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Preliminary note 
 

This deliverable is a draft journal manuscript, which compares indication and assessment approaches 

between ecosystems. It will be submitted by the end of 2007. The final manuscript will cover the 

following ecosystem types: forests, grass- and shrublands, wetlands, rivers, lakes, agro-systems, soils 

and landscapes. This deliverable includes all ecosystems except lakes, which will be added later to the 

final manuscript. This will include further contributions from other workpackages as well as from 

external experts. The basic data for all eight ecosystems have been collected and references are listed 

in Annex 2. 

At present, this review provides and inventory of indication approaches and indicators developed and 

applied in the reviewed ecosystems. This includes also the comparison of indicators, motivations and 

approaches among the ecosystems. Yet, at present, the draft review does not provide deductive 

remarks and recommendations for the future development and application of indicators. This will be 

added to the final manuscript. 

 

Document history 

The deliverable is based on discussions and preliminary data evaluations of RUBICODE’s 

Workshop 4, which was held in Essen (Germany) from 27 Feb to 1 Mar 2007. Following the 

agreement of workshop attendees, the criteria for an extensive literature research in the Web of 

Science, Science Citation Index Expanded (SCIE) were defined and used to identify suited references. 

The references were transferred into a database and currently sum up to more than 630 publications 

referring to more than 550 indicators (incl. lakes). While the structure of the database was defined by 

the workpackage leaders (WP4: Indicators), the population of the database was performed by experts 

for the ecosystem types included, individually by Christian K. Feld (rivers), Leonard Sandin (lakes), 

Isabel Pardo and Owen Mountford (wetlands), Rob Bugter (agro-ecosystems), Meelis Partel 

(grasslands), Francesco de Bello and Sandra Lavorel (shrublands), Ulf Grandin (forests), Pedro 

Martins, Jörg Römbke and Paulo Sousa (soils) and K. Bruce Jones (landscapes). 

The evaluation and final analysis of the database has been carried out by the workpackage leaders, 

whereas the ecosystem leaders provided and contributed to the ecosystem-specific reviews of 

Chapter 3. 

 

Daniel Hering and José Paulo Sousa, October 2007
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0. Summary 

The Millennium Ecosystem Assessment raised the need for indicators, particularly such that are linked 

to biodiversity and its role to sustain ecosystem services. According to the MA’s Biodiversity 

Synthesis the most important direct drivers of biodiversity loss and ecosystem service changes are 

habitat change (such as land use changes, physical modification of rivers or water withdrawal from 

rivers), climate change, invasive alien species, overexploitation, and pollution. 

Current indicators are subject to a couple of drawbacks: i) they do not fully cover the major 

components of biodiversity, i.e. genetic, structural and functional biodiversity; ii) they do not cover all 

spatial scales needed; iii) they do not sufficiently address ecosystem function and processes; iv) they 

do not account for ecosystem specificity; v) they do not sufficiently distinguish between managed and 

natural ecosystems and biodiversity. 

Based on a review of 617 references in the Science Citation Index Expanded (SCIE, time span: 1997–

May 2007), altogether 534 indicators of six ecosystems (forests, grasslands and shrublands, agro-

ecosystems, soils, wetlands and rivers) and landscapes (landscape-level indicators) have been 

transferred into a database. Seventy-two indicator characteristics, classified into nine groups, are used 

to analyse and compare indicators among ecosystems. In addition, seven reviews (six ecosystems + 

landscapes) address the history of indication, indicator types, spatial scale, purposes, policies and 

standardisation/validation. The reviews provide detailed insight into the development of indicators and 

indication systems for each ecosystem and at the landscape level. 

Many early forest indicator systems were designed to indicate forest stand condition and productivity. 

At present, forest indicators are available for an array of purposes: measures of forest productivity, 

indicators for conservation purposes and the evaluation of ecosystem services. Recommendations for 

forest monitoring suggest using several structural and compositional key indicators, whereas 

compositional measures should be functionally linked to a broad range of species. Moreover, 

biodiversity indicators should account for several groups of species, such as keystone species, 

umbrella species, dispersal-limited species, resource-limited species, process-limited species and 

flagship species.  

A widely-applied example for forest indication is the ‘Ellenberg system’, which combines indicator 

values referring to plant species’ ecological and physiological optima. Besides, the use of species traits 

has gained popularity over the last decade. They may contribute to the still patchy understanding of 

biodiversity and biodiversity indications. 

Grasslands and shrublands are semi-natural ecosystems traditionally maintained by low to 

intermediate management or disturbance events. Many indicators of grasslands and shrublands have 
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not been exclusively developed for this ecosystem. Bioindication of grasslands and shrublands has 

been traditionally applied at comparatively small spatial as well as temporal scales, i.e. at the patch or 

community level. Measures of grazing, mowing and fuel production intensity are among the most 

relevant indicators of management and disturbance in grassland and shrubland habitats, reflecting 

different processes that cause biomass loss and regeneration. Climatic trends and nutrient deposition 

are routinely monitored Europe-wide, as part of standard environmental programs.  

The presence and abundance of a given set of functional traits, i.e. morphological, physiological and 

life history characteristics, is strongly related to particular biodiversity levels and to the functioning of 

grasslands and shrublands. Overall, plant traits can be used to indicate vegetation response to 

environmental change and disturbance, and to indicate the consequences of those changes for 

ecosystem processes. The traditional tool to measure biodiversity in grasslands and shrublands, 

however, is the direct use of diversity measures. 

Agro-ecosystems are ‘functional units, producing agricultural products and providing rural services’. 

Their spatial extent ranges from a single field to the global scale. Agro-ecosystems are clearly distinct 

from other ecosystems in that the agricultural production is an integral part of the ecosystem 

maintenance. Consequently, sustainability of agro-ecosystems needs to be ecologically as well as 

economically viable. Increasing effort in the development of indicators and assessment methods for 

this ecosystem is evident as of the beginning of the 1990s, when many national agri-environmental 

programs at the farm and even field level, as well as at the European level, started.  

Indirect indicators for the landscape level can be split up into Land Use Intensity (LUI) and Landscape 

Structural (LS) measures. The majority of the indicators are single measures addressing species 

populations, landscape features or land use intensity. Moreover, animal or plant traits prove to be 

closely linked to human activities and environmental factors and, therefore, offer a good perspective 

for the development of future indicators. In particular, the development of threshold values for 

indicators is a significant future challenge at the landscape level.  

Some farm and field-scale assessment schemes directly link to farm management and usually contain 

biotic performance indicators in the shape of indicator species or groups of species. Vascular plants, 

birds, arthropods in general and carabid beetles in particularly are the most suitable and commonly 

used indicator groups for biodiversity evaluation. Service indicators are generally available, but there 

is a considerable lack of quantification of indicator threshold values for service provision maintenance. 

Soils indicators are dominated by biotic measures: 70 % of the SCIE references referred to this group 

as opposed to abiotic indicators (25 %). Soil indication mainly aims at habitat quality assessment and 

monitoring, which is, due to the limited mobility of many soil organisms, restricted to small spatial 

scales. This prevalence of indicators at the local scale is closely linked to the soil complex patterns of 
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variability within small spatial units. Soil indicators are mainly related to supporting services, such as 

soil formation and nutrient cycling, which comprise almost half of the indicators found in SCIE 

references. The use of traits is common for life-history and functional characteristics of soil 

microorganisms. 

Historical wetland alteration and destruction, mainly caused by land conversion to agricultural use, led 

to a loss of nearly 50 % of the extent of this ecosystem around 1900. Thus, wetlands belong to the 

most threatened ecosystems of the world, whereas the alarming conditions are also due to the fact that 

the severe threats to wetlands have been acknowledged only very recently by non-scientists and 

decision makers. However, the functional role of wetlands as invaluable sinks as well as sources of 

nutrients and retention areas for water is widely known. Basically, it is the retention (and removal) 

capacity that controls nutrient loading also of adjacent ecosystems, such as rivers and lakes. 

Physical indicators discriminate among moisture-driven land use/land cover variations, wetland types 

and the extent of moisture stress. Linking abiotic and biotic indicators, process-based and biochemical 

or gene-based assays are becoming more and more important. Species traits in wetlands are used to set 

up management objectives and assess their success. More than 80 % of wetland indicators are applied 

at the local to regional scale, which may be due to the comparatively small-scale heterogeneity and 

diversity in this ecosystem.  

The greater sub- and global scales of indication corresponding to landscape indicators are of 

significance in evaluating large scale management strategies. Recent studies on wetlands revealed the 

lack of appropriate indicators of wetland biodiversity. This lack of common indicators has also a 

limiting effect on further comparative studies at sub-global and global scales, which in turn negatively 

affects conservation efforts and progress. On the other hand, wetland indicators are strongly related to 

important ecosystem services such as the (regulative) self-purification and water retention. 

The application of biotic indices for monitoring rivers dates back more than 100 years, when the first 

saprobic indices were developed in Germany. Frequently revised and applied in many European 

countries, this group of indices addresses water pollution through organic matter. Another large group 

of indicators address river trophy, i.e. the eutrophication with nutrients originating mainly from 

floodplain land use practices. Both saprobic and trophic indices are based on species tolerance values. 

Since the early 1980s, the utility of numerous functional metrics, traits and indices became important. 

Each of the measures potentially represents a different aspect of the community or a different response 

to environmental stress and, thus, potentially provides both a stable measure and a measure accounting 

for the impact of multiple stressors. The so-called multimetric indices form the basis of many current 

assessment and monitoring systems in the USA and Europe.  



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 7 of 108 

Similar approaches are in use for abiotic indicators, which combine measures of land use intensity, 

habitat quality and diversity as well as hydro-morphological and chemical parameters. Both abiotic 

and biotic indices are also subject to predictive modelling. For instance, a common approach uses 

environmental predictor variables to model community composition under given and natural 

environmental conditions. The observed community is then compared to the modelled expected 

reference; the deviation is equivalent to the degree of impairment. In multimetric indices, species traits 

already constitute part of the component metrics and provide insight into the functional composition of 

riverine communities and functional aspects of biodiversity.  

Since river assessment is usually based on field sampling at the local scale (water body-related), many 

indicators also refer to the same scale. Theoretically, however, river bioassessment offers broader 

application at the regional or even sub-global scale in the near future, since the Water Framework 

Directive sets the outline for river assessment at a pan-European scale. Biodiversity indicators mainly 

refer to species richness, but more recently also to functional diversity. 

Theoretically, landscapes exist at several spatial and temporal scales, depending on the process or 

organism being studied. Relationships between landscape patterns and species traits, populations and 

entire biotic communities have been described at a range of scales, ranging from beetles in very small 

landscapes to birds, mammals and reptiles at regional and continental scales. With the advent of new 

imagery from aircraft and earth observing satellites (e.g., Landsat) and advances in computing, 

landscape ecology and associated landscape indicators have exploded since the early 1990s.  

Landscape metrics include a wide variety of measures of spatial composition and pattern of habitats, 

land-cover and land-use, ecosystems and other land-surface features over a given area of interest. 

These include measures of composition, shape complexity, patch size, connectivity, distance measures 

and attribute diversity and/or complexity. A landscape metric becomes an indicator when qualitative 

and quantitative relationships are established, although the terms “landscape metrics,” landscape 

indicators,”, and “landscape indices” have often been used interchangeably.  

Landscape metrics, indicators, and models have been used to evaluate individual species distributions, 

as well as patterns of species richness and diversity. New remote sensing data and analytical 

approaches offer significant potential to improve landscape assessments of habitat and species 

distributions. These include application of LIDAR to map vertical structure and composition of 

habitat. However, landscape metrics are often applied without consideration for scale-dependency of 

the processes and patterns they are attempting to capture. Landscape analyses offer the potential to 

link ecosystem services through space and time. As such, it may be possible to conduct a full cost-

accounting of how optimisation of one ecosystem service (e.g., flood abatement through dam 

construction), might affect other services. From a species and community traits standpoint, these 

linkages should enhance valuation of these traits at a landscape scale. 
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1. Introduction 

“Over the past 50 years, humans have changed ecosystems more rapidly and extensively than in any 

comparable period of time in human history, largely to meet rapidly growing demands for food, fresh 

water, timber, fibre and fuel. This has resulted in a substantial and largely irreversible loss in the 

diversity of life on earth”. This first major finding of the Millennium Ecosystem Assessment (MA, 

2005a) clearly links the substantial loss of biodiversity to the growing demand for ecosystem services. 

However, biodiversity loss in turn leads to “the degradation of many ecosystem services [and] could 

grow significantly worse during the first half of this century […]”. The Millennium Ecosystem 

Assessment raised the need for indicators, particularly such that are linked to biodiversity and its role 

to sustain ecosystem services. According to the MA’s Biodiversity Synthesis (MA, 2005b), the most 

important direct drivers of biodiversity loss and ecosystem service changes are habitat change (such as 

land use changes, physical modification of rivers or water withdrawal from rivers), climate change, 

invasive alien species, overexploitation, and pollution. As many services, for instance, food and fuel 

provision or nutrient cycling, are related to ecosystem functions and processes, appropriate indicators 

need to account for both functions and processes, too. This may be one of the future challenges for 

indicator development, because current indicators often focus on rare and threatened species and 

habitats. 

Facing the dramatic loss of both biodiversity and related ecosystem services, huge and concerted effort 

is required to halt the loss of biodiversity. A fundamental requirement for monitoring the effectiveness 

of such actions is indicators. Regardless on how the term ‘biodiversity’ is defined, it is a complex 

concept, involving either species numbers, species numbers and abundances, functional traits and their 

abundances, or complex ecosystem processes, none of which can be routinely monitored. For practical 

purposes in planning, conservation and management, the concept of biodiversity needs to be 

simplified and made operational through the use of indicators: simple parameters, which nevertheless 

reflect the complexity of an ecosystem.  

Indicators are widely used in applied ecology, since for many purposes complex ecosystem 

characteristics need to be described by simple values. Most commonly, occurrence or abundance of 

species or functional groups is used as a proxy for the intensity of a stressor, thus enabling a simple 

assessment. But also functions, processes and related services are often difficult to measure and 

indicators are useful. Most complex, however, is the indication of biodiversity.  

In 2004, a pan-European initiative called ‘Streamlining European 2010 Biodiversity Indicators’ (SEBI 

2010) was launched to develop a European set of biodiversity indicators (Balmford et al., 2005). The 

authors clearly state the need for indicators “[…] of biodiversity and ecosystem functions and services 

that are rigorous, repeatable, widely accepted, and easily understood”. The initiative is linked to the 
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global Convention on Biological Diversity (CBD), which already listed eleven ‘global indicators for 

assessing progress towards the 2010 target’ (UNEP/CBD/COP/7, 2003). Both CBD and SEBI 2010 

have largely created global awareness for the need of novel biodiversity indicators that can be easily 

communicated to decision makers. And both initiatives have already suggested a set of global to 

regional indicators of biodiversity, mainly measures to assess the status of selected rare or threatened 

species and habitats. Altogether, eight CBD ‘focal areas’ and 16 EU Headline Indicators have been 

selected so far, the latter of which contain as many as 26 single indicators. 

However, there are a couple of drawbacks in their approaches for indicator selection. First, they do not 

fully cover the major components of biodiversity, i.e. genetic, structural and functional biodiversity 

(Noss, 1990, Pioani et al., 2000). Being mainly limited to selected species, a fundamental portion of 

biodiversity is likely to remain undetected: functions, processes and services, which are important 

attributes of biodiversity, are not or only indirectly regarded. Second, indicators need to be applied at 

suitable spatial scales (e. g. Araujo, 2004, EEA, 2007) and are often limited to narrow geographical 

ranges. For example, a threatened species in the Mediterranean region may be naturally absent in 

Scandinavia, thus, limiting its suitability to a specific region. Upscaling of biodiversity indicators, 

such as selected rare or threatened species, needs, therefore, to be related to the species pool at the 

respective spatial scale. Third, there is much evidence that ecosystem services are dependent on 

functions and processes rather than single species (e.g., Gren, 1995; Bolund & Hunhammar, 1999; 

Strange et al., 1999; MA, 2005a; Diaz et al, 2006). Providing fodder for cattle or sheep is related to the 

community of palatable and nutritious grassland, which might be composed of very different species; 

the regulation of self-purification in rivers is controlled by a multitude of organisms processing carbon 

components, which vary in species composition with region and river type. Fourth, indicator 

suitability may differ between ecosystems: habitat area measures are rarely applied (and maybe less 

useful) for river ecosystems, while the protected area is likely not suited for application in agro-

ecosystems. Fifth, there is a fundamental difference between semi-natural (= managed) and natural 

(unmanaged) ecosystems. While an appropriate management is crucial to sustain ecosystem services 

in the former, the latter usually provides the services without management, if still in natural condition. 

Biodiversity and service indicators in semi-natural ecosystems, such as grass- and shrublands, agro-

systems or managed wetlands, need to take the management practices into account.  

Indicators and indication approaches differ, therefore, between ecosystem types, but have rarely been 

compared. A comparison may enable cross-fertilisation, and may lead to common principles, which 

can be applied across ecosystems. Based on an extensive literature review of more than 600 peer-

reviewed papers published between 1997 and 2007, we summarise the state-of-the-art of indication in 

six ecosystems (forests, grass- and shrublands, wetlands, rivers, agro-systems and soils) and at the 

generic landscape-level. Special emphasis is placed on ecological concepts behind indication, the 
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approaches to address biodiversity and ecosystem services, and on the five drawbacks listed above. 

Individually, we aim at answering the following questions: 

• Which types of indicators have been developed for the individual ecosystems? 

• Do indicators and indication systems refer to biodiversity and ecosystem services? 

• Which purpose stimulated the development and application of the indicators? 

• At what spatial scale do the indicators work in individual ecosystems? 

• Is there a policy driving indicator development and application? 

• Have indicators and indication systems been standardised and validated?  

 

1.1 Terms and definitions 

Indicator 

Although ecological assessment using indicators has a long tradition in aquatic ecosystems (e.g., 

Kolkwitz & Marsson, 1902; 1908; Pantle & Buck, 1955, Friedrich, 1990) and terrestrial ecosystems 

(e.g., Holloway, 1980; Dufrêne & Legendre, 1997; McGeoch, 1998), there is no common definition of 

the term ‘indicator’ that is i) applicable over a wide range of ecosystems, ii) useful for both abiotic and 

biotic indicators and iii) widely accepted and applied by the scientific community. McGeoch (1998) 

provided a comprehensive review on terrestrial insects as biological indicators and suggested a 

classification into environmental, ecological and biodiversity indicators. For the latter, the SEBI 2010 

(Streamlining Ecosystem Biodiversity Indication by 2010) coordination team and expert groups 

recently provided a standard terminological framework (EEA, 2007). Accordingly, a (biodiversity) 

indicator serves four basic functions: 1) simplification as it summarises often complex and disparate 

data, 2) quantification as statistically sound and comparable measures are related to a reference or 

baseline value, 3) standardisation as they are based on comparable scientific observations and 4) 

communication as they provide a clear message that can be communicated. We basically follow the 

criteria of the EEA Technical Report, but extended the definition to environmental and ecological 

indication. The following definition is applied: An indicator is a simple, measurable and quantifiable 

characteristic responding in a known and easily understandable way to a changing i) environmental 

condition, ii) ecological process or function, or iii) element of biodiversity.  

Moreover, the terms ‘biodiversity’, ‘ecosystem function’ and ‘ecosystem service’ are applied here as 

follows: 
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Biodiversity  

Biodiversity is the variety of life forms (Wallace, 2007), i.e. the variety of taxonomic, functional and 

genetic characteristics of life. 

Ecosystem function  

The interactions (events, reactions or operations) among biotic and abiotic elements of ecosystems 

that lead to a definite result (Tirri et al., 1998; Wallace, 2007). In broad terms, these processes involve 

the transfer of energy and materials (Lyons et al., 2005; Wallace, 2007). Here, we follow Wallace 

(2007) and define ecosystem functions synonymous with ecosystem processes. 

Ecosystem services  

Ecosystem services are benefits that humans obtain from ecosystems that support, directly or 

indirectly, their survival and quality of life. These include provisioning, regulating and cultural 

services that directly affect people, and the supporting services needed to maintain the direct services. 

They are a subset of ecosystem processes, which include roles that are not easily definable in terms of 

human needs (enlarged from MA, 2005a). 
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2. Review procedure and database 

During a workshop on indicators and indication approaches in terrestrial and aquatic ecosystems held 

in February 2007 in Essen, Germany, a set of 72 indicator characteristics were defined and categorised 

into nine groups to compare indicators and indication across ecosystems (see Annex 1): 

• Ecosystem relevance: Characteristics describing the field of application of an indicator. It can 

be limited to a single ecosystem (e.g., Secchi depth in lakes), but might also be applied to all 

ecosystems, such as the number of rare species of a certain taxonomic group.  

• Numerical type of measurement: Characteristics describing the scaling of a measure, i.e. 

whether it is a plain number, proportion, index, etc.  

• Purpose of indication: Characteristics describing the field of application of an indicator, for 

example, assessment, monitoring, or prediction. The indicator type was further divided into 

abiotic, biotic and landscape indicators. Physical and chemical measures are typical abiotic 

indicators, while biotic indicators usually encompass species number and abundance, guilds 

and traits, biodiversity measures and bio-indices.  

• Driving force behind indication: Characteristics describing the motivation to develop an 

indicator. Apart from specific policy demands, indicator development is often driven by 

science.  

• Spatial scale: Characteristics describing the geographical extent of application of an indicator.  

• Relation to ecosystem services: Characteristics describing if individual ecosystem services as 

defined by the Millennium Ecosystem Assessment (MA, 2005a) are targeted by an indicator.  

• Standardisation: Characteristic describing if an indicator has been subject to official national 

and/or international harmonisation and approval.  

• Validation: Characteristics describing if a test of performance has been conducted, which is 

usually done with external data not used for indicator development. 

 

The database was filled with the results of an extensive literature research. A standard set of keywords 

and keyword combinations was applied to the Science Citation Index Expanded (SCIE; time period 

from 1997 to May 2007) to gain comparable and quantifiable results for all ecosystems (Table 1).  
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A total number of 617 references on 534 indicators were reported back by the SCIE, the allocation to 

ecosystems of which is illustrated in Figure 1.  

Table 1: Keywords and combination of keywords used for the literature review in the Science Citation 

Index Expanded. Numbers indicate the hits per keyword combination and ecosystem. 
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‘Ecosystem’ + biodiversity     3,646 1,314 53 n.a. 352 1,180  

‘Ecosystem’ + assess*     9,038 1,938 109 n.a. 1,199 8,811  

‘Ecosystem’ + service*     1,519 134 16 n.a. 127 618  

‘Ecosystem’ + monitoring     2,688 469 18 n.a. 478 3,527  

‘Ecosystem’ + environm*     12,114 2,990 141 n.a. 1,773 14,119  

‘Ecosystem’ + indicat*     15,723 3,553 126 n.a. 2,144 15,532  

‘Ecosystem’ + indicat* + review   312 51 4 n.a. 48 223  

‘Ecosystem’ + indicat* + biodiversity   932 339 20 n.a. 95 297  

‘Ecosystem’ + indicat* + assess*   2,529 577 44 n.a. 433 2,664  

‘Ecosystem’ + indicat* + service*   179 13 5 n.a. 16 117  

‘Ecosystem’ + indicat* + monitoring   828 158 4 n.a. 168 1,388  

‘Ecosystem’ + indicat* + environm*   3215 883 41 n.a. 571 4,130  

‘Ecosystem’ + indicat* + environm* + assess* 613 166 20 n.a. 128 933  

‘Ecosystem’ + indicat* + biodiversity + service* 12 0 2 n.a. 2 3  

‘Ecosystem’ + indicat* + biodiversity + assess* 258 75 7 n.a. 26 80  

* truncation 

 

Ecosystem reviews and the final comparison of results followed a two-tier process. In a first step, the 

database was used to illustrate indicator development and indicator application during the past ten 

years. Thus, the database provided a means for simple descriptive analyses focussing on the questions 

outlined in the introduction. The analysis was limited to the comparison between ecosystems; relative 

proportions of indicators of a specific characteristic were calculated to account for the difference in 

total number of indicators among ecosystems. In a second step, ecosystem reviews were supplemented 

by references before 1997 and non-peer reviewed journals, books and reports.  

The ecosystem co-authors referred to a common structure to provide comparable insight into the 

history of indication, indicator types (e.g., numerical types, abiotic, biotic and landscape indicators), 

spatial scales of indication, management (if applicable), and the relation to biodiversity and ecosystem 

services. 
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Figure 1: Allocation of 617 references of 534 indicators referring to six ecosystems (except 

landscapes) reviewed in this study. 
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3. Ecosystem reviews 

3.1 Forest ecosystems 

History 

One of the first publications addressing the indicator concept dates back to 1919 (Hall & Grinnell, 

1919). The authors associated plant and animal species to different habitat types, called life-zones. 

Contrary to this early ecological classification by Hall & Grinell, many early forest indicator systems 

were designed to indicate forest stand condition and productivity (e.g., Jonson, 1914). The earliest 

forest inventories used direct measures on individual trees for extrapolation of growth and stock at the 

stand level. In Sweden, the first discussion about forest inventories dates back to 1735 (von 

Segebaden, 1998), but was not realised until the early twentieth century and included coarse 

descriptions of the understorey plant community. Based on the early inventories, forest indication was 

developed and refined during the following century (e.g., Hägglund & Lundmark, 1981). At present, 

forest indicators are available for an array of purposes, including measures of forest productivity, 

indicators for conservation purposes and the evaluation of ecosystem services. 

The natural forest ecosystem comprises a large variety of forest types, determined by geographical and 

climatic factors. But a major part of forests today encompass a range of semi-natural to entirely 

artificial tree plantations. Irrespective of the degree of naturalness of a forest stand, forest ecosystems 

provide a set of unique characteristics that are key factors for biological diversity, which have been 

conceptualised and described by Noss (1990).  

Indicator types 

The theoretical framework of Noss (1990) divides forest compositional key factors for diversity into 

structural, compositional and functional components. In a comprehensive review, Larsson (2001) 

expands the framework by Noss and gives explicit examples of forest indicators for each of the 

components, at different spatial scales. Indicators for compositional key factors on a national level 

should include native, non-native and ‘not-site-original’ species, with the addition of species with 

specific landscape scale requirements at the landscape scale. Suggested indicators for structural key 

factors vary with spatial scale. At the national level the indicators include, for example, the total area 

of: forest types, utilised and protected forests, old growth forests, forests left for free development, 

afforested/deforested stands and productive forest with respects to tree species and age. At the 

landscape level, Larsson (2001) suggested habitat composition, lakes and rivers, spatial continuity and 

connectivity of important habitats, and fragmentation and history of landscape use. At the stand-scale, 

tree species, stand size, edge/shape and history, habitat type tree stand structural complexity, dead 

wood and litter are suggested as indicator types for structural key factors. Functional indicators are not 

scale-dependent, yet are divided into natural and anthropogenic. Natural indicator types comprise fire, 
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wind and snow, and biological disturbance, while anthropogenic influence is indicated by forestry, 

agriculture and grazing, other land-use, and pollution.  

It has been suggested that two to three compositional and structural key indicators should be selected 

for effective monitoring (Ferris & Humphrey, 1999). The compositional indicators should be 

functionally linked to a broad range of other species, such as the extent and species composition of the 

broadleaved component in conifer forests, and the structural indicators should act as surrogates for 

general species richness or diversity, for example, the quantity and quality of dead wood. 

Indicator types: Single and complex indicators 

Forest biodiversity has been traditionally indicated by single indices, as opposed to the multi-metric 

indices widely applied in river ecosystems (Karr, 1991; Dahl & Johnson, 2004, see also Chapter 

3.6 Rivers). There are few examples of weighted averages available over a set of abiotic indicators 

(e.g., the Ellenberg indices), but no true multi-metric index. In a critical review, Failing & Gregory 

(2003) commented on the lack of complex indices in forest monitoring, and argue that carefully-

designed multi-metric indices might lead to better decisions regarding forest management, compared 

to single-metrics. 

Indicator types: Biotic and abiotic indicators 

Biotic indicators of forest biodiversity comprise both compositional and structural components. 

General descriptions and suggestions have been given by Lambeck (1997), Noss (1999) and 

Lindenmayer et al. (2000). In a review, Carnican & Villard (2002) suggested the following indicators 

for forest biodiversity: 

• Keystone species: species that generate large ecosystem effects by their interaction with other 

species (e.g., some woodpeckers). 

• Umbrella species: species that require large areas of suitable habitat to maintain viable 

populations and whose requirements for persistence are believed to encapsulate those of an 

array of associated species. These species usually have very large home ranges (e.g., bears, 

wolves). 

• Dispersal-limited species: species that are limited in their ability to move from patch to patch 

or that face a high mortality risk in trying to do so (e.g., wingless insects, species restricted to 

humid microhabitats, such as most amphibians). 

