Ecological Indicators 124 (2021) 107252

Contents lists available at ScienceDirect e

Ecological Indicators

o %

ELSEVIER journal homepage: www.elsevier.com/locate/ecolind

Check for

Introducing the index-based ecological condition assessment e
framework (IBECA)

Simon Jakobsson ™, Marianne Evju?, Erik Framstad °, Alexis Imbert”, Anders Lyngstad °,
Hanne Sickel ¢, Anne Sverdrup-Thygeson *¢, Joachim Paul Tépper?, Vigdis Vandvik ',
Liv Guri Velle®, Per Arild Aarrestad , Signe Nybg *

@ Norwegian Institute for Nature Research, P.O. Box 5685 Torgarden, NO-7485 Trondheim, Norway

b National School for Water and Environmental Engineering, 1 quai Koch, 67000 Strasbourg, France

€ NTNU University Museum, Norwegian University of Science and Technology, NO-7491 Trondheim, Norway

4 Norwegian Institute of Bioeconomy Research, Department of Landscape Monitoring, P.O. Box 115, NO-1431 As, Norway

¢ Norwegian University of Life Sciences, Faculty of Environmental Sciences and Natural Resource Management, P.O. Box 5003, NO-1432 As, Norway
f University of Bergen, Department of Biological Sciences and Bjerknes Centre for Climate Research, P.O. Box 7800, NO-5020 Bergen, Norway

8 Myreforsking Alesund AS, P.O. Box 5075 Larsgdrden, NO-6021 Alesund, Norway

ARTICLE INFO ABSTRACT

Keywords: Sustainable nature management and ecosystem conservation depends critically on scientifically sound and
Alpine' " stakeholder-relevant analytical frameworks for monitoring and assessing ecological condition. Several general
Ecological condition frameworks are currently being developed internationally, including the Essential Biodiversity Variables (EBV),
Ez(r):z:tem and the UN’s SEEA EEA Ecosystem Condition Typology (ECT). However, there has so far been few attempts to
Index develop empirical implementations of these general frameworks, or to assess their applicability for environ-
Management mental decision-making at national or regional scales. In this paper, we aim to fill this implementation gap by

Reference level demonstrating a practical application of an empirically-based ecological condition assessment framework, the
Index-Based Ecological Condition Assessment (IBECA). IBECA defines seven major classes of indicators of
ecological condition, representing distinct ecosystem characteristics, and empirically synthesizes indicators for
each of these characteristics from various monitoring data. We exemplify and explore the utility and robustness
of IBECA using a case study from forest and alpine ecosystems in central Norway, and we investigate how IBECA
aligns with the two international frameworks EBV and ECT. In particular, we analyze how the different ap-
proaches to categorize indicators into classes affect the assessment of ecological condition, both conceptually and
using the case study indicators. We used eleven indicators for each of the two ecosystems and assessed the
ecological condition according to IBECA for i) each individual indicator, ii) the seven ecosystem characteristics
(indicator classes), and iii) a synthetic ecological condition value for the whole ecosystem. IBECA challenges key
concepts of the international frameworks and illustrates practical challenges for national or regional level
implementation. We identify three main strengths with the IBECA approach: i) it provides a transparent and
management-relevant quantitative approach allowing assessment of spatio-temporal variation in ecological
condition across indicators, characteristics and ecosystems, ii) the high degree of flexibility and transparency
facilitates updating the ecological condition assessments, also back in time, as improved data and knowledge of
indicators emerge, and iii) the quantitative and flexible procedure makes it a cost-effective approach suitable for
fast management implementations. More generally, we stress the need for carefully choosing appropriate clas-
sification and aggregation approaches in ecological condition assessments, and for transparent and data-driven
analytical approaches that can be adjusted as knowledge improves.
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1. Introduction

Alarming reports on biodiversity loss with dramatic consequences
for ecosystems and society are feeding into the scientific literature.
Substantial and rapid losses of taxonomic diversity, genetic diversity and
abundance of organism groups are driven by human impacts such as
land use change, exploitation, pollution and human-induced climate
change (Newbold et al., 2015; Allentoft and O’Brien, 2010; Sanchez-
Bayo and Wyckhuys, 2019; IPBES, 2019). Despite local, regional, and
global conservation, restoration, and management initiatives, these
biodiversity losses continue (Mace et al., 2018). It is widely acknowl-
edged that we have failed to reach the 2020 Aichi targets (CBD, 2011;
Tittensor et al., 2014) and the process of defining new, post-2020
biodiversity targets has been initiated (CBD, 2020). It is becoming
increasingly clear that without relevant, sensitive and precise empirical
indicators to assess progress towards these targets, we will likely
continue to fail in our response to critical ecological changes (Pe’er
et al., 2014; Tittensor et al., 2014). There is therefore an urgent need for
scientifically sound and stakeholder-relevant monitoring and assess-
ment frameworks to inform sustainable biodiversity and ecosystem
management, as well as conservation (Reed, 2008).

Biodiversity policy and action plans for ecological sustainability
worldwide aim to fulfill two critical goals: (i) maintain the diversity of
natural habitats and species populations within their natural ranges; and
(ii) maintain ecosystem structure and functioning (incl. productivity) (e.
g. Millennium Ecosystem Assessment, 2005, Nature Diversity Act
(NDA), 2009, TEEB, 2010). In order to reach these goals, managing for
ecosystem resilience is critical (Diaz et al., 2006, Biggs et al., 2012). In
practice, the concept of ecosystem resilience (Standish et al., 2014) is
still difficult to apply and use across systems (Folke et al., 2010), as it
requires the assessment of the overall ecological condition (‘health’ or
‘state’, cf. the Drivers, Pressures, States, Impacts, Response (DPSIR)
framework (Smeets and Weterings, 1999)), including indicators of
structure and function in addition to species diversity. Hence, if we
could effectively and empirically assess state and trends in ecological
condition, we could also better guide and adapt policy and management
and thereby better link conservation goals and efforts (cf. Pollock et al.,
2017).

