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10
Abstract. Over the last 2 decades, a significant body of research has been devoted to finding parameters that could serve as

“indicators” of a range of soil properties of interest, including soil health and the many functions/services of soils. Even
though the topic had been the object of a sustained debate among ecologists between 2001 and 2010, no one seems to have
looked so far into conditions soil indicators should satisfy to be objective, nor is it made clear to users and policy makers
15 which ones are objective and which ones are value-laden and therefore subjective. In the present article, we identify the
conditions a soil parameter A needs to satisfy in order to be an objective indicator of another property B. We argue that in
addition to A and B being measurable and not merely quantifiable approximately, a testable mechanistic theory needs to
exist, which causally relates A and B. In most contexts in which soil indicators are currently used, such a theory appears to

be entirely lacking, leading us to call for a significant research effort focusing on theory development.

20 1 Introduction

Over the last two decades, the use of “indicators” has become ubiquitous in many disciplines dealing with ecology or the
environment. In the context of soils, indicators are used routinely to assess, quantify, and map the various ecosystem
services (ES) they provide to human populations (e.g., Rillig et al., 2023; Lechevallier et al., 2025; Wadoux et al., 2026a,b)
or to assess their “quality”, “health”, or “security” (e.g., Liptzin et al., 2022; Bagnall et al., 2023; Sharma et al., 2023; Jia et
25 al., 2025; Evangelista et al., 2025; Dynarski et al., 2026; Wieser et al., 2026) and thereby, purportedly, guide farmers and
land owners toward the most appropriate soil management practices. On soils alone, thousands of articles have dealt with
one or more indicators. Consistently absent from this remarkably large body of literature published recently is any in-depth
analysis of the conditions a given parameter has to satisfy to be considered as an indicator of a property one is interested in.
There was a time when this aspect of indicators attracted attention and was actively debated in the ecology literature.
30 Twenty-five years ago, Dale and Beyeler (2001) pointed out that the use of ecological indicators as resource management
tools was hampered by the fact that “management and monitoring programs often lack scientific rigor because of their failure
to use a defined protocol for identifying ecological indicators”. They added further that “until standard methods are

established for selecting and using indicators, interpretation of their change through space and time remains speculative [...].
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The creation and use of standard procedures for the selection of ecological indicators allow repeatability, avoid bias, and

35 impose discipline upon the selection process”. In contrast to that perspective, at about the same time, other authors
recommended that ecological indicators should involve other, less strictly science-based perspectives. Hyatt (2001)
considered that the use of ecological indicators, to balance socio-economic and ecological aspects in decision making, should
be improved, a view echoed by Robertson and Hull’s (2001), who complained that ecological indicators “are too often
defined only by scientists”.

40 In the decade that followed, a sustained debate took place on the nature and meaning of ecological indicators (e.g., Smyth et
al., 2007; Niemeijer and De Groot, 2008; Heink and Kowarik, 2010; Syrbe and Walz, 2012; Miiller and Burkhard, 2012). At
the science-based end of the spectrum of views expressed in this debate, Niemeijer and de Groot (2008) pointed out that
“often, no formal criteria are applied regarding an indicator’s analytical utility within the total constellation of a selected set
of indicators. As a result, the indicator selection process is subject to more or less arbitrary decisions, and reports dealing

45 with a similar subject matter or similar geographical entities may use widely different indicators and consequently paint
different pictures of the environment.” To alleviate this problem, Niemeijer and de Groot (2008) recommended that
identification of the most relevant indicators in a given situation should be based on the concept of “causal network”.
Turnhout et al. (2007), on the contrary, were interested in “ecological indicators that attempt to measure the ecological
quality of ecosystems and that can be or are specifically developed to be used as instruments to evaluate the effects of

50 policies on nature.” They claimed that these indicators, “although they are highly dependent on scientific knowledge, cannot
be solely science-based, due to the complexity of ecosystems and the normative aspects involved in assessing ecosystem
quality”, and they argue that the inclusion of stakeholders’ perspectives is essential in the development of ecological
indicators, which are situated “in a fuzzy area between science and policy”. For Miiller and Burkhard (2012), ecological
indicators should not be science-based either but should instead be “management-relevant” communication tools that

55 “facilitate a simplification of the high complexity in human-environmental systems.”

