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Abstract

Background In Sweden there are nearly one million soil-based on-site wastewater treatment systems (OWTSs).
OWTSs may contribute to eutrophication of surface waters, due to the discharge of phosphorus (P). Hence, in certain
cases, a high P removal rate (up to 90%) of OWTSs is required by Swedish authorities. Since these requirements may
have costly consequences to property owners, it is debated whether they are too strict. In this debate, it is often
claimed that the soil retention of P occurring in the natural environments may be underestimated by authorities. Soil
retention is the inhibition of the transport of P through the ground, due to different chemical, physical and biological
processes occurring there. These processes make the P transport slower, which may reduce the unwanted impact on
receiving water bodies. However, the efficiency of soil retention of P remains unclear. The objective of this systematic
map was to collect, code, organise and elucidate the relevant evidence related to the topic, to be able to guide stake-
holders through the evidence base, and to support future research synthesising, commissioning, and funding. The
systematic map was carried out in response to needs declared by the Swedish Agency for Marine and Water Manage-
ment but the conclusions should be valid for a wider range of countries across boreo-temperate regions.

Methods Searches were made for peer-reviewed and grey literature using bibliographic databases, search engines,
specialist websites, and stakeholder contacts. The references were screened for relevance according to a predefined
set of eligibility criteria. A detailed database of the relevant studies was compiled. Data and metadata that enable
evaluation and discussion of the character and quality of the evidence base were extracted and coded. Special focus
was placed on assessing if existing evidence could contribute to policy and practice decision making. Descriptive
information about the evidence base was presented in tables and figures. An interactive evidence atlas and a chorop-
leth were created, displaying the locations of all studies.

Review findings 234 articles out of 10,797 screened records fulfilled the eligibility criteria. These articles contain
256 studies, performed in the field or in the laboratory. Six different study types were identified, based on where the
measurements were conducted. Most studies, including laboratory studies, lack replicates. Most field studies are
observational case studies.
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Conclusions It is not possible to derive valid generic measures of the efficiency of soil retention of P occurring in the
natural soil environment from available research. Neither does the evidence base allow for answering the question

of the magnitude of the potential impact of OWTSs on the P concentration in recipients on a general basis, or under
what conditions OWTSs generally have such an impact. A compilation of groundwater studies may provide examples
of how far the P may reach in x years, but the number of groundwater studies is insufficient to draw any general con-
clusions, given the complexity and variability of the systems. Future research should strive for replicated study designs,
more elaborate reporting, and the establishment of a reporting standard.

Keywords OWS, OWTS, Septic systems, Septic tanks, Drainfields, Soil treatment, Adsorption, Precipitation,

Phosphorus removal, Infiltration, Eutrophication, Sweden

Background

On-site wastewater treatment systems

On-site wastewater treatment systems (OWTSs or
OWSs) are facilities used for the disposal of wastewa-
ter from properties that are not connected to a public
(municipal) wastewater treatment plant. OWTSs are
common throughout the world, primarily in rural areas.
In many countries, at least a quarter of the population is
served by an OWTS [1].

Typically, an OWTS consists of a septic tank in which
sludge and pathogens are removed, and a subsequent soil
treatment area, where the wastewater is further puri-
fied from, e.g., phosphorus (P), nitrogen and pathogens.l
The total P concentration in household wastewater (toi-
let wastewater and greywater? combined) entering a soil
treatment system is usually quite high [2, 3], in Sweden
often between 5 and 15 mg P L™! [4], but part of this P
may be retained by the soil material within the system
and in the natural soil between the system and receiving
surface water [5].

The release of P to surface waters is a global environ-
mental concern, due to the risk of eutrophication. Source
apportionment models show that municipal wastewa-
ter treatment plants and agricultural fields are the most
important anthropogenic sources of P to European sur-
face waters [6], but there are others as well. For example,
OWTSs are suspected to contribute to the problem. It
has been estimated that 13% of the total Swedish anthro-
pogenic P discharge to the Baltic proper may be of such
origin [7]. However, the estimates are inherently uncer-
tain, partly due to the unclear extent of the retention of
P caused by different processes occurring in the ground
along the flow path between the facilities and adjacent
surface water bodies [8].

In Sweden there are nearly one million OWTSs [9].
The authorisation and supervision of those are managed

! There are OWTSs without a soil infiltration step, for example so called
package treatment plants. Such systems are not of interest within this system-
atic map.

2 Wastewater generated in households, excluding wastewater from toilets.

through the environmental and health authorities at the
local municipalities. However, the Swedish Agency for
Marine and Water Management (SwWAM) is responsi-
ble for supervisory guidance, providing general recom-
mendations related to OWTSs [4]. SWAM recommends
that OWTSs, under certain conditions, shall remove up
to 90% of the P entering the systems. Hence, munici-
pal authorities may require this high level of P removal
of specific facilities. To upgrade a facility or to connect
a property to the municipal wastewater system, which
sometimes is an alternative, may be costly to private indi-
viduals and households. Accordingly, there is an ongoing
public debate in Sweden, as to whether the recommen-
dations and requirements are too strict. In this debate,
it is often claimed that the retention of P occurring in
the natural soil environment between the facility and
the receiving surface water may be significant, and pos-
sibly underestimated by authorities. For this reason, the
Swedish Agency for Marine and Water Management has
expressed a need for a scrutiny of all available evidence
that might contribute to clarification of the matter.

This systematic map is aimed at surveying existing evi-
dence related to retention of P in natural soil as waste-
water released from OWTSs infiltrates the ground
and migrates through the soil and groundwater system
towards recipient surface waters. Soil retention in any
artificial or amended materials within OWTSs is not con-
sidered. The objectives of the map are described in more
detail in the section "Objective of the systematic map".

The processes involved in soil retention

A conceptual model of the system in focus, including
the most important retention processes that take place
there, is shown in Fig. 1. P in wastewater from an OWTS
first migrates vertically through the vadose zone, i.e., the
unsaturated soil zone that extends down to the ground-
water table. Once it reaches the groundwater zone, P may
migrate laterally with the groundwater until it reaches a
recipient surface water. In this conceptual model there
are, thus, two main zones—the vadose zone and the
groundwater zone—where soil retention of P may occur.
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Fig. 1 Conceptual model of the natural soil system where P retention is considered, and the main P retention processes in this system

The main retention processes in these two zones are
sorption to soil particle surfaces, precipitation of P to
form solid mineral phases, and immobilisation of organic
P. Sorption of P is expected to occur mostly to aluminium
(Al) and iron (Fe) (hydr)oxides that may either be inher-
ently present in the soil, or deposited over time as a result
of transport of Al and Fe by the wastewater [10, 11]. Fur-
ther, depending on the chemical conditions of the soil
and wastewater, a range of Fe, Al and Ca phosphates may
form in the soil [12, 13]. Finally, immobilisation of P into
soil organic matter should not be overlooked as a possi-
ble additional retention mechanism. For example, in the
5-15 cm layer of three sand filters that had been loaded
with septic tank effluent for about 20 years, organic P
ranged from 35 to 43% of total P [11]. In addition, P may
be assimilated by plants, for example grass, growing on
the drainfield [14]. However, all these processes can be
considered reversible through desorption, mineral disso-
lution and biological decomposition, respectively.

In the public debate, it is often claimed that P is
“removed” by the retention mechanisms occurring in
the soil. However, this is not entirely true, partly due to
the reversibility of the P retention processes. Instead,

these processes delay the transport of P through the soil,
causing it to flow slower than the water. Nevertheless,
the efficiency of soils to retain P is crucially important.
Although most of the P will eventually reach surface
waters, the more efficient the soil retention is, the less P
will reach the surface water per unit of time, thus reduc-
ing its possible impact on surface water. The time scale
of the transport and retention is hence important for the
actual impact of P released from OWTSs.

Stakeholder engagement

The systematic map was proposed by the Swedish Agency
for Marine and Water Management, but a larger group
of stakeholders was identified, and attempts were made
to engage with them for the purpose of this evidence
synthesis. Hence, the Swedish research council Formas
arranged a stakeholder meeting to which representatives
from the Swedish Agency for Marine and Water Man-
agement, municipalities, county administrative boards,
research institutes, associations representing the inter-
ests of property owners, and consultancies within the
wastewater treatment domain were invited to discuss,
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e.g., possible sources of evidence, study inclusion criteria
and potential effect modifiers.

Initially the ambition was to conduct a systematic
review. However, during the subsequent development
of the protocol it became obvious that the complexity
of the phenomenon and heterogeneity of the research
field called for a systematic map rather than a systematic
review, at least to begin with. At this stage, it was chal-
lenging to identify a stakeholder-relevant outcome that
had been addressed in research to a satisfactory degree
and in a way suitable for syntheses. In other words,
although it could be concluded that a large number of
studies dealt with the question of soil retention, most
studies appeared not to have been designed in a way that
enables the type of conclusions stakeholders primarily
call for (i.e., quantitative estimates of the retention of P
occurring along the passage between the facility and the
recipient). Nevertheless, all those studies are relevant
pieces of the puzzle, and should be considered and evalu-
ated in the light of the overarching question. Systematic
mapping was therefore selected as an appropriate evi-
dence synthesis process for the purposes of cataloguing
and collating a disparate and diverse body of evidence,
to better understand the range, volume, and character of
studies available, prior to any more in-depth full synthe-
sis (e.g., using meta-analysis).

Objective of the systematic map

The objective of the systematic map was to collect, code,
organise and elucidate the relevant evidence related to
soil retention of phosphorus from on-site wastewater
treatment systems. The systematic map was carried out
in response to needs declared by the Swedish Agency for
Marine and Water Management; hence the conclusions
should be valid for a Swedish context. Accordingly, the
mapped evidence is confined to studies performed in
soils that are not highly weathered, and (as regards field
studies) in boreal and temperate climate zones.

The primary question for the systematic map was What
evidence exists related to soil retention of P from on-site
wastewater treatment systems in boreal and temperate
climate zones?

Adopting a systematic mapping approach ruled out the
possibility to answer the question of the effectiveness of
soil retention of P from onsite wastewater treatment sys-
tems. Rather, the aim was to guide stakeholders through
the evidence base, and to support future research syn-
thesising, commissioning, and funding. To guide stake-
holders, we discuss how and to what extent the evidence
may contribute to policy and practice decision-making.
To support future research synthesising, commission-
ing, and funding, we identify knowledge clusters where
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systematic reviews may be feasible, and knowledge gaps
where more research may be needed.

Definitions of the question components

In order to systematically map literature on a topic, it is
necessary to precisely define eligibility criteria, i.e., cri-
teria that a study need to fulfil to be included. This is
done to ensure that all studies are assessed on the same
grounds, and the aim is to avoid a biased collection of
studies. The eligibility criteria are based on the compo-
nents of the focal question. The components of the ques-
tion of this systematic map are:

Subject: Phosphorus in primary or secondary treated
domestic wastewater.

Intervention: Infiltration and flow of wastewater
through natural (i.e., non-amended as regards P affinity)
soils that are not highly weathered, in boreal and temper-
ate climate zones.

Comparator: Depending on outcome. Examples are
concentration of P in wastewater before infiltration, con-
centration of P in unaffected soil, or velocity of ground-
water not affected by wastewater.

