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ABSTRACT

Smart, real-time, low-cost, and distributed ecosystem monitoring is essential for understanding and
managing rapidly changing ecosystems. However, new techniques in the big data era have rarely been
introduced into operational ecosystem monitoring, particularly for fragile ecosystems in remote areas.
We introduce the Internet of Things (IoT) techniques to establish a prototype ecosystem monitoring sys-
tem by developing innovative smart devices and using IoT technologies for ecosystem monitoring in iso-
lated environments. The developed smart devices include four categories: large-scale and nonintrusive
instruments to measure evapotranspiration and soil moisture, in situ observing systems for CO, and
513C associated with soil respiration, portable and distributed devices for monitoring vegetation vari-
ables, and Bi-CMOS cameras and pressure trigger sensors for terrestrial vertebrate monitoring. These
new devices outperform conventional devices and are connected to each other via wireless communica-
tion networks. The breakthroughs in the ecosystem monitoring IoT include new data loggers and long-
distance wireless sensor network technology that supports the rapid transmission of data from devices
to wireless networks. The applicability of this ecosystem monitoring IoT is verified in three fragile ecosys-
tems, including a karst rocky desertification area, the National Park for Amur Tigers, and the oasis-desert
ecotone in China. By integrating these devices and technologies with an ecosystem monitoring informa-
tion system, a seamless data acquisition, transmission, processing, and application IoT is created. The
establishment of this ecosystem monitoring IoT will serve as a new paradigm for ecosystem monitoring
and therefore provide a platform for ecosystem management and decision making in the era of big data.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

questions regarding biospheric changes. These measurements
may encompass monitoring at a variety of spatial and temporal

Ecosystem monitoring can be defined as a time series of mea- scales; multimedia approaches; and physical, chemical and biolog-
surements of key variables in the biosphere and is designed to ical indicators of ecological and environmental changes. Scientists
detect variability in ecosystem dynamics and ultimately answer and managers of natural resources readily acknowledge the impor-
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tance of ecosystem monitoring for improving the understanding
and management of complicated ecological systems [1]. An array
of national and international programs are currently being
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conducted for the establishment of environmental monitoring net-
works, which include regional monitoring networks, such as the
Global Environmental Monitoring System (GEMS; http://gemstat.
org/) and Global Terrestrial Observing System (GTOS; http://
www.fao.org/gtos/), and national monitoring networks, such as
the U.S. National Ecological Observatory Network (NEON; www.
nsf.gov/bio/neon/start.htm), the Terrestrial Ecosystem Research
Network of Australia (TERN; http://www.tern.org.au/), and the
Chinese Ecosystem Research Network (CERN; http://www.cern.
ac.cn/Oindex/index.asp). At local and river basin scales, some mon-
itoring networks have also been established, such as the German
network of terrestrial environmental observatories (TERENO) [2],
the Chinese Forest Biodiversity Network (CForBio) [3] and the
Heihe Watershed Allied Telemetry Experimental Research
(HiWATER) [4]. These programs have developed comprehensive
design principles for monitoring networks and have collected basic
monitoring data to evaluate ecosystem changes.

Driven by the advancement of smart devices and rapid develop-
ment of the Internet of Things (IoT), ecosystem monitoring has
entered a new paradigm: monitoring the ecosystem based on the
[oT. The advancement of embedded microprocessors and wireless
communication has led to the development of smart devices for
field-based and in situ environmental monitoring. A variety of
smart devices have replaced traditional monitoring approaches
based on discrete or manual sampling methods, providing real-
time, continuously analyzed, wirelessly transmitted data [5,6].
The low-cost, low-power, small-size, and distributed sensing tech-
nology in smart devices has simplified the proliferation of wireless
sensor networks (WSNs) in ecosystem monitoring [7]. WSNs have
been successfully used to observe diverse ecological variables and
processes, e.g., the leaf area index (LAI) [8], soil moisture [9],
microclimate variables [10], and ecohydrological process [11-13],
by providing measurements at multiple spatial and temporal
scales. WSNs offer a substantial foundation for ecosystem monitor-
ing based on the IoT, in which networks and embedded monitoring
devices can provide ecological information regardless of user loca-
tion. Several efforts have been made to achieve ecosystem moni-
toring via the IoT, from the construction of a theoretical
framework [14-17] to practical applications in both natural [18]
and urban ecosystems [19]. However, there are still some chal-
lenges that need to be addressed for the evolution of WSNs
towards the IoT.

