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Abstract
There is increasing demand for science to contribute to solving societal problems (solutionism). Thereby, scientists may 
become normative activists for solving certain problems (advocacy). When doing this, they may insufficiently differentiate 
between scientific and political modes of reasoning and validation (de-differentiationism), which is sometimes linked to 
questionable forms of utilizing the force of facts (German: Faktengewalt). Scientific findings are simplified and communi-
cated in such a way that they acquire a status as unfalsifiable and absolutely true (truth to power). This becomes critical if 
the consistency and validation of the findings are questionable and scientific models underlying science activists’ actions are 
doubtful, oversimplified, or incorrect. Herein, we exemplarily elaborate how the integrity of science is endangered by norma-
tive solutionist and sociopolitically driven transition management and present mineral scarcity claims that ignore that reserves 
or resources are dynamic geotechnological-socioeconomic entities. We present the main mineral scarcity models and their 
fallacious assumptions. We then discuss the phosphorus scarcity fallacy, which is of particular interest as phosphorus is non-
substitutable and half of all current food production depends on fertilizers (and thus phosphorus). We show that phosphorus 
scarcity claims are based on integrating basic geoeconomic knowledge and discuss cognitive and epistemological barriers 
and motivational and sociopolitical drivers promoting the scarcity fallacy, which affects high-level public media. This may 
induce unsustainable environmental action. Scientists as honest knowledge brokers should communicate the strengths but 
also the constraints and limits of scientific modeling and of applying it in reality.

Keywords Phosphorus scarcity · Integrity of science · Solutionism · Transdisciplinarity · Falsifiability of science · 
Faktengewalt · Truth to power · Consensus to truth · Science activist · Science advocacy · Incompleteness of knowledge

Societal relevance, Faktengewalt, 
falsifiability, and the integrity of science

It is the noble task of scientists to advance science by 
discovering new knowledge in honest ways and through 
honest processes (Pielke 2007). Good science always ques-
tions and critically examines assumptions and attempts to 
induct a paradigm change (Kuhn 1962). We posit that this 
may have changed in recent years; one reason is that the 
general objective of purposefulness, also called social rele-
vance, has strongly shifted from the inner scientific princi-
ples of truth and novelty to social usefulness and (societal) 
solutionism (Strohschneider 2014). With solutionism, we 
develop restricted conceptions of science that target the 
private entrepreneur for problem-solving (i.e., capitalizing 
knowledge; Etzkowitz et al. 1998), or that science must 
serve to attain the goals of political and/or governmental 

Handled by Braden Allenby, Arizona State University, United 
States.

Friedrich W. Wellmer: Former President of Federal Institute of 
Geosciences and Natural Resources, Hannover, Germany.

 * Roland W. Scholz 
 roland.scholz@emeritus.ethz.ch

 Friedrich W. Wellmer 
 fwellmer@t-online.de

1 Department of Knowledge and Information Management, 
Danube University Krems, Dr.-Karl-Dorrek-Strasse 39, 
3500 Krems, Austria

2 Department of Environmental Systems Science, ETH Zurich, 
Universitaetsstrasse 22, 8092 Zurich, Switzerland

3 Institute for Advanced Sustainability Studies (IASS), Berliner 
Strasse, 130, 14467 Potsdam, Germany

4 Neue Sachlichkeit 32, 30655 Hannover, Germany

https://orcid.org/0000-0003-2506-3254
https://orcid.org/0000-0002-3168-4869
http://crossmark.crossref.org/dialog/?doi=10.1007/s11625-021-01006-w&domain=pdf


2070 Sustainability Science (2021) 16:2069–2086

1 3

programs. In Europe, these two solution-oriented views of 
purposefulness can be distinguished, and both fall under 
the label of a third mission (Scholz 2017, 2020). Private-
good–oriented solutionism (Etzkowitz et al. 1998) is based 
on contract-based research that often restricts the scien-
tific publication of data and findings; the control of the 
research is widely handed over to the principal supplying 
the funds. Moreover, research and some political problem-
solving–oriented programs serving the public good are 
overly constrained by the normative dimension (Zomer 
and Benneworth 2011). Science becomes functionalized 
for assisting governmental programs or promoting change 
processes through specific social innovations; here, scien-
tists become societally accountable (Gibbons et al. 1994; 
Weingart 1999). In this conception, scientists may even 
adopt roles as activists or transition-politics advocates 
(Wittmayer 2016).

A specific peril of this way of conducting science is to fail 
to distinguish between the roles of scientist and politician 
(Strohschneider 2014) This may be called the de-differen-
tiation of science and politics. One must be aware of the 
valuation of uncertainties and the incompleteness of knowl-
edge in the generation and communication of knowledge and 
scientific models. Additionally, aspects of accountability and 
responsibility play an important role when communicating 
or utilizing scientific knowledge. This holds true both in 
the seemingly negative utilization of scientific knowledge as 
well as its seemingly positive utilization in programs for sus-
tainable action, e.g., on intergenerational fairness (Brundt-
land et al. 1987).

The integrity of science is further strongly endangered 
by a naïve view of science as providing the right or true 
knowledge. From a realist, normal science perspective, sci-
entific theories are approaching a valid description of com-
plex systems or even of the universe. But, in general, scien-
tific models are generally incomplete. Falsifiability (Popper 
1969), the possibility of refutation (Lakatos 2015), and some 
sceptical undertones (Unger 1978) are basic and essential 
elements of scientific reasoning and discourse. In somewhat 
simplified wording, one may say that high-level science may 
fail. This is also true for the judgments of the Nobel Prize 
committees; for instance, Nobel laureate Johannes Fibiger’s 
(1867–1928) theory that worms cause cancer is viewed as 
refuted (Stolt et al. 2004).

If theories are viewed as indisputable or as truth, the 
consequence is the evolution of Faktengewalt (engl.; force 
of facts; Hoffmann 2013; Strohschneider 2014) or Fakten-
lage (Grunwald 2015). A body of data (facts) and scien-
tific knowledge are no longer questioned because they have 
become legitimized by some scientific reference. The power 
of Faktengewalt may be misused conceiving it as “quasi-
immunized”. Faktengewalt may also develop a special role 
in the context of the precautionary principle. Politicians 

under pressure have to rely on scientific advice. The valid-
ity and impact assessment of which may be unclear.

The conviction to always be right has a consequence and 
may easily become truth speaking to power. The sensibility 
for the “incompleteness” of science, to be aware not only of 
“known unknowns” but also “unknown unknowns” becomes 
lost (Ravetz 1987, 1993). The humble awareness that sci-
ence creates knowledge but not truth disappears. Seldom 
are scientific opinions unanimous. This may result in con-
flict as politicians are used to rely on consensus opinions. 
Over time, the idea that truth is a matter of majority (e.g., 
the number of citations in the Web of Science are taken as 
criterion of validity) makes minority opinions disappear-
ing. Critical, contradictory opinions are necessary to induce 
paradigm changes (Kuhn 1962). Reviewers outside such a 
school are not asked for opinions anymore: peer review as “a 
critical connoisseurship of quality of science” (Ravetz 1987, 
p. 109) mutates into censorship by peer review.

Under pressure to maximize third-party funding for 
research, the chances of getting research projects approved 
can be supported by belonging to the right “school” and 
by providing results that may be well-aligned to a political 
strategy and not by being an outsider. Among the general 
public then, the opinion takes hold that “science” is not “sci-
ence” anymore but an undisputed body of facts. The history 
of science may serve as an example. The opposite view of 
giving up science as a reference system has been promoted 
by post-normal science. Here, science becomes one voice 
among others. The objective of science to approach reality 
by approaching rules that are at work in natural and/or social 
systems by measurement (Durkheim 1895/1982) has been 
relinquished.

This paper deliberates how the above-mentioned features 
of science may affect the integrity of science. We will do 
this, particularly, in relation to fallacious statements on the 
scarcity of minerals (based on the fixed stock assumption 
underlying mineral scarcity statements) using the example 
of phosphorus, an essential, non-substitutable element for 
life and food production. About half of all current food pro-
duction is based on primary mineral fertilizers (including 
phosphorus) and, thus, on rock phosphate as the ore (Scholz 
et al. 2014).

Concerns, the normative and the real

Applied research is of interest to the public and to politics, 
but scientific knowledge and technologies are often Janus-
faced, with ambivalence and ambiguity linked to them. How 
to use scientific knowledge depends on the context and the 
intentions of the user and is generally linked to the incom-
pleteness of scientific modeling. This is particularly true if 
new views are communicated that impact key political and/
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or economic actors and the knowledge is picked up and con-
veyed by mass media.

Science researchers address and intermingle with non-
scientific institutions, politics, lobbying groups related to 
the economy, etc. as scientific actors. This aligns with the 
rule that, if the stakes have strong links to the impacts of sci-
entific statements, the scientific debate becomes politicized 
(Jasanoff and Wynne 1998). Environmental sciences and 
climate research may be taken as examples of transforma-
tive science where scientists describe, deliberate, and push 
political action through urgent calls for change (Grunwald 
2015; Schneidewind 2015; Strohschneider 2014; WBGU 
2011). “Transformation science explicitly addresses values 
and envisions desirable futures” (Tschakert et al. 2016, p. 
21). This may induce two different pathways. On one hand, 
the decisions remain under the responsibility of practice and 
politics. This pathway may induce mutual learning between 
science and practice where both sides remain in their roles 
and launch transdisciplinary processes (Scholz 2017; Scholz 
and Steiner 2015; Scholz et al. 2021; Wittmayer and Schäpke 
2014). On the other hand, it may cause scientists to become 
solutionists for fixing social problems in the same way as 
politicians.

Shallow action research: Scientists’ values at work

Curiosity, arising “from the perception of a gap in knowl-
edge or understanding perception” (Loewenstein 1994, p. 
78), has been viewed as a key driver of scientific activity. 
Interest in a particular topic is another. But social norma-
tive concerns and value-based goals are also drivers. In line 
with John Dewey’s pragmatism, Kurt Lewin, as a director 
of MIT’s Research Center for Group Dynamics, the father 
of social psychology founded experimental action research 
to combine science and social practice (Adelman 1993). 
Lewin’s personal interest in addressing the problems of 
minority groups led to a problem-oriented collaboration 
of science and practice that applied scientific methods and 
involving practitioners in the process (i.e., participatory 
research). The basic idea of equal rights for all people was 
the overarching societal concern of Lewin’s research. Which 
course and action was considered the most effective was 
not defined in advance, but, instead, jointly developed with 
practitioners, and the reasons and options were explored and 
experimentally tested.

Lewin’s approach differs from certain types of action 
research in which scientists’ (intuitive) opinions about how 
the real world should work (in contrast to reality or other 
interest groups’ goals) and not the investigation and testing 
of the processes and mechanisms causing a certain state are 
essential. Action research that is strongly dominated by a 
scientist’s personal objectives on what reality should be is 
denoted as shallow action research (Dedeurwaerdere 2018; 

Scholz 2011). Societal and sometimes personal norms rather 
than hypotheses (on them) are guiding research. Science 
should serve to create a better world according to specific 
goals and norms of groups of scientists. This is often done 
when taking a “post-normal science and action orientation” 
perspective which “is normative” and aims “to influence 
transformative changes while studying them” (Loorbach 
2014, p. 68).

This approach has three main features. First, specific 
goals related to how the world should change are explicitly 
or implicitly defined by scientists. Thus, scientists become 
politicians by defining the norms that, in democratic socie-
ties, are negotiated among stakeholder groups. This includes 
the value-based selection of practitioners whose participa-
tion is not based on a societal stakeholder analysis which 
includes, e.g., representatives of key actor groups which 
are concerned by, causing, or regulating a critical problem. 
Advocacy science activists often include only those stake-
holder groups that meet the scientists’ social values. For 
instance, one may include only those who explicitly declare 
themselves to be committed to sustainability or decide to 
collaborate with those stakeholders who consider themselves 
as working for and with the poor (Rosendahl et al. 2015). 
This leads to, second, a principal value-based exclusion of 
certain stakeholders. This violates the rules that science, in 
democratic societies, has to serve all societally stakeholder 
groups whose action are compatible with the human rights 
and the national constitution and to include that stakeholder 
groups which are necessary in order to understand transition 
processes.“

Naturally, there are delicate ambiguities involved in the 
question of which stakeholders should be included. Think 
about members of an extreme radical party being under the 
supervision of national intelligence, yet part of a democratic 
parliament. This shows that there are no general rules for all 
situations, governments, countries, etc. from an integrity of 
science perspective. Finally, third, we may find the proposal 
that the best and highest form of transdisciplinarity would 
result if there were to be “joint decision making. The idea of 
concerned science is to contribute to the generation of nor-
mative and action-guiding knowledge, in particular” (Wiek 
2007, p. 55). This may be viewed as a variant of postmod-
ernism’s zeitgeist and Faustian dream referring to science as 
a source of societal concern that legitimizes participating in 
any relevant societal decision.