Outcome: Any outcome that can be used to evaluate
the efficiency of the soil retention of P.

The eligibility criteria are described in more detail
below.

Methods

This systematic map was conducted according to a pre-
viously published protocol [15]. It follows the Collabo-
ration for Environmental Evidence Guidelines [16] and
uses the ROSES reporting standards [17] (see Additional
file 1).

Deviations from the protocol

During the screening process we realised that one area of
research, focused on controlled application of wastewater
to vegetated land surfaces, “irrigation systems’, may con-
tain studies that fulfill our eligibility criteria. However,
our original search strings may not have captured this
type of study. Hence, we adapted the search strings to
include this literature and conducted an updated search
for articles. The modified search strings were designed
to capture the irrigation system articles that were pos-
sibly missed by the first search, as well as any articles
published after the original search. The search strings are
presented in Additional file 2.

In the protocol it is stated that the screening at
title/abstract level would be performed by one single
reviewer, and that the reviewer would have three deci-
sion options during screening at this stage: include (1),
exclude (2), or maybe (3). All titles/abstracts of the
articles falling into category (3) would, according to
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the protocol, be screened by all authors, followed by a
consensus decision. Instead all articles falling into this
category (3) were screened in full text, by two reviewers
(with blinded decisions).

According to the protocol we would include field
studies as well as laboratory studies based on soil col-
umn experiments. However, another type of laboratory
studies is also undoubtedly relevant, i.e., experimental
studies performed in pilot-scale systems in laboratory
environments. Accordingly, these studies were also
included in the systematic map.

There is an area of research aimed at evaluating the
P retention/removal efficiency in systems that are
dependent on harvesting of vegetation that grows on
the ground at the OWTS site. This is not the usual
management practice. Obviously, P that has been
assimilated by vegetation that is harvested and brought
away is removed from the system. Consequently, meas-
urements of P retention in such systems are not gener-
alisable to systems that are managed in a conventional
manner (i.e., without harvesting). These systems are to
be regarded as “enhanced”. Hence, such studies have
been excluded. This is not a deviation from the protocol
but should be clarified since it was expressed somehow
vaguely in the protocol.

Studies on soils developed in volcanic ash have been
excluded, although this was not stated in the pro-
tocol. This type of soil is of no relevance to Swedish
conditions.

The number of coded parameters has been reduced.
Initially our expectation was that it would be possible
to take one more step and perform a systematic review
based on an appropriate fraction of research identified
in this systematic map. In that case, it could have been
a wise strategy to extract data that would be useful while
synthesising results, already in the systematic mapping
stage. However, during the work with the systematic map
it appeared obvious that there is no fraction of research
evidently suitable for a systematic review. Hence, we
decided to reduce the parameter list to those most rel-
evant at the mapping stage. Accordingly, we have focused
on the parameters that are needed to enable evaluation
and discussion of the character of the evidence base per
se.

Search for articles

An extensive search for academic articles and grey lit-
erature was conducted in bibliographic databases, search
engines, websites of relevant organisations and through
stakeholder contacts. A list of benchmark studies (see
Additional file 3) was used during the development of the
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search strings and to test the comprehensiveness of the
search.

Bibliographic databases
An initial search was performed in December 2019 in
eight bibliographic databases listed in Table 1.

An updated search was performed at the end of
September 2021 in four of the bibliographic data-
bases (Scopus, Web of Science Core Collection, CAB
Abstracts and ProQuest Natural Science Collection).

As stated in the systematic map protocol [15] we
developed two different search strings, one for field
studies and one for laboratory soil-column studies. All
information about the searches is provided in Addi-
tional file 2. This file includes database and platform
information, how the search strings were adapted to
the search capabilities and syntax of each specific data-
base/platform, limits to the searches, date of search,
and the number of hits from each search. Searches were
performed using mainly English search terms, except
for in DiVA and SwePub, where also Swedish search
terms were used. Since non-English articles often have
a title and abstract in English, the use of English search
terms captured articles written in several other lan-
guages. The searches were limited to include articles in
English, Swedish, Norwegian, and Danish. The searches
were not limited by publication date or document type.

Search engine

A search was performed in the academic search engine
Google Scholar on December 13, 2019. It is not possi-
ble to use long search strings in Google Scholar, so we
used nine simple search strings created to find both
field studies and laboratory soil-column studies. Four of
the search strings were in English and five in Swedish
(see Additional file 2). The search results were ranked
by relevance and the first 200 records for every search
were exported from Google Scholar using Publish or
Perish version 6 software [18].

Websites of relevant organisations

In order to find grey literature, we searched the web-
sites of 51 organisations, for example government agen-
cies, environmental protection agencies, environment
research institutes, Swedish county administration
boards, and (not peer-reviewed) journals. The organi-
sations selected were primarily suggested by stakehold-
ers and experts within the field. The search capabilities
differed between the websites. In certain cases, Boolean
operators could be used, whereas other websites did
not even have a search box, making browsing through
the website necessary to find publications. We used
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Table 1 Bibliographic databases used to search for articles
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Database/platform Search field

Language of search terms Subscription information

Scopus Title, Abstract, Keywords

Web of Science Core Collection Topic (search the fields: title, abstract

and keywords)

Academic Search Premier
Supplied Keywords

CAB Abstracts Title, Abstract, Heading Words
Directory of Open Access Journals  All fields
DiVA All fields

ProQuest Natural Science Collection  Title, Abstract, All subjects & indexing

SwePub All fields

Title, Abstract, Subject Terms, Author-

Swedish Research Council Formas
subscription

English

Swedish Research Council Formas sub-
scription includes:

Science Citation Index Expanded; Social
Sciences Citation Index; Arts & Humani-
ties Citation Index; Conference Proceed-
ings Citation Index- Science; Conference
Proceedings Citation Index- Social
Science & Humanities; Emerging Sources
Citation Index

English

Swedish Research Council Formas sub-
scription on Ebsco platform

English

Swedish Research Council Formas sub-
scription on Ovid platform

English

English
English and Swedish
English

Free, does not require a subscription
Free, does not require a subscription

Swedish Research Council Formas sub-
scription includes:

AGRICOLA; Agricultural Science database;
Aquatic Sciences and Fisheries Abstracts;
Biological Science database; Biologi-

cal Science index; Earth, atmosphere &
Aquatic Science database; Environmental
Science database; Environmental Science
index; Meteorological & Geoastrophysical
Abstracts

English and Swedish Free, does not require a subscription

search terms in Swedish or English, and sometimes
both, depending on the language of the website. All
search terms used, and the number of matching results,
are provided in Additional file 2.

Supplementary searches
In addition to the participants in the initial stakeholder
meeting, we contacted four experts in the field (suggested
by participants in the stakeholder meeting) to request
studies and reports. We also looked through reference
lists of included articles.

Assembling and managing search results

The results of all searches were collated using the refer-
ence management software EndNote. Duplicates were
removed using the de-duplication method described by
Bramer et al. [19]. In order to find and remove duplicates
between the initial search in December 2019 and the
updated search in September 2021, we used the de-dupli-
cation method described by Bramer and Bain [20].

Article screening and study eligibility criteria

Screening process

To ensure consistency of eligibility decisions at title/
abstract level, several subsets of records, in total 738,

were screened by multiple reviewers with blinded deci-
sions: 438 found in preliminary searches in bibliographic
databases (8.1% of total found), and 300 found in the
initial search in bibliographic databases (3.6% of total
found). Disagreements were analysed and discussed until
it was ascertained that the reviewers interpreted the
agreed criteria equally and applied them in a consistent
way. This made us confident that the remaining records
could be single screened at the title/abstract level. The
reviewer had three decision options for each record dur-
ing screening at this stage: (1) include, (2) exclude, or (3)
maybe. All records falling into category (1) or (3) were
screened for relevance in full-text (see above, Deviations
from the protocol). The screening process at full-text
level was performed in pairs with blinded decisions. Any
disagreement was solved by the screening-pair in the first
instance. If disagreement persisted, the article was dis-
cussed by all reviewers to reach a consensus decision.

Reviewers were not allowed to assess the relevance of
articles that they had authored themselves.

Eligibility criteria
All retrieved records were assessed for relevance using
the following criteria:


https://www.elsevier.com/solutions/scopus
http://webofscience.help.clarivate.com/Content/wos-core-collection/wos-core-collection.htm
https://www.ebsco.com/products/research-databases/academic-search-premier
https://www.wolterskluwer.com/en/solutions/ovid/cab-abstracts-31
https://doaj.org/about/
https://info.diva-portal.org/about-diva/
https://about.proquest.com/en/products-services/natural_science/
https://swepub.kb.se/help.jsp
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Eligible subject: Phosphorus within primary or second-
ary treated domestic wastewater. The evidence should
be valid for soil-based, on-site wastewater treatment
systems designed to serve up to 200 person equivalents
(in accordance with the definition made by the Swedish
Agency for Marine and Water Management). As regards
field studies, the wastewater must hence originate from
single or groups of households and have been released to
soil-based wastewater treatment systems. The upper limit
is set to systems used by/constructed for 400 persons.
Field studies on wastewater from municipal wastewater
treatment plants are not eligible. However, as regards lab-
oratory studies, using wastewater from municipal waste-
water treatment plants is accepted. Studies focusing on,
e.g., stormwater, industrial wastewater, wastewater from
animal farms, or agricultural wastewater are not eligible,
nor are studies using synthetic wastewater. Further, stud-
ies focusing on P leaching from sewage sludge are not
eligible.

Eligible intervention: Infiltration of wastewater in nat-
ural (i.e., non-amended as regards P affinity) soils. The
soil must not be highly weathered, and not developed
in volcanic ash.? Field studies must be performed within
climate zones C or D according to the Koppen-Geiger
climate classification system [21]. Field studies of P reten-
tion in wetlands or ditches are not eligible. However,
laboratory column studies, evaluating natural soil mate-
rials from wetlands, are eligible. Studies focusing solely
on plant uptake of phosphorus, or in which the plants are
harvested and brought away, are not eligible.

Eligible comparator: The studies must include a com-
parator. The comparator depends on outcome but could
be concentration of P in wastewater before infiltra-
tion, concentration of P in unaffected soil or velocity of
groundwater not affected by wastewater.

Eligible outcomes: Any outcome that somehow allows
(the efficiency of) retention of P in the soil to be evalu-
ated, including—but not restricted to—measures of P
retardation potential, P concentration in wastewater
after infiltration, and concentration of P in groundwater
or surface water affected by wastewater from OWTSs.
Regarding the last example, concentration of P in surface
water, the contribution of P from OWTSs, specifically,
must be evaluated and analysed in the study. If not, the
study is not eligible since no causality may be determined
in those cases.

Eligible types of study design: Any controlled observa-
tional or experimental study design based on primary
data. Modelling studies are eligible only if there are
relevant primary data presented, used to validate the

3 See section "Deviations from the protocol”.
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model. Laboratory studies must be based on soil column
experiments or pilot-scale experiments. Studies based on
laboratory batch experiments (“batch studies”) are not
eligible.

Eligible languages: English, Swedish, Norwegian, and
Danish.

A list of articles excluded at full text level is provided
(Additional file 4). Reasons for exclusions are given for all
articles excluded at this level.

