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Abstract

Background The development of cities and transport infrastructure produces a large volume of mineral waste

(e.g. excavated earth material). At the same time, cities are increasingly trying to develop green infrastructures,

given the ecosystem services they provide to people, but this comes with considerable economic and environmental
costs associated with the transfer of fertile soil from rural areas to cities. In a circular economy approach, the reuse

of mineral waste to build fertile soil is a substantial opportunity to reduce the economic and environmental costs

of both mineral waste management and green infrastructure development. Soils constructed from these materi-

als (constructed Technosols) must be able to support vegetation growth and become a suitable living environment
for soil organisms. This requires ecological engineering to maximise the potential of constructed soils for biodiversity,
both from a taxonomic and functional perspective. In this context, we systematically mapped the evidence related

to the ability of soils constructed from mineral wastes to support biodiversity.

Methods We gathered published and grey literature through searches in two publications databases (Scopus

and Web of Science Core Collection), one search engine (Google Scholar), nine organisational websites and through a
call for literature. Titles, abstracts, and full-texts were successively screened using eligibility criteria. All included studies
were described with coded variables and a database was produced. The extent of evidence was assessed and knowl-
edge clusters and gaps were identified.

Review findings The searches yielded 9265 articles, and 153 articles were retained after the screening process.

More than half of these articles were from European countries, with France leading the field with 40 articles, followed
by Spain (15 articles) and Italy (10 articles). Most of the articles (75%) were produced after 2015. The main reasons

for constructing soils from mineral waste were for mine rehabilitation (35%), waste recycling (16%) and experimental
purpose (15%). The 153 articles were divided into 1962 studies, a study being a combination of a taxon, an interven-
tion (i.e. soil construction) and a measured outcome. Among these studies, the most studied biological group is plants
(69% of studies) and especially herbaceous species (32%), followed by microorganisms (17%) and invertebrates (14%).
The most used type of mineral waste is mine waste (31% of studies) followed by excavated soil (16%) and demolition
waste (14%). Finally, the most frequently measured outcome is plant growth (42% of studies), followed by organism
abundance (16%) and diversity (10%).
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Conclusions Three main knowledge clusters were identified which could be addressed in the future for full synthesis
of the results: (1) How well do plants grow in soils constructed from mineral wastes? (2) What is the potential of soils
constructed from mineral wastes to support biodiversity? and (3) How do microbial communities develop in soils
constructed from mineral wastes? There is a lack of studies investigating several biological groups at the same time:
only 6 articles out of 153 investigated the response of both plants, invertebrates and microorganisms to soil construc-
tion. More research is therefore needed on the ability to support a diversity of organisms.

Keywords Anthroposol, Anthropogenic soil, Anthrosol, Artificial soil, Circular economy, Constructed Technosols,
Construction and Demolition waste, Pedological engineering, Recycling

Background
In 2018, an estimated 55.3 percent of the world’s popu-
lation lived in urban settlements. By 2030, urban areas
are projected to house 60% of people globally and one
in every three people will live in cities with at least half
a million inhabitants [1]. The development of cities and
transport infrastructure is accompanied by negative
impacts as it is estimated that more than two billion of
tons of solid wastes are produced every year [2]. A large
proportion of these wastes are caused by construction
and demolition activities (e.g. crushed concrete, pave-
ments, excavated earth material, ...). The management
of excavated materials, considered as the most important
waste, has substantial economic and environmental costs
(e.g. greenhouse gas emissions), as they are most often
stored in landfills outside the cities (Fig. 1). Although
recycling practices are more and more encouraged by the
development of innovative techniques [3], the amount
of wastes and the distance to landfills both increase with
urbanization.

At the same time, cities are increasingly trying to
develop green infrastructures, given the ecosystem

Present management of topsoils and mineral wastes

services they provide to people such as air filtration,
micro-climate regulation, noise reduction, rainwater
drainage, and recreational and cultural values [4]. To
build these green infrastructures, natural soils are gener-
ally taken from surrounding rural areas, and this transfer
also generates substantial economic and environmen-
tal costs (e.g. greenhouse gas emissions, loss of agricul-
tural services, Fig. 1). This practice is also not sustainable
because natural soil is a non-renewable resource given
the very low rate of soil production (e.g. the rate of soil
production has been measured to be between 0.01 and
59.4 mm per century, median 2.7 mm per century, [5]).
In a circular economy approach, the reuse of mineral
wastes to build fertile soil is an opportunity to reduce
the economic and environmental costs of both mineral
waste management and green infrastructure develop-
ment (Fig. 1). This approach, called pedological engi-
neering, has emerged in the last 15 years. It consists
of the deliberate mixture of wastes (organic and/or
inorganic) and industrial by-products that are formu-
lated and stacked in layers to create a new soil profile
over in situ degraded substrates [6]. Soils constructed

