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Abstract

The availability  of  robust  and reliable  spatial  information  on  ecosystem condition  is  of

increasing importance in informing conservation policy. Recent policy requirements have

sparked a renewed interest in conceptual questions related to ecosystem condition and

practical  aspects  like  indicator  selection,  resulting  in  the  emergence  of  conceptual

frameworks,  such  as  the  System of  Environmental-Economic  Accounting  -  Ecosystem

Accounting (SEEA-EA) and its Ecosystem Condition Typology (ECT). However, while such

frameworks are essential to ensure that condition assessments are comprehensive and

comparable, large-scale practical implementation often poses challenges that need to be

tackled within stringent time and cost frames.

We present methods and experiences of the national-level mapping and assessment of

ecosystem condition in Hungary. The assessments covered the whole country, including all

major  ecosystem  types  present.  The  methodology  constitutes  four  approaches  of
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quantifying and mapping condition, based on different interpretations of naturalness and

hemeroby, complemented by two more using properties that ‘overarch’ ecosystem types,

such as soil and landscape attributes. In order to highlight their strengths and drawbacks,

as well as to help reconcile aspects of conceptual relevance with practical limitations, we

retrospectively evaluated the six mapping approaches (and the resulting indicators) against

the  indicator  selection  criteria  suggested  in  the  SEEA-EA.  The  results  show  that  the

various  approaches  have  different  strengths  and  weaknesses  and,  thus,  their  joint

application has a higher potential to address the specific challenges related to large-scale

ecosystem condition mapping.

Keywords

ecosystem condition, ecosystem condition mapping, national-scale mapping, naturalness,

hemeroby

Introduction

The  availability  of  robust  and  reliable  spatial  information  on  ecosystem  condition  is

important  in  informing  conservation  policy  (Erhard  et  al.  2016,  Schmidt-Traub  2021).

Ecosystem condition forms an essential  part  of  the ecosystem accounts  of  the United

Nations  (UN)  (Maes  et  al.  2020,  Hein  et  al.  2020).  Action  5  of  Target  2  of  the  EU

Biodiversity Strategy to 2020 explicitly required EU Member States to map and assess the

ecosystems in  their  territory,  their  condition and the status and economic value of  the

ecosystem  services  they  provide  (European  Commission  2011).  Defining  clear

conservation objectives and measures and monitoring them is a key commitment of the EU

Biodiversity  Strategy  to  2030  (European  Commission  2020).  A  thorough  knowledge  of

ecosystem condition and its relationship with pressures is necessary to reach the newly-set

policy targets (European Environment Agency 2019). Furthermore, the precise nature of

relationships between biodiversity, ecosystem condition and ecosystem services (ES) is

still not clearly understood (Rendon et al. 2019), despite rapidly increasing research in this

field (Smith et al. 2017, van der Plas 2019).

Many attempts have been made to clarify and formulate definitions of ecosystem condition.

Two interpretations prevail  (Roche and Campagne 2017): the anthropocentric approach

considers condition as the quality of ecosystems that underpins ecosystem services supply

(Czúcz  and  Condé 2017),  whereas  the  holistic  approach concentrates  on  the  intrinsic

values of ecosystems. The latter is related to earlier concepts, such as ecosystem health,

ecosystem  integrity,  ecosystem  quality  and  naturalness  (Roche  and  Campagne  2017, 

Keith et al.  2020). All  these concepts aim to describe the same notion, with a different

focus (Winter 2012, Roche and Campagne 2017, Rendon et al. 2019). Nevertheless, they

are often used as synonyms and the choice of term may simply be decided by the common

terminology of a specific ecosystem type (freshwaters and wetlands: ecosystem condition;

forests: naturalness). The term naturalness is a widely applied term in Hungary; it has been

used in earlier national-level habitat quality assessment (Bölöni et al. 2008). It implies the
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comparison of the current ecosystem state with its natural state (Winter 2012, Roche and

Campagne 2017).

The determination of naturalness, as well as that of ecosystem condition, is often based on

biodiversity indicators (Carignan and Villard 2002, Scholes and Biggs 2005, Erhard et al.

2016).  For large-scale assessments,  usually some characteristic,  easy to assess taxon

groups are taken into account and used as proxies for biodiversity in general (e.g. vascular

plant  species  -  Schneiders  et  al.  (2012) or  birds  -  Becerra-Jurado  et  al.  (2015)).

Biodiversity can be characterised by indicators of  structural  and functional diversity,  for

example, the presence/absence or abundance of indicator species (Maes and van Dyck

2005), species richness or composition (Alkemade et al. 2009, Schneiders et al. 2012).

Compositional, structural or functional characteristics of certain ecosystem elements (e.g.

tree stand attributes in  forests  or  characteristics  of  semi-natural  patches in  agricultural

landscapes)  are  sometimes  considered  better  indicators  than  species,  since  they

determine the processes and characteristics of other components, while being relatively

easy to measure (Neumann and Starlinger 2001, Bartha et al. 2006). The above are ‘direct’

ways to measure condition, but there are also ‘indirect’ approaches (Erhard et al. 2016).

The concept of  hemeroby (Jalas 1955, Sukopp 1976),  often considered the reverse of

naturalness (Winter 2012), summarises the effects resulting from human intervention in

ecosystems. In this case, the habitat studied is classified according to the degree of human

impact, with no natural reference (e.g. Grabherr et al. 1988, Csorba et al. 2018, Grantham

et al. 2020). Since the effects of human activity are often delayed in time, it is possible to

try to describe the effect of past pressure using the degree of the transformation of the

vegetation as an indicator. It can be described as the departure of the actual vegetation

from the potential natural vegetation (PNV). PNV is the vegetation that ‘would persist under

the current conditions, if it was already there’ (Tüxen 1956, Somodi et al. 2012, Somodi et

al.  2021).  Indicators  of  current  pressure  can  also  be  used  as  proxies  for  ecosystem

condition, especially when other data are scarce. In this case, it is important to take into

account that pressures don’t necessarily act immediately (Kuussaari et al. 2009, Rédei et

al. 2014) and linearly; the effect also depends on the resilience of the ecosystem (Scheffer

and Van Nes 2007, Selmeczy et al. 2019).