The first challenge for achieving ecosystem monitoring via the
IoT is to integrate heterogeneous WSNs into the Internet based
on standard communication protocols, enabling smart devices to
participate in the IoT. Several technical advancements are needed,
such as energy efficient communication, the remote control of sen-
sor nodes and devices, interoperability between different modules
and different smart devices, scalability of the WSN, and fault toler-
ance to guarantee robust communication. The second challenge is
the efficient management of massive monitoring data sets. Envi-
ronmental monitoring data have been considered “big data”
because of the enormous amounts of data generated by real-time
monitoring. Big data, which are characterized by their large
volume, rapid collection and variety, is associated with many
challenges, such as difficulties in data transmission, storage,
analysis, and visualization [20]. Several information systems have
been employed to monitor, model, and manage environmental
processes. The current trend is to develop an integrated environ-
mental information system that includes databases, software and
tools for data extraction and transformation, loading platforms
for online data analysis, and application software for services.
The third challenge is to design an effective ecosystem monitoring
network that will provide the scientific information needed for
ecosystem management and decision-making processes. The syn-
chronous monitoring of air, water, soil, and biota variables could

provide a comprehensive understanding of ecosystem change. Fur-
thermore, it is important to establish a monitoring system that
optimally integrates remote sensing observations, in situ measure-
ments, and model simulations [21,22]. Multicompartmental and
multiscale monitoring systems will play an important role in
improving the efficiency of ecosystem monitoring and
management.

To address the abovementioned challenges, we initialized an
effort to develop smart devices and IoT techniques for ecosystem
monitoring. The scientific objectives of this effort are as follows.

(1) Develop innovative smart devices for monitoring key air,
water, soil, and biota variables that have high measurement
accuracy compared to that of conventional devices. The
smart devices will be able to obtain network access via wire-
less communication modules.

(2) Establish an ecosystem monitoring IoT that integrates auto-
matic data acquisition and transmission, quality control,
real-time data sharing, and online data visualization and
analysis.

(3) Test, verify and demonstrate the applicability of the ecosys-
tem monitoring IoT in three typical fragile ecosystems for
ecosystem monitoring and management.

The initiative includes three steps (Fig. 1): developing the smart
ecosystem monitoring devices, networking the devices and inte-
grating them with the information system using the IoT, and test-
ing the applicability of the ecosystem monitoring IoT in a variety of
typical ecosystems across China. The development and demonstra-
tion of the ecosystem monitoring IoT will provide a new paradigm
for ecosystem monitoring and management in the era of big data.

2. Development of ecosystem monitoring devices
2.1. Devices for energy and water flux monitoring

The multiscale and synchronous monitoring of energy and
water fluxes and soil moisture is performed by combining the
devices used to monitor a single plant, community, or ecosystem
for monitoring at the landscape scale (Table 1 and Fig. 2).

2.1.1. Two-wavelength (near-infrared and microwave) scintillometer
system

The two-wavelength (near-infrared and microwave) method is
a promising way to acquire kilometer-scale water vapor and heat
flux data [23]. We have developed a two-wavelength scintillome-
ter system. The near-infrared scintillometer is used to measure
the sensible heat flux at wavelengths of 850-880 nm, which are
sensitive to temperature-induced fluctuations [24,25]. The micro-
wave scintillometer is used to measure the latent heat flux
(evapotranspiration) at a wavelength of 3 mm (94 GHz), which is
sensitive to both humidity fluctuations and correlated
temperature-humidity fluctuations and avoids the water vapor
absorption band, thereby limiting interference with the measure-
ments. The two-wavelength scintillometer can measure the water
vapor and heat fluxes over a large scale (0.5-5 km) and has broad
application prospects, especially in areas with heterogeneous land
surfaces (Fig. S1 online).

2.1.2. Sap flow gauge

Sap flow measurements are commonly used to determine the
transpiration rates of individual plants under field conditions
[26]. We overcome the following bottlenecks related to the design
of sap flow gauges. (1) We optimize species-specific (e.g., ring- and
diffuse-porous trees) coefficients in the thermal dissipation (TD)
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Fig. 1. (Color online) Overall architecture for the innovative development of smart devices and IoT techniques for ecosystem monitoring.

method based on Granier’s empirical formula [27] by measuring
the sap flow in trees with different vascular bundle structures
and validate these values for 9 afforestation tree species using
the live weight method (Fig. S2 online, shows the validation for
the tree species Platycladus orientalis). (2) We develop sensor nee-
dles equipped with several thermocouples at different depths
based on heat pulse methods, which allow for the assessment of
radial sap flow profiles and hydraulic redistribution and reduce
both thermal damage and power consumption. We develop a sen-
sor based on heat balance methods by testing the heat balance
properties of different plant types (e.g., trees, shrubs and agricul-
tural crop species). The new sensors can be connected via a wire-
less network to improve the practicability of their use in field
experiments.

2.1.3. Nonintrusive portable soil moisture meter

Frequency domain reflectometry (FDR), which makes use of the
dielectric property of the soil, has become widely accepted for
measurements of the soil moisture content at the point scale
[28,29]. The current commercially available FDR sensors are diffi-
cult to install in compacted layers or soil with rocks. We develop
a portable FDR sensor that sits atop the test soil layer instead of
utilizing inserted probes to provide nonintrusive rapid moisture
measurements. Moreover, we improve the calibration model to
measure the soil moisture content of a layer at depths of 0-
20 cm (target to 40 cm) and integrate data collection, control,
and inspection systems into the device. The portable soil moisture
meter combines high-precision microdata loggers and memory,
global positioning system (GPS) cells, and adjustable wireless
transmission and control modules.