Pedological engineering and circular economy

Materials evacuation - landfill

Agricultural soils scraping
* p— -

Fig. 1 Diagram illustrating how the economic and environmental costs of the present management of mineral waste and topsoils could be
reduced through pedological engineering in a circular economy approach (based on Freepik images and credit Le Parisien / Faustine Léo (landfill
picture), Lopinion / Grandin de I'Epervier Jade (construction site picture), Pro24.fr (soil scraping picture) and ECT (green space picture)
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from these materials must be able to support vegeta-
tion growth and become a suitable living habitat for soil
organisms [7, 8]. This requires both soil sciences knowl-
edge and ecological engineering methods to maximise
the potential of constructed soils for biodiversity, both
from a taxonomic and functional perspective.

Soils constructed from mineral wastes can be clas-
sified according to the World Reference Base for Soil
Resources [9] as constructed Technosols. Technosols
“combine soils whose properties and pedogenesis are
dominated by their technical origin. They contain a
significant amount of artefacts (something in the soil
recognizably made or strongly altered by humans or
extracted from greater depths) or are sealed by tech-
nic hard material (hard material created by humans,
having properties unlike natural rock) or contain a
geomembrane. They include soils from waste (land-
fills, sludge, cinders, mine spoils and ashes), pave-
ments with their underlying unconsolidated materials,
soils with geomembranes and constructed soils” While
most Technosols are unintentionally inherited from
human activities (e.g. urbanisation), constructed Tech-
nosols are created from parent materials selected and
mixed intentionally for the purpose of assay [10]. They
can therefore offer an alternative to the exportation of
waste from cities but also the importation of topsoil
from peri-urban areas. So far, the potential of con-
structed Technosols to support biodiversity has not
been well documented.

A mapping of the articles mentioning the keyword
"Technosols” in their title, abstract or keywords has
been published recently [11] and presented the fields of
use of Technosols, which include mining and industrial
activity, urban areas, investigation of Technosol pedo-
genesis, classification, formulation and analytical meth-
ods in general, and diverse activities such as agriculture,
recreational activities, natural spaces, waste landfill and
aquaculture. The use of constructed soils made from
organic and inorganic wastes for restoration of mined
lands, urban or industrial areas, or for urban greening
has also been recently reviewed [12-14]. The different
waste materials used, the outcomes assessed, as well as
the issues related to the use of constructed soils were
described. Except the review by Deeb et al. [12] focusing
on green infrastructure, none of these reviews mention
the method used to carry out the synthesis, so they are
not reproducible and the risk of bias due to the selec-
tion of particular studies cannot be assessed. They also
did not specifically examine how biodiversity issues were
taken into account in Technosols construction, which
is an important question given that the construction of
Technosols is likely to increase. In this paper, we there-
fore systematically mapped the evidence related to the
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potential of soils constructed from mineral wastes to sup-
port biodiversity.

Topic identification and stakeholder input

The specific issue addressed in this work was clarified
during discussions with members of the ECT company
that funded this systematic map. This company special-
ised in the storage of inert materials from building and
public works sites and manages the storage of approxi-
mately 15 million tonnes of excavated soil per year in the
Tle-de-France region.

Objective of the review

Primary question

What evidence exists on the potential of soils constructed
from mineral wastes to support biodiversity?

Components of the primary question
Population: All living organisms (flora, fauna, microbiota,
fungi, etc.).

Intervention: Construction of soil from mineral wastes
(e.g. excavated materials or sediment, concrete blocks,
decontaminated soils).

Comparator: Other soils or other constructed soils;
before adding the soil constructed from mineral wastes.

Outcomes: All outcomes related to living organisms
(presence, abundance, diversity, activity, etc.) and biolog-
ical processes.

Methods

The systematic map followed the Collaboration for Envi-
ronmental Evidence Guidelines and Standards for Evi-
dence Synthesis in Environmental Management [15] and
conforms to reporting standards for systematic evidence
synthesis (ROSES [16], see Additional file 1). The sys-
tematic map is based on an a priori protocol registered
in PROCEED, the global database of prospectively regis-
tered evidence reviews and syntheses in the environmen-
tal sector [17].

Deviations from the protocol

Some deviations from the protocol occurred during the
conduct of the review process to improve the robustness
of the method. First, the question was slightly rephrased
from “What evidence exists on the potential of Tech-
nosols constructed from mineral wastes to host bio-
diversity?” to “What evidence exists on the potential of
soils constructed from mineral wastes to support biodi-
versity?” and the components of the question were also
slightly rephrased accordingly. Second, another organi-
sational website was identified and searched during the
literature search, and a call for literature among stake-
holders was performed. Third, the eligibility criteria were
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clarified and narrowed after discussing the disagreements
that arose during the screening consistency checks.
Fourth, the studies were not coded by a single trained
reviewer but by two reviewers who checked the consist-
ency of their coding beforehand. Finally, two additional
variables were coded from the studies: the description of
the control and whether the data needed for a quantita-
tive or a narrative synthesis were present.