Given the number of related concepts, approaches and indicators, the issue of indicator

selection has been on the table for a long time (Carignan and Villard 2002, Duelli  and

Obrist 2003, Molnár et al. 2008, Winter 2012). The current biodiversity crisis and the policy

reactions have sparked a renewed interest (Lengyel et al. 2018) and several guidelines

have been recently published on both selection criteria (van Oudenhoven et al. 2018, Smit

et al. 2021, Czúcz et al. 2021a, Czúcz et al. 2021b) and sets of suitable indicators (Czúcz

et al. 2018, Maes et al. 2018). The most recent of these came out as part of a theoretical

framework, the System of Environmental-Economic Accounting - Ecosystem Accounting

(SEEA-EA;  United  Nations  2021),  developed  by  the  UN  for  use  in  National  Capital

Accounting. The SEEA Ecosystem Condition Typology (SEEA-ECT) defines a hierarchical

typology for organising data on ecosystem condition characteristics (United Nations 2021).

While  conceptual  frameworks  are  essential  to  ensure  that  ecosystem  condition

assessments  are  comprehensive  and  comparable,  many  requirements  are  difficult  to
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implement in practice. The suggested frameworks or sets of indicators are rarely tested

against the specific challenges of large-scale application or in multiple ecosystem types

and, thus, may need further refinement and adaptation (Czúcz et al. 2021a). Experiences

from national-scale assessments can contribute to successfully meeting policy targets and

to  the  practical  implementation  of  national  capital  accounting.  Matching  indicators

developed on the basis of practical considerations to theoretical aspects helps to find the

balance  between  theoretical  importance  and  feasibility  criteria.  Published  condition

assessments related to the Biodiversity Strategy (Kokkoris et al. 2018, Sopotlieva et al.

2018, Jakobsson et al.  2021) are either regional or deal with only one or a few major

ecosystem types; their representation in the literature is spatially and thematically biased

(Rendon et al. 2019).

In Hungary, a countrywide ecosystem condition assessment took place within the national

Mapping and Assessment of Ecosystems and their Services (MAES-HU) between 2016

and 2021. It was conducted in two distinct parts, reflecting the two main interpretations of

condition  assessments.  ‘Service-specific’  condition  indicators,  which  directly  determine

ecosystem service supply, were selected and assessed by groups of experts for each ES

(Kovács-Hostyánszki et al. 2019, Vári et al. 2022). 'General' ecosystem condition indicators

aim to describe ecosystem integrity; they reflect the intrinsic values of nature and those

aspects of condition, which are hard to directly link to ES supply (Fig. 1). The aim of the

latter was to assess the state of all major ecosystem types across the whole country, in

order to create indicators and maps that could be used directly for conservation decisions

at the national level, including green infrastructure assessments (Szitár et al. 2021). The

Figure 1. 

The different types of ecosystem condition indicators as used in MAES-HU (based on the

graphic  by  Maes et  al.  (2013),  modified)  including both  ‘general’  and ‘ecosystem service-

specific’ condition indicators. The indicators may represent ecosystem condition directly (grey

boxes) or  indirectly  (reddish boxes),  the latter  quantifying pressures that  affect  ecosystem

condition in  the short  or  the long run.  Further  types of  condition indicators  that  were not

specifically addressed, are shown in light green frames. 'ET' signifies ecosystem type-specific

groups of indicators.
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mapping  and  assessment  of  'general'  ecosystem  condition  was  carried  out  using  six

approaches. The objectives of this paper are to:

• present the indicator development and the national-scale mapping of ecosystem

condition in MAES-HU, focusing on the experiences considered to be of general

interest in large-scale ecosystem condition mapping.

• evaluate  the  MAES-HU  results  in  the  light  of  a  recently  published  theoretical

framework, the SEEA-EA, in order to highlight the strengths and limitations of the

different mapping approaches.

We present  a  selection  of  the  most  relevant  MAES-HU methods  and  results.  Further

documentation is available on the project website (Tanács and Standovár 2021, Tanács et

al. 2021a).

Material and methods

Indicator selection

As a first step, we conducted an indicator selection in order to find appropriate indicators to

describe the condition of the major ecosystems of Hungary. The following expectations, set

up  at  the  beginning  of  the  project,  defined  the  choice  of  methods  and  the  indicator

selection for the MAES-HU condition mapping:

• it should be spatially explicit and cover the whole area of Hungary or as much of it

as possible;

• it should be based on existing, regularly updated databases - the use of one-off

datasets should be avoided;

• data type and quality should be consistent across the mapped area;

• it should comply with the recommendations of the MAES group (e.g. Erhard et al.

2016, Maes et al. 2018).

Indicators  were  selected  and  developed  in  an  iterative  process.  Initial  lists,  based  on

available  guidelines  (Erhard  et  al.  2016),  were  discussed  and  filtered  with  experts

(foresters,  scientists,  conservation  experts)  (through  consultations  and  workshops).

National  and international  databases were examined in terms of  relevance,  availability,

quality,  spatial  and thematic  resolution,  as well  as update frequency and a final  list  of

indicators was proposed. These were later either aggregated into composite indicators or

used as stand-alone ones.

Three  indicators  of  ecosystem  condition  were  specifically  pre-defined  by the  project

targets: soil fertility, landscape diversity and naturalness/hemeroby. Given the complexity of

the term ‘naturalness’, we used various approaches to describe it, highlighting different, but

complementary aspects of condition: a direct biodiversity-based approach, one using the

anthropogenic  transformation  of  the  vegetation  and  two  more  using  direct  or  indirect
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composite indicators specifically  developed for  each ecosystem type (ET).  These were

complemented with  two more,  based on soil  and landscape characteristics,  which  are

relevant across all ecosystem types. Thus 'approach' is used here as an umbrella term for

the different ways of describing ecosystem condition. Table 1 summarises these along with

some examples of indicators. Each mapping approach resulted in either one final indicator

or a small set of indicators with similar characteristics.

