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Abstract
Global change, sustainable development, and a series of globalized resource and
environmental issues are becoming increasingly severe, attracting international
attention and emerging as hot topics in scientific research. The research fo-
cus of ecology has gradually shifted from small-scale individuals, communities,
and ecosystems to regional, continental, and even global scales. Concurrently,
with advancements in sensor technology and information network technology,
ecosystem observation is transitioning from short-term to long-term monitor-
ing, and toward coordinated observation of macrostructural dynamics and spa-
tiotemporal patterns of ecological services; from traditional fixed-location and
small-scale collaborative observation to large-scale integrated networked obser-
vation at regional or global scales, and toward space-air-ground integrated three-
dimensional observation. Ecology has entered the big data era. How to leverage
big data technology to achieve organic integration of traditional process-based
ecological research and big data-driven ecological research, advance the develop-
ment of grand ecological theory, investigate regional and global ecosystem evo-
lution mechanisms, and support theoretical and applied research on sustainable
human society development centered on addressing global climate change and
maintaining ecosystem functions, represents major challenges and opportunities
for ecological observation research in the big data era. This article reviews the
current status of ecosystem observation research, discusses key characteristics of
ecosystem observation research in the big data context, and recommends adher-
ing to the “Big Science, Big Data” concept to organize and implement the con-
struction of a national ecosystem observation Big Science facility. This would
achieve integration of China’s ecological observation research with the global
ecological observation research system, and realize scientific and technological
objectives of observing changes in Earth’s life system at regional, national, and
global scales, diagnosing ecosystem functional status, understanding ecosystem
process mechanisms, maintaining and protecting ecosystem functions, and serv-
ing sustainable development of human society.
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Global environmental issues such as global change and sustainable development
have become increasingly severe, emerging as focal points of international con-
cern and scientific research. The emphasis of ecological research has gradually
shifted from small-scale studies of individuals, communities, and ecosystems
to regional, continental, and even global scales. Concurrently, with the de-
velopment of sensor technology and information networks, ecosystem observa-
tions have transitioned from short-term monitoring to long-term observations of
ecosystem macrostructure and the spatio-temporal dynamics of ecological ser-
vices. Traditional localized and small-scale collaborative observations are evolv-
ing toward large-scale networked observations at regional and global scales, as
well as integrated three-dimensional sky-space-ground observations. Ecology
has entered the era of big data. A major challenge and opportunity lies in
applying big data technologies to achieve organic integration between tradi-
tional process-based ecological research and big-data-driven ecological research,
thereby advancing the development of grand ecological theories, investigating
regional and global ecosystem evolution mechanisms, and supporting theoretical
and applied research on sustainable human development centered on addressing
global climate change and maintaining ecosystem functions. This paper reviews
the current status of ecosystem observation and research, discusses the key char-
acteristics of ecosystem observation and research in the context of big data, and
proposes organizing and implementing a national ecosystem observation big sci-
ence project following the “big science, big data” concept. Such an initiative
would integrate China’s ecological observation research with the global ecologi-
cal observation system, enabling the monitoring of Earth’s living system changes
at regional, national, and global scales, diagnosing ecosystem functional status,
understanding ecosystem processes and mechanisms, maintaining and protect-
ing ecosystem functions, and serving the scientific and technological goals of
sustainable human development.

As global environmental issues such as the community with a shared future
for mankind, sustainable development, and ecological security become practi-
cal challenges facing human society in the new era, ecological civilization con-
struction has become a millennium-long plan for the sustainable development
of the Chinese nation, placing new demands on ecological research. How to
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achieve observations from small to large scales (global) and from short-term to
long-term, obtain global-scale ecosystem observation data, understand regional
and global ecosystem dynamic change patterns, and protect and restore ecosys-
tems are major challenges currently facing ecosystem observation research. The
implementation of the International Biological Program (1964-1974) gradually
formed the “big science, big data” concept in ecology, which involves imple-
menting large-scale scientific projects to obtain massive observation data and
conduct collaborative scientific research. This subsequently gave rise to the
Long-Term Ecological Research (LTER) network [1], marking ecology’s entry
into the “big science, big data” era. Currently, regional/global-scale networked
long-term ecosystem observations have become important platforms for obtain-
ing large-scale ecological information, ecosystem and global change have become
hot topics in ecological research, and cross-scale integration has become a fron-
tier issue in ecology.

Current Status of Ecosystem Observation and Research

In recent years, ecological observation technologies have developed rapidly, sub-
stantially enhancing the capacity to obtain ecological observation data at both
micro and macro scales. For example, the introduction of molecular markers
into ecology has revolutionized macro-biological research; stable isotope technol-
ogy enables tracking of biogeochemical cycles of carbon, nitrogen, and water;
and high-throughput field observation techniques such as eddy covariance have
enabled direct measurement of ecosystem functional changes. A new genera-
tion of global multi-scale ecological observation research networks is gradually
taking shape. Representative examples include the U.S. National Ecological Ob-
servatory Network (NEON) and the Australian Terrestrial Ecosystem Research
Network (TERN), which are based on Internet of Things technology, automated
observations, and integration of ground-based and remote sensing observations.
These new-generation ecological observation networks employ large numbers
of ecological sensors, cover diverse observation indicators, and collect massive
amounts of multi-source heterogeneous data, laying a solid foundation for ecol-
ogy to enter the “big data era.”