• Resource-limited species: species requiring specific resources that may be critically short, 

either temporally or spatially. These resources may include snags, nectar sources, fruits, etc. 
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(e.g., woodpeckers restricted to large-diameter snags for nesting and foraging; oligophagous 

insects). 

• Process-limited species: species sensitive to the level, rate, spatial characteristics or timing of 

some ecological processes such as fire, flood, grazing, competition with exotic species, or 

predation (e.g., flora and insect community in grazed forests). 

• Flagship species: species that can easily attract public support for conservation (e.g., Giant 

Panda, Ailuropoda melanoleuca).  

Abiotic forest biodiversity indicators include many different components, from direct measurements of 

physical structures, to indirect measures. Indicators that can be measured directly or by using GIS and 

remote sensing include soil quality (Ponge & Chevalier, 2006), mosaic of landscape types or 

hydrological regime (Hagan & Whitman, 2006). Indirect indicators may be factors such as frequency 

and intensity of fires and storms, or related economic and socio-cultural assets (Kotwal et al., 2008). 

Another kind of indicator combines abiotic and biotic factors into so-called indicator values that were 

developed to predict abiotic conditions from the extant plant community. A widely-applied example is 

the ‘Ellenberg system’ of indicator values (‘Zeigerwerte’; Ellenberg et al., 1992), refined and localised 

by, for example, Diekmann (1995), Wamelink et al. (1998), Hill et al. (2000) and Schaffers & Sýkora 

(2000). The Ellenberg values refer to plant species’ ecological and physiological optima. Common 

applications are to assess changes in the environment using data from ancient plant inventories, or to 

model abiotic conditions required to maintain a specific plant community.  

Indicator types: Traits 

Although the traditional way of looking at forest biodiversity has been from a taxonomical point of 

view, the use of species traits (McIntyre et al., 1999) instead of phylogenetics has gained popularity 

over the last decade. The ability for a plant to survive a disturbance depends to a large extent on 

vegetative or seed-related attributes of the species. As forest management is a form of severe 

disturbance, there have been some suggestions to use species traits as indicators of forest biodiversity 

and continuity (e.g., Graae & Sunde, 2000; Myking, 2002). Another advantage of using attributes 

rather than taxonomy is that it allows comparisons across countries and ecoregions. However, there 

seem to be very few forest indicators based on traits. For instance, the meta analysis used for this study 

returned only one out of 270 studies that referred to traits. 

Spatial scales 

The intensity and frequency of disturbances is one of the major natural factors determining species 

composition and diversity in the forest landscape (Spies & Turner, 1999). At present, however, the 

most important factor is forestry and forest management. A disturbance may be anything, from the 
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effect of trampling at the centimetre scale, to regional storm damages of some hundreds or even 

thousands of square kilometres. Few, if any, forest indicators cover all spatial scales (but see Gray & 

Azuma, 2005). Commonly, forest indicators are divided into national or ecosystem level, regional, and 

local scale (Larsson, 2001). Local scale biodiversity indicators generally describe the alpha and beta 

diversity, or forest productivity parameters. At the stand level, changes in tree diameter and age class, 

soil nutrient levels, and stand growth can indicate forest degradation (Lundquist & Beatty, 1999). 

Biodiversity at stand level is often determined by so-called matrix effects, which are given by the 

composition of the surrounding landscape (Sverdrup-Thygeson & Lindenmayer, 2003). At the 

landscape level variables like changes in land cover, habitat fragmentation and management practices 

are important for local-scale biodiversity and may, thus, be utilised as indicators. Indicators at the 

national or ecosystem level include interval and frequency of fires, nutrient cycling, and hydrological 

regime (Harwell et al., 1999). However, the relationship between stand-level diversity and factors at 

landscape or national levels is complex and difficult to assess (Waldhardt, 2003). 

Relation to management 

During the 1990’s, a number of action plans for sustainable forest management were issued, for 

example the Swedish Action Plan for biological diversity and sustainable forestry (Wallin et al., 

1995), The U.K. Forest Standard (Forestry Commission, 1998), and Criteria and indicators for 

sustainable forest management in Finland (Eeronheimo et al., 1997). The common theme for these 

action plans is the aim to combine sustainable forestry with high ecological assets. Along with such 

aims comes a need for methodologies for rapid and effective biodiversity assessment. However, the 

relationship between biological diversity and many suggested indicators for biodiversity have not been 

fully understood (Stephens & Wagner, 2007). It has been shown to be difficult to determine how many 

of the suggested indicators should be measured, interpreted or monitored, partly as ecological 

knowledge lags policy initiatives (Ferris & Humphrey, 1999; Lindenmayer et al., 2000; Hagan & 

Whitman, 2006). Some of the indicator systems suggested during the last decade entirely rely on 

taxon-based indicators (e.g., Nitare, 2000). Others follow a more holistic approach, i.e. they aim to 

include all aspects of sustainability in the indicator framework: ecological, economic and socio-

cultural assets (e.g., Kotwal et al., 2008). The definition of desired endpoints has been one approach to 

quantify the deviation from a desired state (Frego, 2007). The Swedish system of environmental 

quality criteria for the forested landscape (Anonymous, 1999) is one example of a system that uses a 

set of endpoints or indicators that represent forest integrity, and that are easy to measure.  

Indicators of biodiversity and ecosystem services 

Indicators of forest biodiversity are also partly described above (biotic vs. abiotic indicators). Forest 

ecosystem services can be divided into provisional, regulating, supporting and cultural. The 

provisional services include: timber, fuel-wood, drinking and irrigation water, fodder, food, medicine, 

and genetic resources. Regulating and supporting services include a large array of ecosystem functions 
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such as mitigation of air pollution, oxygen emission, nutrient cycling, water regulation, biodiversity, 

carbon sequestration, mediating weather extremes and soil formation. Finally, there are multiple 

cultural (societal) services, such as employment, aesthetic values, and recreation (Pattanayak & Butry, 

2003). For some of these services, indicators are already available: e.g., timber production (either 

wood volume or monetary value), number of visitors to protected forests or water quality indices. 

There have also been attempts to quantify the relationship between ecological function and species 

diversity (e.g., Loreau et al., 2002). Balvanera et al. (2005) reported an example of how species 

composition and richness is related to carbon cycling, productivity and pollination.  

 

3.2 Semi-natural grassland and shrubland ecosystems 

Grasslands and shrublands are semi-natural ecosystems traditionally maintained by low to 

intermediate management or disturbance events. In Europe, and similarly in the whole Mediterranean 

basin, grasslands and shrublands have been coevolving for millennia with human societies by 

providing mainly fodder for livestock production, turfs and fuel for burning (Perevolotsky & 

Seligmann, 1998; Wessel et al., 2004; Quétier et al., 2007; Partel et al., 2007). Semi-natural grasslands 

are typically dominated by a diverse herbaceous plant community that is maintained by livestock 

grazing or mowing. Shrublands are typically characterised by woody species managed, for example, 

for fuel production. Traditional management aims at reducing shrub dominance (e.g., by prescribed 

burning) in order to regenerate herbs for fodder (Perevolostky & Seligman, 1998; Papanastasis, 2004). 

In humid regions, shrublands may convert to heathlands dominated by, for example, Calluna vulgaris.  

Indicator types 

The use of indicators for grassland and shrubland biodiversity can be based on a considerable array of 

different possible measures. Altogether, more than 100 papers were reviewed resulting in, at least, 38 

different indicators, half of which describe the development or application of single indices (or lists of 

single indicators). Although many indicators are not ecosystem-specific, a number of indicators have 

been specifically designed for grasslands and shrublands, such as % bare soil, grazing intensity, and 

vegetation patchiness (Milchunas et al., 1988; Alados et al., 2004; Pueyo et al., 2006). At present, 

however, common indicator systems in Europe do not make use of specific indicators for grasslands 

and shrublands. Yet, ecosystem-specific indication has an extensive tradition in North America and 

Australia (Hof et al., 1999; Pyke et al., 2002; Briske et al., 2005); the indication systems are mostly 

based on the concept of pasture ‘health’ or ‘condition’ for management practices (Pyke et al., 2002; 

Briske et al., 2005), i.e. focusing on the maintenance of sustained production. These systems are 

commonly based on the selection of a synthetic list of single indices that, by their evaluation, give an 

estimation of the overall habitat condition. Indicators commonly used in these systems are biotic 
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indicators (see below). The validation of indicators for grasslands and shrublands has been 

traditionally limited, especially in Europe. 

Indicator types: Biotic and abiotic indicators 

Non-biotic indication in grasslands and shrublands cover environmental and anthropogenic forces that 

control and determine local biodiversity patterns and habitat conditions: i) the management/ 

disturbance regime, ii) environmental conditions and iii) landscape patterns. Grazing, mowing and fuel 

management are the most relevant indicators of management and disturbance in grassland and 

shrubland habitats (Milchunas et al., 1988; Pons et al., 2003; Delitti et al., 2005; Diaz et al., 2007), 

reflecting different processes that cause biomass loss and regeneration. But management indicators are 

also subject to substantial natural variation, for example through wild grazing and fires, and to human 

impact, such as fertilisation, fragmentation, pollution, and drainage. Environmental conditions are 

determined by soil parameters, such as moisture, pH, nutrients, Soil Organic Matter (SOM) and other 

physical and climatic parameters, for instance light at the ground layer, rainfall and microclimate 

(Partel et al., 2004; Sebastaia, 2004; Pueyo, et al., 2006; Briton & Fischer, 2007; EASAC, 2005; 

DEFRA, 2007). Climatic trends and nutrient deposition are routinely monitored Europe-wide, as part 

of standard environmental programs (European Monitoring and Evaluation Programme, EMEP) or 

estimated using biotic indicators (EASAC, 2005), for example, the spring index (UKPN, 2007) and 

Ellenberg values (Ellenberg et al., 1992). Landscape patterns are described with parameters such as 

habitat area, habitat connectivity/fragmentation and heterogeneity/diversity of the landscape (Broton et 

al., 2004; Helm et al., 2006; Petit & Firbank, 2006).  

Indicator types: Traits 

The presence and abundance of a given set of functional traits (e.g., morphological, physiological and 

life history characteristics; Diaz et al., 2007) is strongly related to particular biodiversity levels and to 

the functioning of grasslands and shrublands (Quetier et al., 2007). For example, Hodgson et al. (2005) 

demonstrated that leaf characteristics and plant height could be used as indicators for biodiversity 

conservation and productivity in different European grassland systems. Plant traits linked to leaf 

chemistry can be very effective to indicate biogeochemistry patterns (Eviner & Chapin, 2003) and 

animal nutrition (Hoste et al., 2006), while flower type and density can be very valuable in assessing 

the diversity of pollinators and their services (Hegland & Boeke, 2006; Potts et al., 2006). Growth 

forms (e.g., shrubs, grasses, herbs) and life cycle (short vs. long living species) are very effective 

indicators for monitoring biodiversity, management and fire regimes, and habitat condition (Bardgett 

et al., 1995; Whitford et al., 1998; Schwab et al., 2002; Pons et al., 2003; Tasser et al., 2003; Pueyo et 

al., 2006; Diaz et al., 2007), especially because they can, in many cases, be monitored by modern 

remote sensing tools.  



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 21 of 108 

The canopy structure of the vegetation provides a useful set of indicators as it is characterised by 

vertical and horizontal components, for instance, vegetation height, density per strata, Leaf Area Index 

(LAI), vegetation cover, % bare ground and patchiness (Schwab et al., 2002; Hodgson et al., 2005; 

Paruelo et al., 2005). Different remote sensing tools can also help defining these parameters (Paruelo 

et al., 2005). Vegetation patchiness relates to important patterns in biodiversity and habitat condition, 

especially in dry habitats (Whitford et al., 1998; Maestre, 2004; Ludwig et al., 2005; Pueyo et al., 

2006, de Bello et al., 2007).  

Spatial scales 

Biotic indicators of grasslands and shrublands have been traditionally measured at fine spatial and 

temporal scales, i.e. at the patch or community level. Indicators, such as the number of rare species, 

can be easily extrapolated to the regional level. Species-area curves, for example, express the linkage 

of species richness and sampling area and enable an estimation of diversity patterns and vegetation 

structure over different spatial scales (Magurran, 2004; de Bello et al., 2007). At the broadest scale, 

landscape patterns are assessed to measure and monitor the trend in grassland area in a landscape or 

region; Helm et al., 2006) and information is required over long time scales to indicate the actual 

diversity (even centuries; Partel et al., 2007). Several biotic indicators can be derived from remote 

sensing tools, if the appropriate resolution for reliable estimations is available (Rocchini et al., 2004; 

Paruelo et al., 2005). By these tools, we can estimate the biotic component of grassland and shrubland 

habitats, such as growth form composition, LAI, patchiness, % bare ground, productivity or fire 

regime.  

Relation to management 

Overall, plant traits can be used as indicators of vegetation response to environmental changes and 

disturbance (Kahmen & Poschlod, 2004; Poschlod et al., 2005; Diaz et al., 2007) and as an indication 

of the consequences of these changes on ecosystem processes (Tasser et al., 2003; Quetier et al., 

2007). It is important to notice, however that the predictive value of plant traits changes in different 

environmental conditions (de Bello et al., 2005). Thus, traits as indicators need to be specified 

differently in regions with different climate and herbivory history (see Diaz et al. 2007 for a review). 

Despite the fact that precise information on these indicators can offer an important indication system 

on its own, such information is often unknown or, generally, scarce. The trends of these factors need 

also to be tracked to provide suitable indication systems for grasslands and shrublands. For example, 

since biodiversity slowly responds to changes in management and landscape structure, it is of 

importance to consider the history and legacy past (e.g., historical area and connectivity: Helm et al., 

2006; historical grazing pressure: Milchunas et al., 1988).  
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Indicators of biodiversity and ecosystem services 

The use of a particular (sensitive or key) species or set of species as an indicator is widespread and 

common. For instance, a selected ‘synthetic list of taxa’, umbrella species, red list species or invasive 

species potentially indicates particular levels of biodiversity and habitat condition (Niemela & Baur, 

1998; Duelli & Obrist, 2003; Rosenthal, 2003; Lindborg, et al. 2005; Maes & Van Dyck, 2005; Wittig 

et al., 2006). The traditional tool to measure biodiversity in grasslands and shrublands, however, is the 

direct use of diversity measures (Helm et al., 2006; de Bello et al., 2007). The diversity within a 

reduced set of taxonomic groups is then used as a proxy for the overall diversity (Magurran, 2004; 

Briton & Fischer, 2007). In general, the value and applied relevance of most diversity indices needs to 

be adjusted to the extent and composition of the regional species pool (e.g., local species richness 

divided by the regional species pool; Ingerpuu et al., 2001; Partel et al., 1996).  

 

3.3 Agro-ecosystems 

In this review we follow Xu and Mage (2001), who define agro-ecosystems as ‘functional units, 

producing agricultural products and providing rural services’. They can range in scale from a single 

field to the whole globe and are clearly distinct from other ecosystems by the fact that agricultural 

production is an integral part.  As a consequence agro-ecosystems need to be ecologically as well as 

economically viable to be sustainable.  

History 

Agriculture is the activity that by far lays the largest claim on the surface area of the European Union 

(77 %, see (Piorr, 2003)), and the intensification of agricultural production due to the ‘green 

revolution’ after the second world war led to a growing concern over the increasing pressure on 

natural resources and environment. In the early 1970s, agricultural production environments started to 

be referred to as agro-ecosystems (first encounter in web of science search), and at about the same 

time the first agri-environmental schemes to enhance biodiversity in agricultural areas were launched 

(Robinson, 2005). In the European context, environmental considerations became part of the new 

Common Agricultural Policy in the early 1990s, followed by a direction towards sustainable 

agriculture (Piorr, 2003). Also from the beginning of the 1990s, the wish to evaluate the effects of 

national agri-environmental programs at the farm and even field scale as well as at the European scale, 

led to an increasing effort to develop indicators and assessment methods. During the last decade, the 

increasing interest in sustainability and resilience of ecosystem functions and services has led to the 

development of more complex indicators. 
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Indicator types 

Agri-environmental indicators have been classified according to various conceptual frameworks for 

biodiversity (see Xu & Mage, 2001; Duelli & Obrist, 2003; Clergue et al., 2005; Buchs, 2003a for 

overviews). Besides Noss’ classification of diversity (Noss, 1990), another key publication by Duelli 

& Obrist (2003) approached indicator selection from the angle of three different motivations: 

‘conservation’, ‘pest control’ and ‘ecological resilience’. Also, in the special journal issue of 

Agriculture, Ecosystems & Environment (Buchs 2003b) a multitude of possibilities, requirements and 

applications for biotic indicators have been described.  

Indirect indicators at the landscape scale can be Land Use Intensity (LUI) based or Landscape 

Structural (LS) based. LUI indicators often have the disadvantage that there are no reliable 

measurements available at this spatial scale, especially since the LUI of at least the previous decade 

influences present day environmental quality and therefore has to be known. The same is true for 

landscape structure, but indicators of past LS are usually easier to obtain from topographic maps and 

aerial photographs and obtaining information on present day LS is no problem (Bailey et al., 2007). 

The landscape scale is also the typical scale for reconstruction, recovery or development plans and 

indicators for future LUI and LS can easily be derived from plans and maps. This field has even led to 

the development of specific, dedicated indicators (Bar & Loffler, 2007). 

Indicator types: Single and complex indicators 

The majority of the indicators found (61 % in the database) are single measures for populations (e.g., 

number of species, abundance), landscape (e.g., field size) or land use intensity (amount of fertiliser, 

pesticides applied), but simple indices referring to community structure (e.g., % pioneer species), 

landscape structure (e.g., share of semi-natural elements) or LUI (e.g., share of highly fertilised land) 

are also quite common (Buchs, 2003a; Herzog et al., 2006). The Shannon-Weaver or Simpson indices 

are used as indicators for species communities as well as LS and LUI (Bailey et al., 2007, Buchs, 

2003a). Practically, single indicators are very seldom used for their own merit. The majority of 

applications are within assessment systems like the ones reviewed by Braband et al. (2003) and Galan 

et al. (2007). The increasing interest in biodiversity and ecosystem functions and services (Clergue et 

al., 2005) is leading to the development of more complex community indicators (e.g., Balvanera et al., 

2005) while the increasing interest in easy large-scale assessments using remote sensing imagery is 

leading to the testing and development of more complex landscape measures (Ares et al., 2001; EEA, 

2005). 

Indicator types: Traits 

Animal or plant traits are closely linked to human activities and environmental factors (Pervanchon, 

2004; Clergue et al., 2005) and, therefore, offer a good perspective for the development of indicators. 

For instance, Balvanera et al. (2005) showed the effect of management on functional species and 
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Hendrickx et al. (2007) showed that arthropod communities not only decreased in number due to 

increasing land use intensity and decreasing landscape structure, but also homogenised across the 

landscape, probably ending up with a limited number of generalists with good dispersal capacities 

being present. 

Spatial scale 

Here we take practical use at the relevant assessment levels within the EU as the basic motivation for 

an indicator overview, and, therefore, mainly discuss the utility at three different spatial scales: 

field/farm, regional/landscape and above regional (national to European) scale. These scales are 

distinct in the organisational as well as the spatial sense. 

Assessment schemes at the field/farm scale intend to assess environmental impacts of farming 

practices and monitor ecological achievements. The schemes mostly apply a mix of land use intensity 

indicators (e.g., pesticide and fertiliser use, live stock density, crop rotation schemes), landscape 

structure indicators (e.g., area or length of field margins) and biotic indicators (e.g., weed, vascular 

plant and bird species numbers). Braband et al. (2003) evaluated seven assessment tools used in five 

different European countries and concluded that, while the assessment systems sufficiently reflected 

the state of abiotic resources, for biotic resources “…the ecological quality, the state of the cultivated 

farmland, is not really reflected”. Species oriented indicator systems are deemed best suited to this 

purpose, but complexity and regional specificity are cited as drawbacks. Galan et al. (2007) compared 

the results of five different French assessment tools applied at the same farms. In all these tools, biotic 

indicators played only a minor role. Nevertheless, the tools were found sometimes to produce 

completely different results, which is blamed on the fact that the tools were designed for different 

regions and farming systems.  

Agri-environmental schemes are intended to affect environmental quality and biodiversity at the 

agricultural landscape scale and are usually assessed at that. Environmental Impact Assessments of 

agri-environmental schemes have been the subject of a number of review studies (Primdahl et al., 

2003; Payraudeau & van der Werf, 2005; van der Werf et al., 2007). However, environmental impact 

studies only include the effect on biodiversity at a very general level and in none of the reviews are 

indicators discussed. Also, no studies evaluating or quantifying the effect of agri-environmental 

schemes on landscape structure (e.g., on the share of semi-natural elements) were found. Remarkably, 

a review by Kleijn and Sutherland (2003) evaluating the biodiversity effects of agri-environmental 

schemes, only found 62 evaluation studies originating from just five EU countries and Switzerland, 

with the majority of the studies (76 %) being carried out in the Netherlands and the UK. The review 

was limited to the effects measured by direct biotic indicators. The indicators used for that purpose 

were plants (32 % of studies), insects and spiders (32 %) and birds (47 %), with the exception of a 

single study that used a mammal (the brown hare).  
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Indicators at the landscape scale are often used in relation to the sustainable use of agriculture (e.g., 

Zhen & Routray, 2003). However, objective criteria for sustainability do not yet exist. The 

development of threshold indicators for sustainability is therefore a significant future challenge. 

At the above regional spatial scale, the objective of assessment and monitoring systems is mostly the 

delivery of environmental impact and biodiversity trend information in a form suitable for 

comparisons between regions and countries. After a first indicator evaluation by the OECD (2001) 

several projects have been dedicated to indicator development at this scale (EEA, 2001; EC 2002; 

DelBaere & Nieto, 2004; EEA, 2005). At this scale, the ease of collecting data for large areas and the 

comparability, reproducibility and availability are requirements that almost rule out the use of direct 

biotic indicators. In the EEA’s European scale set of agri-environmental indicators (EEA, 2005), only 

3 of the 16 indicators used for ‘biodiversity and landscape’ can be called biotic measurements 

(‘genetic diversity’, ‘farmland birds’ and ‘impact on habitats and biodiversity’). The other indicators 

are indirect LS indicators that can be calculated from satellite imagery and LUI indicators obtained 

from regional or national statistics. The indicator set is devised to identify trends, threats and policy 

performance and most of the indicators only have a very tenuous link with biodiversity. The same is 

true for the two indicators for the sustainable use of agriculture (‘nitrogen balance’ and ‘area under 

management practises potentially supporting biodiversity’) in the recently proposed first set of 

European headline indicators for biodiversity monitoring (EEA, 2007).  

Given the existence of LS measures with good links to biodiversity at the landscape scale (Bailey et 

al., 2007; Billeter et al., 2008), there certainly is a perspective for the development of agro-ecosystem 

biodiversity indicators with a much better spatial resolution and sensitivity for the effects of landscape 

change, especially for the interregional and international comparison applications often used at the EU 

scale. 

Relationship to management 

Farm and field-scale assessment schemes such as those reviewed by Braband et al. (2003) and Galan 

et al. (2007) directly link to farm management and usually include biotic performance indicators in the 

shape of indicator species or groups. The link between indicators and management is often qualitative 

in the sense that the objective of indication is only to show if pressures have increased or decreased 

and if biodiversity has improved or deteriorated. At this spatial scale, some specific management-

related indicators (such as vascular plants (Wittig et al., 2006) and insect diversity (Di Giulio et al., 

2001)) of impacts of management in grasslands have been described. At the landscape scale, Billeter 

et al. (2008) provide quantitative information about the relationship between species richness in birds, 

vascular plants and arthropods and LUI and LS indicators. Agri-environmental schemes frequently use 

these groups as performance indicators. At the larger spatial scales, the effect of policies is measured 

through performance indicators, e.g., changes in nitrogen and pesticide use, Farmland Bird Index 
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(Gregory et al., 2005), changes in landscape structure, as well as policy performance indicators like 

the change in protected or managed areas (OECD, 2001; EEA, 2005, 2007). 

Indicators of biodiversity and ecosystem services 

The possible damage that biodiversity loss could pose to ecosystem functioning has led to much 

research on the subject, especially on the relationship between diversity and ecosystem stability 

(Loreau et al., 2001; Loreau et al., 2003; see Clergue et al., 2005 for review). Buchs (2003a) reviewed 

biotic indicators of biodiversity and remarked that biodiversity in this case mostly means species 

richness. Since biodiversity sampling is basically labour and time-intensive and therefore expensive, 

the sampling schemes used in monitoring and assessment programs are usually limited to a number of 

easily sampled species groups and/or surrogate measures under the assumption that these are 

indicative of general biodiversity/species richness. The representativeness and sensitivity of sampling 

systems and species groups have therefore regularly been the subjects of research (Duelli et al., 1999; 

Duelli & Obrist, 2003; Oertli et al., 2005; Bailey et al., 2007; Billeter et al., 2008). Although results 

very much depend on method and spatial scale of sampling, vascular plants, birds, arthropods in 

general and carabid beetles in particular are the most suitable and commonly used indicator groups 

(Buchs, 2003a; Kleijn & Sutherland, 2003). 

Agro-ecosystems or, more generally, agricultural landscapes provide a large number of services. Most 

obvious are provisioning services (e.g., food, fuel), but indicators for those account for production 

rather than biodiversity, and are, therefore, not discussed here. Sustainability of the provisioning 

services, however, depends largely on regulating services, the best known and important of which are 

pollination and pest control. Good indicators for these services are obviously the pollinators and pest 

controllers themselves, for many of which threats to service delivery and conditions necessary for 

sustainable service delivery are fairly well known (Allen-Wardell et al., 1998; Stacey, 2003; Klein et 

al., 2007). Moreover, service delivery is enhanced by agri-environmental schemes (Albrecht et al., 

2007). Yet, the literature research in the SCIE did not produce a single reference of a measure 

quantifying a threshold for service delivery. Hence, in general, the level of knowledge about the 

relationship between biodiversity, ecosystem functioning and service delivery still seems to be 

(mainly) qualitative (Jackson et al., 2007). Cultural services delivered by the agro-ecosystem include 

landscape cultural history, recreation and landscape aesthetics. These services require new types of 

indicators of, for example, multi-functionality (Rossing et al., 2007) or visual landscape preferences 

(Dramstad et al., 2006). Indicators for (regulatory) water-related services as well as supporting 

services related to soil formation are discussed elsewhere. 

At the field/farm scale, abiotic and habitat structural indicators are reliable but have the setback that 

they do not reflect the real effect of measures on local biodiversity. Biotic indicators, especially the 

ones based on fauna species, are problematic at this scale because they are prone to the influence of 
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surrounding habitats (meta-population dynamics, larger species like birds) and to the effects of local 

disasters. Because of the existence of seed banks, indicators based on plant species are to a lesser 

extent hampered by these problems. However, the results of both Braband et al. (2003) and Galan et 

al. (2007) show that assessment tools are still devised locally and that even for the abiotic and 

structural components indicators are still not standardised and calibrated. 

Biodiversity effects at the regional/landscape scale can be assessed through direct measurements 

(species numbers and abundance, species composition: Buchs (2003a)), as well as indirect 

measurements (changes in landscape structure and intensity of use: Herzog et al. (2006) and Bailey et 

al. (2007)). Direct biotic measurements are, provided they are used in a correct way to reflect 

landscape biodiversity levels (Duelli & Obrist, 2003), the best suited for the assessment of biodiversity 

states and trends, but they also have several drawbacks such as the time lag between the occurrence of 

environmental change and the reaction of species. Also, biotic measurements are often complex, 

expensive and labour intensive. Landscape structure measurements have the advantage of being easier 

and more cost effective, being suitable for making predictions based on planned landscape 

developments and of easily providing standardised information for interregional or international 

comparisons. But to be really useful, indirect or surrogate indicators must have a known, quantified 

relationship with real biodiversity. Not surprisingly, this relationship has received increasing attention 

over the last decade (Ma et al., 2002; Moser et al., 2002; Dauber et al., 2003; Jeanneret et al., 2003; 

Zechmeister et al., 2003; Bailey et al., 2007; Billeter et al., 2008). 

 

3.4 Soil ecosystems 

Soils are defined as the “upper layer of the earth crust composed of mineral parts, organic substance, 

water, air and living matter (ISO 11074-1, 1996)”. They provide many natural as well as 

anthropogenic functions and services such as decomposition of organic matter, nutrient cycles (carbon, 

nitrogen, sulphur, etc.) or degradation of pollutants (very important for groundwater quality). 

Moreover soil plays an important role in hydrology, it supports buildings and infrastructure and it is 

the substratum for agriculture and nature. Soil also contains a huge amount of organisms with a high 

biodiversity that live in close interaction with the above ground organisms. These soil functions and 

services are under increasing pressures globally by contamination, erosion, organic matter decline, 

compaction, salinisation and landslides (EC, 2006). 