Search for articles

Search terms and strings

A search string combining keywords describing the inter-
vention element of the question (soils constructed from
mineral wastes) was built through a scoping exercise in
the Web Of Science Core Collection (WOS CC) database
(Additional file 2). The search string that gave the highest
comprehensiveness and specificity is as follows (Web Of
Science format):

TS=(technosol$ OR technosoil$ OR techno-soil$
OR anthroposol$ OR anthroposoil$ OR "anthropogenic
soil$" OR anthrosol$ OR anthrosoil$ OR "construct*
s0il$" OR "engineered so0il$" OR "rebuilt soil$" OR "artifi-
cial soil$" OR "fabricated so0il$" OR "structural soil$" OR
"excavated soil$" OR "inert soil$" OR "excavated mate-
rial$" OR "excavated earth” OR "inert material$" OR "sur-
plus soil$" OR "urban construction waste$").

Search limitations

The search was conducted without date limitations, using
terms in the English language, but many of the organisa-
tional websites were searched in French.

Search sources

The main search was conducted on June 17th 2022 on
two bibliographic databases: Scopus (Elsevier) and Web
of Science Core Collections (Clarivates Analytics). On
Scopus, the search string was adapted to fit the required
format as follows:

TITLE-ABS-KEY(technosol OR technosoil OR techno-
soil OR anthroposol OR anthroposoil OR "anthropogenic
soil” OR anthrosol OR anthrosoil OR "construct* soil" OR
"engineered soil" OR "rebuilt soil" OR "artificial soil" OR
"fabricated soil" OR "structural soil" OR "excavated soil"
OR "inert soil" OR "excavated material" OR "excavated
earth” OR "inert material" OR "surplus soil" OR "urban
construction waste").

Access to the databases was through a CNRS (the
French National Centre for Scientific Research) sub-
scription, allowing access to the following WOS CC
Citation Indexes: Science Citation Index Expanded
(SCI-EXPANDED, 1900-present); Social Sciences Cita-
tion Index (SSCI, 1956-present); Arts & Humanities
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Citation Index (A&HCI, 1975-present); Confer-
ence Proceedings Citation Index- Science (CPCI-
S, 1998-present); Conference Proceedings Citation
Index- Social Science & Humanities (CPCI-SSH,
1998-present); Emerging Sources Citation Index (ESCI,
2015-present); Current Chemical Reactions (CCR-
EXPANDED, 1985-present, includes Institut National
de la Propriété Industrielle structure data back to
1840); Index Chemicus (IC, 1993-present).

Additional search was performed on June 17th 2022
using Google Scholar web search engine. Searches were
performed on the title using the search string:

technosol OR technosols OR technosoil OR tech-
nosoils OR anthroposol OR anthroposols OR anthro-
posoil OR anthroposoils OR anthrosol OR anthrosols
OR anthrosoil OR anthrosoils.

All records were kept and results were extracted using
the software Publish or Perish (version 7.15.2643.7260,
https://harzing.com/resources/publish-or-perish, ver-
sion accessed 16 March 2020).

Additional searches were also performed on Octo-
ber 3rd—7th 2022 on the following nine organisational
websites (Additional file 3):

— Food and Agriculture Organization (FAO) (https://
www.fao.org/about/en/)

— European Circular Economy Stakeholder Platform
(https://circulareconomy.europa.eu/platform/en)

— French Agency for Ecological Transition (ADEME)
(https://www.ademe.fr/)

— French Biodiversity Agency (OFB) (https://www.
ofb.gouv.fr)

— Resources centre for ecological engineering of the
French Biodiversity Agency (https://www.genie
ecologique.fr/)

— DParis Region Institute (https://www.institutparisre
gion.fr/)

— French Geological Survey (BRGM) (https://www.
brgm.fr/)

— Centre for landscape and urban horticulture (Plante
& Cité) (https://www.plante-et-cite.fr/)

— French Centre for Studies and Expertise on Risks,
Environment, Mobility and Urban planning (Cer-
ema) (https://www.cerema.fr/fr)

Supplementary searches

A call for literature at the International Conference-
Exhibition on Soils, Sediments and Water (Intersol
2022) was done on 21-23 June 2022 through flyers and
a poster. Some articles were also sent spontaneously by
colleagues during the conduct of the review.
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Table 1 Eligibility criteria
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Include Exclude
Population Population
- all living organisms (flora, fauna, microbiota, fungi, etc.)