In addition, we wish to note that science certainly plays a 
special role as a kind of clearinghouse of knowledge (Scholz 
2011) in the sense that the validity of statements is judged 
with transparent criteria and methods, thereby revealing 
value-oriented assumptions. Science and education are 
seen as basic pillars and public goods of society serving all 
stakeholder groups. Shallow action research is in contrast 
with transdisciplinary processes in which scientists do not 
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work as normative science activists but, rather participate 
in mutual learning processes between science and practice 
that relate (a) targeted interdisciplinary knowledge (which 
allows for a better understanding of complex problems) with 
(b) normative and interest driven multistakeholder processes 
(Scholz 2020; Scholz et al. 2000; Scholz and Steiner 2015).

Concerns about limits of resources

The development of the scarcity fear and the fixed stock/
pie assumption: Subsequently we discuss how the avail-
ability of raw materials has become an object of science 
activists’ normative venture when utilizing Faktengewalt of 
unquestioned and wrong scientific statements. The availabil-
ity of raw minerals is an important and complex issue. The 
cultural and technological development of humankind has 
been possible only by using mineral resources. Therefore, 
our technological development has been labeled according 
to raw materials: the Stone Age, Bronze Age, Iron Age, 
and now, what many call the Silicon Age. Since man was 
able to care for tomorrow he probably thought sorrow-
fully about future resources supply, a concern which can 
be traced through ages. Stone Age man will have worried 
about where he might find the next suitable piece of flint. 
His search was not only a question of finding it but also 
a question of economic competition and survival because 
others sought the same good-quality raw material. The Brit-
ish economist Jevons predicted a shortage of coal in 1865 
(Jevons 1865). Today Britain still has large untouched coal 
resources, the use of coal being replaced by cheaper fossil 
fuels oil and natural gas. In 1938, Australia banned all iron 
ore exports because of fear of exhaustion, a ban that lasted 
till 1960. Today Australia is the largest iron ore producer 
and exporter of the world (Lee 2013). Unfortunately, based 
on everyday experience that the pie on the table has a fixed 
size (Bazerman et al. 2001), a “mythical fixed-pie mentality” 
(or the fixed stock paradigm; see, e.g. Tilton 2003) became 
a prevailing misconception and bias. This conservative pre-
cautionary bias is based on supply fear inherent in some 
cultures (Radin 1937): When and where will I get the neces-
sary raw materials? Will I get them at all? After World War 
II, environmental awareness grew in industrialized nations 
and created another problem, the sink problem.

An excellent example of this “source and sink approach” 
was the highly influential book by Meadows et al. (1972a, b) 
titled The Limits to Growth: A Report for the Club of Rome’s 
Project on the Predicament of Mankind. The Club of Rome 
was founded in 1968 by a number of high-level politicians, 
business leaders, and scientists who were concerned by the 
exponential growth in world population and its correspond-
ing resource consumption. Meadows et al. (1972a, b) were 
early masters of dynamic systems modeling related to For-
rester’s world dynamics model (Forrester 1969, 1971). They 

considered the limited resources as a foundational case as 
well as the pollution resulting from an exponential use of 
resources. As a result of their world model, it was postulated 
that scarcity of natural mineral resources and environmental 
degradation would lead to serious crises before 2100 and to 
a collapse and return to simple living conditions.

Box 1:  Critical assumptions of limit of growth

In The Limits to Growth book, Meadows and colleagues (1972a, b) 
stated: Even given high prices, silver, tin, zinc, and uranium may 
become scarce before the year 2000. We expect that, given the 
current consumption rate, the deposits of other minerals will be 
depleted (Meadows 1974, p. 55). Meadows et al. also made refer-
ence to geology when stating that whether there will be unknown 
deposits is disputed. Thus, it would be unwise to rely on newly 
explored sources. Yet, if we take the example of zinc, in 1970, 
the ratio of reserves to production was 23. Today – a half-century 
later – it is just slightly lower at 19. This is practically the same, 
despite of a 2.3 times increase of production from 5.6 million 
tonnes in 1970 to 13 million tonnes in 2019. Over the 50 years 
between 1970 and 2019, a total 429 million tonnes of zinc were 
produced. This is 3.5 times the reserves known in 1970 to Mead-
ows et al. (1972a, b). Meadows et al. acknowledge exploration 
as a dynamic variable, with the outer limit as the enlargement of 
the reserves by a factor of five. This proves overly pessimistic. 
The resources at present is 1.9 billion tonnes, i.e., 7.6 times the 
present reserves and 15.4 times the reserves of 1970 according to 
Meadows et al. Clearly, this example demonstrates that reserves 
are a dynamic quantity.

The Meadows et al. (1972a, b) Club of Rome report influ-
enced the thinking of many people. It resulted in a scarcity 
fear and stimulated a huge boom in the exploration for miner-
als in the 1970s. Thus, we will scrutinize their approach con-
cerning the availability of natural resources. Meadows et al. 
conceived everything as being dynamically, except for the 
reserves and resources. The reserves represent the amount of 
known and assessed mineral commodities that can be mined 
economically with the present prices and technologies under 
environmentally and socioeconomically acceptable condi-
tions. The resources are known (at various levels of cer-
tainty), but their economic viability has not been established 
or their grade is too low and requires better technology or 
higher prices to become economically feasible. Thus, the 
resources may include, at a certain point in time, “economic, 
marginal economic, and subeconomic components” (USGS 
and USBM 1980, p. 1). And reserves and resources are only 
a small subset of “all there is” as will be explained below 
with Fig. 1 (Meinert et al. 2016). It is surprising that mineral 
reserves and resources were viewed not as dynamic quanti-
ties. It is easy to infer that a higher price allows mining lower 
grades of an ore body (Wellmer and Becker-Platen 2002). 
And there is a general geological experience that the total 
amounts of additional reserves and resources are increas-
ing non-linearly and disproportionately high with lower ore 
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grades. For frequently in nature observed logarithmic grade 
distributions the following applies (Lasky’s rule): A linear 
decrease in grade is accompanied by an above-linear (non-
linear) increase in cumulative tonnage of the ore (DeYoung 
1981).

Although Meadows et al. (1972a, b) take into account 
certain dynamic elements such as successful explora-
tion up to a certain limit or by incorporating subeconomic 
resources, in general, they ignore the market mechanism of 
prices regulating the supply and demand of raw materials 
via the economic feedback control cycle of mineral supply, 
thereby neglecting to consider a basic rule of the geoecology 
of available resources (Scholz and Wellmer 2013; Wellmer 
and Dalheimer 2012). We are facing a seeming paradox that 
prices, technology development, exploration, and other fac-
tors increase reserves and resources. Thus, reserves grow 
with consumption. Box 1 demonstrates this for zinc. With an 
increase in consumption, production has to increase, there-
fore revenues and in most cases also profits. This enables to 
intensify exploration activities and to increase the chances 
of finding additional reserves. Mining companies want to 
keep a balance between reserves and production for plan-
ning purposes. Besides extension of known and discover-
ies of totally new deposits orebodies by exploration there 
are two additional effects which help to keep the balance 
between reserves and production: (1) In case of commodity 
prices increase, the cut-off grade of the mining operations 
can be lowered, thereby lowering the average grade with 

the consequence of increase of tonnage as just described 
(DeYoung 1981; Lasky 1950b; The Bureau of Mines 1974). 
There is a rule of thumb in practice that halving the cut-off 
grade will increase the ore tonnes by the factor of 4 and the 
contained metal by the factor of 2 (Schodde 2019). (2) Aver-
age grade can also be lowered due to technological learning 
processes and then the increase in tonnage and metal content 
again is the consequence. As an example, the world-wide 
copper grade in 1970 was about 1.65% Cu; today (2018) it 
is 0.56% Cu (Schodde 2019).

The second motive for assuming raw materials must be 
scarce may be related to the experiences of past generations 
that faced real scarcity during WW I, the Great Depres-
sion years of the 1930s, WW II, or – much later – the 1973 
and’79 oil crises and short-term price crises when every-
one experienced the impacts of scarcity. Scarcity fears were 
not reasoned and could be observed in the recent coronavi-
rus pandemic when people began to hoard items that were 
necessities of daily life (Garbe et al. 2020). There are strong 
people’s desires to live in a perfectly secure world (Das-
ton 2020), underlined by the growing numbers of insurance 
policies. Together with the growing awareness of sustain-
able development and the commitment for intergenerational 
equity, it becomes understandable why the scarcity fallacy 
of mineral resources and the underlying fixed-stock assump-
tion became a no longer critically examined Faktengewalt 
(Schmidt 2019) and why it finds its way into publications, 
submissions for research projects, newspaper articles, etc.

Models of mineral scarcity and dynamics 
of resources/reserves

We now explain why raw materials are not scarce and why 
the fixed-stock assumption is false. The answer requires an 
understanding of some geological concepts.

The dynamics between reserves, resources, 
and geopotential

When looking to the future, a third category besides reserves 
and resources (defined above) must be introduced. By means 
of modern exploration technologies, future, so far unknown 
reserves and resources, the geopotential, may be discovered 
from the Earth’s crust (see Fig. 1).

Reserves are typically assessed by mining companies. 
They are discovered in the “reservoir” of the geopoten-
tial or are transferred from the resource field of Fig. 1 by 
an increase in market prices. This increase enables higher 
exploitation costs and/or improvements in technology can 
make it possible to mine lower-grade ores. Reserves serve 
as a company’s planning data. Their interests are in those 
reserves that can be mined within their planning horizon, 

Fig. 1  The Total Resource Box (Scholz and Wellmer 2013); x-axis: 
general trend of increasing geologic knowledge, going from right 
to left; y-axis: general trend of increasing economic viability, going 
from bottom to top
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which normally ranges from 30 to 100 years. Expensive data 
for longer time ranges for reserves are not of interest. How-
ever, mining companies are interested in maintaining a bal-
ance between production and reserves. Therefore, reserves 
grow in parallel with increasing consumption. The example 
of zinc is presented in Box 1. Another example is crude oil. 
In 1950, crude oil reserves were 11.3 billion tons and pro-
duction 543 million tons provided a reserve-to-production 
ratio of 20. In 2018, 68 years later, the reserves were not 
exhausted but had grown by factor 22 to 244 billion tons at 
a production of 4.5 billion tons and an increased ratio of 55. 
These time series of the ratios between reserves and produc-
tion clearly show that the fixed-stock concept is erroneous.

The dynamic boundary between reserves and resources 
in Fig. 1 is primarily determined by price and technology. 
With higher prices and better technologies, resources can 
become reserves, and the opposite happens when prices 
deteriorate. Since future commodity prices are unknown, 
the future boundaries cannot be predicted accurately. The 
concept of reserves is not a physical but rather a geoeco-
nomic one (Kooroshy et al. 2009; Tilton et al. 2018). Thus, 
reserve numbers change continuously due to economic 
conditions, technological changes, further exploration, etc. 
The published numbers are simply a “snapshot” of a highly 
dynamic system (Wellmer 2008) and certainly no indication 
of “all there is.” This is acknowledged by the US Geologi-
cal Survey scientists (Meinert et al. 2016) or by the German 
science academies (Leopoldina 2018).