2.1.4. Mesoscale soil moisture measurement system

The cosmic-ray method, which is based on the measurement of
cosmic-ray neutrons above the land surface, can be used to evalu-
ate the area-averaged soil moisture at the intermediate scale of
meters to kilometers [30]. This method is now being routinely
implemented in the Cosmic-ray Soil Moisture Observing System
(COSMOS). We improve the precision of the cosmic-ray soil mois-
ture sensor by measuring the cosmic-ray neutron intensity with a
proportional counter filled with 3He (Fig. S3 online). This method
allows for the measurement of the average soil moisture over a
horizontal footprint of 700 m. Furthermore, information for envi-
ronmental factors such as the wind speed and direction, air tem-
perature and humidity, air pressure, rainfall amount, solar
radiation, soil temperature and moisture, and soil electrical con-
ductivity is also collected by the data logger to measure additional
eco-environment-associated elements.

2.2. Devices for carbon dioxide and 8'>C monitoring during soil
biochemistry processes

Soil respiration is one of the largest and most important car-
bon fluxes in terrestrial ecosystems. Continuous in situ measure-
ments of atmospheric CO, and the corresponding §'C are now
possible due to the development of isotope ratio infrared
spectroscopy (IRIS) technology [31-33], which provides a new
opportunity for monitoring the generation and delivery of CO,
during soil biochemistry processes in both field and laboratory
conditions.

We developed a comprehensive observation system for measur-
ing the isotope composition of carbon dioxide during soil biochem-
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Device Device technical parameters Cost comparison with Demonstration  Data comparison with
mainstream devices sites mainstream devices or
approaches
Devices for energy and water flux monitoring
Two-wavelength scintillometer system Near-infrared wavelength, 880 nm. BLS450, Scintec AG, HRB sites Fig. S1 online

Sap flow gauge

Nonintrusive portable soil moisture meter

Mesoscale soil moisture measuring system

Devices for carbon dioxide and ¢'>C monitoring
during soil biochemistry processes

Multichannel and dual-cycle observation system
for soil CO, and §'3C fluxes at the soil-
atmosphere interface

Synergetic profile observation system of the CO,
and 6'3C gradients in the soil and atmosphere

Multichannel measurement system for soil
microbial CO, and 5'3C fluxes

Microwave transmitter frequency
20-180 GHz.

Path length, 1-5 km.

21077 —10"2 m™2P. 2,

1074 - 10° m—~,

Sensible heat fluxes, —100-800
W/m?.

Latent heat fluxes, 0-1,000 mm.
Heat pulse methods.

Sensor needle length, 30-50 mm;
80-100 mm.

Sensor needle diameter, 1.8-2.1 mm.

Resolution, 35 pV.

Power consumption, 0.05-0.1 W.
Operating environment, —20-40 °C
Measurement range, 0-40 cm.
Measurement accuracy, +5%.
Frequency, 100-500 MHz

Settling time, < 1 min.

Operating environment, —40-85 °C
Footprint, 700 m.

Power consumption, 40 mA@12 V
Measurement accuracy, +5%.
Sampling interval, 1 min.

Measurement accuracy of CO,,
0.5 umol m™2 s~ '@10 umol m~2 s
(COy).

Measurement accuracy of 6'3C,
1%:@10 pmol m~2 s~ (CO,).
Measurement range of CO,, 300-
80,000 ppmv.

Measurement accuracy of CO,, >1%.
Measurement accuracy of 5'3C,
>0.3%o.

Temperature control range, —5-
35°C.

Temperature ramping rate, 1 °C/1-
2 min.

Temperature control accuracy,

+0.5 °C.

Measurement accuracy of CO,, >1%.
Measurement accuracy of 5'3C,
>0.3%o.

1

Devices for vegetation structure and plant growth monitoring

CanoMIS

Distributed LAl meter

Recording meter for tree diameter at breast
height

Nondestructive wood density analyzer for
standing trees

Plant phenology recording system

Devices for terrestrial vertebrate monitoring
Bi-CMOS infrared stereo camera

Pixel, 1,024 x 1,024.

Horizontal resolution, um-scale.
Range resolution, mm-scale.

The three-dimensional frame
frequency, 10 Hz.

Measurement accuracy, +0.4 m?/m?

Measurement range, >10 mm.
Measurement accuracy, <10 pm.
Resolution, <5 pm.

Data record interval, 1 min to 1 h,
adjustable.

Automatically save and transfer data.
3

Measurement range, 0.40-0.80 g/cm”.

Measurement accuracy, +0.05 g/cm?>.
Measurement rate, 20 tree/h.
Spectral waveband, 400-1,000 pm.
Image record interval, 1 min to 1h,
adjustable.