Study validity assessment

We have not performed validity assessments of included
studies since we have not made any compilations or syn-
theses of the study results. Moreover, it would have been
beyond the scope of this project to determine validity
assessment criteria relevant for all different eligible study
types a priori. Nevertheless, in the section "Mapping the
quality of studies relevant to the question’, we present
some characteristic qualities of specific identified catego-
ries of studies: we describe and discuss general and recur-
rent merits and disadvantages of the respective study
types when it comes to their ability to reliably answer (1)
the specific research question of the respective study, and
(2) our overarching question of soil retention of P occur-
ring in the natural soil environment between the on-site
wastewater facility and the recipient. Our ambition is to
give a preliminary idea of the overall rigour of the evi-
dence base, primarily relative the focal question.

Data coding strategy

The metadata/data that have been coded/extracted from
each study are listed in Table 2. Not every kind of data
is coded/extracted for each study type that was identi-
fied. Abbreviations indicate the study types for which
the respective data types have been coded/extracted: LC
(laboratory column studies), LP (laboratory pilot-scale
studies), VW (studies performed in the vadose zone,
within facility), VN (studies performed in the vadose
zone, in natural soil environment), G (studies performed
in the groundwater zone), S (surface water studies).

The data sheet was discussed, evaluated, and updated
several times before being applied. To ensure a repeat-
able and consistent data coding, data from a subset of
articles were then coded in blind by two reviewers and
all disagreements were discussed to ensure consistent
interpretation of the instructions. Five of the reviewers
were involved in this procedure, each of them coding
data from at least 15 articles. Thereafter, one reviewer
performed most of the data coding, but about 15% of the
extracted data were double-checked by another reviewer.

A systematic map database, i.e., a searchable spread-
sheet containing the meta-data and data presented above,
was created. If multiple studies were reported within one
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Table 2 Kind of data/metadata that have been coded/extracted for what study types
Kind of data/metadata coded/extracted Study type

Bibliographic information (name and e-mail of first author, title, publisher, year of publication)
Report type

Language

Country, state

Region

Site/case (if more than one)

Geographic coordinates

Climate zone

Study setting (field study or laboratory study)

Study domain (where in the system measurements were conducted)

Study set-up (soil column or laboratory pilot-scale system)

Aim of study

Reported measurement(s)/outcome(s)

Where in the report the relevant results/outcomes are reported

P species

General soil description

Soil order

Soil texture

Sand fraction

Silt fraction

Clay fraction

Diameter and soil package height of columns, or length, width and height of soil container
Whether the soil is virgin (that is, not used for wastewater infiltration previously) or not
Whether pH in soil or groundwater not affected by wastewater is reported or not
Whether pH in wastewater before infiltration is reported or not

Whether pH in wastewater after infiltration is reported or not

Whether pH in groundwater affected by wastewater discharge is reported or not
Whether concentration of oxalate-extractable iron in soil is reported or not

Whether concentration of dithionite-extractable iron in soil is reported or not
Whether concentration of oxalate-extractable aluminium in soil is reported or not
Whether concentration of dithionite-extractable aluminium in soil is reported or not
Type (origin) of wastewater

Duration/volume of wastewater load

Wastewater loading rate (volume/area/time unit) or (if data on wastewater loading rate is lacking) wastewater load (volume/time
unit)

Whether wastewater loading rate is reported or inferable or not

Number and kind of entities giving rise to the P load (for example households, persons)
Type of OWTS (as described in the report—the terminology is not consistent)

Strategy to correct for dilution and/or background P leakage

Strategy to correct for dilution

Method to evaluate P retention

Whether available data allow calculation of P load to filter (g/m? material) or not
Whether the study is experimental or observational

Number of replicates (for experimental studies)

Method to evaluate P retention/possible impact from OWTSs

Method to infer possible impact from OWTSs

Whether it is possible to isolate the effect of OWSTs or not
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LG, LRVW,WN, G, S
LG, LPVW, VN, G, S
LC, LR VW, VN, G, S
LG, LPVW, VN, G, S
VW, VN, G, S

LG, LPVW, VN, G, S
VW, VN, G, S

VW, VN, G, S

LG, LPVW, VN, G, S
VW, VN, G, S

LG LP

LG, LPRVW, VN, G, S
LC, LR VW, VN, G, S
LG, LPVW, VN, G, S
LC, LR VW, VN, G, S
LG, LPVW, VN, G, S
LG, LRVW, VN, G, S
LG LRVW,WN, G, S
LG, LPVW, VN, G, S
LC, LR VW, VN, G, S
LG, LPVW, VN, G, S
LG, LP

LG LP

LC, LRVW, VN, G
LC, LR VW, VN

LC, LR VW, VN

G

LG LRVW,WN, G, S
LG, LPRVW, VN, G, S
LC, LRVW, VN, G, S
LG, LPVW, VN, G, S
LG LP

LG, LPVW, VN, G, S
LC, LR VW, VN, G

LC, LRVW, VN, G
VW, VN, G

VW, VN, G

G

VW, VN

LG, LRVW, VN, G
LC, LR VW

VW, VN, G

LC, LR VW, UN, G
G

wmw un un un




Envall et al. Environmental Evidence (2023) 12:6

article, each study was coded separately in the database.
The database is available in Additional file 5.

Data mapping method

The numbers of articles found and retained at each
stage of the review process are presented in a flow
diagram in the section "Review descriptive statistics”
(Fig. 2). Descriptive information about the evidence
base, such as publication year, publication type, study
country and climate zone are presented in tables and
figures in the section "Mapping the quantity of stud-
ies relevant to the question". Different study types
have been defined, and the categorisation is visualised
through a flow chart.

We have produced an evidence atlas, using the tool
EviAtlas [22]. The evidence atlas is an interactive carto-
graphic map that plots the location of all field studies in
geographical space, allowing the user to interrogate and
filter studies and see their summary information. The
interactive, html-based version is provided as an addi-
tional file alongside a static screenshot in Fig. 7. Moreo-
ver, a choropleth was created, showing the distribution of
all studies over the world, including laboratory studies.

For the sake of clarity, some descriptive data are also
presented for each respective study type under the sub-
heading General overview of the study type in the section
"Mapping the quality of studies relevant to the question".
Examples are age of studied facilities (duration of waste-
water flow), size of studied facilities, filter materials used,
methods to evaluate P retention, study design (experi-
mental or observational) and number of replicates.

Review findings

Review descriptive statistics

The initial searches in all bibliographic databases, Google
Scholar and relevant websites resulted in a total num-
ber of 8248 unique records, after removal of duplicates.
The updated search in September 2021 added 2545 new
records after removal of duplicates, resulting in a total
number of 10,793 records. During the screening process
41 more duplicates were identified, giving a total num-
ber of 10,752 unique records (and totally 10,499 removed
duplicates). Moreover, 45 more records were provided
by stakeholder contacts or identified by looking through
bibliographies of relevant reviews and reports found dur-
ing the article screening.

The literature screening stages are presented as a flow
diagram in Fig. 2.

All eligible articles are found in Additional file 5 and
a list of studies excluded at full text level, together with
reasons for exclusion, is found in Additional file 4. A list
of unobtainable articles is found in Additional file 6.
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Mapping the quantity of studies relevant to the question
Publication types

In total, 234 articles met the inclusion criteria (Fig. 2).
A majority of the included articles, i.e., 170, are journal
articles; 25 are conference papers; 14 are reports from
a research institute or university; 13 are government
reports; 12 are master or doctoral theses® (Fig. 3). That is,
a considerable part of the included literature is grey.

Publication years

In Fig. 4 the number of included articles published per
year is shown. The oldest included article is from 1961,
the most recent one from 2021.

Countries
Twenty-nine countries are represented in the system-
atic map (Fig. 5). Most articles (n="75) are from the
USA, followed by Canada (n=41) and Sweden (n=34).
Most of the articles from the USA are from the state of
North Carolina (n=10), followed by Florida (n=9).
Most of the Canadian studies are from the province of
Ontario (n=32) followed by British Columbia (n=4).
The bar diagram in Fig. 5 and the choropleth map in
Fig. 6 (link: Choropleth), display the number of studies
per country. The more precise locations of the field stud-
ies, specifically, are displayed in an evidence atlas (see
interactive version in Additional file 7 and static snapshot
in Fig. 7).

Climate zones

A total of 95 field studies were conducted in climate
zone D, most commonly in Dfb (n=66). Sixty field stud-
ies were performed in climate zone C, most commonly
in Cfa (n=33) (Fig. 8). It should be noted that in many
cases the climate zone was not reported by the authors.
In these cases, we have tried to find it out based on the
location of the study. However, the reported locations are
often less exact than needed, especially when the study is
performed close to the limit between two climate zones.
That is, the climate zone data should not be regarded
totally reliable.

Study types

The studies were categorised into the six different study
types mentioned in the data coding section (Fig. 9).
First, each study was defined as “Laboratory study” or
“Field study”. Laboratory studies were split into “Soil col-
umn studies” (LC) and “Pilot-scale studies” (LP), the lat-
ter referring to experiments performed with lysimeters

* Complete doctoral theses or separate (unpublished) papers from theses.
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Fig. 2 Flow diagram showing the screening process [23]

constructed to simulate infiltration beds (but in an indoor
environment). Field studies were further classified based
on where in the soil system the measurements were con-
ducted, i.e., in the vadose zone, within facility (VW); in
the vadose zone, in natural soil environment (VN); in
groundwater zone (G); or in surface water (S). It could
be argued that studies performed within facilities should
have been excluded since our review question is focused
on the natural soil environment between the facility and

the recipient. However, we judged these studies to be
analogous to laboratory soil column studies, assuming
that the soil material within the facilities is natural.

As a consequence of this classification, one article may
include several study types. Those articles were split into
two (or more) partial studies and each partial study was
assigned a unique study ID and was coded separately in
the data base. Hence the sum of studies is not the same as
the number of included articles.
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Fig. 3 Distribution of types of publications

A note on soil-based field studies: although the aim of
most studies within each of these study types (Vadose
zone, within facility; Vadose zone, in natural soil envi-
ronment; and Groundwater, respectively) is to evaluate
P retention in that specific part of the system, this is not
always the case. For example, studies in which the meas-
urements were performed on septic tank effluent and
shallow groundwater are most often counted as ground-
water studies, although they are primarily designed to
evaluate what happens in the vadose zone.

Mapping the quality of studies relevant to the question
The presentation of the evidence base is structured
around the six study types defined in the previous
section.

As declared in the systematic map protocol [15], a con-
ceptual model is used as a foundation for the discussion.
The conceptual model for the processes involved in soil
retention of P, and the subsystems in which different pro-
cesses occur, is described in the section "The processes
involved in soil retention" above, and shown in Fig. 1. In
the following presentation of the evidence base, modified
variants of Fig. 1 are used to clarify where in the system
the studies of the different (field) study types have been
performed.