Approaches for modeling mineral scarcity

We present the main approaches for modeling prospective 
global short- and mid-term scarcity. All of them rely on 
erroneous assumptions for modeling ultimately recoverable 
resources (URR). We examine the reserve-to-production 
ratio, the peak production theory, and the assumption of 
being able to estimate the URR and the abiotic depletion 
potential.

The reserve‑to‑production ratio (R/P ratio)

The attempt to forecast the availability of raw materials 
using the ratio of reserves to production (the R/P ratio) 
had already begun by the middle of the 1800s. An exam-
ple is Jevons’s (1865) study on coal availability in Great 
Britain. In the mid-nineteenth century, the leading nations 
founded geological surveys in order to map their territories 
for discovering natural resources as a basis for industrial 
development. These geological surveys also started to keep 
records on production and reserves to the extent that these 
were publicly available. Yet, the geological surveys, with a 
good understanding of the dynamic nature of reserves, did 
not publish a ratio of reserves and production (presumably 

as it has been too often misunderstood). Today, the most 
frequently quoted publications concerning reserves and pro-
duction are the Mineral Commodity Summaries (MCS) of 
the US Geological Survey (USGS), based on the research 
of many commodity and country specialists. Unfortunately, 
the R/P ratio is continually misinterpreted by non-economic 
geologists and non-resource scientists to be the “lifetime 
of reserves”. This wrong interpretation promotes the emer-
gence of the fallacious mineral scarcity fear. The ratio of 
reserves to production is a dynamic figure and does not mean 
a lifetime. It is, instead, a snapshot of a dynamic system 
(Leopoldina 2018).

The R/P ratio is unsuitable as an indicator of lifetime. It 
rather can be used as an indicator of the need for exploration 
(Wellmer and Becker-Platen 2002). It may serve as an early 
warning indicator if the ratio consistently falls instead of 
remaining constant or increasing in a certain range (Scholz 
and Wellmer 2013). Commodities with lenticular ore depos-
its like the deposits of precious and base metals such as cop-
per or zinc have R/P ratios between 10 and 40. Continuous 
exploration efforts are necessary to maintain mining compa-
nies’ balances of the reserve-to-production ratio to guarantee 
supply security. Commodities occurring in layers continuing 
over long distances and stratiform deposits with R/P ratios 
larger than 100 do not need constant efforts of explorations, 
because these time periods are mostly beyond the planning 
horizons of mining companies.

The peak model of production and the assumption 
of the ability to estimate ultimate recoverable resources 
(URR)

The peak model uses the observation that the production 
lifetime curve of a confined area, like a single mine or a min-
ing country, frequently follows a bell-shaped curve. This was 
first applied to forecasting by Hewett (1929), then by Lasky 
(1950a), and later by Hubbert (1956). M. King Hubbert used 
it apparently successfully in 1956 to predict the peak of US 
oil production (lower 48 states) in 1971 with an error of only 
one year. Because of its seeming exactness, the bell-shaped 
curve known as the Hubbert curve became famous. This 
peak concept has since been applied by many authors to 
forecast limits of availability, for example, for phosphorus 
by Cordell et al. (2009), to be discussed later; by Calvo et al. 
(2017) for a range of commodities; and by Ali et al. (2017), 
who took copper as an example for commodities generally.

The ultimate recoverable resources (URR) refers to the 
amount that has been mined in the past plus the amount to be 
mined in the future. Therefore, URR is dependent mainly on 
future price development and, thereby, the future demand-
and-supply situation and technological development. No one 
can forecast it. The philosopher Karl Popper (1969) claimed 
that, for radically new innovations to occur at all, the future 
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must be unknowable. Otherwise, an innovation would, in 
principle, already be known and would occur in the present 
and not the future. The US hydrocarbon industry is a worth-
while example of how radically a formerly not envisioned 
technological development, in a Popperian sense, can change 
the URR. The recently developed technologies of fracking 
(hydraulic fracturing) and horizontal drilling have made it 
possible to exploit primary shale deposits, i.e., the hydro-
carbons are still at their original place and not mobilized 
and stored in overlying porous reservoir rock (Tilton 2018; 
Wellmer and Scholz 2018). With this technology for min-
ing unconventional oil deposits, in 2015, the US overtook 
the famous peak of 1970 forecasted by Hubbert in 1956 and 
became the largest crude oil producer in the world in Sep-
tember 2018 (Fig. 2).

Innovation researchers distinguish between incremental 
innovations and disruptive (or “jump”) innovations (Harhoff 
et al. 2018). Disruptive innovations are totally new products, 
processes, technologies, or business models and they replace 
older ones. Good examples include the invention of transis-
tors replacing tubes and digital photography replacing silver 
film-based photography.

Such unforeseen technological developments also make 
it impossible to extrapolate production curves too far out, 
and certainly make it impossible to estimate URR from 
historic production. There exists an assumption that, from 
the increasing part of the bell-shaped curve, the peak and 

decline can be estimated, a method called Hubbert lineariza-
tion. This concept has been tested. Rustad (2012) examined 
37 production histories of commodities including the devel-
opment of US and worldwide oil production mathematically 
(for oil update see Wellmer and Scholz 2017). He demon-
strated that the Hubbert linearization process for forecasting 
production development does not produce realistic results 
and phrased the title of his paper simply “Peak nothing.”

The abiotic depletion potential (ADP)

The life-cycle assessment (LCA) science community uses 
the abiotic depletion potential (ADP) as a characteristic 
value to assess environmental cost of material consump-
tion. For the material input into the economy, they want to 
have a reference value from a source. This has unfortunately 
developed into an argument for fixed stock and scarcity con-
cerns, too. The question of what kind of “reservoir” is taken 
arises. As described above, reserve is unsuitable because 
it is a snapshot of a dynamic variable. The same is true for 
“reserve base” – a broader term used by the USGS and the 
now-defunct US Bureau of Mines for an “identified resource 
that meets specific minimum physical and chemical crite-
ria... [and]... those parts of the resources that have a reason-
able potential of becoming available economically within 
planning horizons beyond those that assume proven technol-
ogy and current economics” (USGS 2020). In principle, the 

Fig. 2  US oil production 1860–2018  (source BGR databank)



2076 Sustainability Science (2021) 16:2069–2086

1 3

reserve base shows the same type of dynamics as reserves 
and resources. The ideal “reservoir” number would be the 
ultimately extractable reserve (van Oers and Guinée 2016) 
or the extractable global resource (Drielsma et al. 2016). 
This is the equivalent of the URR above and, as outlined, 
impossible to predict due to the imponderability of techno-
logical change. Consequently, a reliable database was chosen 
as a proxy. This is the crustal content as the upper-most 
boundary possibility and, in the LCA community, is called 
the “ultimate reserve” (van Oers, De Koning, Guinée, & 
Huppes, 2002; van Oers and Guinée 2016). The ADP can 
be accepted as purely scientific (geologic) reference value. 
However, it becomes problematic when used in criticality 
assessments, because then crustal values are connected with 
reserves and implying a defined crustal values to reserves 
ratio which is a fallacy (Berger et al. 2020; Rankin 2011). 
This was attempted in defining the list of critical raw materi-
als for the EU in 2010 (EC 2010, p.29/30, Box: Case study: 
environmental impacts of raw materials). Thereby, a scarcity 
fear and a fixed-stock concern that have no justification, as 
shown by Tilton et al. (2018), is fueled.

That the crustal content is also an unsuitable database to 
estimate the extractable global resource (EGR) (Henckens 
et al. 2014, 2016) has been shown by West (2020). How 
unrealistic it is to use the crust as the ultimate reservoir has 
been calculated by Tilton et al. (2018): Given current states 
of extraction for copper and using the Earth’s crust as the 
ultimate resource results in 84 million years, way beyond the 
most probable existence of man. Tilton, of course, cites this 
example only to prove that it is not the physical existence of 
a raw material that is important but the cost for extracting 
and converting it into a useable product.

The phosphorus scarcity case

The fixed‑pie approach

Phosphorus is a bioessential element with no substitute 
(Scholz and Wellmer 2018; Wolfensberger et al. 2008). 
Other bioessential elements (e.g., nitrogen and potassium) 
are practically unlimited resources as the they are economi-
cal accessible in air and seawater (Lahman and Lassiter 
1972). This is not the case for phosphorus. These are the 
main reasons that the European Commission has ranked rock 
phosphate among its critical raw materials. i.e., as a mineral 
with high supply risk and large economic importance (EC 
2017) since 2014. In a recent evaluation of criticality stud-
ies from 2008 onward, nine studies focusing on phosphorus 
were identified (Schrijvers et al. 2020). Of these nine stud-
ies, six ranked phosphorus as being of high criticality, two 
as medium, and only one as being of low criticality. The 
basis of the call for governance and government interference 

is an example of the unquestioned Faktengewalt. Critical-
ity relates to economically critical short-term supply risk 
and asks for political action. Claiming an overall physical 
mid- or long-term scarcity opens a different dimension. A 
physical mid- or long-term scarcity of mineral phosphorus 
would challenge assumption of sustainable development 
(Brundtland et al. 1987) would ask for political action to 
ensure intergenerational justice.

The present phosphorus R/P ratio stands at 288 (Jasin-
ski 2020). It grew from 90 in 1988 and is higher than for 
nearly every other commodity. Therefore, the USGS noted: 
“there are no imminent shortages of phosphate rock” (Jasin-
ski 2020). There is a high level of reliability in these state-
ments that is, affected by uncertainties of production data 
in two countries, i.e. China and Peru (Geissler et al. 2018). 
The world’s resources are estimated at more than 300 bil-
lion tons (Jasinski 2020). In addition, that phosphate is a 
low-cost commodity (each person worldwide consumes 
phosphorus at a cost of under USD $5.00 annually) must be 
taken into consideration. This leaves room for adjustments 
to higher prices and, therefore, to mine economically lower 
grades by lowering the cut-off grade, and to benefit from 
nonlinearly and disproportionately high reserves growth as 
described above. Of course, these numbers can always be 
critically examined in scientific disputes as done, for exam-
ple, in 2013 and 2016 by Edixhoven et al. (2013) and Scholz 
and Wellmer (2016). But everyone concerned with practi-
cal problems of raw material supply will share the opinion 
of one of the world’s leading consultants concerning the 
world’s phosphate inventory, who in 2016 stated that, “… 
reserves and resources are so large that the term ‘reserves’ 
has little relevance to the debate over long-term phosphate 
rock (PR) accessibility” (Mew 2016), certainly in a range 
of 1000 years. Van Vuuren et al. (2010) reached the same 
order of 1000 years with their static “additional resources” 
model that supplements reserves when focusing variation of 
the demand function.

It has been shown that no sound basis exists for a short- 
and mid-term raw materials scarcity fear and, especially, 
none for a phosphorus scarcity fear (e.g., Heckenmüller 
et al. 2014). But as noted, doomsday forecasts have flour-
ished throughout history. Phosphorus lends itself to such 
forecasts because without phosphorus for growing food, 
humankind would perish. People think that economically 
mineable phosphate will run short because phosphate rock 
is finite. Thus, imagining a fixed pie, many people are afraid 
of a rapid end of sufficient phosphorus supply. This basic 
scarcity fear came to the fore again in September 2019, when 
the British newspaper The Guardian published an article 
with the headline “Phosphate fertiliser ‘crisis’ threatens 
world food supply” (Carrington (2019), based on an article 
by Blackwell et al. (2019)). In a search for sensationalism 
or attention, “news” of a possible supply disaster appears 
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in waves every 10 to 20 years. This recurring concept of 
phosphate scarcity (Ulrich and Frossard 2014) can be traced 
to a 2009 article in Nature about phosphate as a “disappear-
ing nutrient” (Gilbert 2009) and further back to President 
Franklin D. Roosevelt’s 1938 address to Congress on “Phos-
phates for Soil Fertility” (Roosevelt 1938). In between, we 
can point to a “cause célèbre” (Brooks and Andrews 1974) 
of the 1970s – the 1971 Robert Inger report, Man in the Liv-
ing Environment (The Institute of Environment 1972), or to 
above cited publication by Cordell et al. (2009). These reveal 
that the above-described thinking of those who refute previ-
ous “disaster alarms” – often experts and phosphate insiders 
– are not taken into consideration (Emigh 1972; Mew 2011; 
Scholz and Wellmer 2013; van Kauwenbergh 2010).