Automatically save and transfer
images.

Frame frequency, 20 Hz.
Field of view, >30°.
Measurement accuracy, cm-scale.

German (—30%)

FLGS-TDP, Dynamax, USA

(-60%)

Innovatively developed
device

CRS-1000/B, Hydroinnova,

USA (-20%)

LI-8150, LI-COR, USA
(-30%)

LI-8150, LI-COR, USA
(-20%—-30%)

Innovatively developed
device

Leica ScanStation C10,
Leica Geosysytem,
Germany (-30%)

LAI-2200C, LI-COR, USA
(-60%)
/

Innovatively developed
device

Netcam SC RGB, (-50%)

Innovatively developed
device

HRB sites and
KRD sites

HRB sites

HRB sites

HRB sites

HRB sites

Used in the

laboratory

HRB sites

HRB sites and
KRD sites
HRB sites and
KRD sites

HRB sites

HRB sites and
KRD sites

TLON sites

Fig. S2 online

Fig. S3 online

Fig. S4 online

Fig. S5 online

Fig. S6 online

Fig. S7 online

Fig. S8 online

Fig. S9 online

Fig. S10 online

Fig. S11 online

Fig. S12 online

(continued on next page)
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Device Device technical parameters Cost comparison with Demonstration ~ Data comparison with
mainstream devices sites mainstream devices or
approaches
Pressure-plate triggering devices for monitoring  Detection rate of animal, >90%. Innovatively developed TLON sites -

small vertebrates Classification precision, >80%.

Response time, <1 s.

device

a) (-n%) in the column of “cost comparison with mainstream devices” represents an n% decrease in cost. HRB sites, Heihe river basin sites. KRD sites, karst rocky deserti-

fication sites. TLON sites, the long-term Tiger Leopard Observation Network sites.

Two-wavelength scintillometer system (transmitter)

Measuring soil moisture at
intermediate spatial scale

using cosmic-ray neutrons
(area-average soil moisture over
700 m)

Multi-scale and synchronous

monitoring of water and energy fluxes

Non-intrusive portable

soil moisture meter
(soil moisture content from
0-40 cm layers)

Sap flow gauge
(transpiration of
individual plant)

o—
R
-

Two-wavelength scintillometer
system (receiver)

Fig. 2. Devices for the multi-scale and synchronous monitoring of water and energy fluxes, including a sap flow gauge non-intrusive portable soil moisture meter and a two-

wavelength scintillometer system.

istry processes (Table 1 and Fig. 3). This observation system is com-
posed of three devices. The first device is an in situ multichannel
and dual-cycle observation system for soil CO, and §'3C fluxes at
the soil-atmosphere interface. The second device is an in situ syn-
ergetic profile observation system for monitoring the CO, and 6'3C
gradients in the soil and atmosphere, and this device can directly
measure the vertical generation and delivery of CO, and 6'3C.
The third device is a multichannel measurement system for mon-
itoring soil microbial CO, and §'3C fluxes that can automatically
control and change the temperature, and this device can directly
measure the CO, and #'3C fluxes during the decomposition of soil
organic matter at simulated temperature variations in the labora-
tory. Each device includes analysis, sampling, control, and calibra-
tion modules, and the third device also includes a temperature
control module. The precisions of the CO, and its §'>C measure-
ments are better than 1% and 0.3%., respectively. Some key scien-
tific and technical problems are solved as follows.

2.2.1. Calibration module for the IRIS analyzer

The dependence of §'3C measurements on CO, concentrations
and instrument temporal drift are two important factors that
restrict IRIS applications [34,35]. Accordingly, we focus on the

development of the components of an online calibration system
for the nonlinear response of instruments in both field and labora-
tory conditions under high and low greenhouse gas concentrations.
To combat the concentration-dependent and temporal shifts in the
analytical instrument, we develop an online calibration system for
the nonlinear response of the instrument under different concen-
trations to ensure the precision and accuracy of the instrument
(Figs. S4 and S5 online).

2.2.2. Sampling module for high-efficiency circulation

We focus on the development of the key components for the
high-efficiency circulation of measured CO, and 6'3C based on a
multichannel and dual-cycle observation design. By controlling
the circuit switch, the instrument can automatically switch
between and collect circular observations from multiple channels.
By controlling the premixing of gas in the channel while waiting to
collect an observation, the instrument can decrease the observa-
tion time required for every channel and increase the efficiency
and frequency of observation collection. By premixing the gas in
the channel to be monitored, the instrument can eliminate the
“dead gas” disturbances in the observation results and improve
the accuracy of the observations.
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Fig. 3. Devices for monitoring the generation and delivery of CO, and §'3C during soil biochemistry processes in both field and laboratory conditions.