The Essential Biodiversity Variables (EBV) is one major approach to
assess progress towards the Aichi targets (Scholes et al., 2008, Pereira
et al., 2013). The EBV concept proposes an indicator set with 21 in-
dicators divided into six classes (genetic composition, species pop-
ulations, species traits, community composition, ecosystem structure,
ecosystem function; see Geijzendorffer et al., 2016). The Ecosystem
Condition Typology (ECT) under development by the United Nations
statistical group as part of the SEEA-EEA framework for ecosystem ac-
counting (UN, 2012, Hein et al., 2020) aggregates indicators into seven
broad classes (structural, compositional, function, physical and chemi-
cal state, and landscape patterns within and across ecosystems) (Maes
et al., 2019; Czicz et al., 2019). ECT is a flexible approach that can be
adapted to data availability and the purpose of the ecological condition
assessment. Indicator aggregation can also be adapted to better and
more precisely inform policy and management at different resolutions.

Hence, the EBV concept provides a framework for developing indi-
cator and monitoring systems, whereas the ECT provides a conceptual
framework for using and combining indicators to assess ecological
condition. However, the EBV does not propose approaches for aggre-
gating indicators (e.g. to assess the overall ecological condition) and the
ECT has merely started testing out its practical implementation using
empirical datasets (https://seea.un.org/). In this paper, we present a
newly developed index-based ecological condition assessment (IBECA)
that combines a theoretically-derived general framework for defining
indicators of good ecological state with a quantitative approach to
derive and aggregate relevant empirical data from monitoring (Nybg
and Evju, 2017). To demonstrate the utility of the approach, we test it
empirically in a case study from central Norway (Nybg et al., 2019).
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Based on this exercise, we first exemplify and discuss how ecological
condition assessments can be cost-effectively conducted using available
monitoring data to develop empirical indicators for important aspects of
the overall ecological condition. In contrast to previous studies (e.g.
Vihervaara et al., 2017, Turak et al., 2017), our study fills an important
implementation gap in that we link monitoring data, indicator devel-
opment and ecological condition assessment (cf. Hein et al., 2020).
Second, we discuss potential opportunities for improved management
relevance arising from the parallel development of indicator networks at
several spatial and conceptual scales. Third, we discuss how IBECA is
linked to the EBV and ECT frameworks and evaluate its potential as an
operationalization of these frameworks to better inform ecosystem
management. Finally, we discuss the way forward, including how our
analysis can benefit the operationalization of other frameworks.

2. Materials and methods
2.1. IBECA: an index-based ecological condition assessment framework

IBECA is an empirically-based ecological condition assessment
framework. The framework is based around seven overarching
ecosystem characteristics that together define and characterize
ecosystem structure and functioning; primary production, biomass
composition across trophic levels, functional groups within trophic
levels, functionally important species and (biophysical) structures,
biodiversity, landscape patterns and abiotic factors (Fig. 1, Table Al).
For each of these seven characteristics, a number of underlying empir-
ical indicators can be selected to reflect and represent the condition with
respect to that characteristic (Nybg et al., 2019, Table A2). A quantita-
tive estimate of ecosystem condition, for each of these characteristics or
as an overall value, emerges from quantitative aggregation across in-
dicators. To allow this aggregation and comparison across indicators
and scales, all indicator values are scaled against a reference value and a
limit for good ecological condition. The reference condition concept and
limits for good ecological condition are detailed in 2.1.1, and the scaling
procedure is explained in 2.1.2, followed by a description of indicator
calculation and aggregation in 2.1.3.

2.1.1. Reference condition and limits for good ecological condition

All indicators are evaluated against a reference condition, defined as
‘intact ecosystems’ (sensu Nybg et al., 2019, see also Karr, 1981, Stod-
dard et al., 2006, EC, 2019). Nybg et al. (2019) define ‘intact ecosys-
tems’ with respect to recent natural or semi-natural biodiversity and
ecosystem functioning. Historic extinctions are not considered, species
introduced before 1800 CE are regarded as native, climatic conditions
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Fig. 1. The Index-Based Ecological Condition Assessment framework (IBECA)
can be used to quantify and synthesize ecological condition at three levels:
overall ecological condition within an ecosystem (central ellipse), seven
ecosystem characteristics (outer ellipses) and individual indicators (stacks
of rectangles).
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follow the normal period (1961-1990), and modern intensive or large-
scale human pressures are absent. Note that human impacts can be
present according to this definition of intact ecosystems, but the impact
type and intensity should be at a magnitude comparable to that of nat-
ural pressures or other organisms. In these systems, human management
regimes are present as one among many environmental drivers and
processes within an otherwise naturally functioning ecosystem, and are
often seen as a historically integral part of the system. To increase policy
and management relevance as well as ease of use, a limit for good
ecological condition is set for each indicator (cf. Scheffer and Carpenter,
2003, Andersen et al., 2009). On the benign side of that limit “the eco-
system’s structure, function and productivity do not significantly deviate from
the reference condition, defined as an intact ecosystem” (Nybg and Evju,
2017), whereas on the adverse side they do. The normative values for
the reference condition and the limit for good ecological condition can
be quantitatively determined for each indicator and ecosystem based on
empirical data, models, theoretical expectations, and/or expert judge-
ment. For a comprehensive conceptualization of these approaches, see
Jakobsson et al. (2020).