In the overview they provide of the then existing definitions of ecological indicators, Heink and Kowarik (2010)
distinguished between ecological indicators described as, alternatively, descriptive measures, normative measures, hybrid
measures, parameter values in hybrid concepts, descriptive components, and hybrid components. They concluded their
overview with the impression that “the indicator term is a profoundly ambiguous term that has different meanings in

60 different contexts. [...] The intermingling of descriptive and normative concepts in the use of indicators is rife in [the]
conservation literature. There are many articles that make use of indicators for soil quality, sustainability, ecosystem health,
or biodiversity value [...], while leaving the normative justification for the selection of the respective indicators mostly
unclear. This implies that normative values can be measured objectively, which is certainly not true. Thus, implicit values are
insinuated to the reader, a situation which has to be avoided [...]. To distinguish empirical science from normative settings

65  or even personal viewpoints with doubtful acceptability, it is very helpful to separate descriptive from normative indicators”

(emphasis added).
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Since the publication of this article by Heink and Kowarik (2010), the debate among ecologists on the meaning of ecological
indicators appears to have been put on a back burner. The nomenclature of ecological indicators proposed by Heink and
Kowarik (2010) is often cited, but in practice, authors rarely specify whether the indicators they consider are by definition
70 objective, i.e., independent of the value system of whoever evaluates them, or are value-laden, and hence necessarily
subjective. The impression that the ecology literature gives at this point is that ecologists have pretty much given up trying to
make ecological indicators objective, or even carefully distinguishing the few that are from the many that are not. As the
editor of an ecology journal explained to us recently, researchers in that discipline “are far from understanding all the
complex relationships between the variables involved in ecological indication” and focus their attention instead on
75 addressing the needs of “users of ecological indication for the necessary applications that can be developed and applied to
real-life problems even if knowledge is tainted by the confounding of complexity”, and, one might add, by subjectivity.
To be sure, soils are no less complicated to describe than the ecosystems considered by ecologists. Therefore, if complexity
explains why ecologists feel forced to accept that some of the indicators they use be subjective, there might conceivably be
equally as many reasons to do so in soils. However, just as it makes sense to question the usefulness of the concept of
80 ecosystem when dealing with the functions/services provided by soils (e.g., Baveye et al., 2018), it is useful to enquire
whether subjective indicators like those defined by ecologists are really appropriate for the management of soils. The risk in
that context, which in many ways is already materializing now, is that farmers and soil managers might get bombarded with
biased and contradictory “indicators” designed to meet the needs of particular economic or specific interest groups, e.g., the
fertilizer industry or organisations focused on the maintenance of biodiversity or on promoting soil health, so much so that it
85 would create confusion as to what course of action to adopt. If, for some reason, subjective soil indicators need to be used
(for example, in relation to cultural services of soils), it would seem desirable, following Heink and Kowarik (2010), to
clearly label them as such, so as not to confuse or amalgamate them with objective, science-based indicators. Policy makers,
in particular, need to be made aware clearly of which is which in the information they receive, so that they can make rational,
unbiased decisions.
90 In this general context, the key objective of the present forum piece is to identify the minimum set of conditions that any
kind of indicator, and in particular soil indicators, need to meet in order to be considered objective, i.e., a priori free from
bias that may be associated with the value system of the observer. Our hope is that the following reflection with stimulate a
constructive debate on the topic, and ultimately result in more robust information provided to the public and to policy

makers.

95 2 Conditions of objectivity

A starting point toward addressing this issue of objectivity is to consider that in order for property A of a soil to potentially
serve as an indicator for property B, at the very least A should be measurable. That would seem entirely obvious, and yet in
various contexts, practitioners have sometimes put forth concepts that do not lend themselves at all to measurement. An

example is the amount of “cosmic influence” contributed to a vineyard as part of so-called “biodynamic” practices that are