History 

In applied ecology the direct use of organisms as indicators of soil quality has a long tradition (e.g., 

Volz, 1962) and many ad-hoc working groups have used different soil organisms for this purpose, 

particularly protozoa (e.g., Foissner, 1999; Bamforth, 2007), nematodes (e.g., Yeates et al., 1999; 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 28 of 108 

Pavao-Zuckerman & Coleman, 2007), enchytraeids (e.g., Graefe & Schmelz, 1999; Beylich et al., 

2006), earthworms (e.g., Paoletti, 1999; Brown & James, 2006), mites (e.g., Behan-Pelletier, 1999; 

Minor & Cianciolo, 2007) and collembolans (e.g., van Straalen, 1998; Sousa et al., 2006; Greenslade, 

2007). However, as no single group from the several ad-hoc works is able to cover the huge variety of 

sites and soils, none of these group-specific concepts became widely or routinely used (Breure et al., 

2005). On the other hand, contrasting with the aquatic ecosystems, soil quality indices have been 

developed quite recently and most still require further comprehensive work to accomplish their 

validation and standardization before wider implementation in monitoring schemes. 

 

Indicator types 

Altogether, 152 soil indicators were recorded based on 356 SCIE references. A distinctive 

predominance of biotic indicators was found in the literature. 70 % of the references dealt with biotic 

indicators, while 25 % were about the use of abiotic indicators and soil processes; less than 5 % were 

about indices comprising abiotic parameters coupled with biotic indicators. Within biotic indicators, 

more than one third of the references were related to micro-organisms (143 references) and a fifth 

comprised studies with macrofauna (96 references), including below (e.g., earthworms) and above 

ground organisms (e.g., carabids). Micro- and mesofauna were relatively less represented in the 

literature despite the considerable amount of studies focusing on nematodes (48 references) and micro-

arthropods (mites and collembolans with 46 and 43 references, respectively). 

 

Two thirds of the indicators reported referred to direct measures such as soil respiration and soil 

organic matter content (abiotic parameters), microbial biomass measured by phospholipids fatty acids 

and enzymatic activity (microbial parameters), in addition to abundance, biomass and species 

composition of organisms from micro, meso and macrofauna. A considerable relative number of 

indicators found in SCIE references (21 %) were indices calculated to assess soil quality, mostly 

related to microbial parameters. Main examples are the quotient of microbial carbon in the biomass to 

organic carbon content (Cmic/Corg) as an indicator for C-dynamics in soil (Emmerling et al., 2001, 

Anderson 2003, Friedel et al., 2006) and the metabolic quotient (qCO2) as an indicator of energetic 

efficiency (Kutsch et al., 2001; Chapman et al., 2003; Joergensen & Emmerling, 2006).  

Soil quality evaluation traditionally applied the maturity index (e.g., Yeates & Bongers, 1999; Mulder 

et al., 2005). This life-history index has been useful to ecologists in measuring the impact of stressors, 

suggesting a more easy functional interpretation in relation to disturbance (Mulder et al., 2005). Other 

indices based on nematode surveys that were more extensively used were the Channel index - CI (e.g., 

Ferris et al., 2001; Li et al., 2007) and the Plant-Parasitic index - PPI (e.g., Bongers & Bongers, 1998; 

Villenave et al., 2001; Tsiafouli et al., 2006). More recently, a few soil quality indices were also 

developed regarding soil mesofauna, particularly the “Arthropod Acidity Index” (The Netherlands) 

(van Straalen & Verhoef, 1997, van Straalen, 1998), based on the pH preferences of arthropod 
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communities, and the ‘Qualità Biologica del Suolo’ (QBS, Italy; Parisi, 2001; Gardi et al., 2002; Parisi 

et al., 2005), based on an eco-morphological range of arthropod’ edaphic adaptations. Furthermore, 

since the International Conference on the Assessment and Monitoring of Soil Quality (USA, Rodale 

Institute, 1991), scientists have sought to develop indices for evaluating soil quality functions by 

combining and integrating specific soil quality elements, with the main purpose of monitoring 

sustainable production (Arshad & Martin, 2002). Therefore a few soil quality indices (SQ) were 

proposed, integrating abiotic (physical and chemical) parameters with productivity components (e.g., 

Doran & Parkin, 1994), as well as biotic parameters (e.g., Parr et al., 1992). The aim was the 

implementation of a monitoring framework for land management which could be up-scaled from the 

farm level to the regional, national or even global levels and it’s wide use in soil quality assessments 

(Arshad & Martin, 2002). However, this specific goal of soil quality indicators is still far from being 

achieved, since, up to now, there is not a well-defined universal methodology to characterise soil 

quality and to define a set of clear indicators (Doran & Parkin, 1994; Dumanski & Pieri, 2000; Bouma, 

2002). 

Indicator types: Biotic and abiotic indicators 

Concerning the main processes and abiotic parameters, 21 % of SCIE references regarded 

“concentrations of major elements” in soil, 15 % soil respiration, 8 % both N mineralization and litter 

mass loss measured with litter bags, 7 % both pH and bait lamina, 5 % soil organic matter (SOM) 

content. All other abiotic indicators were reported for less than 5 % of the references. 

Almost half of the biotic indicator types encompassed community composition assessments. This 

result was a consequence of the high diversity of compositional indicators within meso and 

macrofauna, as more than 60% of the indicator types found in each of these groups comprised 

compositional indicators. This traditional community approach, based on taxonomical identification of 

soil invertebrates, had already arisen in the early 1960s (Breure et al., 2005) and has been the main 

approach used in several soil quality assessments and monitoring schemes.  

Indicator types: Traits 

Life-traits and other functional indicators are more prevalent than the community composition 

approach for microfauna and micro-organisms. Trait indicators (e.g., microbial biomass parameters) 

encompassed far more than one third of the micro-organism indicator types, followed by other 

functional indicators (e.g., community-level physiological profile – CLPP, biochemical parameters 

such as enzymatic activity) with more than one fifth, while compositional indicators were represented 

with only one fifth. Therefore, in contrast to soil animals and plants, micro-organism communities 

have been traditionally characterized by physiological approaches, i.e., their function and activity, 

instead of the compositional taxonomic approaches. A large number of methods for assessing 

microbial function and activity were lately developed, some of which are already internationally 
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standardized (Winding et al., 2005). Nevertheless, in recent years, much effort has been spent on using 

structural aspects for characterization of the microbial community. For this purpose, molecular 

methods (e.g., Fitter et al., 2005; Fierer & Jackson, 2006; Gomez-Alvarez et al., 2007) as well as the 

determination of single micro-organisms or microbial groups using cell components (e.g., 

phospholipid fatty acids: Spiegelberger et al., 2006; Chen et al., 2007) have been successfully applied 

(Winding et al., 2005). Regarding microfauna, namely nematodes, the predominance of trait indicators 

was even higher, achieving 46 % of all indicator types against the 36 % of compositional indicators. 

This result was not surprising as within the last decade a great evolution occurred from traditional 

compositional approaches to nematode life-traits as soil indicators, such as the trophic groups and life-

history traits, particularly the so-called maturity index (Bongers, 1990; Bongers & Bongers, 1998; 

Yeates & Bongers, 1999; Mulder et al., 2005). Life-history traits were also developed for some meso 

and macrofauna, such as enchytraeids (e.g., Jänsch et al., 2005), earthworms (e.g., Römbke et al., 

2005) and mites (e.g., Behan-Pelletier, 2003; Ruf & Beck, 2005). However, the response trait most 

commonly used within soil fauna is functional composition based on trophic groups (e.g., mesofauna: 

Zaitsev et al., 2002; Gormsen et al., 2006; macrofauna: Olechowicz, 2004; Nahmani et al., 2006) 

although its application as indicators was not extensive in soil quality assessments, compared to the 

traditional approach of soil fauna abundance, biomass and species composition. 

Spatial scales 

Soil indicators have been used most frequently at local and farm scales (about 40 % each), mainly as a 

consequence of the predominance of ad-hoc works based on biotic compositional indicators used in 

direct assessments. In fact, within compositional indicators only 4 % comprised assessments at the 

regional scale, against the 15 % of regional scale assessments concerning functional indicators. The 

prevalence of indicators at the local scale is closely linked to the soil complex patterns of variability 

within small spatial units (e.g., a farm) (Nortcliff, 2002; Svoray & Shoshany, 2004; Bestelmeyer et al., 

2006). This is particularly true for indicators based on taxa with small body sizes and narrow home 

ranges (Chust et al., 2003), such as micro-organisms and soil invertebrates. In fact, species 

composition, number and biomass of micro-organisms and soil invertebrate groups, are extremely 

dependent on the local site properties and the land-use form to be classified and assessed (forest, 

grassland, crop site) (Schloter et al., 2003; Broos et al., 2007). Although the patchiness attribute of 

many soil indicators (e.g., soil invertebrates) has been a useful tool at narrow scales, allowing the 

assessment of ecological soil quality at high resolutions (Beck et al., 2005), this feature also makes it 

more difficult to establish a systematic monitoring framework at regional or national scales. To reach 

this goal, biological concepts for the classification and assessment of soils, based on reference data for 

soil organisms, were developed in various countries, such as the United Kingdom (SOILPACKS, 

Weeks et al., 1998), The Netherlands (BISQ, Schouten et al., 1997) and Germany, (BBSK, Römbke et 

al., 1997). Most of them are based on similar concepts from limnology and aquatic ecotoxicology that 

are already routinely applied (Wright, 2000; Breure et al., 2005; Römbke & Breure, 2005). For 
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instance, the soil biological site classification concept (BBSK) is a monitoring system based on a 

limited number of “site types” in a certain region, each with a well characterised soil community (the 

ecotypes). Therefore, the evaluation of a soil is possible by comparing the observed (sampled) 

community with the expected community for a given site, i.e. under reference conditions (Ruf et al., 

2000). Moreover, in the biological indicator for soil quality (BISQ), the combination of biotic and 

abiotic measurements in the same monitoring program leads to the possibility of deducing response 

models for individual indicators. With such models based on the dataset obtained, predictions can be 

made about effects of environmental and human impact scenarios, which are important for soil 

monitoring from local to national scales (Breure et al., 2005). Multi-scale indicators based on soil 

process models have been mainly used in drought and erosion risk assessments (e.g., Svoray and 

Shoshany, 2004; Ludwig et al., 2007) as well as in soil contamination evaluations (e.g., Stein et al., 

2001), through remotely sensed data.  

Indicators of biodiversity and ecosystem services 

Soil habitats comprise one of the most diverse assemblages of living organisms on earth (Giller et al., 

1997). For instance, according to recent estimations soil animals may represent as much as 23 % of the 

total biodiversity that has already been described (Decaëns et al., 2006). The activities and interactions 

of soil organisms are responsible for the ecological processes in the soil that provide the basic 

conditions for ecosystem maintenance. However, soil biodiversity has been neglected as an integral 

part of ecological quality and as a key issue for “sustainable development” despite the adoption of the 

concept of “the sustainable use of biodiversity” in the United Nations Conference on Environment and 

Development in Rio de Janeiro (Agenda 21: UNCED, 1992) (Römbke & Breure, 2005). In fact, 

according to the SCIE references, two thirds of the indicators have been mainly used for habitat 

quality assessment and monitoring purposes, almost one fifth (24 %) for ecological status and 

functioning purposes, whereas only 8 % have been used as biodiversity indicators. Moreover, the 

majority of indicators used for biodiversity evaluations are mainly related with the uppermost soil 

layers, the soil surface and the litter layer, such as beetles (particularly ground-beetles) and spiders, as 

well as plants (13 % of each were used as biodiversity indicators), i.e., not strongly related to edaphic 

biodiversity. Nevertheless, organizations such as the FAO and OECD have already started initiatives 

towards the sustainable use of soil biodiversity (FAO, 2003a,b; OECD, 2004). Since sustainability 

assessments require constant monitoring, this need was recently realized by the European Union in its 

first activities for soil protection (EU, 2002), where the monitoring of soil quality as a habitat for soil 

organisms is one of the main topics. The protection of soil biodiversity was explicitly highlighted in 

the report of Task Group 3 ‘OM and Biodiversity’ of the Working Group on Loss of Organic Matter 

(Van Camp et al., 2004). The implementation of this initiative will also be connected with the 

protection of soil services as these are highly dependent on the activity of many types of soil 

organisms (from micro-organisms to a wide variety of invertebrates like earthworms and mites) 

(Römbke & Breure, 2005). However, according to the most recent draft of the Soil Framework 
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Directive (SFD; EC, 2006), the assessment of soil biodiversity is hampered by the lack of knowledge 

on soil organism communities in several European regions. This means that soil biodiversity is not 

discussed to the same degree as other threats listed in the SFD such as soil erosion or contamination.  

According to the service classification of the Millennium Ecosystem Assessment (MA, 2005a), soil 

indicators are mainly related with supporting services, which comprised almost half of the indicators 

found in SCIE references, as well as regulatory services, comprising almost 40 % of the indicators. 

Within supporting services the main processes provided by the overall soil indicators are nutrient 

cycling (28 %), decomposition of organic matter (24 %), soil formation (21 %) and primary 

production (14 %). Several soil components, biotic and abiotic, are involved in these services in a 

complex network of interactions. For example, the mixing of organic and mineral soil particles 

including the formation of clay-humus complexes, the stabilization of soil particles by mucous 

substances, and the decomposition and mineralization of organic material (e.g., litter), as well as the 

facilitation of its availability to plants, are activities performed by various interacting groups of 

invertebrates and micro-organisms (Römbke & Breure 2005). Provisioning and cultural services were 

less represented, although 9 % of soil indicators were connected with provision of habitat. For 

instance, indicators such as the so-called ‘ecosystem engineers’ (mainly earthworms, termites and 

ants), through their burrowing and casting activities, modulate the availability of resources to other 

soil inhabitants, e.g., micro-organisms and plants (Jones et al., 1994; Jouquet et al., 2006). These 

relations of soil organisms to processes such as nutrient cycling, decomposition, soil formation and 

plant production, are well documented in the literature (e.g., Lavelle et al., 1997; 2006; Helling & 

Larink, 1998; Brown et al., 2004; Cole et al., 2006; Jiménez & Lal, 2006; Ortiz-Ceballos et al., 2007). 

Moreover, despite the fact that soil life support functions could best be based on the direct 

measurement of processes (indicators such as N mineralization, litter mass loss, aggregate stability, 

bulk density, water holding capacity), it had been more practical to use species composition, 

aggregated in functional groups (effect life-traits, such as biomass of decomposers, proportion of 

different trophic groups), as an indicator for the capability of processes (Heemsbergen et al., 2004; 

Beck et al., 2005). This is particularly true for biodiversity assessments due to the common soil feature 

of ecological redundancy which impedes the quantification of the relationship between ecosystem 

functioning and biodiversity. In fact, the maintenance of a process is possible while species 

composition has changed or degraded. Hence, biodiversity protection cannot be guaranteed by the 

simple measuring of process values. Functional dissimilarity (e.g., Heemsbergen et al., 2004) based on 

species composition or life-traits seems to be the best indicator to assess and monitor soil life support 

functions and the sustainable use of soil biodiversity. 
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3.5 Wetland ecosystems 

Wetlands are some of the most threatened ecosystems of the world, partly because of the historical 

significant loss of wetlands linked to human hydrological alteration of the landscape (i.e. draining and 

filling of wetlands). However, threats to wetlands have become especially severe, because their 

importance as highly diverse systems of functional importance for humanity has only very recently 

been acknowledged widely by non-scientists. 

Indicator types 

Wetland assessment is presently driven by the management of environmental protection, recreation, 

aesthetics and production of renewable resources (Mitsch & Gosselink, 2000). Depending on the 

management focus, different sets of indicators have been identified belonging to very different 

ecological conceptual approaches, ranging from species indicators used to identify wetland habitats 

(Tiner, 2006) to the quantification of biological and physico-chemical processes (see a review in 

Gutknecht et al., 2006). The highly diverse and heterogeneous nature of wetland systems is reflected 

in the diversity of research approaches used for their environmental assessment. A total of 45 

references have been examined, four of which were based on hybrid assessment systems combining 

abiotic-biotic indicators. The remaining references corresponded to biotic (72 %), abiotic (26 %) and 

landscape (2 %) indicators. 

Due to their inherent nature as ecotones between terrestrial and aquatic systems, wetlands need to be 

delimitated within the landscape. Geographic information systems are advanced tools for wetlands 

delimitation, usually based on the coupling between remote sensing interpretation and field data. 

Physical indicators, like the NIR/blue ratio can discriminate among moisture-driven land use/land 

cover variations, wetland types and the extent of moisture stress (Dupigny-Giroux, 2007). Such 

indicators can also be used to develop indices of human disturbance (the level of human induced 

impacts on the biological, chemical, and physical processes of surrounding lands or waters) e.g., the 

landscape development intensity (LDI) index at the watershed scale. Based on land uses and land 

cover, the LDI can be applied using available GIS land use/land cover data, aerial photographs, or 

field surveys (Brown & Vivas, 2005). Other indicators like total area of wetland (linking response to 

water levels) are used to assess the effects of different regulation plans under current and future 

(climate change) water-supply scenarios (Hudon et al., 2006). 

Plant-lists enumerate indicator species that grow in wetlands and that could be used to identify 

wetlands according to defined classification systems (Cowardin et al., 1979; Tiner, 2006). Plant-lists 

are part of inventories (listing observable or measurable physical, chemical and biological features), 

methods gathering quantitative information to classify wetland types (Innis et al., 2000). Wetland 

classification based upon hydrological and geomorphic settings allows their functional assessment 
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using a combination of abiotic and biotic indicators (Adamus et al., 1991; Brinson, 1993; Brinson et 

al., 1995; Brinson, 1996). The classification suggested by Brinson (1993) is used to evaluate wetland 

functions: 

• assessing the physical, chemical and biological functions of wetlands, 

• being useful for comparing the level of functional integrity of wetlands within the same 

functional class or 

• evaluating the impact of proposed human activities on wetlands and mitigation alternatives. 

Indicator types: Biotic and abiotic indicators  

Linking abiotic and biotic indicators, process-based and biochemical or gene-based assays are 

becoming more and more important as we seek a mechanistic understanding of the response of 

wetland ecosystems to current and future anthropogenic perturbations (Gutknecht et al., 2006). 

Thirteen percent of the abiotic indicators are used to evaluate functional processes, either by direct 

measurement of chemicals or model equations. Wetland processes being mediated by the biota (i.e. 

nitrification, denitrification and methanogenesis) and/or by particular abiotic environmental features 

are characterised at local scale wetlands. This variation in the chemical-nutrient compartments reflects 

the response of nutrient cycling to fluctuating hydrology and nutrients. The use of chemical indicators 

in wetland assessment is based on the assumption that wetlands perform specific hydrological and 

water quality functions (Fisher & Acreman, 2004). Some of the chemical measurements correspond to 

classical indicators of wetland eutrophication such as nitrate, phosphorus and dissolved oxygen 

(Kennedy & Murphy, 2004; Stratford et al., 2004a), while others relate to bio-accumulation processes 

of importance under pollution by heavy metals (Evers et al., 2007). In general rates of retention or 

removal of contaminants and nutrients are measured to evaluate wetland functioning as either sinks or 

sources in relation to nutrient loadings to water bodies, restoration programmes and creation of 

treatment wetlands (Knox et al., 2006; Jansson et al., 1998; Fisher & Acreman, 2004). 

The biochemical indication, addresses biotic biomass evaluations over disturbance gradients, either 

nutrient enrichment or diverse pollution sources from base trophic levels, including bacteria (Cordova-

Kreylos et al., 2006) and algae (McNair, 2003), to higher predatory levels, i.e. the European eel (Teles 

et al., 2007). The biochemical indicator methods also approach functional integrative measures of food 

web structure and its response to hydrology and nutrient enrichment (Sierszen et al., 2006). 

Within the biotic indicators, 55 % correspond to the species and community level of a very diverse 

array of flora and faunal groups, from micro-organisms (algae and bacteria) to vertebrates. All of these 

may be used in general as biodiversity indicators for conservation evaluation, supporting wildlife 

enhancement in wetlands (Stefanescu et al., 2005; Calhoun et al., 2002; Paillisson et al., 2002; Garcia, 
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2007), and including a wide variety of floral and faunal groups, for example, bacteria, algae, 

herbaceous plants, trees, invertebrates, amphibians, fish, birds etc.  

Forty-eight percent have been developed with the aim of indicating the effects of human activities on 

ecological functions, health, or integrity of wetland systems, for instance: 

• Index of Biological Integrity (IBI, U.S. EPA, 1998), 

• European Water Framework Directive Ecological Status (Boix et al., 2005), 

• Wetland Biological Condition (Lougheed et al., 2007) and 

• Ecological Quality according to Seilheimer & Chow-Fraser (2006). 

Biological indicators that aim at the classification of water quality in general, include: 

• single community structural metrics (e.g., richness, abundance, etc.) 

• ecological diversity indices including added effects of weighted tolerance values of 

invertebrate species (Boix et al., 2005), 

• multimetrics (U.S. EPA, 1998), and 

• predictive models, such as RIVPACS (Davis et al., 2006). 

Indicator types: Traits 

Species traits in wetlands (8 % of SCIE references) are used for the setting of a vast array of 

management objectives, and also to assess their success, from wetland identification goals by plant 

species whose indicator status reflects its frequency of occurrence in wetlands (Tiner, 2006), to 

ecological life history traits reflecting the adaptation of species to the environment. Life history 

attributes of butterflies can also be related to habitat types (Stefanescu et al., 2005), whilst a water bird 

community showed trait responses to the management regime of a wet grassland system, small 

changes in the water regime and hunting disturbance (Paillisson et al., 2002). Species traits are also 

increasingly being considered in building up multimetric indices covering a range of structural and 

functional community metrics, for example the Index of biological integrity (U.S. EPA, 1998). 

Spatial scales 

Eighty-three percent of the indicators are used at scales ranging from local to regional, emphasising 

the need for small scale indication due to wetland heterogeneity and diversity. The greater sub- and 

global scales of indication corresponding to landscape indicators are of significance in evaluating large 

scale management strategies (e.g., Jansson et al., 1998) and wetland evaluation in relation with other 

less valuable ecosystems (Costanza et al., 1997). 

Relation to management 

Wetland classification schemes highlight the great diversity of wetland types (Finlayson & van der 

Valk, 1995). Moreover, the high diversity of habitats in wetlands is mainly regulated by habitat 
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heterogeneity and the organisms themselves (i.e. plant structure within the water column). Nonetheless 

there are not many habitat indicators for wetlands, even if some approaches (e.g., evaluation of 

wetland condition, U.S. EPA, 2002) deal with the evaluation of habitat and hydrology alteration. 

Historical wetland alteration and destruction, mainly caused by land conversion to agricultural use, has 

reduced the wetlands that existed in the world since 1900 by up to 50 % according to some estimates 

(OECD, 1996). Present management of wetland habitats has been focused towards enhancement of 

wildlife habitats to increase biodiversity. Hudon et al. (2006) provide an example of linking wetland 

response to water levels and assessing the effects of different regulation plans under current and future 

(climate change) water-supply scenarios for the total area of wetland. Restoration or creation of 

wetland habitats as “treatment wetlands” to improve water quality in surface waters makes use of 

indicators in assessing success (Stratford et al., 2004b; Acreman et al., in press). Due to human 

modification of natural hydrology, many restoration programmes are based on the management of 

water level, and the success of these programmes is being evaluated with biodiversity biological 

indicators.  

Thirty-one percent of the indicators are used for the habitat management of wetlands, addressing 

conservation objectives from the EU Habitats Directive and NATURA 2000 network, while ca. 38 % 

are indicators for the Water Framework Directive and nearly 13 % are indicators considered in 

National Water Quality Monitoring schemes. 

Indicators of biodiversity and ecosystem services 

Wetland biodiversity covers aspects of diversity of species, genes and ecosystems, and the diversity 

and functions of the whole ecosystem of which they are part. Accordingly, most indicators of the 

wetland database are directly or indirectly addressing biodiversity. The strong focus on wetland 

biodiversity for conservation reflects the high representation in the database of biodiversity indicators. 

Meanwhile, recent comparative studies on wetlands across world wide regions point at the lack of 

proper assessment on wetlands biodiversity, thus limiting wetland comparisons, and the need for 

increase research and conservation of biodiversity in wetlands (Gopal & Junk, 2001). Wetlands are 

appreciated for their provisioning of wetland habitats and species. Indeed a high percentage of the 

indicators (65 %) are related with provisioning services such as genetic resources or biodiversity, and 

other products obtained from wetlands such as freshwater (14 %), habitat (13 %) and food (6 %). A 

key issue in wetlands is the relationship between the conservation of genetic resources, species and 

habitats, and the ecosystem provision of basic needs of life, which promotes the need of integrated 

management strategies and human sustainable use of wetland resources. Wetlands are some of the 

most productive ecosystems in the world. Wetlands support high productivity of plants but not always 

high plant diversity, while animal communities are more diverse (Zedler & Kercher, 2005). It is the 

presence of water, high plant productivity and other habitat qualities that attracts high numbers of 
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animals and animal species, many of which depend entirely on wetlands (Zedler & Kercher, 2005). 

Still there is a need for further research on hypotheses relating biodiversity to system stability, 

productivity and species redundancy in wetlands. If we aim for effective management, conservation 

and restoration of wetlands, an important driving question is “how could species loss and changes in 

community composition affect ecosystem functioning, resilience after disturbance, and services to 

humans?” 

The wetland indicators are highly related to important ecosystem services such as self-purification 

(44 %), water retention (20 %) (i.e. flood mitigation, storm abatement and aquifer discharge), waste 

detoxification and decomposition (15 %) and disease regulation (12 %), the latter two of human health 

concern. At the regional and global scales wetland functions maintain water and air quality, and 

influence global cycles of nitrogen, sulphur, methane and carbon dioxide (Mitsch & Gosselink, 2000). 

The indicators emphasise the importance of ecosystem functions in relation to the support of nutrient 

cycling (30 %), photosynthesis and primary production (38 %), decomposition (16 %) and water 

cycling (15 %), all of which are important regulation processes on wetland productivity.  

Some evaluation techniques, such as the classification of Brinson (1993) provide functional evaluation 

related to ecosystem values. Following Costanza et al. (1997) wetlands are valued in second place 

after estuaries as being most valuable for ecosystem services at the world scale. 

 

3.6 River ecosystems 

History and indicator types  

Altogether, 167 references were used for this study, about half of which describe the development or 

application of single indices, either biotic or abiotic. The application of biotic indices for monitoring 

rivers dates back more than 100 years, when the first saprobic system was developed in Germany 

(Kolkwitz & Marsson, 1902; 1908). The underlying principle of biotic indices has not fundamentally 

changed since then. Saprobic values are being allocated to species – mainly micro-organisms and 

benthic macroinvertebrates – which are known to be sensitive (low value) or tolerant (high value) to 

pollution with organic substances. The average saprobic value weighted by the species’ abundance is 

the Saprobic Index. Saprobic indices are still widely used in Europe (overview in Rolauffs at al., 2004) 

and have several times been adapted to changing demands in water quality monitoring (Friedrich, 

1990; Rolauffs et al., 2004), most recently to fulfil the requirements of the European Water 

Framework Directive (Friedrich & Herbst, 2004). While the first approaches targeted steep pollution 

gradients, Saprobic Indices are more recently addressing subtle differences in organic load and 

differentiate between river types. 
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Another large group of indicators (18 % of all single indices) address the assessment of eutrophication 

with benthic diatoms (see also Kelly, 1998). Diatom indices adapted to regional conditions have 

recently been developed for Eastern Canada (Lavoie et al., 2006), the USA (Fore & Grafe, 2002; 

Wang et al., 2005), South Africa (Bate et al., 2004), China (Tang et al., 2006), Brazil (Salomoni et al., 

2006), Nepal and India (Juttner et al., 2003), Italy (Torrisi & Dell’Uomo, 2006) and Australia (Dela-

Cruz et al., 2006). Macrophytes are less frequently used to indicate eutrophication intensity, however, 

some systems have been developed recently, particularly in Europe (Meilinger et al., 2005; 

Soszkiewicz et al., 2006). Trophic indices follow the same principal as saprobic indices: 

Sensitivity/tolerance values for species are subsumed and result in a final index, typically the weighted 

average of the tolerance values.  

While saprobic and trophic indices address the intensity of a single stressor, multimetric indices 

consider functional aspects of the riverine community (23 % of the indices). Karr (1981) developed an 

Index of Biotic Integrity (IBI) for fishes in North America using 12 component indices (metrics). The 

IBI includes, for instance, the proportion of feeding types, spawning habits or migration types, all of 

which are community-based measures. The use of numerous functional metrics, each reflecting a 

different aspect of the community, provides a more general result, which may respond to the effects of 

multiple stressors. These multimetric indices form the basis of the US rapid field assessment and river 

monitoring (Barbour et al., 1999; Karr & Chu, 1999, 2000) and are also widely used for river 

assessment and monitoring according to the European Water Framework Directive, covering 

macroinvertebrates (Hering et al., 2004; Furse et al., 2006), fish (FAME consortium, 2004; Pont et al., 

2006) and macrophytes (Schaumburg et al., 2004).  

