics (<1 µm) [4,6]. MPs in the environment are typically found in a range of
shapes (pellets, fragments of irregular shape, fibers, films, and foams) and consist of
different synthetic polymers such as polyethylene, polypropylene, polystyrene, polyamide
(e.g., nylon), polyester, and acrylic [7]. MP can originate directly from products such as
detergents, cosmetics, and industrial washing materials, which contain manufactured MP
(also known as primary MP) by design, and indirectly by the continuous degradation
and fragmentation of plastics in films, vehicle tires, and fabrics (also known as secondary
MP) [8–11]. For example, studies have shown that one load of laundry clothes made from
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common synthetic fabrics such as polyester, polyester-cotton blends, and acrylic can release,
on average, 700,000 MP items (fibers) to the sewer system [12]. Accumulated MPs may
stay for a long time on the land or can then spread to other locations beyond their original
disposal point by water, wind, and other transport mechanisms, during floods, windstorms,
or soil erosion events [8,13–18].

Several scientists and the general public have recently raised concerns about MP pollu-
tion in the marine environment [19–22]. It is evident that most of the plastics discharged to
aquatic systems originate from terrestrial sources. Hence, MP contamination is more likely
to occur in terrestrial systems than in the marine environment [23,24]. Despite its impor-
tance, terrestrial MP pollution (hereafter called soil–MP pollution) has received much less
attention than aquatic MP pollution. A literature survey about MP pollution reveals that
only 5% of 1331 articles published between 2004 and early 2019 are devoted to terrestrial
systems [10]. Data and knowledge about MP pollution in soil systems are quite restricted
and not in keeping with the growing rate of plastic pollution in the terrestrial environment.

In turn, most works on terrestrial MP pollution focus on MP impacts on terrestrial or-
ganisms, i.e., on biological effects, rather than on hydrologically and ecologically important
soil-water dynamics. The first quantitative study showing the significant fingerprint of MP
on soil systems was by Zubris and Richards (2005), who found that MP in their studied
farmlands had originated from wastewater sludge applied 15 years earlier [25]. However,
broader concerns about terrestrial MP pollution only arose after the publication of Rillig’s
(2012) outstanding viewpoint letter, emphasizing the need to also study MP pollution
in soils and terrestrial systems because (1) MP are small enough to be taken up by biota
and thus accumulate in the food chain, and (2) MP can sorb pollutants on their surfaces
and negatively impact the terrestrial ecosystem [26]. Since then, several researchers have
addressed these concerns, providing revealing evidence on how MP impacts the ecosystem
from a biological perspective [27–31]. The main goal of this study is to provide evidence
for a third argument about the need to better understand terrestrial MP pollution that: MP
could potentially impact the environment by pervasively affecting soil-water dynamics.

So far, there is only a handful of studies on MP impacts on the physical characteristics
of soils. For example, one study determined that small polyester fibers increase the volume
of larger pores (>30 µm) while reducing the volume of smaller (<30 µm) pores [32]. Another
study reported that soil bulk density decreased in all of their experiments after mixing soil
samples with MP [31]. Studies about the impacts of plastic films and microfibers on clayey
soils concluded that MP could significantly enhance water evaporation by creating channels
facilitating water movement [32,33]. It has been reported that plastic fibers added to garden
soils could potentially change the soils’ water-retention capacity [31], even though no clear
trend was identified in this study due to limited data. Finally, one study showed that
MP significantly altered the bulk density, porosity, saturated hydraulic conductivity, field
capacity, and soil water repellency of sandy soils, while the pH, electrical conductivity, and
aggregate stability were not substantially changed [10].

The potential hydrological impacts of soil–MP pollution are relevant for three reasons.
First, due to the integration and non-linearity of the processes involved in the water and en-
ergy cycles, e.g., upper soil moisture, latent heat flux, and soil surface temperature [34–36],
slight but widespread changes in soil-water dynamics, e.g., on water holding capacity
or soil evaporation, could plausibly affect water budgets at the watershed scale. Second,
several studies suggest that MP pollution is a global and large-scale problem, showing how
it is possible for agricultural farms and industrial lands to be significantly polluted by MP
worldwide [24,37–39]. According to USDA (2012), about 52 percent of the U.S. land cover is
used for agricultural purposes [40]; a sizeable proportion of this area could become polluted
with microplastics through the application of wastewater sludge (biosolids) as fertilizer,
plastic mulching practices, or MP-polluted irrigation water [26,41–43]. Studies have shown
that up to 99% of the MP entering a wastewater treatment plant can be concentrated in the
sewage sludge that is later dumped on farms [44–49]. Third, witnessing the alarming rate
of plastic waste generation and anticipating no dramatic shifts in either plastic production
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or waste management, it is rational to conclude that the accumulation of plastic pollutants
in the environment, and specifically soil–MP pollution in farms and industrial areas, will
continue growing for a long time. For these reasons, research is needed on how soil systems
respond to this new, growing, and fast-accumulating type of pollution.