2.2.3. Sampling module for the prereduction of high CO,
concentrations

We develop key gas circuit components for the prereduction of
CO, and §'3C concentrations that are suitable for field and labora-
tory experiments. To overcome the large variations in greenhouse
gas concentrations between the atmosphere and soil and the high
greenhouse gas concentration in the soil, we use a typical CO,
absorbent or zero gas in the bypass system to decrease the CO,
concentration in the gas circuit. Additionally, the instrument can
eliminate the effect of a “dead gas” disturbance on the observation
results and improve the accuracy of the observations.

2.2.4. Temperature control module for automatic temperature
adjustments

We develop a fully automatic temperature control and mea-
surement system that can simulate the freeze-thaw process. The
instrument can adjust the temperature in a culture flask under
established procedures and meet the experimental requirements
of simulating complex processes during the decomposition of soil
organic matter (Fig. S6 online).

2.3. Devices for vegetation structure and plant growth monitoring

Vegetation structure and plant growth are key indicators that
can provide information on the health of terrestrial ecosystems.
We develop five devices to comprehensively observe the key
parameters of the vegetation structure and ecosystem productivity
(Table 1 and Fig. 4).

2.3.1. Three-dimensional canopy microstructure imaging system

Light detection and ranging (LiDAR) imaging techniques have
recently been used to detect the canopy structure and subcanopy
topography. However, the spatial resolution of LiDAR is still limited
to mm-scale canopy microstructure measurements. Herein, we
design a three-dimensional (3D) range-intensity correlation
method from gate images with triangular range-intensity profiles
and thus develop a 3D canopy microstructure imaging system
(CanoMIS) to collect high-resolution 3D images for mm-scale
microstructure measurements. We develop key technologies,
including algorithms for nanosecond time synchronization control,
image enhancement, and leaf feature size measurement (Fig. S7
online).

2.3.2. Distributed LAI meter

LAI measurements with traditional methods face challenges
associated with the large spatial areas and high-frequency tempo-
ral scales in remote sensing and ecological applications. Thus, we
develop an application called “LAISmart”, which can be deployed
on a smartphone and used to calculate the LAI (here, it is referred
to as effective LAI because the leaf clumping effect is not taken in
consideration) by classifying images captured using smartphone
camera sensors. By integrating captured images and real-time
computing, “LAISmart” provides an automatic measurement
method that is comparable to the traditional digital hemispherical
photography method. Additionally, we construct a “LAINet” on the
basis of the wireless sensor network. The foundation of LAINet is
that it senses canopy transmittance at several sun zenith angles
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Fig. 4. Devices for monitoring the vegetation structure, LAI, tree diameter at breast height, wood density, and plant phenology.

throughout a day using a linear optical sensor array, and the trans-
mittance data are transformed into canopy LAI data according to
the Beer-Lambert law. The sensors are deployed in distributed
mode, which means that they have the potential to measure LAI
over a large scale via simultaneously networking distributed
nodes. The LAINet facilitates the validation of satellite LAI products
and decreases both labor and time requirements (Fig. S8 online).

2.3.3. Meter for recording the tree diameter at breast height

The tree diameter at breast height (DBH) can reflect tree growth
dynamics and be used to estimate forest productivity. We develop
a DBH recording meter that can automatically record DBH at high
frequencies and high precision in the field by designing a high-
precision displacement sensor and temperature compensation
algorithm (Fig. S9 online). We also integrate wireless transmission
modules in the meter and construct a “DBHNet” to send real-time
DBH data from all trees in a forest plot to a remote server. With the
developed software, tree growth dynamics can be evaluated online
in real time through remote computers or smartphones.

2.3.4. Nondestructive wood density analyzer for standing trees
Wood density is a critical wood property. The microwave tech-
nique, which is a nondestructive evaluation method, provides a
tool for the real-time continuous characterization of wood density
by measuring the dielectric properties. We develop an analyzer for
the online determination of wood density in standing trees by inte-
grating a microwave transmitter, receiver, signal processor and
analysis software. The ability to predict the wood density in stand-
ing trees using a microwave signal transmitted through wood is
investigated. Amplitude and phase shift measurements are related
to moisture content and density values through polynomial mod-
els. The analysis software and model parameter database are built
by modeling the relationship between the wood density and the
corresponding microwave signal characteristics. The analyzer is

fast enough for online measurements and portable enough for
measurements of wood density in living trees (Fig. S10 online).
The multivariate characteristics of the signal are used to precisely
deduce the density of a measured object. We can continuously
update the model parameter library by sharing a database of mea-
surement densities for different tree species.

2.3.5. Plant phenology recording system

Plant phenology is a very important parameter that can reflect
the cylce of plant growth considering climate variations. Visible-
light digital cameras can be effectively used to investigate plant
phenology [36]. We developed an observation system based on
digital cameras to detect and monitor plant phenology. The system
can automatically capture digital photographs at a fixed frequency
(e.g., twice per day) and transmit the photographs to the remote
server via integrated cameras, wireless transmission modules and
control software. Wireless sensors are integrated into this system
to monitor the dynamics of environmental factors, and a multi-
channel data logger is developed independently to simultaneously
collect numeric data. Additionally, mathematic algorithms and
spectral analysis techniques are developed to detect key plant phe-
nology events and implanted into the system as software (Fig. S11
online).