Intervention Intervention

- construction of soil from mineral wastes (e.g. excavated materials or sedi-

ment, concrete blocks, decontaminated soils, mudflow, rubble). The "waste"

nature of the materials used to construct the soil must be mentioned

or understood with the context. The soil can be built by mixing all the materi-

als or by stacking them in layers

- soil construction using only one material that is a mineral waste

- construction of soil from mineral wastes to cover a polluted area/soil
- soil spray made with mineral waste

Comparator

- other soils or other constructed soils, or before adding the soil constructed

from mineral wastes

Outcome

all outcomes related to living organisms (presence, abundance, diversity,
activity, etc.) and biological processes (e.g. respiration, denitrification or car-
bon mineralization resulting from microbial activity)

Language

- English and French

Type of document

- journal article, report, book chapter, conference proceeding article, Ph.D.
or M.Sc. thesis, preprint

Type of content
- in-situ or ex-situ studies

- Technosols (e.g. urban soils) that are not constructed

- construction of soil but not from mineral waste

- construction of soil using materials explicitly stated as polluted/toxic.
If the study tests for toxicity, accumulation of toxic elements, or refers
to the potential toxicity of the materials in context, they are considered
toxic

Comparator
- No comparator

QOutcome

- Soil physico-chemical properties or fertility, hydrological properties
- tissue content, accumulation or uptake in mineral elements, metals
or pollutants

Language

Type of document
- presentations, editorial materials, news, abstracts, posters, and datasets

Type of content
- reviews, meta-analyses, modelling studies without experimental data,
discussion or opinion papers

Estimating the comprehensiveness of the search

To assess the comprehensiveness of the search, a list of 20
articles answering the review question was built, of which
19 were indexed in WOS CC (Additional file 2). These
articles were mainly identified from the references of
reviews on the subject [12-14] and a master thesis aim-
ing at reviewing all the literature on Technosols [18]. Our
search string was able to retrieve all 19 articles indexed
in WOS CC (Additional file 2), and the article that was
not indexed (a PhD thesis) was retrieved by the search on
Google scholar.

Search results

Search results from publication databases and Google
Scholar were combined and deduplicated in CADIMA
[19]. Other searches were added and deduplicated man-
ually in a Microsoft Excel spreadsheet before full-text
screening.

Article screening and study eligibility criteria

Screening process

Articles were screened for eligibility in two succes-
sive stages. First, search results from publication data-
bases and Google scholar were screened on titles and
abstracts using CADIMA [19]. The included articles
were then exported in a Microsoft Excel spreadsheet

to be screened on full text. Articles retrieved from
other searches were added at this stage. Articles with-
out an abstract and retained based on title screening
were directly screened on their full-text. Articles with
unclear eligibility status during title/abstract screening
were included for full-text screening. The list of articles
with unclear eligibility status or excluded after full-text
screening is provided with reasons for unclear eligibil-
ity or exclusion (Additional file 4).

Screening was performed by two reviewers (DYO,
AL). Before the screening, the consistency between
their decisions was assessed by computing Randolph’s
Kappa coefficient on a random sample of articles
(600/9265, 6.5% for title/abstract, and 90/1028, 8.8%
for full-text). During all screening processes and con-
sistency checks, reviewers never had to screen their
own articles. A topic expert (FP) took part in the con-
sistency checks to compare the reviewer’s decisions
with those of an expert and to inform discussions on
the clarification of eligibility criteria. Consistency
checks were performed in two steps, the three review-
ers discussing all disagreements after each step: first
on 100 (Kappa=0.67) then on 500 titles/abstracts
(Kappa=0.82), and first on 30 (Kappa=0.73) then
on 60 full-texts (Kappa=0.69). The kappa values
obtained (>0.6) were considered an acceptable level of
agreement.
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Eligibility criteria

Articles were screened according to the eligibility crite-
ria described in Table 1. The criteria Language, Type of
document, and Type of content were assessed exclusively
at full-text screening.

To assess the extent to which evidence is missing
because articles were excluded for language reasons,
articles excluded because of language (n=76) were
retrospectively screened for eligibility. Three review-
ers understanding Portuguese (JHRA), Czech, Pol-
ish, Ukrainian and Russian (IM), and German (TZL)
screened articles written in these languages. For other
languages (Chinese, Finnish, Indonesian, Italian, Japa-
nese, Korean, Lithuanian, Spanish), Deepl or Google
Translator was used.

Study validity assessment
No critical appraisal of the studies has been performed
for the systematic map.

Data coding strategy

Articles included after the screening process were split
into studies, a study being a combination of a taxon, an
intervention and an outcome, and the following variables
were extracted in a spreadsheet (Additional file 5, sheet
"coding book"):

— Bibliographic information (unique identifier, source,
title, authors, journal, year, DOI, language and type of
document)

— General description of the study (country, location,
experimental system, reason for intervention, land
use for in situ studies)

— Description of the population (taxon, and if the pop-
ulation is a construction element of the soil)

— Description of the intervention (mineral waste(s)
used, other materials used including living organ-
isms, organisation of materials, age of the con-
structed Technosol/time since intervention, and type
of comparator)

— Description of the outcome and information whether
the article includes the data needed for a quantitative
or a narrative synthesis.