An approach comparable to multimetric indices aggregates (abiotic) environmental parameters, such 

as land use, habitat or chemical parameters (24 % of indicators regarded). Raven et al. (1997) 

developed the River Habitat Survey (RHS). It is based on an extensive field survey of hydrological 

and morphological parameters recorded at ten spot checks along a section of 500 m river length, such 

as the bed substrata, flow patterns, bank and riparian vegetation and modification (weirs, dams, or 

bank enforcement). Two indices are computed based on field records: the Habitat Quality Assessment 

and the Habitat Modification Score. The system is well-established in the U.K. and part of the 

environmental framework of RIVPACS (see below). Principally, it is applicable in the major 

European ecoregions: lowlands, mountains, Alps and Mediterranean (Buffagni & Kemp, 2002; Furse 

et al., 2006; Szoszkiewicz et al., 2006). Similar field survey-based methods have been developed for 

Germany (LAWA, 2000; national standard for Germany) and Portugal (Oliveira & Cortes, 2005). The 

German “Strukturgütekartierung” considers 26 parameters classified into six groups: channel course, 

longitudinal and transverse profile, bed substrata, bank character and surroundings. The parameters are 

recorded along 100 m channel segments and compared to a reference condition. Flotemersch et al. 

(2006) summarised several multimetric habitat indices developed in the USA, for instance, the non-
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wadeable stream habitat index for Michigan (NWHI, Merritt et al., 2005; Wilhelm et al., 2005) or the 

qualitative habitat evaluation index for Ohio (QHEI, Rankin, 1989). 

A recent and relatively small group of habitat indicators measures and validates river restoration 

success (3 % of SCIE references). This group is gaining increasing attention, particularly as a 

consequence of recent changes in European water policies. For instance, Rohde et al. (2004) 

introduced several landscape metrics to assess river restoration, while Woolsey et al. (2007) presented 

49 indicators to measure river restoration success in Switzerland at regional and local scales. Proposed 

indicators address: project acceptance, stakeholder participation, recreational aspects, landscape 

aspects, longitudinal connectivity, hydro-geomorphologic and hydraulic parameters, measures of bed 

load and organic material and river bed conditions. 

Six percent of indicators comprise predictive models, using environmental predictor variables to 

model community composition under the given environmental conditions. The RIVPACS system 

(Armitage et al., 1987; Wright et al., 1984, 1989) considers more than 730 reference sites in the U.K. 

to predict the macroinvertebrate community of any test sites. The observed community is compared to 

the modelled expected reference; the deviation is equivalent to the degree of impairment. This 

approach has been modified for Australia (AusRivAS; Smith et al, 1999), while Pont et al. (2006) use 

a predictive system for calculating the expected fish community according to the site’s locality and 

abiotic characteristics (altitude, temperature, physico-chemical conditions, hydromorphology). By 

comparison with reference conditions, the model predicts ten single related metrics, which are finally 

combined into a multimetric index, the ‘European Fish Index’ (FAME consortium, 2004). Reynoldson 

et al. (1995) developed predictive models that relate site habitat attributes to an expected community, 

the BEnthic Assessment of SedimenT (BEAST). At the pan-European scale, Brack et al. (2005) 

recently developed models for the impact of environmental pollutants (MODELKEY). MODELKEY 

built on existing studies linking chemical pollution in European river basins to measurable ecotoxic 

effects and aimed at forecasting the risks of key pollutants on both freshwater and marine ecosystems 

at the river basin scale (including the marine environment). Self-organising maps and artificial neural 

networks are used for predicting the communities of diatoms (Park et al., 2006), benthic invertebrates 

(Park et al., 2004) and fish (Guegan et al., 1998). Predictive models have also been developed for 

environmental variables. The Physical Habitat Simulation System (PHABSIM, e.g., Maddock, 1999) 

is based on field measurements of channel shape, water depth, velocity and substrates. PHABSIM 

provides simulations of the quality and quantity of existing habitat vs. flow relationships.  

Indicator types: Traits 

Townsend & Hildrew (1994) introduced another group of indicators referring to functional community 

aspects: the species traits. Species traits are biological attributes, such as life cycle, feeding behaviour, 

reproduction, or body size, which are supposed to be controlled by habitat conditions and reflect 
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environmental stress on the habitat. Traits were initially utilised to test the habitat template theory 

(Townsend & Hildrew, 1994; Townsend at al., 1997). An overview of benthic macroinvertebrate 

species traits has been given by Usseglio-Polatera (2000), while Dolédec (1999), Bady (2005) and 

Statzner (2001, 2005) addressed their potential for river biomonitoring. Pont et al. (2006) apply fish 

traits for river assessment at a European scale. In multimetric indices, species traits already constitute 

part of the component metrics (e.g., Lorenz et al., 2004). Altogether, 12 % of SCIE references refer to 

this indicator group. An increasing application of traits in river assessment and monitoring is expected 

in the future, since species and community traits potentially provide valuable insight into the 

functional composition of riverine communities and the functional aspects of biodiversity. 

Spatial scales 

River assessment usually aims at indicating the water quality and – more recently as a consequence of 

the Water Framework Directive (WFD) – the overall ecological quality. The assessment is usually 

based on field sampling at the local scale (water body-related). Upscaling has been possible, with 

some limitation, to the national level, at which water and river quality maps are regularly compiled 

and published. In theory, river bioassessment should be possible at the regional or even sub-global 

scale in the near future, since the WFD requires comparable assessment at a pan-European scale. 

However, to achieve this goal, additional effort will be necessary to make national indicators and 

indication systems comparable throughout Europe, which is still aimed at the so-called intercalibration 

exercises. 

The river habitat indices presented above also depend on a number of parameters recorded in the field 

and, thus, inherently represent local- to regional-scale methods, too. At larger spatial scales 

(landscape, sub-global, global) the increasing availability of powerful GIS tools recently stimulated 

the use of remote sensing for river quality assessment, however, they still constitute only 5 % of the 

total indicators. Tiner (2004) described a method for monitoring the general condition of natural 

habitat in watersheds based on remotely-sensed data. Likewise, Jones et al. (2007) used large-scale 

indicators derived from the 1990/2000 CORINE dataset on land cover (EEA, 2006) and digital 

elevation models, for a cross-European landscape analysis, for instance, ‘% land cover change near 

rivers’ or ‘change in cropland on > 3 % slopes’. Revenga et al. (2000) introduced a global river 

fragmentation index and applied it to 227 rivers worldwide. Vorosmarty et al. (2005) presented 

indicators of emerging water stress based on geospatial measures (metrics).  

Indicators of biodiversity and ecosystem services 

Nearly a fifth of the SCIE references (19 %) directly or indirectly account for biodiversity. These 

indicators mainly refer to species richness, either of the river community (e.g., Angermeier & 

Winston, 1997; Ferreira et al., 2005; Jacobsen et al., 1997) or the riparian area (e.g., Fierke & 

Kaufmann, 2006). Although the use of species richness as a proxy for biodiversity has often been 
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criticised (e.g., Angermeier & Karr, 1994; Sanjit & Bhatt, 2005), more generic approaches are still in 

their infancy. Biodiversity has many components: genetic diversity, species number and abundance, 

community composition, range of functional traits and related processes, and spatial distribution (Diaz 

et al., 2006). Generic concepts for rivers aim at the quantification of ecosystem processes and 

functional diversity (biological integrity sensu Angermeier & Karr, 1994) and the analysis of species 

traits (Charvet et al., 1998; 2000; Dolédec et al., 1999; Gayraud et al., 2003; Bady et al., 2005; 

Statzner at al., 2005; Bêche et al., 2006), which are frequently analysed by fuzzy correspondence 

analysis (Chevenet et al., 1994). Unlike Bady et al. (2005), who presented an ‘Index of Functional 

Diversity’ for biomonitoring large rivers at a European scale, most authors focus on species traits as 

indicators of environmental stress. 89 % of all references are applied for quality assessment and trend 

monitoring, particularly if the multimetrics incorporate various diversity measures. The 2002 

inventory of biodiversity indicators in Europe (EEA, 2003) listed 655 existing biodiversity indicators, 

only 25 of which directly refer to rivers (water) and only one accounts for (fish family) biodiversity. 

“Biodiversity has well-established or putative effects on a number of ecosystem services mediated by 

ecosystem processes” (Diaz et al., 2006). Following the service classification of the Millennium 

Ecosystem Assessment (MA, 2005a), rivers provide food (fish, crayfish, water) and regulate 

ecosystem processes (nutrient transport, decomposition, self-purification), they provide cultural and 

aesthetic services (religious, spiritual and recreational values, tourism), and support nutrient and water 

cycling. The specific role, however, that biodiversity plays for service provision of rivers has not yet 

been clearly and adequately defined. The provision of fish, for instance, is often linked to a couple of 

(economically important) target species, which, moreover, may be alien to a river system (e.g., 

Rainbow trout Oncorhynchus mykiss in European rivers). The service ‘nutrient and sediment buffer’ 

depends on specific characteristics of the riparian vegetation (see Naiman et al., 1993 for a general 

overview). The buffer width and density, the composition of the riparian plant community, the growth 

forms and their zonation control the service rate. Dosskey (2001) quantified the sediment retention 

capacity of riparian buffers and found that 5–20 m wide grass strips retain 40–100 % sediments. 

According to Correll (2005) a 30 m wide mixed riparian buffer removes 92–100 % nitrate from the 

upper (root-penetrated) groundwater layer. Nitrate uptake was mainly controlled by riparian trees, as 

their roots grow deep enough to reach the groundwater layer. Therefore, functional attributes can be 

linked to ecological processes, whereas the combination of attributes determines the service (rate). 

Thus, we need to account for the multiple aspects of biodiversity sensu Noss (1990) in order to cover 

biodiversity at an appropriate level. 

To our knowledge, very few studies, besides the MA (2005a), focus on river ecosystem service 

indicators (none of the SCIE references analysed for rivers). The MA indicators do not sufficiently 

cover the regional and smaller spatial scales, which are often subject to regular regional and national 

assessment and monitoring programmes.  
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3.7 Landscapes 

Theoretically, landscapes exist at several spatial and temporal scales, depending on the process or 

organism being studied (Turner, 2005). Relationships between landscape patterns and species traits, 

populations, and entire biotic communities have been described at a range of scales, ranging from 

beetles in very small landscapes (Wiens et al., 1997) to birds, mammals, and reptiles at regional and 

continental scales (Robinson et al., 1995; O’Connor et al., 1996; Atauri et al., 2001; Donovan & 

Flather, 2002). At basin and regional scales, landscapes usually consist of a mixture of ecosystems 

such as wetlands, streams, forests, woodlands, agriculture, and urban settings (Wickham & Norton, 

1994; Wascher, 2005). It is the interactions of these ecosystems in space and time that often determine 

the outcome of species and communities (Hovel & Lipcius, 2001; Murphy & Lovell-Doust, 2004).  

History 

The importance of spatial variability and landscape arrangement in ecology had its roots in the mid 

1800s (Schreiber, 1990). By the late 1930s, aerial photography started to revolutionise landscape 

analysis by providing unprecedented views of the environment. Geographers and ecologists started to 

ask basic questions about the causes and consequences of landscape configuration on ecology, and in 

the late 1930s, Carl Troll, a German geographer and ecologist, coined the term landscape ecology 

(Schreiber, 1990; Turner, 2005). Since then, landscape ecology has been defined in many ways (Risser 

et al., 1984, Forman & Godron, 1986; Urban et al., 1987; Turner, 1989; Schreiber, 1990; Pickett & 

Cadenasso, 1995; Manel et al., 2003), but all definitions emphasise reciprocal relationships between 

spatial heterogeneity and ecological processes and functions (Turner, 2005). Landscape indicators 

have their foundation in these relationships (Turner, 1989; O’Neill et al., 1988; Jones et al., 1996; 

Gustafson, 1998; Lathrop et al., 2007). With the advent of new imagery from aircraft and earth 

observing satellites (e.g., Landsat), and advances in computing, landscape ecology and associated 

landscape indicators have exploded since the early 1990s (Haines-Young & Chopping, 1996; 

Gustafson, 1998; Turner, 2005). 

Many different biophysical classifications have been derived for landscapes. Some of them classify 

different combinations of spatial heterogeneity of primary land-surface attributes such as land cover 

(Wickham & Norton, 1994), some classify spatial variability in biophysical attributes and patterns 

(Detenbeck et al., 2000; Jensen et al., 2001; Jongman et al., 2006), whereas others attempt to capture 

spatial variation and patterns of environmental, cultural features and history (Mucher et al., 2003; 

Wascher, 2005). In some cases landscapes are classified based on their ability to capture fundamental 

disturbance processes such as fire (Rollins et al., 2004). Significant increases in the number and 

availability of digital spatial databases at multiple scales have facilitated development of many of 

these classification systems. 
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Indicator types and spatial scales 

Simple measures of landscape composition and pattern originated from island biogeography theory 

(MacArthur & Wilson, 1967), before digital database were available. Patch sizes and distances have 

been used to estimate emigration and immigration processes, as well as extinction probabilities of 

species across a range of spatial scales (MacArthur & Wilson, 1967; Brown, 1971; Martin, 1980; 

Jones et al., 1985). Generation and use of landscape metrics in environmental and ecological research 

and assessments has exploded since the late 1980s, but especially since the late 1990s (Gustafsen, 

1998). Proliferation of landscape metrics has resulted from increased availability of digital databases 

of land cover, vegetation distribution, soil characteristics, topographic characteristics, and other 

biophysical data via websites and data portals, and because of advances in computer processing speed, 

the amount of data that can be stored and processed, and software development (e.g., image 

classification software, geographic information systems or GIS, and statistical and modelling 

packages; Jones et al., 2005). Development of the field of landscape ecology in the mid-to-late 1980s, 

and interest in relationships between pattern and process, also fuelled development of landscape 

metrics and indicators (Risser et al., 1984; Forman & Godron, 1986; Urban et al., 1987; Turner, 1989; 

Turner, 2005). 

Landscape metrics include a wide variety of measures of spatial composition and pattern of habitats, 

land-cover and land-use, ecosystems, and other land-surface features over a given area of interest 

(O’Neill et al., 1988; Haines-Young & Chopping, 1996; Gustafson, 1998; Lathrop et al., 2007). These 

include measures of composition (e.g., the amount or proportion of habitat in an area), shape 

complexity (e.g., fractal dimension), patch size, connectivity (e.g., fragmentation, contagion, and 

percolation measures), distance measures (e.g., between patches), and attribute diversity and/or 

complexity. Areas of analysis can include very local scale analysis of habitats (Wiens et al., 1997), 

within specific parts of a landscape (e.g., riparian ecosystems, Baker et al., 2006; Jones et al., 2007; 

Rheinhardt et al., 2007), within and across catchments (Jones et al., 1997; Jennings & Jarnagin, 2002; 

Walker et al., 2002), and across entire regions (Jones et al., 1997), continents (Wade et al., 2003; Jones 

et al., 2007), and the globe (Riitters et al., 2000). Landscape metrics also have been used in near-shore 

and coastal water habitats (Hovel and Lipcius, 2001).  

A landscape metric becomes an indicator when qualitative and quantitative relationships are 

established (Jones et al. 1996), although the terms “landscape metrics,” landscape indicators,”, and 

“landscape indices” have often been used interchangeably. In this way the metric becomes an indicator 

or surrogate of important biophysical processes, ecological states, or pressures. Mander et al. (2005) 

make a similar distinction, describing metrics and indicators as either structural or functional. 

Structural indicators include the wide range of metrics generated from programs like FRAGSTATS 

(McGarigal & Marks, 1995), whereas functional indicators are more directly linked to processes. In 

many cases, landscape metrics and indicators have been used in models (empirical and process 
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models) to evaluate the response of specific environmental themes to changes in landscape 

composition and pattern.  

Landscape metrics, indicators, and models have been used to evaluate individual species distributions, 

as well as patterns of species richness and diversity. Some studies have documented significant 

quantitative relationships between species distribution and home ranges and landscape composition 

and pattern. Kie et al. (2002) predicted mule deer distribution and home ranges. They found mule deer 

home ranges to be inversely correlated to edge density, mean shape, and fractal dimension, and 

positively correlated with contagion, across all scales of investigation. Significant correlations with 

mean patch size, patch richness, and an index of mean edge contrast were scale dependent. Verboom 

et al. (1991) found correlations between extinction rates of European nuthatch metapopulations and 

patch size and quality, and correlations between colonization rates and the density of surrounding 

patches occupied by nuthatches. Forest edges appear to be important for migration in some species, 

such as chickadees (Descrochers & Fortin, 2000), but also may have negative effects on migratory 

bird populations by increased predation and nest parasitism by cowbirds (Robinson et al., 1995). Jones 

et al. (2000) found a significant negative correlation between interior forest bird abundance and 

distribution and forest edge across a large geographic region of the U.S.  

Several studies have attempted to evaluate the relative roles of habitat fragmentation and basic habitat 

distribution and quality in accounting for species distribution, community structure, and extinction 

probabilities. Results of these studies are mixed. Although some studies suggest a potential role of 

fragmentation in determining species distributions and community structure (McCollin et al., 1993; 

Kattan et al., 1994; Robinson et al., 1995; Jones et al., 2000, Donovan & Flather, 2002), studies that 

incorporate experimental designs to tease apart the influences of habitat fragmentation from habitat 

size and quality are rare. Habitat fragmentation has been implicated in changes in trophic levels in 

fragmented landscapes, including reduced food webs between fungi and insects (Komonen et al., 

2000) and herbivory by insects (Valladares et al., 2006), but these changes may reflect influences of 

edges and habitat patch size rather than fragmentation per se. Other studies have shown a more 

important role of habitat quality and size, and cautioned interpretations of the impacts of 

fragmentation (Trzcinski et al., 1999; Hoval & Lipcius, 2001; Donovan & Flathers, 2002; Brotons et 

al., 2004). Lack of concordance among studies may reflect the species and scales of investigations. 

Individual species traits (e.g, dispersal capacity, demographic characteristics, food preferences, home 

ranges) may dramatically affect how species and communities respond to structure and functional 

attributes of landscapes (With & Crist, 1995; Hovel & Lipcius, 2001; Donovan & Flather, 2002; 

Brotons et al., 2004; Horskins et al., 2006). 

Connectivity between patches, which may not be captured by some fragmentation metrics, has been 

shown to be an important determinant of species distributions and population dynamics in black beers 
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(Dixon et al., 2006), plant species diversity (Damschen et al., 2006), and in plant/mammal succession 

in old field habitats (Schweiger et al., 2000). In some cases, corridor analysis derived from maps and 

presence of species may be insufficient to reconstruct relations among populations connected by 

corridors (Horskins et al., 2006). Phylogenetic analysis (Froufe et al., 2003) and the evolving field of 

landscape genetics (Mech and Hallett, 2001; Michels et al., 2001; Manel et al., 2003) provide an 

independent validation of the influence of landscape connectivity on populations and the role of 

species traits. Moreover, new ways of mapping landscape corridors, such as morphological image 

analysis (Vogt et al., 2007) and determining functional aspects of landscapes mosaics, such as graph 

theory (Urban & Keitt, 2001), may improve our understanding of functional landscape connectivity. 

Landscape context and patch-matrix interactions also determine population and community 

composition. Some species exist in isolated habitat patches and depend on immigration from more 

contiguous habitats in the surrounding landscape (Robinson et al., 1995; Donavan & Flather, 2002), 

and the surrounding matrix can dramatically affect the functional isolation of patches (Ricketts, 2001). 

Additionally, shapes of patches can influence the degree to which species use the surrounding matrix 

(Tubelis et al., 2004). 

Multiple biophysical data layers have been used to predict species distributions and habitat suitability 

across local to continental scales. Scott et al. (2003) used multiple biophysical data layers, including 

land cover distribution, soils, elevation, and temperature, to model species habitat suitability across 

broad geographic areas. O’Connor et al. (1996) modelled bird distributions across the U.S. using a 

number of biophysical data layers. Temperature explained continental scale patterns of bird diversity, 

whereas land cover and landscape metrics became more important at regional scales, although the 

relative importance of different metrics varied within and among regions. Thuiller et al. (2004) 

reported similar results for modelling distributions of plants, amphibians, reptiles, and mammals 

across Europe, although their study did not permit an analysis of scaled relationships among 

biophysical variables. Relatively new statistical modelling approaches, such as the Genetic Algorithm 

for Rule-set Predictions (GARP) and Maximum Entropy, have been used to model species 

distributions from multiple biophysical data bases (Stockwell & Peters, 1999; Phillips et al., 2006, 

respectively).  

Landscape indicators and models have also been used to predict biological and ecological conditions 

of streams (Roth et al, 1996; Snyder et al., 2003; Strayler et al., 2003; Baker et al., 2006; Donohue et 

al., 2006; Malony & Feminella, 2007) and estuaries (Hale et al., 2004). Landscape characteristics, 

including land cover at the catchment and riparian scales, are common in many of these models. An 

important aspect of interpreting indicators and models is to establish reference site conditions 

(O’Connell et al., 2000; Rheinhardt et al., 2007).  
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New remote sensing data and analytical approaches offer significant potential to improve landscape 

assessments of habitat and species distributions. These include application of LIDAR to map vertical 

structure and composition of habitat (Anderson et al., 2006; Hinsley et al., 2006; Goetz et al., 2007) 

and IKONOS imagery to map agricultural land use (Vina et al., 2003). Moreover, sensors that provide 

more frequent temporal coverage offer great potential to monitor habitat and vegetation dynamics and 

phenology over broad scales (Schwartz et al., 2002). 

Landscape indicators and models have been developed to evaluate potential drivers and pressures 

potentially affecting individual species, communities, and habitats. These include evaluation of 

impervious surface (Slonecker et al., 2001), road density and distribution (Watts et al., 2007), 

urbanisation (Theobald & Romme, in press), marginal land use (Jones et al., 2007), climate change 

(Iverson and Prasad, 1998; Westerling et al., 2006), light population (Longcore & Rich, 2004), 

economic drivers (Wamelink et al., 2003), and non-indigenous invasive species (Allen et al., 2006).  

Additionally, landscape indicators, models, and remote sensing have been used to evaluate a number 

of other environmental themes and ecological services, including but not limited to assessments of 

forest fragmentation and urbanization (Riitters et al., 2000 and Galleo et al., 2004, respectively), forest 

transpiration and photosynthesis (Anselmi et al., 2004), terrestrial ecosystem productivity in response 

to climate variability (Lupo et al., 2007), landscape change and consequences of change to ecological 

resources (Vogelmann, 1995; Jones et al., 2001), fire and disturbance frequency (Keane et al., 2002; 

Rollins et al., 2004), water quality (Behrendt, 1996; Wickham et al., 2000), water quality risks 

(Wickham et al., 2002), soil loss (Van Rompaey & Govers, 2002), ecological forecasting (Reynolds et 

al., 2000; Vallete-Silver & Scavia, 2003; Running et al., 2004), environmental justice (Mennis, 2005; 

Mennis & Jordan, 2005), pathogen and disease exposure in human populations (Jackson et al., 2006), 

risk of flooding to set insurance costs (Sanders et al., 2006), evaluation of risks to natural hazards 

(Wood et al., 2002), and alternative futures analysis involving a range of environmental, ecological, 

economic, and cultural conditions (Theobald & Hubbs, 2002; Baker et al., 2004). As such, landscape 

assessments offer the potential to evaluate and link all aspects of the Driver Pressure State Impact 

Response framework (DPSIR; Jones et al., 2007). 

Although landscape metrics and indicators have been used to predict species distributions, habitat 

quality, ecosystem productivity, and water quality, several authors caution their use and interpretation. 

Li & Wu (2004) conclude that many studies employ landscape metrics to describe spatial pattern as an 

end in itself, without explicitly relating pattern to processes. Landscape metrics are often applied 

without consideration for scale-dependency of the processes and patterns they are attempting to 

capture (Wiens, 2001; Li & Wu, 2004; Mander et al., 2005). Additionally, many landscape metrics are 

correlated and may represent as few as six orthogonal axes of composition and pattern (Riitters et al., 

1995). There have been mixed results in quantifying relationships between landscape metrics and 
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specific environmental and ecological themes or issues (Gustafson, 1998; Li & Wu, 2004; Turner, 

2005). Differences in results emanate from a variety of sources, including but not limited to 

mismatches in data and scales of application (temporal and spatial), lack of in-situ data on specific 

theme of interest (e.g., species’ demography and traits across space and time), lack of historical data to 

address legacies, and lack of spatial data that capture important biophysical features and processes 

(Gustafsen, 1998; Li & Wu, 2004; Jones et al., 2007). Finally, horizontal interactions among patches 

and biophysical conditions are largely unknown, and it is these relationships that determine flows and 

fluxes of energy, water, biota, and materials. 

Indicators of biodiversity and ecosystem services 

Because many different biological, ecological, economic, and cultural characteristics, patterns, and 

processes can be represented by landscape metrics, indicators, and models, landscape assessments 

offer significant potential to capture a range of ecosystem services, and important interactions between 

people and landscapes. They also offer significant potential to scale up biological traits and processes 

across landscapes to understand their cumulative effects on ecosystem services at broader scales. For 

example, the blue-green veining concept is based on revegetation and connection of field borders to 

increase natural predators of crop pests, thereby reducing the need for pesticides across an entire 

landscape. The result is lowered exposure of people and wildlife to hazardous chemical and improved 

water quality. 

Landscape indicators and models have been used to assess multiple ecosystem services, and their 

relationship to economic drivers, under different alternative landscape futures (Baker et al., 2004; 

Naidoo & Ricketts, 2006). In these cases, ecosystem services were related to spatially explicit habitat 

and biophysical conditions, which in turn were linked to demands for resources. Those demands are 

influenced by the quality and distribution of the service, cultural values, and local, regional, and global 

economic drivers (Naidoo & Ricketts, 2006). Land use practices in agricultural communities have 

been linked to ecosystem services (Baudry et al., 2003; Dale & Polasky, 2007). 

Landscape analyses offer the potential to link ecosystem services through space and time. As such, it 

may be possible to conduct a full cost-accounting of how optimization of one ecosystem service (e.g., 

flood abatement through dam construction), might affect other services. From a species and 

community traits standpoint, these linkages should enhance valuation of these traits at a landscape 

scale.  

As mentioned earlier, one of the key needs in landscape assessments is to develop a better 

understanding of horizontal relationships among landscape components. Most alternative futures 

studies lack horizontal influences of different landscape elements (including position), although some 

studies have quantified horizontal interaction among landscape pattern and elements indicators (Urban 
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& Keitt, 2001; Voinov et al., 2004; Ludwig et al., 2005; Peters et al., 2006). An understanding of 

horizontal influences in landscapes will help mangers prioritize where to change, improve, or protect 

land-surface conditions. 
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4. Comparison of Ecosystems 

4.1 Indicator types 

Except for the landscape-level, biotic indicators are most frequently used in all ecosystem types. This 

is likely owed to the fact that the ecosystem reviews partly referred to the role of biodiversity 

indicators, which is bioindication per se. Yet, there is also a wide field of development and application 

of bioindicators apart from the assessment of biodiversity. This is reflected by the analysis of the SCIE 

references reviewed for this study (Figure 2). Except for soils, species and community measures are 

frequently developed and widely applied in all ecosystems. Thus, the literature review revealed the 

effort that has been spent on the development of bioindicators during the past ten years. A reason 

might be the widely reported advantage of bioindicators, as they enable indication over space and 

time. Bioidincators are potentially applicable from the farm scale (e.g., single plant species or soil 

micro-organisms) to the global scale (e.g., the Farmland Bird Index, proportion of rare/threatened 

species). On the other hand, micro-organisms integrate over a relatively short time-span, while birds 

are intermediate and large mammals potentially indicate habitat and ecosystem quality over decades. 

Bio-indicators span from single keystone or umbrella species to proportional measures at the 

community level. Functional measures, i.e. process-related characteristics, such as productivity, were 

especially abundant in forests, soils and rivers. Part of these functional measures belong to traits and 

were also frequently, but less abundantly, reported in SCIE references. Interestingly, there is a 

considerable evidence of traits as indicators of soil quality and biodiversity; nearly 22 % of soil 

indicators accounted for this biotic subgroup. 

For this study, abiotic indicators were grouped into physico-chemical measures and landscape 

attributes, such as area and fragmentation. Although physical and chemical indicators are being 

frequently applied in all ecosystems, they seem to play a rather subordinate role compared to 

bioindicators. However, it has to be considered that this study relies on the SCIE, i.e. abiotic indicators 

do not seem to be subject to frequent development and improvement, which are most frequently 

reported in publications. Once set up and standardised, physical and chemical measures have been 

proven to be reliable and manageable indicators of environmental stress. Therefore, they are still being 

frequently and widely applied in agro-ecosystems, rivers and wetlands, irrespective of the scientific 

effort that has been dedicated to their further refinement during the past ten years.  