Characteristics of Ecosystem Observation and Research in the Big
Data Era

As ecology continues to expand toward both molecular (ultra-micro) and global
(ultra-macro) scales, ecological observations are transitioning from traditional,
discontinuous plot-based ground surveys to integrated “sky-space-ground”
multi-scale, multi-element, and multi-process observations. The mode of par-
ticipation is also shifting from single ecology researchers to public involvement
through “citizen science” models. Multi-scale, multi-element, and multi-process
ecological observation systems supported by Internet of Things technology
have become key features of new-generation ecological observation systems.
Specifically, by leveraging various IoT communication methods, an integrated
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“sky-space-ground” tower-group collaborative observation system is formed
(Fig. 2a [Figure 2: see original paper]), integrating sensors from small-scale
individual instruments and flux towers to regional/global-scale drones and
satellites. Through IoT technologies such as WiFi and ZigBee, convenient local
area observation networks are established, enabling real-time data transmission,
remote control, and intelligent alerts for ecological observations, and ensuring
stable acquisition of multi-scale (from molecular to global), multi-element
(water, soil, atmosphere, organisms, etc.), and multi-process (carbon cycle,
water cycle, energy cycle, etc.) ecosystem observation data.

Large-scale ecological research requires participation from researchers with di-
verse disciplinary backgrounds and cannot succeed without public involvement
(Fig. 2b [Figure 2: see original paper]). The development of Internet technol-
ogy has promoted the advancement of citizen science. In recent years, numerous
citizen science project platforms have been established worldwide, utilizing “cit-
izen scientists” to collect more environmental data. For example, the BudBurst
project in the United States engages people across the nation to collaboratively
collect plant phenological data, helping to discover how plants respond to en-
vironmental changes. Citizen science projects have gradually become another
important source of ecological big data.

Multi-source, Multi-scale Data Integration, Mining, and Simulation
Prediction as Key Approaches in Big Data Era Ecology

The rapid expansion of remote sensing data, long-term positioning observation
data, experiments, and model simulation data has strongly promoted the de-
velopment of ecological data mining and analysis technologies. Multi-source,
multi-scale integration, mining, and simulation prediction have become essen-
tial approaches for ecological research in the big data era. Big data-supported
ecological data integration and mining methods include three major categories:
� Meta-analysis methods; � Data-driven mining methods; and � Process-based
model-data fusion methods. Meta-analysis primarily involves quantitative syn-
thesis of multiple independent studies with common research objectives from
existing literature, analyzing inter-study differences and comprehensively eval-
uating results. Artificial intelligence data mining technologies, represented by
deep learning, can establish deep neural network-style mapping relationships
among various ecological elements, potentially generating new insights within
existing ecological frameworks and subsequently inferring underlying ecologi-
cal mechanisms. Since it is impossible to comprehensively obtain or predict
regional/global ecosystem conditions through observations and controlled ex-
periments alone, computer simulation of large-scale ecosystem structural and
functional changes has become an important pathway for ecological modeling
and prediction. Although the volume of ecological observation data is increasing
daily, model simulation uncertainty remains significant. Process-based model-
data fusion methods provide new avenues for applying massive datasets to model
evaluation, benchmarking, and constraint to reduce uncertainty. These methods
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offer important means for timely and effective integration and mining of observa-
tion and experimental data from different sites, regions, time series, ecosystem
processes, and elements, revealing universal patterns in ecosystem processes,
variation, and responses to environmental factors, and serving ecosystem man-
agement and decision-making.

Ecological Big Data Driving the Development of Ecological “Grand
Theory” and Emerging Disciplines

Due to the complexity of ecological research objects and the lack of long-term,
massive observation data, researchers face great uncertainty in understanding
ecological processes and patterns. Ecology has yet to develop a unified the-
oretical framework that is widely accepted and can maximally explain and
accurately predict ecological phenomena and processes across different scales
[6]. Influenced by the data deluge, a new paradigm (the fourth paradigm)
centered on data—where scientific research is conceived, designed, and imple-
mented through processing and analyzing massive datasets to obtain scientific
discoveries—is gradually emerging in ecology. Simultaneously, the big data era
demands the development of efficient grand theories that can generate numerous
theoretical predictions from fundamental principles with minimal parameters
[7]. Due to the diversity of ecosystem components and the complexity of their
relationships, regardless of data volume, without the support of grand theory,
big data will largely lose its power and effectiveness, forcing reliance on simple
inductive analysis based on statistical correlations that can never accurately
predict ecosystem changes. Only with the support of massive multi-scale, multi-
element, and multi-process ecological data, enabling accurate understanding of
ecosystem processes and patterns, can a unified theoretical framework be devel-
oped. Integrating multi-source, multi-scale data integration technologies and
ecological simulation prediction techniques can improve the predictive capacity
of ecosystem properties and processes, and promote the development of new
ecological disciplines such as macroecology and predictive ecology.