The coding was distributed among two reviewers
(DYO, RS), that never had to code their own articles.
Before the actual coding, a random sample of stud-
ies (215/1962, 10.9%) was coded independently by both
reviewers, all disagreements were discussed and the cod-
ing book was clarified where necessary. During coding,
the missing or unclear information was coded as such.
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Data mapping method

A database (Microsoft Excel sheet) of all included stud-
ies and their coded data was produced (Additional file 5).
The evidence was first mapped at the article level for the
source, document type, reason for intervention, geo-
graphical and chronological distribution of evidence.
Using the list of the taxa studied (i.e. with an outcome
measured) in each article we also assessed how many dif-
ferent biological groups (plants and/or invertebrates and/
or microorganisms) were investigated by the article. We
also analysed the co-occurrence of article keywords using
the VOSviewer software version 1.6.19 [20] to identify
how keywords are used in the literature to describe the
question of our systematic map. The keywords defined
by the authors and with a minimum of three occurrences
were retained for the analysis. A thesaurus file was used
to merge keywords in singular and plural form or with/
without a hyphen, etc.

Second, the evidence was mapped at the study level,
describing study characteristics and frequency distribu-
tion. A heatmap of the frequency of the studies into the
types of population and types of outcome studied was
produced, and knowledge gaps and clusters were identi-
fied according to the number of studies and relevance to
stakeholders.

Review findings

Review descriptive statistics

We retrieved 7529 and 5712 records from the searches
in the Scopus and Web Of Science Core Collection data-
bases, respectively. The search in Google Scholar gave
979 records and searches on organisational websites 16
records. One article was sent following our call for litera-
ture, and 4 were sent spontaneously by colleagues. This
resulted in 14,241 records reduced to 9265 records after
duplicate removal (Fig. 2). Among them, 1110 remained
after title/abstract screening and we could not retrieve 82
full texts (7.4%) resulting in 1028 full texts to screen. A
total of 875 articles were excluded at full-text screening,
mainly because of irrelevant intervention (38.6%), irrel-
evant document content (10.8%) or type (10.4%). All arti-
cles excluded, with unclear status, or for which we could
not obtain the full text are listed in Additional file 4. In
the end, 153 articles answer the review question, corre-
sponding to 1962 studies, a study being a combination
of a taxon, an intervention and an outcome, one article
often comprising several studies.

Description of the articles

Among the 153 articles answering the review question,
123 were retrieved from publication databases (80.4%), 24
from Google Scholar (GS, 15.7%), 3 from the website of
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ROSES Flow Diagram for Systematic Maps. Version 1.0

Records identified through database searching:

Records identified through other sources:
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Fig. 2 ROSES flow diagram [21] of the systematic map

the Centre for landscape and urban horticulture (Plante
& Cité), 1 from the call of literature and 2 were spontane-
ously sent by colleagues. A substantial number of articles
were written in French (13.1%), the others being written
in English (86.9%). Of the 76 articles excluded on the lan-
guage criterion and screened a posteriori, three appeared
to answer the review question (one in Chinese, one in
German and one in Portuguese, Additional file 4), which
highlights the limitations of not considering all languages
in evidence synthesis.

Articles are mostly journal articles (82.4%), then PhD
theses (9.8%), conference proceedings articles (3.9%),

reports (2.6%) and MSc theses (1.3%). The oldest article
was published in 1982 and more than two-thirds of the
articles have only been produced since 2015 (Fig. 3).

The leading country is France with 40 articles (26.1%),
then Spain (15 articles, 9.8%) and Italy, China and Can-
ada with 10 articles each (6.5%, Fig. 4). When consider-
ing only journal articles written in English and retrieved
from publication databases to remove the bias due to
supplementary searches being focused on French liter-
ature, we found the same pattern of European countries
leading the field with France (20 articles) then Spain (14
articles), Italy (10 articles), China (9 articles) and Can-
ada (8 articles).
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Fig. 3 Chronological distribution of the articles until June 2022, with information on their sources (Databases are Web of Science Core Collection

and Scopus)

The main reasons for constructing a Technosol were
for mine rehabilitation (34.6%), recycling (15.7%),
experimental construction of fertile soil (14.4%), and
derelict land rehabilitation (12.4%, Fig. 4b). Some
countries showed very specific reasons for interven-
tion. For example, Technosol construction in Canada,
Colombia or Australia was exclusively for mine reha-
bilitation. The construction of Technosol for rock cut
slope revegetation was exclusively performed in China,
using the particular technic of soil spraying.

Most articles measured the response on a single bio-
logical group (plants 53.6%, microorganisms 20.3% or
invertebrates 5.9%) and very few addressed the three
groups together (3.9%), all located in France (Fig. 4c).