Approach to map ecosystem condition Examples of indicators 

Based on soil characteristics Soil fertility

Based on the anthropogenic transformation

of vegetation *

Departure of the actual vegetation from the potential natural

vegetation

Based on direct indicators of biodiversity * The ratio of the number of bird species present relative to the

expected number (based on species list specific for ecosystem types)

Ecosystem-specific evaluation - based on

composite indicators (direct) *

Composite indicator of forest condition, based on structural and

compositional indices

Ecosystem-specific evaluation - based on

composite indicators (indirect) *

Composite indicator of wetlands, based on proxy pressure indicators

Based on landscape-level indicators Shannon Diversity of ecosystem types within a 1-km radius

Data

MAES-HU did not  allow primary data collection;  all  maps and assessments had to be

based on existing national and international databases. Suppl. material 1 summarises the

entire range of databases used for the mapping; the most important ones are described in

detail.

Mapping method

The mapping methods are described separately according to the six approaches presented

in Table 1.

Soil characteristics

Only one indicator was chosen within this approach, soil fertility. In order to describe it, we

used an already existing national soil fertility map, expressing an overall fertility by scoring

units of genetic soil classification (Várallyay et al. 1985). The assessment was originally

based on large-scale soil maps. As a result of the evaluation of the country's soil conditions

and its agro-ecological potential, a national map was produced which describes the fertility

of the national soil cover using a ten-grade version of the original 100-point assessment.

1

1

1

1

Table 1. 

Different approaches to mapping ecosystem condition in the MAES-HU project.
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The  improvement  of  the  spatial  resolution  of  the  original  dataset  by  disaggregation

(Pásztor et al. 2013) was  made  possible  by  the  elaboration  of  the  Digital  Kreybig  Soil

Information System national dataset (Pásztor et al. 2017) and the tools provided by Digital

Soil Mapping. The resulting raster dataset comprises ten classes and has a one-hectare

spatial resolution.

Anthropogenic transformation of the vegetation

This  analysis  was  carried  out  only  for  two  major  ecosystem  types,  grasslands  and

wetlands. As the vegetation category system (Á-NÉR - Bölöni et al. (2011) used by the

multiple  potential  natural  vegetation  (MPNV)  map  is  more  detailed  than  that  of  the

Ecosystem map of  Hungary,  a  crosswalk  between  the  two  had  to  be  created  (Suppl.

material  2).  MPNV estimates  were  not  available  for  the  Á-NÉR equivalents  of  certain

grassland  and  wetland  categories  (3500  and  5120),  so  those  were  omitted  from  the

analysis along with the non-target ecosystem types (urban areas, agricultural lands, forests

and water surfaces). All cells belonging to the omitted types were masked. The map was

then overlaid with the MPNV and a corresponding hexagon was assigned to each cell.

Then a similarity measure was calculated for each cell, defined as the maximum of the

MPNV ranks of all the Á-NÉR categories corresponding to the ecosystem type of the cell.

The higher the value, the higher the similarity (and the lower the departure of the actual

from the potential vegetation).

Biodiversity-based approach

As a first step, a reference list of bird species was defined for the major ecosystem types,

including those species whose presence is presumed in an area considered to be in good

condition. In  the next  step,  we differentiated between species,  based on what  type of

observation should be included. To this end, we selected the nesting probability codes

under which the species was considered present (Suppl. material 3). Only those squares

were included in the analysis where the duration of observation was regarded as sufficient

(>60  minutes  during  the  4-year  period).  Some  rarer  species,  associated  with  better

ecosystem condition, were given a weight of 2. For each ecosystem type and each 2.5 x

2.5 km square, we calculated the sum of the weights, which was then compared to the

expected  number  of  species  in  the  given  ecosystem type.  The  maps  created  for  the

different ecosystem types were aggregated using the maximum value.

A biodiversity-based approach was applied also for  water bodies,  developed within the

Water  Framework  Directive  (WFD;  European  Commission  2003,  Padisák  et  al.  2006, 

Szilágyi et al. 2008). We used the median of the biological component scores of the six

taxa monitored.

Ecosystem-specific evaluation

An important approach to represent ecosystem condition was to design ecosystem-specific

composite indicators by combining the relevant individual indicators previously chosen in
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the selection process (see Suppl. material 4). The process was based mostly on expert

knowledge  (arable  lands,  forests,  wetlands  and  urban  areas)  and,  in  one  case,

(grasslands) on using a machine learning method.

In  the  first  case,  threshold  limits  were  set  for  each  relevant  variable,  based  on  the

recommendations of  experts and/or  the relevant  literature and scores were defined for

each resulting category. By determining the scores, each variable was also weighted. The

scores were then summed and the result was simplified to a 5-level ordinal scale, based on

expert knowledge, considering the distribution and, in some cases, the quantiles of the

summed scores.  The different  ecosystem types are,  thus,  not  directly  comparable with

each other. In the second case (grasslands), a Classification and Regression Tree method

(CART) was used. The naturalness maps described in Suppl. material 1 served for training

and validation and the remaining area was classified using the obtained model.

The applied methods also differ in terms of indicator type. Structural and compositional

indicators were included where possible  (forests).  Where data were scarce,  landscape

characteristics  and  pressure-related  variables  (e.g.  distance  to  roads)  were  used  as

proxies.

For  forests,  where  detailed  sectoral  data  were  available,  we  developed  a  composite

indicator including both structural and compositional components (Suppl. material 5). Sub-

indicators  describing the composition and structure  of  the tree stand were aggregated

separately. The composition indicators for native and non-native forests differ; the highest

possible composition score for  non-native plantations is  ~70% of  the maximum. Some

indicators (related to deadwood, presence of  game and the herbaceous layer),  though

considered very important throughout the selection process, had to be omitted due to the

lack  of  adequate  data.  The final  score  was calculated as  follows:  sum of  composition

scores*1.5+ sum of structure scores. Recently cut stands could not be assessed or only in

terms of composition.