Number of included articles
o

N

0

> >
s B EEE2R2EE g a8

Publication year

Fig. 4 Numbers of included articles published each respective year
during the period 1961 to 2021

40 60 80 100 120 140 160 180

The presentation of each study type is structured
around three sections: First we describe the evidence base
of each category in general terms, including the methods
used to evaluate P retention (for study types: LC, LP, VW,
VN and G) and methods used to infer possible impact
from OWTSs (for study type S). Then we present some
general observations regarding the internal validity and
reporting quality of the studies of respective study type.
Note that this is done from an overall perspective, since
we have not performed a critical assessment of each
included study. After that we discuss if, and in that case
how, the study type might contribute to decision mak-
ing. This third part focuses on limitations as well as pos-
sibilities given by the evidence base. That is, we discuss
the limitations that characterise each study type when it
comes to using it as the basis for conclusions about the
focal question, but also what other knowledge, relevant
to stakeholders—and with connections to the focal ques-
tion—that might be extracted from the research (possibly
through systematic reviews).

As mentioned above, one article may include several par-
tial studies, sometimes of different study types. Moreover,
each study may include more than one studied facility. Note
that in the following review, focus is, variably, on “article’,
“study’; “studied facility’} “studied filter” or “case” depending

®
=]

30
5 20

Number of included articles
L A - )
o O O o

Country

Fig. 5 Number of articles from each represented country
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Fig. 6 Choropleth displaying the geographical distribution of studies

on what is most informative and doable for the specific
parameter discussed. It should also be noted that the same
facility may have been studied several times and/or with dif-
ferent research questions (in separate articles). In the review
below each such occasion is counted as a separate case.

Studies performed on OWTSs that were (or had
been) in use for wastewater treatment are categorised
as “observational” Studies performed on soil plots or on
facilities set up solely for the purpose of research, and
where manipulative experiments were carried out, are
categorised as “experimental”

Studies performed in the vadose zone, within facilities
General overview of the study type Fifty-five field stud-
ies performed in the vadose zone, within facility (Fig. 10),
fulfilled the eligibility criteria and are included in the sys-
tematic map. These studies were performed outside of the
focal soil system, but they are included since they were
performed in natural soil or sand filters (although the soil
or sand might have been brought there from another loca-
tion).

Most of the 55 studies (n=42) were observational,
examining the fate of P within altogether 129 separate
facilities/filters® that were in use for wastewater treat-
ment. Thirteen studies were experimental, examining the
fate of P within altogether 34 facilities/filters set up for
the purpose of research. That is, in all 163 separate filters
were studied.

Most of the 129 studied facilities of the first category
were small-scale, serving (or were designed to serve) just
a few persons or households. Eighty-two facilities were

°> The number of facilities that were studied, and described, separately. In
three studies the data were clustered.
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serving (or were designed to serve) up to 50 persons
(Fig. 11).° The biggest studied facility was designed to
serve 350 person equivalents.”

The hydraulic (wastewater) loading rate was reported
or inferable based on available data for 105 studied facili-
ties; not reported or inferable based on available data for
57 studied facilities; and it was not reported, and unclear
if it was inferable, for one studied facility.

Most filters consisted of sand or gravel, sometimes in
combination with other natural soil materials. Peat was
used in 11 of the facilities that were described separately.
Other examples are silt loam (used in one facility), and
meadow brown soil (used in one facility). For 18 of the
facilities that were described separately, the composition
of the filter was not reported.

Many (75 out of 163; 46%) studied filters had been
exposed to wastewater for a fairly short period of time
(0-5 years), whereas only 11 facilities (7%) had been
in use for more than 20 years. Data on the duration
of wastewater exposure was lacking in 20 cases (12%)
(Fig. 12).

In 51 out of the 55 studies, the P retention was evalu-
ated by comparing dissolved P in the leachate from the
facility with that of the influent from the septic tank. In
the remaining cases, P retention was estimated by deter-
mining the accumulated P in the filter bed and compare

6 The numbers are approximate since the sizes of the facilities are estimated
in certain cases. For example, if reported as number of families/residences/
households or similar, the number has been multiplied by 4 to estimate num-
ber of persons.

7 The results should be valid for OWTSs serving up to 200 pe, according to
the definition by the Swedish Agency for Marine and Water Management.
We set the limit to systems used by/constructed for 400 persons, reasoning
that data from facilities of this size should be generalisable for facilities serv-
ing up to 200 pe.
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Study Domain

groundwater zone

surface water
I vadose zone, in natural soil environment
i vadose zone, within facility

Fig. 7 Snapshot of evidence atlas displaying the geographical distribution of field studies. The two studies placed in the Atlantic Ocean lack
coordinates. As regards the yellow and green dots with numbers, the colours do not indicate a specific study type. Yellow dots with numbers
contain more than 10 studies that appear while clicking on it in the html-based version; green dots contain 2-9 studies that appear while clicking
on it. (Yellow dots without a number indicate a single surface water study.)

Number of studies

Fig. 8 Number of field studies performed in each represented
climate zone. ND: no data reported or inferable

0

it with the cumulative P load from the septic tank (4
studies). As for the former type of study, total P was
determined, sometimes in combination with phosphate
phosphorus, PO,-P (using the molybdate-blue or equiv-
alent method) in 43 studies; however, in 8 studies only

PO,-P was studied (Table 3). These two methods can lead
to slightly different results as total P may include organic
I I P and P-containing colloidal/particulate materials that
E H = I I = may be removed by the filter by mechanical filtration
Cfa Cfb Ca Csb Cwb DR Db Dfe D Dwa ND rather than by chemical or biological processes [24, 25].

Climate zone

General observations regarding internal validity
and reporting quality Only one study used spatial repli-

Studies fulfilling the relevance criteria (256)

/

Laboratory studies (88) Field studies (168)
Soil column (78) Pilot-scale facility (10)  Vadose zone, Vadose zone, Groundwater (65) Surface water (21)

within facility (55) in natural soil
environment (27)

Fig.9 Categorisation of included studies. The numbers in brackets refer to numbers of studies
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Fig. 10 The red ellipse shows which part of the system that is in focus in studies performed in the vadose zone, within facility. The red, dashed line
indicates the limits of the complete natural soil system between facility and recipient, that is, the system of primary interest

cation: the experimental study of Mechtensimer and Toor
[14]. When several systems were studied within the same
study, the systems differed when it comes to soil proper-
ties and/or other relevant factors. This undermines the
possibility of robust conclusions to be made about the soil
retention of P, and about the factors affecting it, and pos-
sible confounders.

Correction of dilution effects, resulting from infiltrat-
ing rainwater or from leakage from surrounding soils,
may be important to get correct P retention data, par-
ticularly for filters subject to low hydraulic wastewater
loads (<~ 10 L m2 d7'). To estimate dilution effects,
four authors used estimated rainfall recharge at the site,
while four others used chloride (Cl7) as a tracer. How-
ever, most studies did not report any dilution-corrected
P retention data, although CI™ in influent and leachate is
sometimes measured, making it possible to calculate it.

Another uncertainty of the method is that dissolved P
in the influent and leachate can vary substantially over
time, leading to large differences in the calculated P
retention. For example, in four of the systems studied by
Nilsson et al. [25], the P retention was>90% at one sam-
pling occasion and negative (i.e., higher dissolved P in the
leachate than in the influent) at the next sampling occa-
sion. In other words, an individual measurement repre-
sents, at best, a “snapshot” of the P retention, which is
often unlikely to represent the long-term P retention of
the filter. Therefore, repeated measurements are needed
for more reliable estimates of P retention. Of the 51 stud-
ies that quantified P retention by measuring dissolved P
in influent and leachate, 9 studies contained data for only
1 or 2 sampling occasions, and an additional 11 studies

90

Number of studied facilites

10
0 I | —-— l ||

1-50 51-100 101-150 151-200 >200 ND
Persons or person equivalents

Fig. 11 Number of studied facilities within five size categories. ND:
no data reported
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Fig. 12 Duration of wastewater exposure. ND: no data reported

used between 3 and 10 sampling occasions. 22 studies
used > 10 sampling occasions, whereas 9 studies did not
provide this information.

As concerns the method using accumulated P in
the filter bed to determine long-term P retention, an
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Table 3 Method to evaluate P retention in soil/sand filters within facility

General approach Method Number
of studies
Determining dissolved P in influent and Dissolved total phosphorus, TP, in septic tank effluent and after filter 32
leachate
Dissolved PO,-P+TP in septic tank effluent and after filter 1
Dissolved PO,-P in septic tank effluent and after filter 8

Comparing accumulated P with cumulative
P load

TP and oxalate-P in filter compared to control

Oxalate-P in filter compared to control 1

advantage is that this gives an integrated measurement
of the P retention taking place during the lifespan of the
filter. However, to use this method, very good estimates
are required for both the cumulative P load onto the fil-
ter and the total or oxalate-extractable P of both the fil-
ter bed and of a control (e.g., the unused filter medium,
to account for its initial P concentration). Such data are
often not known or provided by authors. For example,
for one of the filters (Luvehult) studied by Eveborn et al.
[11], the authors calculated a long-term P retention of
more than 100%, an obvious impossibility. This probably
resulted from less precise estimates of one or more of the
above-mentioned parameters.

For both approaches to quantify P retention in filters,
the cumulative P load (expressed as g P m™ material) is
potentially an important metric. To correctly estimate it,
the following data need to be available: the hydraulic load
of septic tank influent; the mean dissolved P concentra-
tion of the influent; and the dimensions of the filter bed.
For 85 of the studied facilities, such information was pre-
sented, while necessary data were missing for 78 of the
studied facilities.

Because P retention in the filters is expected to be dom-
inated by sorption onto Al and Fe (hydr)oxides [10, 11],
the filter media have a finite capacity to adsorb P. In order
to evaluate different filter media and compare results, the
following information is needed: the concentration of
oxalate- or dithionite-extractable Al and Fe, the pH in the
filter material, and the duration of wastewater load. How-
ever, the concentration of oxalate-extractable Al was only
reported for 21 of the 163 studied filters and the con-
centration of dithionite-extractable Al was not reported
for any of the filters. Additionally, the concentration of
oxalate-extractable Fe was reported for 16 filters while
the concentration of dithionite-extractable Fe was not
reported for any of the studied filters. The pH value of the
soil material was reported for 11 filter beds. The fact that
a large part of the studied filters were exposed to waste-
water for a short period of time (Fig. 12) makes the evi-
dence base weak when it comes to evaluation of different

sand/soil filter materials in the long term, which is vital
for robust conclusions [10].

How might this study type contribute to decision-mak-
ing? The aim of the studies within this category was
most often to evaluate the purification efficiency of sand/
soil filters when it comes to different substances occur-
ring in wastewater (including phosphorus). That is, the
soil retention of P was undoubtedly in focus. However,
although the soil material within the filter was “natural”
(i.e., not amended as regards P adsorption capacity), the
retention results obtained from this kind of studies could
not be transferred to knowledge about the complex natu-
ral soil system between the facility and recipient water-
bodies without caution.

As noted above, a decrease of P retention (within the
sand/soil filters) with an increased cumulative P load is
expected, which was also shown in some of the included
studies. Clearly, it would be relevant to stakeholders to
get a more elaborate knowledge about the P retention
capacity within natural sand/soil filters over time (that
is, with an increased cumulative P load), and about what
factors that affect the P retention capacity. This could
theoretically be the topic of a systematic review. How-
ever, our assessment is that the current evidence base
could not provide any firm, general answers to this ques-
tion, given the shortcomings discussed above.

