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Abstract: We used wind-transported particle collectors of our own inhouse design to monitor the
sediment flow in a citrus orchard in Southeast Spain. These collectors, which can differentiate
sediment collected by direction of origin, are very efficient, economical, and easy to manufacture
from thermoplastic filaments with an industrial 3D printer. Data were acquired from six vaned masts,
each with four collectors at different heights, and on one of those masts, the collectors included load
cells with one end attached to the collector floor and the other end to each oriented compartment in
the collectors. The load cell values were interpreted in real time by a microcontroller and amplifier.
The remote monitoring system was developed with an internet of things (IoT) platform. The results
showed clear predominance of winds from the Northeast after dark, and from the South during
the middle of the day. After analyzing the sediment transport rates and their balance, we found
that those being deposited in the citrus orchard from the Northeast had a higher carbonate content
(mainly calcite), which had an aggregating and therefore stabilizing effect against wind erosion of
the soil. Furthermore, significant amounts of highly adhesive phyllosilicates were captured by the
upper traps, which also contributed to reducing soil wind erodibility because of their adhesiveness.
However, the sediments from the South with much more total transported mass were not deposited
in the study zone, but leeward of it and contained a large amount of quartz, promoting abrasion and
increasing wind erodibility of the soil.

Keywords: wind erosion; aeolian sediments; soil loss; sediment traps

1. Introduction

The phenomenon of soil wind erosion is responsible for important problems in agron-
omy and the environment in general, with negative repercussions on the population,
especially in arid and semiarid zones where winds are often strong and precipitation is
scarce [1–4]. There is therefore a need for research in these areas to be able to advise in
decision-making and environmental policy design [5].

In tree crops, there is usually a larger contribution of plant remains in the soil and
natural vegetation, favoring its aggregation. Moreover, soil loss from wind is reduced as
windspeed is slowed down, increasing capture of transported material [6–8]. Nevertheless,
cultivation causes loss of organic matter and reduces stability of the aggregates in dry
medium-texture soils, which conditions an increase in the erodible fraction of the soil
by wind [9–11]. Under the absence of conservationist strategies, which usually occur in
secluded areas, grazing, abandonment of farmlands, and deforestation increase the effects
of wind erosion, producing significant loss of soil material, mainly from the most fertile
layers [12]. Along with the loss of organic material and nutrients, the effect of soil being
dried out by the wind promotes surface compaction [13].
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Our main objectives were to analyze the total deposited or lost material by the wind
in soil in a citrus orchard in Southeast Spain, find the quali and semiquantitative variance
on transported soil minerals at different times and provenances, and evaluate the possible
effects on the soil with the crop studied. It was also intended to test the application of new
devices that enable sediment capture to be monitored in real time.

2. Materials and Methods

The location of our study area is in the province of Almeria in Southeast Spain
(36◦54′38′′ N, 02◦26′54′′ O) at 93 m o.s.l. (Figure 1 and Table 1). The climate is semi-
arid Thermo-Mediterranean with an annual mean temperature of 21.1 ◦C and 249 mm of
mean annual precipitation (Andalusian Government’s automatic meteorological stations)
for the last 20 years. Metamorphic material is dominant, with Pliocene and Quaternary
basin sediments [14]. The natural vegetation communities are mainly compounds of iso-
lated native bushes surrounded by barren soil, occasionally accompanied by annual plants.
The soils are calcaric Fluvisols (FL) planted with citrus trees with loamy texture, subangular
blocky structure and frequent gravel fragments. We also analyzed surrounding Fluvisols
(FL2) and haplic Calcisols (CL). By using a PCE-423 hot-wire anemometer (manufactured
by PCE Instruments) connected in parallel to a computer 24 h a day, we found that the
mean wind speed during testing was 5.6, with gusts over 24 m s−1 for no longer than 6 min
from the Northeast and gusts of over 8 m s−1 for no longer than 4 min from the South.
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Table 1. Location and climatic characteristics of studied soils and surroundings.

SAMPLE

Location

Date

Averaged
Wind Speed

Averaged
Direction

Averaged
Temperature

Averaged
Relative

HumidityCoordinates
Altitude

(m) o.s.l. (m·s−1) (◦) (◦C) (%)

CL 36◦55′03′′ N 2◦25′27′′ W 138 15 March 2022 3.4 73.4 21.1 39.6
FL 36◦54′38′′ N 2◦26′54′′ W 93 15 March 2022 3.4 73.4 21.1 39.6

FL2 36◦54′04′′ N 2◦26′30′′ W 82 15 March 2022 3.4 73.4 21.1 39.6

We took four replicate samples from the upper 5 cm of soils in the study area and
surroundings because at greater depths it was unaffected by wind. The soil texture was an-
alyzed by a Robinson pipette. The organic matter content was determined from the organic
carbon content found by Walkley–Black wet digestion by applying the Van Bemmelen
factor. The equivalent carbonate content was calculated by gas volumetry.