 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 50 of 108 

0%

10%

20%

30%

40%

0%

10%

20%

30%

40%

 

0%

10%

20%

30%

40%

 0%

10%

20%

30%

40%

 

0%

10%

20%

30%

40%

G
en

et
ic

S
pe

ci
es

C
om

m
un

ity

Fu
nc

tio
ns

S
tr

uc
tu

re

S
en

si
tiv

e/
to

le
ra

nt

Tr
ai

ts

P
hy

si
ca

l

C
he

m
ic

al

B
io

ch
em

ic
al

P
ro

te
ct

. A
re

a

Fr
ag

m
en

ta
tio

n

 

0%

10%

20%

30%

40%

G
en

et
ic

S
pe

ci
es

C
om

m
un

ity

Fu
nc

tio
ns

S
tr

uc
tu

re

S
en

si
tiv

e/
to

le
ra

nt

Tr
ai

ts

P
hy

si
ca

l

C
he

m
ic

al

B
io

ch
em

ic
al

P
ro

te
ct

. A
re

a

Fr
ag

m
en

ta
tio

n

 

Figure 2: Classification of indicators into indicator types per ecosystem.  

 

A considerable lack of indicator development is evident for genetic indicators. Except for very few 

examples reported for agro-systems and soils, this component of diversity has rarely been dealt with in 

the scientific literature. This is despite the assumption that quite a large portion of biodiversity is 

dependent on the degree of genetic variability. Whether there will be increased effort on this 

component of biodiversity depends on the success of communicating the value of genetic diversity to 

decision makers. 

 

4.2 Indicators of biodiversity and ecosystem services 

The number of indicators referring to biodiversity ranges between 16 % (rivers) and 32 % (agro-

systems; see Figure 4). Their importance becomes similarly obvious by a general SCIE search for 

literature related to the indication of biodiversity (Figure 3): Between 100 and 1,000 hits were reported 

back by the SCIE for individual ecosystems, however, irrespective of whether they were really dealing 

with the development and application of novel indicators. According to our database, the latter was 

only considered in 15–59 references per ecosystem (mean: 35). Thus, biodiversity seems to be an 

important issue for the scientific community and has gained much interest during recent years. But 
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compared to the overall role of biodiversity, the development of new indicators seems to have gained 

considerably less effort.  

Very few references directly address the indication of ecosystem services. The general SCIE search, 

moreover, revealed large differences between ecosystems: while only 13 references were reported 

back for grasslands, soil services were addressed by more than 250 references. With more than 100 

references each, river and forest ecosystem research also dealt with ecosystem services (and their 

indication). But do the indicators and indication systems really refer to ecosystem services? The 

database contains 425 (out of 534 = 80 %) references that somehow could be linked to the indication 

of ecosystem services. Most indicators – indirectly or directly – refer to regulating and supporting 

services, such as erosion control, soil formation, nutrient cycling, self-purification of water, water 

retention and decomposition of organic material. Very few could be linked to provisioning services, 

such as food and fuel supply (< 6%). Direct links to ecosystem services and the Millennium 

Ecosystem Assessment were very sparse. This finding reflects that the issue of ecosystem services is 

comparatively recent (MA, 2003, 2005a). 
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Figure 3: Number of references in the SCIE related to three keyword combinations (ES = respective 

ecosystem; time span for literature research: 1997–May 2007).  
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4.3 Purpose of indication 

If ordered according to the purpose of indication, the SCIE references revealed some differences 

between ecosystems (Figure 4). A clear dominance of biodiversity indicators is evident for agro-

ecosystems (32 % of references), but they also play a considerable role in all other ecosystems. Habitat 

quality assessment and trend monitoring are major purposes in all ecosystems, except in soils, where 

both categories account for less than 5 %, each. Habitat quality assessment clearly dominates indicator 

development in river ecosystems, which is likely owed to the increasing effort due the implementation 

of the European Water Framework Directice (WFD, for policies see also below). A similar pattern is 

evident for forest, grass-/shrubland and wetland ecosystems. Indicator development aims here to 

provide new measures for habitat and ecological quality assessment and monitoring, and biodiversity 

assessment. These ecosystems are also subject to some effort on the indication of ecosystem 

functioning (> 10 % of SCIE references, each), a field that does not seem to be sufficiently covered in 

soil and river ecosystems. 

A lack of development is evident for predictive indicators (models) and those suited to indicate 

economic values. In the case of predictive models this reflects traditional assessment and monitoring 

systems which rely on on-site data to assess actual status and its change over time instead of modelling 

the changes. However, predictive models seem to be gaining more interest recently, which may be 

related to the increasing effort to indicate the ecological effects of Global Climate Change (GCC). 

Also subject to predictive modelling, GCC presumably stimulates the development of models to 

indicate and assess its impact, which is likely to be better approached by models as opposed to on-site 

sampling. Yet, frequent on-site sampling shall remain necessary to develop suitable, and calibrate 

reliable, models over time. 

Altogether, only 11 out of 534 of the SCIE references (< 2 %) referred to monetary indicators or 

presented results of the application of monetary inventories. It has been shown in the previous chapter 

that economic indication has been rarely tackled by both SCIE references and additional references 

reviewed for this study. Facing the challenge of SEBI 2010 and the Millennium Ecosystem 

Assessment, ecosystem (service) valuation has become an integral component of ecosystem indication 

towards halting the loss of, and sustaining, biodiversity at the level required to maintain their service 

provision. Gren et al. (1995), for instance, calculated the value of the entire Danube floodplain, mainly 

with respect to its regulative function, i.e. nitrogen and phosphorous retention: the value was at least 

650 million Euros per year. Comparable studies on ecosystem (service) valuation are still fairly sparse, 

but urgently needed to monitor ecosystem service values and communicate them to decision makers. 
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Figure 4: Allocation of indicators according to the major purpose of indicator development.  

 

4.4 Spatial scales 

The analysis of the indicator database revealed a clear dominance of indicator development at the local 

and regional scale in all ecosystems, except for soils (Figure 5). Indicators of the latter are strongly – 

and inherently – related to the smallest scales, i.e. to the farm and local scale. This is owed to the 

spatial limitation of the typical soil micro- and mesofauna. It seems to be evident, therefore, that 

indicator development during the past ten years was mainly focussed on applications within national 

limits. The slight shift of indicators of river ecosystems to larger spatial scales is due to the WFD, 

which stimulated the development of bioindicators applicable at slightly larger scales compared to the 

other ecosystems (Figure 5). From Figure 2, this seems to particularly apply to bioindication.  

Indicators at the sub-global and global level have been rarely published. It is presumably not owed to a 

lack of availability of tools to develop indicators at large spatial scales, since suitable GIS and remote 

sensing applications have been developed long before. As has been shown in Chapter 3.7 on landscape 

indicators, much effort has been spent on the development of indicators at the landscape scale. 

However, it may be the case that bioindication per se is poorly applicable at very large spatial scales, 

at least in terms of genetic and functional components. 
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Figure 5: Allocation of indicators to main spatial scales of application. Multiple scales were possible for 

a single indicator.  

 

4.5 Policies 

Policies can be powerful drivers for indicator development (Figure 6). Many references were directly 

or indirectly linked to the Convention on Biological Diversity (CBD), which is, of course, also owed 

to their linkage to the indication of biodiversity. Particularly, indicator development and application in 

forest, grass-/shrubland and agro-ecosystem seems to be mainly driven by the CBD (73 %, 35 % and 

41 % of indicators, respectively).  

Being mandatory for 27 countries, the European Water Framework Directive (WFD) has clearly 

stimulated indicator development and indication of river and wetland ecosystems. Issued in 2000, the 

WFD required a focus on bioindication in line with a series of clearly defined criteria. Existing 

indicators in many European countries did not fulfil the new demands and, consequently, a huge effort 

on the development of novel indicators and indication systems was spent. A similar finding is evident 

for soils, where ecosystem indication has been strongly driven by the Soil Thematic Strategy (STS, see 
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also Chapter 3.4). Similar to the WFD, the STS clearly sets the framework for future bioindication in 

soil ecosystems and, hence, considerably stimulated the development of new indicators and indication 

systems. 

Nature conservation policies, such as the EU Habitats Directive, Birds Directive and the 

NATURA 2000 network, stimulated indicator development in grasslands and shrublands, wetlands 

and agro-ecosystems. Between 40 and 50 % of references were linked to these policies in the three 

ecosystems. 
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Figure 6: Allocation of indicators to selected international policies. Multiple assignments were possible 

for a single indicator.  

 

4.6 Standardisation and validation?  

This last question is crucial for ecosystem indication, as both standardisation and validation mark 

those indicators reliable and applicable over large (international) spatial scales. Standardisation may 

cover not only indicator calculation and application but also the methods and techniques to gather the 

data for calculation. Our data reveal, however, that the majority of references did not refer to 
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standardisation (Figure 7). Only between 20 and 40 % of SCIE references referred also to 

standardisation or clearly provided information on the status of standardisation of an indicator. Least 

effort was found for forests and rivers, where only 15 and 5 % of indicators, respectively, were subject 

to standardisation. 

The generally low level of standardisation may be supported by the large number of references 

stimulated “simply” by science, i.e. indicators have been developed and applied solely for scientific 

purposes without any obvious relation to policies or target field of application. More than half the 

references (52 %) referred to this group. 
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Figure 7: Proportion of indicators subject to standardisation and validation. 

 

Forests Grass-/Shrublands 

Agro-systems Soils 

Wetlands Rivers 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 57 of 108 

References 

Acreman, M.C., Fisher, J., Stratford, C., Mould, D., & Mountford, J.O. in press. Hydrological science and 
wetland restoration. Hydrology and Earth Systems Science. 

Adamus, P. R., Stockwell, L.T., Clairain Jr., E.J., Morrow, M.E., Rozas, L.P., & Smith, R.D. 1991. Wetland 
Evaluation Technique (WET) Vol. I: Literature Review and Evaluation Rationale. WRP-DE-2. U.S. Army 
Corps of Engineers Waterways Experiment Station. Vicksburg, MS, U.S.A.: 299 pp. 

Alados, C.L., ElAich, A., Papanastasis, V.P., Ozbek, H., Navarro, T., Freitas, H., Vrahnakis, M., Larrosi, D., & 
Cabezudo, B. 2004. Change in plant spatial patterns and diversity along the successional gradient of 
Mediterranean grazing ecosystems. Ecological Modelling 180: 523–535. 

Albrecht, M., Duelli, P., Muller, C., Kleijn, D., & Schmid, B. 2007. The Swiss agri-environment scheme 
enhances pollinator diversity and plant reproductive success in nearby intensively managed farmland. Journal 
of Applied Ecology 44:813–822. 

Allen, C.R., Johnson, A.R., & Parris, L. 2006. A framework for spatial risk assessments: potential impacts of 
nonindigenous invasive species on native species. Ecology and Society 11: 39. 
(http://www.ecologyandsociety.org/vol11/iss1/art39/) 

Allen-Wardell, G., Bernhardt, P., Bitner, R., Burquez, A., Buchmann, S., Cane, J., Cox, P.A., Dalton, V., 
Feinsinger, P., Ingram, M., Inouye, D., Jones, C.E., Kennedy, K., Kevan, P., Koopowitz, H., Medellin, R., 
Medellin-Morales, S., Nabhan, G.P., Pavlik, B., Tepedino, V, Torchio, P., & Walker, S. 1998. The potential 
consequences of pollinator declines on the conservation of biodiversity and stability of food crop yields. 
Conservation Biology 12: 8–17. 

Anderson, T.H. 2003. Microbial eco-physiological indicators to asses soil quality. Agriculture Ecosystems & 
Environment 98: 285–293. 

Anderson, J., Martin, M.E., Smith, M.-L., Dubayah, R.O., Hofton, M.A., Hyde, P., Peterson, B.E., Blair, J.B., & 
Knox, R.G. 2006. The use of waveform lidar to measure northern temperate mixed conifer and deciduous 
forest structure in New Hampshire. Remote Sensing of Environment 105: 248–261. 

Angermeier, P.L. & Karr, J.R. (1994) Biological integrity versus biological diversity as policy directives. Bio 
Science, 44(10), 690-697. 

Angermeier, P.L. & Winston, M.R. (1997). Assessing conservation value of stream communities: A comparison 
of approaches based on centres of density and species richness. Freshwater Biology 37: 699–710. 

Anonymous 1999. Environmental quality criteria for forest landscapes. Swedish Enviromnental Protection 
Agency, Stockholm. 

Anselmi, S., Chiesi, M., Giannini, M., Manes, F., & Maselli, F. 2004. Estimation of Mediterranean forest 
transpiration and photosynthesis through the use of an ecosystem simulation model driven by remotely 
sensed data. Global Ecology and Biogeography 13: 371–380. 

Araujo, M.B. 2004. Matching species with reserves – uncertainties from using data at different resolutions. 
Biological Conservation 118: 533–538. 

Ares, J., Bertiller, M., & del Valle, H. 2001. Functional and structural landscape indicators of intensification, 
resilience and resistance in agroecosystems in southern Argentina based on remotely sensed data. Landscape 
Ecology 16: 221–234. 

Armitage, P.D., Gunn, R.J.M., Furse, M.T., Wright, J.F., & Moss, D. (1987) The use of prediction to assess 
macroinvertebrate response to river regulation. Hydrobiologia, 144, 25-32. 

Arshad, M.A., & Martin S. 2002. Identifying critical limits for soil indicators in agro-ecosystems. Agriculture, 
Ecosystems & Environment 88: 153–160. 

Atauri, J.A., & de Lucio, J.V. 2001. The role of landscape structure in species richness distribution of birds, 
amphibians, reptiles, and lepidopterans in Mediterranean landscapes. Landscape Ecology 16: 147–159. 

Bady, P., Dolédec, S., Fesl, C., Gayraud, S., Bacchi, M., & Schöll, F. (2005) Use of invertebrate traits for the 
biomonitoring of European large rivers: the effects of sampling effort on genus richness and functional 
diversity. Freshwater Biology, 50, 159-173. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 58 of 108 

Bailey, D., Billeter, R., Aviron, S., Schweiger, O., & Herzog, F.. 2007. The influence of thematic resolution on 
metric selection for biodiversity monitoring in agricultural landscapes. Landscape Ecology 22: 461–473. 

Baker, J.P., Hulse, D.W., Gregory, S.V., White, D., van Sickle, J., Berger, P.A, Dole, D., & Schumaker, N.H. 
2004. Alternative futures for the Willamette River Basin, Oregon. Ecological Applications 14: 313–324. 

Baker, M.E., Weller, D.E., & Jordan, T.E. 2006. Improved methods for quantifying potential nutrient 
interception by riparian buffers. Landscape Ecology 21: 1327–1345. 

Balmford, A., Bennun, L., ten Brink, B., Cooper, D., Côté, I.M., Crane, P., Dobson, A., Dudley, N., Dutton, I., 
Green, R.E., Gregory, R.D., Harrison, J., Kennedy, E.T., Kremen, C., Leader-Williams, N., Lovejoy, T.E, 
Mace, G., May, R., Mayaux, P., Morling, P., Phillips, J., Redford, K., Ricketts, T.H., Rodríguez, J.P., 
Sanjayan, M., Schei, P.J., van Jaarsveld, A.S., Walthe, B.A. (2005). The Convention on Biological 
Diversity’s 2010 Target. Science 307: 212–213. 

Balvanera, P., Kremen, C., Martínez-Ramos, M. 2005. Applying community structure analysis to ecosystem 
function: examples from pollination and carbon storage. Ecological Applications 15: 360–375. 

Bamforth, S.S. 2007. Protozoa from aboveground and ground soils of a tropical rain forest in Puerto Rico. 
Pedobiologia 50: 515–525. 

Bar, A., & Loffler, J. 2007. Ecological process indicators used for nature protection scenarios in agricultural 
landscapes of SW Norway. Ecological Indicators 7: 396–411. 

Barbour, M.T., Gerritsen, J., Snyder, B.D., & Stribling, J.B. (1999). Rapid bioassessment protocols for use in 
streams and wadeable rivers: periphyton, benthic macroinvertebrates and fish, Rep. No. EPA 841-B-99-002. 
U.S. Environmental Protection Agency, Office of Water, Washington D.C. 

Bardgett, R.D., Marsden, J.H., & Howard, D.C. 1995. The Extent and Condition of Heather on Moorland in the 
Uplands of England and Wales. Biological Conservation 71: 155–161. 

Bate, G., Smailes, P., & Adams, J. (2004). A water quality index for use with diatoms in the assessment of 
rivers. Water SA 30: 493–498. 

Baudry, J., Burel, F., Aviron, S., Martin, M., Ouin, A., Pain, G., & Thenail, C. 2003. Temporal variability of 
connectivity in agricultural landscapes: do farming activities help? Landscape Ecology 18: 303–314. 

Bêche, L.A., McElravy, E.P., & Resh, V.H. (2006) Long-term seasonal variation in the biological traits of 
benthic-macroinvertebrates in two Mediterranean-climate streams in California, U.S.A. Freshwater Biology, 
51, 56-75. 

Beck, L., Römbke, J., Breure, A.M., & Mulder, Ch. 2005. Considerations for the use of soil ecological 
classification and assessment concepts in soil protection. Ecotoxicology and Environmental Safety 62: 189–
200. 

Behan-Pelletier, V.M. 1999. Oribatid mite biodiversity in agroecosystems: role for bioindication. Agriculture, 
Ecosystems and Environment 74: 411–423. 

Behan-Pelletier, V.M. 2003. Acari and Collembola biodiversity in Canadian agricultural soils. Canadian Journal 
of Soil Sciences 83: 279–288. 

Behrendt, H. 1996. Inventories of point and diffuse sources and estimated nutrient loads – a comparison for 
different river basins in central Europe. Water Science Technology 33: 99–107.  

Bestelmeyer, B.T., Ward, J.P., Herrick, J.E., & Tugel, A.J. 2006. Fragmentation effects on soil aggregate 
stability in a patchy arid grassland Rangeland Ecology & Management 59: 406–415. 

Beylich, A., Broll, G., Graefe, U., Höper, H., Römbke, J., Ruf, A., & Wilke, B.-M. 2006. Mapping soil organism 
communities – a tool to integrate the assessment of the soil habitat function into planning processes. 
Mitteilungen DBG 108: 3–4. 

Billeter, R., Liira, J., Bailey, D., Bugter, R., Arens, P., Augenstein, I., Aviron, S., Baudry, J., Bukacek, R., Burel, 
F., Cerny, M., Blust, G.D., Cock, R.D., Diekötter, T., Dietz, H., Dirksen, J., Dormann, C., Durka, W., 
Frenzel, M., Hamersky, R., Hendrickx, F., Herzog, F., Klotz, S., Koolstra, B., Lausch, A., Coeur, D.L., 
Maelfait, J.P., Opdam, P., Roubalova, M., Schermann, A., Schermann, N., Schmidt, T., Schweiger, O., 
Smulders,, M.J.M., Speelmans, M., Simova, P., Verboom, J., van Wingerden, W.K.R.E, Zobel, M., & 
Edwards, P.J. 2008. Indicators for biodiversity in agricultural landscapes: a pan-European study. Journal of 
Applied Ecology 45. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 59 of 108 

Boix, D., Gascon, S., Sala, J., Martinoy, M., Gifre, J. & Quintana, X.D. 2005. A new index of water quality 
assessment in Mediterranean wetlands based on crustacean and insect assemblages: the case of Catalunya 
(NE Iberian peninsula). Aquatic Conservation – Marine & Freshwater Ecosystems 15: 635–651. 

Bolund, P. & Hunhammar, S. (1999). Ecosystem services in urban areas. Ecological Economics 29: 293–301. 

Bongers, T. 1990. The Maturity Index: an ecological measure of environmental disturbance based on nematode 
species composition. Oecologia 83: 14–19. 

Bongers, T., & Bongers, M. 1998. Functional diversity of nematodes. Applied Soil Ecology 10: 239–251. 

Bouma, J. 2002. Land quality indicators of sustainable land management across scales. Agriculture, Ecosystems 
and Environment 88: 129–136. 

Braband, D., Geier, U., & Kopke, U. 2003. Bio-resource evaluation within agri-environmental assessment tools 
in different European countries. Agriculture Ecosystems & Environment 98: 423–434. 

Brack, W., Bakker, J., Deckere, E.d., Deerenberg, C., Gils, J.v., Hein, M., Jurajda, P., Kooijman, B., Lamoree, 
M., Lek, S., Alda, M.J.L.d., Marcomini, A., Muñoz, I., Rattei, S., Segner, H., Thomas, K., Ohe, P.C.v.d., 
Westrich, B., Zwart, D.d., & Schmitt-Jansen, M. (2005) MODELKEY – Models for assessing and 
forecasting the impact of environmental key pollutants on freshwater and marine ecosystems and 
biodiversity. Environmental Science and Pollution Research 12: 252–256. 

Breure, A.M., Mulder, C.M., Römbke, J., & Ruf, A. 2005. Ecological classification and assessment concepts in 
soil protection. Ecotoxicology & Environmental Safety 62: 211–229. 

Brinson, M.M. 1993. A hydrogeomorphic classification for wetlands. Technical Report WRP-DE-4, U.S. Army 
Engineer Waterways Experiment Station, Vicksburg, MS. NTIS No. AD A270 053. 

Brinson, M.M., Hauer, F.R., Lee, L.C., Nutter, W.L., Rheinhardt, R.D., Smith, R.D., & Whigham, D. 1995. A 
guidebook for application of hydrogeomorphic assessments to riverine wetlands. Technical Report WRP-DE-
11, U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS. NTIS No. AD A308 365. 

Brinson, M.M. 1996. Assessing wetland functions using HGM. National Wetlands Newsletter 18: 10–16. 

Briske, D.D., Fuhlendorf, S.D., & Smeins, F.E. 2005. State-and-transition models, thresholds, and rangeland 
Health: a synthesis of ecological concepts and perspectives. Rangenland Ecological Management 58: 1–10. 

Britton, A.J. & Fisher, J.M. 2007. Interactive effects of nitrogen deposition, fire and grazing on diversity and 
composition of low-alpine prostrate Calluna vulgaris heathland. Journal of Applied Ecology 44: 125–135. 

Broos, K., MacDonald, L.M., Warne, M.J., Heemsbergen, D.A., Barnes, M.B., Bell, M., & McLaughlin, M.J. 
2007. Limitations of soil microbial biomass carbon as an indicator of soil pollution in the field. Soil Biology 
& Biochemistry 39,: 2693–2695. 

Brotons, L., Herrando, S., & Martin, J.L. 2004. Bird assemblages in forest fragments within Mediterranean 
mosaics created by wild fires. Landscape Ecology 19: 663–675. 

Brown, G.G., Edwards, C.A., & Brussaard, L. 2004. How earthworms affect plant growth: burrowing into the 
mechanisms. In: Edwards, C.A. (Ed.): Earthworm Ecology. CRC Press, Boca Raton: 13–49. 

Brown, G.G., & James, S.W. 2006. Earthworm biodiversity in São Paulo state, Brazil. European Journal of Soil 
Biology 42: 145–149 

Brown, J.H. 1971. Mammals on mountaintops: nonequilibrium insular biogeography. American Naturalist 105: 
467–478 

Brown, M.T., & Vivas, B. 2005. Landscape development intensity index. Environmental Monitoring and 
Assessment 101: 289–309. 

Buchs, W. 2003a. Biodiversity and agri-environmental indicators – general scopes and skills with special 
reference to the habitat level. Agriculture Ecosystems & Environment 98: 35–78. 

Buchs, W. 2003b. Biotic indicators for biodiversity and sustainable agriculture – introduction and background. 
Agriculture Ecosystems & Environment 98: 1–16. 

Buffagni, A. & Kemp, J.L. (2002). Looking beyond the shores of the United Kingdom: addenda for the 
application of River Habitat Survey in Southern European rivers. Journal of Limnology 61, 199–214. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 60 of 108 

Calhoun, A.J.K., Walls, T.E., Stockwell, S.S., & McCollough, M. 2002. Evaluating vernal pools as a basis for 
conservation strategies: A maine case study. Wetlands 23: 70–81. 

Carignan, V., Villard, M.-A. 2002. Selecting indicator species to monitor ecological integrity: A review. 
Environmental Monitoring and Assessment 78: 45–61. 

CBD (1993): Convention on Biological Diversity (with Annexes). Concluded at Rio de Janeiro on 5 June 1992. 
United Nations Treaty Series Vol. 1760, I 30619. Belize, 382 pp. 

Chapman, S.J., Campbell, C.D., & Puri, G. 2003. Native woodland expansion: soil chemical and microbiological 
indicators of change. Soil Biology & Biochemistry 35: 753–764. 

Charvet, S., Kosmala, A., & Statzner, B. (1998). Biomonitoring through biological traits of benthic 
macroinvertebrates: perspectives for a general tool in stream management. Archiv für Hydrobiologie 142: 
415–132. 

Charvet, S., Statzner, B., Usseglio-Polatera, P., & Dumont, B. (2000). Traits of benthic macroinvertebrates in 
semi-natural French streams: an initial application to biomonitoring in Europe. Freshwater Biology 43: 277–
296. 

Chen, M.-M., Zhu, Y.-G., Su, Y.-H., Chen, B.-D., Fu, B.-J., & Marschner, P. 2007. Effects of soil moisture and 
plant interactions on the soil microbial community structure. European Journal of Soil Biology 43: 31–38. 

Chevenet, F., Dolédec, S., & Chessel, D. (1994). A fuzzy coding approach for the analysis of long-term 
ecological data. Freshwater Biology 31: 295–309. 

Chust, G., Pretus, J.L., Ducrot, D., Bedòs, A., & Deharveng, L. 2003. Response of soil fauna to landscape 
heterogeneity: determining optimal scales for biodiversity modelling. Conservation Biology 17: 1712–1723. 

Clergue, B., Amiaud, B., Pervanchon, F., Lasserre-Joulin, F., & Plantureux, S. 2005. Biodiversity: function and 
assessment in agricultural areas. A review. Agronomy for Sustainable Development 25: 1–15. 

Cole, L., Bradford, M.A., Shaw, P.J.A., & Bardgett, R.D. 2006. The abundance, richness and functional role of 
soil meso- and macrofauna in temperate grassland – A case study. Applied Soil Ecology 33: 186–198. 

Cordova-Kreylos, A.L., Cao, Y.P., Green, P.G., Hwang, H.M., Kuivila, K.M., LaMontagne, M.G., van de 
Werfhorst, L.C., Holden, P.A., & Scow, K.M. 2006. Diversity, composition, and geographical distribution of 
microbial communities in california salt marsh Sediments. Applied Environmental Microbiology 72: 3357–
3366. 

Correll, D.L. (2005). Principles of planning and establishment of buffer zones. Ecological Engineering 24: 433–
439. 

Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem, S., O'Neill, 
R.V., Paruelo, J., Raskin, R. G., Sutton, P., & van den Belt, M. 1997. The value of the world's ecosystem 
services and natural capital. Nature 387: 255. 

Cowardin, L.M., Carter V., Golet F.C., & LaRoe, E.T. 1979. Classification of Wetlands and Deepwater Habitats 
of the Unites States. Washinton, DC: US Department of the Interior, Fish and Wildlife. 

Dahl, J., Johnson, R.K. 2004. A multimetric macroinvertebrate index for detecting organic pollution of streams 
in southern Sweden. Archiv für Hydrobiologie 160: 487–513. 

Dale, V.H., & Polasky, S. 2007. Measures of the effects of agricultural practices on ecosystem services. 
Ecological Economics. (Doi:10.1016/j.ecolecon.2007.05.009) 

Damschen, E.I., Haddad, N.M., Orrock, J.L., Tewksbury, J.J., & Levey, D.J. 2006. Corridors increase plant 
species richness at large scales. Science 313: 1284–1286. 

Dauber, J., Hirsch M., Simmering, D., Waldhardt, R., Otte, A., & Wolters, V. 2003. Landscape structure as an 
indicator of biodiversity: matrix effects on species richness. Agriculture Ecosystems & Environment 98: 
321–329. 

Davis, J., Horwitz, P., Norris, R., Chessman, B., & McGuire, M. 2006. Are river bioassessment methods using 
macroinvertebrates applicable to wetlands? Hydrobiologia 572: 115–128. 

De Bello, F., Leps, J. & Sebastià, M. T. 2005. Predictive value of plant traits to grazing along a climatic gradient 
in the Mediterranean. Journal of Applied Ecology 42: 824–833. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 61 of 108 

De Bello, F., Leps, J., & Sebastià, M. T. 2007. Grazing effects on the species-area relationship: variation along a 
climatic gradient in NE Spain. Journal of Vegetation Science 18: 25–34. 

Decaëns, T., Jiménez, J.J., Gioia, C., Measey, G.J., & Lavelle, P. 2006. The values of soil animals for 
conservation biology. European Journal of Soil Biology 42: 23–38. 