2.1.2. Indicator scaling

The raw indicator values are rescaled to allow quantitative com-
parison and combination of different indicators. IBECA indicator values
are normalized by setting the reference values to 1, and the limit for
good ecological condition to 0.6 (Fig. 2). The scaled values thus range
from O to 1 (where O represents a real or conceptual boundary for a
totally degraded ecosystem, and where values >1 are truncated to 1).
Incorporating the limit for good ecological condition thus harmonizes
IBECA with the EU Water Framework Directive (WFD) (EC, 2019). Note
that the resulting framework is flexible, as it accommodates both linear
and non-linear relationships between raw and scaled indicator values,
and ‘negative’ indicators, i.e. when decreasing unscaled values translate
into improved ecological condition. Indicators can be ‘two-sided’,
meaning that indicator values both lower and higher than the reference
value signify a decrease in ecological condition. In these cases, separate
scaling procedures are applied on each side, and only the one with the
largest deviation from the reference value is used when assessing the
ecological condition (Fig. 2).

2.1.3. Indicator aggregation and uncertainty

Indicator values are aggregated at two levels, i) within each of the
seven characteristics of ecosystem condition, and ii) all together for an
overall ecosystem condition estimate. IBECA uses a flat aggregation
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approach (cf. hierarchical aggregation, described in 2.2), where the
overall assessment is conducted separately from the allocation of in-
dicators into characteristics (Fig. 3). For each aggregation, individual
indicator values larger than the reference value (scaled value > 1) are
truncated to value 1, and the mean aggregated condition value is
extracted.

IBECA uses a bootstrapping approach to approximate uncertainty
associated with the data for each indicator, allowing for inclusion of
different data types (cf. case study dataset in Table A1). For quantitative
datasets, each raw indicator dataset is bootstrapped (n = 10 000),
resulting in indicator distributions yielding the median as the indicator
estimate and 0.025 and 0.975 quantiles as the 95% confidence interval.
If there is no original uncertainty associated with the data (i.e. not
estimated from sample-based indicator data), IBECA implements either
i) an elicitation process based on expert knowledge and published
literature, or ii) a qualitative approximation of proportional (%) un-
certainty (Figure Al). No uncertainty is allocated to the reference and
limit for good ecological condition values as these are regarded as
normative values based on best available knowledge (cf. Certain et al.,
2011, Pedersen et al., 2016). To account for uncertainty in aggregated
estimates for the seven characteristics and overall ecosystem condition,
data values are re-sampled from each indicator distribution. This process
is repeated 10 000 times, yielding a distribution of aggregated condition
values with the median as the aggregated estimate and 0.025 and 0.975
quantiles as 95% confidence interval of this estimate. Individual indi-
cator values and their associated uncertainty are, however, not trun-
cated in visual presentations (e.g. Fig. 4). Spatial representation or data
quality may require weighting of the indicator set of an ecosystem.
While weighting was not necessary in our case study (2.2), IBECA can
accommodate a weighted mean approach (cf. Certain et al., 2011).

We acknowledge the lack — in nature - of a clear distinction of what
constitutes a good ecological condition for any given indicator. Within
IBECA, the scaled value 0.6 represents the theoretical limit for good
ecological condition, and when interpreting the results, we define a
‘significant reduction’ of ecological condition as values < 0.6 with a 95%
CI not overlapping 0.6, and values where the 95% CI overlaps 0.6 as a
‘marginal reduction’ of ecological condition. Values > 0.6 with a 95% CI
not overlapping 0.6, i.e. corresponding to values between the limit for
good ecological condition and the reference condition, are referred to as
‘good ecological condition’ or ‘no significant reduction’. These defini-
tions relate to the scaled indicator values, and thus also apply to
aggregated values for ecosystem characteristics and the overall assess-
ment of ecosystem condition.
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Fig. 2. Scaling of indicator values in relation to the reference value and the limit for good ecological condition. The scaling concept (a) builds on a reference value
(Rv), where raw indicator values (x-axis) at Rv are scaled to 1. Furthermore, a lower (lowL) and/or upper (upL) limit (L) for good ecological condition is defined. Raw
indicator values within the range of the Rv and L are then linearly scaled to values between 1 and 0.6, defining ‘good ecological condition’. Values between min and
lowL, or max and UpL, are scaled linearly between 0 and 0.6. Examples of scaling against a lowL (b) and upL (c) are given. For ‘two-sided’ indicators (i.e. with both a
lower and upper limit for identifying a decrease in ecological condition), these separate scaling procedures are applied on each side, and only the one with the largest

deviation from the reference value is used when assessing the ecological condition.
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Fig. 3. Conceptual framework of the IBECA
approach. Empirical indicators relate to ecosystem
characteristics (potentially multiple characteristics
per indicator). Development of reference values and
limits for good ecological condition is required for the
assessment of ecological condition. Rescaling allows
for the combination of indicators into aggregated es-
timates of the seven characteristics and/or an overall
assessment of ecological condition. Ecological condi-
tion can thus be estimated for i) each indicator, ii)
each ecosystem characteristic, and iii) the overall
ecosystem (using flat aggregation of indicator values).

