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Abstract

While wild pollinators play a key role in global food production, their assessment
is currently missing from the most commonly used environmental impact
assessment method, Life Cycle Assessment (LCA). This is mainly due to
constraints in data availability and compatibility with LCA inventories. To target
this gap, relative pollinator abundance estimates were obtained with the use of
a Delphi assessment, during which 25 experts, covering 16 nationalities and 45
countries of expertise, provided scores for low, typical and high expected
abundance associated with 24 land use categories. Based on these estimates,
this study presents a set of globally generic characterization factors (CFs) that
allows translating land use into relative impacts to wild pollinator abundance.
The associated uncertainty of the CFs is presented along with an illustrative case
to demonstrate applicability in LCA studies. The CFs based on estimates that
reached consensus during the Delphi assessment are recommended as readily
applicable, and allow key differences among land use types to be distinguished.
The resulting CFs are proposed as the first step for incorporating pollinator
impacts in LCA studies, exemplifying the use of expert elicitation methods as a
useful tool to fill data gaps that constrain the characterization of key
environmental impacts.

Keywords: Pollinator abundance; Ecosystem service; Delphi expert elicitation;
Agriculture; Impact assessment
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4.1 Introduction

Pollinator communities around the world play a key role in agricultural
production by influencing crop quality and yield (Bartomeus et al. 2014; Klein et
al. 2007; Motzke et al. 2015; Ricketts et al. 2008; Stein et al. 2017). Wild
pollinators, which provide long-term and effective crop pollination services
(Graham and Nassauer 2017; Klein et al. 2007; Pfiffner et al. 2018), have been
observed to decline in range and abundance in recent decades (Bennett et al.
2014; Koh et al. 2016a; Potts et al. 2010). While multiple factors, such as climate
change and pesticide use, have been identified as drivers affecting pollinator
communities (Fournier et al. 2014; Hannah et al. 2017; Imbach et al. 2017;
Kennedy et al. 2013; Sabatier et al. 2013), land use and land management change
remain a primary driver for the decrease in abundance (Barons et al. 2018;
Brandt, Glemnitz, and Schroder 2017; Dicks et al. 2021; Le Féon et al. 2010;
Macdonald, Kelly, and Tylianakis 2018).

This decline leads to potential mismatches between the provision of pollination
services and the global demand for crop pollination (Garibaldi et al. 2008;
Hallmann et al. 2017; Koh et al. 2016b; Lautenbach et al. 2012). Addressing the
potential impact of land use on wild pollinators is therefore essential to help
prevent further decline and identify better practices, and should be incorporated
into commonly applied environmental assessment methods used worldwide
such as Life Cycle Assessment (LCA) (Alejandre, van Bodegom, and Guinée
2019; Rugani et al. 2019).

LCA is an internationally standardized (ISO) method used globally to help
estimate environmental impacts associated with a product system or service
(ISO 2006). The estimation of impacts in LCA studies relies on the translation of
inventory flows (which compile information such as resources and emissions)
into impacts through the use of characterization factors (CF; numerical values
representing the potential contribution to an environmental impact). Despite the
relevance of wild pollinators, their assessment has not been explicitly
incorporated in common LCA studies.

While recent efforts have provided recommendations for their incorporation in
LCA (Crenna et al. 2017; Othoniel et al. 2016) and a characterization model
(Alejandre et al. 2022), LCA studies currently still lack the ability to reflect
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impacts on pollinator communities since there are no readily applicable CFs that
can translate environmental interventions into this specific impact. To address
this gap, this study makes use of an expert elicitation assessment, the Delphi
method, to obtain estimates of the relative abundance of wild pollinators
associated with a variety of land use categories for the production of readily
applicable CFs to assess land use impacts.

To guarantee compatibility of the resulting CFs with common LCA inventory
flows, this study focuses on the characterization of land use categories found in
the widely applied database ecoinvent (Wernet et al. 2016). Ecoinvent is one of
the largest and most commonly used LCA databases around the world. The
database contains information regarding unit process inputs and outputs, and
provides in some cases country-specific information as well as global average
values.

