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Abstract
Purpose We tested the effectiveness of the global and ecoregion-based average characterization factors (CFs) for “Potential Species
Loss” recommended by the UNEP-SETAC Life Cycle Initiative to identify hotspots and improvement opportunities compared to
using a land competition indicator for a product for which the predominant life cycle use of land is forest management.
Methods For a case study of average corrugated boxes produced in the US, system boundaries were defined to encompass all life
cycle stages from forest management to disposal. Fiber procurement was regionalized to US ecoregions, and (Chaudhary et al.
Environ Sci Technol 49:9987–9995, 2015) ecoregion-specific CFs were applied. US-average CFs were applied to other background
processes. Hotspots were identified using contribution analyses, and improvement opportunities were evaluated using scenarios.We
compared the results with those from applying a land competition indicator, often used as a proxy for biodiversity in LCA.
Results and discussion Forest management was identified as the activity within the life cycle of corrugated boxes that uses the
greatest amount of land, allowing the definition of two potential improvement opportunities: reducing fiber consumption and
intensifying forest management. By applying the recommended CFs, fiber procurement was also identified as the main contrib-
utor to “Potential Species Loss.” The CFs also allowed to identify ecoregions in which species were potentially the most affected
by forest management and related potential improvement opportunities. Tradeoffs between taxonomic groups were discussed. In
some cases, the results contradicted those from applying a land competition indicator, and in many cases, we were unable to
reconcile the results obtained with existing scientific knowledge on species diversity and forest management.
Conclusions and recommendations The results obtained by applying the recommended CFs could not always be reconciled with
existing scientific knowledge on the effect of forest management on species diversity, significantly impairing the usefulness of
these factors for assessing improvement opportunities and increasing the risk of counterproductive decisions. The local effect on
species of forest management is likely to be misrepresented by the average number of species in a given ecoregion. Successful
consideration of biodiversity response in the context of forest management would require the integration of other approaches,
such as site-specific studies. Potential improvements to the proposed method include further spatialization of the CFs, defining a
range of forest management practices for which CFs would be defined, considering forest productivity, and defining CFs using a
baseline that would encourage better practices even within a given existing management regime.

Keywords Biodiversity . Ecoregion . Forest management . LCA . Life cycle assessment . UNEP-SETAC . Corrugated boxes .

United States

1 Introduction

Life cycle assessment (LCA) is one of several environmental
evaluation tools for characterizing environmental impacts,
positive or negative, related to products and services over their
full life cycle (i.e., from raw material acquisition to final dis-
posal). One key feature of LCA is the requirement to consider
a comprehensive set of environmental aspects when assessing
products and services. These may include impact categories
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addressing various scales: global effects (e.g., global
warming), regional effects (e.g., smog), or site-specific effects
(e.g., human health effects). Impact categories addressing
global and regional effects are typically well covered in
LCA. However, it is still quite challenging, and it remains an
issue to have meaningful LCA methods that address site-
specific effects such as those related to land use and biodiver-
sity in LCA (Chaudhary et al. 2015; Gaudreault et al. 2016).

Using land for agriculture, mining, urban development,
forestry, and other anthropogenic activities can have signifi-
cant implications for biodiversity and other ecosystem ser-
vices (e.g., recreation, education), and there is broad agree-
ment that there is a need for better accounting and a clearer
understanding of land use impacts in general (e.g., Chapin
et al. 2000; EEA 1995; FAO 1976; Milà i Canals et al.
2007; Newbold et al. 2015; Oldemann et al. 1991; Pimentel
et al. 1995). While there has been increasing interest in
assessing effects associated with land use and land use chang-
es, characterizing environmental aspects of land use associat-
ed with forest products can be challenging, especially using
LCA that has not been shown to provide reliable assessments
capturing the complexities of biodiversity responses to forest
management (Gaudreault et al. 2016), although significant
research is still underway (e.g., Côté et al. 2019; Di Fulvio
et al. 2019; Rossi et al. 2018).

The UNEP-SETAC Life Cycle Initiative provides a global
forum to ensure a science-based consensus-building process
in the field of LCA (UNEP-SETAC Life Cycle Initiative
2016). One of its roles is to deliver an authoritative opinion
on the effectiveness of accounting tools and approaches based
on multi-stakeholder partnerships (e.g., governments, busi-
nesses, and scientific and civil society organizations), includ-
ing recommendations on life cycle impact assessment
methods. In 2016, the initiative concluded that the global av-
erage characterization factors (CFs) developed by Chaudhary
et al. (2015) were suitable to assess potential impacts on bio-
diversity due to land use and land use change for hotspot
analysis, only; that is, to identify relevant environmental as-
pects and their position in the life cycle for further investiga-
tion within the LCA study. Due to uncertainties associated
with assessing biodiversity in the context of LCA, the initia-
tive discouraged using these CFs for comparative assertions
and product labeling, while encouraging further assessments
to assess specific biodiversity risks for internal product
comparisons.

The method proposed by Chaudhary et al. (2015) for quan-
tifying land use impacts on biodiversity combines the coun-
tryside species-area relation (cSAR) models (Pereira and
Daily 2006) and information on vulnerability. In contrast to
the classical SAR model, the cSAR model accounts for the
diversity of species responses to changes in habitat composi-
tion and the fact that species adapted to human-modified con-
ditions also survive in the absence of their natural habitat.