Fig. 4. Quantitative assessment of ecological condi-
tion of the forest ecosystem in Trgndelag county,
central Norway, with scaled indicator values (circles/
diamond), 95% confidence intervals (horizontal error
lines), reference level (solid line at 1) and limit for
good ecological condition (dashed line at 0.6). Values
are given for individual indicators (white circles),
overall ecological condition (black diamond) and the
seven ecosystem characteristics (grey circles). Size of
circles represent data quality (for individual in-
dicators, see 2.2) and data quality combined with
number of indicators (for each characteristic).
Numbers in brackets after ecosystem characteristic
names indicate number of indicators included. * two-
sided indicators: Iv = limit for good ecological con-
dition, where ‘upper’ and ‘lower’ indicate that the
indicator estimate either exceeds or undercuts the
reference value (cf. Methods). ‘Veg.” = Vegetation,

0) — |

o

707

)

707

‘prop’ = proportion. Modified from Nybg et al.
(2019).

1.0 12

C

Fig. 5. Visualization of the most prominent pressures on the forest ecosystem condition. IBECA case study indicators were categorized into five pressure categories
based on their expected vulnerability to pressures within the study area. Aggregation followed the same procedure as describe above for the IBECA ecosystem
characteristics. For figure symbol explanations, see Fig. 4.
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2.2. Analysis

First, we performed a case study in which we assessed the ecological
condition of forest and alpine ecosystems in Trgndelag county, central
Norway, using the IBECA approach (Nybg et al., 2019). This assessment
was based on empirical data on eleven indicators for each ecosystem,
compiled from the national forest inventory (Tomter et al., 2010), a
regional vegetation monitoring project, species-specific monitoring
programs, and mapped spatial data to calculate regional indicator values
(Table Al). Hence, data were not collected at a common scale with a
common methodology, but assembled from different sources as relevant
indicators of different characteristics of ecological condition for each of
the two ecosystems. Representativity varies, as some data are from
established long-term monitoring programs (e.g. dead wood indicators;
based on the national forest inventory) whereas other data are from less
complete data sources (e.g. area proportion of invasive species; based on
the first year of data from a new vegetation monitoring project). We
visualize this variation by weighting indicator score circle sizes ac-
cording to representativity (Figs. 4-7). For an overview of indicators
used in the IBECA case study, including reference values and limits for
good ecological condition, see Table Al. To supplement this analysis, we
identified the pressures with most critical effects on each indicator (cf.
Aslaksen et al., 2012), grouped into five pressure categories: land-use/
infrastructure; climate; pollution/eutrophication/acidification; exploi-
tation/harvesting; and invasive species. We used this evaluation to re-
aggregate indicator values in relation to pressures, using the same
methodological approach as for the ecosystem characteristics.

Further, we evaluated the IBECA indicator coverage in relation to
EBV (indicators/classes) and ECT (classes), and compared our concep-
tual framework with ECT. For the indicator coverage evaluation, we re-
classified the IBECA case study indicators into the EBV and ECT classes
based on existing guidelines (https://geobon.org/ebvs/what-are-ebvs/;
Czticz et al., 2019; Maes et al., 2019). We used a mutually exclusive
approach for the ECT classes, allocating each indicator to only one class
(Cztcz et al., 2019), whereas each indicator could be allocated to several
EBV classes (cf. Vihervaara et al., 2017). In addition to the existing in-
dicators, the comparison included a set of candidate IBECA-indicators
where reference values and limits for good ecological condition are
currently lacking.

Lastly, we recalculated aggregated index values for the two ecosys-
tems based on EBV and ECT classifications to quantitatively investigate
how our indicator set behaved using these classification systems. In
addition, we tested the hierarchical aggregation suggested for the ECT
(Czticz et al, 2019) for our original ecosystem characteristics

Scaled indicator values

0.8
I
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classification, the EBV classification and the ECT classification. The hi-
erarchical aggregation was done in a two-step process where indicator
values were first aggregated into indicator classes and then aggregated
into an overall ecological condition assessment, as opposed to the flat
aggregation approach used for the overall assessment of ecological
condition in IBECA.

We conducted all indicator calculations, aggregations and visuali-
zations using R (R Core Team, 2018), including packages gamlss.dist
(Stasinopoulos and Rigby, 2018), dplyr (Wickham et al., 2019) and
Hmisc (Harrell, 2018).

3. Results
3.1. Results from the case study

Four of the eleven ecosystem indicators in the forest ecosystem
indicated ‘good’ ecological condition, whereas six indicated ‘signifi-
cantly reduced’ and one indicated ‘marginally reduced’ ecological
condition (Fig. 4). The aggregated overall ecological condition was
‘significantly reduced’ from the reference condition, to a value of 0.48
(95% CI: 0.45-0.51). Five out of seven ecosystem characteristics indi-
cated a ‘significantly reduced’ ecological condition, whereas no signif-
icant reduction was detected for primary production and abiotic factors.
Land use/infrastructure and harvesting were the main pressures un-
derlying these patterns in the ecological condition in the forest
ecosystem (Fig. 5).

Five of the eleven indicators in the alpine ecosystem indicated ‘good’
ecological condition, three indicated ‘marginally reduced’ and three
indicated ‘significantly reduced’ ecological condition. Among the
‘marginally reduced’ indicator values, the rodent populations had a low
estimate but a large confidence interval. The aggregated overall
ecological condition was ‘marginally reduced’ from the reference con-
dition (0.61, 95% CI: 0.58-0.67). Within the alpine ecosystem, primary
production, landscape ecological patterns, and abiotic factors were all in
‘good’ ecological condition, biodiversity and functionally important species
were ‘marginally reduced’, whereas biomass composition across trophic
levels were in ‘significantly reduced’ condition. We lacked data on in-
dicators representing functional groups within trophic levels in both eco-
systems (Fig. 6). Harvesting, and to some extent climate change, were
the main underlying pressures on ecological condition in the alpine
ecosystem. In contrast to the forest ecosystem, pressures from land use
and infrastructure have not impacted the alpine indicators negatively
(Fig. 7). For details on indicators and allocation of indicators across
ecosystem characteristics, see Table Al.