For  wetlands,  grasslands  and  arable  lands,  where  data  were particularly  scarce,  the

ecosystem-specific  composite  indicator  was  based  mainly  on  proxies  (landscape  and

pressure indicators,  most  derived from the ecosystem type map and a few from other

databases  like  the  OpenStreetMap  (OSM)  or  the  Copernicus  HRL  layer  Water  and

Wetness  Probability  Index  (WWPI)  (Langanke  et  al.  2016).  The  rules  and  scores  for

wetlands are shown in Suppl. material 6 and, for arable land, in Suppl. material 7.

Urban areas were characterised with simple indicators describing the proportion of green

surfaces (see Suppl. material 4).

Landscape-level indicators

Landscape-level  indicators were calculated using the Ecosystem type map of Hungary,

usually for a circle of 1000 m radius. For the indicators measuring change in ecosystem

extent over time, the Corine Land Cover database (2000-2018) (Büttner 2014) was used,

aggregated to a 1-km grid.
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Validation

In order to provide some measure of quality for our result maps, we compared them to

habitat  maps,  where each patch was assigned a naturalness score (modified Németh-

Seregélyes /mNS/ naturalness) during field surveys by conservation experts (Török and

Fodor 2006, Takács and Molnár 2009). The comparison is based on the overlapping area

of the MAES-HU condition categories and the mNS naturalness categories.

Spearman’s rho correlations were calculated for the final result of the biodiversity-based

approach and

• sampling effort

• the area ratio of major ecosystem types within the squares

in order to see to what extent these variables affect the results.

Evaluation of the six mapping approaches according to the SEEA-EA indicator
selection criteria

The six mapping approaches were evaluated against the indicator selection criteria of the

SEEA-EA framework (Keith et al.  2020, United Nations 2021, Czúcz et al.  2021b). We

chose  to  compare  the  mapping  approaches  rather  than  the  pre-selected  individual

indicators,  because  data  availability  differs  across  countries,  whereas  the  mapping

approaches described here are more universal and can be adapted to the available data.

Results

Ecosystem condition mapping in MAES-HU

Altogether 52 indicators were selected and mapped in order to describe the condition of

the major ecosystem types present in Hungary, using the six approaches described under

'Indicator selection'. Suppl. material 4 contains the full list of indicators, along with their

corresponding SEEA-ECT type (Czúcz et al. 2021a). Ten of the 52 were used as stand-

alone indicators  of  ecosystem condition,  while  the  rest  were  combined into  composite

indicators  specifically  designed to  describe the condition of  an ecosystem type.  Fig.  2

presents one example map for each of the six approaches. Further details are presented in

Suppl. materials 8, 9. All the applied approaches were found to be useful in describing

condition, although each has its advantages and limitations (Table 2).

Some examples of validation

Fig. 3 shows an example of the comparison of the MAES-HU results for wetlands with the

field-based  mNS  naturalness  maps.  Whereas  the  results  of  the  two  independent

evaluations are clearly related (the lower categories of one classification mostly overlap

with the lower categories of the other and the higher values with the higher), there are also

quite a few areas where they significantly diverge (e.g. field-based naturalness score is low

Assessing ecosystem condition at the national level in Hungary - indicators, ... 9



but the MAES-HU score is high or vice versa). The distribution of the two types of values

are similar in the sample, with the higher scores covering larger areas.

Approach Advantage Limitation 

Based on soil

characteristics

- horizontal indicators for

terrestrial ecosystems

- directly relevant for many ES (→

instrumental relevance)

- resource-intensive data acquisition → wall-to-wall

maps based on models (higher uncertainty) → no

or less frequent updates

Based on (direct)

biodiversity indicators

- sensitive to subtle change

- easy to interpret

- close to the current, well-

established practice of

conservation

- consistent method and reference

state across ecosystem types

- resource-intensive data acquisition

- precise choice of taxa and indicators strongly

affect the result

- difficult to define a reference state

- sampling bias issues

Based on the

anthropogenic

transformation of the

vegetation

- can be used as direct input to

conservation planning

- may be useful in defining the

reference state

- PNV not necessarily available at the national level

- PNV may differ in (thematic or spatial) resolution

from the ecosystem type map

- in some cases, PNV is used in ecosystem type

mapping to fill in data gaps

- nearly impossible to verify the result

Ecosystem-specific

evaluation - based on

composite indicators

(direct)

- easier to measure than

biodiversity

- most components available from

already existing (sectoral)

databases at the national scale

(→ ensured repeatability)

- all relevant characteristics should be included (in

order to define these, a framework like the SEEA-

EA ECT can be used) - but existing (sectoral)

databases may not hold all necessary information

- may yield different results to the biodiversity-

based approach → harder to communicate to

conservation practice

Ecosystem-specific

evaluation - based on

composite indicators

(indirect)

- better data availability

- relatively easy to map at a large

scale

- results are rather risk maps, only indirectly reflect

condition

- may be less sensitive to slow, subtle changes

Based on landscape-level

indicators

- easy to map at a large scale

(only requires ecosystem type

map)

- interpretation in terms of ecosystem condition is

not evident

- not sensitive to slow, subtle changes

Comparing the departure of the actual from the potential vegetation to field naturalness

maps, we also found that areas where there is no or only a small difference are more likely

to have higher mNS naturalness values (signifying better condition) (see Suppl. material 8).

The results, based on bird observation data, showed a significant correlation with both the

extent of  certain ecosystem types (agricultural  land: r=-0.187, grasslands and wetlands

both:  r=0.23)  and  sampling  effort  (r=0.537).  Only  ~40%  of  all  the  squares  could  be

evaluated.

Table 2. 

Summary of the main advantages and limitations of the different approaches to map ecosystem

condition in MAES-HU.
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Comparison using the indicator selection criteria of the SEEA-EA conceptual
framework

Table 3 evaluates the different condition mapping approaches applied in MAES-HU against

the indicator selection criteria suggested in the SEEA-EA framework (Czúcz et al. 2021b).

In line with preliminary expectations,  the applied approaches to condition mapping are

complementary; they perform differently against the various relevance criteria.

Figure 2. 