Vulnerability is estimated based on the fraction of each spe-
cies’ geographic range (endemic richness) by ecoregion and
the associated International Union for Conservation of Nature
(IUCN) threat level of each species within that ecoregion.
Chaudhary et al. (2015) proposed CFs for potential regional
and global biodiversity loss using the cSAR model for both
occupation (land use, LU) and transformation of land (land
use change, LUC). Individual CFs are provided for:

& Six land use types (“intensive forestry,”1 “extensive for-
estry,”2 “annual crops,” “permanent crops,” “pasture,” and
“urban”);

& Five taxonomic groups (mammals, birds, reptiles, am-
phibians, and vascular plants), along with all taxonomic
groups but vascular plants (aggregated); and

& Different geographical resolutions (804 terrestrial
ecoregions (Olson et al. 2001), country average, world
average).

The UNEP-SETAC Life Cycle Initiative (UNEP-SETAC
Life Cycle Initiative 2016) concluded that “[d]ue to the limi-
tations on maturity of the method and land use types and
intensity coverage, the recommendation [to use Chaudhary
factors] is considered as interim until sufficient case studies
are undertaken to test the robustness and ability of the model
to identify potential biodiversity impacts.”

Thus, as a means of addressing the UNEP-SETAC claim
above, we developed a forest product case study (using cor-
rugated boxes) to investigate the effectiveness of using global
and ecoregion-based average CFs to identify life cycle
hotspots and related improvement opportunities compared to
using a land competition indicator. While there are existing
LCAs on corrugated boxes, very little attention has been given
to assessing potential inclusion of biodiversity aspects in these
LCAs.

2 Methods

2.1 Goal of LCA case study

The primary objective of this case study was to apply the CFs
for “Potential Species Loss” from Chaudhary et al. (2015) for
hotspot analysis, and to identify potential improvement oppor-
tunities in the life cycle of corrugated boxes produced in the
US.

1 Forests with extractive use, with either even-aged stands and clear-cut
patches, or less than three naturally occurring species at planting/seeding
(Koellner et al. 2013).
2 Forests with extractive use and associated disturbance like hunting, and
selective logging, where timber extraction is followed by re-growth including
at least three naturally occurring tree species (Koellner et al. 2013).
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2.2 Product studied and functional unit

The studied product was an average corrugated box
manufactured in the US in 2014 (referred to as “US-average”).
Corrugated boxes are made of corrugated board which is the
structure formed by bonding one or more sheets of fluted,
corrugating medium to one or more flat facings of linerboard.
Together, fluted corrugating medium and linerboard are re-
ferred to as “containerboard.” The functional unit was defined
as:

“The domestic use of 1 kg of an average corrugated product
produced in the US in 2014.”

2.3 System boundaries

The LCA was undertaken using cradle-to-grave system
boundaries, i.e., from raw material extraction (including the
harvest of wood fiber) to the final disposal. More specifically,
the following life cycle stages were considered:

1. Fiber procurement: This life cycle stage included forest
operations, transportation of wood to chipping, off-site
chipping and off-site production of market pulp, and
transportation of chips or pulp to pulp and paper mills.

2. Pulp and papermaking: This stage included debarking
and on-site production of chips, production of on-site pro-
duced pulp, papermaking operations (to produce contain-
erboard), conversion into rolls, and supporting activities
(on-site steam and power production, on-site chemical
production, effluent treatment, on-site waste manage-
ment, etc.).

3. Converting: The converting life cycle stage covered ac-
tivities involved in converting containerboard into corru-
gated packaging (e.g., a box).

4. Use: For the use stage, only transportation to the user was
considered.

5. End-of-life: This stage included the end-of-life manage-
ment of the packaging product (i.e., landfilling and burn-
ing with energy recovery).

2.4 Data collection and assumptions

2.4.1 Main data sources

The study was based on site-specific (foreground) data from
42 containerboard mills representing 70% of US container-
board production and 166 converting facilities. This represent-
ed 23% of US overall corrugated products production volume
for 2014. Background data were obtained from various data
sources: the US Life Cycle Inventory Database (NREL 2012),
the GaBi Database (thinkstep AG 2012), and the ecoinvent
database (Wernet et al. 2016). The details of the inventory,

with the exception of data pertaining to land occupation, have
been published elsewhere (NCASI 2017).

2.4.2 Occupation profile

Quantity and type of fiber sourced by each of the 42 mills
included in the study were obtained from the mills themselves.
Occupation profiles, in m2 year, were calculated using typical
yields and rotation lengths based on the literature (Table 1).
Management intensities were derived from the USLCI
Database (NREL 2012). Mass allocation was applied to wood
fiber, meaning that logs and chips from the same species
group had the same occupation profile.

Based on various data sources (NREL 2012; US
Department of Transportation and US Department of
Commerce 2015), we assumed that mills sourced wood fiber
within a 150-km radius. All forest ecoregions in a 150-km
radius of each mill were then identified. We estimated the area
(hectares) of forest land held by US institutional owners in
each ecoregion to confirm whether a specific ecoregion was
likely to be a source of wood for paper production. To accom-
plish this, we used a geographic information system (GIS)
layer depicting ecoregion boundaries (Olson et al. 2001) in
combination with a confidential GIS layer that depicts bound-
aries of forest land held by institutional owners (NCASI, un-
published data). Total wood fiber supply was assumed to be
equally supplied by each ecoregion within the 150-km radius
of the mill (Table 2), provided the ecoregion was identified as
a likely source of wood for paper production.

2.4.3 Impact assessment

Life cycle assessment usually covers a wide variety of envi-
ronmental aspects, for instance, global warming, acidification,
and human health impacts. In this study, only one impact
category was analyzed: biodiversity impacts associated with
land use. In doing so, we applied the UNEP-SETAC Life
Cycle Initiative recommendation to use the average, global,
ecoregion-specific CFs from Chaudhary et al. (2015). While
the regional CFs from Chaudhary et al. (2015) “give an esti-
mate of regional species loss per unit of land use” per taxo-
nomic group based on cSAR, the global CFs consider how the
loss of species found in an ecoregion will translate into global
species loss (extinction) by applying a vulnerability score to
each of the species that considers the contribution of an
ecoregion to the global biodiversity for the species and the
threat level to that species according to the IUCN.

