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Abstract 24 

Indicator species (IS) are used to monitor environmental changes, assess the efficacy of 25 

management, and provide warning signals for impending ecological shifts. Though widely 26 

adopted in recent years by ecologists, conservation biologists, and environmental practitioners, 27 

the use of IS has been criticized for several reasons, notably the lack of justification behind the 28 

choice of any given indicator. In this review, we assess how ecologists have selected, used, and 29 

evaluated the performance of the indicator species. We reviewed all articles published in 30 

Ecological Indicators (EI) between January 2001 and December 2014, focusing on the number 31 

of indicators used (one or more); common taxa employed; terminology, application, and 32 

rationale behind selection criteria; and performance assessment methods. Over the last 14 years, 33 

1914 scientific papers were published in EI, describing studies conducted in 53 countries on six 34 

continents; of these, 817 (43%) used biological organisms as indicators. Terms used to describe 35 

organisms in IS research included “ecological index”, “environmental index”, “indicator species”, 36 

“bioindicator”, and “biomonitor,” but these and other terms often were not clearly defined. 37 

Twenty percent of IS publications used only a single species as an indicator; the remainder used 38 

groups of species as indicators. Nearly 50% of the taxa used as indicators were animals, 70% of 39 

which were invertebrates. The most common applications behind the use of IS were to: monitor 40 

ecosystem or environmental health and integrity (42%); assess habitat restoration (18%); and 41 

assess effects of pollution and contamination (18%). Indicators were chosen most frequently 42 

based on previously cited research (40%), local abundance (5%), ecological significance and/or 43 

conservation status (13%), or a combination of two or more of these reasons (25%). Surprisingly, 44 

17% of the reviewed papers cited no clear justification for their choice of indicator. The vast 45 

majority (99%) of publications used statistical methods to assess the performance of the selected 46 
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indicators. This review not only improves our understanding of the current uses and applications 47 

of IS, but will also inform practitioners about how to better select and evaluate ecological 48 

indicators when conducting future IS research.  49 

 50 

Keywords: 51 

Indicator species, ecological indicators, ecological monitoring, environmental changes, review 52 

 53 

1. Introduction 54 

 Many ecologists and environmental scientists are striving to find management solutions 55 

to urgent global environmental issues, including climatic change, habitat loss and fragmentation, 56 

pollution and contamination, disease outbreaks, and the spread of invasive species. Among many 57 

suggested strategies, one of the most popular has been to adopt monitoring techniques that can 58 

detect ecological changes both at an early stage and over the long term. Such biological 59 

monitoring allows for better-informed and more cost-effective management decisions (Landress, 60 

1988; Spellerberg, 2005).  61 

 Indicator Species (IS) are living organisms that are easily monitored and whose status 62 

reflects or predicts the condition(s) of the environment where they are found (Landress, 1988; 63 

Cairns and Pratt, 1993; Bartell, 2006; Burger, 2006). The strategy of using IS is derived from the 64 

hypothesis that cumulative effects of environmental changes are integrated over, or reflected by, 65 

the current status or trends (short- or long-term patterns of change) in the diversity, abundance, 66 

reproductive success, or growth rate of one or more species living in that environment (Cairns 67 

and Pratt, 1993; Bartell, 2006; Burger, 2006).  68 
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 Typically, the dynamics of a single population or a group of populations of one or more 69 

taxa are monitored as IS. Because the demographic parameters of a single population (e.g. 70 

abundance, density, age/size structure, reproduction rate and growth rate) are easy to measure 71 

and thought to be sensitive to environmental changes (e.g. drought), monitoring single 72 

population dynamics is considered to be a relatively cost-effective and reliable way to detect 73 

ecosystem change (Spellerberg, 2005). Identifying changes in IS also may reflect effects either 74 

of short-term severe stress events or of long-term changes, thus allowing scientists to react to 75 

unforeseen variation and to predict future conditions (Cairns and Pratt, 1993). These perceived 76 

advantages of IS not only have motivated the environmental research community to use them, 77 

but also have led to a large number of publications about IS in a range of technical journals 78 

(Burger, 2006). Further, as the use of IS has increased rapidly in recent decades, specialized 79 

journals focusing on IS have been established, including Ecological Indicators (est. 2001) and 80 

Environmental Indicators (formerly Environmental Bioindicators; est. 2005). This heightened 81 

focus is reflected in a recent survey by Borrett et al. (2014) of the most important ecological 82 

concepts and methods described in the literature, which listed the term “indicator organism” (or 83 

“indicator species”) as among the top 15 concepts, a rapid increase relative to its 29
th

-ranking in 84 

1986 (Cherret et al., 1989).  85 

 Despite the increasing popularity of using IS, several limitations of IS have been 86 

described (e.g. Lindenmayer et al, 2000; Lindenmayer and Fisher, 2003; U.S. EPA, 2008; 87 