In the various models of dust traps used for analyzing wind-transported material [15],
the efficiency of particle capture depends on the mean particle size and increases with wind
speed [16]. The vertical flow of sediments can be studied using particle collectors laid at
different heights [17]. In front of usually performed collectors (Modified Wilson and Cook,
MWAC, or Big Spring number eight model, BSNE, from Fryrear), we used a collector of
our own design that we called Multidirectional trap (MDt), which can differentiate the
sediments collected by the direction they come from. Apart from its efficiency, MDt is
economical and easy to manufacture with an industrial 3D printer [18–20]. As six masts
with four MDt collectors at different heights were used, we were able to find the average
loss or deposit of particles in the citrus orchard subject of this study. Using X-ray diffraction,
we were also able to distinguish the composition of the particles collected by their origin.
In addition, the possibility of remote monitoring of the results using the message queuing
telemetry transport (MQTT) protocol [21] includes a new range of possibilities for these
wind-transported particle collectors. We used wind-transported particle collectors on a mast
with a vane (Figure 2). These inhouse-designed collectors [22] were manufactured with a 3D
industrial printer from glycol-modified ethylene polyterephthalate (PETg) thermoplastic
filaments. The material transported by wind enters the collectors through a 10 cm2 inlet;
inside the collector, a grill reduces the air speed, causing the deposition of transported
material in a removable ring with a fixed base. Eight compartments with capsules are inside
the ring, with the first facing North, differentiating the trapped materials by direction of
origin. Collector efficiency is better for fine-grained soils, where 74% is achieved [7]. Our
experiments were carried out uninterrupted for 24 h. For this, we distributed six masts with
collectors at heights of 0.35, 0.70, 1.05, and 1.40 m, as shown in Figure 3. The vaned masts
always keep the collector inlets facing the main wind direction. To prevent masts from
interfering with each other, they are spaced 50 m apart. Figure 3 shows the distribution of
the masts facing the dominant wind directions in the citrus orchard studied.

As the collectors lowest on each mast are 0.35 m from the surface, the soil loss rate
has to be calculated empirically using a mathematical model which predicts the amount
of material that can be trapped from the soil surface carried by the wind [17]. Thus, the
sediment flow at each collector height is found by dividing the sediment trapped weight
by the area of the collector inlet. The sediment transport rate (Qr) is calculated by using the
following equation:

Qr =
∫ h

0
q0·e−αzdz

where

h—maximum height of record;
q0—sediment at surface;
α—slope regression factor;
z—collector height.
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Thus, the total mass transport is evaluated considering the efficiency of our collectors
and the plot width based on the sediment transport rate. With these data, we are able to
differentiate loss or deposit as the difference in the sediment transport rate between data
from consecutive masts positioned windward and leeward to the main wind direction at
any given time (negative differences showed material loss, and positive differences showed
material gain).
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In the four collectors on Mast nº6, a Phidgets® Micro Load Cell CZL639HD screwed
to the collector floor on one side and to each of the eight compartments on the other
continuously monitors the weight of the material deposited in each compartment. The load
cell signals are read by an Arduino Mega 2560 microcontroller with a Sparkfun® amplifier
model HX711. The four load cell output wires corresponding to a Wheatstone bridge circuit
are connected to the amplifier along with its supply voltage to provide an output signal
that is received by the microcontroller through its general-purpose input-output (GPIO)
pins [23]. For the filtering of the data from the load cell, we take the mean value of all the
data belonging to a sliding window equivalent to 15 min. Those data comprising a standard
deviation greater than a certain threshold are discarded since these may be readings due to
vibrations under the wind effects.

As mentioned above, one of the improvements made in the collector is that it can be
remotely monitored. The internet connection for this is achieved with a wireless SIM800L
GPRS quad band (GSM 850, EGSM 900, DCS 1800, and PCS 1900) module, which can
connect to any global GSM network through a conventional 2G SIM. A helical GSM
antenna, which consumes only 0.7 mA in sleep mode, is soldered directly onto the module
NET pin and connected to the microcontroller by connecting the GPRS module RXD and
TXD serial communication pins to its digital D18 (TX1) and D19 (RX1) pins, respectively.