To “avoid misinterpretation,” the UNEP-SETAC Life
Cycle Initiative recommended labeling the results from apply-
ing these CFs as “Potential Species Loss from Land Use.” For
simplicity, in this paper, we dropped the “from land use”
phrase, although the analysis was limited to land use and no
other contributors to the potential change in biodiversity.
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Chaudhary et al. (2015) proposed sets of CFs for five taxo-
nomic groups (mammals, birds, reptiles, amphibians, and vas-
cular plants) and one set of CFs that aggregates all groups but
vascular plants, all of which were applied in this study.
Indicator results (IRi, i = 1: mammals, 2: birds, 3: reptiles, 4:
amphibians, 5: vascular plants, and 6: taxa-aggregated) for
each of the five taxonomic groups as well as for the all taxa-
aggregated were calculated using Eq. 1. In Eq. 1, Occj is the
total quantity of land occupied (in m2 year) for a land use type
j and CFi,j is the characterization factor for taxonomic group i
and land use type j (in global species-eq/m2 year or potentially
disappeared fraction (PDF)/m2 year).

IRi ¼ ∑
j
Occ j � CFi; j ð1Þ

To be consistent with how data were collected for the
various fiber sources (Table 1), we distinguished be-
tween “low,” “medium,” and “high” forest management
intensities. More specifically, “low” management inten-
sity was assigned to the CFs described by Chaudhary
et al. (2015) for “Forest, extensive”, while “high” man-
agement intensity was assigned to the “Forest, inten-
sive” classification, and finally, “medium” management
intensity was assigned to the average CFs of “Forest,
extensive” and “Forest, intensive.”

In addition, we applied a land competition indicator that
simply represented the total surface of land occupied over a
given period of time (in m2 year), often used in the past as a
proxy for biodiversity impacts in LCA. This was done as a
means to investigate the potential benefits and risks of using
more complex indicators such as those presented by
Chaudhary et al. (2015). Indicator results for that indicator
were derived using Eq. 2.

IRLand Competition ¼ ∑
j
Occ j ð2Þ

2.5 Interpretation of the results

To provide a more detailed interpretation of our results, we
undertook a series of specific analyses:

1. Contribution/sensitivity analysis: We identified the life
cycle stages, processes, and ecoregions contributing the
most to the results and the taxonomic groups that were
most affected, and then identified opportunities for
improvement.

2. Scenarios analysis: We assessed the effect of making
changes to the system in response to identified
opportunities.

Table 1 Assumed management
intensities for fiber used by
containerboard mills in 2014

Fiber type Management intensity
profile

Sources/comment

Low
(%)

Medium
(%)

High
(%)

Logs, northern
hardwood
(LNH)

59 25 16 Management intensities were derived from US LCI
database (pulpwood, hardwood, average, at forest road,
NE-NC), occupation profile from CORRIM (Johnson
et al. 2004)Chips, northern

hardwood
(CNH)

Logs, southern
hardwood
(LSH)

0 100 0 No data were available from US LCI and CORRIM for
southern hardwood logs. Hence, medium management
intensity was assumed. To obtain the occupation profile,
average yield value from and a rotation age of 50 years
was assumed based on data from FIA (Miles 2015)

Chips, southern
hardwood
(CSH)

Logs, southern
softwood
(LSS)

37 58 5 Management intensities were derived from US LCI
database (softwood logs with bark, harvested at average
intensity site, at mill, US SE), occupation profile from
CORRIM (Johnson et al. 2004)Chips, southern

softwood
(CSS)

Logs, northern
softwood
(LNS)

45 36 19 Management intensities were derived from US LCI
database (pulpwood, softwood, average, at forest road,
NE-NC), occupation profile from CORRIM (Oneil et al.
2010)Chips, northern

softwood
(CNS)
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3. Uncertainty analysis: We tested robustness of the results
to variability in proposed CFs.

2.5.1 Contribution analyses

Three types of contribution analyses were applied. First, it was
determined how each life cycle stage (fiber procurement, pulp
and papermaking, converting, use and end-of-life) contributed
to the total score for each of the indicators proposed by
Chaudhary et al. (2015). Second, to gain a greater understand-
ing of which taxonomic group contributed the most to the
taxa-aggregated indicator, we compared results for each spe-
cific taxonomic group. Third, expecting that fiber procure-
ment would be an important contributor to each of these, the
analysis was then broken down into the various ecoregions
from which fiber was sourced for the product. For each
ecoregion and each indicator, we estimated the ratio of the
“Potential Species Loss” indicator result to the “Contribution
to the Fiber Basket” (i.e., a sensitivity ratio (SR), see Eq. 3) to

determine how sensitive each of the indicators was in each
ecoregion. In this analysis, an SR of 1 indicated that contribu-
tion of fiber procurement in a given ecoregion was contribut-
ing to each of the “Potential Species Loss” indicators (one
indicator for each taxonomic group and the taxa-aggregated
indicator) in proportion to its contribution to the total fiber
mix. An SR > 1 indicated that fiber procurement in a given
ecoregion was particularly sensitive to the studied indicator,
while a ratio < 1 indicated a relatively low sensitivity of fiber
procurement to the studied indicator in that ecoregion.

SRi;k ¼ IRi;k

Fk
ð3Þ

Where k is a given ecoregion; IRi,k, the contribution of
ecoregion k to the indicator score for taxonomic group i; and
Fk, the fraction of fiber that comes from ecoregion k.