Morrison, 2009; Lindenmayer and Likens, 2011). Primary limitations include: a single 88 

population rarely reflects the complexity of the environment; selection criteria for indicators are 89 

subjective; terminology is ambiguous (e.g. ecological indicator, indicator species, bioindicator, 90 

biomonitor); association between the indicator and the environmental contexts (i.e. monitoring 91 
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goals) are vague; the influences of other biological interactions at the community level (e.g. 92 

predation/parasitism) often are ignored; methodological difficulties (e.g. indicator detectability, 93 

sampling protocols) may bias results; and finally the effects of future climatic changes on 94 

effectiveness of indicator species are unclear. Although these limitations have not slowed the 95 

increasing use of IS, research is needed to evaluate how ecologists and environmental scientists 96 

have employed them.  97 

To help make progress towards the goal of developing a comprehensive understanding of 98 

the use of IS in their role as a tool for monitoring ecosystems, we reviewed all of the nearly 2000 99 

papers published in Ecological Indicators between its founding in 2001 and the end of 2014. 100 

This focused review of the literature of this journal allowed us to narrow our scope to a single 101 

body of literature that focuses on the application of IS to monitoring and management that we 102 

could examine in detail. Our goal was to address the following questions:  103 

 How many publications explicitly describe the use of IS, and how has this number 104 

changed through time?  105 

 What determines terminology choice, and is terminology used in a manner consistent 106 

with accepted definitions (Box 1)?  107 

 What are the motivations and criteria used to select indicators, and from which taxa are 108 

indicators most commonly selected?  109 

 What are the varying methodologies by which IS are used? 110 

Given the pressing need to monitor community and ecosystem dynamics, answering these 111 

questions will aid the development of effective tools for monitoring environmental change; 112 

therefore we end with a discussion of an updated protocol for selecting and using IS in ecological 113 

monitoring. 114 
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2. Methods  115 

We reviewed and analyzed all 1914 articles published in Ecological Indicators between 116 

January 2001 and December 2014. This particular journal was chosen for three reasons. First, it 117 

is specialized in scope, with an exclusive concentration on the ecological and environmental 118 

indicators that are the focus of the current study. Second, the journal is representative of IS 119 

research; it has published ~30% of all articles published in the ecological literature that address 120 

indicator species (Borrett et al. 2014), and that cover ecological applications including 121 

biodiversity and population dynamics, ecological integrity, environmental disturbances, risk 122 

assessment, and ecosystem restoration. Third, the journal has existed for 14 years, a timescale we 123 

believe is both short enough to reflect current trends in the use of IS, while also long enough to 124 

allow for assessment of trends in the usage of the IS concept.  125 

We conducted the literature analysis in two phases. First, we conducted a preliminary 126 

survey of 40 randomly selected articles to establish analytical questions and a corresponding 127 

coding system to classify IS use, and to test the validity of the coding system and troubleshoot 128 

analysis techniques (Box 2). Then, we performed the actual analysis, in which we used the title, 129 

abstract and keywords of each article to answer each analytical question. If necessary, we also 130 

looked at the rest of the text. We first classified IS-related articles (i.e. any article that used 131 

biological organisms as an indicator or monitor of ecological patterns or processes) by the 132 

keyword used (e.g. indicator species, bioindicator, biomonitor) and rejected articles that used 133 

abiotic ecological indicators. We determined indicator taxa, type, and selection criteria, and 134 

research area, and the objective of the IS study. We also noted country or geographic region of 135 

study and whether the research involved using indicators to assess the impacts of climatic change. 136 

 137 
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3. Results  138 

 139 

3.1. Use of indicators species as ecological indicators  140 

Research articles using IS comprised 43% of all research articles published in EI between 141 

January 2001 and December 2014. IS research has increased substantially from 8 papers in 2001, 142 

to 149 papers in 2014. On average, 58 papers per year explicitly dealt with IS during the last 14 143 

years (Fig. 1). The use of IS has been widely adopted around the world; publications described 144 

studies from more than 53 countries and on six continents. Approximately 50% of the studies 145 

described by these articles were done in Europe, 30% in North America, and the rest (20%) 146 

conducted in Africa, Asia, Australia and South America. 147 

 148 

3.2. Indicator species terminology, application and usage in climate change 149 

 Generally, four terms were used interchangeably to describe the use of biological 150 

organisms as ecological indicators in research or management (Table 1). Most papers (345; 40%) 151 

used the term “ecological index” or “environmental index” to describe the use of a broad number 152 

of indicators species. More specific terms, such as “indicator species” (group of species) were 153 

used in many publications (28%), especially for those focused on early warning applications and 154 