This study addresses some of the limitations of previous works by developing more
reliable, statistically conclusive evidence to assess the potential of soil–MP pollution to
affect soil-water dynamics. Specifically, we focus on the effects of two factors: (1) the shape
(and thus type) of MP and (2) the magnitude of MP pollution, which is indexed by the MP
concentration expressed as an MP/soil mass ratio, λ (g/g). One specific limitation of many
earlier studies (e.g., [31]) is that they typically conducted garden experiments, meaning that
an actual soil sample was taken from the field, mixed with MP, and in some cases placed
back at its previous location. Using actual soil is required for studies involving organisms
or biological processes since these need food and nutrients. However, soil-water dynamics
are governed mainly by pore-scale water, vapor, and heat transport processes that strongly
depend on soil pore structure [50–52]. Although using actual soils might better simulate
natural systems, they have heterogeneous pore structures that display high variation within
and across replicates (soil samples). In addition, the interconnected organic and microbial
changes (e.g., variation in hydrophobicity) would also add uncontrollable uncertainties
when investigating the interaction between MP, soil mineral particles, and water. Studying
the physics of soil-water dynamics in garden soils would be excessively complex, resulting
in high uncertainty due to the number of variables that cannot be controlled. Hence,
we only used a single homogenous soil type to control and minimize such uncertainties.
This allowed us to use a high number of replicates, N = 10, for each experiment versus
the typical 3 to 5 in previous studies, making the total 490 measurements, resulting in
more robust statistical results. All experiments were performed under controlled and
effectively constant laboratory conditions. A further contribution of the present work
is that earlier studies only investigated MP impacts on porosity and soil-water holding
capacity (WHC) [31,53], while we add early and late-stage bare soil evaporation (ER) as
another critical and fundamental soil-water process.

2. Materials and Methods
2.1. Soil and MP

The entire study was performed in a laboratory environment, using a single ho-
mogeneous fine sand as soil, with uniformity and curvature coefficients estimated at
1.45 and 0.95, respectively [54]. The grain size distribution characteristics, D10, D30, D50,
and D60, were determined to be 0.32, 0.37, 0.42, and 0.45 (mm). The porosity of loosely
packed samples was found to be 0.43. Although the soil was found to be clean under
visual inspection, we still treated it for 24 h with 30% hydrogen peroxide to digest any
organic residuals [55]. We then repeatedly treated it using saltwater (CaCl2) with a density
of ~1.3 (g cm−3) to remove any residual MP particles by floatation [56]. Finally, we rinsed
it with distilled water before drying it in the oven.

We studied three common shapes (types) of MP with the same size range of 3 mm:
fibers (polyacrylic), strands (polymethyl methacrylate), and pellets (acrylonitrile butadiene
styrene) (Figure 1). Fibers were fabricated manually by cutting 100% acrylic “Caron
H970039767 Simply Soft” yarn to an average length of 3 mm. Strands were obtained by
cutting the commercially available “AKEPO 16W Twinkle Fiber Optic Lights” (0.75 mm
diameter) to an average length of 3 mm. Manufactured plastic pellets with an average
diameter of 3 mm were purchased from the Victory Pellet company.