2.5.2 Scenario analysis

In addition to the base case scenario described by the model-
ing assumptions presented previously, several additional sce-
narios were investigated to assess improvement opportunities
identified through the contribution analyses, and to evaluate
the implications of some of the choices made in developing
CFs (Table 3). The parameters that were identified as
representing opportunities for improvement included the
quantity of fiber consumed, the ecoregions supplying wood
fiber to the paper mills, and the management intensity. Plants
and birds appeared to represent the taxonomic groups with the
most tradeoffs with other groups, and hence, it was decided to
illustrate the effect of changing fiber sourcing to ecoregions
that would appear to favor these groups.

2.5.3 Uncertainty analysis

There are various sources of uncertainty when using LCA.
These are especially apparent in the data and models used
for characterizing associated impacts. To highlight the poten-
tial effect of uncertainty in impact assessment, we used a
Monte Carlo Analysis (10,000 iterations) by applying the
95% confidence intervals on the CFs provided by
Chaudhary et al. (2015) as limits and assuming triangular
distributions. Triangular distributions were selected because
minimum, average, and maximum values were available, but
no information was available on the actual shape of the
distribution. Only uncertainties associated with CFs used by
Chaudhary et al. (2015) were considered (i.e., uncertainty in
the LCA data was not considered), as this aided in directly
assessing the recommendations made by the UNEP-SETAC
Life Cycle Initiative.

Table 2 Estimated average wood fiber mix by ecoregion for US-
average corrugated boxes

Ecoregion % of total fiber

No. Name

Eastern US

NA0402 Appalachian mixed mesophytic forests 7.5

NA0403 Appalachian-Blue Ridge forests 5.7

NA0409 Mississippi lowland forests 8.8

NA0413 Southeastern mixed forests 20.3

NA0513 Florida sand pine scrub 1.5

NA0517 Middle Atlantic coastal forests 8.9

NA0523 Piney Woods forests 12.3

NA0529 Southeastern conifer forests 15.4

Central US

NA0405 East Central Texas forests 1.9

NA0412 Ozark Mountain forests 2.3

NA0414 Southern Great Lakes forests 1.2

NA0415 Upper Midwest forest-savanna transition 1.4

NA0416 Western Great Lakes forests 1.7

Western US

NA0417 Willamette Valley forests 1.6

NA0506 British Columbia mainland coastal forests 0.2

NA0507 Cascade Mountains leeward forests 0.2

NA0508 Central and Southern Cascades forests 1.6

NA0510 Central Pacific coastal forests 1.6

NA0512 Eastern Cascades forests 1.0

NA0516 Klamath-Siskiyou 0.6

NA0524 Puget lowland forests 0.6
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3 Results and interpretation

3.1 Contribution analysis

3.1.1 Life cycle stages

Fiber procurement showed to be the main contributor to the
total score for all “Potential Species Loss” indicators proposed
by Chaudhary et al. (2015). The fiber procurement life cycle
stage contributed more than 90% of the indicator scores for
mammals, amphibians, and reptiles; more than 80% of the
value for birds; and approximately 80% for plants (Table 4).
More specifically, within the fiber procurement life cycle
stage, forest management for procuring the wood used in con-
tainerboard production contributed to at least 94% of the in-
dicator scores, with the remainder coming from other back-
ground processes (e.g., transportation, fuel production, etc.).
Background processes contributed the least to the land com-
petition indicator score (1%) and the most to the “Potential
Species Loss”—vascular plants indicator score (6%).

The results for the “Potential Species Loss”—taxa-aggre-
gated indicator were similar to the results for the land compe-
tition indicator, suggesting that, in terms of hotspot identifica-
tion, the surface occupied seems to be the main driver for the

taxa-aggregated indicator, and the taxa-aggregated indicator
provided little additional information compared to the land
competition indicator, despite data collection efforts to region-
alize the fiber supply.

3.1.2 Taxonomic groups

The application of the CFs from Chaudhary et al.
(2015) indicated that the life cycle of corrugated boxes
(and more specifically fiber procurement and forest
management) potentially had the greatest effect on
plants versus other taxonomic groups (Fig. 1), informa-
tion that could not be obtained using the land competi-
tion indicator. The smallest effect was observed for
mammals and reptiles. On the one hand, this result is
generally consistent with what we would expect, in that
forest management is more likely to influence species
that are less mobile, such as plants. Species more
adapted to disturbance may be more capable of move-
ment/dispersal. Also, in more productive forests, such as
those considered in this study, higher-level taxonomic
groups may produce a lower magnitude response to for-
est management than the plant community which is di-
rectly affected by forest management (Kroll et al. 2017;

Table 3 Scenarios analyzed in the case study and related nomenclature

Scenario set Fiber consumption Geographical
resolution

Ecoregions included in a given mill’s fiber basket Management intensity

Base case Based on data
collected from the
containerboardmills
(F100)

Ecoregion-specific
(ER)

All wood supplying ecoregions located within a
150-km radius of a given mill (ALL)

Based on data collected from the
containerboard mills and the
US LCI database (AVG)

Analysis of
improvement
opportunities

10% reduction in fiber
use (F90)

Same as base case

Same as base case Move a given mill fiber sourcing to ecoregion
with less sensitivity to the plant indicator
(plant) within the same fiber basin

Same as base case

Same as base case Move a given mill fiber sourcing to ecoregion
with less sensitivity to the bird indicator (bird)
within the same fiber basin

Same as base case

Same as base case Move a given mill fiber sourcing to ecoregion
with less sensitivity to the taxa-aggregated in-
dicator (TA) within the same fiber basin

Same as base case

Same as base case Assume all fiber comes from
extensive management
intensity (EXT)

Same as base case Assume all fiber comes from
intensive management
intensity (INT)