Data Open Sharing Culture Urgently Needs Cultivation and
Strengthening

In the big data era, only by forming an open, shared, and collaborative big
data culture can the true value of ecological big data be realized. Observation
data is the lifeline of ecological research, and ecologists treasure their observa-
tional data. In the big data era, only by breaking the traditional model of data
closure and forming an open and shared “data thinking” model can large-scale
ecological problems be solved. The deep application of novel data acquisition
and intellectual property protection methods such as data crowdsourcing, data
publication, and data identification will also promote data open sharing in the
ecological field.

chinarxiv.org/items/chinaxiv-202303.00696 Machine Translation

https://chinarxiv.org/items/chinaxiv-202303.00696


Prospects for China’s Ecosystem Observation Research in the Con-
text of Big Data

Since the implementation of long-term ecological research programs in the 1980s,
ecological research has been closely coupled with the “big science, big data” con-
cept. The Chinese Ecosystem Research Network (CERN), established in 1988,
has formed an observation and research network comprising 44 stations cover-
ing different ecosystem types in China, accumulating vast amounts of scientific
data. In the big data era, on one hand, we should utilize big data technologies to
fully integrate and mine existing data resources to advance ecological research;
simultaneously, we should follow the “big science, big data” concept, fully ap-
ply sensor, IoT, and big data technologies, implement ecological big science
project plans, achieve leapfrog development in ecosystem observation research,
and effectively support national ecological civilization construction.

(1) Actively promote integrated ecological data mining research based on data
open sharing. China has conducted long-term observations and research
on ecosystem structure and function, accumulating substantial data. For
example, CERN has collected long-term observation and experimental
data from different ecosystems across China; the ChinaFLUX network
has conducted 15 years of carbon and water flux monitoring; and the im-
plementation of the “Big Earth Data Science Engineering” project has
provided advanced big data integration and mining tools, laying the foun-
dation for comprehensive integrated research on ecosystem structure, func-
tion, processes, and major scientific questions at the national scale.

(2) Actively promote the construction of the big science project “China Eco-
observation and Experiment Network” (CEOBEX) (Fig. 3 [Figure 3: see
original paper]). This initiative aims to achieve national-scale integration
of sky-space-ground observations, integration of observation-experiment-
simulation, and coordinated multi-scale-multi-element-multi-process ob-
servations. It will establish distributed, networked observation and ex-
perimental scientific facilities covering different ecological regions across
China, enabling national-scale networked observations, networked experi-
ments, and simulation and prediction. This will integrate China’s ecolog-
ical observation research with the global ecological observation research
system, enabling the monitoring of Earth’s living system changes at re-
gional, national, and global scales, diagnosing ecosystem functional status,
understanding ecosystem processes and mechanisms, maintaining and pro-
tecting ecosystem functions, and serving the scientific and technological
goals of sustainable human development.

Fig. 3 [Figure 3: see original paper] Ecological Big Science Project: China
Eco-observation and Experiment Network (CEOBEX)
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Abstract
Global issues such as global change and sustainable development have become
increasingly prominent, emerging as hotspots in academic literature. Conse-
quently, ecological research has evolved from local scales to regional, continen-
tal, and even global scales. Simultaneously, advancements in sensor and network
technologies have transformed ecosystem observations from short-term monitor-
ing to long-term observations of ecosystem macrostructure and spatio-temporal
patterns of ecosystem services, and from small-scale, localized observations to
regional and global networked observations with integrated space-ground sys-
tems. In summary, ecological research has entered the era of big data. A
critical challenge and opportunity lies in applying new technologies, integrat-
ing multi-disciplinary knowledge, merging multi-scale and multi-source data,
and developing big-data-driven ecological models to achieve organic integration
between traditional process-based ecological research and big-data-driven eco-
logical research. Big-data-driven ecology should promote the development of
ecological theory, advance mechanistic understanding of regional and global
ecosystem evolution, and support sustainable human development under the
pressing concerns of global climate change, biodiversity protection, and ecosys-
tem function maintenance. This paper reviews the current status of ecosystem
observation and research, discusses key characteristics of ecosystem observation
and research in the big data context, and proposes organizing and implementing
a national ecosystem observation project utilizing new technologies such as in-
telligent interconnection of big data and Internet of Things, data fusion-mining,
and high-performance computing. This project aims to integrate China’s ecolog-
ical observation research with the global ecological observation system, monitor
changes in Earth’s living systems at regional, national, and global scales, di-
agnose ecosystem functional status, understand ecosystem processes and mech-
anisms, maintain and protect ecosystem functions, and ultimately serve the
scientific and technological goals of sustainable human development.

Keywords: ecological observation network, big data, macroecology, Internet
of Things, big science project
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