Field studies performed in the vadose zone, in natural soil
environment

General overview of the study type Twenty-seven stud-
ies performed in the vadose zone, in the natural soil envi-
ronment (Fig. 13), fulfilled the eligibility criteria and are
included in the systematic map. These studies were—con-
trary to the studies of the previous category—performed
within the focal soil system, although in a limited part of
it. Nineteen studies were observational, including in all 75
facilities. Eight studies were experimental, including in all
30 experiments. Three of these studies used replication.
In one case, measurements were performed immediately
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below the vadose zone, in shallow groundwater. This study
is included in this category as it aimed to provide informa-
tion on the P removal in the vadose zone.®

Most studied “true” (that is in use for wastewater treat-
ment) facilities (42 out of 75) within this category were
small-scale, serving just one house/family. Two were
somewhat bigger; one of those were serving 115 per-
sons and the other one 59 dwellings. The size of twenty
facilities were more unclear: three were serving “a medi-
cal group home’; one was serving "a hotel’, one "a motel’,
one "a trailer deport’, one "a school’, two "a resort” and 11
a seasonal use campground” In 11 cases, data on num-
bers of persons/households connected to the facility were
missing. Hydraulic (wastewater) loading rate (volume/
area/time) was reported or inferable based on available
data for 76 of the facilities/experiments and not reported
or inferable in 29 cases.

In most cases, septic tank effluent had been infiltrated
directly into the soil. However, in two of the studies, the
septic tank effluent was first treated in a sand filter before
soil infiltration.

A fairly short period of wastewater exposure (<5 years)
was reported for 53 facilities/experiments, but 17 facili-
ties had been in use for more than 20 years. Data on
duration of wastewater exposure was lacking in 11 cases
(Fig. 14).

Similar to the “Within system studies’;, in most cases
soil P retention had been evaluated by comparing dis-
solved P in the pore water (typically using a lysimeter)
with that of the influent from the septic tank and/or from
a sand filter (26 out of 27 studies). In one study, emphasis
was instead put on determining the spread of the P plume
within the unsaturated zone [26]. In 2 Australian studies,
porewater studies were combined with an analysis of the
accumulated inorganic P in the soil profile [27, 28].

General observations regarding internal validity
and reporting standard Most studies were observa-
tional, studying the P flow beneath specific in-use facili-
ties. Eight studies were experimental. Three of those used
replication. However, most often, when several systems
were studied within the same study, the systems differed
when it comes to soil properties and/or other relevant
factors. This undermines the possibility of robust conclu-
sions to be made, within and across studies, about the fac-
tors that affect P retention.

Of the 26 studies that compared dissolved P in the
porewater with that of the septic tank effluent, only two
accounted for dilution using the CI™ method, an effect
that was sometimes considerable. This calls for caution
when interpreting P removal reported for this group of

8 It should be noted that there is a grey zone as to how to categorise these
kind of studies, and there could be inconsistencies.
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studies. Another factor to consider when interpreting
the results is the age of the systems. Fifty-three out of the
105 studied facilities/experiments had been in operation/
lasted for 5 years or less, and only 17 studied facilities
were ‘old’ (>20 years) (Fig. 14).

The retention of P in the soil is dependent on chemi-
cal conditions, e.g., pH and, as mentioned above, on the
amount of Fe and Al (hydr)oxides. However, only 7 stud-
ies reported the pH of the soil unaffected by wastewater
(prior to the exposure or in a control soil nearby), and no
single study reported results for oxalate- or dithionite-
extractable Fe and Al

For the reasons stated above, most of the studies within
this study type are likely only to give an indication of the
extent of soil retention in the natural environment in the
vadose zone. Further, the considerable differences in P
removal observed may not always be possible to explain.
To what extent these differences are due to different soil
properties, different hydraulic loads, or different meth-
odological approaches is poorly, if at all, known. Unfor-
tunately, the evidence base is not sufficient to provide
consistent clues.

How might this study type contribute to decision-mak-
ing? The unsaturated zone beneath drainfields is part of
the focal soil system. What happens here has a bearing
on the total retention of P occurring between the facility
and the recipient waters. A deeper understanding of the P
retention occurring in this part of the system would hence
be valuable to stakeholders. For example, more detailed
knowledge would be needed about the timescale for a
given soil to reach its capacity to retain P under the pre-
vailing water chemical conditions. However, most studied
facilities had not been exposed to wastewater long enough
to enable answering such questions. Specifically, all repli-
cated studies evaluated facilities/soil plots that had been
exposed to wastewater for 3 years or less. Moreover, as
described above, the reporting was generally deficient,
making it difficult to disentangle the factors behind the
considerable differences in P removal observed in the
included studies. Consequently, our assessment is that the
evidence base is insufficient for allowing general conclu-
sions about the P retention occurring in the vadose zone
beneath OWTSs. A systematic review would be of limited
value; more effort should be put on primary research that
is well-conducted (replicated) and adequately reported.

Field studies performed in groundwater zone

General overview of the study type  Sixty-five field studies
performed in the groundwater zone (Fig. 15) fulfilled the
eligibility criteria and are included in the systematic map.
Most of these are case studies of one or several sites where
the groundwater was, or was suspected to be, impacted
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Surface water

Fig. 13 The red ellipse shows which part of the system that is in focus in studies performed in the vadose zone, in the natural soil environment. The
red, dashed line indicates the limits of the complete natural soil system between facility and recipient, that is, the system of primary interest
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Fig. 14 Duration of wastewater exposure. ND: no data reported

by specific OWTSs. In sixteen of the included studies,
groundwater in areas with several OWTSs was investi-
gated. Three studies were experimental and one of those
was replicated.

A majority of in-use or previously in-use OWTSs that
were studied separately (n=191) were small-scale, serv-
ing one or a few households (up to about 50 persons or
person equivalents in 119 cases, and between 50 and
250 persons or person equivalents in eight cases). In 35
cases the facilities were serving some kind of public or
commercial property (examples are “a campground’, “a
school’, or “a hotel”). For 29 facilities this information was
missing. In the sixteen studies where groundwater under
areas with several OWTSs was in focus, the number of
OW'TSs in the area was not reported in nine cases. In the
remaining studies the number of OWTSs varied between
eight and more than 400.

The wastewater loading rate (volume/area/time) was
reported or inferable for 65 facilities or experimental
plots (out of 198).

As regards the age of studied OWTSs, data were miss-
ing for 68 of the facilities that were studied separately.
56 facilities were 10 years old or less. 34 facilities were
older than 20 years (Fig. 16). In the sixteen studies where
groundwater under areas with several OWTSs was in
focus, the age of OW'TSs was reported in three cases: in
one of those, many facilities were reported to be more
than 20 years old, in the second one, the facilities were
between 10 and 75 years old, and in the last one, they
were between 20 and 40 years old.

For most of the study sites the soil was described as a
sandy material (sand, loamy sand, sand loam etc.), but
also sites with predominantly silty materials (silt, silt
loam etc.) and finer material (clay, clay loam etc.) were
represented. In some cases, there was information about
the existence of underlying bedrock or clay, but in none
of the study sites, transport and P retention in fractured
rock was investigated.

The aim and focus of the studies varied. One group
of groundwater studies investigated the impact on
groundwater from nearby OWTSs. Primary focus of
these studies was not necessarily P. It could rather be,
e.g., pathogens or nitrogen, but P concentrations in the
groundwater was reported as well, most often com-
pared to background levels. These studies typically did
not investigate the transport and retention of P in the
groundwater zone in detail or lacked enough data to do
so. They often strived to relate the P concentrations in
the groundwater to the distance to the OWTS, but often
there was not enough or detailed enough data to sepa-
rate the P retention in the vadose zone from that in the
groundwater zone. So, the observed outcome was the
combined effect of processes occurring in the vadose
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Fig. 15 The red ellipse shows which part of the system that is in focus in studies performed in the groundwater zone. The red, dashed line indicates
the limits of the complete natural soil system, that is, the system of primary interest

and in the groundwater zone, and the main focus was in
this case on assessing the status of the groundwater in
the presence/vicinity of an OWTS. When measurements
have been conducted just beneath the groundwater sur-
face with a very small migration distance in the ground-
water zone, this type of study, in fact, provides more
information about the efficiency of P retention in the
vadose zone than about P retention in the groundwater
zone. In some cases, the presence of a dissolved inorganic
nitrogen (DIN) plume and simultaneous absence of a P
plume, indicated that P from the OWTS had been atten-
uated in the vadose zone or immediately when entering
the groundwater zone [29].

Another group of groundwater studies investigated the
evolution of P plumes in groundwater originating from
OWTSs. Some studies just characterised the shape and
size of the plume, without being able to say anything
about how long it took to develop to that size or how
long the P takes to go from source to sink. Some of these
studies, however, evaluated the overall P retention and
P migration velocity in the groundwater zone and some
reported a P retardation factor. The P retardation factor
describes how much slower the P migrates compared to
the groundwater. Typically, a very large number of meas-
urement points (many multi-level wells) are needed to
really delineate a plume and assess migration velocity and
retardation, and there are relatively few such studies. For
example, Harman et al. [30] used 400 sampling points
to delineate a PO,-P plume that had migrated 75 m in
44 years at a velocity 60 times slower than the groundwa-
ter flow velocity (retardation factor of 60).

Several of the groundwater studies also attempted
to investigate the mechanisms of P retention in the

groundwater zone. In particular, some studies strived to
evaluate if the P retention is due to reversible adsorption
causing retardation of the P plume or if precipitation of
P into minerals is causing a more long-term removal of
P from transport with the groundwater. This question
is potentially important and appears to depend on site-
specific parameters and conditions [5]. Some studies also
investigated how P plumes in groundwater reach and
cause P emission to surface water, but with less detailed
data on the P in the plume and plume processes [29, 30].

General observations regarding internal validity
and reporting standard The P retention in the ground-
water zone is strongly dependent on a number of envi-
ronmental parameters, including properties of the soil
(or rock), pH, mineral composition etc. (as described
above in the conceptual model; Fig. 1). We found that
the information about these parameters was most often
deficient, or even lacking. This makes it is difficult to
generalise the findings to locations other than the spe-
cific sites where the studies were conducted, because
there is confounding from many undescribed contextual
variables.

The groundwater studies comprise the study type that
takes most of the complete soil system into considera-
tion and could hence be regarded the most promising
when it comes to the possibility to answer the overarch-
ing question. However, a prerequisite is that the studied
sites have been exposed to wastewater for a sufficiently
long period of time, and that the time of exposure is
reported. As described above, the age of studied facili-
ties was lacking in 68 cases, and 56 studied facilities
were 10 years old or less (Fig. 16). However, 34 facilities
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Fig. 16 Number of studied facilities per age group (years of
wastewater exposure). ND: no data reported

were older than 20 years, and among these there were
some interesting, reasonably well-reported studies, in
which the extension and expansion of the P plume over
time was delineated and described. Although also these
studies are case studies, and hence ungeneralisable,
they present valuable examples.