Evaluation of
choices made in
developing the
CFs

Same as base case Move fiber sourcing in ecoregion described as
having the least habitat loss* (HL) within the
150-km radius

Same as base case

*The purpose of this analysis was to test possible unintended consequences of choices made in establishing the characterization factors. In the absence of
specific information, data from The Atlas of Global Conservation was used (Hoekstra et al. 2010)
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Root et al. 2017). However, a meta-analysis of 96 stud-
ies synthesizing primary field research on response of
understory plant diversity to timber harvesting in tem-
perate forests in North America (forests from which
most of the wood in the case study sourced) found little
effect on understory plant species richness from manag-
ing forests for timber (Duguid and Ashton 2013). This
indicates that, while the results obtained by applying the
approach by Chaudhary et al. (2015) might provide in-
formation on which taxonomic groups are more at risk
of being affected by forest management, site-specific
assessments are still needed to understand its actual ef-
fect on species on a more local scale.

3.1.3 Contribution and sensitivity of the different ecoregions
to the fiber procurement results

In the five ecoregions with the greatest contribution to
the total fiber basket on a mass basis, fiber procurement
was also an important contributor to at least some of the
“Potential Species Loss” indicator scores (Table 5). For
example, more than 20% of total fiber was derived from
the Southeastern mixed forests ecoregion (NA0413), and
fiber procurement in that region was responsible for
18.6% of the indicator score for birds.

Another interesting finding was that the contribution of
some ecoregions to the indicator scores for some specific
taxonomic groups was important despite low contribution
to of these ecoregions to the fiber basket as further em-
phasized by the high ratios of “Potential Species Loss” to
“Contribution to fiber basket” or SR. More specifically,
we calculated SRs of:

& 11.9, 5.6, and 4.05, respectively for mammals in the
Willamette Valley forests (NA0417), the Central Pacific
coastal forests (NA0510), and the Central and Southern
Cascades forests (NA0508);

& 4.9 for reptiles in the Florida sand pine (Pinus clausa)
scrub (NA0513); and

& 4.3 for amphibians in the Appalachian-Blue Ridge forests
(NA0403).

In the Willamette Valley, an area characterized by high
conversion to agriculture and urbanization, the perceived ex-
treme sensitivity of forest management to mammals is likely
explained by the landscape context in this region. Indeed, the
observed effects of forest management on vertebrate diversity
have been shown to be more pronounced in forests embedded
in agricultural or anthropogenic landscapes (Demarais et al.
2017). While this is not necessarily true for NA0417 and
NA0510, other factors than forest management, such as his-
toric trapping and hunting (Loehle and Eschenbach 2012;
Vellend 2017), can further explain the lower number of spe-
cies in these regions.

Research has shown that effects of forest management
on reptiles and amphibians are region- and species-specif-
ic, with individual taxonomic groups responding positive-
ly, negatively, or not at all in the short-term, with very
little information on long-term effects (Guzy et al. 2019).
With regard to reptiles in the Florida sand pine scrub,
research has indicated that forest management was more
likely to affect reptile species composition than richness
(Greenberg et al. 1994), again suggesting that other fac-
tors than those reflected in the approach from Chaudhary
et al. (2015) might be occurring. Amphibians are likely to
be sensitive to forest management, at least in the southern
part of the Appalachians, and in the short term (Russell
et al. 2004).

Figure 2 presents box and whisker plots of the sen-
sitivity ratios (SR) grouped by regions. These plots
present the minimum, first quartile, median, third quar-
tile, and maximum values of SR in a given region.
Several observations can be made concerning the vari-
ability of SRs that exists across the taxonomic groups
and regions:

Table 4 Contribution of the life
cycle stages to the different
indicator score (F100-ER-AVG)

Indicator Fiber procurement (%) Containerboard
production (%)

Converting (%)

“Potential Species Loss”—taxa-aggregated 90.6 9.2 0.3

“Potential Species Loss”—mammals 95.9 3.9 0.2

“Potential Species Loss”—birds 86.9 12.8 0.3

“Potential Species Loss”—vascular plants 80.3 19.0 0.6

“Potential Species Loss”—amphibians 93.9 6.0 0.1

“Potential Species Loss”—reptiles 92.0 7.8 0.2

Land competition 90.5 9.4 0.2

NOTE: The use and end-of-life stages were omitted from this table because of their marginal contribution to the
different indicator scores
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& Across all ecoregions included in this study, birds showed
less sensitivity to forest management than other species;

& The highest and most variable average sensitivity ob-
served was in the Western ecoregions especially for mam-
mals; and

& Central and eastern ecoregions showed less sensitivity to
species across taxonomic groups and ecoregions.

Bird response to disturbance has been found to vary with
ecosystem productivity and, in ecosystems with relatively
high productivity, forest management often has a positive ef-
fect on species richness (Guzy et al. 2019; McWethy et al.
2010; Phillips et al. 2010; Verschuyl et al. 2008). A lower

sensitivity of birds to forest management than other taxonomic
groups can be attributed to their mobility.

Western ecoregions are uniquely heterogeneous due
to a higher topographic complexity than other regions
in our study, which may explain the greater variability
observed for all taxonomic groups in these regions. The
regional variability, coupled with the fact that the pro-
posed CFs have considerable uncertainty and range from
showing beneficial to a negative impact on biodiversity
depending on local conditions (Chaudhary et al. 2015),
indicates that using ecoregion-based factors is not suffi-
cient to characterize the effect of forest management on
“Potential Species Loss” and that greater spatial granu-
larity would be needed.