Fig. 6. Quantitative assessment of ecological condi-
1.2 tion of the alpine ecosystem in Trgndelag county,

Area prop. >1 km from infrastructure
Area prop. without invasive species
Nitrogen deposition
Polar fox pop. O

Rodent pop. O
Veg. indicatorvalue for light (upper Iv*)
Veg. indicatorvalue for nitrogen (lower Iv*)
Veg. indicatorvalue for pH (lower Iv*) O

Wild reindeer pop O

Willow ptarmigan pop.
Wolverine pop. O

Overall Ecological Condition

Primary production (2)

Biomass composition across trophic levels (4) O
Functional groups within trophic levels (0)
Functionally important species and structures (2) O
Landscape ecological patterns (1)

Biodiversity (6) O

Abiotic factors (4)

e N S & T S

central Norway, with scaled indicator values (circles/
diamond), 95% confidence intervals (horizontal error
lines), reference level (solid line at 1) and limit for
good ecological condition (dashed line at 0.6). Values
are given for individual indicators (white circles),
overall ecological condition (black diamond) and
ecosystem characteristics (grey circles). Size of circles
represent data quality (for individual indicators, see
2.2) and data quality combined with number of in-
dicators (for each characteristic). Numbers in brackets
after ecosystem characteristic names indicate number
of indicators included. * two-sided indicators: lv =
limit for good ecological condition, where ‘upper’ and
‘lower’ indicate that the indicator estimate either ex-
ceeds or undercuts the reference value (cf. Methods).
‘Veg.” = Vegetation, ‘prop’ = proportion. Modified
® from Nybg et al. (2019).
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Fig. 7. Visualization of the most prominent pressures on the alpine ecosystem condition. IBECA case study indicators were categorized into five pressure categories
based on their expected vulnerability to pressures within the study area. Aggregation followed the same procedure as describe above for the IBECA ecosystem
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characteristics. For figure symbol explanations, see Fig. 6.

Table 1

o

o

o
o

Conceptual links between IBECA characteristics and EBV and ECT classes.

IBECA characteristic

EBV classes

ECT classes

Primary production
Abiotic factors

Biodiversity

Functionally important species and structures

Functional groups within trophic levels’

Biomass composition across trophic levels

Ecosystem function

Species populations

Community composition®

Genetic composition®
Species populations
Ecosystem structure
Species populations
Species traits’
Species populations

Functional state
Physical state!
Chemical state
Compositional state

Compositional state
Structural state
Compositional state
Structural state
Compositional state

Landscape ecological patterns

Ecosystem structure

Structural state
Overall landscape characteristic!*
Ecosystem type specific landscape characteristic

No indicators covering that class or characteristic in the case study dataset.

2Not relevant for the case study, as all assessments were conducted at the ecosystem type level.

3.2. Cross-comparison of IBECA and international frameworks

Conceptually, the IBECA characteristics primary production and
landscape ecological patterns have their corresponding categories in both
EBV and ECT, although they form sub-categories of ecosystem func-
tions/processes and structure (Table 1). Similarly, the biodiversity
characteristic corresponds to the ECT class compositional state, whereas it
is matched by three EBV classes. The IBECA ecosystem characteristic
abiotic factors has no corresponding EBV class but is similar to the ECT
classes physical state and chemical state. In addition, the ECT class overall
landscape has no counterpart in the current version of IBECA as all in-
dicators are ecosystem specific. The remaining three IBECA character-
istics (functional groups, biomass composition, and functionally
important species and structures) correspond to two ECT classes
(compositional state and structural state) and to the EBV class species
populations. In addition, the EBV class ecosystem structure logically
matches the IBECA characteristic functionally important species and
structures, while the EBV class species traits is theoretically linked to the
IBECA characteristic functional groups within trophic levels (Table 1).

Concerning specific indicators, the IBECA case study indicators
covered the EBV classes genetic composition, species traits and community
composition (Tables 2, 3). The indicators “area proportion > 1 km from
infrastructure”, “dead wood” and “old growth forest” indicators in the
forest ecosystem contributed to the class ecosystem structure. The EBV
class ecosystem function was only represented by vegetation indicators
(for light/nitrogen). It is worth noting that we find no appropriate class
for our indicator on nitrogen deposition, although the critical loads es-
timates, on which the limits for good ecological condition are based,
relate to nitrogen effects on vegetation (cf. Bobbink and Hettelingh,
2011, Austnes et al., 2018) (Tables 2 and 3).

Both the EBV class species populations and the ECT class compositional

state corresponded well with the IBECA characteristic biodiversity,
including indicators of mammal, bird and plant species (Tables 2, 3).
The ECT classes chemical state as well as ecosystem landscape were rep-
resented by identical indicators such as IBECA characteristics abiotic
factors (vegetation indicators for light and nitrogen, and nitrogen
deposition) and landscape ecological patterns (area proportion > 1 km
from infrastructure, and old growth forest). The IBECA case study used
no indicators linked to the ECT class physical state. Furthermore, the ECT
class structural state was only represented within the forest ecosystem, by
the two dead wood indicators and area proportion of old growth forest.