ecosystem management and restoration. Other terms, including “biomonitor” and “bioindicator”, 155 

were used in 15% and 17% of publications respectively.  156 

 Indicator species have been adopted for a wide range of ecological and environmental 157 

applications (Table 1). Their most frequent use (42%) was for the assessment of environmental 158 

integrity and health, but only 4% of publications focused on monitoring for early warnings of 159 

environmental change. Use of IS relating to biodiversity and ecosystem management comprised 160 
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18% of publications; use for monitoring the changes in the chemistry of the environment (e.g. 161 

pollution and contamination) comprised 18%; use for risk assessment and natural and human 162 

disturbances monitoring comprised 16%. Despite the importance of climatic changes, we found 163 

that only 6% of the IS discussed in these papers were focused on monitoring for climatic change.  164 

 Fewer than 2% of the papers we reviewed were classified as synthesis research. These 165 

few papers reviewed use of IS by only focusing on one aspect such as selection criteria, 166 

effectiveness and applications, evaluation of different taxa as IS, and suitability of indicators in 167 

different media (e.g. Fry et al. 2009, Vo et al. 2012).  168 

  169 

3.3. Types of taxa and numbers of indicators commonly used as indicator species 170 

 Overall, nearly 80% of IS publications used a group of multiple species within the same 171 

taxa or a cross-taxa index as indicators, whereas only 20% used a single species as an indicator. 172 

Indicator species have been identified in virtually all taxa, including plants, vertebrates, 173 

invertebrates, and microorganisms (Fig. 2). Animals were used as indicators in 46%, plants in 174 

30%, and microorganisms in 10% of the IS-related papers. Among animals used as indicators, 175 

nearly 70% were invertebrates, which were particularly common indicators of aquatic and 176 

wetland health. Although only 4% of publications described studies using mammals in 177 

ecological monitoring, fish (16%) and birds (10%) were used more frequently, particularly for 178 

assessing pollution and radionuclide contamination, water quality, and marine stock changes. 179 

Amphibians and reptiles (“herpetofauna”) were only used in about 1% of IS studies.  180 

 Temporal trends in type of IS also were apparent (Fig. 3A). Plants and invertebrates have 181 

showed a steady increase in their use as IS relative to the other taxa. The percent of publications 182 

of these two taxa have increased from less than 10% in 2001 to 40% in 2014. The percent of 183 
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other taxa used as IS show little trend in the last 15 years; fish, microbes, birds, mammals, and 184 

herpetofauna ranged from 1-10% in any given year. Although the use of multiple IS initially 185 

were used more frequently than single IS, the use of the former has been declining in the last 5 186 

years (Fig. 3B).  187 

 188 

3.4. Habitats of interest 189 

 More than 50% of IS were used to assess marine or wetland ecosystems, 35% for 190 

terrestrial ecosystems, 13% in more than one habitat (including review papers) and only 2% for 191 

atmospheric conditions (Fig. 4). After 2001, when all the IS papers were focused on terrestrial 192 

habitats, the relative proportions of different habitats assessed with IS has remained raltively 193 

constant (Fig. 3C). The use of IS in wetland systems has remained close to 60% (declining to < 194 

50% in 2014), approximately 40% in terrestrial systems (increasing to just over 50% in 2014). 195 

The remaining 10% has been split between the atmosphere and “multiple” habitats. 196 

  197 

3.5. Basis for selecting indicator species and evaluating their performance 198 

 Overall, nearly all IS research has used quantitative and statistical methods to assess the 199 

validity and performance of the selected IS. Indicator species were chosen for four primary 200 

reasons (Fig. 5). The greatest number (40%) of choices was based on previously published 201 

research that established the success of certain indicators. In contrast, only 13% was based on the 202 

ecological importance or conservation status of the species, and 5% used the indicator species 203 

because it had a locally abundant population. One-quarter of the publications used combinations 204 

of these rationales for selecting indicator species for monitoring ecological changes. Surprisingly, 205 

17% of IS research failed to clearly justify why the indicator was chosen, likely reflecting 206 
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personal interest of the authors or other subjective judgment. As research on IS has increased, the 207 

importance of prior research as a rationale for choosing an IS also has increased, from less than 208 