3
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100 popular in most wine-producing regions around the world (e.g., Baveye, 2022). Beyond this imperative that property A be
measurable, opinions seem to differ on how rigorously one should require property B to also be measurable. Indicators have
been proposed in the past for soil properties that are so vaguely defined that it is not clear how one would go about
measuring them unambiguously. A good example in that context is the metaphor of “soil health”, which has been the object
of an intense debate over the last decade, in particular on how to define it, whether a precise definition of it is really needed,

105 and whether it can be measured in practice or is “immeasurable” as some have qualified it (e.g., Lehmann et al., 2020;
Baveye, 2021, 2025; Janzen et al., 2021; Powlson, 2021; Wade et al., 2022; Harris et al., 2022; Maaz et al., 2023). The fact
that these questions have not been satisfactorily resolved to date has not discouraged some researchers from developing a
whole panoply of soil health indicators (e.g., Janvier et al., 2007; Cardoso et al., 2013; Bagnall et al., 2023).

Strict adherence to the scientific method clearly mandates that properties of systems we are trying to describe be precisely

110 defined and measurable. William Thomson (Lord Kelvin) aptly noted more than a century ago that “when you can measure
what you are speaking about, and express it in numbers, you know something about it; but when you cannot measure it,
when you cannot express it in numbers, your knowledge is of a meagre and unsatisfactory kind; it may be the beginning of
knowledge, but you have scarcely, in your thoughts, advanced to the stage of science, whatever the matter may be”
(Thomson, 1889). Over the years, various authors, apparently heeding that advice, have argued that significant effort should

115 be made to develop accurate and practical methods for quantifying the ecosystem services (ES) that soils provide to human
populations (e.g., Daily et al., 2009; Crossman et al., 2013; Boyanova et al., 2014; Greiner et al., 2017). However, their
statements refer to “quantifying”, which is not at all the same as what Lord Kelvin was referring to. He was definitely
writing about the ability to measure.

The difference is clear in an example from the literature, discussed by Baveye et al. (2016). In this example (Figure 1), the

120 authors mapped 18 ecological parameters —16 ecosystem services and 2 biodiversity metrics — in the French Alps, and
explored their co-occurrence patterns underpinning the supply of multiple ecosystem services. They produced “self-
organizing maps” encompassing five clusters of ecosystem services, represented graphically by wind-rose- or spider-like
diagrams, which the authors argue could be very valuable tools in support of land use planning. However, close inspection
shows that none of the normalized values displayed in the wind roses was actually measured. Some, related to hunting data,

125 were approximated by disaggregation into 1 by 1 km grid cells of public statistics gathered at much larger spatial scales,
which in itself is a very questionable process, without any theoretical justification. Most other parameter values resulted
from expert opinion or were obtained via modelling, in the absence of any local data suitable to ascertain how well, or how
poorly, the models performed in the selected region.

Half a century ago, after the publication of a landmark article by Westman (1977), the absence of data, and the virtual

130 impossibility to come up with any kind of objective monetary valuation, caused the precursor of the ecosystem services
framework to fall out of grace among scientists (e.g., Baveye et al., 2013; Baveye, 2017), and one could argue that the same
fundamental problem has hampered the widespread adoption of the concept of ecosystem service since its re-emergence 30

years ago (e.g., Eigenbrod et al., 2013; Petter et al., 2013; Vrebos et al., 2015; Baveye et al., 2016; Baveye, 2017; Rova et