How might this study type contribute to decision-mak-
ing? Long-term studies of P plumes in groundwater [e.g.,
30, 5] provide an opportunity to study the P retention and
transport velocity towards recipients over relevant time
scales. There are not enough studies to draw general con-
clusions, but nevertheless these studies can serve as useful
examples representing the specific site conditions in the
studies. A synthesis of all groundwater P plume studies
would not provide the complete picture of P retention in
the groundwater zone but could provide valuable infor-
mation and examples valid for certain conditions.

The evidence base suggest that P retention mecha-
nisms vary in strength and that different mechanisms
may dominate the P retention in the groundwater zone
under different conditions, depending on factors such as
soil type, mineral composition, groundwater chemistry
etc. For some specific conditions, the evidence base may
be extensive enough to build models of the dominating
P-retention processes and make model predictions of P
transport and retention at sites where these conditions
apply. However, also in cases (subject to model predic-
tion) where the general site conditions (e.g., soil type) are
represented in the evidence base, there can be large varia-
tions in site-specific parameters that influence the result-
ing P-transport and retention. Unless the site-specific
parameters (including their spatial variation) are known
in great detail, any model prediction will likely be asso-
ciated with large uncertainties. This systematic map has
not investigated to what extent the parameters governing
the P retention processes can be generalised to typical
hydrogeological conditions in Sweden (or to other boreal,
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temperate environments). A larger evidence base would
be needed to evaluate model-prediction accuracies for a
broad range of environmental conditions.

Surface water studies

General overview of the study type Twenty-one surface
water monitoring studies (Fig. 17) fulfilled the eligibil-
ity criteria and are included in the systematic map. The
rationale for including this kind of studies was that if it
can be concluded that OWTSs cause raised P concentra-
tions in surface waters nearby, it could also be concluded
that the soil retention is not efficient “enough” under pre-
vailing conditions (and the other way around). However,
to make such conclusions the contribution of P from soil-
based OWTSs, specifically, must have been sorted out
from other potential P sources. Many surface water moni-
toring studies was excluded since they based their calcula-
tions on estimations, rather than on measurements, of soil
P retention. Other studies have been excluded since they
based their calculations on standard values of P released
per household, presuming that all P reaches the recipi-
ent without retention. A third category of surface water
studies have been excluded since the evaluation of impact
from OWTSs was deemed to be too speculative.

The duration of wastewater flow was not reported in
most of the included surface water studies. In most cases,
there were several OWTSs in the catchment area, prob-
ably of diverse ages. However, in two studies (in all five
sites) the ages of the OWTSs were reported, and the
studied OWTSs were in all these cases old (30—60 years).

Several methods were used to infer the possible impact
from OWTSs on surface waters. The number of studies
using respective method is shown in Fig. 18. Often more
than one method was used in the same study. Finger-
printing, in which the presence of compounds other than
P is analysed to indicate an effect of wastewater (e.g.,
NO;-N, fecal coliforms, sucralose, caffeine), was the most
common method, used in ten studies. Fingerprinting
was used in some studies as a complementary method
to other methods, as it alone does not prove migration
of OWTS-derived P into the surface waters. The next
most common methods were measurement of the rise in
P concentration under low-flow conditions, and mass-
balance calculations, respectively, used in seven studies
each. The first of these methods uses the assumption that
the relative contribution from septic systems is highest
under low-flow conditions. Mass-balance calculations
involve the estimation of P loads to soil from septic tanks
in a specific area, and a comparison with the transport of
P in the surface water systems that drain this area. In four
studies, it was investigated whether the P concentration
in surface water was affected by comparing two differ-
ent recharge areas, one with a high septic system density
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Fig. 17 The red ellipse shows which part of the system that is in focus in studies performed in surface water. The red, dashed line indicates the
limits of the complete natural soil system, that is, the system of primary interest

and one with a low one. Another method that was used
in four studies is comparison of the P concentration
upstream and downstream of the discharge from septic
systems.

General observations regarding internal validity
and reporting quality Many of the included surface
water studies suffer from methodological issues. Simply
put, there is no easy and straightforward way to assess
the impact of soil-based OWTSs on surface water. To get
some idea of the general internal validity of included stud-
ies, each surface water study was assessed based on (1) the
possibility to isolate the effect of OWTSs (yes/no/partly),
(2) the comparison with control (without OWTSs) (yes/
no/partly), and 3) the contribution of poor systems (i.e.,
without soil) to the effect (yes/no/uncertain).

The assessment was that it was possible to isolate the
effect of OWTSs only in five out of 21 included surface
water studies, partly possible in 14 studies and not pos-
sible in two studies. Only six studies had used a control
(without OWTSs) for comparison. In one study this had
been done at least partially, and in 14 studies no control
without OWTSs had been used. One recurrent issue was
the possible contribution of poor OWTS systems, i.e.,
systems without soil infiltration (such as so called “sand
filters” that discharge directly to surface water). In four
of the included studies, there were such poor systems in
the catchment area, making it hard to isolate the impact
of soil-based OWTSs. In 14 studies, contribution from
poor OWTSs could not be ruled out. Only in three stud-
ies could it be concluded that there was no contribution
from poor systems.

Further, the reporting is often insufficient when it
comes to soil properties, number and density of OWTSs
in the catchment area, the distance to surface water and
age of OWTSs.

How might this study type contribute to decision-mak-
ing? Existing evidence is limited for the purpose of
evaluating to what extent, and under what circumstances,
OWTSs generally have an impact on P concentration in
recipients. The assessment is that the number of stud-
ies is far too low, given the complexity and variability
of the systems, and given the recurrent methodological
issues described above. The evidence base probably does
not allow for more detailed knowledge about the factors
already known to affect the impact, for example soil type,
distance to recipient, and number of OWTSs in the catch-
ment area.

Nevertheless, if a systematic review project with this
focus is initiated, our relevance assessments should be
treated with caution, and our eligibility criteria possibly
fine-tuned (for reasons described below, in section "Limi-
tations of the map").

Laboratory soil column studies

General overview of the study type Seventy-eight column
studies fulfilled the eligibility criteria and are included in
the systematic map. These studies can be split into two
categories, one in which specified natural soils were inves-
tigated with regard to P retention capacity, and the other
one in which soil or sand columns were used as reference,
and where the primary objective was to investigate the P
retention capacity of different kinds of more or less artifi-
cial filter materials. The focus of included column studies
was not always on P removal; other substances within the
wastewater may have been of primary interest although P
data were reported as well.

Methods to evaluate soil retention of P in the col-
umn studies varied (Table 4). The predominant method
was to measure the P concentration in the wastewater
before and after infiltration, respectively. However, the
data were not always presented in that form, but as, e.g.,
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Fig. 18 Number of studies using respective method to evaluate impact of OWTS on surface water. Several methods may have been used in the

same study

P removal efficiency (%) or a P breakthrough curve. A P
breakthrough curve is a curve describing the concentra-
tion after infiltration divided by the concentration before
infiltration (C/C,) over time. The second most common
method was to measure the concentration of P in the
soil after infiltration of wastewater and in a control soil
(before infiltration or in another virgin soil sample), often
at different soil depths. The third most common method
was to measure the amount of P applied and leached,
respectively (Table 4). In five studies, researchers used
two methods.

Among the 78 column studies, a vast range of column
sizes were used, with inner diameters from 2.5 to 95.5 cm
(Fig. 19), and package heights from 5 to 460 cm (Fig. 20).
In three studies boxes instead of columns were used.

The duration of wastewater load was in most cases
a few weeks, but the shortest study was only three days
long and the longest study about 3 years (Fig. 21).

Soils of six different soil orders were investigated: Alfi-
sol (used in 17 cases®), Entisol (n=23), Histosol (n=15),
Inceptisol (n=17), Mollisol (n=5), Oxisol (n=2), Spo-
dosol (n=5), and Vertisol (n=2) In 97 cases, the soil
order was not reported. (Fig. 22)

It is not always clear what kind of wastewater that was
used (for example, “domestic wastewater” was a common
description) but in at least 33% of the studies, the waste-
water was taken from a municipal wastewater treatment
plant. In a few of the included studies, relatively “clean”
wastewater was used. In some of these cases, it could
be suspected that the wastewater was tertiary treated,

although this was unclear. In most studies, the wastewa-
ter flowed downwards through the columns, but in some
studies, upward-flow of the wastewater was practiced.

General observations regarding internal validity and report-
ing quality As mentioned above, the merit of column
studies is the possibility to create a highly controlled envi-
ronment, which enables the investigation of the impact
of specific parameters on the P retention capacity of the
soil. Such knowledge is useful not the least while inter-
preting results from field studies. Important parameters
are, in addition to the properties of the investigated soil,
the pH of wastewater, hydraulic loading rate and opera-
tion time. Chemical and physical soil properties of special
importance include pH, the concentration of oxalate or
dithionite-extractable iron and aluminium, and particle
size. To be able to evaluate specific factors as regards P
retention capacity, all relevant parameters must have been
adequately measured and reported. Unfortunately, this was
not always the case for the included studies. For example,
in about half of the cases (53%) no soil order was reported.
The concentration of dithionite and/or oxalate-extractable
Al and Fe was reported in as few as seven of the studies®
(9%). The pH of the soil was reported in 50% of the studies.
In 64% of the studies, no information about the fraction of
sand, silt and clay, respectively, was reported. In the col-
umn studies in which other media (i.e., non-natural soils)
were in focus, and a column filled with natural sand or soil
was used as reference, the reporting regarding the refer-

% One case=one “experiment’; that is one column (if unreplicated) or one set
of replicates.

10 Note that a study may contain several experiments, replicated or unrepli-
cated.
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Table 4 Methods to evaluate P retention in soil columns

General approach Method Number
of
studies

Determining P in influent and effluent Measure concentration of P before and after infiltration 74

Determining accumulated P in soil Measure amount of P applied and leached 3

Measure concentration of P in soil after infiltration and compare to a control 6

(virgin soil)

ence column(s)—the only one(s) relevant to us—was gen-
erally most deficient. In these cases, the soil was commonly
categorised as a “sand’; and further description was scarce
or even lacking. pH of wastewater before infiltration was
reported in 67% of the studies, and pH of wastewater after
infiltration in 47% of the studies. The hydraulic loading rate
was reported, or inferable based on the data reported, in
87% of the studies.

In columns, channels that bypass soil filtration may
form. This may lead to preferential flow patterns, mak-
ing the wastewater flow through the more quickly. Pref-
erential flow patterns may hamper P retention since
retention processes will not have the time to occur. This
is more likely to be observed under saturated conditions
since flow rate is higher during saturated than during
unsaturated conditions. Preferential flow patterns also
contribute to a smaller contact area between wastewa-
ter and soil, where P retention mechanisms take place.
The smaller the column is, the more pronounced may
these phenomena be. Large-scale columns may also
suffer from preferential flow patterns, but the probabil-
ity is less. Accordingly, studies on large-scale columns
generally provide more valid results. However, most
columns used in the studies included in this systematic
map are to be regarded rather small (Figs. 19, 20).