For this study, the relevant land use categories listed in ecoinvent are
characterized to facilitate compatibility and direct application, and to encourage
the incorporation of a category assessing impacts on pollinators in impact
assessment methods, such as ReCiPe2016 (Huijbregts et al. 2017) and LC-
Impact (Verones et al. 2016), among others (Bulle et al. 2019; Cao et al. 2015;
Hischier et al. 2010). We expect the application of the resulting CFs to be a first
step towards a more comprehensive assessment of land use impacts on wild
pollinators, and to illustrate the use of expert elicitation methods as a useful tool
to fill gaps where key data might be unavailable for the production of CFs for
LCA.

4.2 Methods

4.2.1 Characterization model for land use impacts on pollinator
abundance

To produce CFs, we applied a published model that characterizes land use
impacts on pollinator abundance in a compatible way with LCA (Alejandre et al.
2022). The CFs are produced by estimating the difference in pollinator
abundance associated with a given land use x (PA,) in reference to the land
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type that is typically associated with the maximum number of pollinators per m?
(PATe f), The pollinator density associated with each land category is based on
relative expert estimates (S, ), which are used to derive the CFs in reference to
the most typically abundant land category (Alejandre et al. 2022) as follows:

PAr _ . Se
PAof 100

The resulting CFs help translate land use inventory flows (specifically land
‘occupation’ flows as denoted in LCA terminology, in m? - year) into relative
pollinator abundance impacts. The indicator result, in this case the change in
relative pollinator abundance for occupation impacts (PAQ), is calculated by
aggregating all occupation flows (0,) after being multiplied by their respective
characterization factors (CFp ) :

X=n

Pollinator Abundance Occupation (PAO) = Z (CFO_X X Ox)

x=1

where 0, is the time-integrated area of occupation in m? - year. The unit of the
indicator result PAO is also m? - year. The indicator result can be interpreted
as the impact on relative abundance of wild pollinators that is associated with
the studied system. In the case of land use change (also referred in LCA as land
transformation), CFs would be derived by estimating the difference in relative
pollinator abundance between two different land use types and multiplied by a
regeneration time according to UNEP-SETAC guidelines, to obtain compatible
units that would allow for aggregation of land use impacts in LCA (Koellner et
al. 2013; Mila i Canals et al. 2007). However, due to discrepancies in the
operationalization of land ‘transformation’ impact assessment (Alejandre et al.
2022; Scherer et al. 2021), we focus in this study on the derivation of applicable
CFs for land ‘occupation’ impacts, referred simply as land use.

4.2.2 Deriving pollinator abundance estimates (S,)

To derive the pollinator abundance estimates associated with each of the land
use types assessed and to determine a reference land use type, we conducted a
Delphi assessment (described in detail in section 4.2.4). A Delphi assessment is
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an expert elicitation method that relies on iterative rounds where experts
reconsider their scores based on intermediate rounds of feedback and
argumentation (Hsu and Sandford 2007; Scolozzi, Morri, and Santolini 2012;
Thangaratinam and Redman 2005). For this study, we consulted an international
panel of 25 experts, covering 16 nationalities and with expertise across 45
countries (See Supporting Information A, Figure S1). The experts specialize in
disciplines relevant to the topic of pollinators and pollination, some with first-
hand experience conducting empirical field studies in different land-use types
and agricultural crops, for different regions of the globe, and some with expertise
in modelling relationships between land-use and pollinators. All participants
remained anonymous to each other during the assessment to encourage equal
participation and avoid overpowering dynamics. The assessment was carried
out digitally through the Qualtrics survey software (www.qualtrics.com).

The participants were asked to provide relative estimates of wild pollinator
abundance, by considering the foraging characteristics and nesting resources
that can be typically associated with the land categories assessed, and to
consider the potential influence of different land management practices. The
relative scores were provided for a series of land use categories that were
derived from the ecoinvent database (https://www.ecoinvent.org/) (see section
4.2.3). The categories were divided in three blocks (Described in detail in section
4.2.4). Block 1 consisted of the major aggregated land categories, and Blocks 2
and 3 of subgroups for Annual and Permanent crops respectively (Figure 4.1).
Examples of the specific crops within each subgroup listed in ecoinvent were

provided to the participants in the survey to be taken into consideration for their
scores.

