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a. WHARENG SIS, b, RAMARNATEL 3 Ai; o SRR 02 8. Wb

a. Discontinuous hierarchy of scale for structure and resources within a reef ecosystem; b. A discontinuous fish body size distribution;

c. Representative species from each of the five aggregations; 3. species
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Fig. 5 Characteristics and research methods of three typical study systems
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1. Practical problem; 2. Problem-solving oriented scientific problem; 3. Field system observation: long-term monitoring & multi-system
comparison — macro-variable statistics: ecological patterns; 4. Higher-level context and evolutionary analysis; 5. Scientific hypothesis —
testable inference; 6. Whole-system comparison or experiments; 7. Lower-level mechanistic analysis of ecological patterns; 8. Universal
rules (conceptual model); 9. Multi-level coupled quantitative model; 10. Application tests
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Fig. 7 Research methods for “Abating factor of lake eutrophication and multi-level coupling model”
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Chl. a. chlorophyll a concentration of phytoplankton; TP. total phosphorus concentration of water; TN. total nitrogen concentration of water
1. Practical problem: lake eutrophication; 2. Scientific question: Abating factor and quantitative relationships; 3. Long-term monitoring &
multi-lake comparison: TP-Chl. a > TN-Chl. a; 4. Geological background and evolution analysis: P may be; 5. Scientific hypothesis: P is the
abating factor — Testable inference: P control can reduce Chl. g, but N control alone cannot; 6. Whole ecosystem experiments; 7. Mecha-
nism analysis: biological N fixation compensates for N deficiency; 8. Universal rule: P control only can abate eutrophication; 9. Four-level

coupled model: Region-Watershed-Lake-Guild; 10. Application tests
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ECOLOGICAL RESEARCH METHODOLOGY: PROBLEM ORIENTATION,
HYPOTHESIS DRIVE, MULTI-LEVEL ANALYSIS, STUDY-PROCESS
SCALE MATCH, QUALITATIVE-QUANTITATIVE APPROACHES,
AND APPLICATION TESTS

WANG Hong-Zhu
(Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, China)

Abstract: Ecology studies organism-environment relationships, aiming to solve eco-environmental problems faced by
humanity. However, many ecological research results fail to reliably explain or predict field phenomena, let alone solve
practical problems. The root cause lies in methodological issues. Unlike physical systems, ecosystems are complex
adaptive systems, composed of adaptive agents each with unique intrinsic properties; they have many kinds of subsys-
tems, various types of non-linear interactions among subsystems, and unstable interactions among system levels. Based
on these characteristics, principles of philosophy of science, theories of complexity science, and successful cases in
ecological researches, this paper proposes six principles of ecological research methodology for the first time, establish-
ing the paradigm for ecological research. Principle 1: Practical problem orientation. Social needs are the fundamental
driving force for scientific and technological development. As ecology is essentially an applied science, it should focus
on demand-driven approaches, addressing scientific questions closely related to practical eco-environmental problems.
Principle 2: Hypothesis drive. The hypothesis-deduction model is the basic paradigm of modern scientific research.
This is particularly important for studying complex adaptive systems, as good hypotheses can help us grasp break-
through points for solving scientific problems from complex phenomena, enabling targeted research designs. Principle
3: Multi-level comprehensive analysis. Due to dynamic changes in interactions among levels and prevalent non-linear
interactions among members at each level, research on such systems should involve multi-level comprehensive analy-
sis. At least three levels should be considered: the middle level where phenomena occur, and its adjacent higher and
lower levels. First, macroscopic patterns, i.e. empirical relationships, among variables at the middle level should be
established. Then, the relationships between macro-patterns and higher-level backgrounds and historical evolution can
be analyzed, followed by lower-level mechanism studies of the patterns. Principle 4: Study-process scale match. The
scale mismatch between research and processes related to studied phenomena is the most important reason for unrelia-
ble conclusions in many ecological studies. There are two types of mismatches: temporal, spatial and organizational
scale mismatch between experiments and phenomena; scale mismatch between survey data analyses and related
processes. Therefore, ecological research scales must match the process ones. Field observations should be conducted
first, followed by appropriate scale analyses, then long-term simulation experiments in near-natural systems to confirm
field conclusions and analyze mechanisms. Mesocosm experiments should be able to simulate relevant ecological
processes. Principle 5: Qualitative-quantitative approaches combination, i.e. combining qualitative mechanisms with
quantitative models. For adaptive systems, establishing precise quantitative relationships is difficult due to variable
heterogeneity (each element of a variable is unique) and being unable to deduce conclusions from statistical variables
using general rules. Given these characteristics, research on adaptive systems should first clarify qualitative mecha-
nisms, i.e., establish conceptual models. Qualitative mechanisms are crucial, not only having explanatory and predic-
tive power themselves but also providing a solid foundation for quantitative models. Only mechanism-based quantita-
tive models can have stronger universality and predictive power. To reduce the impact of variable heterogeneity, quan-
titative models can be calibrated in different regions to improve predictive ability. Principle 6: Application tests. In
addition to experimental tests, continuous application tests should be conducted to verify whether the obtained rules
truly help solve practical problems and to determine their scope of application.

Key words: Philosophy of science; Complex adaptive system; Ecosystem; Physical system; Research paradigm
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Fig. S1 Illustration of Newton’s thought experiment on projectile
motion from Earth’s peak (adapted from literature[4])
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AFB, Earth’s surface; C, Earth’s center; VD, VE, VF, VG, trajec-
tories of objects projected horizontally with increasing velocities.
Assuming no air resistance, when velocity is sufficiently high, the
object will orbit Earth circularly, similar to the Moon’s orbital
motion
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Fig. S2
element’ sensu Mendel) combinations in heterozygote gametes; A,

Left: Mendel’s™ diagram of hereditary factor (‘cell

dominant factor, a, recessive factor. Right: Modern diagram of
gene combinations in heterozygote gametes; A, dominant gene, a,
recessive gene
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Fig. S3  Schematic diagram of a hierarchical system (adapted
from literature[10])
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A hierarchy is an ordered system composed of several levels (L),
each level consisting of subsystems. Interactions between subsys-
tems (solid) are stronger than those between level units (dashed).
Higher levels: larger scale, lower frequency, slower speed; Lower

levels: smaller scale, higher frequency, faster speed
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Fig. S4 Strength of competitive interactions among species using
similar resources at different scales (adapted from literature[21])
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Birds feed on spruce budworm from the crown of a fir to a stand of
trees; blue arrows represent the relative strength of competitive
interactions among these species
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