Example maps for each of the approaches applied to map ecosystem condition in MAES-HU:

(a) map of soil fertility (approach based on soil characteristics); (b) percentage of bird species

present compared to the expected (biodiversity-based approach); (c) forest condition map with

simplified scores (ecosystem-specific approach using direct indicators); (d) proportion of semi-

natural areas (approach based on landscape-level indicators); (e) wetland condition map with

simplified scores (ecosystem-specific approach using indirect indicators); (f) departure of the

potential from the actual vegetation (approach based on the anthropogenic transformation of

the vegetation).
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SEEA EA -

Criterion

Short

description

MAES-HU mapping approach

Based on soil

characteristics

Based on

(direct)

indicators

of

biodiversity

Based on the

anthropogenic

transformation

of the

vegetation

Based on ecosystem-

specific composite

indicators

Based on

landscape

level

indicators
Direct Indirect

Soil fertility Ratio of

the number

of bird

species

present

relative to

the

expected

number

Departure of

the actual

vegetation

from the

potential

natural

vegetation

Composite

indicator of

forest

condition,

based on

structural and

compositional

indices

For

example,

composite

indicator

of

wetlands,

based on

proxy

pressure

indicators

For

example,

Shannon

diversity of

ecosystem

types

within a 1-

km radius

Conceptual criteria

Intrinsic

relevance

Reflective of

existing

scientific

understanding

of ecosystem

integrity,

supported by

the ecological

literature

++ +++ +++ +++ ++ ++

Instrumental

relevance

Have the

potential to be

related to the

availability of

ecosystem

services

+++ + ++ ++ + ++

Table 3. 

Evaluation of the mapping approaches applied in MAES-HU against the indicator selection criteria

of the SEEA-EA framework (Keith et al. 2020, United Nations 2021, Czúcz et al. 2021b). From '++

+': high compliance to '+': low compliance with the criterion and ' -' : not relevant.
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SEEA EA -

Criterion

Short

description

MAES-HU mapping approach

Based on soil

characteristics

Based on

(direct)

indicators

of

biodiversity

Based on the

anthropogenic

transformation

of the

vegetation

Based on ecosystem-

specific composite

indicators

Based on

landscape

level

indicators
Direct Indirect

Soil fertility Ratio of

the number

of bird

species

present

relative to

the

expected

number

Departure of

the actual

vegetation

from the

potential

natural

vegetation

Composite

indicator of

forest

condition,

based on

structural and

compositional

indices

For

example,

composite

indicator

of

wetlands,

based on

proxy

pressure

indicators

For

example,

Shannon

diversity of

ecosystem

types

within a 1-

km radius

Sensitivity to

human

influence

Responsive to

known socio-

ecological

leverage

points (key

pressures,

management

options)

+ +++ ++ +++ ++ ++

Directional

meaning

It should be

clear if a

change is

favourable or

unfavourable

+++ +++ +++ +++ ++ +

Framework

conformity

Differentiated

from other

components

of the SEEA

ecosystem

accounting

framework

+ +++ +++ +++ + ++

Practical criteria
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SEEA EA -

Criterion

Short

description

MAES-HU mapping approach

Based on soil

characteristics

Based on

(direct)

indicators

of

biodiversity

Based on the

anthropogenic

transformation

of the

vegetation

Based on ecosystem-

specific composite

indicators

Based on

landscape

level

indicators
Direct Indirect

Soil fertility Ratio of

the number

of bird

species

present

relative to

the

expected

number

Departure of

the actual

vegetation

from the

potential

natural

vegetation

Composite

indicator of

forest

condition,

based on

structural and

compositional

indices

For

example,

composite

indicator

of

wetlands,

based on

proxy

pressure

indicators

For

example,

Shannon

diversity of

ecosystem

types

within a 1-

km radius

Validity Metrics need

to represent

the

characteristics

they address

in a credible

and unbiased

way

++ + ++ ++ +++ +++

Reliability Scientifically

valid

representation

of the

characteristics

they address

++ +++ ++ +++ ++ +++

Availability Cover the

studied spatial

and temporal

extents with

the required

resolution

++ + ++ ++ +++ +++

Simplicity As simple as

possible

+++ ++ ++ ++ +++ +++
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SEEA EA -

Criterion

Short

description

MAES-HU mapping approach

Based on soil

characteristics

Based on

(direct)

indicators

of

biodiversity

Based on the

anthropogenic

transformation

of the

vegetation

Based on ecosystem-

specific composite

indicators

Based on

landscape

level

indicators
Direct Indirect

Soil fertility Ratio of

the number

of bird

species

present

relative to

the

expected

number

Departure of

the actual

vegetation

from the

potential

natural

vegetation

Composite

indicator of

forest

condition,

based on

structural and

compositional

indices

For

example,

composite

indicator

of

wetlands,

based on

proxy

pressure

indicators

For

example,

Shannon

diversity of

ecosystem

types

within a 1-

km radius

Compatibility The same

characteristics

should be

measured with

the same

(compatible)

metrics in the

different

ecosystem

types and/or

different areas

+++ +++ +++ + ++ -

Ensemble criteria

Comprehe-

nsiveness

The final set

of metrics

should cover

all the relevant

characteristics

of the

ecosystem

+++ + + ++ ++ ++

Parsimony The final set

of metrics

should be free

of redundant

(correlated)

variables

+++ +++ +++ ++ ++ +++
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The soil fertility map, while having the huge advantage of being readily available, scored

low on sensitivity to human influence as it is based on a one-off map. The (biodiversity)

assessment, based on bird observations, obtained a low score on more than one criteria.

Only one group could be examined (comprehensiveness) and the spatial resolution of the

data is rather coarse (spatio-temporal reference). The results do not only reflect ecosystem

condition, but also ecosystem extent and sampling effort (validity). On the other hand, it

has the advantage of being sensitive to change and using the same methodology across

ecosystem types (compatibility). Direct (compositional and structural) condition indicators

were  only  available  for  forests,  an  ecosystem-specific  approach  that  performed  well

against  several  criteria.  Since  most  of  these  indicators  are  only  relevant  in  forests,

compatibility  is  not  relevant.  Some important  aspects  of  forest  condition  could  not  be

covered with the available database, which affects both comprehensiveness and validity.