DEFRA (Department for Environment, Food and Rural Affairs) 2007. Biodiversity indicators in your pocket 
2007 – Measuring our progress towards halting biodiversity loss. Defra publications, London, 38 pp. 

Dela-Cruz, J., Pritchard, T., Gordon, G., & Ajani, P. (2006). The use of periphytic diatoms as a means of 
assessing impacts of point source inorganic nutrient pollution in south-eastern Australia. Freshwater Biology 
51: 951–972. 

DelBaere, B., & Nieto, A., (Eds) 2004. Environmental risks from agriculture in Europe. Locating environmental 
risk zones in Europe using agri-environmental indicators. ECNC – European Centre for Nature Conservation, 
Tilburg. 

Delitti, W., Ferran, A., Trabaud, L., & Vallejo, V.R. 2005. Effects of fire recurrence in Quercus coccifera L. 
shrublands of the Valencia Region (Spain): I. plant composition and productivity. Plant Ecology 177: 57–70. 

Detenbeck, N.E., Batterman, S.L., Brady, V.J., Brazner, J.C., Snarski, V.M., Taylor, D.K., Thompson, J.A., & 
Arthur, J.W. 2000. A test of watershed classification systems for ecological risk assessment. Environmental 
Toxicology and Chemistry 19: 1174–1181. 

Di Giulio, M., Edwards, P.J., & Meister, E. 2001. Enhancing insect diversity in agricultural grasslands: the roles 
of management and landscape structure. Journal of Applied Ecology 38: 310–319. 

Diaz, S., Fargione, J., Chapin III, F.S., & Tilman, D. (2006). Biodiversity loss threatens human well-being. 
PLOS Biology 4: 1300–1305. 

Diaz, S., Lavorel, S., McIntyre, S., Falczuk, V., Casanoves, F., Milchunas, D.G., Skarpe, C., Rusch, G., 
Sternberg, M., Noy-Meir, I., Landsberg, J., Zhang, W., Clark, H., & Campbell, B.D. 2007. Plant trait 
responses to grazing – a global synthesis. Global Change Biology 13: 313–341. 

Diekmann, M. 1995. Use and improvement of Ellenberg's indicator values in deciduous forests in the boreo-
nemoral zone in Sweden. Ecography 18: 178–189. 

Dixon, J.D., Oli, M.K., Wooten, M.C., Eason, T.H., McCowins, J.W., & Paetkau, D. 2006. Effectiveness of a 
regional corridor in connecting two Florida black beer populations. Conservation Biology 20: 155–162. 

Dolédec, S., Stazner, B., & Bournard, M. (1999). Species traits for future biomonitoring across ecoregions: 
patterns along a human-impacted river. Freshwater Biology 42: 737–758. 

Donohue, I., McGarrigle, M.L., & Mills, P. 2006. Linking catchment characteristics and water chemistry with 
the ecological status of Irish rivers. Water Research 40: 91–98. 

Donovan, T.M., & Flather, C.H. 2002. Relationships among North American Songbird Trends, Habitat 
Fragmentation, and Landscape Occupancy. Ecological Applications 12: 364–374. 

Doran, J.W., & Parkin, T.B. 1994. Defining and assessing soil quality. In: Doran, J.W., Coleman, D.C., 
Bezdicek, D.F., Stewart, B. A. (Eds.): Defining Soil Quality for a Sustainable Environment, Madison, WI. 
Soil Science Society of America 35 (special issue): 3–21. 

Dosskey, M.G. (2001). Toward quantifying water pollution abatement in response to installing buffers on crop 
land. Environmental Management 28: 577–598. 

Dramstad, W.E., Tveit, M.S., Fjellstad, W.J., & Fry, G.L.A. 2006. Relationships between visual landscape 
preferences and map-based indicators of landscape structure. Landscape and Urban Planning 78: 465–474. 

Duelli, P., Obrist, M.K., & Schmatz, D.R. 1999. Biodiversity evaluation in agricultural landscapes: above-
ground insects. Agriculture Ecosystems & Environment 74: 33–64. 

Duelli, P. & Obrist, M.K. 2003. Biodiversity indicators: the choice of values and measures. Agriculture 
Ecosystems & Environment 98: 87–98. 

Dufrêne, M. & Legendre, P. (1997). Species assemblages and indicator species: the need for a flexible 
asymmetrical approach. Ecological Monographs 67: 345–366. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 62 of 108 

Dumanski, J., & Pieri, C. 2000. Land quality indicators: research plan. Agriculture, Ecosystems & Environment 
81: 93–102. 

Dupigny-Giroux, L.L. 2007. Using AirMISR data to explore moisture-driven land use-land cover variations at 
the Howland Forest, Maine - A case study. Remote Sensing Environment 107: 376–384. 

EASAC (European Academies’ Science Advisory Council) 2005. A user’s guide to biodiversityindicators. 
EASAC, 60 pp. (http://www.europarl.europa.eu/comparl/envi/pdf/externalexpertise/ 
easac/biodiversity_indicators.pdf [checked on 31 October 2007]) 

EC (European Commission) 2002. Building Agro Environmental Indicators. Focussing on the European area 
frame survey LUCAS. EUR Report 20521 EN, European Commision, Joint Research Centre (DG-JRC). 

EC (European Commission) 2006. Proposal for a Directive of the European Parliament and of the Council 
establishing a framework for the protection of soil and amending Directive 2004/35/EC. COM (2006) 232 
final, Brussels, 30 pp. 

EEA (European Environment Agency) 2001. Towards agri-environmental indicators. Integrating statistical and 
administrative data with land cover information. Topic report 6/2001, Office for the official publications of 
the European Communities, Luxembourg. 

EEA (European Environment Agency) (2003). An inventory of biodiversity indicators in Europe, 2002. EEA 
Technical report No 92. Office for Official Publications of the European Communities, Luxembourg, 42 pp. 

EEA (European Environment Agency) (2006). The thematic accuracy of Corine land cover 2000 –Assessment 
using LUCAS, Technical report No 7/2006. 

EEA (European Environment Agency) 2005. Agriculture and environment in EU-15 an indicator report. 
European Environmental Agency, Copenhagen. 

EEA (European Environment Agency) (2007): Halting the loss of biodiversity by 2010: proposal for a first set of 
indicators to monitor progress in Europe. EEA Technical Report No. 11. Office for Official Publications of 
the European Communities, Luxembourg, 38 pp.  

Eeronheimo, O., Ahti, A., Sahlberg, S. 1997. Criteria and Indicators for Sustainable Forest Management in 
Finland. Ministry of Agriculture and Forestry, Helsinki. 

Ellenberg, H., Weber, H. E., Düll, R., Wirth, V., Werner, W., & Pauliben, D. 1992. Zeigerwerte von Pflanzen in 
Mitteleuropa. Scripta Geobotanica 18: 1–260. 

Emmerling, C., Udelhoven, T., & Schroder, D. 2001. Response of soil microbial biomass and activity to 
agricultural de-intensification over a 10 year period. Soil Biology & Biochemistry 33: 2105–2114. 

EU (European Union) 2002. Towards a Thematic Strategy for Soil Protection. Communication from the 
Commission to the Council, the European Parliament, the Economic and Social Committee and the 
Committee of the Regions. COM (2002) 179 final, Brussels, 35 pp. 

Evers, D.C., Han, Y.J., Driscoll, C.T., Kamman, N.C., Goodale, M.W., Lambert, K.F., Holsen, T.M., Chen, 
C.Y., Clair, T.A., & Butler, T. 2007. Biological mercury hotspots in the northeastern United States and 
southeastern Canada. Bioscience 57: 29–43. 

Eviner, V.T. & Chapin, F.S. 2003. Functional matrix: A conceptual framework for predicting multiple plant 
effects on ecosystem processes. Annual Review of Ecology Evolution and Systematics 34: 455–485. 

Failing, L., Gregory, R. 2003. Ten common mistakes in designing biodiversity indicators for forest policy. 
Journal of Environmental Management 68: 121–132. 

FAME consortium (2004). Development, Evaluation & Implementation of a Standardised Fish-based 
Assessment Method for the Ecological Status of European Rivers – A Contribution to the Water Framework 
Directive (FAME). Final Report Scientific Achievements, 41 pp. http://fame.boku.ac.at 

FAO (Food and Agriculture Organization of the United Nations) 2003a. Biological Management of Soil 
Ecosystems for Sustainable Agriculture: Report of an International Technical Workshop, Londrina, 2002. 

FAO (Food and Agriculture Organization of the United Nations) 2003b. Biodiversity and the ecosystem 
approach in agriculture, forestry and fisheries. In: Proceedings from a Satellite Event on the Occasion of the 
Ninth Regular Session of the Commission on Genetic Resources for Food and Agriculture, Rome, 12/13 
October 2002. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 63 of 108 

Ferreira, M.T., Rodriguez-Gonzalez, P.M., Aguiar, F.C., & Albuquerque, A. (2005). Assessing biotic integrity in 
Iberian rivers: Development of a multimetric plant index. Ecological Indicators 5: 137–149. 

Ferris, H., Bongers, T., & de Goede, R.G.M. 2001. A framework for soil food web diagnostics: extension of the 
nematode faunal analysis concept. Applied Soil Ecology 18:13–29. 

Ferris, R., Humphrey, J.W. 1999. A review of potential biodiversity indicators for application in British forests. 
Forestry 72: 313–328. 

Fierer, N., & Jackson, R.B. 2006. The diversity and biogeography of soil bacterial communities. PNAS 103: 
626–631. 

Fierke, M.K. & Kauffman, J.B. (2006). Riverscape-level patterns of riparian plant diversity along a successional 
gradient, Willamette river, Oregon. Plant Ecology 185: 85–95. 

Finlayson, C.M., & v. d. Valk, A.G. (eds) 1995. Classification of the World s Wetlands. Advances in Vegetation 
Science 16. Kluwer Academic Publishers, Dordrecht. 

Fisher, J., & Acreman, M.C. 2004. Wetland nutrient removal: a review of the evidence. Hydrology and Earth 
System Sciences 8: 673–685. 

Fitter, A.H., Gilligan, C.A., Hollingworth, K., Kleczkowski, A., Twyman, R.M., & Pitchford, J.W. 2005. 
Biodiversity and ecosystem function in soil. Functional Ecology 19: 369–377. 

Flotemersch, J.E., Stribling, J.B. & Paul, M.J.(2006). Concepts and Approaches for the Bioassessment of Non-
wadeable Streams and Rivers. EPA 600-R-06-127, US Environmental Protection Agency, Ohio. 

Foissner, W. 1999. Soil protozoa as bioindicators: pros and cons, methods, diversity, representative examples. 
Agriculture, Ecosystems & Environment 74: 95–112. 

Fore, L.S. & Grafe, C. (2002). Using diatoms to assess the biological condition of large rivers in Idaho (USA). 
Freshwater Biology 47: 2015–2037. 

Forestry Commission 1998. The UK forestry standards: The governments's approach to sustainable forestry. 
Edinburgh, The Forestry Commission. 

Forman, R.T.T., & Godron, M. 1986. Landscape Ecology. John Wiley and Sons, New York. 

Frego, K.A. 2007. Bryophytes as potential indicators of forest integrity. Forest Ecology and Management 242: 
65–75. 

Friedel, J.K., Ehrmann, O., Pfeffer, M., Stemmer, M., Vollmer, T., & Sommer, M. 2006. Soil microbial biomass 
and activity: the effect of site characteristics in humid temperate forest ecosystems. Journal of Plant Nutrition 
and Soil Science 169: 175–184. 

Friedrich, G. & Herbst, V. (2004). Eine erneute Revision des Saprobiensystems – weshalb und wozu? Acta 
hydrochimica et hydrobiologica 32, 61–74. 

Friedrich, G. (1990). Eine Revision des Saprobiensystems. Zeitschrift für Wasser und Abwasser Forschung 23: 
141–152. 

Froufe, E., Alekseyev, S., Knizhin, I., Alexandrino, P., & Weiss., S. 2003. Comparative phylogeography of 
salmoid fishes (Salmonidae) reveals late to post-Pleistocene exchange between three now-disjunct river 
basins in Siberia. Diversity and Distributions 9: 269–282. 

Furse, M.T., Hering, D., Moog, O., Verdonschot, P.F.M., Johnson, R.K., Brabec, K., Gritzalis, K., Buffagni, A., 
Pinto, P., Friberg, N., Murray-Bligh, J., Kokes, J., Alber, R., Usseglio-Polatera, P., Haase, P., Sweeting, R., 
Bis, B., Szoszkiewicz, K., Soszka, H., Springe, G., Sporka, F., & Krno, I. (2006). The STAR project: context, 
objectives and approaches. Hydrobiologia 566: 3–29. 

Galan, M.B., Peschard, D., & Boizard, H. 2007. ISO 14 001 at the farm level: Analysis of five methods for 
evaluating the environmental impact of agricultural practices. Journal of Environmental Management 82: 
341–352. 

Galleo, K.P., Elvidge, C.D., Yang, L., & Reed., B.C. 2004. Trends in night-time city lights and vegetation 
indices associated with urbanization within the conterminous USA. International Journal of Remote Sensing 
25: 2003–2007. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 64 of 108 

Garcia, M.G.J., Zapata, M.B.R., Santisteban, J.I., Mediavilla, R., Lopez-Pamo, E., & Dabrio, C.J. 2007. Late 
holocene environments in Las Tablas de Daimiel (south central Iberian peninsula, Spain). Vegetation History 
and Archaeobotany 16: 241–250.  

Gardi, C., Tomaselli, M., Parisi, V., Petraglia, A., & Santini, C. 2002. Soil quality indicators and biodiversity in 
northern Italian permanent grasslands. European Journal of Soil Biology 38: 103–110. 

Gayraud, S., Statzner, B., Bady, P., Haybach, A., Schöll, F., Usseglio-Polatera, P., & Bacchi, M. (2003). 
Invertebrate traits for the biomonitoring of large European rivers: an initial assessment of alternative metrics. 
Freshwater Biology 48: 2045–2064. 

Giller, K.E., Beare, M.H., Lavelle, P., Izac, A.-M.N., & Swift, M.J. 1997. Agricultural intensification, soil 
biodiversity and agroecosystem function. Applied Soil Ecology 6: 3–16. 

Goetz, S., Steinberg, D., Dubayah, R., & Blair, B. 2007. Laser remote sensing of canopy habitat heterogeneity as 
a predictor of bird species richness in an eastern temperate forest, USA. Remote Sensing of Environment 
108: 254–263.  

Gomez-Alvarez, V., King, G.M., & Nusslein, K. 2007. Comparative bacterial diversity in recent Hawaiian 
volcanic deposits of different ages. Fems Microbiology Ecology 60: 60–73. 

Gopal, B., & Junk, W.J. 2001. Assessment, determinants, function and conservation of biodiversity in wetlands: 
present status and future needs. In: Gopal, B., Junk, W.J., & Davis, J.A.: Biodiversity in Wetlands: 
Assessment, Function and Conservation. Backhuys Publishers, Leiden: 277–302. 

Gormsen, D., Hedlund, K., & Wang, H.F. 2006. Diversity of soil mite communities when managing plant 
communities on set-aside arable land. Applied Soil Ecology 31: 147–158. 

Graae, B.J., Sunde, P.B. 2000. The impact of forest continuity and management on forest floor vegetation 
evaluated by species traits. Ecography 23: 720–731. 

Graefe, U., & Schmelz, R. 1999. Indicator values, strategy types and life forms of terrestrial Enchytraeidae and 
other microannelids. Newsletter on Enchytraeidae 6: 59–68. 

Gray, A.N., Azuma, D.L. 2005. Repeatability and implementation of a forest vegetation indicator. Ecological 
Indicators 5: 57–71. 

Greenslade, P. 2007. The potential of Collembola to act as indicators of landscape stress in Australia Australian 
Journal of Experimental Agriculture 47: 424–434. 

Gregory, R.D., van Strien, A., Vorisek, P., Meyling, A.W.G, Noble, D.G., Foppen, R.P.B, & Gibbons, D.W. 
2005. Developing indicators for European birds. Philosophical Transactions of the Royal Society B – 
Biological Sciences 360: 269–288. 

Gren, I.-M., Groth, K.-H., & Sylvén, M. (1995). Economic values of Danube floodplains. Journal of 
Environmental Management 45: 333–345. 

Guegan, J.F., Lek, S., & Oberdorff, T. (1998). Energy availability and habitat heterogeneity predict global 
riverine fish diversity. Nature 391: 382–384. 

Gustafson, E.J. 1998. Quantifying landscape spatial pattern: what is the state of the art? Ecosystems 1: 143–156. 

Gutknecht, J.L.M., Goodman, R.M., & Balser, T.C. 2006. Linking soil process and microbial ecology in 
freshwater wetland ecosystems. Plant Soil 289: 17–34. 

Hagan, J.M., Whitman, A.A. 2006. Biodiversity indicators for sustainable forestry: simplifying complexity. 
Journal of Forestry 104: 203–210. 

Hägglund, B., Lundmark, J.E. 1981. Handledning i bonitering med Skogshögskolans boniteringssystem. D. 1, 
Definitioner och anvisningar. Skogsstyrelsen, Jönköping. 

Haines-Young, R., & Chopping, M. 1996. Quantifying landscape structure: a review of landscape indices and 
their application to forested landscapes. Progress in Physical Geography 20: 418–445. 

Hale, S.S., Paul, J.F., & Heltshe, J.F. 2004. Watershed landscape indicators of estuarine benthic condition. 
Estuaries 27: 283–295. 

Hall, H.M., Grinnell, J. 1919. Life-zone indicators in California. Proceedings of the California Academy of 
Sciences 9: 37–67. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 65 of 108 

Harwell, M.A., Myers, V., Young, T., Bartuska, A., Gassman, N., Gentile, J.H., Harwell, C.C., Appelbaum, S., 
Barko, J., Causey, B., Johnson, C., McLean, A., Smola, R., Templet, P., Tosini, S. 1999. A framework for an 
ecosystem integrity report card. Bioscience 49: 543–556. 

Heemsbergen, D.A., Berg, M.P., Loreau, M., van Hal, J.R., Faber, J.H., & Verhoef, H.A. 2004. Biodiversity 
effects on soil, processes explained by interspecific functional dissimilarity. Science 306: 1019–1020. 

Hegland, S.J. & Boeke, L. 2006. Relationships between the density and diversity of floral resources and flower 
visitor activity in a temperate grassland community. Ecological Entomology 31: 532–538. 

Helling, B., & Larink, O. 1998. Contribution of earthworms to nitrogen turnover in agricultural soils treated with 
different mineral N-fertilizers. Applied Soil Ecology 9: 319–325. 

Helm, A., Hanski, I., & Partel, M. 2006. Slow response of plant species richness to habitat loss and 
fragmentation. Ecology Letters 9: 72–77. 

Hendrickx, F., Maelfait, J.P., van Wingerden, W., Schweiger, O., Speelmans, M., Aviron, S., Augenstein, I., 
Billeter, R., Bailey, D., Bukacek, R., Burel, F., Diekotter, T., Dirksen, J., Herzog, F., Liira, J., Roubalova, 
M., Vandomme, V., & Bugter, R. 2007. How landscape structure, land-use intensity and habitat diversity 
affect components of total arthropod diversity in agricultural landscapes. Journal of Applied Ecology 44: 
340–351. 

Hering, D., Moog, O., Sandin, L., & Verdonschot, P.F.M. (2004). Overview and application of the AQEM 
assessment system. Hydrobiologia 516: 1–20. 

Herzog, F., Steiner, B., Bailey, D., Baudry, J., Billeter, R., Bukacek, R., de Blust, G., de Cock, R., Dirksen, J., 
Dormann, C.F., de Filippi, R., Frossard, E., Liira, J., Schmidt, T., Stockli, R., Thenail, C., van Wingerden, 
W., & Bugter, R. 2006. Assessing the intensity of temperate European agriculture at the landscape scale. 
European Journal of Agronomy 24: 165–181. 

Hill, M.O., Roy, D.B., Mountford, J.O., Bunce, R.G.H. 2000. Extending Ellenberg's indicator values to a new 
area: An algorithmic approach. Journal of Applied Ecology 37: 3–15. 

Hinsley, S.A., Hill, R.A., Bellamy, P.E., & Balzter, H. 2006. The application of lidar in woodland bird ecology: 
climate, canopy structure, and habitat quality. Photogrammetric Engineering & Remote Sensing 72: 1399–
1406.  

Hodgson, J.G., Montserrat-Marti, G., Tallowin, J., Thompson, K., Diaz, S., Cabido, M., Grime, J.P., Wilson, 
P.J., Band, S.R., Bogard, A., Cabido, R., Caceres, D., Castro-Diez, P., Ferrer, C., Maestro-Martinez, M., 
Perez-Rontome, M.C., Charles, M., Cornelissen, J.H.C., Dabbert, S., Perez-Harguindeguy, N., Krimly, T., 
Sijtsma, F.J., Strijker, D., Vendramini, F., Guerrero-Campo, J., Hynd, A., Jones, G., Romo-Diez, A., Espuny, 
L.D., Villar-Salvador, P., & Zak, M.R. 2005. How much will it cost to save grassland diversity? Biological 
Conservation 122: 263–273. 

Hof, J., Flather, C., Baltic, T., & Davies, S. 1999. Projections of forest and rangeland condition indicators for a 
national assessment. Environmental Management 24: 383–398. 

Holloway, J.D. 1980. Insect surveys – an approach to environmental monitoring. Atti XII Congresso Nazionale 
Italiana Entomologia: 239–261. 

Horskins, K., Mather, P.B., & Wilson, J.C. 2006. Corridors and connectivity: when use and function do not 
equate. Landscape Ecology 21: 641–655. 

Hoste, H., Jackson, F., Athanasiadou, S., Thamsborg, S.M., & Hoskin, S.O. 2006. The effects of tannin-rich 
plants on parasitic nematodes in ruminants. Trends in Parasitology 22: 253–261. 

Hovel, K.A., & Lipcius, R.N. 2001. Habitat fragmentation in a seagrass landscape: patch size and complexity 
control blue crab survival. Ecology 82: 1814–1829. 

Hudon, C., Wilcox, D., & Ingram, J. 2006. Modeling wetland plant community response to assess water-level 
regulation scenarios in the lake Ontario – St. Lawrence River Basin. Environmental Monitoring and 
Assessment 113: 303–328. 

Ingerpuu, N., Vellak, K., Kukk, T. & Partel, M. 2001. Bryophyte and vascular plant species richness in boreo-
nemoral moist forests and mires. Biodiversity and Conservation 10: 2151–2166. 

Innis, S., Naiman, R.J., & Elliott. S.R. 2000. Indicators and assessment methods for measuring the ecological 
integrity of semi-aquatic terrestrial environments. Hydrobiologica 422/423: 111–131. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 66 of 108 

ISO 11074-1 (International Organisation for Standardisation) 1996. Soil Quality – Vocabulary, Part 1: Terms 
and Definitions Relating to the Protection and Pollution of Soil. 

Iverson, L.R., &. Prasad, A.M. 1998. Predicting abundance for 80 tree species following climate change in the 
Eastern United States. Ecological Monographs 68: 465–485. 

Jackson, L.E., Levine, J.F., & Hilborn, E.D. 2006. A comparison of analysis units for associating Lyme disease 
with forest-edge habitat. Community Ecology 7: 189–197.  

Jackson, L.E., Pascual, U, & Hodgkin, T. 2007. Utilizing and conserving agrobiodiversity in agricultural 
landscapes. Agriculture Ecosystems & Environment 121: 196–210. 

Jacobsen, D., Schultz, R. & Encalada, A. (1997). Structure and diversity of stream invertebrate assemblages: the 
influence of temperature with altitude and latitude. Freshwater Biology 38: 247–261. 

Jänsch, S., Römbke, J., & Didden, W. 2005. The use of enchytraeids in ecological soil classification and 
assessment concepts. Ecotoxicology & Environmental Safety 62: 266–277. 

Jansson, Å. , Folke, C., & Langaas, S. 1998. Quantifying the nitrogen retention capacity of natural wetlands in 
the large-scale drainage basin of the Baltic Sea. Landscape Ecology 13: 249–262. 

Jeanneret, P., Schupbach, B., & Luka, H.. 2003. Quantifying the impact of landscape and habitat features on 
biodiversity in cultivated landscapes. Agriculture Ecosystems & Environment 98: 311–320. 

Jennings, D.B., & Jarnagin, S.T. 2002. Impervious surfaces and stream flow discharge: a historical perspective in 
a Mid-Atlantic subwatershed. Landscape Ecology 17: 471–489. 

Jensen, M.E., Goodman, I.A., Bourgeron, P.S., Poff, N.L., & Brewer, C.K. 2001. Effectiveness of biophysical 
criteria in the hierarchical classification of drainage basins. Journal of the American Water Resources 
Association 37: 1155–1167. 

Jiménez, J.J., & Lal, R. 2006. Mechanisms of C Sequestration in Soils of Latin America. Critical Reviews in 
Plant Sciences 25: 337–365. 

Joergensen, R.G., & Emmerling, C. 2006. Methods for evaluating human impact on soil microorganisms based 
on their activity, biomass and diversity in agricultural soils. Journal of Plant Nutrition & Soil Science 169: 
295–309. 

Jones, C.G., Lawton, J.H., & Shachak, M. 1994. Organisms as ecosystems engineers. Oïkos 69: 373–386. 

Jones, K.B., Kepner, L.P., & Martin, T.E. 1985. Species of reptiles occupying habitat islands in Western 
Arizona: a deterministic assemblage. Oecologia 66 : 595–601. 

Jones, K.B., Walker, J., Riitters, K.H., Wickham, J.D., & Nicoll, C. 1996. Indicators of Landscape Integrity. In: 
Walker, J., & Reuter, D.J. (eds.): Indicators of catchment health: a technical perspective. CSIRO Publishing, 
Victoria, Australia: 155–168. 

Jones, K.B., Riitters, K.H., Wickham, J.D., Tankersley Jr, R.D., O’Neill, R.V., Chaloud, D.J., Smith, E.R., & 
Neale, A.C. 1997. An Ecological Assessment of the United States Mid-Atlantic Region: A Landscape Atlas. 
EPA/600/R-97/130. 

Jones, K.B., Neale, A.C., Nash, M.S., Riitters, K.H., Wickham, J.D., O’Neill, R.V., & VanRemortel, R.D. 2000. 
Landscape correlates of breeding bird richness across the United States Mid-Atlantic Region. Environmental 
Monitoring and Assessment 63: 159–174. 

Jones, K.B., Neale, A.C., Wade, T.G., Wickham, J.D., Cross, C.L., Edmonds, C.M., Loveland, T.R., Nash, M.S., 
Riitters, K.H., & Smith, E.R. 2001. The consequences of landscape change on ecological resources: an 
assessment of the United States Mid-Atlantic Region, 1973-1993. Ecosystem Health 7: 229–242. 

Jones, K.B., Walker, J., Zaccarelli, N., Kepner, W.G., & Zurlini, G. 2005. Towards a core data set for landscape 
assessments. EcoSys 11: 48–65. 

Jones, K.B., Hamann, S., Nash, M.S., Neale, A.C., Kepner, W.G., Wade, T.G., Walker, J., Müller, F., Zurlini, 
G., Zaccarelli, N., Jongman, R., Nedkov, S., & Knight, C.G. (2007). Cross-European landscape analysis. 
Illustrative examples using existing spatial data. In: Use of Landscape Sciences for the Assessment of 
Environmental Security (eds E. Petrosillo, F. Müller, K.B. Jones, G. Zurlini, K. Krauze, S. Victorov, B.-L. Li 
& W.G. Kepner). NATO Science for Peace and Security Series C: Environmental Security, Springer: 258–
316. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 67 of 108 

Jongman, R.H.G., Bunce, R.G.H., Metzger, M.J., Mucher, C.A., Howard, D.C., & Mateus, V.L. 2006. 
Objectives and applications of a statistical environmental stratification of Europe. Landscape Ecology 21: 
409–419. 

Jonson, T. 1914. Om bonitering av skogsmark. Svenska Skogsvårdsföreningens Tidskrift 5: 369–392. 

Jouquet, P., Dauber, J., Lagerlöf, J., Lavelle, P., & Lepage, M. 2006. Soil invertebrates as ecosystem engineers: 
Intended and accidental effects on soil and feedback loops. Applied Soil Ecology 32: 153–164. 

Juttner, I., Sharma, S., Dahal, B.M., Ormerod, S.J., Chimonides, P.J., & Cox, E.J. (2003). Diatoms as indicators 
of stream quality in the Kathmandu Valley and Middle Hills of Nepal and India. Freshwater Biology 48: 
2065–2084. 

Kahmen, S. & Poschlod, P. 2004. Plant functional trait responses to grassland succession over 25 years. Journal 
of Vegetation Science 15: 21–32. 

Karr, J.R. (1981). Assessment of biotic integrity using fish communities. Fisheries 6:21–27. 

Karr, J.R. 1991. Biological integrity: a long-neglected aspect of water resource management. Ecological 
Applications 1: 66–84. 