The highly cited paper in Global Environmental Change 
by Cordell et al. (2009) initiated the most recent scarcity 
fear. The authors simply took the USGS 1999 reserve data. 
To them, the URR is just the sum of the historical production 
(consumption) of mineral phosphorus plus the reserves. To 
this fixed stock, Cordell et al. (2009) applied the Hubbert 
curve model, which uses a symmetric logistic model (they 
apply a Gaussian curve). Thus it “results in a production at 
peak of 29 MT P/a and a peak year of 2033” (2009, p. 298), 
summarizing that “phosphate rock … may be depleted in 
50–100 years” (2009, p. 292). As a reaction to this wrong 
statement, the authors of the present paper submitted and 
published a paper in the same journal (a) explaining why 
the fixed-pie statement is erroneous and (b) providing an 
estimate of phosphate rock reserves and resources (given 
that prices will increase and mining technology improve) of 
the US Western Phosphorus Field. The assessment resulted 
in an “estimate..., of the magnitude of 1000 years for static 
lifetime ‘at most manageable costs’” (Scholz and Wellmer 
2013). From a sociology of science perspective, it is interest-
ing why the reception of phosphorus scarcity fallacy mes-
sage was not really affected by this paper. From a geologic, 
geoeconomic, and mathematical modeling perspective, 
the conclusions drawn by Cordell et al. (2009) are funda-
mentally flawed and incorrect. The modeling with a fixed 
resource stock would not have passed peer review if experts 

in mineral resources had been included. The Cordell et al. 
conclusion falls behind even Meadows et al.’s assumption 
(see Box 1) of the estimation of the URR when including a 
growth factor of five.

Thus, it is amazing that the wider scientific environmen-
tal community has failed to take note of the refutation of 
experts. The Scholz and Wellmer (2013) paper was submit-
ted, most thoroughly reviewed, and appeared in the same 
high ranking journal as Cordell et  al.’s (2009) scarcity 
model. However, the phosphorus short-term scarcity argu-
ment has continued to be promoted. This can be demon-
strated by a web of science survey (see Table 1). The sci-
ence scarcity discussion started after the Déry and Anderson 
(2007) and Cordell et al. (2009) papers. An increasing num-
ber of science paper referred to alarmist physical phosphorus 
scarcity claims (see, Line 3). 10 out of the 14 papers on 
phosphorus predict rapid depletion.

How the incorrect use of scientific data may induce fear 
by Faktengewalt has been demonstrated by the September 
2019 Guardian article. It argues: as global phosphate con-
sumption increased by 14%, the ratio of reserves to pro-
duction fell from 300 to 259. This decrease was interpreted 
as an alarming sign. The ratio for phosphate with 258 is 
very high. From a mineral resources science view, it is in 
the order of 15 to 20 times distant from any levels that can 
be considered critical (Wellmer et al. 2018) with respect to 
developing mining capacities. For metals, the normal range 
of the reserve/production ratio discussed above varies, for 
example between 18 for zinc to 70 for iron ore or 100 for 
bauxite the raw material for aluminium. We may note that 
the geopotential offers two other phosphate sources: deep 
sea phosphate mining and phosphorous from sea water, the 
first restricted today by environmental, the second by techno-
logical problems – unknown knowns which might be solved 
in the longer-term by human creativity (McKelvey 1972).

It is most interesting to see that phosphorus experts from 
geological surveys or mining companies, etc. consider the 
phosphorus scarcity claim as basically wrong (see Table 2, 
No. 1). These people work at the direct interface with 

Table 1  Frequency of Web of Science papers on global phosphorus (1) discussing potential scarcity or (2) explicitly mentioning “scarcity/
scarce” in connection with resources and/or reserves, (3) explicitly providing an alarmist scarcity statement and (4) papers on scarcity

Topic 2000/1999 2005/2004 2010 2015 2020

1 Papers on global phosphorus reserves/resources 2
(13)

5
(31)

16
(37)

24 (30) 14
(50)

2 Potential scarcity explicitly discussed (term “scarcity”appears) 0
(0%)

0
(20%)

4
(25%)

9
(41%)

8 (57%)

3 Explicitly referring to “rapid depletion” or “50–150 year” like 
depletion alarmist statement (share of category 2)

0
(0%)

2
(40%)

9
(56%)

11
(46%)

10
(71%)

4 Number of papers which fulfill criteria of Line 2 and/or Line 3 0
(0%)

2
(40%)

9
(56%)

16
(67%)

14
(100%)
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science and usually know the scarcity discussion and the 
key papers.

Phosphorus practice experts thinking 
on phosphorus scarcity

Do high-level phosphorus experts follow the phosphorus-
scarcity fallacy? To investigate this question, we conducted 
a survey including the following inquiries: (1) whether cur-
rent global reserves might be depleted in 50–100 years (per 
Cordell et al. 2009); (2) whether there has been an increasing 
bias in the last 20 years toward citing papers claiming scar-
city; (3) if and how the “phosphorus scarcity soon” argu-
ment has influenced the political agenda; and (4) whether 
they know colleagues whose scientific integrity has been 
endangered by the phosphorus-scarcity statement (1)? (For 
the exact wording of the questions, see Supplementary Infor-
mation 1.)

We took the phosphorus practice representatives listed 
in the 2013 organigram of the four-year transdisciplinary 
Gobal TraPs project (Scholz et al. 2015, p. 78) as a reference 
sample of phosphorus practice experts. The sample included 
experts from all links of the phosphorus supply chain: explo-
ration (e.g., geological surveys members), mining (mine rep-
resentatives), processing (e.g., fertilize-production experts), 
use (e.g., fertilizer experts), dissipation and recycling (e.g., 
recycling companies and Greenpeace), and trade and finance 
(e.g., one CEO of the four largest phosphorus-trading com-
panies). As two of the six specialists from exploration and 
mining were among those whose current affiliation/address 
could not be identified, we substituted senior members of 
the French and US geological survey; 16 of the 22 experts 
responded.

Table 2 shows that all but one expert (among six geologi-
cal experts) considered the fixed-pie, peak-modeling-based 
depletion/scarcity statement as “basically wrong” (see [1], 
Table 2). The deviating answer was provided by an expert 

in biological agriculture. Three of the respondents remarked 
that the time frame is wrong, indicating that they see some 
point of depletion (perhaps in relation to a fixed-pie model). 
The vast majority of experts agreed in regard to the citation 
bias related to scarcity (see question 2 in paragraph 1 above) 
and that the scarcity argument has been used to affect the 
political agenda (see question 3). The majority of experts 
(58%, see question 4) know people whose integrity in rela-
tion to science has been endangered by the statement (1).

Alternatives to the fixed stock/pie concept

The Earth has limits. Therefore, the URR of non-renewa-
ble resources must have limits. Thus, for the proponents of 
strong sustainability (state of non-diminishing life oppor-
tunities according to Daly and Cobb 1989), the minimum 
or non-use of non-renewable resources is the only solu-
tion. There are alternatives, however, in the form of two 
approaches that strongly rely on humankind’s creativity 
(McKelvey 1972) and the influence of price on reserves. The 
first relates to non-bioessential materials. For such materi-
als, humankind does not need raw materials, as such, but 
solutions to functions. Therefore, the alternatives of sub-
stitution exists, either directly or by technology (Wellmer 
et al. 2018, p. 90). The second solution, which can also be 
applied to bioessential materials, is the cumulative avail-
ability curve method (Tilton et al. 2018; Tilton & Lagos 
2007; Yaksic and Tilton 2009). This refers to the concept 
of the opportunity cost paradigm. A cumulative availability 
curve shows the total quantities of a commodity that can be 
produced economically at various prices with today’s tech-
nology and other conditions, e.g., environmental or social 
constraints and when including environmental costs. As dis-
cussed above, as price rises, reserves grow, usually nonlin-
early higher with decreasing cut-off points (i.e., minimum 
economic concentration); the same applies to deposits.

Table 2  Four questions (see Supplementary Information 1) on prac-
tice experts’ agreement related to the “phosphorus scarcity soon” 
claim (*: This question included a note that “basically wrong” means 
that an adjustment of the specific period, e.g., by updating reserves, is 

comprised; ** three experts, not from the field of resources manage-
ment, explained that the statement is basically wrong, but there will 
be some point of depletion in the forseeable future)

No Statements Ratio of agreement to disagreement of 16 high-profile 
phosphorus practice experts (statements 2–4 are missing 
some values)

1 “Phosphorus depletion in 50–100 years” is “basically wrong.”* 15:1 [12:1]**
2 There has been an increasing bias in the last 20 years toward citing papers 

claiming scarcity
12:2

3 The “phosphorus scarcity soon” argument has influenced the political agenda 12:4
4 Do you know peers, whose belief in integrity has been endangered by the 

phosphorus scarcity statement 1?
7:5
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Let us consider how these functions. Deposits are enrich-
ments in the Earth’s crust. Consequently, there are limits 
to the amounts that can be exploited in a defined cost and 
price frame. Because of these limits, whether they are geo-
economic (e.g., cut-off boundaries), geographic, or other 
limitations, curves of production histories (Wellmer and 
Scholz 2017) generally show a typical bell-shaped develop-
ment over time, i.e., the Hubbert curve described above. 
If prices rise, another collective of deposits will become 
economically feasible, either discovered in the geopoten-
tial field or by the process by which, thus far, uneconomic 
resources become reserves. For this collective of deposits, 
over its lifetime another bell-shaped curve will develop. An 
example for such a development is the case history of gold 
since 1900 shown in Fig. 3 (Wellmer and Scholz 2018). Due 
to new price plateaus three production peaks developed (in 
the logarithmic presentation), i.e. peaks of overlapping Hub-
bert curves. Only the fourth peak in 1940 was caused by war 
measures.

We argue that there is no reason for pessimism about the 
availability of natural resources for a long time, even for 
bioessential ones, and that the fixed-stock concept is flawed. 
This may be considered a cornucopian view. Yet, we have to 
ask when this assumption may fail (falsifiability). We focus 
on phosphorus for which scarcity doubts are most frequently 
raised. One reason why the positive view may fail is the 
development of the reserves and resources; these are socio-
geologic entities. Their magnitude depends on human ability 
to gain access to favourable areas and to have available the 
right technology for exploitation.

Technological development is difficult to forecast. 
Thus, conservative planning should rely on the technolo-
gies already available. Naturally, technology innovation for 
deep mining (below 1500 m) or environmentally friendly 

deep-sea mining would open huge phosphorus resources. 
The only possibility is the close monitoring of the longer 
time series of the reserve data and of the reserve/consump-
tion (R/C) ratio, which may serve as an early-warning indi-
cator (Scholz and Wellmer 2013).

Availability of phosphorus assessments have to acknowl-
edge changes on the demand. One factor are the current total 
and agricultural use efficiencies. These are critically low 
(i.e., below 5%; Scholz and Wellmer 2015b) and certainly 
must be improved.

Because of the bioessentiality of phosphorus in the inter-
national phosphorus community, the necessity for improving 
the resource data has been voiced (Van Vuuren et al. 2010). 
Establishing an international organization for this task has 
already been mentioned (Rosemarin and Jensen 2013). 
Wellmer and Scholz (2015) made concrete proposals for 
such an organization under the auspices of the International 
Union of Geological Sciences, or EuroGeoSurveys, the 
Association of European Geological Surveys. This proposal 
was considered and subsequently published by the German 
science academies in 2018 (Leopoldina 2018).

Discussion

Ways of endangering science integrity

There are many ways to damage the integrity of science, 
such as fraud (falsifying and surpressing data; see e.g., 
George and Buyse 2015; Pickett and Roche 2018); sloppy 
experimentation and replication (Ioannidis 2005; Koshland 
1987); plagiarism; (internal or external) censorship; and 
greed related to funding or remuneration or to career promo-
tion (Ioannidis 2005; Saltelli et al. 2016; Woolf 1986). This 

Fig. 3  Gold production world-
wide and gold price develop-
ment since 1900 (nominal 
prices in logarithmic scale;  
source BGR Databank 2016) 
(Wellmer and Scholz 2018)
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paper deals with endangering the reputation and integrity 
of science when applying scientific knowledge on mineral 
resources scarcity. This is an example for a complex, soci-
etally relevant real-world problem of sustainable develop-
ment. We have presented and discussed three critical factors 
that have the potential to endanger the integrity of science 
in this context.