The approach using indirect (pressure) proxies for data-deficient ecosystem types scored

generally  high  on  practical  criteria  and simplicity,  but  lower  on  the  conceptual  criteria.

Finally, landscape indicators are a challenge in terms of directionality, but, since they are

calculated from the ecosystem type map, they perform well in all practical criteria.

Discussion

We  developed  a  set  of  approaches  and  indicators  for  Hungary  to  quantify  and  map

ecosystem condition  at  the national  level,  based on the different  interpretations of  the

related  concepts  of  naturalness  and  hemeroby.  These  are  complementary,  grasping

Figure 3. 

Comparison of the MAES-HU condition categories (1: least favourable to 5: most favourable)

with  the  field-based  modified  Németh-Seregélyes  naturalness  categories  (NAT1:  lowest

naturalness to NAT5: highest naturalness), based on the overlapping area (wetlands).
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different  aspects  of  condition,  covering  all  broad ecosystem types within  Hungary  and

nearly  the  entire  area.  Indicators  relevant  across  all  ecosystem  types,  such  as  the

characteristics of soil and landscape, were added to those targeting specific ecosystem

types.

Indicator selection

In  recent  decades,  as  an  answer  to  the  unfolding  biodiversity  crisis,  a  multitude  of

indicators has been designed and published to describe and monitor biodiversity (related to

ecosystem integrity/condition) for different scales and ecosystem types (see Feld et  al.

2009). The Farmland Bird Index (Gregory et al. 2005) has been used as an official proxy

for biodiversity health on farmland (Butler et al. 2010). The Human Appropriation of Net

Primary Production (HANPP, Haberl et al. 2007) is a widely used indicator of pressure on

biodiversity, although such assessments are often not spatially explicit (Plutzar et al. 2016).

A set of Biodiversity Indicators were first proposed in 2005 to monitor the progress of the

efforts to halt the loss of biodiversity in Europe (Biała et al. 2012). More recently, Maes et

al. (2018) and Czúcz et al. (2018) published whole sets of ecosystem condition indicators

for  use  in  national  condition  assessments.  The  fast  development  of  remote  sensing

technology  and  the  increase  in  the  range  of  available  products  opens  up  ever  new

possibilities in biodiversity monitoring (Petrou et al. 2015), especially if integrated with field-

based methods (Cavender-Bares et al. 2022).

In  MAES-HU,  the  available  options  were  overviewed  and  considered  at  the  indicator

selection phase (in 2017). As detailed, high-quality, spatially explicit data were needed for

the whole area of Hungary, many otherwise relevant indicators had to be discarded due to

data availability (e.g. deadwood) or quality (e.g. grazing/mowing activities in grasslands)

issues.  Others,  especially  indicators  based  on  remote  sensing  data  (e.g.  grassland

management  intensity),  would  have  needed  a  development  of  new  methods  or  the

adaptation of existing methods to the national scale, which was not possible due to time or

resource constraints. However, the indicators that were considered important, but needed

to be omitted due to such constraints, were highlighted in the project reports (Tanács et al.

2021a) and there are plans to tackle these in a future project.

The different approaches to mapping ecosystem condition

Anthropogenic transformation of the vegetation

In order to describe the anthropogenic transformation of the vegetation, the departure of

the actual from the potential natural vegetation was calculated in an experimental manner,

for two major ecosystem types (grasslands and wetlands) (see Suppl. material 8).

As potential natural vegetation models are based on the site requirements of vegetation, a

PNV is  probably  the  best  approximation  for  ‘natural  state’  and,  thus,  can have strong

implications concerning the sustainability of the present land use (Ricotta et al. 2002, 

Somodi et al. 2017, Somodi et al. 2021). Bartha et al. (2006) used potential natural forest
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communities as a hypothetical reference for assessment of the naturalness of forests. PNV

has been used for the evaluation of ecosystem health (Jensen et al. 2000) and its use to

describe  ecosystem condition  is  suggested  by  Erhard  et  al.  (2016).  This  approach  is

universally applicable for all non-artificial ecosystem types, provided that PNV estimates

are available. However, it is important to note that sometimes the PNV (or the somewhat

similar concept of predictive mapping) is used in the creation of national ecosystem type

maps (Blasi et al. 2017, Tanács et al. 2021b). In this case, the calculation of this indicator

becomes either meaningless or the results may reflect the differences in methodology as

well as the real differences between the actual vegetation and the PNV.

Biodiversity-based assessment

Whereas the condition map based on bird observations clearly outlines some of the most

valuable areas of  nature conservation in  Hungary,  the results  reflect  a  mixed effect  of

ecosystem  extent  and  condition.  Sampling  effort  (expressed  with  the  duration  of

observation) also strongly defines the patterns. Unfortunately both condition assessments,

based  on  biodiversity  indices  (for  terrestrial  ecosystems  and  water  bodies),  display

significant data gaps.

Biodiversity-based indicators are amongst the most favoured ones to assess ecosystem

condition.  They  represent  a  plurality  of  the  values  of  nature  and  underpin  several

ecosystem functions (Carignan and Villard 2002, Scholes and Biggs 2005, Smith et al.

2017, van der Plas 2019, La Notte et al.  2021). Multi-taxa approaches provide a more

complete picture, but are also more resource-intensive (Maes and van Dyck 2005). The

species richness of one group can indicate that of other groups (e.g. Blair 1999) at certain

scales (Carignan and Villard 2002); it is, therefore, often used in large-scale applications

(Becerra-Jurado et al. 2015, Erős et  al.  2019).  Birds are a popular choice for terrestrial

ecosystems, because they are relatively easy and efficient to monitor, they appear in all

types of habitats and they are sensitive to environmental change (Carignan and Villard

2002,  Nagy et  al.  2017).  However,  the  precise  choice  of  indicator  strongly  affects  the

suitability of the method to predict ecosystem quality (Chin et al. 2015). Nagy et al. (2017)

found that the presence of certain bird species showed higher association with the Natural

Capital Index than assemblage-level indicators.

