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The inability  to quantitatively  integrate scattered data regarding potential  threats posed by the 

increasing total  amount and diversity  of chemical substances in our environment  limits  our ability  

to understand whether existing regulations and management actions su�ciently  protect wildlife.  

Systematic literature  reviews and meta-analyses are great scienti�c  tools to build  upon the current  

push for accessibility under the Open Science and FAIR movements. Despite the potential  of such 

integrative  analyses, the emergence of innovative  �ndings  in wildlife  ecology and ecotoxicology 

is still  too rare relative  to the potential  that  is hidden within  the entirety  of the available scat- 
tered data. To promote the reuse of wildlife  ecotoxicology data, we propose the ATTAC work�ow  

which  comprises �ve  key steps (Access, Transparency, Transferability,  Add-ons, and Conserva- 
tion  sensitivity)  along the chain of collecting,  homogenizing, and integrating  data for subsequent 
meta-analyses. The ATTAC work�ow  brings together guidelines supporting both the data prime 

movers and re-users. As such, the ATTAC work�ow  could promote an open and collaborative  

wildlife  ecotoxicology able to reach a major objective in this applied �eld,  namely, providing  

strong scienti�c  support for  regulations and management actions to protect and preserve wildlife  

species. 
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Speci�cations  Table 

Subject area: Environmental  Science 
More speci�c  subject area: Ecotoxicology 
Name of the reviewed 
methodology: 

ATTAC work�ow  (and linked FAIR framework and CRED, CAT and Klimisch methodologies) 

Keywords: Keywords: Accessibility; Transparency; Transferability;  Add-ons; Conservation management; Collaborative work�ow;  
Systematic literature  search; Database homogenization and integration;  Data curation;  Heterogenous scattered data analyses; 
Biodiversity  conservation; Reproducibility;  Chemical pollution  regulation;  Risk assessment 

Resource availability:  Not applicable 
Review question: What are the critical steps to ensure sustainable reuse of scattered ecotoxicology data? 

What are concrete guidelines and tools available for both data prime movers and re-users in the context of open, collaborative data 
sharing in wildlife ecology and ecotoxicology? 

Method  context  

Since the early reports on chemical contamination  in the 1960s, the total  amount and diversity  of toxic  compounds within  the
environment  have been steadily increasing, gradually  pushing our planetary boundaries [  9 , 77 ].  Despite global e�orts  over the past
few decades to monitor  and respond to environmental  pollution,  the exposure, bioaccumulation  and e�ects  of chemical substances 
on many wildlife  species remain poorly  quanti�ed  [  23 , 49 ].  Chemical contamination  biomonitoring  in wildlife  is predominantly
conducted by isolated research teams [10]  , often within  individual  projects with  a limited  timeframe and budget. Accordingly,  

data and knowledge regarding threats posed by pollutants  on wildlife  are commonly fragmentary,  and on their  own insu�cient
to inform  chemical risk assessment, ecosystem management, or species conservation actions based on comprehensive, quantitative  

ecotoxicological  understanding. Most of our knowledge of wildlife  ecotoxicology is currently  derived from studies on domestic animals 

or lab model species [49]  . Constrained by ethical,  practical,  and �nancial  limitations,  the inability  to quantitatively  integrate scattered
data and knowledge regarding possible threats posed by chemical pollution  to wildlife  species, unfortunately,  limits  our ability  to
determine whether existing regulations and management actions regarding pollution  su�ciently  protect their  populations. 

The increasing attention  paid to improved  accessibility of research outputs in both the academic and the regulatory  and man-
agement worlds should, in the short-term, o�er  new perspectives to transform the capacity of wildlife  ecology and ecotoxicology
to inform  on chemical risk assessment, ecosystem management and species conservation in the context of environmental  pollution.  

Research output  accessibility has been heavily  promoted under the umbrella  of Open Science and the FAIR (Findable, Accessible, In-
teroperable and Reusable) data principles  [81]  across the academic community,  and in recent policy  actions on funding  for  academic
research such as the Memorandum on Ensuring Free, Immediate, and Equitable Access to Federally Funded Research [55]  in the USA.
In parallel,  there is also increased demand for  accessibility within  regulatory  contexts as echoed, for  example, in the transparency
regulation  of the European Commission regarding risk assessment of products in the food chain [31]  . 

Systematic literature  review,  research synthesis, and meta-analysis provide scienti�c  tools to build  upon this renewed push for  

accessibility of knowledge and data regarding the ecology and ecotoxicology of wildlife  species. Such tools allow  us to explore new
investigation  angles from which  additional  innovative  �ndings  can emerge. These �ndings  can go far beyond the original  data because
they fruitfully  gather information  from a wide diversity  of scattered sources thereby deepening our understanding of the underlying
processes beyond what could have been achieved in any individual  study. For example, a meta-analysis across 17 available studies
regarding sea turtle  egg pollution  levels [61]  established for  the �rst  time a global, quantitative  overview of a topic  that  is critical
to assess pollution  risks to early life  stages across a long timeframe and at a large geographic scale. A subset of the integrated
database related to paired mother-egg samples, and allowed quantitative  di�erences  in maternal transfer for  di�erent  pollutants  to 

be established and linked  to known processes of egg formation.  This meta-analysis also highlighted  critical  research directions which  

could not have been detected from individual  studies alone. In a follow-up,  Muñoz et al. [59]  succeeded in the integration  of 26
studies covering 40 years of biomonitoring  data, thereby allowing  for  a comparative analysis of the internal  distribution  of persistent
organic pollutants  (POP) among all  extant sea turtle  species. Similarly,  based on a meta-analysis, Ratier & Charles [75]  proposed
a new and promising method to assess the bioaccumulation  capacity of chemical substances accounting for  the uncertainty  on the
bioaccumulation  metric  estimates; an innovative  approach that  could replace the current  use of a single median to do so as required
in regulatory  documents (e.g., [30,65]  ). Without  an extensive integrated database pooled across the literature,  development and 

testing of this new approach would  have been limited  to prior  selected chemical substances. Similar  examples of meta-analyses
demonstrate the potential  value of integrative  analyses for  wildlife  species (e.g., [  14 , 70 ]).  Nevertheless, despite the potential  of such
integrative  analyses, the emergence of innovative  �ndings  in ecology and ecotoxicology of wildlife  species are still  too rare relative
to the potential  that  is hidden across available scattered data. 