2.2. Environmentally Relevant Levels of MP Pollution

We aim to use environmentally relevant λ values (MP to soil mass ratios) so that
our outcomes have practical relevance. However, only a few soil–MP pollution studies
discuss the ranges of λ measured in natural environments. The main reason is that current
techniques for quantifying MP loads in soil samples are quite challenging, costly, and time-
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consuming. MP quantification includes two main steps: first, MP must be fully separated
from the soil minerals, including fine clay and silt particles that may resist separation
processes; then, the separated MP must be quantified by counting or weighing or else by
estimating their volume. Currently, no effective and consistent protocols or guidelines
are available for measuring λ in the environment; therefore, most results reported in the
literature are not comparable. Moreover, many authors reported MP pollution using counts
in terms of MP items per unit weight or volume of soil, which cannot be converted to
mass- or volume-based values [57]. Despite these challenges and the overall lack of data,
researchers conclude that the areas with the highest MP pollution (highest λ values) are
industrial and agricultural lands. For example, one study conducted in Australia showed
that λ values in soils near an industrial area ranged between 0.03% and 6.7% [58]. Biosolids
produced in wastewater treatment facilities applied in agricultural and non-agricultural
lands are extremely contaminated by MP and are heavily used as fertilizer frequently and,
in some cases, every year [8,59]. A study conducted in the UK showed that biosolids had
37.7–286.5 MP particles per one gram [8]. Estimates of MP concentrations in biosolids in the
USA are higher, at 324–444 particles per gram [60]. Other studies in Austria and Germany
found 3000 particles per gram of biosolid (average of 6 samples) and 12,700 plastic particles
per gram (average of 11 samples) [61]. From the literature, it can be inferred that many
researchers consider λ ≤ 2% to be a current or soon-to-come environmentally relevant
range [4,17,27,31,53,58,62–65]. Hence, in this study, we used λ ≤ 1.5%. It should also be
noted that MP continuously accumulate in the environment; because of the exponentially
growing output of plastic products and their high resiliency to degradation in the natural
environment, it is expected that λ values will continue to increase in the coming years
unless dramatic shifts take place in the plastic industry or waste management sector.
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2.3. Experimental Design

As summarized in Table 1, for each combination of three MP types and five envi-
ronmentally relevant MP/soil mass ratios λ, ten 750 (g) dry fine sand samples were used
to study MP effects on WHC and ER. This mass of soil was chosen as it fitted the glass
cylinders used in the experiments. Soil samples with no MP, λ = 0%, were studied and
labeled as control samples. The same λ ratios were used for samples contaminated with
pellets and strands, while relatively smaller λ values were considered for fiber because
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adding too much fiber to the soil significantly increased its bulk volume, changing soil
structure [31].

Table 1. Experimental design. Three different shapes (types) of MP—polyacrylic (fibers), polymethyl
methacrylate (strands), and acrylonitrile butadiene styrene (pellets), with six levels of λ (g/g), were
studied for each experiment.

Name of Experiment Microplastic Type Microplastic/Soil Mass Ratio,
λ (g/g) Dry Soil Mass (g) Replicates (N)

1. Soil water holding
capacity (SWH)

2. Evaporation Rate (ER)

Clean soil (control) 0.0%

750 10 for each λ
Pellets 0.2%, 0.5%, 0.8%, 1%, and 1.5%

Strands 0.2%, 0.5%, 0.8%, 1%, and 1.5%

Fibers 0.05%, 0.1%, 0.2%, 0.4%, and 0.6%

2.4. Soil-Water Measurements

The WHC and ER experiments were designed to be conducted consecutively on the
same samples to avoid disturbing the soil structure between one experiment and the next.
Below, we explain each experimental setup and measurement procedure in detail.

- Experiment 1: Water Holding Capacity (WHC)

Glass holders (open-end glass cylinders) with an internal diameter of 6.91 (cm) and
a height of 11.55 (cm) and their bottom end screened with a nylon mesh were used to
prepare the samples (Supplementary Information (SI) S1). The sand was poured into thin
layers (~1 cm), dipping the cylinder in a water bath after adding each layer, to effectively
remove any air bubbles through it, allowing for full saturation. The cylinder was then
raised within the bath, bringing only the sand’s surface out of the water, manually adding
a measured amount of MP to each layer, which was carefully mixed with a thin glass rod
to effectively distribute the MP within each layer (see SI S2). Our measurements showed
that manually adding and then mixing MP, layer by layer, leads to a more uniform MP
distribution than mechanical mixing, which could also fragment MP, changing their sizes.
The top surface of the finalized sample was flattened using a straight spatula. Saturated
samples were then taken out of the water and placed on a grated surface for 24 h to let
the excess water drain gravitationally through the soil column. A plastic cap covered each
sample to inhibit evaporation from the sand’s surface without sealing it hermetically to
avoid possible vacuum effects during drainage (SI S3). The WHC of samples was computed
as the difference between the weight of the sand after 24 h of draining and the initial 750 (g)
of dry sand, divided by the weight of the dry sand [53,66].

- Experiment 2: Bare Soil Evaporation (ER)

After reaching field capacity in Experiment 1, each sample was placed with its surface
at precisely 10 cm below a 50-watt infrared light for 41 h (see SI S4). This provided radiative
energy to exacerbate evaporation from the fine sand’s surface, allowing us to create an
accelerated-evaporation condition consistent across all samples. Bare soil evaporation was
then determined by measuring and tracking the weight of the samples 23 times within 41 h,
using a 0.01-g-accurate scale. Averaged evaporation data are shown in SI S4.