The analysis of the co-occurrence of authors key-
words revealed that 46 keywords co-occurred at least
three times in the literature (Fig. 5). The keywords
used were mainly to describe the constructed Techno-
sols (e.g. fabricated or artificial soil, urban soil, anthro-
posol, engineered soil), the wastes (e.g. construction
waste, compost, sewage sludge), the usage of the con-
structed Technosols (e.g. reclamation, urban agricul-
ture, green roof), and biodiversity. The keywords used
to describe biodiversity were biodiversity, arbuscular
mycorrhizal fungi, plant, earthworm, ryegrass, micro-
bial biomass and enzyme activity.

Description of the studies

Taxa and outcome studied

The far most studied biological group is plants (68.7%
of the studies), especially herbaceous plants (32.6%),
followed by microorganisms (17.2%) and invertebrates
(14.1%, Fig. 6). The far most studied outcome is growth
(42.5% of the studies), especially plant growth (42.3%),
followed by abundance (16.3%) and diversity (10.3%) of
organisms.

Intervention

The most used waste materials for Technosol construc-
tion are mine waste (e.g. overburden, spoil, stockpiled
topsoil, 30.6% of the studies), excavated soil (16.1%),
construction and demolition waste (e.g. concrete, rub-
ble, 13.5%), decontaminated soil (12.6%), industrial
waste (e.g. bricks, ballast, tiles, 10.8%) and sediment
(10%, Fig. 7). Constructed Technosols were made of
mineral waste alone (25% of the studies) or in combi-
nation with other materials (e.g. sludges, ashes, natural
soils, 33.3%) or compost (19.1%). Most studies assessed
biodiversity between 1 and 12 months after the inter-
vention, but a certain number of studies (19.9%) also
assessed biodiversity in the longer term (between 2 and
5 years, Table 2).
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Fig. 4 Geographical distribution of the articles (a) with information on the reasons for intervention (b) and on the number of biological groups
that were studied (c)
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Comparator

For 29.4% of the studies the biodiversity in the con-
structed Technosols can be compared to that of a refer-
ence soil (natural soil or standard plantation medium).
When this was not possible, the comparison recorded

was, in order of preference (cf. Additional file 5, sheet
"coding book"), before the intervention (0.6% of the
studies), with another Technosol constructed from
mineral waste (68.5%), with a constructed Technosol
but not from mineral waste (0.8%), and with a polluted
soil (0.8%).
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Fig. 5 Network of the keywords defined by the authors of articles about the potential of soils constructed from mineral wastes to support
biodiversity. From the 153 articles included in the systematic map, only the 138 that had defined keywords were analysed. Only keywords
with a minimum of three occurrences are presented here. The bigger the circle, the more frequently the keyword appears in the literature. The lines

connect the keywords that appear together
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Table 2 Time after intervention
Time after intervention Number of studies %
<1 month 205 104
>1 month &< 12 months 914 46.6
> 1 year &<2 years 119 6.1
>2 years &<5 years 391 199
>5 years &< 10 years 109 56
>10 years 162 8.3
Not reported 62 32
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Other material

B not reported (0.7%)
compost & other material (21.9%)
other material (33.3%)

B compost (19.1%)

B No (25%)

200 400 600
Number of studies

Knowledge clusters

How well do plants grow in Technosols constructed

from mineral wastes?

A first knowledge cluster of 829 studies addresses the
most measured outcome for the most studied biologi-
cal group: plant growth (Table 3). This cluster is reduced
to 744 studies with data for quantitative and/or narra-
tive synthesis, and 193 studies comparing plant growth
between a Technosol constructed from mineral waste
and a reference soil. These studies can therefore be the

Table 3 Heatmap of the distribution of studies into taxa and outcomes categories

growth abundance diversity activity survival physiology germination other reproduction
herb 38541 32 25 4 3 3 0 nfanfanf@il9 18 2 93 5 5 7152 8 0 0 0O O O O
crop 2021768 3 0 O O O O nfananfaod 0 O 8 6 0 36 21 150 0 0 0 0 O
tree 11911245 13 10 10 3 3 3 nfanfanf@i3ks 24 0 5 5 5 0 0 0 O O O O O O
shrub 43 39 5 2 0 0 O O O nfanfanfa28 248 4 5 5 1 0 0 0 11 12 1 0 O O
plant 44 32 15 53 46 23 66 36 29 nfanfanfall 0O O 14 12 3 2 0 0 5 0 0 0O O O
microorganism 0 0 O |131 116 51 71 23 19 126 114 53 |10 0 0 0O O O n/fanfanfao0 0O 0 0 O
invertebrate 4 4 0 86 82 21 60 48 12 45 41 2 25 25 0 0O O O n/anfanfab5 52 10 2 2 2
all plants -744 193|103 81 37 72 42 32 |n/fa nfa nfa 93 66 6 12533 14 109 73 23 16 11 1 0 0
microorganism 0 0 0 13111651 71 23 19 (12611453 10 0 O O O O nfanfan@a0O O O O O O
invertebrate 4 4 0 |86 82 21 60 48 12 |45 41 2 25 25 0 O O O n/anfanfab5 52 10 2 2 2