Throughout the three rounds of assessment, the feedback provided by experts
on their argumentation for pollinator abundance estimates was used for
interpretation of the scores and to help prevent and identify potential
misunderstandings that could lead to false outliers. In case scores deviated
significantly from the norm, the scores were corroborated with the written
justification or direct contact with the expert to verify that the estimates were
due to true dissent and not a result of potential misunderstanding. In the latter
case, the scores provided by the expert were annulled from the entire round to
avoid biases that could have been created by removing single values.
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4.2.3 Selection of land use types to characterize

The land use categories assessed in this study were primarily derived from the
ecoinvent life cycle inventory database. These comprise six main categories
(Grassland, Forest, Permanent crops, Annual crops, Pasture, and Shrubland),
listed for characterization in Block 1 (Figure 4.1). Additional subcategories of
Annual and Permanent crops were assessed in Blocks 2 and Block 3 (Figure 4.1)
for characterization and comparison. Crops that were identified by experts as
misclassified during the first round of assessment (e.g., rapeseed originally
classified as cereal), were corrected and assessed as separate categories during
the third round of Delphi.

Block 2 Cereals —» Barley, Maize, Oat Rye, Sweetcom, Sweet Sorghum,
Annual crops Wheat
Block 1 Rice
Aggregated land categoaries ] -
Vegetables, Aubergine, Broccoli, Cabbage, Fennel, Bell pepper,
melons, rootsand —* | ettuce, Melon, Onion, Potato, Radish, Spinach,
Annual crops tubers Sugarbeet, Tomato, White asparagus, Zucchini.
Sugarcane
Fibercrops ~ —* Cotton, Kenaf, Jute
B Oilseedcrops —» Rapeseed, Sunflower, Flax, Peanuts
Legumes — Fava bean, Soybean. Protein Pea
Other annual
e —» Fodder beet
Grassland,
natural Block 3 Grapes
Permanent

Tropical and

crops subtropical fruits — Avocado, Banana, Palm date, Papaya, Pineapple

Pasture, man-
made

|

Citrus Fruits Lemon, Mandarin, Orange

Pome and stone
fruits

!

Apple, Apricot, Peach, Pear

Other trees, bush

ey e — Almond, Kiwi, Strawberry

Permanent crops
Oleaginous fruits —» Coconut, Olive, Palm fruit

Beveragecrops —» Cocoa, Coffee, Tea
Shrubland 5 .
Spices, aromatic,

drugand  —» Mint Vanila
pharmaceutical

crops

Clover seed

Other permanent

crops _s Alfalfa, Silvergrass, Willow, Green asparagus, Jatropha

Figure 4.1 Land use categories assessed for impact characterization. (For high
resolution.https:/ /pubs.acs.org/cms/10.1021/acs.est.2c05311 /asset/images/large/
es2c05311 0002 jpeg)
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4.2.4 Delphi assessment procedure

Experts were asked to provide pollinator abundance scores from 0 to 100,
starting by assigning the maximum value to the category they considered as the
reference (the one with the typically highest expected pollinator abundance) and
then ranking the rest of the categories accordingly, assessing each block
individually. The experts provided world-generic scores for the typical pollinator
abundance (‘typical’ defined as the most expected or representative value,
equivalent to the mathematical term ‘mode’), as well as estimates for the lowest
and highest pollinator abundance that could be associated with each land type
by considering not only foraging and nesting resources but also the potential
differences due to management practices and biogeographical variations. The
participants provided a short, written justification or description of the
considerations taken for each score (e.g., habitat characteristics, management
practice considered or trends) and rated their confidence level for the typical
estimates on a three-point Likert scale (Low, Moderate, or High). This estimation
of confidence facilitated subsequent discussions by providing a basis of reference
for the expertise of otherwise anonymous participants. These confidence scores
served for interpretation and discussion of the results and were not used
quantitatively.

At the end of each round, a statistical summary of the results (including mean
and range of scores) was shared among the participants, along with an
anonymous summary of the argumentations provided by the experts. The
participants were asked to consider the argumentations for each category and
resubmit their scores. At the end of the second round, the categories that did not
reach consensus were submitted for a third and final round of evaluation. The
consensus was measured through the coefficient of variation, estimated as the
standard deviation divided by the mean and multiplied by a hundred. A
coefficient of variation of <50 was considered as a threshold for consensus. The
typical, low and high estimates were treated as independent values. At the end
of the third round, the values that did not reach consensus were highlighted as
not readily applicable without further evaluation.