Multiple  facets of our global environment  are changing at unprecedented rates, including  an ever-expanding universe of chemicals 

[9]  . Simultaneously, there is increasing awareness and clear societal requirement for  replacement, re�nement,  and reduction  (3R) in
the use of vertebrate toxicity  testing [52]  . Consequently, there is today an obvious need, if  not a duty,  for  closer collaboration  between
researchers in academia, industry  and regulatory  �elds  collecting  �eld  and/or  experimental data, and those aiming  at reusing such 

data to investigate new fundamental and applied research questions from su�ciently  data-rich meta-analyses. Achieving a successfu 

sharing of data with  the perspective of data reuse could at �rst  resemble the ascent of Mount  Everest, but quickly  an ascent of Mont
Blanc if  the will  and energy of researchers are su�cient,  if  the means are mutualised, and if  the methods of data collection  are
harmonised. 
2 
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Fig.  1. The ATTAC work�ow,  including  the �ve  key steps corresponding to data Access (1),  Transparency (2),  Transferability  (3),  Add-ons (namely, 
provision  of additional  metrics) (4),  and Conservation sensitivity  (i.e., the wise use of conservation-sensitive materials) (5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on our experience in developing integrated databases from extensive systematic literature  searches and making the most of
these databases in subsequent meta-analyses, we propose in this paper an optimized  work�ow  (ATTAC work�ow,  Fig. 1 ) to promote
the use and reuse of wildlife  ecotoxicology data. The work�ow  focuses both on opportunities  for  scientists producing primary  data
(prime  movers) and scientists reusing these data in secondary analyses (re-users). The work�ow  is suited to wildlife  species, and
particularly  relevant for  species of conservation concern where data collection  and reuse are critical  issues because of their  declining
numbers and the di�culties  in their  sampling in the �eld  or experimentally.  The apical aim is to provide the needed scienti�c  basis to
inform  on chemical risk assessment (e.g., retrospective assessment and providing  input  on protection  goals), ecosystem management 
and conservation of wildlife  species with  in-depth knowledge about wildlife  ecology and ecotoxicology from improved,  integrated 

databases and analyses. 

Work�ow  

The ATTAC work�ow  we propose comprises �ve  key steps along the chain of collecting  and homogenizing data for  subsequent
meta-analysis ( Fig. 1 ). The �ve  steps of the ATTAC work�ow  along the above-mentioned chain speci�cally  refer to data Access (1),
Transparency (2),  Transferability  (3),  Add-ons (namely, provision  of auxiliary  metrics) (4),  and Conservation sensitivity  (i.e., the 

wise use of conservation-sensitive materials) (5).  This paper establishes an innovative  work�ow  to successfully address issues arising 

at each of the �ve  key steps with  best practice guidelines for  scientists working  at both ends of the spectrum, i.e., prime movers
and re-users. The ATTAC work�ow  progressively emerged from experiences and earlier  applications in Muñoz & Vermeiren [61]  , 
and Muñoz et al. [59]  , and has been further  consolidated when building  an integrated database to investigate the maternal transfer
of chemical substances across reptile  species. The new, extended, and improved  ATTAC work�ow  presented in this paper includes 

re�nements  based on further  discussion among the authors in gathering ecotoxicological  data to support quantitative  meta-analyses 
and modeling from both academic and regulatory  perspectives. 

We provide guidelines associated with  each key step of the ATTAC work�ow  within  the context of wildlife  and particularly
conservation-sensitive species. Nevertheless, the ATTAC work�ow  could also be applied in a broader sense in situations where data
regarding ecology or ecotoxicology is produced and reused. In this context, the ATTAC work�ow  complements FAIR data principles  

as follows:  

€ The •Access Ž step integrates the •�ndable  Ž and •accessible Ž FAIR principles.  The ATTAC work�ow  places additional  emphasis on 

the type of data that  are ideally  made accessible (or can be extracted) in an ecotoxicological  context, while  the FAIR principles
primarily  relate to how data are made available. 

€ The •Transparency Ž and •Transferability  Ž steps apply the •interoperability  Ž and •reproducibility  Ž FAIR principles  toward  the spe- 
ci�c  context of wildlife  ecology and ecotoxicology. Moreover, we distinguish  between transparency (focussed on communication)  

and transferability  (focussed on methodology and data harmonization  for  easy reuse). Both steps are closely linked  but cover 
distinct  issues and associated guidelines within  the ATTAC work�ow.  

€ The •Add-ons Ž and •Conservation sensitivity  Ž steps are going beyond the FAIR data principles  and are of relevance with  wildlife
species for  which  data collection  raises critical  ethical,  �nancial  and resource issues. The study of wildlife  species requires a highly
e�cient  alignment  across disciplines to make optimal  use of the scarce data that  can be collected on these animals with  minimal

impact. 

3 
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Fig.  2. Types of data loss during  the data journey from the prime mover to re-user, including  non-existent, hidden, and inaccessible data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Access 

A critical  �rst  step in data reuse is �nding  and accessing data. Initially,  this often involves a systematic search for  publications
regarding a certain topic.  From a regulatory  perspective, a systematic literature  search is generally required to demonstrate that  data
supporting an application  were selected without  bias, rather than cherry-picked to �t  the objectives. Guidance regarding systematic 

search strategies, including  steps such as identi�cation,  screening, and assessing eligibility  for  inclusion,  can be found in guidelines
such as PRISMA [57]  . Next, the search for  data supporting the publications  of interest can begin, as data are usually not reported within
the publication  itself.  Consequently, any appendices, supplementary materials, linked  publications  or reports, as well  as references 
to repositories should be checked and an inventory  made of the available and accessible data. This can then be cross-checked against
the required data (e.g., in some cases a database with  pollutant  concentrations or toxic  e�ects  alone is insu�cient  for  a certain meta-
analysis aim).  Contact with  the authors might  be required to access any missing or additional  data, as well  as to clarify  unclear or
missing meta-data and methodological  issues. 

In some cases, data are lost to the broader community  ( Fig. 2 ). Such lost data include •non-existent Ž data that  were never collected
to begin with  (e.g., a study might  choose to express pollutant  concentrations on a wet weight  rather than lipid  basis and therefore
never measure lipid  contents). While these data are not technically  lost, they can nevertheless present a loss as they limit  the future
usability  of the data. Data can also be lost because they remain •hidden  Ž in grey literature  which  is more di�cult  to �nd  and may
not show up in typical  scienti�c  literature  databases. Examples of this include students• theses, research project reports, as well  as
dossiers submitted to regulators. Finally,  data can be lost because they are •inaccessible Ž, either fully  or partially  (e.g., because the
data regarding the detection limits  are lacking, or because the data are presented in a condensed form such as averages for  groups of
animals). This includes cases where details of contact authors are no longer up to date and no successful contact can be established
with  the broader research team (or the broader team also cannot contact the responsible author).  Inaccessible data also include those
data that  have been lost over time,  often because they were archived in obsolete technologies or poorly  managed �ling  systems. Last
but not least, data can remain inaccessible due to restrictions or embargoes, for  instance, concerning privacy  issues or legal protection
of sensitive data. Likewise, in most regulatory  dossiers, the entity  that  funded the research may •own  Ž the data for  a certain amount
of time after it  is developed. It  can be di�cult  even for  regulatory  agencies to know when data ownership has lapsed. Consequently,
while  data summaries may be available in openly accessible reports and assessments, the underlying  data can only  be purchased from
the data owner. A special case of restriction,  primarily  related to academia, relates to the phenomenon of •authorship  bargaining Ž.
Here, authors will  only  release their  data under the condition  that  they gain authorship of the new work.  When publications  are
accompanied by statements that  data will  be available upon request, the subsequent inaccessibility  due to •authorship  bargaining Ž
highlights  a broader concern regarding the breaching of FAIR data commitments [81]  . Such breaches are of particular  concern in
the context of helicopter  science where research conducted within  developing countries by foreign scientists becomes unavailable to 

local scientists, management and regulatory  agencies and the broader public  within  those developing countries [  38 , 74 ].  In all  these
cases of data loss (non-existent, hidden, and inaccessible data), the resulting lack of data presents a serious limitation  for  wildlife
ecotoxicology to build  upon valuable, scarce data. 