2.5. Statistical Tools: Linear Regression and Non-Parametric Analysis of Variance
(Kruskal–Wallis ANOVA)

We used two statistical tools, linear regression, and non-parametric ANOVA, also
known as the Kruskal–Wallis test, to interpret the collected data. Linear regression models
represent the relationship between each dependent variable (i.e., changes in WHC and
ER) and the explanatory variable (λ, considered as a continuous variable), helping identify
trends (i.e., increasing or decreasing) as well as the association between dependent and
independent variables using the slope and correlation coefficient [67].
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Kruskal–Wallis model is a well-known non-parametric statistical tool that determines if
there are any statistical differences between two or more non-normally distributed datasets
by analyzing the mean ranks [68,69]. This test is typically used when the parametric
ANOVA’s assumption of the normality of residues is violated. Thus, it is considered the
nonparametric equivalent of one-way ANOVA. This tool provided quantitative information
about the impacts that MP shape (type) and λ have on changing WHC and ER. In this
study, Kruskal–Wallis models considered each λ level to be categorical variables, while
dependent WHC and ER variables were continuous. As explained in the next section,
the null hypothesis of no effect of MP shape or λ on WHC and ER was tested using the
Kruskal–Wallis test. The treatment groups were considered significantly different when the
estimated p-value indicated that the null hypothesis’s probability of being true was less
than 5%.

3. Results and Discussion

We modeled all measured soil-water dynamics data as a function of two variables:
(1) MP shape (type) and (2) MP/soil mass ratio, λ. These two factors were studied inde-
pendently using linear regressions through the origin and Kruskal–Wallis tests. To help
interpret and understand the results, we use the following color and symbol code: orange
and circle refer to pellets, green and square to strands and blue and triangle to fibers.
Moreover, darker colors refer to larger λ ratios and vice versa. The detailed descriptive
statistics for all datasets are given in SI S5.

3.1. Linear Regression Analyses
3.1.1. Experiment 1: Water Holding Capacity (WHC)

The WHC results (N = 10 for each λ) are summarized by MP type in Figure 2a–c.
Figure 2d represents the average percentage change in WHC with respect to the average
control value of 0.207, obtained from clean control samples, λ = 0% (solid black line). The
linear regressions through the origin depict noticeable trends in the WHC of contaminated
samples, with a decreasing (negative) trend for pellets and strands but an increasing
(positive) one for fibers. This is possibly related to the fibers’ pliable characteristics that
allow them to adapt to the shape of macropores, creating additional microscale spaces
that can hold water with possibly minimal impacts on general mineral arrangements. In
order to study the changes in pore structure caused by MP pollution, advanced imaging
techniques are needed, such as X-rays and CT scans (Computerized Tomography scans).
Comparing fiber MP with strands and pellets, our results indicate that fiber MP increases
the total number of micro spaces that can hold water from gravity. An overview of only
some of the potential impacts of the studied MP on fine sandy soil pore structure can be
seen in Figure 3. The pore structure of clean soil is shown in Figure 3 (I). Figure 3 (F)
illustrates how fiber MP can become tangled and increase the total number of micro spaces
inside the pore structure. Solid pellets and strands, however, can either increase or decrease
micro spaces depending on their arrangements in relation to mineral particles (Figure 3
(P1–2) and (S1–2)). Nevertheless, Figure 2d shows a decreasing (negative) trend of WHC
for pellets and strands, which can mean that the total volume of micro spaces within all
pellet and strand-contaminated samples decreased.
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3.1.2. Experiment 2: Bare Soil Evaporation (ER)