First, there is increasing societal and political pressure for 
science to become purposeful and to solve problems (solu-
tionism). Such knowledge becomes capitalized to finance 
research. This third mission may open the door to advo-
cacy. The presentation and even the generation of data and 
knowledge may become biased for non-scientific reasons, 
and scientists may become social activists and policy advo-
cates. This implies science communication in a more or less 
unbalanced way.

Second, some scientists and science activists claim that 
scientific findings, models, and theories may be applied as 
proven and indisputable and, thereby, be granted the status 
of becoming unfalsifiable. This holds true even for applica-
tions to complex systems for which any model or theory 
is genuinely incomplete. In regard to climate research, this 
truth to power has also turned to consensus to power (Van 
der Sluijs 2012). Herein, we have called this Faktenge-
walt; scientific findings are becoming facts that may not be 
questioned.

Third, in some opposition to Faktengewalt, post-normal 
science doubts that science may provide validated results 
that may refer to complex real-world problems. Post-nor-
mal scientists also stress that misconduct and fraud induce 
a principally biased knowledge system (Saltelli et al. 2016). 
Naturally, this endangers the integrity of science too. A main 
function of science, i.e., that science may serve as a (widely 
independent) clearinghouse of knowledge, becomes ques-
tioned. As an impact, science becomes just one voice among 
other stakeholder voices.

The promotion of fallacious scarcity claims

The claim of scarcity of global resources is of political and 
societal interest. It is a key assumption of strong sustain-
ability and a key statement to the Club of Rome that non-
renewable minerals such as zinc, gold, and phosphorus will 
become scarce in a short- or mid-term time frame. With 
respect to phosphorus, the most cited paper on phosphorus 
management stated that “global reserves may be depleted in 
50–100 years” (Cordell et al. 2009). In Sect. The phosphorus 
scarcity case, we have shown why it is fundamentally incor-
rect both from a conceptual and a mathematical modeling 
perspective.

In the paper by Cordell et al. (2009), as in most scar-
city papers, the main error is that reserves and resources are 

considered as static, fixed-stock entities. The reserves, i.e., 
companies’ data for planning their businesses (together with 
the historically mined phosphate), are taken as a proxy for 
URR. The incorrect statement has been published in many 
premium newspapers and, thus, misleads political actors and 
the public. The result is that this misinformation has the 
potential to cause severe negative impacts from a sustainable 
development perspective, as investments in sustainability are 
made in the wrong places.

Reserves and resources are finite, but they are finite due 
to price levels, degree of exploration and technological capa-
bilities. Limits can always be shifted by price rises and crea-
tivity improving technology. The reservoir, the geopotential, 
from where reserves can be generated is huge. the geologi-
cal reservoir from which we can draw is practically limit-
less. A rough estimate of the total volume of phosphorus 
in Earth’s continental crust with a volume of about 7591 
*  106  km3 (Schubert and Sandwell 1989) and an estimate 
of average phosphorus pentoxide concentration (P2O5) of 
0.027% (Binder 1999; P2O5 is used to assess rock phosphate 
volumes) provides a volume that would include the 2019 
annual consumption of 0.24 Gt marketable phosphate rock 
(with 30% P2O5) for 68 million years. Copper is an excellent 
example of how close to the geochemical average value of 
Earth’s crust using our present technology (not considering 
future advances and improvements) we can get in exploita-
tion. The lowest copper concentration producing mine of the 
world is the Aitik Mine in Sweden, mining 0.22% Cu with 
a cut-off grade of 0.06% Cu (Karlsson 2018). The cut-off is 
just 12 times the geological background of 50 ppm (Rankin 
2011). Why should phosphate miners be less creative than 
copper miners if need arises?

Yet many scientists in the field of environmental and sus-
tainability science continue to promote the scarcity claim 
based on an erroneous model. Recent statements read: 
“Our prognostication, based on the most recent estimates of 
reserves and taking appropriate consideration of projected 
demand levels, is that the peak in phosphorus production 
may occur between 2025 and 2084” (White & Cordell 2017, 
p. 62). In this statement, the year 2084 was calculated based 
on the updated reserves after the revision of the Moroccan 
reserves in 2010 (Jasinski 2011). Thus, the authors acknowl-
edge a dynamics of what humankind may alternatively 
retrieve based only on the short-term changes in reserves, 
but exclude it from their predictive modeling. This is some-
what perplexing as the rectification of the falsity of the rea-
soning by Scholz and Wellmer (Scholz and Wellmer 2013) 
has been published in the same journal that has published 
the paper with the reserve-based global resources deple-
tion. Some of the authors stopped mentioning global physi-
cal explicitly but resist making clarifying statements that 
would end the misleading reception of their incorrect claim.
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Why is the promotion of and belief in an incorrect 
scarcity model continuing?

There is a large range of cognitive, epistemological, moti-
vational, and sociopolitical reasons for scientists to promote 
the wrong scarcity model outside mineral sciences. We pre-
sent a discussion along three questions.

Q1: Is there a basic cognitive fallacy in non-mineral 
scientists’ reasoning that non-renewable, non-sub-
stitutable raw materials must become scarce in the 
course of human development?

Our answer is yes. There are several cognitive mecha-
nisms causing fallacious reasoning. The one is that humans 
want assurance about the future of something they urgently 
need in concrete entities. Published data about reserves 
and resources or deposits in geographically well-confined 
areas fulfills this need. Thus, mines – and consequently 
reserves and resources – are conceived as static geologic 
entities that do not change. This is one root for the fixed-
pie assumption. The much-discussed case of the Nauru 
Island guano deposit may serve as a prototypical cogni-
tive reference (Déry and Anderson 2007). Mining of the 
seabirds’ excrement phosphate deposit on the surface of 
the 21  km2 island came to a rapid end. A second is that 
“humans have severe difficulties reasoning about magni-
tudes outside human perception” (Resnick et al. 2017). 
People have no intuitive cognitive access that the geologi-
cal reservoir from which we can draw is practically limit-
less as shown above. And third, the ideas of practically 
unlimited possibilities that geologic enrichment processes, 
human creativity (McKelvey 1972), technological devel-
opments, and the stimulus of raw material prices driven 
by demand and supply offer opportunities to find solutions 
to meet humans’ needs are not part of the daily mindset.

A second cognition-related question is that reserves and 
resources are a dynamic geoeconomic, sociotechnological 
entity, as shown above.

Q2: What are the reasons that the dynamic nature of 
resources and reserves is often ignored?

What parts of terrestrial Earth may become inaccessible 
due to urbanization or environmental regulation depends 
on social constraints. What ore grades may be economi-
cally mined depends on the price society is able and will-
ing to pay for one ton of a mineral. Yet this should be 
consistent with the intuitive mindset of limited numbers 
of deposits, i.e., mineral accumulations. Even the masters 
of environmental system dynamics modeling, Dennis and 
Donella Meadows, failed to recognize the geoeconomic 
rule of prices in relation to the increase of reserves/
resources. They modeled a collapsing world, due also 
to mineral scarcity, also due to underestimation of the 

reserves because of incomplete exploration. Their focus 
has been exclusively on the demand side. Reserves and 
resources may be viewed as prototypical examples that the 
interaction or coupling of human systems dynamics and 
environmental systems dynamics is not well understood 
at the current stage of human development. The feedback 
cycle of reserves and resources, including the fact that 
growing global consumption is increasing the reserves and 
resources, seems to continue to be counterintuitive.

Thus far, we have argued from a cognitive perspective. 
Yet the scarcity fallacy may also be viewed from a history 
of science and epistemological perspective. Relating knowl-
edge, variables, and dynamics that form social and natural 
systems is not meeting the traditional formation of disci-
plines and scientific communities. Knowledge, also in the 
minds of scientists, is often applied in specific contexts. For 
instance, for geologists it is clear that – in general – there 
is a non-linear increase of total tonnage of phosphate or 
other minerals with the decrease in the concentration of 
phosphate rock. Thus, reserves and resources increase non-
linearly. This again has a positive effect on the price increase 
resources rule from a potential (long-term) scarcity manage-
ment view. A lack of geologic literacy (with respect to time 
and space) and an understanding that reserves and resources 
are fundamental dynamic geoeconomic or geosocial entities 
and not fixed materials may also promote the prevalence of 
the “fixed-pie model.”

For answering Q1 and Q2, empirical research may clarify 
whether a lack of geologic literacy (with respect to time and 
space) and an understanding that reserves and resources are 
fundamental dynamic geo-economic or geosocial entities 
and not fixed materials promote the prevalence of the “fixed-
pie model.” Answering this question may well become a 
subject of cognitive fallacy research clarifying misconcep-
tions and biases regarding mineral-resource systems.

Finally, a key question related to scientists' motivation 
asks:

Q3: Are (some) scientists promoting the short- and 
mid-term scarcity fallacy because of sociopolitical 
motivations?

As with the other questions, systematic research to find 
the answer is missing. Environmental concern or advocacy 
about overuse of phosphorus and its environmental impacts 
(see 2.3) and the science activist’s and solutionist’s advocacy 
habit (see 2.3) may be effectively used to promote the wrong 
scarcity assumption as a way of reinforcing the argument for 
reducing losses and increasing phosphorus recycling. Here, 
an incorrect scientific statement about future reserves and 
resources is used as Faktengewalt. The motivation or policy-
based habit may be viewed as serving the public with good 
and sustainable action. Yet, this may also result in just the 
opposite, i.e., setting the wrong priority among a range of 
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different environmental investments due to an unjustified 
upgrading of the benefits of phosphorus recycling to avoid 
scarcity by fallacious reasoning. Incorrect scientific state-
ments should be not abused for political action. In the course 
of a transdisciplinary project on Global Transdisciplinary 
Sustainable Phosphorus Management (Global Traps; Scholz 
et al. 2014) that included many practitioners, the authors 
noticed that participants from the phosphorus industry, min-
ing companies and geologic surveys lost significant trust in 
the integrity of science based on the scarcity claim. Thus, 
the phosphorus scarcity claim was endangering partner-
ships with and the respect of those actors who not only have 
profound knowledge about the phosphorus geopotential, 
but are also key agents of increasing resource efficiency. 
Mineral resources experts have unambiguous evidence that 
short- and mid-term scarcity will not take place. We may 
also argue that scarcity proponents suppress key data. Just 
consider the stance that the amount of geoecologic phos-
phorus resources – mostly not sufficiently explored so far 
– would provide 1200 times the consumption of the year 
2019 (Jasinski 2020). We may assume that such an argu-
ment would alleviate any person’s scarcity fear of phospho-
rus running out in the next decades. Phosphorus may be 
scarce in some soils and phosphorus fertilizer too expen-
sive and, thus, not sufficiently available to many farmers in 
developing countries. But the physical “Global Phosphorus 
Scarcity” (Cordell 2016), as it is still promoted in the titles 
of papers again and again (Alewell et al. 2020; Fillippelli 
2021; Nanda et al. 2020), is a myth and misleading politi-
cal argument. Given the essentiality of phosphorus and the 
genuine uncertainty around its geopotential, responsible sus-
tainable action should be directed toward better understand-
ing the constraints of long-term availability and mitigating 
environmental effects due to low efficiency, i.e., high losses, 
of phosphorus along the supply chain (Scholz and Wellmer 
2015a, b).

Conclusion

In the course of dealing with these complex demands, trust 
in scientists, confidence in scientific results, and the integrity 
of science have been and continue to be endangered. The 
present paper shows that this becomes critical if (a) science 
activism, solutionism, and normative transition advocacy 
are integrated and bias the scientific modeling. Abandoning 
disciplinary knowledge (e.g., the dynamics of entities such 
as reserves or resources) may be taken as example. This 
becomes critical when walking (b) the truth to power road 
and utilizing an unjustified Faktengewalt of science without 
reflecting on the incompleteness of knowledge. Perhaps as 
a consequence, (c) science’s societal role of serving as a 
clearinghouse of knowledge becomes doubted. The critical 

validation of scientific statements becomes doubted. Science 
becomes downgraded to just one voice among others.