4
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al., 2018; Lautenbach et al., 2019; Mengist et al., 2020; Pereira et al., 2025). Some progress has been achieved in the actual
135 measurement of some functions and services provided by soils, and in their reliable quantification through the use of
heavily-tested models (Chalhoub et al., 2020, 2025; Choquet et al., 2021; Scammacca et al., 2023; Montagne et al., 2025),
but this work remains so far limited to a particular type of soil configuration, which makes these endeavours feasible. In the
overwhelming majority of articles dealing with ecosystem services, the properties that are targeted in the elaboration of
indicators are routinely “guesstimated” by individual experts or panels of experts, or via a crude form of modelling as in
140 Figure 1, and are therefore intrinsically subjective, yet are reported as if they were unquestionably objective (e.g., Grima et
al., 2023; Peng et al., 2023; Marali et al., 2025; Yahdjian et al., 2026; Wadoux et al., 2026a,b).
Even if, in attempts to determine whether a soil property A could serve as an indicator for a property B, one were in the
situation where both A and B are measurable, would that be sufficient to proceed with using A as an indicator? Clearly, the
answer to that question is negative. There has to be more than that. Measurability of both A and B is definitely required, but
145  is not sufficient. A and B would also have to be somehow closely connected to each other. In that respect, one might argue
that as long as there is a statistical correlation between the two, that should work. To a large extent, this is the premise on
which the application of artificial intelligence to the identification of indicators is based. But a fundamental, and well-known,
problem with correlations is that they do not imply causation (e.g., Ives, 2022; Byrnes and Dee, 2025; Yurchenko, 2026).
Two properties can be correlated by chance without there being really any connection between them other than a spurious
150 one, for example if both properties happen to be causally connected simultaneously to a third one. As an example, large sea-
going ships tend to carry heavy cargo loads and are typically commanded by older, experienced captains. However, there is
no causal relationships between the age of the captains and the size of the cargo their ships carry.
In order for the link between properties A and B to be based on causation, and not mere correlation, a testable theory —
ultimately implemented in a computer model in most cases—is needed that links the two properties mechanistically. The
155 development of such a theory requires answers to a number of questions. For example, if one wants a theory linking the
biodiversity within an ecosystem to some property of the latter, as some have done for soil “ecosystem” services (e.g.,
Pulleman et al., 2012; Liu et al., 2023; Fan et al., 2023; Eldridge et al, 2023), one needs to first determine which biodiversity,
taxonomic, structural, or functional (Lausch et al., 2016), appears to be most relevant. Then the spatial as well as temporal
scales at which the theory is meant to apply need to be considered carefully. Finally, the precise mechanisms by which the
160 ecosystem property of interest results from the characteristics and behaviour of the biodiverse flora or fauna need to be
elucidated and described mathematically. Research along those lines for the purpose of defining effective indicators appears
to have been virtually non-existent over the last few decades. It seems from the literature that the very understandable desire
to see biodiversity preserved around the world has encouraged many researchers to postulate ex cathedra that maintaining
biodiversity is crucial to sustaining a wide range of ecosystem properties. However, beyond mere words, the link between
165 biodiversity and these ecosystem properties remains elusive in the absence of any underlying mechanistic theory (Baveye et
al., 2016b).
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Over the last few years, several authors have argued that a significant effort toward theory development is direly needed, in
particular to determine what we should measure in the field (e.g., Neal, 2021; Neal et al., 2020; Harris et al., 2022; Baveye,
2025). This question is particularly timely at the moment, not just for the research on soils but in ecology in general, as
170 researchers who are enthusiastic about the potential of artificial intelligence (Al) advocate for the accumulation of massive
amounts of data to feed into the Al algorithms. Theories are required to ensure that data that one collects are actually
meaningful. A side benefit of the theory development effort that one hopes will rapidly unfold in that context is that it will

also provide a much-needed, strong foundation on which to base the identification of indicators.

4 Take-home message

175 The key message of the present article is that it is important, when talking about a given “indicator”, to make clear whether it
is objectively defined and measurable, or whether it encapsulates opinions, influenced by personal beliefs and values. Users,
and in particular policy makers, should be told explicitly which is which, to avoid confusion and, worse, disinformation. We
offer a blueprint for how to determine if a given soil indicator can be considered objective. This does not at all imply that
only soil indicators that objectively relate to soil properties are of interest in practice. Normative indicators, as defined by

180 Heink and Kowarik’s (2010) nomenclature, are also useful in specific contexts, for example when dealing with the (often
neglected) cultural aspects of soils, and should therefore not be ignored. All that is needed, when developing and promoting
such indicators, is a reminder that they are not based on a mechanistic theory, but are the reflection of their author(s)

personal beliefs. This should go a long way toward sanitizing any debate in which these indicators are involved.

185
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Figure 1: Illustrative example of the quantification and mapping of 16 ecosystem services in the French Alps. The reported values
(normalized to 0-1) give the impression that these services were measured and therefore relatively objective, when in fact they
190  were merely “guesstimated” and largely subjective (Reprinted from Baveye et al., 2016).
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