The results for the ER experiments (N = 10 for each λ) are summarized in Figure 4a–i,
categorized by λ value and MP shape. Evaporation is quantified as the time required
for each sample to evaporate 15%, 50%, and 75% of the water retained at field capacity
(Experiment 1), labeled as ER15, ER50, and ER75, respectively. The measured evaporation
time is proportional to the total energy received from the infrared light, e.g., if a sample
takes longer to evaporate 50% of its moisture at field capacity, it means that it requires more
energy from the bulb to do so. These values (15%, 50%, and 75%) are selected to express the
three stages of the bare-soil water evaporation process, as discussed in the literature [70–73].
Stage 1 is the beginning phase of the evaporation process, during which the evaporation
rate is high and affected by ambient, atmospherically controlled conditions (e.g., radiation,
wind, air moisture); Stage 2 is a transition stage in which the evaporation rate decreases; and
finally, Stage 3 corresponds to a soil-controlled, very low and almost constant evaporation
rate, in which water within deeper pores starts to diffuse and evaporate. Figure 4j–l
represents the average percentage change in evaporation times with respect to the average
values obtained from control samples (solid black line), which are 4.2, 17.1, and 38.0 (hr)
for 15%, 50%, and 75% evaporation, respectively. Regression analyses show no significant
trend for the early stage of the evaporative process (Stage 1, 15% evaporation). It could
be mainly because, in Stage 1, water available for evaporation is close to the top of the
sample so that atmospheric conditions (mainly radiation in these experiments) dominantly
control the process. However, in the latter evaporation stages, capillary forces, surface
tension, and integrated thermal and isothermal diffusive characteristics of soil, water, and
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vapor begin to play a role and impact the evaporation rate [52,73–76]. Our results show
slightly decreasing (negative) trends for ER50 and stronger decreasing (negative) trends for
ER75 for all MP types. In other words, MP-polluted soil samples dry faster in the 50% and
75% ranges. These results show that MP could have a noticeable impact on the late-stage
evaporation of bare soil, which could affect irrigation planning, sustainable agriculture
management, or watershed management.
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structure of sandy soil. A clean soil’s initial pore structure is shown in (I). As shown in Figures (P1
and 2) and (S1 and 2), soil micropore and macro pore structure can increase or decrease depending
upon different soil mineral arrangements, while polluted by pellet and strand MP, respectively. F
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pore structure.

3.2. Kruskal–Wallis Statistical Analyses

The second statistical tool employed to analyze the impacts of MP shape (type) and λ

on soil-water dynamics was the Kruskal–Wallis test. We first examined the normality of
each residual of several groups by conducting the Shapiro–Wilks test using a conservative
significance level of α = 0.05, as recommended for small sample sizes [77,78]. Results from
the Shapiro–Wilks test indicated that a few groups did not comply with the normality
requirement of parametric ANOVA; thus, the non-parametric Kruskal–Wallis was used that
does not have the normality assumption [79–81]. For the reasons explained earlier, fiber
tests differed from pellets and strands experiments. Therefore, Kruskal–Wallis was applied
twice for pellets and strands combined, and once for fibers only. For the strands-pellets
analyses, the dependent variables were sorted individually based on two different factors,
λ values with six levels (i.e., 0%, 0.2%, 0.4%, 0.8%, 1.0%, and 1.5%), and shapes with two
levels (pellet and strand). The former and latter tests quantified the role of λ values and
shapes in changing WHC and ER, respectively. Kruskal–Wallis was conducted once for
fiber only when the λ values were the factor with six levels (i.e., 0%, 0.05%, 0.1%, 0.2%,
0.4%, and 0.6%). All tests were conducted using the IBM SPSS Statistics package [82]. Then,
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we conducted post hoc pairwise comparisons among the different factors. The descriptive
tables are placed in SI S5.
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The pairwise comparison test results of Kruskal–Wallis models for strands-pellets
analyses are summarized in Table 2a,b, considering α = 0.05. The pairwise comparison
analysis provided further information about where the significant differences occurred.
Table 2a showed a significant difference between different shapes (i.e., pellets and strands)
for WHC and ER75, while insignificant difference for ER15 and ER50. This indicated
that MP shape (pellets vs. strands) played a role in WHC and ER75 but not in the early
stage evaporation processes, ER15 and ER50. Table 2b summarizes the comparison of
control samples, λ = 0%, and contaminated samples. It shows that there were significant
differences between the control and contaminated samples, indicating that λ is an influential
parameter in changing soil-water dynamics.

Table 2. (a) Pairwise comparison of WHC and ER of strands-pellets experiments once shape (type) of
MP was a factor. We found statistically significant differences for each WHC and ER75. (b) Pairwise
comparisons of contaminated samples with control samples, λ (g/g) = 0, once λ was considered as a
factor. There were statistically significant differences for each WHC and ER75. In both tables, the
significance level was considered as α = 0.05.
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for ER15 and ER50, there were statistically significant differences in both studied soil-water
properties. The pairwise comparison analyses provided further information about where
these differences occurred. Same as in Table 2b no significant difference was observed in
ER15 and ER50 for the fiber experiments. However, unlike Table 2b, where there was a
significant difference between the control sample and all WHC and ER75 cases, some cases
in Table 3 displayed insignificant differences from the control sample (highlighted in red).
When comparing Tables 2 and 3, it should be noted that the fiber ratios were significantly
smaller than those for pellets and strands. Excepting WHC and λ = 0.1% and 0.2%, and
ER75 and λ = 0.2%, significant differences between the control and contaminated samples
occurred for all other λ.