We discussed the mineral scarcity fallacy for the case 
of phosphorus as a bio-essential mineral. We revealed fun-
damental errors in modeling related to a fixed-pie model 
of reserves and resources, utilized convergent validation 
by presenting different models and theories showing that 
there is no scarcity in physical phosphorus supply for 
a temporal magnitude of 1000 years or longer. We dis-
cussed reasons and motivations of (non-mineral) scien-
tists for promoting the scarcity claim. The authors of this 
paper are aware that the incompleteness of knowledge also 
applies to the present authors’ reasoning. There may be 
new insights on the role of mineral fertilizers, patterns of 
igneous phosphorus deposits, new deep-mining technolo-
gies, etc. that may change the arguments. There are limits 
and constraints in our reasoning. The results are robust 
for a variation of the demand function of factor two and 
might be rethought for a fivefold demand. Yet utilizing a 
fixed-pie/stock assumption of entities such as reserves or 
resources does not align with the ideal of an honest knowl-
edge broker who makes available the best and most accu-
rate scientific knowledge for the best political decision.

Solutionism may lead to de-differentiation between the 
role and functions of scientists. Intrinsic solutionism, i.e., 
normative science activism, promotes biased or even errone-
ous scientific statements (Strohschneider 2014). The claim of 
short- or mid-term phosphorus scarcity has been presented 
as an example. Here, unambiguously wrong scientific (geo-
economic) modeling and statements on scarcity have been 
used to raise public concern about a collapsing food system. 
This is presumably done to promote more efficient phos-
phorus use and recycling, which is – from an environmen-
tal and sustainability perspective – a proper and reasonable 
consequence. Yet according to propositional logic, anything 
may be concluded from a wrong proposition. The potential 
costs of an incorrect phosphorus scarcity claim may lead 
to promoting overly expensive and (environmentally) inef-
ficient phosphorus recycling technologies whereas ignor-
ing investments with higher potential efficiencies at other 
stages of the supply chain or places that may achieve higher 
efficacies (Kraus et al. 2016; Morf et al. 2019). This seems 
obvious given the perceived impact of scarcity assertion on 
policy actors (see Table 2, No. 3). The wrong citations of the 
papers on scarcity are mostly made by researchers in papers 
on recycling or increasing use efficiency. Practitioners’ judg-
ments, especially those from practitioners with a geological 
background, show a much higher reliability than those from 
phosphorus scientists from these domains.

Moreover, an erroneous scarcity statement may destroy 
trust in science. We have personally seen that many open-
minded actors from the mineral industry community who 
turn away from “evidently unreliable science” with fierce 
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comments (see Table 2, No. 4). This makes it difficult to 
address them about other sustainable innovations. Thus, not 
unsustainable action may be the major threat but the loss of 
integrity of science by using unvalidated or wrong scientific 
statements as Faktengewalt. Scientists as honest knowledge 
brokers should communicate what they know (and what they 
may not know), why, and how well they know it. This par-
ticularly requires that wrong claims become (authentically 
and uprightly) corrected.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11625- 021- 01006-w.

Acknowledgements We want to thank Ludwig Herrmann, Amit Roy, 
Michael Mew and Gerald Steiner for their feedback, two unknown 
reviewers for their helpful comments and Elaine Ambrose for the Eng-
lish editing of this paper.

Funding Open access funding provided by Danube University Krems 
University for Continuing Education.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adelman C (1993) Kurt Lewin and the origins of action research. Edu-
cational Action Research 1(1):7–24

Alewell C, Ringeval B, Ballabio C, Robinson DA, Panagos P, Borrelli 
P (2020) Global phosphorus shortage will be aggravated by soil 
erosion. Nat Commun 11(1):1–12

Ali SH, Giurco D, Arndt N, Nickless E, Brown G, Demetriades A, 
Littleboy A (2017) Mineral supply for sustainable development 
requires resource governance. Nature 543(7645):367

Bazerman, MH, Baron J, Shonk (2001) Enlarging the societal pie-A 
cognitive perspective. Harvard NOM Research Paper No. 02–17. 
Harvard, Cambridge, MA

Berger M, Sonderegger T, Alvarenga R, Bach V, Cimprich A, Dewulf 
J et al (2020) Mineral resources in life cycle impact assessment: 
part II–recommendations on application-dependent use of exist-
ing methods and on future method development needs. Int J Life 
Cycle Assess 25(4):1–16

Binder HH (1999) Lexikon der chemischen Elemente: Das Perioden-
system in Fakten, Zahlen und Daten. Hirzel, Stuttgart

Blackwell MSA, Darch T, Haslam RP (2019) Phosphorus use effi-
ciency and fertilizers: future opportunities for improvements. 
Front Agric Sci Eng 6(4):332–340

Brooks DB, Andrews PW (1974) Mineral-resources, economic, 
growth, and world population. Science 185(4145):13–19

Brundtland GH, Khalid M, Agnelli S, Al-Athel S, Chidzero B, Fadika 
F, Hauff V (1987) Our common future. UN, New York

Calvo G, Valero A, Valero A (2017) Assessing maximum production 
peak and resource availability of non-fuel mineral resources: 
Analyzing the influence of extractable global resources. Resour 
Conserv Recycl 125:208–217

Carrington D (2019) Phosphate fertilizer ‘crisis’ threatens world food 
supply. The Guardian 6 Sept 2019. https:// www. thegu ardian. 
com/ envir onment/ 2019/ sep/ 06/ phosp hate- ferti liser- crisis- threa 
tens- world- food- supply. Accessed 16 Oct 2021

Cordell D (2016) Global phosphorus scarcity: a food secure future. 
Paper presented at the proceedings of the 27th Australian poultry 
science symposium, The Poultry Research Foundation, Univer-
sity of Sydney and The World’s Poultry Science Association, 
Australian Branch, Sydney, 14–17 February 2016, pp 153–157

Cordell D, Drangert JO, White S (2009) The story of phosphorus: 
Global food security and food for thought. Global Environm 
Change Human Policy Dimens 19(2):292–305. https:// doi. org/ 
10. 1016/j. gloen vcha. 2008. 10. 009

Daly HE, Cobb JB (1989) For the common good: Redirecting the 
economy toward community, the environment, and the sustain-
able future. Beacon Press, Boston

Daston L (2020) Die Natur rächt sich nicht (Interview). DER SPIEGEL 
30, 18 July 20. https:// eproo fing. sprin ger. com/ ePj/ index/ Wt8- 
MJqh-H- 1eF8_ MiWzt l0tft QAx6C 9ncBC XjwRs 7FeFK hQCHv 
koZY- TAwOa n3hwv SOr0s uwgzP jqUGP sjIz4 Iea7l sZUCt 
CWYuy 72- TVe3v PMvcP LVnZc CJ7s8 SPUuY- BtfvX EOIb7 
5rfsX LdOoA==. Accessed 15 Aug 2021

Dedeurwaerdere T (2018) From ecological psychology to four varieties 
of post-positivism in transdisciplinary science. Environm Syst 
Decis 38(1):79–83

Déry P, Anderson B (2007) Peak Phosphorus. Energy bulletin. www. 
energ ybull etin. net/ node/ 33164. Accessed 15 June 2021

DeYoung JH Jr (1981) The Lasky cumulative tonnage-grade relation-
ship - a re-examination. Econ Geol 76(5):1067–1080

Drielsma JA, Russell-Vaccari AJ, Drnek T, Brady T, Weihed P, 
Mistry M, Simbor LP (2016) Mineral resources in life cycle 
impact assessment—defining the path forward. Int J Life Cycle 
Assessm 21(1):85–105

Durkheim E (1895/1982) The rules of sociological method. Macmil-
lan, London

EC (2010) European Commission-enterprise and industry: critical 
raw materials for the EU, Version of 30 July 2010. Brussels. 
http:// ec. europa. eu/ DocsR oom/ docum ents/ 5662/ attac hments/ 
1/ trans latio ns. Accessed 15 July 2021

EC (2017) Communication from the Commission to the European 
Parliament, the Council, the European Economic and Social 
Committee and the Committee of the Regions on the 2017 list 
of critical raw materials for the EU. Brussels. https:// eur- lex. 
europa. eu/ legal- conte nt/ EN/ TXT/ PDF/? uri= CELEX: 52017 
DC049 0& from= EN. Accessed 13 Sept 2017

Edixhoven JD, Gupta J, Savenije HHG (2013) Recent revisions of 
phosphate rock reserves and resources: reassuring or mislead-
ing? An in-depth literature review of global estimates of phos-
phate rock reserves and resources. Earth Syst Dynam Discuss 
4:1005–1034. https:// doi. org/ 10. 5194/ esdd-4- 1005- 2013

Emigh GD (1972) World phosphate reserves-are there really enough? 
Eng Min J 173(4):90–95

Etzkowitz H, Webster A, Healey P (1998) Capitalizing knowledge: 
New intersections of industry and academia. Suny Press, 
Albany, N.Y.

Fillippelli G (2021) Our losing phosphate wager. Global food sys-
tems depend on fertilizers with phosphate. We need to act now 
before this nonrenewable resource runs out. EoS, Washing-
ton, DC. https:// eos. org/ opini ons/ our- losing- phosp hate- wager. 
Accessed 15 Aug 2021

https://doi.org/10.1007/s11625-021-01006-w
http://creativecommons.org/licenses/by/4.0/
https://www.theguardian.com/environment/2019/sep/06/phosphate-fertiliser-crisis-threatens-world-food-supply
https://www.theguardian.com/environment/2019/sep/06/phosphate-fertiliser-crisis-threatens-world-food-supply
https://www.theguardian.com/environment/2019/sep/06/phosphate-fertiliser-crisis-threatens-world-food-supply
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://eproofing.springer.com/ePj/index/Wt8-MJqh-H-1eF8_MiWztl0tftQAx6C9ncBCXjwRs7FeFKhQCHvkoZY-TAwOan3hwvSOr0suwgzPjqUGPsjIz4Iea7lsZUCtCWYuy72-TVe3vPMvcPLVnZcCJ7s8SPUuY-BtfvXEOIb75rfsXLdOoA==
https://eproofing.springer.com/ePj/index/Wt8-MJqh-H-1eF8_MiWztl0tftQAx6C9ncBCXjwRs7FeFKhQCHvkoZY-TAwOan3hwvSOr0suwgzPjqUGPsjIz4Iea7lsZUCtCWYuy72-TVe3vPMvcPLVnZcCJ7s8SPUuY-BtfvXEOIb75rfsXLdOoA==
https://eproofing.springer.com/ePj/index/Wt8-MJqh-H-1eF8_MiWztl0tftQAx6C9ncBCXjwRs7FeFKhQCHvkoZY-TAwOan3hwvSOr0suwgzPjqUGPsjIz4Iea7lsZUCtCWYuy72-TVe3vPMvcPLVnZcCJ7s8SPUuY-BtfvXEOIb75rfsXLdOoA==
https://eproofing.springer.com/ePj/index/Wt8-MJqh-H-1eF8_MiWztl0tftQAx6C9ncBCXjwRs7FeFKhQCHvkoZY-TAwOan3hwvSOr0suwgzPjqUGPsjIz4Iea7lsZUCtCWYuy72-TVe3vPMvcPLVnZcCJ7s8SPUuY-BtfvXEOIb75rfsXLdOoA==
https://eproofing.springer.com/ePj/index/Wt8-MJqh-H-1eF8_MiWztl0tftQAx6C9ncBCXjwRs7FeFKhQCHvkoZY-TAwOan3hwvSOr0suwgzPjqUGPsjIz4Iea7lsZUCtCWYuy72-TVe3vPMvcPLVnZcCJ7s8SPUuY-BtfvXEOIb75rfsXLdOoA==
http://www.energybulletin.net/node/33164
http://www.energybulletin.net/node/33164
http://ec.europa.eu/DocsRoom/documents/5662/attachments/1/translations
http://ec.europa.eu/DocsRoom/documents/5662/attachments/1/translations
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52017DC0490&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52017DC0490&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52017DC0490&from=EN
https://doi.org/10.5194/esdd-4-1005-2013
https://eos.org/opinions/our-losing-phosphate-wager