Table 5 Contribution of fiber procurement in the five ecoregions contributing the most to each of the indicator scores

Ecoregion % of total fiber (mass
basis)

“Potential Species Loss” indicator

No. Name Taxa-
aggregated (%)

Mammals
(%)

Birds
(%)

Vascular plants
(%)

Amphibians
(%)

Reptiles
(%)

Eastern US

NA0402 Appalachian mixed
mesophytic forests

7.5 9.1

NA0403 Appalachian-Blue Ridge
forests

5.7 10.3 24.6

NA0409* Mississippi lowland forests 8.8 10.1

NA0413* Southeastern mixed forests 20.3 11.6 8.4 18.6 8.5 10.8 9.9

NA0513 Florida sand pine scrub 1.5 7.3

NA0517* Middle Atlantic coastal forests 8.9 8.7 10.9 9.7 9.0 6.7 8.2

NA0523* Piney Woods forests 12.3 7.5 7.7 10.0 19.1

NA0529* Southeastern conifer forests 15.4 16.1 12.4 14.2 13.7 15.9 30.0

Western US

NA0417 Willamette Valley forests 1.6 19.1

NA0510 Central Pacific coastal forests 1.6 9.1 4.5

*Ecoregions with the most contribution to the overall fiber basket. Blank cell: Ecoregion is not one of the five contributing the most to the indicator.
Italicized data indicate cases where fiber procurement in a given ecoregion contributes importantly to results despite relatively low or lower contribution
from the fiber basket

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

All ecoregions

Eastern US

Central US

Western US

Mammals Birds Plants Amphibians Reptiles

Fig. 1 Contribution of each
taxonomic group to “Potential
Species Loss”—taxa-aggregated
indicator results
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3.1.4 Uncertainty analysis

While fiber procurement was the main contributor to indicator
scores for all simulations, its actual contribution varied con-
siderably (73 to 108%) due to uncertainty in the CFs; note that
a contribution of 108% for fiber procurement would mean that
at least one additional life cycle stage contributed negatively
to the indicator score. According to Chaudhary et al. (2015),
uncertainty in the CFs is mainly driven by applying data from
broader spatial scales than to a specific ecoregion when devel-
oping these CFs (Chaudhary et al. 2015), which further illus-
trates the importance of site-specific analyses.

3.2 Scenario analyses

3.2.1 Fiber consumption scenario

Reducing fiber consumption by 10% resulted in a re-
duction of indicator scores by 8 to 10%, indicating that
the main driver for these scores remained the surface
occupied (more fiber use equated to more surface area
occupied). However, the results of individual Monte
Carlo simulations were highly variable. We found that
reducing fiber consumption by 10% resulted in − 36 to
+ 9% changes in the “Potential Species Loss”—taxa-ag-
gregated indicator score compared with the baseline sce-
nario, where 95% of our results fell within the range of
− 21 and + 5%. In 34% of the simulation runs, a de-
crease in fiber consumption by 10% led to an increase
in the indicator value. According to Chaudhary et al.
(2015), variability in CFs for each ecoregion is mainly
explained by differences in local conditions. This indi-
cates that in the absence of CFs being further spatially
differentiated, it is difficult to analyze whether reducing
fiber consumption will improve the indicator result.

3.2.2 Ecoregion scenarios

As discussed above, the application of the CFs from
Chaudhary et al. (2015) yielded the following results: plants
were shown to be especially affected by forest management,
and forest management was shown to have a variable effect on
different taxonomic groups within different ecoregions. We
used these results to define and assess potential fiber sourcing
improvement opportunities. Moving fiber sourcing to
ecoregions with less sensitivity to the taxa-aggregated indica-
tor led to the greatest average improvement on calculated in-
dicator scores (see Fig. 3). Bird species were the least im-
proved when managing for plants or to improve the taxa-
aggregated indicator. In contrast, moving fiber sourcing to
ecoregions where birds were less sensitive to forest manage-
ment seemed to have less of an effect on the other taxonomic
groups, except for the negative effects on amphibians. This
result may be explained by the fact that we moved a signifi-
cant portion of fiber sourcing to NA0403, a region where
amphibians were shown to be highly sensitive to forest man-
agement. We cannot conclude from these limited results that
there will consistently be a tradeoff between birds and
amphibians.

In a third ecoregion scenario, we tested the effect of mov-
ing, for each mill, fiber sourcing to the ecoregion within the
150-km sourcing area that was described by Hoekstra et al.
(2010) as having the least current “habitat loss” (F100-ER-
HL-AVG). The results in Fig. 4 show that moving fiber be-
tween ecoregions generally improved indicator scores. In oth-
er words, the CFs proposed by Chaudhary et al. (2015) seem
to encourage moving fiber procurement to “less altered” re-
gions, at least per the Hoekstra et al. (2010) definition. This
result can likely be explained as an artifact of using the cSAR
in developing CFs, which would assume that, in places where
little original forest remains, any alteration of the remaining
forest could result in more species being lost per unit habitat

Fig. 2 Variability of sensitivity
ratios across different regions and
taxonomic groups
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loss. The limitations of using SAR-based model in evaluating
the opportunity for improvement in forest products LCAs are
further discussed below.

3.2.3 Management intensity scenarios

Altering intensity of management from an US-average level
(as computed in the US LCI database for the various regions)
to exclusively extensive (F100-ER-ALL-EXT) or exclusively
intensive (F100-ER-ALL-INT) management had several out-
comes (Fig. 5).

The “Potential Species Loss”—vascular plants indicator
responded similarly to the land competition indicator (i.e.,
more intensive management led to a reduction in the potential
impact, Fig. 5). More specifically, the lower intensity forest
management strategy (extensive) used + 124% more surface
area than the higher management intensity (intensive), which
resulted in a + 120% greater potential impact on the plant
indicator score. Although this appears to suggest that the plant
indicator was less sensitive to the effect of management inten-
sity on plant species than to the amount of land occupied, the
individual CFs showed that this is not always the case but
rather that, with regard to plants, the sensitivity to manage-
ment intensity of the indicator score was ecoregion-specific.