Data accessibility guidelines for the prime mover 
As a prime mover, having a data management plan (DMP) according to FAIR data principles  can overcome issues regarding the

loss of data or loss of contact [  15 , 43 ]  and is in fact one of the main tenets of Good Laboratory Practice (GLP, [69]  ). In such a DMP,
attention  should be given to the long-term sustainability  of the database under the FAIR umbrella.  Academia today is characterized
by short-term contracts, particularly  for  early career scientists [  2 , 73 ],  making it  often hard to keep contacts up to date. Even in
the case of an apparent stable contact, some thought  should be given to the afterlife  of the database. We experienced many cases
where the author retired  or passed away inclusive of their  life•s work,  limiting  transgenerational use of their  data. Likewise, the most
4 
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up-to-date technology at the time of the original  research is likely  to be replaced by newer, state-of-the-art technologies at the time
of intended reuse. The increased use of data repositories is a suitable solution  to both issues as it  provides a long-term,  identi�able
and �ndable  location  for  research data, and should also ensure compatibility  with  future  technologies [39]  . Journal supplementary 

materials provide an alternative  which  is closely connected to the publication,  yet have two major drawbacks. Firstly,  the data are
not immediately  identi�able  on their  own (e.g., supplementary materials do not have their  own DOI, while  repository  entries do),
making the data less visible and �ndable  to other researchers. Secondly, when the publication  is not open access, the accompanying
supplementary materials are also frequently  not openly accessible, thereby limiting  the potential  for  reuse. Depositing data into  

repositories does not necessarily mean that  the data are immediately  publicly  and openly accessible, as access restrictions can still  be
applied. The choice, however, to not make research data open should carefully  consider future  sustainability,  as loss of contact with
the data owner is a real possibility  in the future.  Meanwhile,  the application  of methodologies such as blockchain technology within
repositories, in principle,  makes them less dependent on unique people or infrastructures.  

Authorship  bargaining presents a conditional  and selective release of data that  is highly  questionable. There is no doubt that  the
authors who initially  collected the data have done so with  a large e�ort  and intellectual  input.  Any subsequent reuse of these data
should thus give proper citation  of the original  study. If  the data are published, authors receive credit  for  the work  in the form of
their  publication  and subsequent citations.  A further  analysis of existing data, using systematic literature  search and meta-analysis 

techniques, goes conceptually beyond the initial  data and involves further  manipulation  and intellectual  development. It  is therefore 

considered unreasonable to demand authorship simply  because data are provided.  Guidelines regarding authorship can be found in 

many journals, e.g., in Contributor  Roles Taxonomy (CRediT) statements [  3 , 17 ]  and guide what constitutes intellectual  input  into
new work.  Nevertheless, it  is worth  noting  that  a repository  database with  DOI is also a unique, citable research output  in addition  to
a publication  [37]  and that  providing  open access to data increases the con�dence  in the research and thereby citation  rate of studies
[  8 , 25 ].  Furthermore, sharing data presents a networking  activity  connecting researchers with  similar  interests and can therefore
provide fruitful  ground for  additional,  collaborative  research. 

A �nal  best practice guideline in the context of data access relates to the type of data (i.e., •what Ž) that  is ideally  made available.
Data are often combined during  analyses, for  example, because the focus might  be on di�erences  between groups of individuals  or
broad categories of pollutants.  When presenting data in such a condensed form,  however, some of the information  which  might  turn
out to be valuable in the future  is lost. It  is di�cult  to know beforehand what types of future  analyses might  be possible. Therefore,
we recommend that  data are made available in as raw as possible form and that  any complementary data (e.g., detection limits,  lipid
contents) are also released. 

Data accessibility guidelines for the re-user 
When confronted with  some of the issues identi�ed  under the ATTAC step of •Access Ž, several best practice guidelines can be

employed by the re-user. A �rst  guideline is simply  being prepared to face issues and making them part of the systematic literature
search strategy. This particularly  relates to cases where contact with  the authors is required. Data are valuable and de�nitely  worth
the e�ort  of unearthing.  Nevertheless, seeking and establishing successful contact with  authors can become an elusive and highly  

time-consuming activity.  Having a strategy including  deadlines regarding the timeframe in which  you like  to achieve the collection
of databases, and a plan of attack regarding how and how often to contact authors can prevent mission creep in the data collection
stage of the project.  For example, as part of our strategy, we targeted key researchers such as the �rst,  last, and corresponding author
from the publication  during  �rst  contact, and followed  this up with  a maximum of three additional  attempts to all  authors. When
contact details were no longer up to date, approaches included a web search for  the current  a�liation,  a search on (professional)
social media, and contacting closely related colleagues or the secretariat of the institute.  

When data are lost, technical solutions are available to (partially)  rescue data. Data can, for  example, be digitized  from graphs or
extracted from tables using an increasing variety  of image analysis software (e.g., ImageJ, WebPlotDigitizer,  GetData Graph Digitizer,  

Adobe Acrobat). Additionally,  data that  are presented in condensed form (e.g., pooled over a given number of replicates) can often
be analysed by back calculation,  applying  weighting  to data points based on the number of replicates within  a study [58]  . Likewise,
summarized data (e.g., means and standard deviations) can sometimes be rescued by simulating  from a distribution  with  the summary
statistics as parameters (e.g., a normal  distribution  with  mean and error)  although assumptions might  need to be made and checked
a posteriori (e.g., regarding the underlying  distribution,  [41]  ), and results will  depend on simulation  choices. The application  of such
rescue solutions implies that  in the end, synthetic data will  be available, but not the original  raw data. Consequently, this is not an
ideal situation  but provides an acceptable compromise when anything  else can be done. 

Transparency 

Once the available and accessible data are collected, the next critical  step is to understand what these data represent and how
they were created. Such •data reproducibility  Ž, above all,  requires transparency regarding the detailed study design (while  •results 

reproducibility  Ž also requires details regarding the statistical  methods) and would  allow  one to collect an independent dataset upon
which  similar  scienti�c  insights could be gained. The required information  can often be retained from meta-data, the scienti�c  

publication,  or its supplementary materials, although contact with  the authors might  be required using similar  approaches as for
obtaining  data access as detailed in section •Access Ž. 