As  the  database  we  used  is  mostly  derived  from  a  planned  survey  carried  out  by

volunteers,  the  strong  effect  of  sampling  effort  is  probably  related  to  factors,  such  as

volunteer density and site popularity, which depend on both site quality and accessibility (

Ruete 2015, Johnston et al. 2020, Cretois et al. 2021). Since there is a known measure of

sampling effort, some of these effects can be accounted for (Zulian et al. 2021, Cretois et

al. 2021) in future analysis.

Ecosystem specific assessment - direct

The  large-scale  patterns  of  forest  condition,  identifiable  on  the  forest  condition  map

developed in MAES-HU (Suppl. material 9), are in line with the findings of earlier related

research, based on field surveys (Bartha et al. 2006, Bölöni et al. 2008, Standovár et al.
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2016, Standovár et al. 2017). Using stand compositional and structural characteristics is an

effective way to describe ecosystem condition in forests (Ćosović et al. 2020). The method,

being based on detailed data from a regularly updated sectoral database, allows us to

regularly monitor forest condition at the national level in a time- and cost-effective way.

However, the results are affected by the characteristics of the underlying database. This

includes concerns of  data quality  related to the varying size of  the spatial  units and a

fluctuation  in  the  level  of  detail  -  both  of  which  can  affect  some  of  the  subscores.

Furthermore, the aim of the National Forestry Database (NFD) as a sectoral database is

primarily to meet the information needs of the forestry sector; data on certain essential

elements  of  ecosystem  condition  (e.g.  deadwood,  game  presence,  herbaceous  layer

species)  are missing (Tobisch and Kottek 2013).  As a consequence,  the maps do not

entirely  reflect  conservation  experts’  views  on  the  value  of  a  specific  area.  The  local

importance of a forest area may not be expressed in the results: some valuable remnants

of now rare habitat types on the plains, strongly affected by numerous pressures (invasive

species,  weather extremes, changing water  levels),  obtained a mediocre overall  score.

This highlights that, however sound the condition assessment is, local results should be

interpreted by taking into account not only the characteristics of the individual stands, but

also the landscape context (Wretenberg et al. 2010, Basile et al. 2021).

Ecosystem specific assessment - indirect

In order to validate the expert model developed for wetlands in MAES-HU, we compared

the results with field naturalness maps. We found that there is a similar overall tendency,

but there are some areas where the results significantly diverge. As the mNS naturalness

index  strongly  relies  on  indicator  species,  extinction  debt  (Kuussaari  et  al.  2009)  may

strongly affect the comparison: small wetland fragments surrounded by agricultural land,

which score low according to the MAES-HU condition assessment, may still retain valuable

or rare species.

The use of easy-to-map pressure proxies is ambiguous. They may not be sensitive to slow,

subtle degradation (loss of  species or homogenisation of  forest structure),  only to fast,

dramatic changes like habitat fragmentation. According to some preliminary feedback from

conservation  experts,  the  divergence  of  pressure-based  condition  maps  from  their

perception  of  the  value  of  a  certain  area  may  negatively  influence  their  views  and

acceptance of large-scale ecosystem condition maps. The recent development of user-

friendly GIS tools promotes an increasing use of spatial data by end-users who may not be

aware of the underlying concepts, which could lead to misinterpretations (Lecours 2017).

On  the  other  hand,  detailed  data collection,  suitable  to  support  a  ‘direct’  approach  to

describe  ecosystem condition,  rarely  has  nationwide coverage,  but  usually  focuses on

protected areas. Yet, dominantly agricultural land, occupying much of the landscape, has

its own role in preserving biodiversity (Sutcliffe et al. 2015), therefore ecosystem condition

must be, to some extent, described and monitored in such areas as well (Tscharntke et al.

2005).  Using pressure proxies  with  well-established connections to  direct  measures of

condition can be very important in closing the knowledge gaps concerning these areas
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(Czúcz et al. 2021a). However, there are some practical considerations related to the use

of indicators in Natural Capital Accounting: it is important to avoid double-counting and this

should be taken into account when including pressure indicators (Czúcz et al. 2021a).

With regard to the above, the use of pressure proxies must be handled with care and it is

especially important to effectively communicate their specific nature to potential users. On

the other hand, maps created on the basis of pressure indicators can be used as risk maps

and, thus, provide an opportunity for early intervention.

Landscape-level indicators

In MAES-HU, we used several landscape-level metrics (covering indicators irrelevant at

the  habitat  patch  level),  which,  in  the  SEEA-ECT,  are  either  listed  as  landscape

characteristics, as the ratio of embedded subtypes or as pressure (see Suppl. material 4).

Landscape patterns partly define and partly reflect ecological processes, thus being related

to biodiversity (Uuemaa et al. 2013). They have been shown to be linked to the naturalness

of the vegetation (Szilassi et al. 2017) and to community integrity (Banks-Leite et al. 2011)

at the landscape scale. Yet, we found their use as stand-alone indicators challenging in

terms of directionality. Land-use transforms landscapes and the resulting pressures have

an impact on biodiversity (Renetzeder et al. 2010, Hudson et al. 2017, Batáry et al. 2020, 

Davison  et  al.  2021).  However,  change  often  affects  both  landscape  composition  and

configuration, producing mixed effects (Wilson et al. 2016), which has recently sparked an

intensive debate (Fahrig 2017, Miller-Rushing et al. 2019). Furthermore, the usefulness of

indicators, like the number or diversity of ecosystem types, is heavily influenced by the

thematic resolution of the map serving as a basis of the calculations (Castilla et al. 2009).

On the other hand, we found the variables related to ecosystem extent useful proxies in

data-scarce ecosystem types (grasslands and wetlands).

Methodological challenges

In the MAES-HU ecosystem condition assessment, reference levels were, in most cases,

defined as threshold values for individual variables, based on scientific literature and expert

knowledge.  In  the  case  of  the  ecosystem-specific  assessments,  we  used  an  additive

method for the aggregation of variables. The aggregated scores had to be simplified, in

part  to ensure some measure of  comparability,  but mostly for easier communication to

stakeholders. In order to create these simplified scores, further thresholds were needed,

qualifying condition based on all characteristics, including their interactions, for which there

is a general lack of empirical evidence (Smith et al. 2017). These thresholds were also

defined on the basis of expert decision, albeit considering the distribution of the summed

scores. This procedure may have similar limitations as using statistical methods, such as:

1. being arbitrary,

2. being unsuitable to interpret values outside of the originally established range and

3. creating a false sense of consistency.
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However, all  methods used for defining reference levels have weaknesses (Keith et al.