The “Potential Species Loss”—mammals indicator score
also responded negatively to switching management intensity
from average to exclusively extensive, and more profoundly
than that of plants (Fig. 5). Contrary to plants, however, most
CFs for mammals were significantly greater for extensive for-
est management than for intensive forest management for the
ecoregions considered in this study. This indicates not only
that the surface occupied was a greater driver of the indicator
score for mammals than the intensity of management but that,
when controlling for total area of management, extensive for-
est management showed more effect on the mammal indicator

score than intensive forest management. This result is
counterintuitive.

Birds, amphibians, and, to a lesser degree, reptiles, all had
lower observed “Potential Species Loss” under extensive for-
est management than under average or intensive forest man-
agement, indicating that these taxonomic groups were more
affected by management intensity than by the surface occu-
pied by forest management activities. Amphibians and reptiles
are less mobile and more affected by environmental condi-
tions than birds and hence likely more affected by forest man-
agement intensity. However, with regard to birds, we would
expect that a reduction in species specialized for late-seral
forest types would be at least compensated for by species
specialized for early seral forest types (Verschuyl et al. 2008).

There is limited information currently in the literature on
responses of various taxonomic groups to forest management
intensification (see Demarais et al. 2017). In higher produc-
tivity regions with more resilient higher-level taxonomic
groups (e.g., mammals) and with species less tied to specific
locations on the landscape in question, intensification (land
sparing) might be an appropriate management approach to
improve species diversity (McWethy et al. 2010; Verschuyl
et al. 2008). In less productive regions, the reverse may be
true.

4 Discussion

4.1 Limitations of SAR-based approaches

Results showed that when applying the factors proposed by
Chaudhary et al. (2015), fiber procurement was the main con-
tributor to the “Potential Species Loss” indicator scores for all
taxonomic groups considered, although the contribution var-
ied among taxonomic groups (Table 4). Results for the taxa-
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aggregated indicator were similar to those for the land com-
petition indicator in terms of determining the contribution of
life cycle stages, at least directionally. This finding is not sur-
prising given that forest management is by far the greatest user
of land in the life cycle of corrugated boxes (and likely any
other forest product) and that the surface occupied is the main
driver behind the cSAR approach used by Chaudhary et al.
(2015) in developing CFs. Approaches for which the surface
occupied is the main driver assume that the larger an area of
land is, the greater variety of species it will contain, and hence
the more species will be necessarily affected by land use. The
SAR model, in particular, as used by Chaudhary et al. (2015),
appears to extrapolate from either stand-level post-harvest
(i.e., short-term) effects compared to natural older forests
and/or to fail to consider the landscape scale within which
forestry operates. Also, the CFs were obtained by comparing
number of species in a given ecoregion for natural conditions
versus the current land use type, and then attributing the dif-
ference in species to the current land use type with little con-
sideration of the landscape context or of the temporal

dynamics of biodiversity; this assumes that a constant “biodi-
versity score” can be assigned to occupied land (de Baan et al.
2013). Using this approach, there is a significant risk of
overestimating the effect of forest management on species
diversity.

There are other important limitations from applying SAR-
based indicators such as the CFs proposed by Chaudhary et al.
(2015) to forest management that should be discussed. The
SAR is a sample-based relationship rather than one based on
species ranges. One fundamental weakness in applying
sample-based approaches to an arbitrary area (e.g., an
ecoregion) is that the species found are rarely confined to that
particular area. In the context of a county/district, for example,
urban development would progressively move towards all
species from that county being “lost,” while in reality, few-
to-none would actually become extinct because their geo-
graphic ranges encompass entire states and regions. Thus,
what it means for a species to be “lost” when using the SAR
to assess effects needs to be further clarified. Although less
pronounced with a cSAR model than a classical SAR model,

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Taxa-Aggregated Mammals Birds Plants Amphibians Reptiles

IR
i

esa
C

esaB
ot

dezila
mro

N

F100-ER-HL-AVG F100-ER-ALL-AVG (Base Case)

Fig. 4 Effect of moving fiber
sourcing to ecoregions described
as having less “Habitat Loss”

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Taxa-aggregated Mammals Birds Plants Amphibians Reptiles Land competition

IR
i

esa
C

esaB
ot

dezila
mro

N

F100-ER-ALL-EXT F100-ER-ALL-INT F100-ER-ALL-AVG

Fig. 5 Effect of management
intensities on observed “Potential
Species Loss” indicator results

Int J Life Cycle Assess



even a perfect application of the model would only describe
pseudo-extinctions (losses from particular areas), not global
extinctions. Most forests are subject to natural disturbances
(e.g., fire, insect outbreaks, drought) that create a landscape
consisting of a mix of age classes and successional stages,
very much like a managed forest landscape that typically in-
cludes unmanaged parcels or reserves mixed in with managed
stands. In fact, extensive research has shown that forest man-
agement in a landscape context that includes unmanaged par-
cels increases spatial complexity and thus, biodiversity (e.g.,
Gustafson et al. 2007; Loehle et al. 2005a, b; Mitchell et al.
2006, 2008). A small subset of all species appears to depend
exclusively on old-growth forests (e.g., some lichens, northern
spotted owl, some forest herbs), but these species appear to be
lost mainly on managed stands while being conserved on un-
managed lands. Research showed that, in North America,
well-established regulatory framework of federal and state
laws, and non-regulatory forest certification standards benefit
a variety of species that would be sensitive to changes in forest
structure (e.g., Warrington et al. 2017) and forestry can pro-
vide early seral conditions that are not provided without forest
disturbance (Swanson et al. 2014). This may benefit birds
associated with young forests, for example, which may not
occur or may be far less abundant in older forests. This is
not reflected by using a single metric for birds. The net result
of these landscape-scale effects is that forest management can
increase habitat diversity at larger than stand scales (Swanson
et al. 2014). Except for a few species that depend on older
natural forests, most species likely persist in managed forests
and are not at increased risk of being lost. In fact, almost no
species have been documented to have gone extinct due to
forest management in North America (Loehle and
Eschenbach 2012).