The ATTAC step of •Transparency Ž involves, �rstly,  understanding the nature of the di�erent  entries (typically  rows within  a
database) and attributes  (typically  columns within  a database) collected for  each entry ( Fig. 3 ). For example, it  should be clear if
data in rows represent individual  organisms, subsamples within  individuals  (e.g., di�erent  tissues), or an aggregated grouping of 
5 
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Fig.  3. Issues a�ecting  the transparency of data for reuse can reduce the resulting information  content of integrated databases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

individuals  (e.g., when multiple  individuals  are pooled to have su�cient  sample material,  or when mandatory for  studying toxic
e�ects  on reproduction  of hermaphrodites such as in [66]  ). For each attribute,  the measurement units are of paramount importance
for correct interpretation  and further  analysis. Additionally,  for  pollutant  concentrations, the reference basis (e.g., lipid  basis, wet 
mass, dry mass) is a crucial  attribute  for  ecotoxicological  analysis as it  directly  relates to how the pollutants  behave in organisms,
allowing  for  comparisons among organisms or tissues with  di�erent  physiological  pro�les.  Likewise, the laboratories• reporting  limits  

accompanying pollutant  measurements are critical  information  to be further  accounted for  in ecotoxicological  analyses. Unfortunately,  

di�erent  laboratories (and consequently di�erent  studies and databases) provide and calculate di�erent  reporting  limits.  For example, 
the procedure for  calculating  detection limits  and the subsequent derivation  of quanti�cation  limits  di�ers  between US EPA and
IUPAC guidelines ( [40]  Chapter 3). Moreover, reporting  limits  even for  the same machine and sample matrix  will  vary within  and
between laboratories and analysis runs. Consequently, reporting  limits  from one study cannot be applied to another. Tragically,  in
our experience, reporting  limits  are frequently  not reported, and among the data most often lost in wildlife  ecotoxicology. Further
complicating  this situation  is the fact that  some studies substitute data below reporting  limits,  for  example, with  0 or with  an arti�cial
number between zero and the reporting  limit  itself.  As a result, homogenized, integrated wildlife  ecotoxicology databases will  almost
certainly  contain pollutant  concentrations measured with  di�erent  reporting  limits,  with  some of these data lacking information  on 

reporting  limits.  Finally,  for  attributes  recording toxicity,  the duration,  (controlled)  conditions,  replication  and number of individuals  

per replicate are essential information  to accurately understand and interpret  the reported values. 
A speci�c  issue regarding the nature of the data in the context of wildlife  ecology and ecotoxicology is the tracible  and identi�able

documentation of species and pollutant  names. Species names and their  taxonomic classi�cations  are known to change [21]  . Addi-  

tionally,  for  some taxonomically  diverse, but less studied wildlife  groups, expertise to identify  specimens might  be limited.  The latter
can translate itself  into  a limited  taxonomic resolution  in the dataset, and a taxonomic mismatch and heterogeneity in homogenized
databases [85]  . In such cases, the assistance of taxonomic experts as well  as connecting the homogenized, integrated database with
available taxonomic databases might  be required. In parallel,  one chemical compound can be known under di�erent  names. Using
an international  naming convention such as CAS or IUPAC names, available in databases such as PubChem [46]  or the ECHA REACH
[27]  , provides transparency for  integration  with  other databases. 

A second issue regarding the ATTAC step of •Transparency Ž relates to the aggregation of data. Aggregation often results from the
need to present data in a condensed way, highlighting,  for  example, the main patterns in the data in a publication.  Nevertheless,
data presented in aggregated form (e.g., when the summary data in a publication  are not accompanied by a raw database) require
speci�c  attention  because they can constrain later analyses. Aggregation can occur in both the entries (e.g., individuals  pooled into
classes or subpopulations) and in the attributes  (e.g., pollutant  concentrations reported for  broader chemical classes rather than 

as compound-speci�c  concentrations; conditions at sampling locations classi�ed  into  broader classes). Aggregation of entries limits  

the resolution  of subsequent analysis, as important  biological  characteristics of individuals  (e.g., sex, age, size, or di�erences  in
ecological preferences such as diet and habitat)  may be lost when several individuals  are pooled. However, individual  variability  can
have important  consequences on population  dynamics, species conservation, and ecotoxicology [  4 , 16 , 60 ].  Likewise, aggregation of
attributes  limits  some analyses to be performed when information  is lost, especially if  data is presented in coarser classes. For example,
it  might  not be possible to attribute  toxic  e�ects  to speci�c  pollutants,  but rather to a coarse grouping.  This might  limit  the ability
6 
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to combine these data with  data that  are presented at a �ner  resolution.  Particularly,  in the context of ecotoxicological  analyses, it  is
important  to clarify  in the •Transparency Ž step which  compounds and what number of species/individuals  were investigated. 

Finally,  the •Transparency Ž step in ATTAC also relates to the details on the �eld  and laboratory  designs which  are critical  to
trace the origin  and processing history  of data, as a primary  condition  to properly  conduct further  meta-analyses (e.g., accounting for
the correct sample sizes when comparing and weighting  among studies). For instance, transparency regarding �eld  design is critical
to determine whether di�erent  entries were collected at the same location  and time,  and to which  attributes  (e.g., sex, size) they
relate. When working  with  wildlife,  �eldwork  can often be unpredictable and involve  opportunistic  sampling that  can deviate from
a strict  sampling design. This is in response to the logistic  and practical  di�culties  that  one might  encounter when sampling wildlife
species in their  natural  environment,  including  stochastic in�uences  such as weather and animal behavior. Additionally,  transparency 

regarding laboratory  design is important  to understand whether all  entries underwent the same analysis or if  there were improvements
and subsequent deviations in the protocol  for  some of the samples. In this context, applying  standardized methods and protocols
greatly improves transparency. Nevertheless, even standardized protocols can change over time and regulatory  guidelines can be 

updated (e.g., [67]  ), so that  deviations might  need to be made for  speci�c  samples. Hence, an accurate description of the protocols
used remains a crucial  need even if  a general description of the protocol  has been published. Further, a speci�c  methodological
transparency relates to the batch structure of the analysis (including  quality  control  and standards). Sometimes, samples are analysed 

for  only  some compounds as a cost-reduction method, and some samples are lost during  laboratory  processing e.g., due to failure  or
accidental loss. As a result, the �nal  number of analysed samples might  deviate from the initial  study design. In other cases, data are
the outputs of a statistical  analysis or a simulated model. Here too, transparency regarding the statistical  methods or the modeling
techniques is needed to ensure the reproducibility  of such derived, estimated or simulated data (a detailed description of such a
situation  is beyond the scope of the current  paper). 

Transparency guidelines for the prime mover 
Guidelines regarding •Transparency Ž from the perspective of the prime mover mainly  relate to a clear and complete description 

of all  aspects of the data; speci�cally,  the nature of all  entries and attributes,  their  origin  and processing history  (as related to �eld
and laboratory  study design), and clear identi�cation  of aggregated data ( Fig. 3 ). In most cases, exhaustive and comprehensive data
descriptions (meta-data) with  the view of full  transparency and data reproducibility  are too detailed for  a publication  and likely  ex-
ceed manuscript word  limits.  Documenting meta-data in supplementary materials, or a �le  directly  linked  to the dataset (e.g., in the
same repository  as a •readme Ž �le)  are suitable options. For clarity,  a tabular  representation might  present a structured format  which
ensures that  similar  information  is given for  each entry and attribute  (e.g., using table headings: entry/attribute  name; entry/attribute
description;  origin;  processing history).  Developing clear, exhaustive meta-data takes additional  research time.  Nevertheless, a trans- 
parent data description increases trust  which  eventually  contributes to greater citations of one•s work,  and also makes it  possible
to later understand and reuse one•s own data [78]  . Additionally,  transparent reporting  of methods and results is a key tenant for
the harmonized and consistent evaluation of reliability  and relevance of toxicology  and ecotoxicology data in regulatory  contexts, 
hence, using methodologies such as Klimisch [47]  , Criteria  for  Reporting and Evaluating ecotoxicity  Data (CRED, [56]  ), and Critical
Appraisal Tools (CATs, [28]  ) can also improve the potential  for  data reuse. 