2.4. Devices for terrestrial vertebrate monitoring

Monitoring endangered vertebrates is important for animal pro-
tection [37]. Solutions for vertebrate monitoring already exist
[38,39]; however, they have drawbacks, such as specialized moni-
toring for certain animal species, discontinuous data acquisition,
and difficulty in quantifying observation data. We designed an
improved animal monitoring sensor system and software for sen-
sor node control, communication and data acquisition (Table 1
and Fig. 5).
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Fig. 5. Networking the devices for monitoring terrestrial vertebrates using Bi-CMOS infrared stereo cameras and pressure-plate triggering devices.

2.4.1. Bi-CMOS infrared stereo camera

A motion-sensitive infrared stereo camera provides a visual
sensor to record the presence of animal species, and this camera
provides location-specific information on the movement, behavior
and spatiotemporal dynamics of animal activity [40]. We promote
the development of a Bi-CMOS camera by improving multiple fac-
tors. (1) The inversion algorithm for the size of wildlife based on
binocular stereo matching is improved to obtain target disparity
maps of two pictures captured by the Bi-CMOS camera. Then, the
three-dimensional spatial information and size information of
the target are obtained. (2) The image matching and correction
algorithm for binocular stereo vision operates under a complex
background and uses the human-machine interaction feature
matching method to obtain the disparities in image parts of inter-
est. Thus, the improved method can effectively handle complex
environmental disturbances. (3) Night lighting and image
enhancement technology, large-field-of-view array homogeniza-
tion light sources and high-power light sources that drive the cir-
cuits are developed to meet nighttime lighting requirements. A
lower-upper-threshold correlation self-adaptive enhancement
method is used to constrain the backgrounds and enhance the
details of the targets. (4) The PC display and information process-
ing technology are improved (Fig. S12 online), and (5) infrared trig-
ger and timing control technology are enhanced. When the
infrared detector detects animal information, the CMOS and light
source are simultaneously triggered to acquire a snapshot of the
target. With the Bi-CMOS camera, we can achieve all-weather wild
animal detection and feature size measurements, providing quan-
titative data for individual identification and age, health, and other
analyses of animals.

2.4.2. Pressure-plate triggering devices for monitoring small
vertebrates

The infrared trigger is not applicable for the monitoring of small
vertebrates, especially cold-blooded animals such as amphibians

and reptiles. The infrared trigger is prone to false trigger errors
or failure to photograph a target animal. Thus, we develop
pressure-plate triggering devices to monitor small vertebrates by
acquiring the orientation and reference distances of the sensor
array and integrating multimodality information and signal pro-
cessing. The system consists of modular units and central worksta-
tion unit modules; each pressure module contains a hub and
several flexible pressure sensors; the workstation consists of a con-
trol module, integrated sensors, a power supply and information
transfer; all modular units are placed around a central worksta-
tion; and the system unit is deployed along the paths and locations
of animal activity to monitor small vertebrates.

3. Ecosystem monitoring loT
3.1. Architecture of the ecosystem monitoring IoT

The ecological monitoring IoT establishes a high-density and
intelligent remote real-time monitoring system through a variety
of technical measures. In addition to providing high-density, intel-
ligent, remote, real-time monitoring of various ecological environ-
ment elements, the intelligent diagnosis and efficient maintenance
of the monitoring system status, automatic quality control of real-
time massive monitoring data, data warehousing, and online anal-
ysis and processing can also be achieved.

The architecture of the ecosystem monitoring IoT contains three
layers: the perception layer, the network layer, and the application
layer (Fig. 6). The perception layer is responsible for the perception
and acquisition of various ecological monitoring data. The network
layer is responsible for the remote transmission of acquiring data
from the perception layer, mainly through a variety of wireless
transmission methods. The application layer includes an intelligent
assistant monitoring cloud platform, which is responsible for the
storage of monitoring data, quality control, and system status
monitoring and control.
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Fig. 6. Overall architecture of ecosystem monitoring IoT.

3.2. Technological breakthroughs for monitoring IoT applications

The implementation of ecosystem monitoring IoT is still
restricted by data and information transmission in both the per-
ception and network layers. In the perception layer, high-
performance data loggers compatible with various sensors are
rarely available to support effective IoT applications. Currently,
data logger manufacturers do not provide open hardware access
protocols, which has led to great difficulties in observation data
integration as well as device state monitoring. Therefore, we devel-
oped a multi-interface general-purpose data logger (iMIGPDL) that
supports flexible access to different hardware. In the network
layer, it is difficult to establish data communication in remote
areas without communication service. Thus, we developed wire-
less networking and relaying devices to fulfill the need for data
transmission in such environments.