The total number of studies is first indicated (brown shading), then the number of studies with data for quantitative and/or narrative synthesis (orange shading), and
then the number of studies with data for quantitative and/or narrative synthesis and with comparison with a reference soil (yellow shading). Some outcomes do not
apply to certain taxa (n/a)
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focus of a specific systematic review, aiming to identify
which intervention (i.e. construction of the Technosol)
allows similar or better plant growth compared to a refer-
ence soil.

Another specific systematic review on the effect of
compost addition on plant growth may also be of inter-
est to managers. To this aim, a subset of 125 studies can
be selected from the cluster, having data for quantitative
and/or narrative synthesis, and dealing with Technosols
constructed from mineral waste and compost, which can
be compared with a Technosol constructed from mineral
waste only.

What is the potential of Technosols constructed from mineral
wastes to support biodiversity?

A second knowledge cluster of 523 studies addresses the
second and third most studied outcomes (abundance and
diversity) for all biological groups (Table 3). It is reduced
to 392 studies with data for quantitative and/or narrative
synthesis, and 172 studies comparing taxa abundance or
diversity between a Technosol constructed from mineral
waste and a reference soil. These studies can therefore
also be the focus of a specific systematic review, aiming
to identify the intervention (i.e. construction of the Tech-
nosol) that results in an abundance or diversity of taxa
comparable to a reference soil.

How do microbial communities develop in Technosols
constructed from mineral wastes?

A third knowledge cluster of 328 studies addresses micro-
organisms, mainly measuring their abundance, diversity
and activity (Table 3). It is reduced to 253 studies with
data for quantitative and/or narrative synthesis, and 123
studies comparing microorganism’s abundance, diversity
or activity between a Technosol constructed from min-
eral waste and a reference soil. These studies can there-
fore also be the focus of a specific systematic review,
aimed at identifying the intervention (i.e. construction of
the Technosol) that makes it possible to obtain a micro-
bial community comparable to that of a reference soil.

Knowledge gaps

Geographical regions

The African continent appeared understudied, with only
one article from South Africa (Fig. 4).

Taxa

The organisms studied were limited to the first organisms
colonising the soil, namely microorganisms, soil inverte-
brates and plants (Table 3). No vertebrates were recorded.
Furthermore, most of the articles assessed the response
of only one biological group (plants 53.6%, microorgan-
isms 20.3% or invertebrates 5.9%) and very few have
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attempted to assess the functionality of constructed soils
for several biological groups at the same time (3.9%).

Outcome

The studies mainly assessed whether organisms could
live in constructed Technosols, but very few studies (only
two) examined whether organisms could also reproduce
there (Table 3).

Time after intervention

The potential of Technosols constructed from mineral
wastes for biodiversity has yet to be assessed in the long
term, as only 8.3% of the studies made this assessment
after 10 years or more (Table 2).

Limitations of the map

Limitations of the synthesis method

Screening of articles and coding of studies were not per-
formed independently by two reviewers, and errors in
the classification of articles or studies may therefore have
occurred. Nevertheless, an assessment of the agreement
between the reviewers was carefully done beforehand,
and we are therefore confident that the risk of excluding
relevant articles or misclassifying studies is minimised.

Another limitation relates to the search string, which
combines keywords describing constructed Technosols
with keywords describing some of the mineral waste
used to construct the Technosols. As the company that
funded the systematic map specialises in the storage
of inert materials from building and public works sites,
articles describing Technosols constructed from these
mineral wastes were particularly searched and the cor-
responding keywords were included in the search string.
Other types of mineral waste such as mine waste, indus-
trial waste or sediment were however included in the sys-
tematic map, but the specific corresponding keywords
were not included in the search string and these catego-
ries might therefore be underrepresented. However, we
are convinced that this underrepresentation is very lim-
ited, as these articles would normally include keywords
related to constructed Technosols that are present in the
search string.

One more limitation relates to the diversity of terms
used to describe soils constructed from mineral waste.
The international soil classification [9] classifies them
as constructed Technosols, but the term Technosols,
adopted in 2006 [22], is not always used. For example, of
the 153 articles included in the systematic map, 55 arti-
cles, i.e. more than a third, never used the term “Tech-
nosols” For this reason, we have included in the search
string terms used in many classification systems such as
“Anthrosols’, “Anthroposols” or “anthropogenic soils”
[23], as well as general terms describing constructed
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soils, but studies using specific classification systems
(e.g. “human transported material” in the United States
Department of Agriculture’s system) or describing con-
structed soils from mineral waste only as urban soils or
reclamation soils, may have been missed.