96



4.2.5 Statistical processing of Delphi assessment results

The results of the Delphi assessment were used to derive the relative estimates
of pollinator abundance for the calculation of CFs. In Block 1, the land category
selected by most experts as the one expected to present, on average, the highest
typical pollinator abundance, was treated as the reference land category. The
typical values attributed by each participant to the reference land type were set
to 100, and the rest of the values were scaled accordingly. In Blocks 2 and 3,
experts provided estimates of abundance from 0-100 for subcategories of
Annual and Permanent crops. These values were normalized by setting the
maximum typical value provided by each participant as the normalized mean of
the high abundance of Annual and Permanent crops in Block 1. For example, if
the normalization of Block 1 results in a mean high abundance of 40 for Annual
crops, the maximum typical estimates in Block 2 are set to 40 and the rest of the
values are scaled. High abundance estimates can still result in values above 40
after scaling with the reference land. By normalizing Blocks 2 and 3 with the high
abundance estimates, a wider range of pollinator abundance can be reflected for
the subcategories of Annual and Permanent crops. This decreases potential bias
from normalizing in reference to, for example, the mean of typical values only,
or the average across typical, low and high estimates.

At the end of the Delphi assessment, the resulting normalized S, estimates were
converted to CFs for each land use category, applying the model described in
section 4.2.1. The mean CFs for typical, low and high abundance are presented
for each land use category, along with their standard deviation, which reflects
the between expert uncertainty of the CF. Additionally, to reflect variations
associated with, for example, both biogeographical and management
differences, and for cases where it is not known if the typical, low or high
abundance CF would be more appropriate, we combined all the typical, low and
high CFs and calculated the standard deviation, resulting in the combined
uncertainty for each land category. Lastly, given that the typical estimates
represent, as its name denotes, the most typically expected abundance, we
calculated the standard deviation of combining all the typical, low and high CFs,
accounting for typical CFs twice, to provide a weighted uncertainty measure for
each land use category.
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4.3 Results

4.3.1 Pollinator abundance estimates

Based on the results of the Delphi assessment, natural Grassland was selected
by most experts as the reference land type, with Shrubland as a close second.
The estimates for the other land use types were treated relative to Grassland,
and were scaled accordingly for each of the participants’ estimates as described
in section 2.5. All normalized S. estimates are provided in the Supporting
Information. In Block 1, the mean for typical abundance estimates ranged
between values of 36 and 100, as presented in Figure S2 (Supporting Information
A). Forest, Permanent crops and Pastures were rated with intermediate
abundance estimates, while Annual crops was rated as the land use category
presenting typically the lowest abundance. The mean low abundance estimates
varied between 7 and 52 across land categories, and mean high estimates
between 75 and 120. The largest range observed between the minimum and
maximum values for typical and high abundance estimates in Block 1 occurs for
the category of Forest.

A higher level of land use specificity was assessed in Block 2, covering
subcategories of Annual crops. The estimates of Block 2 were normalized in
reference to Grassland, based on the normalized high mean abundance estimate
of 78.6 for Annual crops in Block 1. The normalized mean of S, estimates for
typical pollinator abundance vary between values of 9 and 76, while the mean
of low estimates varies between 1 and 27, and for high boundaries between 29
and 116 (See Supporting Information A, Figure S3). Sugar cane and Rice were
rated as crops with a typically low abundance, while the category Vegetables,
melons, roots and tubers was rated by most experts as the most likely one to
present a higher pollinator abundance, with a mean S, value of 76. The typical
estimate for Rice, Cereals and Other annual crops did not reach consensus (See
Supporting Information A, Figure S4).

In Block 3, the subcategories of Permanent crops were normalized in reference
to Grassland, assuming the mean normalized high abundance value of 93.11 in
Block 1 as the maximum typical abundance in Block 3. The normalized mean
estimates for a typical pollinator abundance vary between 30 and 88 across
Permanent crops, while the values for mean low abundance estimates range
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between 8 and 51, and the mean high abundance estimated between 65 and 115
in reference to Grassland (Supporting Information A, Figure S5). All estimates
for typical and high abundance rates reached consensus (Supporting Information
A, Figure S4), and only five out of ten categories did not reach consensus for low
abundance estimates. The category of Pome and stone fruits was rated as the
most typically pollinator abundant category from Block 3, with a mean
normalized value of 87.68.