Once the measurement system sensors had been properly calibrated and the mi-
crocontroller managing their signals had an internet connection, the next step was the
development of the IoT platform. For this, the sensor readings are published to an Eclipse
Mosquitto open source MQTT (Message Queing Telemetry Transport) broker (part of the
Eclipse Foundation) that implements the MQTT protocol [20]. Use of an MQTT broker in
the cloud makes it possible for several IoT devices to communicate through the MQTT pro-
tocol even if these devices belong to different networks and provides a lightweight method
of sending messages using the publish/subscribe model. This makes Mosquitto suitable
for IoT communication with low-power sensors, mobile devices, or microcontrollers [24].
The module connects to the internet through the SIM, publishes the sensor readings with
the MQTT protocol, and Node-RED software [25] graphically displays the measurements
on the Node-RED dashboard. Node-RED is a programming tool for connecting hardware
devices, APIs, and online services using block programming to perform a task and provides
a dashboard that can be used as a platform to interact with IoT devices such as monitoring
sensors. Figure 4 shows the architecture of the network.
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We also analyzed the dust samples collected in the collector traps by X-ray diffrac-
tion. Under standardized conditions, variations in this semiquantitative technique are
reproducible. We utilized a “Davinci D8 Advance” (Bruker Co., Madison, WI, USA) diffrac-
tometer with a copper radiation tube (CuKα, λ = 1.54 Å). The results were evaluated by
XPrep and EVA, both in the Diffrac.Suite Evaluation 2.1 software. The Wilcoxon signed-
rank nonparametric test was used to determine the differences in sediment flow in the
collectors at the same height on all six masts. The total amount was compared with the
amount trapped in the windward compartments.

3. Results

The averages of four replicates of some of the soil characteristics recorded in the
Fluvisols in the study area, as well as the windward surrounding soils, Calcisols to the
Northeast, and other uncultivated Fluvisols to the South, are shown in Table 2. The
Fluvisols in the citrus orchard in this study were not very stony on the surface, with an
average gravel content of around 23%. Sampling was done 10 days after tilling. Figure 5
shows the average sediment flows captured in the eight directional compartments of the
MDt collectors at the various heights on the masts where they are located. Table 2 also
shows the main characteristics of the sediments from the directions where the winds are
clearly predominant (Northeast and South). The differences at each height in windward
trapped material and the total amount of trapped material by the MDt collectors did not
show statistical significance (p > 0.05). Figure 6 shows the time distribution during the day
of the sediment flow monitored by the load cells on Mast 6. We found a maximum Flow
from the South from 12 h to 15 h on the test day, with a new, less intensive rise from the
Northeast at around 22 h.

Table 2. Characteristics of soils and sediments in MDt compartments.

SAMPLE
V.C. Sand Coarse

Sand
Medium

Sand
Fine
Sand V.F. Sand Coarse

Silt
Fine
Silt Clay O.C. CO3

=

(%)

CL 5.8 ± 0.5 6.3 ± 0.4 9.5 ± 0.7 16.3 ± 1.6 25.5 ± 1.8 7.5 ± 0.8 13.7 ± 1.1 15.4 ± 1.4 0.85 ± 0.11 41 ± 3
From NE 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.1 11.3 ± 0.6 38.0 ± 2.6 22.8 ± 1.8 16.4 ± 1.6 11.2 ± 2.8 0.72 ± 0.14 37 ± 3

FL 2.6 ± 0.4 5.0 ± 0.5 7.0 ± 0.6 8.4 ± 0.9 16.5 ± 1.2 21.0 ± 1.9 19.3 ± 1.7 20.2 ± 2.3 2.16 ± 0.33 24 ± 2
From S 0.0 ± 0.0 0.0 ± 0.1 0.2 ± 0.1 9.4 ± 0.7 36.7 ± 2.3 22.4 ± 2.9 19.1 ± 2.5 12.2 ± 1.1 1.12 ± 0.23 18 ± 2

FL2 4.1 ± 0.4 6.2 ± 0.5 11.0 ± 0.6 12.7 ± 0.9 19.5 ± 1.2 20.0 ± 1.9 12.3 ± 1.7 14.2 ± 2.3 1.38 ± 0.45 20 ± 2
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As described above, the sediment flow data were established from the quantity of
recorded material in the windward capsules and the entire collector (the sum of all the
compartments). The sediment transport rates (Table 3) were obtained by integration. We
decided to estimate the flow of sediments by vertical integration because it allows our
results to be compared with those of other authors using the same method and climate
conditions in arid or semiarid zones [16] for future studies.

Table 3. Sediment transport rate (Qr).

SAMPLE

Qr (Windward NE)
(kg·m−1)

1 2 3 4 5 6

FL 0.1096 0.1029 0.0889 0.1144 0.0984 0.1173

SAMPLE

Qr (Windward S)
(kg·m−1)

1 2 3 4 5 6

FL 0.1928 0.1788 0.1540 0.2013 0.1726 0.2051

SAMPLE

Qr (MDt Total)
(kg·m−1)

1 2 3 4 5 6

FL 0.3505 0.3251 0.2800 0.3660 0.3138 0.3729

As described above, there are two dominant wind directions, so we compiled a dataset
with the differences between the amount of sediments from the masts positioned downwind
and leeward in those directions. The differences in sediment transport rate for internal
MDt collector compartments facing Northeast (NE) and South (S) on the six masts (M)
used were conditioned by the distribution of the masts (Figure 3). For sediments from the
NE, the differences values result of M4-M2; M6-M5; M5-M4. For sediments from the S,
the differences values of M3-M2; M2-M1; M5-M4. The resulting sediment transport rate
balance is shown in Table 4. It is positive, and therefore the deposition of particles from the
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Northeast, along with a negative balance, implies particle loss when the dominant winds
are from the South. Finally, Table 5 shows the results for total mass transport considering
the material trapped in the windward compartments alone and the total.