Table 3. Results of the Kruskal–Wallis (fiber) analyses. Considering α = 0.05, we find, excepting the
highlighted ones, there are statistically significant differences for each subject factor.
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4. Conclusions: Environmental Implications and Future Directions

Our results show that MP pollution at environmentally relevant levels is capable of
causing noticeable changes in soil-water properties. As soil–MP pollution continues grow-
ing exponentially worldwide, especially in agricultural and industrial areas, scientists and
decision-makers should be more concerned about its potential impacts on the environment
and water resources. There are only a few studies and limited available data about the
effects of MP pollution on soil-water dynamics; our current knowledge about the possible
impacts of MP on the water cycle needs further development. It is important to note that
even slight changes in soil-water dynamics within a large-scale hydrological unit could
affect its water balance. Further efforts must be made to collect data from different locations
to better estimate the range of environmentally relevant λ values as well as the shapes,
types, and size distributions of MP discharged into the environment.

It is recommended that future studies use high levels of replication (e.g., our N = 10 or
even higher), or else the quality of data, effectiveness of the analyses, and accuracy of the
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conclusions can remain controversial. This study collected relatively large datasets that
allowed us to use statistical models (i.e., regression analysis and Kruskal–Wallis test) for
more reliable and objective interpretations. We concluded that for our studied fine sand
and ranges of MP concentration, MP pollution has the potential to noticeably change WHC and
late-stage evaporation while having minimal effects on early stage evaporation. Moreover, to the best
of our knowledge, it had never been quantitatively (statistically) shown before these effects depend
both on the MP shape and concentration λ.

However, this study has limitations; its results cannot be generalized to the different
soil types and MP sizes, types, and concentrations than those we used. It was limited
to a few shapes and sizes of MP (pellets, strands, and fibers ~3 mm in size) and a single
type of homogenous soil, and focused on what we considered to be an environmentally
relevant range for λ. Moreover, we did not consider the potential impacts of organic
matter that would be present in actual soils. Furthermore, we did not look into how the
plastic types that we used could have different surface chemistry and hydrophobicity
characteristics. Future studies need to address these limitations in order to increase the
accuracy and certainty of predictions about the impacts of MP on soil-water dynamics.
Generalization will only be possible by combining more laboratory and field studies; this
study is a step forward in that direction. We found that the impacts of fiber MP, which are
widely discharged to the environment, might have specific characteristics compared with
other shapes because of their unique pliable characteristics that allow the fibers to create
additional microscale spaces. This might be worth considering in future studies.

Our conclusions concur with previous studies in that MP can potentially change
soil-water dynamics. However, since these used different soils as well as MP shapes and
sizes, it is difficult to draw clear analogies between the findings. For example, it was
previously found that plastic films and fibers in clayey soils significantly enhance water
evaporation [32,33], while our study in fine sand shows that pellets and strands enhance
evaporation, but fibers decrease it. Another study had showed that adding fiber MP to
garden soils could noticeably change their water-retention capacity but could not identify a
clear trend [31]; for our fine sand samples, we document a relatively meaningful increasing
trend in water-retention capacity.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/w14213430/s1. Figure S1: An image of a glass holder and soil sample, Figure
S2: Creating saturated soil samples using a water bath and layer-by-layer filling of the sample holder,
Figure S3: Saturated samples were then taken out of the water and placed on a grated surface for
24 h to let the excess water drain away by gravity through the soil column. A plastic cap covered
each sample to inhibit evaporation from the soil’s surface but without sealing it hermetically, to avoid
possible vacuum pressure effects due to water draining, Figure S4: After reaching the field capacity in
Experiment 1, every sample was placed with its surface at precisely 10 cm below a 50-Watt infrared
light for 41 h, Figure S5: (a–c) shows the averaged values of cumulative evaporation percentage of
water vs. time (hr) for Pellets, Strands, and Fibers, respectively. Horizontal dotted lines represent
ER15, 50, and 75. The average value of cumulative percentage of water was determined by measuring
and recording the weight of the samples for 41 h, Table S1: Detailed descriptive statistics (Pellet and
Strands), Table S2: Detailed descriptive statistics (Fibers).
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