The initially high divergence observed for the typical abundance estimates for
Rice, and the low abundance estimates for annual crops, forest and permanent
crops decreased by almost half after three rounds (Supporting Information A,
Figure S4). A coefficient of variation of <50% was not reached, but the results
suggest that additional rounds of scoring and active argumentation could
potentially lead to representative and convergent values for these categories. On
the other hand, the low abundance estimates for categories such as Cereals,
Rice, Sugar cane and Fibre crops presented a consistently high divergence
across all three rounds of scoring, indicating dissent for those crops and/or lesser
confidence in the case of Rice. Overall, increasing the level of specificity for the
aggregated land use categories of Annual and Permanent crops (moving from
Block 1 to Blocks 2 and 3) decreased the variability observed for these land use
types, assessed as the range between low and high mean estimates. However,
the confidence for the typical values provided for the aggregated Annual and
Permanent crop categories in Block 1 is relatively high compared to the
confidence in estimates for categories of Blocks 2 and 3 (Supporting Information
A, Figure S6).

The few crops identified at the beginning of the assessment as misclassified, were
corrected as Oilseed crops and Legumes in Block 2, and Clover seed in Block 3.
Most of the abundance estimates for these categories showed a high consensus,
with the sole exception of low abundance estimates for Oilseed crops. However,
given that the estimates for these categories were the result of only one round
of assessment, the resulting CFs are presented for illustrative purposes and are
not recommended as readily applicable without further assessment.
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4.3.2 Generic characterization factors for potential land use
impacts on pollinator abundance

The pollinator abundance estimates from each expert were used to derive CFs
for land occupation impacts, as described in section 4.2.1. The resulting CFs
(CF,,) are presented in Figure 4.2 (full table of CFs can be seen in Supporting
Information A, Table S1, along with combined and weighted uncertainty for each
land use category, and further specification on CFs derived from estimates that
did not reach consensus). The CFs are described as ‘dimensionless’, as they
represent a given number of pollinators relative to the maximum abundance of
a reference land (m? - year/ m? - year reference land , since land occupation
flows are commonly expressed in LCA with the units m? - year).

Figure 4.2 (In page 101) Characterization factors for land occupation impacts on
pollinator abundance (in m? - year/ m? - year of reference land) (For high resolution:
https:/ /pubs.acs.org/cms/10.1021/acs.est.2c05311/asset/images/large/es2c05311

0003 jpeg) >
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Experts provided short-written argumentations describing their considerations
for each level of abundance along with their quantitative estimates. The main
characteristics associated with low abundance estimates were non-flowering
landscapes which present low foraging and nesting resources, as well as
intensive, high chemical input, monoculture practices. High pollinator
abundance estimates were generally associated with extensive management
practices, low to no chemical input, rich understory and rich flowering plants.
Given the detailed considerations made for each level of abundance and
consistency in descriptions between experts, we recommend applying the low-
abundance CFs to elementary flows that specify intensive practices, and the
high-abundance CFs to elementary flows that describe extensive management
practices. This aligns with recent efforts (Scherer et al. 2021) to provide guidance
on the application of CFs and avoid arbitrary selection that can lead to deviating
results. The CFs for typical estimates can be applied to generic flows where
locations and management practices are unspecified (Figure 4.3). After
normalization in reference to Grassland, estimates of high pollinator abundance
above 100 resulted in negative CFs, reflecting positive impacts to pollinator
abundance, which can be associated with land presenting exceptionally high
quality of foraging and nesting resources, or under active restoration and
maintenance practices. An indication of uncertainty for each CF is provided by
a measure of dispersion, assessed, in this case, as the standard deviation.

General characteristics considered for Example of match with ecoinvent
estimates: processes:
Extensive and organic * Annual crops, extensive
——— High === management practices, high = ====- * Permanent crops, extensive
species richness.. * Forest, extensive
Relat linat Commaon management and * Annual crops
beadwe po |r11a D; — Typical === grazing practices, expected floral - - === * Permanent crops
abuncance estimate and nesting resources... * Forest, unspecified
Intensively managed crops, * Annual crops, intensive
L——» Low ~—--- monocultures, non-flowering  ~—===-="* Permanent crops, intensive
crops... * Forest, intensive

Figure 4.3 Considerations by experts for pollinator abundance estimates and their
compatibility with land use intensity levels found in the ecoinvent inventory. (For high
resolution:
https:/ /pubs.acs.org/cms/10.1021/acs.est.2c05311 /asset/images/large/es2c05311