3.2.1. iMIGPDL - A smart data acquisition terminal

The perception layer connects the sensors and observation
instruments via a data logger. Therefore, in this layer, we mainly
focus on the technological development of a type of general-
purpose data logger (Fig. S13 online).

The data logger is not only responsible for data collection but
also for connecting the relevant sensors and observation instru-
ments with various network technologies. Through the built-in
computing capability of the data recorder and support to meet
the requirements of the observation equipment, observation nodes
become intelligent observation nodes to support the application
requirements of the IoT.

The iMIGPDL has a maximum of 32 analog input channels and 8
pulse input channels. The maximum sampling rate of an analog
channel is 100 Hz, and the A/D resolution is 24 bits. A channel
can be used to measure the current, voltage, resistance and tem-
perature. A pulse channel can be used for automatic trigger control
or frequency measurements. The maximum operating frequency is
100 kHz. The maximum internal storage capacity is 512 MB, and
the maximum external storage capacity is 16 GB.

The iMIGPDL also supports rich communication interfaces. The
device can communicate and transmit data with external devices

through Wi-Fi, Zigbee, BlueTooth, GPRS, RS232, RS485, USB, IPv4,
IPv6, FTP and other protocol interfaces. At the same time, the
iMIGPDL also supports the function of online calculations involving
flux data.

Based on the characteristics of the monitoring IoT, we can not
only obtain the real-time working status of the monitoring nodes
remotely but also realize the remote control and adjustment of
the working status of the monitoring nodes in the field through
the relevant function in the iMIGPDL.

In terms of the hardware cost, the iMIGPDL is composed of rel-
atively low-cost, high-performance components, and the cost is
50% lower than that of similar existing data loggers.

3.2.2. Long-distance wireless sensor network (LSN)

To meet the demand for data transmission in areas lacking com-
mercial communication networks, we have developed a wireless
networking and transmission scheme based on LSN technology,
including low-power and long-distance terminal equipment, relay
equipment, and related built-in software.

The end device is capable of providing interfaces with different
sensors, gathering sensory information, communicating with other
connected nodes in the network and transmitting information to
the relay at a distance. The end device is based on a LoRa Chip
SX1301 that allows the user to send data and reach extremely long
ranges (12 km) at low data rates (<500 kbps). The connection mode
between sensor nodes and wireless terminal devices is star topol-
ogy. Wireless relays can be connected by multiple hops to extend
the transmission distance.

The LSN relay receives information about sensory terminals and
makes a connection between the sensor network and the Internet
through the edge routers of the Ethernet/3G/4G/customized IP link.

3.3. Ecosystem monitoring information system

The application layer is the top level of the information system,
including automatic data collection and normalization, data stor-
age and management, data sharing, data analysis, and other appli-
cation functions (Fig. 6). We have developed an ecosystem
monitoring information system to fulfill the task. We are especially
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concerned with database management technology (e.g., the build-
ing of distributed monitoring databases, integration of heteroge-
neous data, automatic data warehousing, and automatic data
quality control), online data visualization, data sharing, and statis-
tical analysis of the monitoring data.

We wused Greenplum (https://en.wikipedia.org/wiki/Green-
plum), a type of MPP (massively parallel processing) database
architecture, and the PostgreSQL (https://www.postgresql.org/)
database management system to construct a high-performance
distributed database, which can provide excellent response for
large-scale queries at the level of hundreds of millions of data
records. The integration of heterogeneous data was realized
through a Python language-based data processing workflow,
including automatic data collection, parsing and warehousing. This
system shows flexible scalability and can cooperate with various
ecological monitoring sensors and data collection devices. More-
over, a data quality control module was developed to ensure data
quality and compliance. Multisource heterogeneous data can be
automatically stored in the database after being normalized.

The application framework based on the B/S architecture (Fig. 6)
and the design of a user interface based on the Web (Fig. S14
online) can provide users with effective and flexible ways to oper-
ate and access monitoring data. Users can also query and browse
the observation data and download needed data through the user
interface. This framework also allows real-time monitoring and
remote control of field devices. For example, users can acquire
and adjust their working status (system clock, sampling frequency,
and other status) and network connectivity status.

4. Application and demonstration of the ecosystem monitoring
IoT

The application and demonstration phase is implemented to
test the performance of these new devices in real-time data collec-
tion, transmission, and management based on the IoT. We select
three typical fragile ecosystems as field testing and demonstration
sites, including a karst rocky desertification area in Southwest
China, a rare and endangered wild vertebrate reserve—the National

Park for Amur Tigers—in Northeast China, and a transition area of
desert and oasis in Northwest China (Fig. 7).