The chemical composition of the wastewater loaded to
the soil materials may also have an impact on the meas-
ured P retention. In the column studies included in the
systematic map, wastewater from small-scale wastewater
treatment facilities such as OWTSs as well as wastewa-
ter from large-scale municipal treatment plants had been
used. In at least 33% of the studies, municipal wastewa-
ter was used. Wastewaters of such origin are often com-
posed of a larger number of different pollutants than a
wastewater from a small-scale OWTS serving one or
just a few households. This might affect the results, mak-
ing them less valid for OWTSs. In a few of the included
studies rather “clean” wastewater was used. In some of
these cases it could be suspected that the wastewater was
tertiary treated, although this was unclear. Results from
such studies could also be misleading.

The columns in the included studies were reported to
be loaded with wastewater for periods ranging from days

III.lll

2.5-5 5.1-10 10.1-15 15.1-20 20.1-25 25.1-30 30.1-35 35.1-40 >40 ND

Column diameter (cm)
Fig. 19 Number of studies using columns with diameters within
given ranges. ND: no data reported. (Three studies, using boxes
instead of columns, are not included in the diagram.)

Number of studies

Soil package height (cm)
Fig. 20 Number of studies using columns with soil package heights
within given ranges (cm). Only the largest height in studies where
several heights were used is included in the diagram. The ranges
indicate flow lengths in most cases. However, this is not completely
consistent for the following reasons: (1) it is not always clear whether
package height or column height is reported, (2) sometimes there are
ports at different heights which means that the flow length is shorter
than package heights. ND: no data reported. (Three studies, using
boxes instead of columns, are not included in the diagram.)

to years (Fig. 21). Most studies reported periods shorter
than 4 months. Depending on the length of the operation
period, different P retention mechanisms have the pos-
sibility to occur. Results from a column study with short
duration, e.g., hours, are difficult to extrapolate to esti-
mates of the efficiency of retention of the soil in the long



Envall et al. Environmental Evidence (2023) 12:6

Number of studies
[
PO - I N

ND

51-100 EE————
101-150 e———

151-200 —
201-250 —

251-300 m—

351-400 ————

301-350 ==
401-450
451-500
501-550 mmm
551-600 =
601-650 =
651-700 ==
701-750 mmm
751-800
801-850
851-900
901-950
951-1000 =
1001-1050
1051-1100 =
1101-1150
1151-1200

Days
Fig. 21 Duration of wastewater flow. If more than one duration
was applied within the same study, all durations are included in the
diagram. Hence, the sum of studies is greater than the number of
included column studies. ND: no data reported

120

100

60

40

20 I
0 — — . I I
J Q o & &
S S $

& 5
> & o

Number of cases (columns)

Y\\“\ &
Soil order
Fig. 22 The number of cases using soil of respective soil order. ND:

no data reported

run. Column studies that run for a period long enough
to reach break-through give a more realistic idea of the
soil's P retention capacity. Break-through occurs when
the P concentration of the effluent from the column is
equal to the P concentration of the wastewater that was
fed to it, which happens when the soil is saturated with
P. This phenomenon is similar to field conditions where
an OWTS has been in operation for several years and
the soil is saturated with P. A breakthrough curve (C/C,),
showing this, was reported in three studies, but P satura-
tion was reached in several cases.

In most studies, the wastewater flowed downwards
through the columns, but in some studies, upward-flow
was practiced. When column experiments are conducted
under saturated conditions, upward-flow is often pre-
ferred, as it is commonly assumed that air pockets are
more easily displaced, leading to more complete water
saturation during the experiment. On the other hand,
downward loading of wastewater makes the conditions
more similar to field conditions, where wastewater from
an OWTS percolates downwards through the soil to the
groundwater level.
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The experiments were replicated in only 35% (n=27)
of the column studies. Most often one column was used
per soil type or per treatment. This means that it is not
possible to evaluate the soil retention statistically. Nor
can the results be used in meta-analyses.

How might this study type contribute to decision-mak-
ing? The complexity that prevails under field conditions
cannot be replicated in a laboratory soil column setting.
Hence, it is not possible to base the knowledge about the
retention of P in the natural soil environment solely on
results from column studies. The merit of column studies,
however, is that they are run under controlled laboratory
conditions, which makes it possible to study how specific
parameters affect soil retention. Moreover, the possibil-
ity to control the actual inflow and outflow of wastewater
obviates the dilution problem often encountered in field
studies. Accordingly, well-performed and well-described
column studies constitute a valuable part of the evidence
base. They may provide important complementary infor-
mation, not the least while interpreting the results from
field studies.

It would be possible to conduct a systematic review
based on results from soil column studies. However,
there are concerns that should be considered before
launching such a project. First, given the shortcom-
ings described above, it is unclear how many of the col-
umn studies included in this systematic map that would
be included in a systematic review, after being critically
assessed. The lack of replicates in about 65% of the col-
umn studies is a problem since such studies cannot be
included in meta-analyses. The insufficient reporting of
relevant parameters makes it less probable that there are
enough studies to disentangle the significance of specific
parameters. The lack of an established reporting standard
aggravates syntheses of results. Further, the stakeholder
relevance of a systematic review of column studies is
not obvious. The outcome of such a review—in case the
above-described concerns are not too severe—could be
more precise estimates of the impact of different param-
eters already known to affect P retention. This would
probably be more relevant to researchers than to policy
and practice decision-makers.

Pilot-scale studies in the laboratory

General overview of the study type Ten pilot-scale stud-
ies performed in the laboratory fulfilled the relevance
criteria and are included in the systematic map. This cat-
egory of studies can be thought of as being in-between
laboratory column studies and studies performed in the
vadose-zone, within-facilities. In these studies, some kind
of pilot-scale set-up had been constructed using several
components such as boxes filled with soil or sand and
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vegetated boxes. In eight of these studies, sandy materials
were used in the filter. One study used peat, and one used
loamy soil. All studies measured the concentration of P
in the water before and after infiltration, to evaluate the
P retention. Secondary treated wastewater from a septic
tank was used in only one study; in all the other studies,
other types of wastewaters were used, e.g., municipal.
The duration of wastewater flow varied between 1 and
275 days.

General observations regarding internal validity and report-
ing quality An advantage with this type of study, com-
pared to vadose-zone studies in the field, is that the influent
wastewater volumes may be more efficiently controlled.
Moreover, the possible influence of dilution effects from
rainwater can be disregarded. However, none of these stud-
ies used spatial replication. Moreover, the reporting is defi-
cient throughout. For example, the soils used as filters are
insufficiently described; e.g., none of the studies reports
oxalate- or dithionite-extractable Fe and Al Six of the stud-
ies allow cumulative P loads (in g P m™) to be calculated.

How might this study type contribute to decision-mak-
ing? The study set up varies considerably among stud-
ies within this category, making compilation of results
difficult. Moreover, the lack of spatial replication and the
generally deficient reporting make the studies less valid.
These studies cannot not contribute to decision-making
in isolation.

Limitations of the map

Limitations of the review methods

Firstly, only studies written in English, Swedish, Nor-
wegian and Danish have been taken into consideration.
The reason for this is primarily practical: these are the
languages mastered by the review team. Although these
languages are also deemed to be the most relevant ones
given the geographical scope of primary interest of our
core stakeholders, there are probably relevant studies
written in other languages as well, for example Russian
and Polish.

Secondly, we have not screened the reference lists of
included articles or relevant reviews in a systematic and
exhaustive way, to find articles that had not been found in
the main searches. There is no standard best practice on
citation chasing, but a more exhaustive screening of ref-
erence lists would likely have resulted in some additional
relevant articles.

Thirdly, field studies conducted in small-scale facili-
ties but using municipal wastewater have been excluded,
which might be regarded inadequate. The reason for this
is that the evidence within this systematic map should
be valid for soil-based, on-site wastewater treatment
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systems designed to serve up to 200 person equivalents
(in accordance with the definition made by the Swedish
Agency for Marine and Water Management). Hence, one
of our eligibility criteria (for field studies) was that the
studied wastewater must originate from single or groups
of households and released to soil; field studies on waste-
water from municipal wastewater treatment plants were
not eligible. The primary rationale behind this criterion
was that the hydraulic loading rate within municipal
wastewater plants is of a completely different order of
magnitude than that within OWTSs. Hence, the trans-
ferability of results from municipal wastewater plants to
knowledge about OWTSs is dubious. What we did not
foresee while writing the protocol, though, was that there
are experimental field studies that were conducted in
small-scale facilities but that used municipal wastewater.
However, we decided to adhere to the original eligibility
criteria but list small-scale field studies using municipal
wastewater in an additional, parallel database (Additional
file 8), for any interested reader to examine. It should
be noted, though, that this database is not necessarily
exhaustive since this kind of studies were not the subject
of a comprehensive search.

Fourthly, as regards surface water studies, we found it
difficult to apply one of the criteria in a consistent way,
i.e., the criterion that the contribution of P from OWTSs,
specifically, must have been evaluated and analysed.
For example, often it is not possible to be completely
confident that a given effect is due to the flux of P from
OWTSs or from another source. Hence, we have argued
that the authors do not have to show unequivocally that
the contribution of P from OWTSs has been correctly
quantified, but it should be evident that some kind of
conclusion can be made concerning the role of OWTSs,
despite the occurrence of uncertainties. However, this
is open to interpretations and, possibly, to inconsistent
assessments.

In addition to the limitations described above, it could
be suspected that the captured evidence base is not com-
plete, although for reasons beyond our control. The pos-
sible impact from OWTSs on surface waters has been a
concern for decades, and a vast number of “grey” reports
from governmental agencies, consulting firms, and
research institutes related to the topic have been pro-
duced. It has been challenging to get access to many of
these (often old) reports. 192 potentially relevant records
(11%) captured by our literature searches, and included
after screening at title/abstract level, have not been found
in full text, although genuine efforts were made. These
references are listed in Additional file 6. Most of these
are conference papers, theses, or very old works. We
also suspect that grey literature has slipped through our
searches, as they are not indexed in the databases, and
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may be hard to find through “manual” searches. However,
this may be regarded as a general limitation of the meth-
odology; we have followed best practices. In summary,
it is probable that there are relevant studies that are not
included in the systematic map. However, our assessment
is that it is unlikely that the conclusions from this system-
atic map would have been different if we had found these
studies.

Limitations of the evidence base

Stakeholders need valid generic guideline values of the
retention of P occurring in the natural soil environment
between an on-site wastewater facility and the recipi-
ent waters. To be able to determine such values, repli-
cated field studies, performed over complete systems
(from facility to recipient), during long periods of time
and under different (well-documented) local conditions
would be preferable. Although it would be possible, at
least in theory, to conduct such studies, none has been
found. Instead, almost all field studies are unreplicated,
and to be regarded as case studies. Hence, they could not
be included in meta-analyses. Typically, they are focused
on a specific, limited part of the system, giving a snapshot
of the conditions at this specific site at a specific point in
time. For the results from these studies to be synthesi-
sable, they must be combined as individual data points,
and a very large number of studies performed according
to a consistent sampling and reporting standard would be
required to be able to investigate the influence of differ-
ent parameters. These requirements are not fulfilled by
the evidence base.

Another limitation of the evidence base is that the
duration of wastewater flow in a majority studied facili-
ties is either short (<5 years) or not reported. This is a
shortcoming partly because the retention mechanisms
occurring in the soil affect its future P retention capac-
ity. Simply put, from the beginning all P may be adsorbed
in a specific part of the system, but in due time the
soil becomes saturated with respect to P, after which
(almost) no P is adsorbed. Hence, the time perspective is
important.