Table 4. Results of sediment transport rate (Qr) balance.

SAMPLE
Qr Balance

Windward NE Windward S

FL 0.0133 −0.0225

Table 5. Results of total mass transport (Qt).

SAMPLE
Qt (kg)

Windward NE Windward S MDt Total

FL 7.1096 12.4360 22.6101

The characteristics of the soil sediments trapped from the surrounding area are rather
different. We therefore analyzed the original samples of Calcisols from the NE and Fluvisols
from the S and compared their mineralogy. Next to the organic matter, different clay miner-
als condition the cationic exchange capacity of soils. Therefore, their loss from the effect of
the wind lessens soil fertility and requires fertilization to avoid losing productivity [26,27].
When X-ray diffraction was applied to the samples, wide differences in calcite content was
observed in favor of sediments trapped from the Calcisol zone (NE) or in quartz, which
dominates in the areas of Fluvisols from the S, as observed in Figure 7.
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4. Discussion

As the tillage intensity is not high in these soils and the organic matter content is
moderate, we found no mechanical reduction in the size of the aggregates that would
decrease their stability, particularly under dry soil conditions [28]. Therefore, there is not
much wind-erodible material on the surface of our tilled Fluvisols, which implies less
nutrient loss. However, the prolonged drought in the area makes the situation more serious.
Furthermore, a physical crust tends to develop on the surface around ten days after tilling,
which also decreases the effect of erodible materials being swept by the wind in loose
soil [19]. Added to all of the above is the protection provided by theorchard from wind
attacking the soil surface.

The sediment transport rate balance from the Northeast shows that the material
was being deposited in the study area, similar to what happens at Northeast of Almeria
province [18]. In our study area, NE-facing collector compartments trapped a significant
amount of phyllosilicates in the upper collectors, especially type 2:1, which implies more
adhesiveness of the sediments, increasing aggregation, and decreasing their erodibility.
This adhesiveness is strengthened as most of those sediments are generated during the
night when there is dew, which is moderate in this area. Furthermore, these sediments are
rich in calcite; like calcic carbonate, this is a powerful soil aggregate that also diminishes
the erodibility of soil by wind where they are deposited.

The contrary occurs with the sediments from uncultivated Fluvisols in the South,
where the total transported mass is almost double. The higher quartz content in the
trapped material (much higher in the lower traps) favors abrasion, which increases wind
erodibility of the soil along with the predominance of saltation mechanisms,. Nevertheless,
the higher organic matter content in the sediments from the South conditions a certain
aggregation, balancing loss of material. The South-facing collector compartments trapped
more Type 1:1 phyllosilicate in the upper traps, implying less adhesiveness of the sediments.
In this case, the balance of the transport rates of sediment from the South indicated that
matter was lost in the study area and deposited leeward. Those losses of organic matter and
clay influence soil productivity and are responsible for a reduction in the cationic exchange
capacity of these soils. In the end, the loss of fertility must be compensated by external
contributions in the form of fertilizers and their corresponding cost.

The total mass transport found implies the need for further study to evaluate the use
of measures to reduce soil erosion by wind. For example, Asensio et al. [29] used removable
textile windbreakers immediately after tilling in olive orchards until physical crusts had
formed on the surface. This reduced wind erosion in recently tilled olive orchards up to
72% at a height of 0.4 m, mainly affecting a decrease in particle saltation on the soil surface.

5. Conclusions

Our inhouse-designed MDt collectors are highly efficient and easy and cheap to
manufacture. Their inner capsules discriminate the sediments by predominant wind
direction. The use of these collectors shows how materials transported by the wind differ
by direction of origin and the height at which they are trapped. The new collectors can also
be used with load cells in the compartments; along with appropriate design of hardware
and software architecture, this makes it possible to know the sediment flow remotely and
in real time. This study showed how the deposits (both calcic carbonate and phyllosilicates
2:1) from the NE favor aggregation on Fluvisols planted with citrus trees when there is dew.
In contrast with this, we found an abrasive effect of quartz from the S as material passing
through in our study zone since in it, the balance of the sediment transport rate shows loss
of material, which ends up being deposited leeward of the citrus trees. The total sediment
mass in the study area implies the need to take certain preventive measures to minimize
wind erosion as a form of degradation of these soils.
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