4.2 Limitations with spatial resolution and forest
management intensity levels

One important feature of the CFs from Chaudhary et al.
(2015) compared to the land competition indicator is the
ability to distinguish between taxonomic groups and
ecoregions. Hence, using these CFs, we were able to
determine which ecoregions were contributing the most
to the results and assess the effects of moving fiber
sourcing from one ecoregion to another. Using this ap-
proach, moving fiber sourcing away from ecoregions
where vascular plants were the most sensitive to forest
management was shown to be beneficial to indicator
scores for all taxonomic groups. However, this finding
should be taken with caution. Moving fiber sourcing
from one ecoregion to another may not be feasible in
practice. There may be physical/economic constraints or
other environmental considerations. More importantly,
we showed that the uncertainty in the ecoregion-based

CFs could have significant implications on the results.
The actual local conditions associated with fiber sourc-
ing in a given ecoregion can be far from the average
conditions in that same ecoregion leading to the poten-
tial for counterproductive land management decisions.
Also, while the reduction of fiber consumption showed
a benefit for the taxa-aggregated indicator, the results of
the uncertainty analysis showed that this result was very
site-specific. Indeed, in several cases, reducing fiber
consumption was detrimental to the indicator score, in-
dicating the lack of usefulness of the CFs in the ab-
sence of greater spatial resolution.

Results indicated that the indicator scores derived from
applying the recommended CFs for the different taxonomic
groups responded differently to management intensity.
Indicator scores for mammals and vascular plants responded
better to higher management intensities (intensive), while in-
dicator scores for the other taxonomic groups responded better
under lower management intensities (extensive). However,
the effect of management intensity on species diversity is
not binary. For instance, a study on the effect of management
intensity on vertebrate species in the US (Demarais et al.
2017) showed that responses to intensive forest management
are species-specific and dependent on the seral stage.
Interestingly, actual management practices are probably the
most actionable lever by forest managers to have a positive
effect on species richness. For instance, management practices
such as thinning, retaining structure, and protecting riparian
zones and sensitive ecological areas can have positive effects
on most vertebrate taxa or mitigate effects of harvesting
(Demarais et al. 2017; Parrish et al. 2017), again illustrating
the weakness of indicator for which the surface occupied is the
main driver. In the current proposed UNEP-SETAC frame-
work, site-specific actions to improve biodiversity would not
be reflected in LCA results. Therefore, CFs would need to be
derived for more management practices than extensive and
intensive. This was recognized by Chaudhary and Brooks
(2018) that proposed new CFs for six different intensity forest
management practices: three “managed forests” intensities
and three “plantation forests” intensities. The testing of
the new CFs by Chaudhary and Brooks (2018) showed
that it was possible to differentiate the biodiversity effect
caused under these categories of intensity, which certainly
represent an improvement compared to what was recom-
mended by the UNEP-SETAC in 2016. However, even
with these new CFs, we expect that improvement from
on-site practices would still be shown as marginal because
CFs are defined by using an approach that involves com-
paring species to ideal natural conditions. Therefore, un-
less CFs were to be developed using other comparison
points, their application would provide minimal incentive
for improvement, given that a return to ideal natural con-
ditions is pragmatically impossible.
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4.3 Other general limitations

Simplified approaches such as the CFs by Chaudhary et al.
(2015) dismiss the many other drivers of biodiversity, such as
habitat heterogeneity and climatic conditions (de Souza et al.
2015). Also, we obtained results suggesting that moving fiber
sourcing to ecoregions that are currently “less altered” (at least
according to Hoekstra et al. (2010)) will lead to an overall
improvement of the indicator scores, a questionable result.

5 Conclusions and recommendations

We have shown that the application of the CFs from
Chaudhary et al. (2015) provided some additional information
compared to the land competition indicator. For instance, with
regard to tradeoffs between ecoregions and taxonomic groups,
but that the additional information was more at risk of produc-
ing counterproductive forest management decisions when ap-
plied to identify and evaluate potential opportunities for im-
provement. The strength of these CFs is most likely when
applied to complex value chains with several land use types
involved. The main difference in applying the UNEP-SETAC
factors was the ability to distinguish among taxonomic groups
and ecoregions. In addition, we discussed that the use of an
“ideal natural conditions” baseline in developing these factors
provides little incentive for making improvements. The limi-
tations of the proposed CFs include, for instance, their low
spatial resolution, the limited management intensities
covered, and using the SAR. This finding is consistent with
de Baan et al. (2013) who concluded that the “characterization
factors […] can approximate land use impacts on biodiversity
in LCA studies that are not [emphasis added] intended to
support decision-making on land management practices
directly.”

Successful consideration of biodiversity response in the
context of LCA, especially in the context of forest manage-
ment, requires integration of other approaches such as site-
specific and/or territorial studies or analyses that should be
considered as an essential, complementary tool to LCA, to
mitigate against inaccurate conclusions about local manage-
ment practices and their effects on the landscape (Teixeira
et al. 2015). Potential improvements to the proposed method
include further spatialization of CFs, the definition of a range
of forest management practices for which CFs would be de-
veloped, consideration of forest productivity, and definition
CFs using a baseline that would encourage better practices
even within a given current management regime.
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