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Abstract

Forecasting pasture growth in hill country landscapes requires information about soil water retention
characteristics, which will help to quantify both water uptake, and its percolation below the root zone.
Despite the importance of soil moisture data in pasture productivity predictions, current models use
low-resolution estimates of water input into their soil water balance equations and plant growth
simulations. As a result, they frequently fail to capture the spatial and temporal variability of soil
moisture in hill country soils.

Wireless Sensor Networks (WSN) are promising in-situ measurement systems for monitoring soil
moisture dynamics with high temporal resolution in agricultural soils. This paper presents the
deployment of a soil moisture sensing network, utilising WSN technology and multi-sensor probes, to
monitor soil water changes over a hill country farm in the northern Wairarapa region of the North
Island. Processed capacitance-based raw data was converted to volumetric water content by means
of a factory calibration function to assess sensor accuracy and to calculate soil water storage within
the pasture root zone.

The derived volumetric soil moisture data was examined in terms of its dependence on the variability
and influences of hill country landscape characteristics such as aspect. The integration of spatially
distributed sensors and multi-depth soil moisture measurements from various hillslope positions
showed that slope and aspect exerted a significant impact on soil moisture values. Furthermore,
considerable differences were identified in soil water profile responses to significant rainfall events
and subsequent soil water redistribution.

Initial indications are that high-resolution time series of accurate multi-depth soil moisture
measurements collected by a WSN are valuable for investigating root zone water movement. Sensor
evaluation and data analysis suggest that these devices and their associated datasets are able to
contribute to an improved understanding of drying and wetting cycles and soil moisture variability.
Potentially, this will create an opportunity to generate improved pasture growth predictions in pastoral
hill country environments.

Background

Soil moisture is the principal limiting resource for pasture growth and agricultural production in New
Zealand’s hill country (Bittelli, 2011, Woodward et al., 2001). Due to its high spatial and temporal
variability (Brocca et al., 2007), obtaining soil water status data has been cost-prohibitive, labour-
intensive and time-consuming at a practically useful resolution for farm management in hill country.
Despite the importance of soil moisture in agricultural systems, pasture productivity simulations use
low spatial resolution estimates of water input into their soil water balance component. Both slope and
aspect have a significant influence on spatial and temporal soil moisture distribution; however there
have been only a few studies investigating their role in New Zealand hill country soils (Bircham and
Gillingham, 1986, Bretherton et al., 2010).

Systematic observations of water content within the root zone soil profile yields information about
vertical water transfer and its variation with time. These readings can indicate certain soil water
properties; the amount of profile available water and also drainage below the root zone (Fares and
Alva, 2000). Besides the important role of accurate soil water status readings for irrigation scheduling,
root-zone soil water data is also crucial for pasture yield prediction, forecasting the onset of drought
conditions, selecting the right species for given soil conditions, fertiliser placement and timing, as well
as decisions associated with feed supply and stock management.
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Environmental monitoring has been a significant driver for WSN implementations. Its adaptable
features and real-time data delivery, enable the continuous observation of highly variable (both in
space and time) environmental parameters, such as soil moisture (Oliveira and Rodrigues, 2011,
Barrenetxea et al., 2008).

A WSN is composed of a collection of spatially distributed, autonomous devices, called sensor nodes,
organised into a cooperative network (Rawat et al., 2014). Electromagnetic techniques, such as
capacitance methods, are commonly used for network-based in situ soil moisture observations for
scientific and agronomic purposes (Brocca et al., 2017). The nodes can sense and gather information
from the targeted area and transmit real-time data to the user (Rawat et al., 2014). A WSN enables
improved spatial resolution and the acquisition of a temporally rich dataset, where traditional methods
would not provide satisfactory coverage (Bogena et al., 2010).

Pasture growth models use parameters that are dependent on soil water; moreover, the estimation of
soil water deficit is a necessary input into these models (Woodward, 2001). Therefore, a clearer
picture regarding temporal and spatial soil water storage variation will be of potential interest for
pasture growth modellers in hill country farms.

The objective of this study is the investigation of the manner in which spatially distributed soil water
measurements can contribute to an improved understanding of seasonal variation on pasture
available water, and on water uptake from the rooting zone in NZ hill country soils. The long-term
research aims are to mitigate the impact of uncertainty in the estimation of plant available water in the
soil profile, and to investigate means of achieving this.