0004.jpeg)
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4.4 Discussion

4.4.1 Considerations of expert elicitation assessment to
characterize pollinator abundance

The use of a Delphi assessment for the derivation of comparable pollinator
abundance estimates resulted in a comprehensive set of scores based on careful
considerations from the experts involved in the assessment. This assessment
allowed for the quantification of the potential impact on the relative pollinator
abundance associated with diverse land use categories. Generally, the
development of CFs requires simplifications and compromises to match the
information available in life cycle inventories with the modelling of complex
human-environment dynamics. In this case, the relationship between land use
and pollinator relative abundance was assessed with the use of estimates based
on expert knowledge and derived through a Delphi expert elicitation method.
The Delphi assessment allowed us to quantify the relative differences in
pollinator abundance associated with 24 land use categories, providing not only
valuable data in terms of quantifiable estimates for characterization, but also
recommendations that can be used for improvements of LCA databases and
considerations in future studies.

The feedback provided by multiple experts, whose expertise combined cover an
ample geographical scope, showed that their estimates were based on careful
considerations regarding conventional practices and management of major crop
types, as well as on variations that could emerge from seasonal and geographical
differences. According to the argumentation submitted by the experts along with
their scores, the type of management practices was one of the most influential
factors for the variability of abundance not only within but also between crops.
This reiterates the need to incorporate more detail regarding management
practices at an elementary flow level by expanding the application of keywords
such as “intensive” and “extensive” flows to most agricultural flows.

The relative pollinator abundance scores and thus CFs are consistent with trends
observed in recent years regarding pollinator abundance. For example, annual
crops, which are usually intensively managed, were linked in several studies to
the lowest expected abundance and richness of pollinator communities (Bennett
et al. 2014; Koh et al. 2016) while natural grasslands were commonly found to
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harbor the highest abundance rates (Pfiffner et al. 2018), helping increase species
richness in comparison with annual crops (Bennett et al. 2014). However, it is
important to notice that the method proposed in this study is based on averaged
relative values and may not always be comparable to results from local
measurements or predictions performed in a site-specific area(Blasi et al. 2021).
Moreover, the high divergence observed for multiple low abundance estimates
may highlight the need for further field and on-site research to verify the state of
pollinator communities and allow for a better comparison of relative differences.
While no confidence scores were provided for low and high estimates, the
consistently high divergence of scores for low abundance estimates could
indicate intrinsic regional and management variations, or a general lack of
certainty and knowledge regarding the extent of pollinator abundance decrease
in poor quality areas and intensively managed landscapes.

4.4.2 Dealing with uncertainty

When dealing with data derived from expert elicitation methods, there are
generally three main sources of uncertainty. These are generally described as
within-expert uncertainty, between-expert uncertainty and the uncertainty that
can be attributed to data itself (for example, due to real heterogeneity (Blasi et
al. 2021), misclassifications, etc.) (Czembor et al. 2011; Scolozzi, Morri, and
Santolini 2012). Within-expert uncertainty occurs when an expert is unsure
about the state or assessed quality of a particular land category (described as
well as imperfect knowledge). To minimize within-expert uncertainty,
participants were asked to submit their scores for up to 3 rounds and were
encouraged to review the summary feedback. Additionally, experts provided a
score of their confidence level for typical abundance estimates, which was used
to interpret the variation in typical scores across rounds.

Between-expert uncertainty arises from disagreement among experts. The
disagreements can be due to differences in, for example, expertise, heterogeneity
of the land classifications, or cognitive biases (Czembor et al. 2011). To decrease
between-expert uncertainty, the Delphi method relies on consecutive rounds of
scoring where experts provide argumentation for their estimates which can then
be considered by the other experts during their re-evaluation of scores. To
decrease the risk of forced consensus that can arise from group dynamics, the
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participants were kept anonymous during the assessment, and everyone
provided the survey results independently. The variation and convergence levels
were assessed at the end of each round. As pointed out by the panel of experts,
there was a handful of crops that were misclassified. These crops were separated
into new categories and reassessed in the third round of the Delphi assessment.

To quantify the associated uncertainty of the pollinator abundance estimates
produced in this study, we used a measure of dispersion, the standard deviation
(SD). The CFs were produced for each land category and are presented along
with their SD, as well as combined and weighted measures of uncertainty. Future
studies could focus on the potential use of uncertainty measures to assess global
sensitivity of the CFs and move towards regionalization of impacts to better
reflect biogeographical differences (Cucurachi, Borgonovo, and Heijungs 2016).