The first demonstration platform is composed of three typical
karst rocky desertification (KRD) sites in Southwest China, includ-
ing a karst peak cluster depression in the Chenqi watershed [41], a
karst plateau at Mulun, and a karst trough valley in the Qing-
muguan watershed. The second demonstration area is located in
the National Park for Amur Tigers and Amur Leopards [42]. The
long-term Tiger Leopard Observation Network (TLON) established
by Beijing Normal University [43], located in the northern portion
of the Changbai Mountains in Jilin Province (Fig. 8a), China, pro-
vides a solid foundation for the demonstration of vertebrate mon-
itoring devices. The third demonstration platform is established on
the foundation of ecohydrological experiments in the Heihe River
Basin (HRB), China [4]. The river basin, the second largest inland
river basin in China, is represented by the mountain cryosphere
in the mountainous area and the oasis-desert ecotone in the
mid- and downstream areas [44].

Devices used to measure water and heat fluxes, vegetation vari-
ables, and soil respiration were installed at the demonstration sites
for field testing and data comparison (Table 1). At the HRB sites,
several LSNs have been established. In particular, a sap flow gauge,
LAI meters, and DBH meters integrated with a developed LSN end
device and relay are used to construct SapflowNet, LAINet, and
DBHNet, respectively. The devices producing large amounts of
data, such as the two-wavelength scintillometer system, COSMOS,
carbon dioxide and §'3C monitoring system and plant phenology
recording system, transmit real-time monitoring data to data ser-
vers over the 3G/4G network. At the TLON sites (Fig. 8a), the Bi-
CMOS camera and pressure-plate triggering devices, which are
accompanied by automatic data acquisition terminals, are installed
to form camera traps to monitor large cats (Fig. 8b) and small ver-
tebrates. The data acquisition terminal has a multisensor synchro-
nization trigger and control technology and can ensure continuous
power supply for real-time monitoring data transmission. TLON
has established a comparatively complete wired and wireless
hybrid data transmission network based on the radio and televi-
sion fiber network in China and network relays installed on local
forest fire towers (Fig. 8c). A terrestrial vertebrate monitoring IoT

Integrated ecosystem monitoring

Transition area of desert
and oasis in northwest

Qingmuguan

Chengi
Mulun

IoT based on satellite and
ground-based observations

Rare and endangered
wild vertebrate reserve

Terrestrial
vertebrate
onitoring loT
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desertification area in

Water fluxes and
vegetation
monitoring loT

Fig. 7. Application and demonstration of the ecosystem monitoring IoT in three typical fragile ecosystems in China.
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the monitoring plots of TLON. (b) Captured images of Amur Tigers and Amur Leopards. (c) Wired and wireless hybrid networks based on the radio and television fiber

networks in China and network relay on local forest fire towers.

is established with improved network coverage. This method can
provide all-weather field monitoring for wild vertebrates and thus
provide valuable and efficient support for the protection of rare
and endangered animals.

5. Discussion and conclusions

We introduce a study on the innovative development of smart
devices and IoT techniques for ecosystem monitoring. The smart
devices we developed have high accuracy, low cost, and improved
automation, intelligence, and network access abilities compared to
traditional devices. These devices include a two-wavelength scin-
tillometer system to measure evapotranspiration at a large scale,
a sap flow gauge to measure the transpiration of individual plants,
a nonintrusive soil moisture meter, a mesoscale soil moisture mea-
surement system that utilizes cosmic-ray neutrons, a comprehen-
sive observation system for carbon dioxide and 5'3C monitoring
during soil biochemistry processes, a CanoMIS, a distributed LAI
meter, a tree diameter recording meter, a nondestructive wood
density analyzer, a plant phenology recording system, a Bi-CMOS
infrared stereo camera to capture terrestrial vertebrates, and
pressure-plate triggering devices to monitor small vertebrates.
All these devices are networked via an ecosystem monitoring IoT,
in which we overcome two bottlenecks: a general-purpose data
logger enables high-speed data collection and versatile network
connection, and LSN technology is used to network monitoring
devices in remote areas without a commercial communication net-

work. Finally, by integrating these new devices and technologies
with an ecosystem monitoring information system, a seamless
data acquisition, transmission, processing, visualization, and appli-
cation [oT is created.

The laboratory and pilot testing of smart devices has been com-
pleted, and the networking, application, and demonstration of the
devices are being performed in fragile ecosystems, including karst
rocky desertification areas, the National Park for Amur Tigers, and
oasis-desert ecotones in China. Through these verification experi-
ments, a mature ecosystem IoT will be achieved. Compared with
the IoT technology being applied in urban areas [45-47] and regio-
nal [18] environmental management methods, we expect to build
an integrated space-ground monitoring system that optimally
combines remote sensing and ground-based observations by fur-
ther taking advantage of the IoT. This system can capture the mul-
tiscale spatial and temporal dynamics of key ecosystem variables
and fluxes, thereby offering effective, reliable, and representative
information services to scientists and stakeholders.

This effort could provide a new paradigm for real-time ecosys-
tem monitoring and management in the era of big data. We antic-
ipate that the ecosystem monitoring IoT could be used in
operational ecosystem monitoring and aid in ensuring national
ecological security.
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