Methods

The study was conducted on a 2623 ha hill country property, located in the Wairarapa region of the
North Island (40.74502° S, 175.88732° E, Fig. 1A). The slopes on the property were classified
following the Land Use Capability (Lynn et al., 2009) system. The property is equipped with a
permanent weather station. Soil moisture sensing sites were selected from non-irrigated pastoral
areas where the predominant plant communities are ryegrass species. The soils are predominantly
silty clay loams (Landvision Ltd., 2009).

The deployed WSN architecture consists of a gateway, a repeater station, and twenty sensor nodes
arrayed in a hybrid topology (Fig. 1B). This design enhances fault tolerance and allows inter-nodal
communication within radio distance. These sensors and radios are powered by batteries recharged
by a solar panel. An interface board, batteries, and wiring, are placed in a weatherproof enclosure
mounted on a galvanised pole, in conjunction with a long range, omni-directional antenna (Fig. 1C).
Data packages are passed through underground wires from the sensors to telemetry units which are
linked via radio connection. The data is then uploaded to a server via cellular network and visualized
by the online HALO Farm System, developed by Tag |.T Technologies Ltd (New Zealand, Hamilton).

As soil water extraction occurs to a depth of at least 350 mm in hill country (Bretherton et al., 2011), a
capacitance-based, AquaCheck Sub-surface Probe (AquaCheck Soil Moisture Management,
Durbanville, South Africa) was chosen. It is a robust multi-sensor logging probe that is designed to be
completely buried, and is able to estimate soil water status by measuring the electrical permittivity of
the surrounding soil (Gardner et al., 2000, Bittelli, 2011). The probes are equipped with four moisture
sensors spaced at 100, 200, 300, and 400 mm depths to monitor the rooting zone (Fig. 1D).
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Figure 1. The research area location is shown on (A) and the farm extent is displayed with the WSN
architecture and probe IDs on a DEM of the farm (B). The sensor node design is presented in (C) and the
configuration of the AquaCheck Subsurface probe with the sensing range on the right (D).

The raw output data, given as a percentage (0% for air and 100% when the sensor is completely
immersed in water) was collected from 20 sensor probes between 15t of November 2016 and 6™ of
June 2017, covering both drying and wetting cycles. The farm received a total rainfall of 642.2 mm
during this period. In October 2016, total rainfall recorded was 67 mm, resulting in moderately moist
soil conditions. Sensor readings were collected every 15 minutes and converted to volumetric soll
water content (6) by means of the factory calibration function.

To assess the accuracy of this calibration function, soil samples were collected from the sensor sites
and the gravimetric soil moisture content measured (Gardner et al., 2000, Shukla, 2013) at each
depth. These measurements were performed on a total of 230 samples collected from intact cores (25
to 50mm diameter, 450mm length covering all sensing depths). Bulk density values were determined
from 80 samples and used to convert gravimetric soil water content to volumetric soil water content.
The root mean square error (RMSE) was calculated to assess the relationship between the values
obtained from the factory calibration function and those obtained from field samples.

As soil moisture is not measured continuously across depth, each of the monitored soil profiles (20)
was divided into 7 discrete depths around the four sensors. Between each sensor, the trapezoid rule
(Rahgozar et al., 2012) of numerical integration was used to approximate the region under the soil
water profile curve, and to calculate the volume of stored water. It was assumed that soil moisture in
the top 70 mm layer was similar to the topmost (100 mm) sensor reading. The daily soil water storage
(SWS) was calculated for the top 430 mm soil layer based on the data from the capacitance sensors
as described by the following equation (Equation 1):

7
SWS=Zbi*0i

i=1

Equation 1 Soil water storage (SWS) calculation formula integrating over 7 discrete segments, where
b (mm) and 8 (mm3mm-3) are the depth and volumetric water content for sail layer |, respectively.