4.4.3 Application in LCA and recommendations

The CFs for aggregated land categories assessed in Block 1 are directly
applicable to the current elementary flow list of ecoinvent. To exemplify their
application, we include a brief illustrative comparison of two hypothetical
agricultural products (Supporting Information C), detailing the relevant inventory
analysis and characterization of each product to assess the associated pollinator
abundance decrease. The CFs for the more specific land use categories assessed
in Blocks 2 and 3 can be selected based on unit processes within an inventory
database.

While this study focused on the development of world-generic CFs for
occupation impacts, pollinator communities and their capacity to provide
pollination services are influenced by a range of biogeographical characteristics
and agricultural land-use intensity that vary across the globe (IPBES 2016). To
address these differences, country-specific CFs could be derived in future studies
by matching the land use categories assessed in this study with land cover maps
and/or land system archetypes to produce regionalized CFs that can represent
the potential impact of occupying land in a given country or spatial unit chosen
(Alejandre, Guinée, and van Bodegom 2022; Vaclavik et al. 2013). Furthermore,
the geographies considered by the expert panel on their estimations of pollinator
abundance cover 45 countries (See Supporting information A, Figure S1) from
across all continents and representative biomes. However, additional input from
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experts on regions such as North and South Affica, as well as East Asia, could
be the target of future efforts to improve the representativeness of the CFs.

While the derivation of CFs for transformation impacts were beyond the scope
of this study, their assessment is essential to account for the impacts of land
cover change (De Palma et al. 2016). However, current discrepancies in the
operationalization of transformation impact assessment should be addressed in
order to improve the compatibility of new CFs with inventory LCA flows and
improve the accuracy of the assessment. From a pragmatic point of view, it
would be recommendable and effective to provide CFs addressing a net
transformation impact that can be directly linked to a single inventory flow (e.g.,
‘from annual to permanent crops’), instead of adjusting to the current structure
where transformation flows are separated as two separate flows (‘from’ and ‘t0’)
(Scherer et al. 2021). The midpoint indicator result can be linked in future
research to endpoint categories. For example, ‘Ecosystem Quality’ could reflect
the relation between decreased pollinator abundance and potential decrease in
plant species richness, while ‘Human Health’ could reflect malnutrition damages
through agricultural productivity losses.

The inputs provided by experts indicate that protective land practices such as
the maintenance or restoration of hedgerows and flower rich field margins can
have a considerable influence on the expected pollinator abundance, even in
crop areas where intensive management practices take place (Albrecht et al.
2020; Orford et al. 2016). Characterization factors for active restoration or
enhancement activities can be included as negative CFs to represent their
potential improvement on the expected pollinator abundance and allow for their
consideration in the selection of land use practices when comparing among
product systems. This is of significant value to support decision and policy
making where analyses are made not only during design stages for the
prevention of impacts but also to compare among remediation strategies where
restoration measures are needed. Moreover, the high standard deviation in some
of the land use categories assessed indicate the need to increase the level of
detail provided in the elementary flows, as was the case for the category of
Forest. Given the general consensus, dense, coniferous, monotypic, or
intensively managed forests will likely support limited pollinator abundance in
comparison with open, deciduous and tropical forests with understory
vegetation. The inclusion of a few relevant keywords, such as the
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aforementioned, would better allow the differences within this category to be
reflected.

4.5 Conclusion

The results of this study provide evidence of the applicability of expert elicitation
methods to fill gaps where quantitative information might be missing from
available sources for interdisciplinary applications such as impact assessment
methods. This was further exemplified with the proven application of the
resulting CFs in a hypothetical comparison between two crops, where key
differences were observed on the pollinator abundance decline associated with
each alternative. While the degree of pollinator abundance is of high relevance
for its associated capacity to provide the ecosystem service of pollination,
multiple other aspects remain as well of high concern, such as pollinator diversity
and persistence of rare species. Future research could target the characterization
of such additional environmental impacts, as well as the continuous
improvement of the CFs produced in this study, with the aim to provide
representative results that can aid prevent further declines of wild pollinators.

4.6 Supporting information

All supporting material is available online via:
Supporting information A:

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c05311/suppl file/es2c0531
1 si 001.pdf

Supporting information B:
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c05311/suppl file/es2c0531
1 si 002.xlsx

Supporting information C:
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c05311/suppl file/es2c0531
1 si 003.xlsx
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