3.3. Recalculations of ecological condition based on different
classifications

Applying the ECT and EBV classifications both yield similar results to
IBECA (Fig. 8). The IBECA biodiversity indicators are identical for the
ECT compositional state and the EBV species populations classes.
Furthermore, the ECT landscape characteristic class largely resembles the
EBV ecosystem structure, both showing a ‘significantly reduced’ condition
in the forest ecosystem driven by the area proportion >1 km from
infrastructure and old growth forest indicators. The ECT allocates the
forest dead wood indicators into a specific structural state class. This
structural state class does not further disentangle what type of vegetation
is considered, as opposed to the IBECA that includes a specific charac-
teristic for functionally important species and structures for these types of
key structures of an ecosystem. In addition, the ECT chemical state class
reveals a similar estimate as the EBV ecosystem function, but with higher
precision due to more indicators included.

IBECA showed a ‘significantly reduced’ overall ecological condition
for the forest ecosystem, whereas the overall ecological condition for the
alpine ecosystem was ‘marginally reduced’ (see 3.1). In those original
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calculations we used a flat aggregation approach. When instead adopt-
ing a hierarchical aggregation approach, the general interpretation of
the overall ecological condition did not change noteworthy. Similarly,
applying the hierarchical approach on the EBV and ECT classifications
hardly changed the interpretation for the forest ecosystem (Fig. A2). In
contrast, a ‘good’ condition value was found for the alpine ecosystem
using the hierarchical approach, based on both the EBV and the ECT
classifications. The recalculations of overall ecological condition were
limited because of lack of indicators for three out of six EBV classes and
three (forest ecosystem) to four (alpine ecosystem) out of seven ECT
classes within the case study.

4. Discussion
4.1. The IBECA framework

In this study, we present a transparent and flexible index-based
framework for assessing ecological condition and test it for forest and
alpine ecosystems in central Norway. The analysis suggests that the
forest ecosystem in the region has a ‘significantly reduced’ ecological
condition, primarily driven by unfavorable landscape ecological pat-
terns as a result of infrastructure development, loss of important struc-
tures due to forest management and alternative land use, and low
populations of large predators because of high harvesting rates. The
alpine ecosystem is in a marginally better condition, mainly explained
by the lower impact of infrastructure expansion in the alpine areas of the
region. We acknowledge that a more exhaustive coverage of indicators
with respect to ecosystem characteristics would be desirable. Never-
theless, the framework and applied indicators communicate a picture of
the ecological condition of these ecosystems within the study region that
is consistent with the experts’ qualitative assessments and the Norwe-
gian Nature Index (cf. https://naturindeks.no/). We exemplify how the
concept of ecosystem resilience can be used to assess multi-level con-
dition estimates that are comparable across ecosystems, ecosystem
characteristics and individual indicators in a transparent way (cf. Folke
et al., 2010).

One of the key concepts — and thus also key challenges — within the
IBECA framework is the use of a reference condition defined as intact
ecosystems with negligible human impact (Karr, 1981, Stoddard et al.,
2006). Many other assessments and monitoring projects make use of
baseline years instead of the conceptual idea of a reference condition (e.
g. EEA, 2012; EBCC, 2019; cf. discussion in Keith et al., 2019), where
subsequent estimations of ecological condition are assessed relative to
the condition in the baseline year. Such shifting — or different — baselines
(cf. Soga and Gaston, 2018) are straight-forward to establish and use,
but do not allow quantitative comparison of ecological condition as-
sessments across geographical areas. We therefore argue that the use of
baseline years are undesirable, in particular when historical data are
limited (Collins et al., 2020). For example, areas that were in a poor
ecological condition in the baseline year can show positive trends in
subsequent years, despite being in a poorer ‘absolute’ condition than
sites that were in a good condition in the baseline year and where no
trend is apparent. The IBECA approach builds upon the previously
developed Norwegian Nature Index (Certain et al., 2011; Pedersen et al.,
2016) and, by using limits for good ecological condition, also harmo-
nizes with well-developed concepts under-pinning the EU Water
Framework Directive (EC, 2019). These two scaling parameters enable
direct evaluations of single snapshot assessments of ecological condi-
tion, allowing the detection of critical ecological changes at an early
stage and comparing of sites, systems and regions in absolute terms. For
a thorough discussion on setting reference values and limits for good
ecological condition, see Jakobsson et al. (2020).

4.2. Framework comparison

IBECA assesses an ecosystem’s structure and function (including
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productivity) with respect to seven ecosystem characteristics (Nybg and
Evju, 2017), and we specifically collated our indicators to address these
characteristics. Logically, reclassifying the indicator set according to
other frameworks results in incomplete indicator coverage for several
classes, but also highlights differences that are key to inform the indi-
cator framework development for ecological condition assessments.