An additional limitation of the evidence base, concern-
ing primarily studies performed in the vadose zone, is
that most studies do not report any dilution-corrected P
retention data. This is a problem, because correction of
dilution effects from, e.g., precipitation recharge may be
important to get correct P retention data. In many stud-
ies where no correction was made for dilution, there was
no information about the reason (i.e., whether there was
a lack of data, or whether the system was designed in
such a way that dilution did not occur).
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Unfortunately, reporting deficiencies are a recurrent
problem: there is a large number of methodological
details and factors of crucial importance for P retention
that is not reported, and there are a lot of descriptions
of results without provision of the actual data. Above all,
the articles often lack sufficient information about con-
textual factors of potential significance. For example, the
properties of the soils are often insufficiently described.
Moreover, methods are often inadequately reported.

Conclusions

The character of the evidence base

This systematic map aimed to describe, collate and cata-
logue literature related to soil retention of P from on-site
wastewater treatment systems in boreal and temperate
climate zones. It can be concluded that there is a substan-
tial amount of research related to the topic. It can also be
concluded that the evidence base is indeed heterogene-
ous. Some of the variability applies to study setting fac-
tors, e.g., the limits of the soil systems under study, focal
outcomes, and study designs. This variability is partly an
inherent consequence of the broad mapping approach.
Other variability applies to conditional factors within
the systems under study, such as soil properties, size of
OWTSs, and durations of wastewater discharge. This
variability could be regarded as a strength of the evidence
base since it is a prerequisite for the investigation of pos-
sible effect modifiers. Furthermore, the level of detail of
the reporting—and what kind of data that is reported—
varies to a great extent. Obviously, no reporting standard
has been established: there is a noticeable heterogeneity
as to what is reported and how, even if the same phenom-
enon/process/outcome is studied.

Another characteristic of the evidence base is that most
of the studies are unreplicated and hence to be regarded
as observational case studies. This applies to almost all
field studies (97%) (including most experimental field
studies [79%]), and to the majority (69%) of laboratory
studies (column and pilot-scale).

Implications for policy/management

Stakeholders need generic guideline values for the reten-
tion of P occurring in the natural soil environment
between an on-site wastewater facility and the recipient.
As noted above, replicated studies, conducted over the
complete systems for long periods of time (at least dec-
ades), would be preferable to get such estimates through
traditional meta-analyses. However, there are no such
studies. Although theoretically possible, such a study
design would be almost impossible in practice. An alter-
native could be a great number of case studies conducted
over the complete system and for long periods of time,
and according to similar study protocols. While there
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are some such case studies in the evidence base, they do
not cover a broad enough range of environmental condi-
tions, and they are too few to draw general conclusions.
Accordingly, our primary conclusion is that it is not pos-
sible to derive valid generic guideline values of the effi-
ciency of soil retention of P occurring between OWTS
and recipient (expressed as, for example, g P/m? soil or %
retained P) from available empirical data.

Our second conclusion is that it is not possible to derive
generic estimates of the efficiency of the soil retention of
P occurring in the unsaturated zone below OWTSs, from
available empirical data. Neither does the evidence base
offer more elaborate, generally valid, knowledge about
the P retention efficiency (within natural sand/soil filters)
over time (that is with an increased cumulative P load),
which otherwise probably would be highly relevant to
stakeholders. Firstly, almost all studies in the vadose zone
are conducted without replication. Secondly, very few of
these studies report dilution-corrected P retention data,
although infiltrating rainwater or leakage from surround-
ing soils may affect the results considerably. Thirdly, few
studies have been performed long enough to be able to
evaluate the soil retention of P in the long run. Fourthly,
few studies report quantified soil properties relevant for
the adsorption of P.

Our third conclusion is that the evidence base does
not allow for answering the question of the magnitude
of the potential impact of OWTSs on the P concentra-
tion in recipients on a general basis and/or under what
conditions soil based OWTSs generally do have such an
impact. The studies addressing this question are far too
few, given the complexity and variability of the systems.
Moreover, in most cases (for practical reasons) there are
methodological issues, making the causal inference dubi-
ous, also in the specific cases.

Although the evidence base does not allow for esti-
mating the efficiency of soil retention of P from OWTSs
through traditional meta-analyses, a possibility might
be to approach the question through model simula-
tions. Our fourth conclusion is that the evidence base
may allow for creating model simulations or prognoses
for some specific environmental conditions. However,
the practical usefulness of such models would be lim-
ited, since the hydrogeological and biogeochemical con-
ditions underground vary considerably, and site-specific
information about these conditions are in most cases
unknown. There are too few studies to create valid model
simulations and prognoses for a broader variety of con-
ditions. The variability in the parameters governing the
transport and retention of P in the subsurface, coupled
with our limited ability to observe what is underground,
is significant obstacle to answering the overarching
question.
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The primary conclusions relevant to policy and man-
agement are listed in Table 5.

In the following we will outline two feasible systematic
review projects. Although the answers these potential
systematic reviews might deliver are not the answer to
the original question raised by stakeholders, they might
still be informative. However, it should be noted that it
is unclear how firm conclusions that could be drawn,
because of the issues discussed below.

A systematic review based on laboratory column stud-
ies might potentially contribute more precise estimations
of different factors that have an impact on the P retention
capacity of different soils. However, as described above,
P retention results from laboratory column studies (and
hence results from a systematic review based on such
studies) should not be regarded as valid for the natural
soil system. Moreover, many of the column studies are
not replicated, which means that it is not possible to eval-
uate the soil retention results statistically. These studies
could therefore not be included in meta-analyses. Fur-
ther, necessary information about important soil param-
eters is often lacking.

A systematic review based on studies performed in the
groundwater zone, aiming to delineate the extension and
expansion of the P plume might potentially be valuable.
For the purposes of the overarching question (effective-
ness of soil retention of P) their data are at a high risk
of bias because they are unreplicated and confounded.
Moreover, information about important parameters, cru-
cial for the P retention (for example hydraulic loading
rate, duration of wastewater load and detailed informa-
tion about the soil), is often lacking. Nevertheless, a com-
pilation of these studies might help bringing the question
one step further by exemplifying how far the P plume
may reach in a given time period. However, again, since
these studies are case studies, and the number of them
insufficient given the complexity and variability of the
systems, no general conclusions would be possible.

The overall conclusion is that the evidence related to
soil retention of P from OWTSs cannot form a firm basis
for decisions made by stakeholders and policy makers.
Simply put, almost all P will reach the recipient surface
water in due time. Soil retention processes inhibit the P
transport, making less P reaching the recipient surface
per unit of time, but the efficiency of these soil retention
processes remains unclear. Decisions about what require-
ments to set on OWTSs must be made, but research-
based knowledge about the magnitude of soil retention of
P is beyond reach and can therefore not contribute effec-
tively to those decisions. That is, the evidence base does
not allow for answering the question raised by stakehold-
ers. However, this is an important conclusion per se, not
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Table 5 Primary conclusions of relevance to policy and management

Conclusions

Main observations that form the basis for the conclusions

« Itis not possible to derive valid generic guideline values for the efficiency - There are too few studies conducted over sufficiently long periods of

of soil retention of P occurring between OWTS and recipients from avail-
able empirical data

- Itis not possible to derive generic estimates of the efficiency of soil
retention of P occurring in the vadose zone within or below OWTSs from
available empirical data

« The evidence base does not allow answering the question of the magni-
tude of the potential impact of OWTSs on the concentration of phospho-
rus in recipients on a general basis, nor under what conditions soil-based

OWTSs generally have such an impact

« The evidence base may allow for creating model simulations and fore-
casts for certain specific environmental conditions. However, the practical
utility of such models would be restricted

time (at least decades) that cover the complete system from OWTS to
recipients

- AlImost all studies in the vadose zone are conducted without replication
- Very few studies report dilution-corrected P retention data

- Few studies were performed long enough to be able to evaluate the soil
retention of P in the long run

- Few studies quantify soil properties relevant to the adsorption of P

- The studies addressing this question are far too few, given the complexity
and variability of the systems

- In most cases (for practical reasons) there are methodological issues,
making the causal inference dubious, also in the specific cases

« The hydrogeological and biogeochemical conditions underground vary
considerably, and site-specific information about these conditions is often
unknown

- There are too few studies to create valid model simulations and forecasts
for a broader range of conditions

least in view of the fact that research results are often
referred to in order to support different opinions on the
issue.

Implications for research
There is a need for more groundwater studies, aimed at
delineating the extension and expansion of the P plume
downstream from OWTSs that have been in use for long
periods (decades). Although these studies are case stud-
ies, additional ones would provide valuable examples
of the development of P plumes over time, and possibly
indicate under what circumstances (such as distance
to the recipient) OWTSs may be suspected to be prob-
lematic as regards P. For the Swedish context specifically,
more groundwater studies at sites with relatively thin soil
layers on top of fractured crystalline rock are desirable.
More studies in the vadose zone, both within the facil-
ity and in the natural soil environment, are also desirable.
Focus should be on facilities that have been in use for
long periods of time and effort should be put to design
studies that account for dilution. To consider the ability

of the soil to bind P, oxalate-extractable iron and alumin-
ium should be measured. Additional such studies could,
for example, contribute to better estimations of the time
perspective concerning the P saturation process.

There are some observations that lead to conclusions
of relevance to future research on a general basis. Firstly,
the majority of studies included in this systematic map is
observational case studies. Typically, measurements have
been conducted in the vicinity of existing, real OWTSs.
Also, many of the experimental studies are to be regarded
as case studies since there is no spatial replication. This
applies to experimental field studies (performed in pilot-
scale facilities or experimental soil plots) as well as to lab-
oratory studies. This makes the research results less valid
and less useable. Future research should hence strive for
truly replicated study designs, when possible.

Secondly, the reporting quality within the research
field is often deficient. Although a general improvement
over time as regards reporting might be discernible,
there is still a need for improvements: more relevant
data should be gathered and/or the data/methods

Table 6 Primary conclusions/observations of relevance to future research

Conclusions/observations

Comments

- There is a need for additional studies of P plumes downstream from
OWTSs that have been in use for long periods of time

- There is a need for additional studies performed in the vadose zone
below OWTSs, preferably below facilities that have been in use for long
periods of time

+ Many studies are not replicated. In future research, study designs should
strive for true replication whenever possible

« The reporting quality within the research field is often unsatisfactory. We
recommend establishing reporting and study design standards

- Such studies provide valuable examples of the development of P plumes
over time

- Such studies could contribute to better estimates of the time frame
regarding the process of P saturation

- The studies should account for dilution

« Oxalate-extractable iron and aluminium should be measured

+ Unreplicated study designs make research results less valid and less
usable; such studies cannot be included in regular meta-analyses

- This would improve the possibilities of critical evaluation, comparison, and
compilation of study results
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should be reported in a more transparent and exhaus-
tive way than is often done. We recommend a report-
ing and study design standard within the research field
be established, to provide recommendations for the
reporting of research methods, contextual data, and
results. This would improve the possibilities of criti-
cal evaluation, comparison, and compilation of study
results.

The primary conclusions/observations of relevance to
future research are listed in Table 6.
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