Finally, the main search for evidence was conducted
in English, and evidence published in non-English lan-
guages other than French may have been missed. Non-
English language literature can be a substantial source of
evidence [24], as illustrated by the high number of arti-
cles written in French that we found. In addition, when
we checked whether articles excluded because of lan-
guage answered the review question, this was the case for
three articles (one in Chinese, one in German and one in
Portuguese), indicating that more evidence on this ques-
tion is available in other languages.

Limitations of the evidence base
The main limitation of the existing evidence on the
potential of Technosols constructed from mineral wastes
to support biodiversity is that it is limited to the first
organisms colonising the soil, and an overall assessment
of the capacity of these Technosols to support an eco-
system is lacking. Indeed, very few articles (3.9%) have
attempted to assess the functionality of constructed
Technosols for several biological groups at the same time.
Likewise, the evidence on the potential of Technosols
constructed from mineral wastes to support biodiver-
sity in the long-term (> 10 years) is limited (8.3% of the
studies).

Conclusions

This systematic map showed evidence on the potential of
soils constructed from mineral wastes to support biodi-
versity from 153 articles corresponding to 1962 studies
(a study being a combination of a taxon, an interven-
tion and an outcome). Three main knowledge clusters
were identified which could be addressed in the future
for full synthesis of the results (i.e. systematic reviews):
(1) How well do plants grow in Technosols constructed
from mineral wastes? (2) What is the potential of Tech-
nosols constructed from mineral wastes to support bio-
diversity (measured as abundance and diversity)? and (3)
How do microbial communities develop in Technosols
constructed from mineral wastes?

Implication for policy/management

The database provided by this systematic map references
the materials and their organisation for the construc-
tion of Technosols from mineral waste. This map will
therefore be useful for stakeholders engaged in a circu-
lar economy approach to identify relevant studies for the
construction of their soil from mineral waste. Managers
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will also be able to identify the research groups working
on this relatively new field of research, to foster coop-
eration between research and practical application in
the field. Thus, developing pedological engineering in
urban areas can contribute to testing new solutions for
the future of the interactions between human and eco-
logical systems [25]. Given the limitations of the existing
evidence described above, such cooperation would allow
a more thorough and long-term assessment of the biodi-
versity response to Technosols constructed from mineral
wastes. This map can also help to identify mineral mate-
rial of interest which can improve recycling rates, reduce
mineral waste production, and lower the consumption of
primary resources for soil reclamation in the cities (e.g.
[26]). The diversification of materials may contribute to
the creation of low-cost, functional soil-like substrates
able to support biodiversity as an alternative to the use
of topsoil from agricultural and natural areas. Pedological
engineering also offer new horizons for urban agriculture
by mitigating plant contamination in a polluted context
[27, 28].

Implication for research

The systematic map also highlighted several knowledge
gaps, and the following research directions for the future
were identified. First, biodiversity response to Technosols
construction from mineral waste should be assessed on
several biological groups simultaneously (e.g. microor-
ganisms, plants, invertebrates, and vertebrates) to better
inform on the capacity of these Technosols to support
a functional ecosystem. Indeed, assessing only whether
plants are capable of growing in the constructed soil, as
is most often done, does not tell whether a functional
ecosystem will develop in the future. Plants, aboveground
and belowground communities are interconnected and
a group of organisms on one side of the aboveground-
belowground interface can often exert positive, neutral,
or negative effects on the other side of the interface,
depending on context [29, 30]. These biotic interactions
can also be used in soil construction by directly incor-
porating soil microorganisms (e.g. [31, 32]) or inverte-
brates (e.g. [33], [34]) to maximize internal ecological
processes and positive feedbacks between the above-
ground and belowground compartments over time (e.g.
[35]). Second, the evaluation of biodiversity dynamics in
constructed Technosols will require setting up and moni-
toring in situ experiments over a long period (e.g. more
than 10 years). Another research question is to identify
the most relevant mineral and organic wastes to con-
struct a soil that is optimal to support biodiversity and
adapted to local conditions. This point could be challeng-
ing as wastes and by-products that are generated by the
urban system are extremely diverse. Thus, future research
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works should focus on the prediction and modelling of
the emerging properties of the parent materials mixtures
that will shape the habitat for biodiversity (e.g. [36]). How
the different materials are combined and in particular
what proportion of organic matter in addition to mineral
waste maximises the potential of constructed Technosols
for biodiversity should also be explored (e.g. [37]). Finally,
as the potential of soils constructed from mineral wastes
to support biodiversity is an emerging issue that research
is only beginning to address (more than two-thirds of the
literature was produced since 2015), it would be useful to
update this systematic map in the near future.
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