Transparency guidelines for the re-user 
It  is critical  to have a clear, de�ned  aim for  the intended systematic literature  review and subsequent meta-analysis, and conse-

quently  a clear view of which  data are of priority  concern for  an intended meta-analysis, which  data are potentially  valuable add-ons
if  available, and which  data fall  outside the scope [  22 , 29 ].  Given that  wildlife  ecotoxicological  research projects and teams focus
on di�erent  aspects and present their  data in varying,  heterogeneous formats, such de�ned  aims and identi�ed  data requirements 

would  allow  one to quickly  categorize individual  studies as relevant and reliable  for  the intended meta-analysis or not. Additionally,
methodologies such as Klimisch [47]  , Criteria  for  Reporting and Evaluating ecotoxicity  Data (CRED, [56]  ), and Critical  Appraisal
Tools (CATs, [28]  ) can be of assistance to the prime mover, as these methodologies include guidance on assessments of relevance, re-
liability,  and adequacy of data, and are frequently  employed in regulatory  schemes for  the evaluation of toxicology  and ecotoxicology
data. An initial  scoping study consisting of a quick literature  scan with  a limited  number of search terms, and a homogenization of a
limited  set of individual  studies, might  be needed in order to obtain a �rst  view of the quantity  and quality  of potentially  available
data. Systematic literature  search and meta-analysis aims can then be re-evaluated and adjusted if  needed [22]  , and the reasons for
any potential  adjustments transparently  justi�ed  and documented. 

Given the di�erent  approaches to reporting  data below reporting  limits,  a speci�c  advice when one aims to reuse data containing
pollutant  measurements is to carefully  check how values below reporting  limit  were encoded in the dataset. Additionally,  careful
attention  should be paid to the occurrence of zeros (and their  e�ective  meaning) as well  as any number that  would  occur with
particularly  high frequency (the latter  might  indicate that  substitution  was used). 

When transparency regarding the available databases is opaque, only  limited  rescue tools are available. The main option  is to
contact authors (see strategy in section •Access Ž), as well  as check related papers of the author which  might  use the same dataset
or similar  methods and protocols. In cases where sample identi�ers  are given (e.g., wildlife  tracking  tags), there might  also be a
possibility  to �nd  related data regarding the samples in online data repositories. Alternatively,  if  transparency cannot be resolved, 
a decision needs to be made regarding the subsequent use or elimination  of the database in the intended meta-analysis. It  is almost
always a bad idea to make arbitrary  assumptions about datasets with  the risk to introduce  artefactual bias. Nevertheless, it  might  be
worthwhile  (rather  than completely removing the dataset) to conduct the meta-analysis with  and without  the opaque dataset, or to
7 
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Fig.  4. Pathway of the harmonization  and integration  of heterogeneous data sources, supported by rescue tools when transparency is opaque. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

use the opaque dataset for  model validation,  as long as the lack of transparency is clearly communicated and its potential  in�uence
acknowledged when interpreting  the results. 

Transferability of data 

Once data are collected ( •access Ž) and their  meaning understood ( •transparency Ž), the combination  of data from di�erent  sources
into  a larger database suitable for  a further  meta-analysis can start. A critical  step is then the homogenization and subsequent
integration  of di�erent  types and sources of data. Issues arise when data are highly  heterogeneous and not transferable between
studies. This is particularly  the case in wildlife  ecotoxicology where individual  databases are frequently  created by individual  research 

teams which  often use di�erent  protocols adapted to their  speci�c  target species and laboratory  facilities  (or simply  because there
are few standardized protocols available for  wildlife  species). Consequently, a decisive action is the conversion of heterogeneous data
into  a homogenized format.  An additional  issue might  arise when such a conversion requires further  information  (such as the lipid
or water content of the sampled tissue) which  are not available within  a speci�c  database. 

Transferability guidelines for the prime mover 
The harmonization  and integration  of di�erent  databases from individual  studies into  one database are usually done by the re-

user, who is merging several studies to provide a new one ( Fig. 4 ). Nevertheless, the value of an individual  database, and its potential
for  reuse, increase by careful planning  ahead for  transferability.  One strategy to facilitate  the potential  for  data transferability  across
studies is to apply standardized methodologies which  are more likely  to result in a database that  is presented in a similar  format  (e.g.,
units)  and with  similar  information  content (e.g., properties) used by other researchers. Such standardized methodologies, however, 
are often absent in wildlife  ecotoxicology. As an alternative  strategy, it  is worth  thinking  about how data might  be combined with
other, similar  (existing and future)  databases. This can be done by reviewing  the type of databases already available or being created
in a given research �eld  and thinking  of ways how a new database will  be compatible with  such existing databases. Additionally  (and
in absence of any comparable databases), one should carefully  consider reporting  concentrations in a recognized international  system 

of units, and consider measuring additional  physiological  attributes  (e.g., water, lipid  contents) that  enable future  conversions even 

if  not in the immediate focus of the individual  study. A third  strategy, when planning  for  data transferability,  is to consider existing
methodologies (e.g., Klimisch:  [47]  ; CRED: [56]  ; or the EFSA CATs: [28]  ) that  are speci�cally  tailored  to evaluate the reliability  (and
adequacy) of toxicological  data in a harmonized way across available data (studies). Although  these methodologies are principally  

aimed at the data re-user, they provide insight  into  what criteria  (e.g., experimental details) should be recorded and reported when
making data available. Following  such methodologies can thus also assist the data prime mover in experimental design, even when
not utilising  standardised methodologies. By considering how the data may be evaluated for  potential  reuse by those outside the
immediate �eld,  the likelihood  of providing  more standardised information  increases. Consequently, planning  for  transferability  

might  make it  more appealing to reuse data in the �rst  place (including  by the prime mover their  self) and so to increase citations
of the corresponding work  [78]  . The idea is not necessarily to go to complete standardization as di�erent  research teams might  have
di�erent  aims and objectives, as well  as di�erent  facilities  and �nancial  opportunities.  However, the idea in the •transparency Ž step
of ATTAC is to collect and provide the data in a harmonised way with  the view of potential  future  integration  across studies. This
speci�cally  means a complete and transparent reporting  of protocols and data. 