Karr, J.R. & Chu, E.W. (1999). Restoring life in running waters: better biological monitoring. Island Press, 
Washington DC, 206 pp. 

Karr, J.R. & Chu, E.W. (2000). Sustaining living rivers. Hydrobiologia 422/423: 1–14. 

Kattan, G.H., Alvarez-Lopez, H., & Giraldo, M. 1994. Forest fragmentation and bird extinctions: San Antonio 
eighty years later. Conservations Biology 9: 138–146. 

Keane, R.E., Rollins, M.G., McNicoll, C.H., & Parsons, R.A. 2002. Integrating ecosystem sampling, gradient 
modeling, remote sensing, and ecosystem simulation to create spatially explicit landscape inventories. USDA 
Forest Service Gen Tech. Report RMRS-GTR-92, Fort Collins, Colorado, USA. 

Kelly, M.G. (1998). Use of the trophic diatom index to monitor eutrophication in rivers. Water Research 32: 
236–242. 

Kennedy, M.P., & Murphy, K.J. 2004. Indicators of nitrate in wetland surface and soil-waters: interactions of 
vegetation and environmental factors. Hydrology & Earth System Sciences 8: 663–672. 

Kie, J.G., Bowyer, T., Nicholson, M.C., Boroski, B.B., & Lofts, E.R. 2002. Landscape heterogeneity at differing 
scales: effects on spatial distribution of mule deer. Ecology 83: 530–544.  

Kleijn, D., & Sutherland, W.J. 2003. How effective are European agri-environment schemes in conserving and 
promoting biodiversity? Journal of Applied Ecology 40: 947–969. 

Klein, A.M., Vaissiere, B.E., Cane, J.H., Steffan-Dewenter, I., Cunningham, S.A. Kremen, C., & Tscharntke, T. 
2007. Importance of pollinators in changing landscapes for world crops. Proceedings of the Royal Society B-
Biological Sciences 274: 303–313. 

Knox, A.S., Dunn, D.L., Paller, M.H., Nelson, E.A., Specht W.L., & Seaman, J.C. 2006. Assessment of 
contaminant retention in constructed wetland sediments. Engineering in Life Sciences 6: 31–36. 

Kolkwitz, R., & Marsson, M. (1902). Grundsätze für die biologische Beurteilung des Wassers nach seiner Flora 
und Fauna. Mitteilungen aus der Königlichen Prüfungsanstalt für Wasserversorgung und 
Abwasserbeseitigung Berlin 1: 33–72. 

Kolkwitz, R., & Marsson, K. (1908). Ökologie der pflanzlichen Saprobien. Berichte der Deutschen botanischen 
Gesellschaft 26A:505–519. 

Komonen, A., Penttila, R., Lindgren, M., & Hanski, I. 2000. Forest fragmentation truncates a food chain based 
on an old-growth forest bracket fungus. Oikos 90: 119–126.  

Kotwal, P.C., Omprakash, M.D., Gairola, S., Dugaya, D. 2008. Ecological indicators: Imperative to sustainable 
forest management. Ecological Indicators 8: 104–107. 

Kutsch, W.L., Steinborn, W., Herbst, M., Baumann, R., Barkmann, T., & Kappen, L. 2001. Environmental 
indication: A field test of an ecosystem approach to quantify biological self-organization. Ecosystems 4: 49–
66.  



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 68 of 108 

Lambeck, R.J. 1997. Focal species: a multi-species umbrella for nature conservation. Conservation Biology 11: 
849–856. 

Larsson, T.-B. 2001. Biodiversity evaluation tools for European forests. Ecological Bulletins 50: 1–237. 

Lathrop, R.G., Tulloch, D.L., & Hatfield, C. 2007. Consequences of land use change in the New York – New 
Jersey highlands, USA: landscape indicators of forest and watershed integrity. Landscape and Urban 
Planning 79: 150–155.  

Lavelle, P., Bignell, D., & Lepage, M. 1997. Soil function in a changing world: the role of invertebrate 
ecosystem engineers. European Journal of Soil Biology 33: 159–193. 

Lavelle, P., Decaëns, T., Aubert, M., Barot, S., Blouin, M., Bureau, F., Margerie, P., Mora, P., & Rossi, J.-P. 
2006. Soil invertebrates and ecosystem services. European Journal of Soil Biology 42: 3–15. 

Lavoie, I., Campeau, S., Grenier, M., & Dillon, P.J. (2006). A diatom-based index for the biological assessment 
of eastern Canadian rivers: an application of correspondence analysis (CA). Canadian Journal of Fisheries 
and Aquatic Sciences 63: 1793–1811. 

LAWA (Laenderarbeitsgemeinschaft Wasser) (2000). Gewässerstrukturguetekartierung in der Bundesrepublik 
Deutschland – Verfahren für kleine und mittelgroße Fliessgewaesser. Kulturbuchverlag, Schwerin, 145 pp + 
Annex. 

Li, H., & Wu, J.. 2004. Use and misuse of landscape indices.  Landscape Ecology 19:389-399. 

Li, Y.J., Feng, J.Y., Chen, J.K., & Wu, J.H. 2007. Original vegetation type affects soil nematode communities. 
Applied Soil Ecology 35: 68–78. 

Lindborg, R., Cousins, S.A.O., & Eriksson, O. 2005. Plant species response to land use change - Campanula 
rotundifolia, Primula veris and Rhinanthus minor. Ecography 28: 29–36. 

Lindenmayer, D.B., Margules, C.R., Botkin, D.B. 2000. Indicators of biodiversity for ecologically sustainable 
forest management. Conservation Biology 14: 941–950. 

Longcore, T., & Rich, C. 2004. Ecological light pollution. Frontiers in Ecology and the Environment 2: 191–
198. 

Loreau, M., Mouquet, N., & Gonzalez, A. 2003. Biodiversity as spatial insurance in heterogeneous landscapes. 
Proceedings of the National Academy of Sciences of the United States of America 100: 12765–12770. 

Loreau, M., Naeem, S., Inchausti, P., (eds.) 2002. Biodiversity and ecosystem functioning. Oxford University 
Press Oxford, Oxford. 

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J, Grime, J.P., Hector, A., Hooper, D.U., Huston, M.A., 
Raffaelli, D., Schmid, B., Tilman, D., & Wardle, D.A. 2001. Ecology – Biodiversity and ecosystem 
functioning: Current knowledge and future challenges. Science 294: 804–808. 

Lorenz, A., Hering, D., Feld, C.K., & Rolauffs, P. (2004). A new method for assessing the impact of 
hydromorphological degradation on the macroinvertebrate fauna of five German stream types. Hydrobiologia 
516: 107–127. 

Lougheed, V.L., Parker, C.A., & Stevenson, R.J. 2007. Using non-linear responses of multiple taxonomic groups 
to establish criteria indicative of wetland biological condition. Wetlands 1: 96–109. 

Ludwig, J.A., Bastin, G.N., Chewings, V.H., Eager, R.W., & Liedloff, A.C. 2007. A new index for monitoring 
the health of arid and semiarid landscapes using remotely sensed vegetation cover and elevation data. 
Ecological Indicators 7: 442–454. 

Ludwig, J.A., Wilcox, B.P., Breshears, D.D., Tongway, D.J., & Imeson, A.C. 2005. Vegetation patches and 
runoff-erosion as interacting ecohydrological processes in semiarid landscapes. Ecology 86: 288–297. 

Lundquist, J.E., Beatty, J.S. 1999. A conceptual model for defining and assessing condition of forest stands. 
Environmental Management 23: 519–525. 

Lupo, F., Linderman, M., Vanacker, V., Bartholomé, E., & Lambin, E.F. 2007. Categorization of land-cover 
change processes based on phenological indicators extracted from time series of vegetation index data. 
International Journal of Remote Sensing 28: 2469–2483. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 69 of 108 

Lyons, K.G., Brigham, C.A., Traut, B.H. & Schwartz, M.W. (2005). Rare species and ecosystem functioning. 
Conservation Biology 19: 1019–1024. 

MA (Millennium Ecosystem Assessment) (2005a). Ecosystems and Human Well-being: Synthesis. Island Press, 
Washington DC, 137 pp. 

MA (Millennium Ecosystem Assessment) (2005b). Ecosystems and Human Well-being: Biodiversity Synthesis. 
World Resources Institute, Washington DC, 86 pp. 

Ma, M.H., Tarmi,S., & Helenius, J. 2002. Revisiting the species-area relationship in a semi-natural habitat: floral 
richness in agricultural buffer zones in Finland. Agriculture Ecosystems & Environment 89: 137–148. 

MacArthur, R.H., & Wilson, E.O. 1967. The theory of island biogeography. Princeton University, Princeton. 

Maddock, I. 1999. The importance of physical habitat assessment for evaluating river health. Freshwater Biology 
41: 373–391. 

Maes, D. & Van Dyck, H. 2005. Habitat quality and biodiversity indicator performances of a threatened butterfly 
versus a multispecies group for wet heathlands in Belgium. Biological Conservation 123: 177–187. 

Maestre, F.T. 2004. On the importance of patch attributes, environmental factors and past human impacts as 
determinants of perennial plant species richness and diversity in Mediterranean semiarid steppes. Diversity 
and Distributions 10: 20–28. 

Magurran, A.E. 2004. Measuring biological diversity. Blackwell, Oxford. 

Maloney, K.O., & Feminella, J.W. 2007. Evaluation of single- and multi-metric benthic macroinvertebrate 
indicators of catchment disturbance over time at the Fort Benning Military Installation, Georgia, USA. 
Ecological Indicators 6: 469–484. 

Mander, U., Muller, F., & Wrbka, T. 2005. Functional and structural landscape indicators: upscaling and 
downscaling problems. Ecological Indicators 5: 267–272. 

Manel, S., Schwartz, M.K., Luikart, G., & Taberlet, P. 2003. Landscape genetics: combining landscape ecology 
and population genetics. Trends in Ecology and Evolution 18: 189–197.  

Martin, T.E. 1980. Diversity and abundance of spring migratory birds using habitat islands on the Great Plains . 
Condor 82: 430–439. 

McCollin, D. 1993. Avian distribution patterns in a fragmented wooded landscape (North Humberside, U.K.): 
the role of between-patch and within-patch structure. Global Ecology and Biogeography Letters 3: 48–62. 

McGarigal, K., & Marks, D. 1995. FRAGSTATS: spatial pattern analysis program for quantifying landscape 
structure. USDA Forest Service General Technical Report PNW-351. 

McGeoch, M. (1998). The selection, testing and application of terrestrial insects as bioindicators. Biological 
Reviews of the Cambridge Philosophical Society 73: 181–201. 

McIntyre, S., Díaz, S., Lavorel, S., Cramer, W. 1999. Plant functional types and disturbance dynamics – 
Introduction. Journal of Vegetation Science 10: 604–608. 

McNair, S.A., & Chow-Fraser, P. 2003. Change in biomass of benthic and planktonic algae along a disturbance 
gradient for 24 Great Lakes coastal wetlands. Canadian Journal of Fisheries & Aquatic Sciences 60: 676–
689. 

Meilinger, P., Schneider, S., & Melzer, A. (2005). The reference index method for the macrophyte-based 
assessment of rivers – a contribution for the implementation of the European Water Framework Directive in 
Germany. International Review of Hydrobiology 90: 322–342. 

Mennis, J.L. 2005. The distribution and enforcement of air polluting facilities in New Jersey. The Professional 
Geographer 57: 411–422.  

Mennis, J.L., & Jordan, L. 2005. The distribution of environmental equity: exploring spatial nonstationarity in 
multivariate models of air toxic releases. Annals of the Association of American Geographers 95: 249–268. 

Merritt, R.W, Allan, J.D., Cummins, K.W., Wessell, K.J., & Wilhelm, J.O. (2005). Qualitative biological and 
habitat protocols for Michigan’s non-wadeable rivers. Michigan Department of Environmental Quality, 
Michigan. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 70 of 108 

Mech, S.G. & Hallett, J.G. 2001. Evaluating the effectiveness of corridors: a genetic approach. Conservation 
Biology 15: 467–474. 

Michels, E., Cottenie, K., Neys, L., de Gelas, K., Coppin, P., & de Meester, L. 2001. Geographical and genetic 
distances among zooplankton populations in a set of interconnected ponds: a plea for using GIS modeling of 
the effective geographical distance. Molecular Ecology 10: 1929–1938. 

Milchunas, D.G., Sala, O.E., & Lauenroth, W.K. 1988. A Generalized-Model of the Effects of Grazing by Large 
Herbivores on Grassland Community Structure. American Naturalist 132: 87–106. 

Minor, M.A., & Cianciolo, J.M. 2007. Diversity of soil mites (Acari: Oribatida, Mesostigmata) along a gradient 
of land use types in New York. Applied Soil Ecology 35: 140–153. 

Mitsch, W.J., & Gosselink, J.G. 2000: Wetlands. 3rd Edition, J. Wiley & Sons. 

Moser, D., Zechmeister, H.G., Plutzar, C., Sauberer, N., Wrbka, T., & Grabherr, G. 2002. Landscape patch shape 
complexity as an effective measure for plant species richness in rural landscapes. Landscape Ecology 17: 
657–669. 

Mucher, C.A., H. Bunce, R.G., Jongman, R.H.G., Klijn, J.A., Koomen, A.J.M., Metzger, M.J., & Wascher, D.M. 
2003. Identification and characterization of environments and landscape in Europe. Alterra Report Number 
832, Wageningen, The Netherlands. 

Mulder, C., Schouten, A.J., Hund-Rinke, K., & Breure, A.M. 2005. The use of nematodes in ecological soil 
classification and assessment concepts. Ecotoxicology & Environmental Safety 62: 278–289. 

Murphy, H.T., & Lovett-Doust, J. 2004. Context and connectivity in plant metapopulations and landscape 
mosaics: does the matrix matter? Oikos 105: 3–14. 

Myking, T. 2002. Evaluating genetic resources of forest trees by means of life history traits – a Norwegian 
example. Biodiversity and Conservation 11: 1681–1696. 

Nahmani, J., Lavelle, P., & Rossi, J.-P. 2006. Does changing the taxonomical resolution alter the value of soil 
macroinvertebrates as bioindicators of metal pollution? Soil Biology & Biochemistry 38: 385–396. 

Naidoo, R., & Ricketts, T.H.. 2006. Mapping the economic costs and benefits of conservation. PLoS Biology 4 
(Doi: 10.1371/journal.pbio.0040360) 

Naiman, R.J., Décamps, H., & Pollock, M. (1993). The role of riparian corridors in maintaining regional 
biodiversity. Ecological Applications 3: 209–212. 

Niemela, J. & Baur, B. 1998. Threatened species in a vanishing habitat: plants and invertebrates in calcareous 
grasslands in the Swiss Jura mountains. Biodiversity and Conservation 7: 1407–1416. 

Nitare, J., (Ed.) 2000. Signalarter. Indikatorer på skyddsvärd skog. Flora över kryptogamer. [Indicator species 
for assessing the nature conservation value of woodland sites] In Swedish with English summary. . 
Slogsstyrelsens förlag, Jönköping. 

Nortcliff, S. 2002. Standardisation of soil quality attributes. Agriculture, Ecosystems & Environment 88: 161–
168. 

Noss, R.F. 1990. Indicators for monitoring biodiversity: a hierarchical approach. Conservation Biology 4: 355–
364. 

Noss, R.F. 1999. Assessing and monitoring forest biodiversity: A suggested framework and indicators. Forest 
Ecology and Management 115: 135–146. 

O’Connell, T.J., Jackson, R.E., & Brooks, R.P. 2000. Bird guilds as indicators of ecological condition in the 
central Appalachians. Ecological Applications 10: 1706–1721. 

O’Connor, R.J., Jones, M.T., White, D., Hunsaker, C., Loveland, T., Jones, B., & Preston, E. 1996. Spatial 
partitioning of environmental correlates of avian biodiversity in the conterminous United States. Biodiversity 
Letters 3: 97–110. 

O’Neill, R.V., Krummel, J.R., Gardner, R.H., Sugihara, G., DeAngelis, D.L., Milne, B.T., Turner, M.G., 
Zygmunt, B., Christensen, S.W., Dale, V.H., & Graham, R.L. 1988. Indices of landscape pattern. Landscape 
Ecology 1: 153–162. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 71 of 108 

OECD (Organisation for Economic Cooperation and Development) 2001. Environmental Indicators for 
Agriculture. Volume 3, Methods and Results. OECD Publications, Paris. 

OECD (Organisation for Economic Cooperation and Development) 2004. Agricultural impacts on soil erosion 
and soil biodiversity: developing indicators for policy analysis. In: Proceedings of an OECD Expert Meeting, 
Rome, March 25–28 2003. 

Oertli, S., Muller, A., Steiner, D., Breitenstein, A., & Dorn, S. 2005. Cross-taxon congruence of species diversity 
and community similarity among three insect taxa in a mosaic landscape. Biological Conservation 126: 195–
205. 

Olechowicz, E. 2004. Community structure of soil-litter macrofauna in shelterbelt and adjacent crop field. Polish 
Journal of Ecology 52: 135–153.  

Ortiz-Ceballos, A.I., Fragoso, C., & Brown, G.G. 2007. Synergistic effect of a tropical earthworm Balanteodrilus 
pearsei and velvetbean Mucuna pruriens var. utilis on maize growth and crop production. Applied Soil 
Ecology 35: 356–362. 

Paillisson, J.M.., Reeber, S., & Marion, L. 2002. Bird assemblages as bio-indicators of water regime 
management and hunting disturbance in natural wet grasslands. Biological Conservation 106: 115–127. 

Pantle, R., & Buck, H., (1955). Die biologische Überwachung der Gewässer und die Darstellung der Ergebnisse. 
Besondere Mitteilungen des deutschen Gewässerkundlichen Jahrbuchs 12: 135–143. 

Paoletti, M.G. 1999. The role of earthworms for assessment of sustainability and as bioindicators. Agriculture, 
Ecosystems and Environment 74: 137–155. 

Papanastasis, V.P. 2004. Traditional vs contemporary management of Mediterranean vegetation: the case of the 
island of Crete. Journal of Biology Research 1: 39–46. 

Parisi, V. 2001. The biological soil quality, a method based on microarthropods. Acta Naturalia de L’Ateneo 
Parmense 37: 97–106. 

Parisi, V., Menta, C., Gardi, C., Jacomini, C., & Mozzanica, E. 2005. Microarthropod communities as a tool to 
assess soil quality and biodiversity: a new approach in Italy. Agriculture, Ecosystems & Environment 105: 
323–333. 

Park, Y.S., Chon, T.S., Kwak, I.S., & Lek, S. (2004). Hierarchical community classification and assessment of 
aquatic ecosystems using artificial neural networks. Science of the total Environment 327: 105–122. 

Park, Y.S., Tison, J., Lek, S., Giraudeld, J.-l., Costeb, M., & Delmas, F. (2006). Application of a self-organizing 
map to select representative species in multivariate analysis: A case study determining diatom distribution 
patterns across France. Ecological Informatics 1: 247–257. 

Parr, J.F., Papendick, R.I., Hornick, S.B., & Meyer, R.E. 1992. Soil quality: attributes and relationship to 
alternative and sustainable agriculture. American Journal of Alternative Agriculture 7: 5–11. 

Partel, M., Zobel, M., Zobel, K., & v. d. Maarel, E. 1996. The species pool and its relation to species richness: 
Evidence from Estonian plant communities. Oikos 75: 111–117.  

Partel, M., Helm, A., Ingerpuu, N., Reier, U., & Tuvi, E.L. 2004. Conservation of Northern European plant 
diversity: the correspondence with soil pH. Biological Conservation 120: 525–531. 

Partel, M., Helm, A., Reitalu, T., Liira, J., & Zobel, M. 2007. Grassland diversity related to the Late Iron Age 
human population density. Journal of Ecology 95: 574–582. 

Paruelo, J.M., Pineiro, G., Oyonarte, C., Alcaraz, D., Cabello, J., & Escribano, P. 2005. Temporal and spatial 
patterns of ecosystem functioning in protected and areas in southeastern Spain. Applied Vegetation Science 
8: 93–102. 

Pattanayak, S.K., Butry, D.T. 2003. Forest ecosystem services as production inputs. In: Sills, E.O., Abt, K.L. 
(Eds.): Forests in a market economy. Kluwer Academic Publishers: 361–379. 

Pavao-Zuckerman, M.A., & Coleman, D.C. 2007. Urbanization alters the functional composition, but not 
taxonomic diversity, of the soil nematode community. Applied Soil Ecology 35: 329–339. 

Payraudeau, S., & van der Werf, H.M.G. 2005. Environmental impact assessment for a farming region: a review 
of methods. Agriculture Ecosystems & Environment 107: 1–19. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 72 of 108 

Perevolotsky, A. & Seligman, N.G. 1998. Role of grazing in Mediterranean rangeland ecosystems - Inversion of 
a paradigm. Bioscience 48: 1007–1017. 

Pervanchon, F. 2004. Modélisation de l'effet des pratiques agricoles sur la diversité végétale et la valeur 
agronomique des prairies permanentes en vue de l'élaboration d'indicateurs agri-environnementaux. Ph.D. 
Thesis, Institut National Polytechnique de Lorraine (INPL), Nancy. 

Peters, D.P.C., Gosz, J.R., Pockman, W.T., Small, E.E., Parmenter, R.R., Collins, S., & Muldavin, E. 2006. 
Integrating patch and boundary dynamics to understand and predict biotic transitions at multiple scales. 
Landscape Ecology 21: 19–33. 

Petit, S. & Firbank, L. 2006. Predicting the risk of losing parcels of semi-natural habitat to intensive agriculture. 
Agriculture Ecosystems & Environment 115: 277–280. 

Phillips, S.J., Anderson, R.P., & Schapire, R.E. 2006. Maximum entropy modeling of species geographic 
distributions. Ecological Modeling 190: 231–259. 

Pickett, S.T.A., & Cadenasso, M.L. 1995. Landscape ecology: spatial heterogeneity in ecological systems. 
Science 269: 331–334. 

Pioani, K.A., Richter, B.D., Anderson, M.G., & Richter, H.E. (2000). Biodiversity conservation at multiple 
scales: functional sites, landscapes, and networks. Bio Science, 5:; 133–146. 

Piorr, H.P. 2003. Environmental policy, agri-environmental indicators and landscape indicators. Agriculture 
Ecosystems & Environment 98: 17–33. 

Ponge, J.-F., Chevalier, R. 2006. Humus Index as an indicator of forest stand and soil properties. Forest Ecology 
and Management 233: 165–175. 

Pons, P., Lambert, B., Rigolot, E., & Prodon, R. 2003. The effects of grassland management using fire on habitat 
occupancy and conservation of birds in a mosaic landscape. Biodiversity and Conservation 12: 1843–1860. 

Pont, D., Hugueny, B., Beier, U., Goffaux, D., Melcher, A., Noble, R., Rogers, C., Roset, N., & Schmutz, S. 
(2006). Assessing river biotic condition at a continental scale: a European approach using functional metrics 
and fish assemblages. Journal of Applied Ecology 43: 70–80. 

Poschlod, P., Bakker J. P. & Kahmen, S. 2005. Changing land use and its impact on biodiversity. BAAE 6: 93–
98. 

Potts, S.G, Petanidou, T., Roberts, S., O’Toole, C., Hulbert, A., & Willmer, P. (2006). Plant-pollinator 
biodiversity and pollination services in a complex Mediterranean landscape. Biological Conservation 129: 
519–529.  

Primdahl, J., Peco, B., Schramek, J., Andersen, E., & Onate, J.J. 2003. Environmental effects of agri-
environmental schemes in Western Europe. Journal of Environmental Management 67: 129–138. 

Pueyo, Y., Alados, C.L., & Ferrer-Benimeli, C. 2006. Is the analysis of plant community structure better than 
common species-diversity indices for assessing the effects of livestock grazing on a Mediterranean arid 
ecosystem? Journal of Arid Environments 64: 698–712. 

Pyke, D.A., Herrick, J.E., Shaver, P., & Pellant, M. 2002. Rangeland health attributes and indicators for 
qualitative assessment. Journal of Range Management 55: 584–597. 

Quetier, F., Thebault, A., & Lavorel, S. 2007. Plant traits in a state and transition framework as markers of 
ecosystem response to land-use change. Ecological Monographs 77: 33–52. 

Rankin, E.T. (1989). The qualitative habitat evaluation index (QHEI): rationale, methods, and application. Ohio 
EPA, Division of Water Quality Planning and Assessment, Ohio. 

Raven, P.J., Fox, P., Everard, M., Holmes, N.T.H., & Dawson, F.H. (1997). River Habitat Survey: a new system 
for classifying rivers according to their habitat quality. In: Freshwater Quality: Defining the Indefinable (eds 
P. J. Boon & D. L. Howell). Scottish Natural Heritage, Edinburgh: 215–234. 

Revenga, C., Brunner, J., Henninger, N., Kassem, K. & Payne, R. (2000). Pilot analysis of global ecosystems: 
freshwater systems. World resources Institute, Washington DC. 

Reynolds, C.A., Yitayew, M., Slack, D.C., Hutchinson C.F., Huete, A., & Petersen, M.S. 2000. Estimating crop 
yields and production by integrating the FAO Crop Specific Water Balance model with real-time satellite 
data and ground-based ancillary data. International Journal of Remote Sensing 21: 3487–3508. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 73 of 108 

Reynoldson, T.B., Bailey, R.C., Day, K.E., & Norris, R.H. (1995). Biological guidelines for freshwater sediment 
based on BEnthic Assessment of SedimenT (the BEAST) using a multivariate approach for predicting 
biological state. Australian Journal of Ecology 20: 198–219. 

Rheinhardt, R., Brinson, M., Brooks, R., McKenney-Easterling, M., Rubbo, J.M., Hite J., & Armstrong, B. 2007. 
Development of a reference-based method for identifying and scoring indicators of condition for coastal plain 
riparian reaches. Ecological Indicators 7: 339–361. 

Ricketts, T.H. 2001. The matrix matters: effective isolation in fragmented landscapes. American Naturalist 158: 
87–99. 

Riitters, K.H., O’Neill, R.V., Hunsaker, C.T., Wickham, J.D., Yankee, D.H., Timmins, S.P., Jones, K.B., & 
Jackson, B.L. 1995. A factor analysis of landscape pattern and structure metrics. Landscape Ecology 10: 23–
29. 

Riitters, K.H., Wickham, J.D., Vogelmann, J.E., & Jones, K.B. 2000. Global patterns of forest fragmentation. 
Conservation Ecology 4. (http//www.consecol.org.vol. 14/iss2/art3). 

Risser, P.G., Karr, J.R., & Forman, R.T.T. 1984. Landscape ecology: directions and approaches. Illinois Natural 
History Survey Special Publication 2: 1–18. 

Robinson, G.M. 2005. Stewardship, 'proper' farming and environmental gain: contrasting experiences of agri-
environmental schemes in Canada and the EU. In: Essex, S.J., Gilg, A.W., & Yarwood, R.: Rural Change 
and Sustainability – Agriculture, the Environment and Communities. CABI Publishers. 

Robinson, S.K., Thompson III, F.R., Donovan, T.M., Whitehead, D.R., & Faaborg, J. 1995. Regional forest 
fragmentation and the nesting success of migratory birds. Science 267: 1987–1990. 

Rocchini, D., Chiarucci, A., & Loiselle, S. 2004. Testing the spectral variation hypothesis by using satellite 
multispectral images. Acta Oecologica 26: 117–120. 

Rodale Institute 1991. Proceedings of the International Conference on the Assessment and Monitoring of Soil 
Quality. Conference Report and Abstracts. Rodale Press, Emmaus, PA, USA. 

Rohde, S., Kienast, F., & Burgi, M. (2004). Assessing the restoration success of river widenings: A landscape 
approach. Environmental Management 34: 574–589. 

Rolauffs, P., Stubauer, I., Brabec, K., Zahrádková, S., & Moog, O. (2004). Integration of the saprobic system 
into the European Union Water Framework Directive. Hydrobiologia 516: 285–298. 

Rollins, M.G., Keane, R.E., & Parsons, R.A. 2004. Mapping fuels and fire regimes using remote sensing, 
ecosystem simulation, and gradient modeling. Ecological Applications 14: 75–95. 

Römbke, J., Beck, L., Förster, B., Fründ, H.C., Horak, F., Ruf, A., Rosciczewski, K., Scheurig, M., & Woas, S. 
1997. Boden als Lebensraum für Bodenorganismen und die bodenbiologische Standortklassifikation: Eine 
Literaturstudie. Texte und Berichte zum Bodenschutz 4/97. Landesanstalt Umweltschutz Baden-
Württemberg, Karlsruhe. 

Römbke, J., & Breure, A.M. 2005. Status and outlook of ecological soil classification and assessment concepts. 
Ecotoxicology & Environmental Safety 62: 300–308. 