Comparing the IBECA indicator set and EBV, our study confirms the
challenges in obtaining genetic and trait-based indicators for terrestrial
ecosystems (Geijzendorffer et al., 2016; Vihervaara et al., 2017; Turak
et al., 2017). Incorporating genetics (Schwartz et al., 2007) and traits
(Kissling et al., 2018) in monitoring programs has been suggested, and in
particular, the rise of open trait databases now offer promising oppor-
tunities (Gallagher et al., 2020). The EBV class ecosystem structure largely
relies on indicators of the extent of various types of vegetation (Pereira
et al., 2013), but we exclusively used structure indicators linked to what
we regard being indicators of the condition per se (i.e. not the extent of
general vegetation types). Although Vihervaara et al. (2017) included
nutrient content indicators within the EBV class ecosystem structure, we
argue that our vegetation indicators for light and nitrogen should
instead be incorporated as proxies for ecosystem function (primary pro-
duction). In general, our definition of abiotic factors does not suit the
EBV classification system due to the biodiversity focus within the EBV,
and hence our indicator of nitrogen deposition did not match any EBV
class. Nitrogen deposition could indeed be questioned as a condition
indicator (cf. Cziicz et al., 2019), but the good ecological condition limit
for this indicator is based on experimental research on the sensitivity of
vegetation to nitrogen fertilization (Bobbink and Hettelingh, 2011,
Austnes et al., 2018), and hence our scaled indicator represents the
condition of vegetation. In our case study, we also used a vegetation-
derived nitrogen indicator (Ellenberg values; Topper et al., 2018). Our
results show that values of the two nitrogen indicators match well at the
regional scale of our case study, despite completely different data
collection methods, resolution and geographical coverage. However,
because of the large spatial coverage of the nitrogen deposition indicator
(Austnes et al., 2018), we encourage future use of it as an indirect in-
dicator of ecological condition, at least as a supplement to indicators
directly representing ecological condition. We achieved good indicator
coverage for the EBV class species populations because of the close link to
the many IBECA biodiversity indicators, but none of those indicators fit
with the EBV community composition class. Future bird, insect and plant
community indices will improve this composition criterion, which forms
an important measure of biodiversity beyond single species populations
(see 4.4). The last EBV class, ecosystem function, is difficult to concep-
tually separate from other classes based on current data (Czticz et al.,
2019), and more ecosystem functioning focused monitoring would be
needed to make up a more complete indicator set for this class (cf.
Mononen et al., 2016).

In contrast to IBECA, the ECT framework is based on mutually
exclusive indicator classes, i.e. one indicator cannot be part of more than
one class. Hence, the failure to capture indicators within the ECT class
functional state was not surprising as it has already been highlighted that
many potential EBV indicators fall into other ECT classes by definition
(Czicz et al., 2019). Concerning the structural state class, we acknowl-
edge the lack of data based on remote sensing in the IBECA case study
and believe that future development of the indicator set will help fill this
gap (see 4.4). The remaining three classes of the ECT were well repre-
sented by the IBECA case study indicator set, which is not surprising
with the high degree of characteristic/class overlap (i.e. we selected case
study indicators to represent the IBECA characteristics, such that in-
dicators for characteristics that resemble the ECT classes naturally cover
also these classes). Currently, the ECT class compositional state represents
the bulk part of the indicator set, among which many are directly or
indirectly regulated by harvesting. We emphasize that using indicators
sensitive to different pressures provides an opportunity to address the
pressure-state relationship in the ecosystems, for example with sub-
analyses on which pressures most strongly influence the ecosystem’s
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Table 2
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Cross-comparison of the indicators used in the IBECA case study (including their allocation to ecosystem characteristics, and indicators that are suggested for the next
update of the IBECA) and the EBV and ECT classifications, respectively, for the forest ecosystem. EBV classes sub-divided into the candidates for each class (GEO BON
2019), preceded by abbreviations of the classes: Genetic Composition (GC), Species Populations (SP), Species Traits (ST), Community Composition (CC), Ecosystem
Structure (ES) and Ecosystem Function (EF). ECT classes are preceded by abbreviations of the three super-classes (Czticz et al. 2019): Abiotic ecosystem characteristics
(A), Biotic ecosystem characteristics (B) and Landscape and seascape characteristics (L). Shaded x = indicators used in the case study, non-shaded x = suggested

future indicators, (x) = potential connection to indicator class.
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condition (Figs. 5 and 7).

The EBV classification scheme to a large extent corresponds to the
IBECA approach, emphasizing main ecological processes. However, as
the two schemes emphasize different aspects of ecological processes
within ecosystems, applying the EBV classification to the IBECA case
study data results in scarcely covered EBV classes. In particular, in-
dicators of genetics and traits were lacking within the case study data,
while some data ended up unused in the reclassification. The ECT
classification is more indicator type-based compared to IBECA. In
addition, allocating each indicator to a unique class adds a substantial
risk of erroneously denying the potential relevance of single indicators
for several aspects, functions and processes related to an ecosystem.

4.3. Recalculations/communication

Recalculating the IBECA results based on alternative classification
frameworks highlighted some key differences between these frame-
works. For example, the landscape category used both for the IBECA
characteristics and the ECT classes is absent from the EBV classification,
blurring the difference between the two ecosystems concerning land-
scape ecological patterns. Nevertheless, given the dataset used, all the
frameworks generate similar assessments of the condition for the
following general ecosystem aspects: species indicators/biodiversity
(‘marginally reduced’), landscape/ecosystem structure (‘no significant
reduction’ for the alpine ecosystem, ‘significantly reduced’ for the forest

ecosystem), and abiotic conditions/functions (‘no significant reduc-
tion’). The clearest difference that emerges from the reclassification
exercise conducted in this study relates to the representation of struc-
tural attributes of an ecosystem. While EBV uses a general ecosystem
structure class, ECT separates local and landscape scale structural attri-
butes. Hence, adopting the ECT classification highlights that the low
condition of the EBV ecosystem structure is not only a result of landscape
scale infrastructure expansion, but also of the pressure from forest
management practices (e.g. on the dead wood indicators). However, the
IBECA framework increases the resolution concerning the structural
components even more (besides local vs. landscape scale structural at-
tributes) by splitting up the ecosystem characteristics in different types
of species and structures, including allocating key intra-trophic and
inter-trophic links into separate characteristics.