Transferability guidelines for the re-user 
A necessary step for  dealing with  heterogeneous data is the homogenization of attributes.  In wildlife  ecotoxicology studies, this 

often involves the homogenization of measurement units and the measurement bases of pollutant  concentrations. Most conversions 
8 
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are straightforward  (several free, online calculators can assist). Nevertheless, further  information  might  occasionally be needed. For 
example, given the lipophilic  nature of persistent organic pollutants,  their  concentrations in animal tissues are often reported on a
lipid-normalized  basis to allow  comparison among tissues. However, when an individual  study on POP bioaccumulation  does not 
report  lipid  contents, this might  limit  the homogenization and integration  of the data from this speci�c  study. A potential  rescue
tool  for  such databases is the borrowing  of information  regarding lipid  content from studies on the same or phylogenetically  closely
related species. Such borrowing  nevertheless increases uncertainty  as the resulting lipid  content data will  not be directly  applicable
due to natural,  biological  variation.  In this context, note that  databases that  present lipid  content data in aggregated form (e.g., the
average lipid  content across all  sampled individuals)  also increase uncertainty  due to inter-individual  variability.  A second rescue 

tool,  to which  both prime movers and re-users can contribute,  is the construction of physiological  databases, which  will  eventually
also contribute  to solving such homogenization issues. For example, the development of a lipid  content database by Muñoz et al.
[59]  allowed comparison among multiple  studies and tissues of sea turtles,  even when lipid  content information  for  individual  studies
was missing. In addition  to pollutant  concentrations, data on toxic  e�ects  in wildlife  are often heterogeneous and measured against
a variety  of endpoints for  a range of timeframes. It  is often exceedingly di�cult  to quantitatively  connect and thus homogenize such
di�erent  endpoints, or to translate e�ects  measured across di�erent  timescales without  the need for  detailed modeling of underlying
mechanisms and dynamics, such as done by using quantitative  Adverse Outcome Pathway (qAOP) models for  linking  e�ects  [33]  , or
ToxicoKinetic  and ToxicoDynamic (TKTD) models for  dynamically  linking  initial  exposure concentrations to �nal  individual  e�ects  

[  11 , 20 ].  Such models could o�er  advanced rescue tools in the future  but are currently  often not focussed on wildlife  species, although
some databases with  wide taxonomic coverage, including  wildlife,  are already available to support such modeling [  1 , 54 ].  

A special case in the harmonization  of ecotoxicological  data relates to cases where compounds are reported as groups (e.g., �DDTs)
in some databases and as individual  compounds in others. Here, a re-user needs to apply transparent decision-making regarding the
integration  of such databases. A �rst  rescue tool  is to sum data from studies where individual  compounds (o,p•-DDE, p,p•-DDE,
etc..) were reported in order to make up the group sum, although this leads to some loss of information.  Additionally,  often, not all
compounds contributing  to the group sum are reported in studies (e.g., some report  all  DDT compounds, while  others only  report
the most common compounds), and thus the sum might  not be equivalent across studies [61]  . A second rescue tool  is to estimate
how much each separate compound makes up a group sum. For example, technical grade DDT consists of 77.1 % p,p•-DDT and
19.9 % o,p•-DDE [86]  . One can then estimate the total  sum based on the percentage of individual  compounds that  are still  missing
(e.g., if  four  DDT compounds were measured, the sum would  need to be multiplied  by a certain fraction  to obtain 100 % across all
DDT compounds). Nevertheless, in the environment,  di�erent  compounds contributing  to a group might  behave di�erently  and their  

relative  contribution  can change over time (e.g., in the environment,  p,p•-DDE is more persistent than others, thus the relative  ratio  of
p,p•-DDT/p,p•-DDE changes over time).  Hence, this second option  should be applied with  extreme caution. A �nal  option  is to exclude
data from the individual  studies where compounds are grouped since the resolution  is too low  for  the intended meta-analysis. This,
however, reduces the �nal  size of the integrated database. In contrast, the excluded data could further  be used for  model validation.

During the homogenization and integration  process, the origin  of each individual  database should be clearly labelled so that  it  can
be transparently  traced in the �nal,  integrated database ( Fig. 4 ). Likewise, the history  of applied rescue tools and manipulations  to
achieve data transferability  should be properly  described and documented in supporting documents. In this context, recording such 

manipulations,  including  their  documentation and decisions, in a modeling notebook, much like  a traditional  laboratory  notebook, 
allows one to reproducibly  trace back the di�erent  steps taken during  the harmonization  and integration  of databases [  6 , 32 , 79 ].  The
origin  and history  of the new integrated databases will  then be fully  transparent (as discussed for  individual  databases in section
•Transparency Ž) and will  allow  for  future  reuse of the integrated database, which  itself  now becomes a prime mover-developed
database. 

Add-ons 

Add-ons refer to any information  in addition  to the recorded pollutant  levels or toxic  e�ects  (and critical  auxiliary  data required to
enable transferability  of these ecotoxicological  data) that  is nevertheless relevant to analyse the observed ecotoxicological  patterns. 
Some of these add-ons are frequently  collected during  sampling because it  is a priori clear that  these are add-ons that  provide a basic
characterization of the biological  variability  among samples which  should be accounted for  as a covariable in an ecotoxicological
analysis. Such standard add-ons can often be collected with  minimal  extra e�ort.  For example, data regarding biological  character- 
istics of sampled individuals  such as sex, size and body condition  (e.g., approximated as a size-weight quantitative  relationship  or
a qualitative  description of health),  as well  as basic data regarding time,  date, and location  (and potentially  experimental or �eld
conditions)  of capture are of high importance as they can in�uence  the exposure, uptake and e�ects  of pollutants  within  individuals.
For example, females can o�oad  some of their  pollution  burden via maternal transfer, while  males do not have this elimination
pathway, hence resulting in di�erences  in bioaccumulation  patterns between sexes [59]  . Additionally,  physiological  rates such as 

metabolic, breathing, and heart rates are known to di�er  between sexes, which  can in�uence  toxicokinetics  [  12 , 53 ].  Such life  history
data are often fundamental to ecologically  and ecotoxicologically  sensible data analyses and are therefore frequently  collected in �eld  

and lab datasheets. 
During the process of homogenizing and integrating  data from various sources into  an integrated database for  further  meta-

analysis, careful attention  should be paid to recording data regarding the basic characteristics of the di�erent  studies being gathered
(meta-add-ons, Fig. 5 ). Particularly,  meta-add-ons such as an identi�er  to trace the original  bibliographic  reference, the sampling
date (which  can often be quite distant from the publication  date), and the sample size are likely  to be included as confounding factors
and to enable weighting  of individual  datasets in meta-analyses. 
9 
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Fig.  5. Relations between di�erent  types of add-ons, relevant to support ecotoxicological meta-analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Other add-ons are not typically  collected but can nevertheless be of importance in ecotoxicological  analyses. Such complementary 