Soil water deficit (mm) was computed as the difference between soil water content on a given day at
midnight, and field capacity (Woodward et al., 2001). Considering the depth of the soil profiles being
monitored (400 mm), typical values for silty clay loam soils (Saxton and Rawls, 2006) of 160 mm and
95 mm were used for field capacity (FC, green line) and permanent wilting point (PWP, red line),
respectively (Fig. 4A).
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Results & discussion

As a preliminary result, Figure 2 illustrates that laboratory measurements and the corresponding sensed
soil water content data correlate well. The raw data conversion to volumetric water content using the
factory-based formula achieved an RMSE of 4.85% or 0.0485 m3m-. It was also observed that relative

to the field data, the readings obtained by the topmost sensors contained the largest errors, and the

bottommost readings showed the closest agreement to the laboratory measurements.
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Figure 2. Comparison of factory calibrated values for silty clay loam soils and field volumetric soil
moisture contents (6) over all depths and at all times (230 observations)

Figures 3 and 4 show the variation of SWS (Fig. 3), soil water deficit (Fig. 4A), and daily SWS
changes (Fig. 4B) for different slopes and aspects throughout the 7 month observation period. At the

beginning and at the end of the observed time interval, the soil moisture conditions were near FC (Fig.

4A) for all aspects with a clear seasonal drying and rewetting trend in between. The lowest SWS
value (107 mm) was reached in January for north facing slopes (PWP = 95 mm). The highest SWS
values were observed on east facing areas (192 mm in the middle of April 2016). The average
difference between the lowest and highest SWS was 72 mm, indicating that a typical value of

available water holding capacity for silty clay loams at 400 mm depth (estimated as 65 mm by Saxton

and Rawls (2006), holds up reasonably well for the soils at the sensor sites.

North facing slopes usually have the lowest amount of water in the profile, except during autumn
months when slopes with a southern aspect were drier. When daily solar radiation was high, from
December 2016 until the middle of January 2017, the difference between south and north facing
slopes increased. Due to significant rainfall events (18/02/17, 05/04/17, 14/04/17), soil water
redistribution down the soil profile indicated that the north facing slopes lost the received water
slower, although they eventually became drier over the monitored last two months than the other
aspects. Most of the water was quickly lost after the significant rainfall events (Fig. 3 and 4b). West
facing slopes held significantly more water than any other slope orientation during the observed time
interval, while east oriented and flat surfaces demonstrated similar behaviours and soil moisture
contents.

Mean SWS - South Mean SWS - East

Mean SWS-Flat e Total incoming solar radiation 4

Mean SWS - North
Mean SWS - West

200 0
190 A 35
180 A
170 A 30
E 160 | F 25
§ 150 20
3o s
120 A 10
110 A ¥ ¥ [ S
100 . . . . . . - —L o
2/11/2016 2/12/2016 2/01/2017 2/02/2017 2/03/2017 2/04/2017 2/05/2017 2/06/2017

Figure 3. Time series of mean total soil water storage (SWS) for various aspects and daily total
incoming solar radiation measured at the weather station’s location during a 7 month period
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Figure 4. Time series of soil water deficit (A) and daily soil water budget for various aspects (B)

The AquaCheck probes are commonly used for soil moisture monitoring in agricultural systems.
However, the performance of the AquaCheck probe has not been studied extensively in remote hill
country conditions, especially in New Zealand soils. The correlation of depth with accuracy is most
likely caused by three possible factors: 1) high organic matter content and root mass in the upper
layers are likely to help retain water 2) highly variable soil moisture in the top 10-15 cm soil layer and
3) soil temperature variation. The influence of topography was significant during summer time when
high incoming solar radiation values were prevalent, although the role of aspect dropped when large
precipitation events occurred in autumn. As expected, silty clay loam soils have a high water holding
capacity, which provided adequate water during the dry months in the year of measurement. Further
work could include the estimation of daily evapotranspiration and the water drained from the root
zone.

Conclusion

This research evaluated the performance of the AquaCheck Sub surface sensor under field conditions
and investigated root zone soil water behaviour using data gathered over a seven-month period.
Compared to measured field data, the sensor error was 4.85% for the RMSE but site-specific
calibrations will be required to improve accuracy. The effect of soil temperature on data acquisition
and surface soil moisture variation at 100 mm depth will need to be investigated to improve accuracy
further. It can be concluded that seasonality and the effect of aspect are strongly linked. Calculated
SWS variations provided a relatively good indication of the generally used soil water retention
properties. It should be noted that the amount of precipitation is not evenly distributed within the
property boundary and needs to be taken into account to achieve a better understanding of rainfall
patterns on the farm. The suggested improvements will be potentially useful for a comparison or
validation of pasture yield prediction results based on field soil water measurements versus modelled
soil moisture.
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