2084 Sustainability Science (2021) 16:2069–2086

1 3

Forrester JW (1969) Urban dynamics. The MIT Press, Cambridge
Forrester JW (1971) World dynamics. Wright-Allen Press, 

Cambridge
Garbe L, Rau R, Toppe T (2020) Influence of perceived threat of 

Covid-19 and HEXACO personality traits on toilet paper stock-
piling. Plos One 15(6):e0234232

Geissler B, Steiner G, Mew MC (2018) Clearing the fog on phosphate 
rock data–Uncertainties, fuzziness, and misunderstandings. Sci 
Total Environ 642:250–263

George SL, Buyse M (2015) Data fraud in clinical trials. Clinical Inves-
tigation 5(2):161

Gibbons M, Limoges C, Nowotny H, Schwartzmann S, Scott P, Trow M 
(1994) The new production of knowledge. Sage, London

Gilbert N (2009) The disappearing nutrient. Nature 661(8):716–718
Grunwald A (2015) Transformative Science - A New Order in Aca-

demia? Gaia-Ecolog Perspect Sci Soc 24(1):17–20
Harhoff D, Kagermann H, Stratmann M (2018) Impulse für Sprungin-

novationen in Deutschland. Herbert Utz Verlag, München
Henckens MLCM, Driessen PPJ, Worrell E (2014) Metal scarcity and 

sustainability, analyzing the necessity to reduce the extraction of 
scarce metals. Resour Conserv Recycl 93:1–8

Henckens MLCM, van Ierland EC, Driessen PPJ, Worrell E (2016) 
Mineral resources: Geological scarcity, market price trends, and 
future generations. Resour Policy 49:102–111

Hewett DF (1929) Cycles in metal production. Technical Publication 
183, Class A, No. 24. American Institute of Mining and Metal-
lurgical Engineers, Washington

Hoffmann C (2013) Die Arbeit der Wissenschaften. Zurich: diaphanes
Hubbert MK (1956) Nuclear energy and the fossil fuels. Paper pre-

sented at the drilling and production practice, New York NY, 1 
January 1956. https:// onepe tro. org/ APIDPP/ proce edings/ API56/ 
All- API56/ API- 56- 007/ 51089. Accessed 15 July 2021

Ioannidis JP (2005) Why most published research findings are false. 
PLoS Med 2(8):e124

Jasanoff S, Wynne B (1998) Science and decision making. In: Rayner 
S, Malone EL (eds) Human choice and climate change, vol 1. 
Batelle Press, Ohio, pp 1–87

Jasinski SM (2011) Phosphate rock. In: US Geological Survey (ed) 
Mineral commodity summaries 2011. USGS, St. Louis, MO, 
pp 120–121

Jasinski SM (2020) Phosphate rock. In: US Geological Survey (ed) 
Mineral commodity summaries 2018. USGS, St. Louis, MO, 
pp 122–123

Jevons WS (1865) The coal question: an inquiry concerning the pros-
pects of the nation and the probable exhaustion of our coal 
mines. MacMillan, London

Karlsson P (2018). Boliden summary report, resources and reserves 
2018, Aitik. https:// www. bolid en. com/ globa lasse ts/ opera tions/ 
explo ration/ miner al- resou rces- and- miner al- reser ves- pdf/ resou 
rces- and- reser ves- aitik- 2018- 12- 31. pdf. Accessed 15 Aug 2021

Kooroshy J, Meindersma C, Rademaker M, Sweijs T, Diederen AM, 
Beerthuijzen M, Goede S (2009) Scarcity of minerals. A strate-
gic security issue. https:// hcss. nl/ sites/ defau lt/ files/ files/ repor ts/ 
HCSS_ Scarc ity_ of_ Miner als. pdf. Accessed 15 Aug 2021

Koshland DE (1987) Fraud in science. Science 235(4785):141–141. 
https:// doi. org/ 10. 1126/ scien ce. 37980 97

Kraus F, Kabbe C, Remy C, Lesjean B (2016) Phosphorrecycling aus 
Klärschlamm in Deutschland: Eine Abschätzung von Kosten 
und Umweltauswirkungen. KA Korrespondenz Abwasser Abfall 
6:528–537

Kuhn TS (1962) The structure of scientific revolutions (two volumes), 
3rd edn. Chicago University Press, Chicago

Lahman HS, Lassiter JB (1972) The Evolution and Utilization of 
Marine Mineral Resources. Books for Busiiness, Oakville

Lakatos I (2015) Proofs and refutations: the logic of mathematical 
discovery. Cambridge University Press, Cambridge, MA

Lasky SG (1950a) How tonnage and grade relations help predict ore 
reserves. Eng Min J 151(4):81–85

Lasky SG (1950b) Mineral Resource Appraisal by the US Geological 
Survey. Colo Sch Mines Q 45(1A):1–27

Lee D (2013) Reluctant relaxation: the end of the iron ore export 
embargo and the origins of Australia’s mining boom, 1960–1966. 
History Australia 10(3):149–170

Leopoldina  (2018) Raw materials for the energy transition. Ger-
man National Academy of Sciences and Humanities Leopol-
dina, National Academy of Science and Engineering (acatech). 
Union of The German Academies of Sciences and Humanities, 
München

Loewenstein G (1994) The psychology of curiosity: A review and rein-
terpretation. Psychol Bull 116(1):75–98

Loorbach D (2014) To transition! governance panarchy in the new 
transformation. Erasmus University Rotterdam, Rotterdam

McKelvey VE (1972) Mineral resource estimates and public policy. 
Am Sci 60(11):32–40

Meadows DL, Behrens WW, Meadows DH, Naill RF, Randers J, Zahn 
EKO (1974) Dynamics of Growth in a Finite World. Wright-
Allen Press, Cambridge

Meadows DH, Meadows DL, Randers J, Behrens WW (1972a) The 
limits to growth. Universe Books, New York, NY

Meadows DL, Meadows DH, Randers J, Behrens WW (1972b) The 
Limits of growth in a finite world. A Report for the Club of Rome 
project of the predicament of mankind. Potomac, New York

Meinert LD, Robinson GR, Nassar NT (2016) Mineral resources: 
reserves, peak production and the future. Resources 5(1):14

Mew M (2011) Future phosphate rock production – peak or plateau? 
https:// www. donau- uni. ac. at/ dam/ jcr: c6d9a 9cd- d00e- 4329- bdb0- 
b5c91 15e03 e2/ Mew_ Phosp hate% 20Roc k,% 20Peak% 20or% 20Pla 
teau. pdf. Accessed 15 Aug 2021

Mew M (2016) Phosphate rock costs, prices and resources interaction. 
Sci Total Environ 542:1008–1012

Morf L, Schlumberger S, Adam F, Nogueira GD (2019) Urban phos-
phorus mining in the Canton of Zurich: phosphoric acid from 
sewage sludge ash. In: Ohtake H, Tseneda S (eds) Phosphorus 
recovery and recycling. Springer, Singapore, pp 157–177

Nanda M, Kansal A, Cordell D (2020) Managing agricultural vulner-
ability to phosphorus scarcity through bottom-up assessment of 
regional-scale opportunities. Agric Syst 184:102910

Pickett JT, Roche SP (2018) Questionable, objectionable or criminal? 
Public opinion on data fraud and selective reporting in science. 
Sci Eng Ethics 24(1):151–171

Pielke RA (2007) The honest broker: making sense of science in policy 
and politics. Cambridge University Press, Cambridge

Popper KR (1969) Conjectures and refutations: The growth of the sci-
entific knowledge, 3rd edn. Routledge and Kegan, London

Radin P (1937) Economic factors in primitive religion. Sci Soc 
1(3):310–325

Rankin WJ (2011) Minerals, metals and sustainability: meeting future 
material needs. CSIRO publishing, Collingwood

Ravetz JR (1987) Usable knowledge, usable ignorance: incomplete sci-
ence with policy implications. Knowledge 9(1):87–116

Ravetz JR (1993) The sin of science-ignorance of ignorance. Knowl-
edge 15(2):157–165

Resnick I, Newcombe NS, Shipley TF (2017) Dealing with big num-
bers: Representation and understanding of magnitudes outside 
of human experience. Cogn Sci 41(4):1020–1041

Roosevelt FD (1938) Message to congress on phosphates for soil fertil-
ity. http:// www. presi dency. ucsb. edu/ ws/? pid= 15643

Rosemarin A, Jensen LS (2013) What is the phosphorus challenge? 
Paper presented at the European sustainable phosphorus confer-
ence, Brussels, 6–7 March 2013

https://onepetro.org/APIDPP/proceedings/API56/All-API56/API-56-007/51089
https://onepetro.org/APIDPP/proceedings/API56/All-API56/API-56-007/51089
https://www.boliden.com/globalassets/operations/exploration/mineral-resources-and-mineral-reserves-pdf/resources-and-reserves-aitik-2018-12-31.pdf
https://www.boliden.com/globalassets/operations/exploration/mineral-resources-and-mineral-reserves-pdf/resources-and-reserves-aitik-2018-12-31.pdf
https://www.boliden.com/globalassets/operations/exploration/mineral-resources-and-mineral-reserves-pdf/resources-and-reserves-aitik-2018-12-31.pdf
https://hcss.nl/sites/default/files/files/reports/HCSS_Scarcity_of_Minerals.pdf
https://hcss.nl/sites/default/files/files/reports/HCSS_Scarcity_of_Minerals.pdf
https://doi.org/10.1126/science.3798097
https://www.donau-uni.ac.at/dam/jcr:c6d9a9cd-d00e-4329-bdb0-b5c9115e03e2/Mew_Phosphate%20Rock,%20Peak%20or%20Plateau.pdf
https://www.donau-uni.ac.at/dam/jcr:c6d9a9cd-d00e-4329-bdb0-b5c9115e03e2/Mew_Phosphate%20Rock,%20Peak%20or%20Plateau.pdf
https://www.donau-uni.ac.at/dam/jcr:c6d9a9cd-d00e-4329-bdb0-b5c9115e03e2/Mew_Phosphate%20Rock,%20Peak%20or%20Plateau.pdf
http://www.presidency.ucsb.edu/ws/?pid=15643


2085Sustainability Science (2021) 16:2069–2086 

1 3

Rosendahl J, Zanella MA, Rist S, Weigelt J (2015) Scientists’ situ-
ated knowledge: strong objectivity in transdisciplinarity. Futures 
65:17–27

Saltelli A, Ravetz JR, Funtowicz S (2016) Who will solve the crisis in 
science? In: Ravetz JR, Funtowicz S, Benessia A, Funtowicz S, 
Giampietro M, Guimarães Pereira A (eds) Science on the Verge. 
Consortium for Science, Policy & Outcomes, Tempe, pp 1–30

Schmidt M (2019) Scarcity and environmental impact of mineral 
resources—An old and never-ending discussion. Resources 8:2. 
https:// doi. org/ 10. 3390/ resou rces8 010002

Schneidewind U (2015) Transformative Wissenschaft-Motor für gute 
Wissenschaft und lebendige Demokratie. Gaia-Ecolog Perspect 
Sci Soc 24(2):88–91

Schodde R (2019) Role of technology and innovation for identifying 
and growing economic resources. Paper presented at the pro-
ceedings of the AMIRA international’s 12th biennial explora-
tion managers conference, Hunter Valley, Australia, 26–29 March 
2019

Scholz RW (2011) Environmental literacy in science and society: From 
knowledge to decisions. Cambridge University Press, Cambridge

Scholz RW (2017) The normative dimension in transdisciplinarity, 
transition management, and transformation sciences: New roles 
of science and universities in sustainable transitioning. Sustain-
ability. https:// doi. org/ 10. 3390/ su906 0991

Scholz RW (2020) Transdisciplinarity: Science for and with society in 
light of the university’s roles and functions. Sustain Sci. https:// 
doi. org/ 10. 1007/ s11625- 020- 00794-x