Römbke, J., Jänsch, S., & Didden, W. 2005. The use of earthworms in ecological soil classification and 
assessment concepts. Ecotoxicology & Environmental Safety 62: 249–265. 

Rosenthal, G. 2003. Selecting target species to evaluate the success of wet grassland restoration. Agriculture 
Ecosystems & Environment 98: 227–246. 

Rossing, W.A.H., Zander, P., Josien, E., Groot, J.C.J., Meyer, B.C., & Knierim, A. 2007. Integrative modelling 
approaches for analysis of impact of multifunctional agriculture: A review for France, Germany and The 
Netherlands. Agriculture Ecosystems & Environment 120: 41–57. 

Roth, N.E., Allan, J.D., & Erickson, D.L. 1996. Landscape influences on stream biotic integrity assessed at 
multiple spatial scales. Landscape Ecology 11: 141–156. 

Ruf, A., & Beck, L., 2005. The use of predatory soil mites in ecological soil classification and assessment 
concepts, with perspectives for oribatid mites. Ecotoxicology and Environmental Safety 62: 290–299. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 74 of 108 

Ruf, A., Beck, L., Römbke, J., & Spelda, J., 2000. Standortspezifische Erwartungswerte für die 
Gemeinschaftsstruktur ausgewählter Taxa der Bodenfauna als Bodenqualitätskriterium. Berichte des 
naturwissenschaftlich-medizinischen Vereins in Innsbruck 87: 361–380. 

Running, S.W., Nemani, R.R., Heinsch, F.A., Zhao, M., Reeves, M., & Hashimoto, H. 2004. A continuous 
satellite-derived measure of global terrestrial primary production. BioScience 54: 547–560. 

Salomoni, S.E., Rocha, O., Callegaro, V.L., & Lobo, E.A. (2006). Epilithic diatoms as indicators of water quality 
in the Gravatai river, Rio Grande do Sul, Brazil. Hydrobiologia 559: 233–246. 

Sanders, R., Shaw, F., MacKay, H., Galy, H., & Foote, M. 2006. National flood modeling for insurance 
purposes: using IFSAR for flood risk estimation in Europe.  Hydrology and Earth System Sciences 9: 449–
456. 

Sanjit, L. & Bhatt, D. (2005). How relevant are the concepts of species diversity and species richness? Journal of 
Bioscience 30: 557–560. 

Schaffers, A.P., Sýkora, K.V. 2000. Reliability of Ellenberg indicator values for moisture, nitrogen and soil 
reaction: A comparison with field measurements. Journal of Vegetation Science 11: 225–244. 

Schaumburg, J., Schranz, C., Foerster, J., Gutowski, A., Hofmann, G., Meilinger, P., Schneider, S., & 
Schmedtje, U. (2004). Ecological classification of macrophytes and phytobenthos for rivers in Germany 
according to the Water Framework Directive. Limnologica 34: 283–301. 

Schloter, M., Dilly, O., & Munch, J.C. 2003. Indicators for evaluating soil quality. Agriculture, Ecosystems & 
Environment 98: 255–262. 

Schouten, A.J., Brussaard, L., de Ruiter, P.C., Siepel, H., & van Straalen, N.M. 1997. Een indicatorsysteem voor 
life support functies van de bodem in relatie tot biodiversiteit. RIVM Report 712910005 (Rijksinstituut voor 
Volksgezondheid en Milieu, the Netherlands), 90 pp. [In Dutch] 

Schreiber, K.F. 1990. The history of landscape ecology in Europe. In: Zonneveld, I.S., & Forman, R.T.T. (eds.): 
Changing Landscapes: An Ecological Perspective. Springer, New York: 21–33. 

Schwab, A., Dubois, D., Fried, P.M., & Edwards, P.J. 2002. Estimating the biodiversity of hay meadows in 
north-eastern Switzerland on the basis of vegetation structure. Agriculture Ecosystems & Environment 93: 
197–209. 

Schwartz, M.D., Reed, B.C., & White, M.A.. 2002. Assessing satellite-derived start-of-season measures in the 
conterminous USA. International Journal of Climatology 22: 1793–1805.  

Schweiger, E.W., Diffendorfer, J.E., Holt, R.D., Pierotti, R., & Gains, M.S. 2000. The interaction of habitat 
fragmentation, plant, and small mammal succession in an old field. Ecological Monographs 70: 383–400. 

Scott, J.M., David, F., Csuti, B., Noss, R., Butterfield, B., Groves, C., Anderson, S., Caicco, S., D’Erchia, F., 
Edwards Jr., T.C., Ulliman, J., & Wright, G. 2003. Gap analysis: a geographic approach to protection of 
biological diversity. Wildlife Monographs 123: 1–41. 

Sebastia, M.T. 2004. Role of topography and soils in grassland structuring at the landscape and community 
scales. Basic and Applied Ecology 5: 331–346. 

Seilheimer T. S., & Chow-Fraser P. 2006. Development and use of the Wetland Fish Index to assess the quality 
of coastal wetlands in the Laurentian Great Lakes. Canadian Journal of Fisheries & Aquatic Sciences 63: 
354–366. 

Sierszen, M.E., Peterson, G.S., Trebitz, A.S., & Brazner, J.C. 2006. Hydrology and nutrient effects on food-web 
structure in ten lake superior coastal wetlands. Wetlands 26: 951–964. 

Slonecker, E.T., Jennings, D.B., & Garofalo, D. 2001. Remote sensing of impervious surfaces: a review. Remote 
Sensing Reviews 20: 1231–1242. 

Smith, M.J., Kay, W.R., Edward, D.H.D., Papas, P.J., Richardson, K.S.J., Simpson, J.C., Pinder, A.M., Cale, 
D.J., Horwitz, P.H.J., Davis, J.A., Yung, F.H., Norris, R.H., & Halse, S.A. (1999). AusRivAS: using 
macroinvertebrates to assess ecological condition of rivers in Western Australia. Freshwater Biology 41: 
269–282. 

Snyder, C.D., Young, J.A., Villella, R., & Lemarie, D.P. 2003. Influences of upland and riparian land use 
patterns on stream biotic integrity. Landscape Ecology 18: 647–664. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 75 of 108 

Sousa, J.P., Bolger, T., Gama, M.M., Lukkaric, T., Ponge, J.F., Simón, C., Traser, G., Vanbergen, A.J., Brennan, 
A., Dubs, F., Ivitis, E., Keating, A., Stofer, S., & Watt, A.D. 2006. Changes in Collembola richness and 
diversity along a gradient of land-use intensity: A pan European study. Pedobiologia 50: 147–156. 

Spiegelberger, T., Hegg, O., Matthies, D., Hedlund, K., & Schaffner, U. 2006. Long-term effects of short-term 
perturbation in a subalpine grassland. Ecology 87: 1939–1944. 

Spies, T.A., Turner, M.G. 1999. Dynamic forest mosaics. In: Hunter, M.L. (Ed.): Maintaining biodiversity in 
forest ecosystems. Cambridge University Press, Cambridge: 95–160. 

Stacey, D.A. 2003. Climate and biological control in organic crops. International Journal of Pest Management 
49: 205–214. 

Statzner, B., Bis, B., Doledec, S., & Usseglio-Polatera, P. (2001). Perspectives for biomonitoring at large spatial 
scales: a unified measure for the functional composition of invertebrate communities in European running 
waters. Basic Applied Ecology 2: 73–85 

Statzner, B., Bady, P., Dolédec, S., & Schöll, F. (2005). Invertebrate traits for the biomonitoring of large 
European rivers: an initial assessment of trait patterns in least impacted river reaches. Freshwater Biology 50: 
2136–2161. 

Stefanescu, C., Penuelas, J., & Filella, I. 2005. Butterflies highlight the conservation value of hay meadows 
highly threatened by land-use changes in a protected Mediterranean area. Biological Conservation 126: 234–
246. 

Stein, A, Riley, J., & Halberg, N. 2001. Issues of scale for environmental indicators. Agriculture, Ecosystems & 
Environment 87: 215–232. 

Stephens, S., Wagner, M.R. 2007. Forest plantations and biodiversity: a fresh perspective. Journal of Forestry 
105: 307–313. 

Stockwell, D., & Peters, D. 1999. The GARP modeling system: problems and solutions to automated spatial 
prediction. Int. J. Geographic Information Science 13, 143–158. 

Strange, E.M., Fausch, K.D., & Covich, A.P. (1999). Sustaining ecosystem services in human-dominated 
watersheds: biohydrology and ecosystem processes in the South Platte River Basin. Environmental 
Management: 24: 39–54. 

Stratford, C.J., McCartney, M.P., & Williams, R.J. 2004b. Seasonal and diurnal hydro-chemical variations in a 
recreated reed bed. Hydrology &Earth Systems Science 8: 266–275. 

Stratford, C.J., McCartney, M.P., Mountford, J.O., & Llewelyn, N. 2004a. Managing our aquatic environment in 
the 21st century: wetlands and water quality. BHS Occasional Papers no. 14. Managing our aquatic 
environment in the 21st Century: 47–54. 

Strayler, D.L., Beighley, R.E., Thompson, L.C., Brooks, S., Nilsson, C., Pinay, G., & Naiman, R.J. 2003. Effects 
of land cover on stream ecosystems: roles of empirical models and scaling issues. Ecosystem 6: 407–423. 

Sverdrup-Thygeson, A., Lindenmayer, D.B. 2003. Ecological continuity and assumed indicator fungi in boreal 
forest: the importance of the landscape matrix. Forest Ecology and Management 174: 353–363. 

Svoray, T., & Shoshany, M. 2004. Multi-scale analysis of intrinsic soil factors from SAR-based mapping of 
drying rates. Remote Sensing of Environment 92: 233–246. 

Szoszkiewicz, K., Ferreira, T., Korte, T., Baattrup-Pedersen, A., Davy-Bowker, J., & O’Hare, M. (2006). 
European river plant communities: the importance of organic pollution and the usefulness of existing 
macrophyte metrics. Hydrobiologia 566: 211–234. 

Tang, T., Cai, Q.H., & Liu, J.K. (2006). Using epilithic diatom communities to assess ecological condition of 
Xiangxi River system. Environmental Monitoring and Assessment 112: 347–361. 

Tasser, E., Mader, M., & Tappeiner, U. 2003. Effects of land use in alpine grasslands on the probability of 
landslides. Basic and Applied Ecology 4: 271–280. 

Teles, M., Pacheco, M., & Santos, M.A. 2007. Endocrine and metabolic responses of Anguilla anguilla L. caged 
in a freshwater-wetland (Pateira de Fermentelos – Portugal) Science of the Total Environment 372: 562–570. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 76 of 108 

Theobald, D.M., & Hobbs, N.T. 2002. A framework for evaluating land use planning alternatives: protecting 
biodiversity on private land. Conservation Ecology 6. (http://www.consecol.org/ 
vol6/iss1/art5/). 

Theobald, D.M., & Romme, W.H. in press. Expansion of the US wildlife-urban interface. Landscape and Urban 
Planning. 

Thuiller, W., Araujo, M.B., & Lavorel, S. 2004. Do we need land-cover data to model species distributions in 
Europe. Journal of Biogeography 31: 353–361. 

Tiner, R.W. 2004. Remotely-sensed indicators for monitoring the general condition of "natural habitat" in 
watersheds: an application for Delaware's Nanticoke River watershed. Ecological Indicators 4: 227–243. 

Tiner, R.W. 2006. Lists of Potential Hydrophytes for the United States: A Regional Review and their use in 
Wetland Identification. Wetlands 26: 624–634. 

Tirri, R., Lehtonen, J., Lemmetyinen, R., Pihakaski, S. & Portin, P. (1998). Elsevier’s Dictionary of Biology. 
Elsevier, Amsterdam. 

Torrisi, M. & Dell'Uomo, A. 2006. Biological monitoring of some Apennine rivers (central Italy) using the 
diatom-based Eutrophication/Pollution Index (EPI-D) compared to other European diatom indices. Diatom 
Research 21: 159–174. 

Townsend, C.R. & Hildrew, A.G. 1994. Species traits in relation to habitat template for river systems. 
Freshwater Biology 31: 265–275. 

Townsend, C.R., Dolédec, S., & Scarsbrook, M.R. 1997. Species traits in relation to temporal and spatial 
heterogeneity in streams: a test of habitat template theory. Freshwater Biology 37: 367–387. 

Trzcinski, M.K., Fahrig, L., & Merriam, G. 1999. Independent Effects of Forest Cover and Fragmentation on the 
Distribution of Forest Breeding Birds. Ecological Applications 9: 586–593. 

Tsiafouli, M.A., Argyropoulou, M.D., Stamou, G.P., & Sgardelis, S.P. 2006. Soil nematode biodiversity in 
organic and conventional agroecosystems of Northern Greece. Russian Journal of Nematology 14: 159–169. 

Tubelis, D., Lindenmayer, D.B., & Cowling, A. 2004. Novel patch-matrix interactions: patch width influences 
matrix use by birds. Oikos 107: 634–644. 

Turner, M.G. 1989. Landscape ecology: the effect of pattern on process. Annual Reviews Ecological Systems 
20:171–97. 

Turner, M.G. 2005. Landscape Ecology: what is the state of the science? Annual Reviews Ecology and 
Evolutionary Systems 36: 319–344. 

U.S. EPA (Environmental Protection Agency) 1998. Wetland Bioassessment Fact Sheets. EPA 843-F-98-001. 
Office of Wetlands, Oceans, and Watersheds, Office of Water, U.S. EPA, Washington D.C., USA. 

U.S. EPA (Environmental Protection Agency) 2002. Methods for Evaluating Wetland Condition: Developing 
Metrics and Indexes of Biological Integrity. EPA-822-R-02-016, Office of Water, U.S. EPA, Washington 
D.C., USA. 

UKPN (UK Phenology Network) 2007. Royal Meterological Socienty. (http://www.jncc.gov.uk/ 
page-3972 [checked on 17.10.2007]) 

UNCED (United Nations Conference on Environment and Development) 1992. Agenda 21 (Rio Declaration on 
environment and Development). Report of the United Nations Conference on Environment and 
Development, Rio de Janeiro, 3–14 June 1992. http://www.un.org/documents/ga/conf151/ 
aconf15126-1annex1.htm [checked on 31 October 2007]) 

UNEP/CBD/COP/7 (2003): Implementation of the Strategical Plan: Evaluation of Progress towards the 2010 
Biodiversity Target: Development of specific Targets, Indicators and an reporting Framework. Item 26 of the 
provisional agenda to the Seventh meeting (Kuala Lumpur, 9–20 and 27 February 2004) of the Conference of 
the Parties to the Convention on Biological Diversity, 22 pp. 

Urban, D.L, O’Neill, R.V., & Shugart, H.H. 1987. Landscape ecology. Bioscience 37: 119–127. 

Urban, D.L., & Keitt, T. 2001. Landscape connectivity: a graph-theoretic perspective. Ecology 82: 1205–1218. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 77 of 108 

Usseglio-Polatera, P., Bournaud, M., Richoux, P., & Tachet, H. (2000). Biological and ecological traits of 
benthic freshwater macroinvertebrates: relationships and definition of groups with similar traits. Freshwater 
Biology 43: 175–205. 

Valette-Silver, N.J., & Scavia, D. 2003. Introduction to ecological forecasting: new tools for coastal and marine 
ecosystems management. In: Valette-Silver, N.J., & Scavia, D. (eds.): Ecological forecasting: new tools for 
coastal and ecosystem management. NOAA Technical Memorandum NOS NCCOS 1: 1–4. 

Valladares, G., Salvo, A., & Cagnolo, L. 2006. Habitat fragmentation effects on trophic processes of insect-plant 
food webs. Conservation Biology 20: 212–217. 

Van Camp, L., Bujarrabal, B., Gentile, A.-R., Jones, R.J.A., Montanarella, L., Olazabal, C., & Selvaradjou, S.-K. 
2004. Report of the Technical Working Groups Established under the Thematic Strategy for Soil Protection, 
EUR 21319 EN/1. Office for Official Publications of the European Communities, Luxembourg. 

Van der Werf, H.M.G., Tzilivakis, J., Lewis, K., & Basset-Mens, C. 2007. Environmental impacts of farm 
scenarios according to five assessment methods. Agriculture Ecosystems & Environment 118: 327–338. 

Van Rompaey, A.J.J., & Govers, G.. 2002. Data quality and model complexity for regional scale soil erosion 
predictions. International Journal of Geographical Information Science 16: 663–680. 

Van Straalen, N.M., & Verhoef, H.A. 1997. The development of a bioindicator system for soil acidity based on 
arthropod pH preferences. Journal of Applied Ecology 34: 217–232. 

Van Straalen, N.M. 1998. Evaluation of bioindicator systems derived from soil arthropod communities. Applied 
Soil Ecology 9: 429–437. 

Verboom, J., Schotman, A., Opdam, P., & Metz, J.A.J. 1991. European nuthatch metapopulations in a 
fragmented agricultural landscape. Oikos 61: 149–156. 

Villenave, C., Bongers, T., Ekschmitt, K., Djigal, D., & Chotte, J.L. 2001. Changes in nematode communities 
following cultivation of soils after fallow periods of different length. Applied Soil Ecology 17: 43–52. 

Vina, A., Peters, A.J., & Ji, L. 2003. Use of multispectral IKONOS imagery for discriminating between 
conventional and conservation agricultural tillage practices. Photogrammetic Engineering and Remote 
Sensing. 69: 537–544. 

Vogelmann, J.E. 1995. Assessment of forest fragmentation in southern New England using remote sensing and 
geographic information systems technology. Conservation Biology 9: 439–449. 

Vogt, P., Riitters, K.H., Iwanowski, M., Estreguil, C., Kozak, J., & Soille, P. 2007. Mapping landscape corridors. 
Ecological Indicators 7: 481–488. 

Voinov, A., Costanza, R., Boumans, R.M.J., Maxwell, T., & Voinov, H.. 2004. Patuxent landscape model: 
integrated modeling of a watershed. In: Costanza, R., & Voinov, A. (eds.): Landscape simulation modeling. 
Springer, New York: 197–232. 

Volz, P. 1962. Beiträge zu einer pedozoologischen Standortslehre. Pedobiologia 1: 242–290. 

Von Segebaden, G. 1998. Rikstaxen 75 år: utvecklingen 1923-1998 [The national forest inventory 75 years: 
development 1923-1998]. Institutionen för Skoglig Resurshushållning och Geomatik, Swedish University of 
Agricultural Sciences, Umeå, Sweden [in Swedish]. 

Vorosmarty, C.J., Douglas, E.M., Green, P.A., & Revenga, C. (2005). Geospatial indicators of emerging water 
stress: An application to Africa. Ambio 34: 230–236. 

Wade, T.G., Riitters, K.H., Wickham, J.D., & Jones, K.B. 2003. Distribution and causes of global forest 
fragmentation. Conservation Ecology 7: 7. 

Waldhardt, R. 2003. Biodiversity and landscape – summary, conclusions and perspectives. Ecosystems & 
Environment 98: 305–309. 

Walker, J., Veitch, S., Dowling, T.D., Braaten, R., Guppy, L., & Herron, N. 2002. Assessment of catchment 
condition: The intensive land use zone in Australia. CSIRO, Canberra. (http://www.affa.gov.au/catcon/) 

Wallace, K.J. (2007). Classification of ecosystem services: problems and solutions. Biological Conservation 139: 
235–246. 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 78 of 108 

Wallin, B., Wester, J., Johansson, O. 1995. Aktionsplan för biologisk mångfald och uthålligt skogsbruk [Action 
plan for biological diversity and sustainable forestry]. Skogsstyrelsen, Jönköping, Sweden. 

Wamelink, G.W.W., van Dobben, H.F., van der Eerden, L.J.M. 1998. Experimental calibration of Ellenberg's 
indicator value for nitrogen. Environmental Pollution 102, Suppl. 1): 371–375. 

Wamelink, G.W.W., ter Braak, C.J.F., & van Dobben, H.F. 2003. Changes in large-scale patterns of plant 
biodiversity predicted from environmental economic scenarios. Landscape Ecology 18: 513–527.  

Wang, Y.K., Stevenson, R.J., & Metzmeier, L. (2005). Development and evaluation of a diatom-based index of 
Biotic Integrity for the Interior Plateau Ecoregion, USA. Journal of the North American Benthological 
Society 24: 990–1008. 

Wascher, D.M. (ed.) 2005. European landscape character areas – topologies. Cartography and indicators for the 
Assessment of Sustainable Landscapes. Final Project Report for the European Union’s Landscape Character 
Assessment Initiative (ELCAI). 5th Framework Programme on Energy, Environment and Sustainable 
Development (4.2.2), 150 pp. 

Watts, R.D., Compton, R.W., McCammon, J.H., Rich, C.L., Wright, S.M., Owens, T., & Ouren, D.S. 2007. 
Roadless space of the conterminous United States. Science 316: 736–738. 

Weeks, J.M., Hopkin, S.P., Wright, J.F., Black, H., Eversham, B.C., Roy, D., Svendsen, C. 1998. A 
Demonstration of the Feasibility of SOILPACS. HMIP/CPR2/41/1/247. 

Wessel, W.W., Tietema, A., Beier, C., Emmett, B.A., Penuelas, J., & Riis-Nielsen, T. 2004. A qualitative 
ecosystem assessment for different shrublands in western Europe under impact of climate change. 
Ecosystems 7: 662–671. 

Westerling, A.L., Hidalgo, H.G., Cayan, D.R., & Swetnam, T.W. 2006. Warming and earlier spring increases 
western U.S. forest wildlife activity. Science 313: 940–943. 

Whitford, W.G., De Soyza, A.G., Van Zee, J.W., Herrick, J.E., & Havstad, K.M. 1998. Vegetation, soil, and 
animal indicators of rangeland health. Environmental Monitoring & Assessment 51: 179–200. 

Wickham, J.D., & Norton, D. 1994. Mapping and analyzing landscape pattern. Landscape Ecology 9: 7–23. 

Wickham, J.D., Riitters, K.H., O’Neill, R.V., Reckhow, K.H., Wade, T.G., & Jones, K.B. 2000. Land cover as a 
framework for assessing risk of water pollution. Journal American Water Resources 36: 1417–1422.  

Wickham, J.D., O’Neill, R.V., Riitters, K.H., Smith, E.R., Wade, T.G., & Jones, K.B. 2002. Geographic 
targeting of increases in nutrient export due to future urbanization. Ecological Applications 12: 93–106. 

Wiens J.A., Schooley, R.L., & Weeks, Jr., R.D. 1997. Patchy landscapes and animal movements: do beetles 
percolate? Oikos 78:257–264. 

Wiens, J.A. 2001. Understanding the problem of scale in experimental ecology. In: Gardner, R.H., Kemp, W.M., 
Kennedy, V.S., & Petersen, J.E. (eds.): Scaling relations in experimental ecology. Columbia University 
Press, New York: 61–88. 

Wilhelm, J.G.O., Allan, J.D., Wessell, K.J., Merritt, R.W., & Cummins, K.W. (2005). Habitat assessment of 
non-wadeable rivers in Michigan. Environmental Management 36: 592–609. 

Winding, A., Hund-Rinke, K., & Rutgers, M. 2005. The use of microorganisms in ecological soil classification 
and assessment concepts. Ecotoxicology & Environmental Safety 62: 230–248. 

With, K.A, & Crist, T.O. 1995. Critical thresholds in species’ responses to landscape structure. Ecology 
76:2446–2459. 

Wittig, B., Kemmermann, A.R.G., & Zacharias, D. 2006. An indicator species approach for result-orientated 
subsidies of ecological services in grasslands – A study in Northwestern Germany. Biological Conservation 
133: 186–197. 

Wood, N., Good, J., & Goodwin, B. 2002. Community-based vulnerability assessment of a port and harbor to 
earthquake and tsunami hazards: Yaquina Bay, Oregon, Natural Hazards Review 3:148–157. 

Woolsey, S., Capelli, F., Gonser, T., Hoehn, E., Hostmann, M., Junker, B., Paetzold, A., Roulier, C., Schweizer, 
S., Tiegs, S.D., Tockner, K., Weber, C., & Peter, A. (2007) A strategy to assess river restoration success. 
Freshwater Biology 52, 752–769 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 79 of 108 

Wright, J.F., Moss, D., Armitage, P.D., & Furse, M.T. (1984). A preliminary classification of running-water sites 
in Great Britain based on macro-invertebrate species and prediction of community type using environmental 
data. Freshwater Biology 14: 221–256. 

Wright, J.F., Armitage, P.D., & Furse, M.T. (1989) Prediction of invertebrate communities using stream 
measurements. Regulated Rivers: Research and Management 4: 147–155. 

Wright, J.F., 2000. An introduction to RIVPACS. In: Wright, J.F., Sutcliffe, D.W., Furse, M.T. (Eds.): Assessing 
the Biological Quality of Fresh Waters: RIVPACS and Other Techniques. Freshwater Biological Associaton, 
Ambleside: 1–24. 

Xu, W., & Mage, J.A. 2001. A review of concepts and criteria for assessing agroecosystem health including a 
preliminary case study of southern Ontario. Agriculture Ecosystems & Environment 83: 215–233. 

Yeates, G.W., & Bongers, T. 1999. Nematode diversity in agroecosystems. Agriculture, Ecosystems & 
Environment 74: 113–135. 

Yeates, G.W., Wardle, D.A., & Watson, R.N. 1999. Responses of soil nematode populations, community 
structure, diversity and temporal variability to agricultural intensification over a seven-year period. Soil 
Biology & Biochemistry 31: 1721–1733. 

Zaitsev, A.S., Chauvat, M., Pflug, A., & Wolters, V. 2002. Oribatid mite diversity and community dynamics in a 
spruce chronosequence. Soil Biology & Biochemistry 34: 1919–1927. 

Zechmeister, H.G., Schmitzberger, I., Steurer, B., Peterseil, J., & Wrbka, T. 2003. The influence of land-use 
practices and economics on plant species richness in meadows. Biological Conservation 114: 165–177. 

Zedler, J.B., & Kercher, S. 2005. Wetland resources: Status, ecosystem services, degradation, and restorability. 
Annual Review of Environment and Resources 30: 39–74. 

Zhen, L., & Routray, J.K. 2003. Operational indicators for measuring agricultural sustainability in developing 
countries. Environmental Management 32: 34–46. 

 

 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 80 of 108 

Annex 1: Parameters used to classify indicators in the database. 

Group  Characteristic 
Numerical type of measurement Direct measure 

 Proportional measure 

 Index 

 Multimetric Index 

Purpose of indication Biodiversity evaluation 

 Water quality assessment 

 Ecological status assessment 

 Restoration (success) assessment 

 Ecosystem function (assessment) 

 Response to natural environmental stress 
(e.g., fire, climate) 

 Prediction 

 (Monetary) valuation 
Indicator type 
biotic Genes 

 Species 

 Community (acc. to Noss, 1990) 

 Functions (acc. to Noss, 1990) 

 Structure (acc. to Noss, 1990) 

 Relation sensitive/tolerant taxa 

 Traits 

abiotic Physical 

 Chemical 

 Biochemical 

‘landscape’ (Protected) Area 

 Fragmentation 

Driving force behind indication Policy 

 National initiatives 

 Science 

 Global Climate Change 

Policy most relevant for indication Convention on Biological Diversity (CBD) 

 EU Habitats Directive  

 EU Birds Directive  

 NATURA 2000 Network  

 EU Water Framework Directive (WFD) 

 Soil Thematic Strategy  

 National Nature Protection Policy 

 National Water Quality Monitoring 



Assessing and monitoring ecosystems – indicators, concepts and their linkage to biodiversity and ecosystem services 

Page 81 of 108 

Group  Characteristic 
 WSSD 

 OECD 

Spatial scale of indication "Farm" scale 

 Local 

 Regional 

 National 

 Sub-global 

 Global 

Relation to ecosystem service (MA, 2005a) provisioning Food 

 Fibre (fuel) 

 Genetic resources 

 Power supply 

 Irrigation 

 Ornamental resources 

 Fresh water 

 Habitat 

 Biodiversity 

regulating Water retention 

 Self-purification 

 Micro-climate 

 Air quality 

 Erosion 

 Wastes 

 Diseases 

 Pests 

 Pollination 

 Natural hazards 

 Wild fire 

supporting Water cycling 

 Nutrient cycling 

 Decomposition 

 Soil formation  

 Photosynthesis 

 Primary production 

Indicator standardised Yes/No 

Indicator validated Yes/No 
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24 Burger, J., Carletta, M. A., Lowrie, K., Miller, K. T., Greenberg, M. 2004. Assessing 
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28 Cullings, K., Raleigh, C., New, M. H., Henson, J. 2005. Effects of artificial defoliation of 
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41 Fleishman, E., Blair, R. B., Murphy, D. D. 2001. Empirical validation of a method for 
umbrella species selection. Ecol. Appl. 11, 1489-1501. 

42 Foissner, W. 1999. Soil protozoa as bioindicators: pros and cons, methods, diversity, 
representative examples. Agric. Ecosyst. Environ. 74, 95-112. 
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