add-ons are generally beyond the basic characterization of the samples and the study aims, and frequently  require a substantial extra
e�ort  to collect them (which  can include logistic,  technical, and �nancial  resources) or data treatment to derive them. Examples of
such complementary add-ons include age, reproductive  status, and in some cases sex of wildlife  species. For instance, sexual matu-
rity  and reproductive  status can usually only  be collected with  more invasive techniques (e.g., in reptiles via palpation,  endoscopy,
imaging analysis, or analysis of blood chemistry, [48]  ). Similarly,  age is often a parameter that  is di�cult  to estimate non-invasively
in wildlife  during  �eldwork  [84]  , and thus is a parameter that  might  require a model-based derivation  from other measured quan-
tities  [26]  . Another category of add-ons gathers those whose ecotoxicological  relevance only  becomes apparent in later research ( a
posteriori add-ons). For example, given their  lipophilicity,  the lipid  content of analysed tissues is often reported in studies regarding
the bioaccumulation  of organic pollutants  (and is critical  information  to ensure transferability,  see section •Transferability  Ž). Nev- 
ertheless, there is now also evidence that  some organic pollutants  can associate with  speci�c  protein  fractions of tissues [  72 , 82 ].  A
relevant a posteriori add-on would  be to analyse the protein  content of any remaining  stored tissue to supplement the analysis. Sim-
ilarly,  detailed descriptions of health indicators  such as injuries,  visible signs of illness, or the presence of parasites can be relevant
in ecotoxicological  analyses and taken into  account as a complementary add-on if  existing evidence suggests their  interaction  with
toxicological  processes, or as a posteriori add-on when such evidence only  emerges later on. 

Add-ons guidelines for the prime mover 
Despite the high relevance of add-ons, their  associated data does not always �lter  through  until  the stage at which  research

outputs are published and made available. For example, some results are presented in pooled formats, some add-ons fall  outside the
scope of a study or analysis, or the raw data on add-ons is not FAIRly stored. Approaches and guidelines discussed above concerning
•Access Ž, •Transparency Ž and •Transferability  Ž also apply to making the most of valuable add-on data. A particular  issue regarding
•Transparency Ž relates to cases where add-ons, although jointly  collected with  ecotoxicological  samples from the same individuals,  

are subsequently analysed and published in isolation  and, in some cases, held hostage (hostage add-ons) in hopes of future  analysis
and publication.  For example, only  a subset of individuals  might  be analysed for  diet composition (an important  pollution  exposure
route),  and results published on their  own for  their  ecological relevance. Meanwhile,  a di�erent,  partially  overlapping subset might
be analysed for  pollution  levels, with  data aggregated by location  (while  diet data were e.g., aggregated by sex). When such a series of
publications  using the same samples do not transparently  trace back to the unique, individual  samples, valuable add-on information  is
lost. Consequently, including  unique identi�ers  and presenting the data at the individual  level is critical,  also for  add-ons. Additionally,
transparent communication  of collected add-ons (including  add-ons not made available yet) should complement meta-data regarding 

ecotoxicological  datasets. For hostage add-ons, a release plan, including  clear and transparent timeframes and conditions should be 

given. 
The selection of add-ons to collect in conjunction  with  ecotoxicological  sampling should be carefully  considered because gathering 

additional  add-on data could cost extra e�ort  and also impact the studied species. For example, individuals  could experience additional
stress and impacts if  they need to be kept longer sedated or restrained and if  multiple  (low)  invasive procedures are combined for
the collection  of add-ons. Standardized protocols for  ecotoxicology focus predominantly  on the toxic  endpoint  itself  and are typically
targeted towards domestic animals or those used in standard toxicity  testing rather than wildlife  (e.g., [63,64,68]  ). Nevertheless, for
several wildlife  species, standardised protocols regarding �eld  monitoring  for  conservation purposes are available which  list  standard 

add-ons that  are relevant and feasible to collect for  the species of interest (e.g., [35]  ). Additionally,  based on current  developments
in the broader research �eld  any •low-hanging  fruit  Ž-type complementary add-ons can likely  be identi�ed  during  a general literature
review regarding the ecology and life  history  of the species of interest. It  is di�cult  to forecast which  further  parameters might
become relevant as a posteriori add-ons. Documenting long-term identi�ers  such as tag numbers or microchip  implants,  as well  as
collecting  photographic  records [  51 , 80 ],  might  enable data to be linked  to previous and future  research on the same individuals.
Likewise, retaining  any remaining  sample materials not used during  the analysis in tissue databanks opens up the possibility  for  a
posteriori add-ons to be collected [  44 , 45 ].  
10 
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Add-ons guidelines for the re-user 
During the process of data collection,  the data re-user is faced with  the same issue as the prime data mover, namely: which  add-ons

to include? Standard add-ons are ideally  all  collected given that  they provide a basic characterization of the biological  variability
among samples that  is likely  to interact  with  ecotoxicological  patterns. Additionally,  meta-add-ons should be collected to characterize 

the variation  and bias due to the included studies. Just as standard add-ons characterize the biological  variability,  meta-add-ons 
capture the study variation  (and potentially  bias e.g., due to di�erent  methodologies, or temporal  or spatial heterogeneity in the
homogenized, integrated database). Both types of add-ons are likely  to be covariates in any subsequent meta-analysis. The inclusion
of complementary and a posteriori add-ons, meanwhile,  is largely dependent on the aims and objectives of the meta-analysis. 

While data regarding add-ons should ideally  be collected and provided together with  the ecotoxicological  data, one can try  to
obtain missing add-ons by searching for  identi�ers  or tag numbers of individuals  in biological  databases and related publications  of
the same author team. Alternatively,  one can try  to make the best out of the available data. For instance, to overcome the absence
of clear information  on sex and life  stage, it  is possible to categorise data into  classes including  one or multiple  speci�c  classes for
unknowns (e.g., males of unknown  life  stage or juveniles of unknown  sex, [  59 , 83 ]),  although this can render subsequent analyses
fragmentary and less information  rich.  More advanced modeling techniques, e.g., hierarchical  modeling, can also provide a solution  

when data are scattered [5]  . 
Just as with  the prime ecotoxicological  data, add-ons can be presented in di�erent  formats and units which  might  require homog-

enization. Organism size, for  instance, is often recorded using di�erent  metrics (e.g., snout-vent length vs. total  length of crocodiles,
[36]  ) with  sometimes di�erent  measures pertaining  to di�erent  life  stages (e.g., crown-rump  length as a length measurement for
embryos, [7]  ). As a data re-user, this might  require the development of auxiliary  statistical  models. Additionally,  the collection  of
relevant data to support such auxiliary  models can go beyond the list  of publications  that  were retained during  the primary  systematic
literature  search for  ecotoxicological  data. Nevertheless, the development of auxiliary  models and their  supporting databases can be 

highly  useful for  the broader community  (e.g., tools to enable di�erent  morphometric  measurements to be converted are applicable
across several biology-related  �elds).  Hence, auxiliary  models present a valuable research output  on their  own, whose development 
should not be underappreciated if  we are to achieve integrative  data analyses to advance wildlife  ecology and ecotoxicology. 

Conservation sensitivity 
Environmental  pollution  is ranked among the top �ve  drivers of the current  sixth mass extinction  by conservation biologists [18]  .