Scholz RW, Steiner G (2015) The real type and ideal type of transdis-
ciplinary processes: part I—theoretical foundations. Sustain Sci 
10(4):527–544

Scholz RW, Wellmer F-W (2013) Approaching a dynamic view on the 
availability of mineral resources: what we may learn from the 
case of phosphorus? Glob Environ Chang 23:11–27

Scholz RW, Wellmer F-W (2015) Losses and use efficiencies along 
the phosphorus cycle Part 1: Dilemmata and losses on the 
mines and other nodes of the supply chain. Resour Conserv 
Recycl 105:216–234

Scholz RW, Wellmer F-W (2015) Losses and use efficiencies along 
the phosphorus cycle. Part 2: Understanding the concept of 
efficiency. Resour Conserv Recycl 105:259–274. https:// doi. 
org/ 10. 1016/j. resco nrec. 2015. 10. 003

Scholz RW, Wellmer FW (2018) Although there is no physical short-
term scarcity of phosphorus, its resource efficiency should be 
Improved. J Indust Ecol 23(2):313–318

Scholz RW, Mieg HA, Oswald J (2000) Transdisciplinarity in 
groundwater management: Towards mutual learning of science 
and society. Water Air Soil Pollut 123(1–4):477–487

Scholz RW, Roy AH, Hellums DT (2014) Sustainable phosphorus 
management: A global transdisciplinary challenge. In: Scholz 
RW, Roy AH, Brand FS, Hellums DT, Ulrich AE (eds) Sus-
tainable phosphorus management: A global transdisciplinary 
roadmap. Springer, Berlin, pp 1–129

Scholz RW, Wellmer F-W (2016) Comment on: “Recent revisions 
of phosphate rock reserves and resources: a critique” by Edix-
hoven et al. (2014) clarifying comments and thoughts on key 
conceptions, conclusions and interpretation to allow for sus-
tainable action. Earth System Dynamics 7:103–117

Scholz RW, Beckedahl M, Noller S, Renn O (eds) (2021) DiDaT 
Weißbuch: Verantwortungsvoller Umgang mit digitalen Daten 
– Orientierungen eines transdisziplinären Prozesses. Baden 
Baden, Nomos

Schrijvers D, Hool A, Blengini GA, Chen W-Q, Dewulf J, Eggert 
RG et al (2020) A review of methods and data to determine 
raw material criticality. Resour Conserv Recycl 155:104617

Schubert G, Sandwell D (1989) Crustal volumes and the continents 
and of oceanic and continental submarine plateaus. Earth 
Planet Sci Lett 92:234–246

Stolt C-M, Klein G, Jansson A (2004) An analysis of a wrong Nobel 
Prize-Johannes Fibiger, 1926: a study in the Nobel archives. 
Adv Cancer Res 92:1–13

Strohschneider P (2014) Zur Politik der Transformativen Wis-
senschaft. In: Brodocz A, Herrmann D, Schmidt R, Schulz 
D, SchulzeWessel J (eds) Die Verfassung des Politischen. 
Springer, Wiesbaden, pp 175–192

The Bureau of Mines (1974) The Bureau of Mines minerals avail-
ability system and resource classification manual 1974. Bureau 
of Mines Information Circular, IC 8654. United States Depart-
ment of the Interior, Bureau of Mines, Washington, DC

The Institute of Environment (1972) Man in the Living Environment. 
University of Wisconsin Press, Madison

Tilton JE (2003) On borrowed time? Assessing the threat of mineral 
depletion. Resources for the Future, Washington

Tilton JE (2018) The Hubbert peak model and assessing the threat 
of mineral depletion. Resour Conserv Recycl 139:280–286. 
https:// doi. org/ 10. 1016/j. resco nrec. 2018. 08. 026

Tilton JE, Lagos G (2007) Assessing the long-run availability of 
copper. Resour Policy 32:19–23

Tilton JE, Crowson PCF, DeYoung JH, Eggert RG, Ericsson M, 
Guzmán JI et al (2018) Public policy and future mineral sup-
plies. Resour Policy 57:55–60

Tschakert P, Tuana N, Westskog H, Koelle B, Afrika A (2016) TCH-
ANGE: the role of values and visioning in transformation sci-
ence. Curr Opin Environm Sustain 20:21–25

Ulrich AE, Frossard E (2014) On the history of a reoccurring con-
cept: Phosphorus scarcity. Sci Total Environ 490:694–707

Unger P (1978) Ignorance: a case for scepticism. Oxford University 
Press, Oxford

USGS (2020) Mineral commodity summaries 2020. U.S. Geologi-
cal Survey, Washington, DC. https:// doi. org/ 10. 3133/ mcs20 20

USGS, USBM (1980) Principles of a resource/reserve classification 
for minerals. Geological Survey Circular 831. U.S. Bureau of 
Mines, U.S. Geological Survey, Alexandria, VA

Van der Sluijs JP (2012) Uncertainty and dissent in climate risk 
assessment: A post-normal perspective. Nature Culture 
7(2):174–195

van Kauwenbergh SJ (2010) World phosphate rock reserves and 
resources. IFDC, Muscle Shoals, AL

van Oers L, Guinée J (2016) The abiotic depletion potential: back-
ground, updates, and future. Resources 5(1):16

van Oers L, De Koning A, Guinée JB, Huppes G (2002) Abiotic 
resource depletion in LCA. Ministry of Transport and Water, 
Amsterdam

Van Vuuren DP, Bouwman AF, Beusen AHW (2010) Phosphorus 
demand for the 1970–2100 period: A scenario analysis of 
resource depletion. Global Environm Change Human Policy 
Dimens 20(3):428–439. https:// doi. org/ 10. 1016/j. gloen vcha. 
2010. 04. 004

WBGU (2011) Welt im Wandel: Gesellschaftsvertrag für eine große 
Transformation. German Advisory Council on Global Change, 
Berlin (WBGU). https:// www. wbgu. de/ filea dmin/ user_ upload/ 
wbgu/ publi katio nen/ haupt gutac hten/ hg2011/ pdf/ wbgu_ 
jg2011_ en. pdf

Weingart P (1999) Neue Formen der Wissensproduktion: Fakt, Fik-
tion und Mode. TATuP-Zeitschrift Für Technikfolgenabschät-
zung in Theorie Und Praxis 8(3–4):48–57

Wellmer F-W (2008) Reserves and resources of the geosphere, terms 
so often misunderstood. Is the life index of reserves of natu-
ral resources a guide to the future? Zeitschrift Der Deutschen 

https://doi.org/10.3390/resources8010002
https://doi.org/10.3390/su9060991
https://doi.org/10.1007/s11625-020-00794-x
https://doi.org/10.1007/s11625-020-00794-x
https://doi.org/10.1016/j.resconrec.2015.10.003
https://doi.org/10.1016/j.resconrec.2015.10.003
https://doi.org/10.1016/j.resconrec.2018.08.026
https://doi.org/10.3133/mcs2020
https://doi.org/10.1016/j.gloenvcha.2010.04.004
https://doi.org/10.1016/j.gloenvcha.2010.04.004
https://www.wbgu.de/fileadmin/user_upload/wbgu/publikationen/hauptgutachten/hg2011/pdf/wbgu_jg2011_en.pdf
https://www.wbgu.de/fileadmin/user_upload/wbgu/publikationen/hauptgutachten/hg2011/pdf/wbgu_jg2011_en.pdf
https://www.wbgu.de/fileadmin/user_upload/wbgu/publikationen/hauptgutachten/hg2011/pdf/wbgu_jg2011_en.pdf


2086 Sustainability Science (2021) 16:2069–2086

1 3

Gesellschaft Fur Geowissenschaften 159(4):575–590. https:// 
doi. org/ 10. 1127/ 1860- 1804/ 2008/ 0159- 0575

Wellmer F-W, Becker-Platen JD (2002) Sustainable development and 
the exploitation of mineral and energy resources: a review. Int 
J Earth Sci 91(5):723–745

Wellmer F-W, Dalheimer M (2012) The feedback control cycle as 
regulator of past and future mineral supply. Miner Deposita 
47(7):713–729

Wellmer F-W, Scholz RW (2015) The right to know the geopotential 
of minerals for ensuring food supply security: the case of phos-
phorus. Ind Ecol 19(1):3–5. https:// doi. org/ 10. 1111/ jiec. 12230

Wellmer F-W, Scholz RW (2017) Peak minerals: What can we learn 
from the history of mineral economics and the cases of gold 
and phosphorus? Miner Econ 30(2):73–93

Wellmer F-W, Scholz RW (2018) Peak gold? Not yet! A response 
to Calvo et al. (2017). Resour Conserv Recycl 136:313–314. 
https:// doi. org/ 10. 1016/j. resco nrec. 2017. 11. 015

Wellmer F-W, Buchholz P, Gutzmer J, Hagelüken C, Littke R, 
Thauer RK (2018) Raw materials for future energy supply. 
Springer, Cham

West J (2020) Extractable global resources and the future availability 
of metal stocks: “Known Unknowns” for the foreseeable future. 
Resour Policy 65:101574. https:// doi. org/ 10. 1016/j. resou rpol. 
2019. 101574

White S, Cordell D (2017) Phosphorus security: future pathways to 
reduce food system vulnerability to a new global challenge. In: 
Global resource scarcity. Routledge, pp 59–72

Wiek A (2007) Challenges of transdisciplinary research as interac-
tive knowledge generation–Experiences from transdisciplinary 
case study research. Gaia-Ecolog Perspect Sci Soc 16(1):52–57

Wittmayer JM (2016) Transition management, action research and 
actor roles: understanding local sustainability transitions. PhD, 
Erasmus University Rotterdam, Rotterdam. http:// hdl. handle. 
net/ 1765/ 94385

Wittmayer JM, Schäpke N (2014) Action, research and participa-
tion: roles of researchers in sustainability transitions. Sustain 
Sci 9(4):483–496

Wolfensberger M, Lang DJ, Scholz RW (2008) (Re-) Structuring the 
field of non-energy mineral resource scarcity. In: Summary of 
the workshop “Scarce Raw Materials”, Davos, Switzerland, 31 
August–2 September 2007. ETH Zürich, Zurich

Woolf PK (1986) Pressure to publish and fraud in science. Ann 
Intern Med 104(2):254–256

Yaksic A, Tilton JE (2009) Using the cumulative availability curve 
to assess the threat of mineral depletion: The case of lithium. 
Resour Policy 34(4):185–194

Zomer A, Benneworth P (2011) The rise of the university’s third mis-
sion. In: Reform of higher education in Europe. Springer, Berlin, 
pp 81–101

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1127/1860-1804/2008/0159-0575
https://doi.org/10.1127/1860-1804/2008/0159-0575
https://doi.org/10.1111/jiec.12230
https://doi.org/10.1016/j.resconrec.2017.11.015
https://doi.org/10.1016/j.resourpol.2019.101574
https://doi.org/10.1016/j.resourpol.2019.101574
http://hdl.handle.net/1765/94385
http://hdl.handle.net/1765/94385

	Endangering the integrity of science by misusing unvalidated models and untested assumptions as facts: General considerations and the mineral and phosphorus scarcity fallacy
	Abstract
	Societal relevance, Faktengewalt, falsifiability, and the integrity of science
	Concerns, the normative and the real
	Shallow action research: Scientists’ values at work
	Concerns about limits of resources

	Models of mineral scarcity and dynamics of resourcesreserves
	The dynamics between reserves, resources, and geopotential
	Approaches for modeling mineral scarcity
	The reserve-to-production ratio (RP ratio)
	The peak model of production and the assumption of the ability to estimate ultimate recoverable resources (URR)
	The abiotic depletion potential (ADP)


	The phosphorus scarcity case
	The fixed-pie approach
	Phosphorus practice experts thinking on phosphorus scarcity
	Alternatives to the fixed stockpie concept

	Discussion
	Ways of endangering science integrity
	The promotion of fallacious scarcity claims
	Why is the promotion of and belief in an incorrect scarcity model continuing?

	Conclusion
	Acknowledgements 
	References