Concerning the overall ecosystem condition assessment, we noticed
substantial effects of using hierarchical aggregation instead of flat ag-
gregation of indicators for the alpine ecosystem because of unbalanced
indicator classification. In particular, the landscape characteristic (ECT)
and ecosystem structure (EBV) class scores were driven exclusively by the
area proportion >1 km from infrastructure indicator. Being the only
indicator in its class, it received one third of the weighting when
calculating the overall ecosystem condition based on three classes. This
effect of hierarchical aggregation highlights how sensitive ecological
condition assessment is to indicator deficiencies within classes; under-
represented indicator classes with few indicators will result in
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Table 3
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Cross-comparison of the indicators used in the IBECA case study (including their allocation to ecosystem characteristics, and indicators that are suggested for the next
update of the IBECA) and the EBV and ECT classifications, respectively, for the alpine ecosystem. EBV classes sub-divided into the candidates for each class (GEO BON
2019), preceded by abbreviations of the classes: Genetic Composition (GC), Species Populations (SP), Species Traits (ST), Community Composition (CC), Ecosystem
Structure (ES) and Ecosystem Function (EF). ECT classes are preceded by abbreviations of the three super-classes (Czticz et al. 2019): Abiotic ecosystem characteristics
(A), Biotic ecosystem characteristics (B) and Landscape and seascape characteristics (L). Shaded x = indicators used in the case study, non-shaded x = suggested

future indicators, (x) = potential connection to indicator class.
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disproportional contribution of those few indicators to the overall
ecological condition score. The opposite applies to the flat aggregation
proposed within the IBECA; characteristics with many indicators will be
over-represented in the overall condition assessment. Hence, we stress
the importance of considering such challenges when defining classifi-
cation typologies, where the final choice of approach is dependent on
the purpose of the condition assessment. In our case with IBECA, the
primary goal was to provide a transparent overview of the complexity
behind the condition of ecosystems. Therefore, we provide results for
three levels of ecological condition: i) individual indicator values (non-
truncated), ii) index values for each ecosystem characteristic, and iii) an
overall ecological condition assessment.

4.4. Future directions

Continued and improved monitoring of ecological indicators is
essential to understand changes in ecosystem condition, and thus to
address targeted and cost-effective measures to mitigate negative trends
for biodiversity (Tittensor et al., 2014). Based on our results we
emphasize key steps forward concerning regional and national level
indicator data for assessing ecological condition. First, the majority of
the indicators within the IBECA case study were species indicators based
on measures of abundance of species and structures well represented by
ongoing monitoring programs. For future ecological condition updates,
a key step for better representation within and across trophic levels is to
develop additional indicators based on species community data (Nybg

et al., 2019). Second, better representation of ecosystem functions and
processes as well as structural connectivity is needed. We believe the
future development of the IBECA framework will improve the robust-
ness of the condition assessments by incorporating additional relevant
indicators representing these ecosystem characteristics. Here, an
essential step forward is to capitalize on the opportunities that remote
sensing technology offers (Vihervaara et al., 2015; 2017;; Sverdrup-
Thygeson et al., 2016). Third, our use of vegetation-based indicators
for light and nitrogen (see Topper et al., 2018), exemplifies a novel,
feasible and scientifically sound opportunity for improved ecological
condition assessments, with three main advantages: i) they form a
proper representation of condition per se, ii) they can easily be recorded
simultaneously with other indicators, and iii) they are based on trans-
parent and repeatable approaches for setting reference values and limits
for good ecological condition (Jakobsson et al., 2020). We therefore
stress the benefit of such types of vegetation indicators linked to species’
response to the environment also in other ecological condition
assessments.

Future development of indicators based on bird, insect and vegeta-
tion monitoring will include indicators linked to the EBV class commu-
nity composition (potentially also species traits through indirect
estimations, e.g. by using trait databases), whereas genetic composition
most likely will remain unrepresented (Tables 2 and 3). These indicators
will logically also increase the representativity of the ECT class compo-
sitional state. Species-based indicators like these were in the case study
represented by mammal and bird species indicators in the alpine
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ecosystem, and mammal and plant species in the forest ecosystem, and
mainly represent species directly or indirectly regulated by harvesting.
The proposed future indicators of plant, insect and bird communities
will represent other aspects of biodiversity, not directly affected by
harvesting, and hence improve analyses on the effects of different
pressures on ecological condition across indicators. Development of new
indicators based on remote sensing will mainly contribute to the ECT
classes structural state and landscape characteristic and the EBV classes
ecosystem function and ecosystem structure, hence filling important gaps in
the IBECA case study dataset in relation to ECT and EBV (Tables 2 and
3).

5. Conclusions

In this paper, we provide an example of an index-based ecological
condition assessment tested out in practice based on available data.
Related to, but not fully aligned with current international frameworks,
it challenges key concepts of these frameworks for national level
implementation. IBECA illustrates the need for carefully choosing
appropriate classification and aggregation approaches, but also high-
lights the value of flexible approaches that facilitate adjustments and
recalculations, as exemplified by our analytical exercise. We identify
three main strengths of the index-based IBECA approach. First, a
transparent outcome in terms of standardized quantitative estimates of
ecological condition that can be compared across ecosystems and in-
dicators, giving it high management relevance, e.g. for prioritization
purposes. Second, new and improved monitoring data (of existing or
new indicators), or updated knowledge of reference conditions and
limits for good ecological condition, can easily be added to the assess-
ment framework and can be used to update calculations back in time for
trend analyses. Third, the overarching framework is flexible, and
updating, for example, the aggregation approach will have negligible
effects on other parts of the analytical process, making IBECA a cost-
effective approach for ecological condition assessments.
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