The contribution  of environmental  pollution  to this ongoing defaunation, the process in which  animal populations or species become
extinct  from ecological communities at global, local, or functional  levels [24]  , has also raised concerns at the international  level
[42]  . Chemical pollution  as a contributor  to defaunation was already advertised 60 years ago for  DDT and related pesticides by the
book •Silent  Spring Ž [19]  at the origin  of the modern environmental  awareness. As an applied science that  largely emerged from
concerns regarding the impacts of environmental  pollution  [76]  , a main task of wildlife  ecotoxicology is to provide the scienti�c
knowledge needed to address this major societal challenge, including  scienti�c  knowledge that  can be translated into  regulatory  

decision-making. Nevertheless, given the ongoing mass extinction,  it  is increasingly critical  for  researchers to 1) be mindful  of any
potential  harmful  impacts that  their  activities  might  have on study organisms and ecosystems (i.e., Will  data collection  harm the
species and ecosystem?); 2) balance the scienti�c  gain from their  research with  these impacts (i.e., Does the data collection  justify
these potential  harms?); and 3) critically  evaluate whether research activities  contribute  to the broader task that  ecotoxicology has 

in addressing ongoing challenges (i.e., Do expected results that  can be obtained using these data contribute  to longer-term impacts?
Fig. 6 ). The reuse of data aligns with  these three critical  criteria  as it  contributes to reducing the need for  repeated sampling of wildlife
by allowing  di�erent  studies to build  upon each other•s data and results. Data reuse also aligns with  the clear societal requirement
for  replacement, re�nement,  and reduction  (3R) in the use of vertebrate toxicity  testing [52]  . Against this backdrop, systematic
literature  searches and meta-analyses are highly  valuable tools that  can make wise use of ecotoxicological  data as conservation-
sensitive materials. These tools can ensure long-term impacts. For example, an implicit  bene�t  of these tools is that  they contribute
to the longevity  of data by integrating  them and extending results beyond what can be gained from individual  studies. Additionally,
these tools provide opportunities  for  large scienti�c  knowledge gains with  limited  to no harm to wildlife.  

Conservation sensitivity guidelines for the prime mover 
Data collection  in wildlife  ecotoxicology can often contain an element of unpredictability  because of variable �eld  conditions,  

stochastic behavior of individuals,  and also the increasing rareness of some species. Nevertheless, a thought-through  study design 

is critical  to ensure su�cient  replication  to produce statistically  meaningful  results while  accounting for  conservation sensitivity.  

Statistical power analyses, as well  as looking  for  examples of sample sizes utilized  in previous studies, can help determine more
suitable sampling sizes. For example, to characterize levels of organic pollutants  in sea turtle  nests, previous studies have typically
used between one and �ve  eggs per nest [61]  . This low  number of replicates (including  a recommendation for  just one replicate)  has
been justi�ed  because, in turtles,  all  eggs within  a clutch undergo vitellogenesis at the same time [13]  . Nevertheless, with  a sample
size of one, it  is impossible to estimate the between-egg variability,  and thus to compare among levels in di�erent  samples. Hence, a
higher number of replicates would  be needed for  comparative statistical  analyses, or data regarding variability  needs to be obtained
from other sources and integrated into  new analyses. An additional  peculiarity  with  data regarding pollutant  concentrations from 

environmental  samples such as wildlife  is that  the quantitative  information  content can be reduced when concentrations in those 

samples are below the reporting  limit  of the analytical  equipment or laboratory  (resulting  in censored data). A slightly  higher number
of replicates would  thus be helpful  to statistically  infer  meaningful  results when a high number of censored data are expected. A power
analysis that  accounts for  censored data can be applied to estimate sample sizes in such cases [  50 , 71 ]  . An additional  strategy for  study
11 
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Fig.  6. Key questions and collaborative  tools bringing  prime movers and re-users of wildlife  ecology and ecotoxicology closer together, towards 

achieving conservation sensitive research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

design in wildlife  ecotoxicology is to include a bu�er  to account for  the unpredictability  of wildlife  sampling. For example, the study
design could include an extra site, which  would  only  be used when sampling at another site is impeded. In this case, the study design
should clearly state when sample sizes are achieved to prevent that  additional  (backup) samples are unnecessarily collected. 

Conservation sensitivity guidelines for both the prime mover and re-user 
A �nal  strategy for  wildlife  ecotoxicological  study design, by data prime movers, is to make the most out of already available

databases. Speci�cally,  during  analysis, results obtained from the newly  collected data can be compared with  data extracted from
already existing studies (the data prime mover thus ipso facto becoming a data re-user). This can, for  instance, be achieved via visual
comparison of plotted  data, or explicitly  integrating  the prior  knowledge with  new data via the use of techniques such as Bayesian
inference [34]  . Data re-users can promote the availability  of this •study  design Ž option to data prime movers by making uni�ed,
homogenized FAIR databases. The number of sample replication  is often quite limited  for  wildlife  animals, hence, gathering di�erent  

sources of data would  both save resources and facilitate  work  within  research partnerships. 
To ensure the wise use of conservation-sensitive materials, there is an increasingly pressing ethical  duty  towards decreasing 

biodiversity  for  scienti�c  openness, not only  regarding data, but also the underlying  samples. For instance, contributing  any additional
samples to tissue databanks or museum collections helps to build  an archive for  further  (potentially  multidisciplinary)  use of the
samples [62]  , and avoids valuable materials being thrown  away. Likewise, multidisciplinary  collaboration  can ensure that  samples 
are used to their  maximum scienti�c  potential  by conducting several analyses on the same sample, rather than •single analysis - single
sample Ž strategies. Infrastructures for  data and sample sharing, as well  as scienti�c  networks among data prime movers and re-users
are critical  and should be valued as essential scienti�c  outputs. 

Conclusion  

Data generated by individual  research studies strongly deserve to be valued as World  Heritage whose long-term preservation needs 
to be ensured. Indeed, it  is crucial  to enable the next generation of researchers to tackle urgent societal and environmental  challenges
using the best possible archive of scienti�c  knowledge and data. This is particularly  the case for  wildlife  ecotoxicology, considering
that  the number of sample replication  within  individual  studies is often quite limited.  Additional  data collection  is faced with  severe
ethical,  �nancial,  and practical  limitations,  and needs to be placed within  the context of the current  global biodiversity  extinction
crisis. Consequently, the use of already existing databases, by means of their  integration  and harmonization,  can signi�cantly  improve
the already established results either adding useful complements to the understanding or elucidating  innovative  �ndings.  This is not
a trivial  task, which  might  indeed remain an ascent of Mount  Everest if  the research community  does not take this duty  to heart.
Among others, this means that  the practice of providing  well-documented, useful, and preserved data should not be considered as yet
another task, conducted as after-thought  when publishing  research, but should become a standard and valued scienti�c  practice. The
ATTAC work�ow  brings together guidelines supporting both the data prime movers as well  as the re-users of these data in �ve  key
steps along the chain of collecting,  homogenizing, and integrating  data for  subsequent meta-analyses. As such the ATTAC work�ow
12 
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promotes an open and collaborative  wildlife  ecotoxicology capable of guiding  the scienti�c  community  to the top of Mount  Everest
in this applied �eld.  In this perspective, the ATTAC work�ow  could become an essential gateway to provide scienti�c  support for
regulations and management actions in protecting  and conserving wildlife.  
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