2020,  Jakobsson  et  al.  2020)  and  expert  knowledge  should  not  be  underestimated

(Drescher et al. 2013, Roche and Campagne 2019). As there is more empirical evidence

on meaningful reference levels for individual variables (e.g. Clapcott et al. 2012, Sály and

Erős 2016, Oettel and Lapin 2021), the above issues affect mostly the simplified scores.

The individual and summed scores are available to provide a deeper insight for effective

decision-making and the thresholds used for simplification can be further adjusted in the

future with targeted data collection.

We avoided combining the results of the ecosystem-specific mapping into one map, partly

to avoid strengthening the above-mentioned false sense of consistency and partly to avoid

misunderstandings about the actual values of different ecosystem types. Arable lands were

assigned five classes, the same as forests; however, the term ‘most favourable condition’

has a different meaning for the two.

The  validation  of  the  result  maps  is  a  specific  challenge.  The  dataset  available  for

validation is spatially biased, as it mostly covers protected areas. The mNS naturalness we

used is  itself  a composite indicator  (Bölöni  et  al.  2008),  a separate condition mapping

method  in  its  own right,  with  its  own strengths  and  limitations.  Subjectivity  cannot  be

entirely ruled out from the process. While the classification of the ‘worst’ and ‘best’ cases

is, in most cases, evident, the boundaries between the middle categories are somewhat

fuzzy and subject to individual interpretation (Takács and Molnár 2009).

The assessment was intended as a first attempt, as well as a baseline, using methods and

data to ensure future repeatability. Therefore, the results are suitable for studying spatial

patterns  and  relationships  between  different  descriptors  and  aspects  of  ecosystem

condition, but studying temporal change will need a repeated assessment.

Considerations related to the SEEA-EA conceptual framework

We evaluated and compared the six different condition mapping approaches applied in

MAES-HU using the indicator selection criteria introduced within the SEEA-EA framework

(United Nations 2021, Czúcz  et  al.  2021b),  in  order  to  compare  and  highlight  their

strengths and limitations (Table 3). Although the criteria were originally designed to help

select individual indicators to be included in a condition assessment, in this case, we used

them for a retrospective evaluation. The evaluation and discussion applies to the actual

outcome of the MAES-HU condition assessment; the theoretical potential of the different

approaches can be higher.

The  aims  of  MAES-HU  included  the  assessment  of  ecosystem  services  as  well  as

ecosystem  condition,  with  the  different  focuses  requiring  different  considerations  and

different sets of indicators. Therefore, we differentiated between ‘service-specific’ condition

indicators and ‘general’ condition indicators. This separation corresponds to the two main

strands of ecosystem integrity concepts identified earlier (Roche and Campagne 2017) that

relate to two different views and valuations of nature - emphasising the intrinsic values or

the  instrumental  ones  (Keith  et  al.  2020).  The  SEEA framework  of  indicator  selection
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(United Nations 2021, Czúcz et al. 2021b) - while acknowledging the duality of ecosystem

condition by differentiating between intrinsic and instrumental relevance - suggests that

condition  indicators  should  be  relevant  in  both  senses.  For  our  purpose  of  defining

‘general’  condition indicators, we considered instrumental  relevance a bonus, but not a

‘must’.

While there is an evident need to optimise resources, no single set of indicators is suitable

for all purposes (Grunewald et al. 2020); robust assessments of ecosystem condition need

to cover the various structures and functions of the targeted ecosystem (Jakobsson et al.

2020,  Keith  et  al.  2020).  Ignoring  the  dual  nature  and  complexity  of  condition-related

questions  and  trying  to  find  a  few  ‘one  fits  all’  type  of  indicators  may  lead  to

oversimplification and critical information loss.

Relying on available (and regularly updated) data is time and cost-efficient (Ćosović et al.

2020); it was an important aspect of our choice of indicators. As the real importance of

condition assessments lies in enabling the detection of changes in our ecosystem assets

and the prevention  of  further  damage,  we suggest  adding ‘monitoring  potential’  to  the

criteria of indicator selection. This means examining the suitability of databases to assess

changes in condition using the same evaluation method at a later time without added data

collection effort.

Conclusions

We presented the results of  a first  wall-to-wall  mapping and assessment of  ecosystem

condition in Hungary. The methods and maps will be further developed in the future, but

useful conclusions can be already drawn. A realistic picture of ecosystem condition can

only  be  obtained  with  the  help  of  data  collection  that  is  continuous  over time,

methodologically well-founded and of sufficient scope, but such spatial databases are not

necessarily available. Since a regular wall-to-wall field mapping of ecosystem condition is

unlikely, national condition assessments need to be based mainly on existing databases,

which  will  always have shortcomings either  in  terms of  spatial  extent,  resolution,  data

quality or data content. However, using complementary approaches with different strengths

and weaknesses mitigates the effects of the resulting uncertainty. Comparing the results

from direct and indirect approaches allows for a better understanding of the relationship

between  human  pressures  and  their  effects  on  ecosystem  condition,  which,  in  turn,

increases  our  ability  to  estimate  condition  in  data-scarce  regions.  The  use  of  multiple

approaches also allows for a flexible use of the condition indicators, enabling a change of

emphasis  on  the  examined  aspects.  It  helps  to  satisfy  the  information  needs  of  both

‘traditional’  conservation and ecosystem accounting.  The constant  development  of  new

methods, for example, based on remote sensing or citizen science, opens up ever new

possibilities. However, the most important data gaps need to be addressed by targeted

data collection. Lack of data cannot be a reason to completely ignore any important aspect

of ecosystem condition in the long term, especially if the aim is to use the results of these

assessments in natural capital accounting systems.
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