5% in 2001 to 35% in 2014 (Fig. 4D). Other rationales have fluctuated widely throughout the 14-209 

year period. 210 

 211 

4. Discussion  212 

 In our study, we uncovered interesting patterns in how ecological indicators have been 213 

studied and developed as tools for assessing and monitoring community and ecosystem 214 

responses to environmental change, particularly from anthropogenic sources. In particular, we 215 

found that IS research comprises 43% of EI research during the last 14 years with notable annual 216 

increase. Although researchers tend to use terms such as “ecological index” to describe IS, other 217 

terms, including “indicator species,” “bioindicator,” or “biomonitor” were used consistently with 218 

the different environmental applications (Table 1 and Box 1). Approximately 40% of IS research 219 

used success of previous studies as the primary motivation for choosing one or more indicator 220 

species, Invertebrates were the most frequent taxa used as IS and 50% of IS research was 221 

conducted in marine and wetlands habitats.  222 

 There also are revealing trends in the literature (Fig. 3) that suggest ways to improve how 223 

indicator species are studied and developed. For example, there has been a steady increase in the 224 

use of single species in the last nine years and a continued emphasis on invertebrates and plants. 225 

Future studies could ask whether researchers favor single species, and particular types of species, 226 

because of ease of sampling, wide distribution, or other logistical concerns. Wetlands have been 227 

the primary focus of IS, but after a 13-year run in second place, the number of terrestrial 228 

ecosystems studied exceeded wetlands again in 2014. Finally, the acknowledgement of the 229 
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ecological importance of IS as main reason for selecting indicators was highest between 2001 230 

and 2005, but thereafter received little attention until the last 4 years.  231 

  232 

4.1 Possible reasons for rise in use of indicator species  233 

 The substantial increase in the use of IS in part reflects the overall increase in the number 234 

of articles published annually in Ecological Indicators, but it also illustrates the broad adoption 235 

of IS. Indicators are widely used because environmental practitioners need cost-effective tools 236 

that are easy to measure and that provide results that can be communicated clearly to decision 237 

makers and the broader public. Indicators also can be used to meet regulatory mandates by, for 238 

example, the United States Environmental Protection Agency (U.S. EPA, 2002 and 2008) and 239 

the European Environment Agency (e.g., EU Water Framework Directive).   240 

 Lindenmayer and Likens (2011) observed that no single species can reflect the 241 

complexity of the total environment, and our analysis revealing a diversity of IS supported their 242 

assertion. Nonetheless, 20% of the papers used only a single species to monitor ecosystem 243 

changes, and this proportion is increasing through time (Fig. 3B; see also Godet et al. 2012, 244 

Hurme et al. 2008). As there is not a lot of evidence that assesses the efficacy of any particular IS, 245 

and 40% of papers justified their selection and use of a specific IS on success of previous studies, 246 

it seems imprudent to rely on only a single IS in most studies. Furthermore, a considerable 247 

number of articles selected and used IS only because they were locally abundant, ecologically 248 

significant, endangered, or charismatic, and some did not provide any justification at all. The 249 

reliability of data derived from IS and the success of monitoring programs using IS depend on 250 

the quality and justification of the selected indicators (Cairns and Pratt, 1993).  251 

 252 
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4.2. Selection and use of indicator species in ecological monitoring:  253 

We suggest a 5-step process (Fig. 6) by which indicator species or a group of IS should be 254 

selected and used in monitoring environmental changes (see also EPA 2002, 2008, EU directive, 255 

Carignan and Villard 2002; Welsh et al. 2008; Lindenmayer and Likens 2011).  256 

1) Set clear monitoring goals that can be reflected by the selected IS.  257 

2) Identify the ecological setting (forest, watershed, wetland, desert, etc.) and 258 

spatial extent of the study site (i.e. scope of inference).    259 

3) Select the candidate IS and demographic parameters based on criteria given 260 

by Cairns and Pratt (1993), Dale and Beyeler (2001) or Carignan and Villard 261 

(2002).  262 

4) Select ecological covariates / predictors (e.g. habitat types, climatic factors, 263 

soil properties, water chemistry) to which the IS is particularly responsive. 264 

5) Simultaneously sample species abundance and ecosystem covariates then 265 

conduct the indicator species analysis to get the indicator value (IndVal) for 266 

each species following the method of Dufrêne and Legendre (1997).  267 

  268 

5. Conclusions  269 

The use of IS as ecological indicators for monitoring environmental changes is reliable and cost-270 

effective, but selection of specific indicator(s) and identification of the relationship between 271 

these indicators and their specific applications remains challenging. The future utility of IS will 272 

depend on rigorously selected groups of indicators that reflect the environment in realistic ways 273 

and also reflect cause-effect relationships between the IS and underlying processes of interest. 274 

Recent discussions about the statistical validity of metrics evaluating the performance of IS (e.g. 275 
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Dufrêne and Legendre (1997)), inclusion of additional (or multi-) metrics (e.g. detection ability, 276 

variability, demographic stability) should be applied regularly (De Cáceres and Legendre 2009; 277 

Quinn et al. 2011, Urban et al. 2012).    278 

 Overall, our review and analysis of papers published in Ecological Indicators suggest 279 

several lessons for ecologists and environmental professionals. The significant increase in the 280 

number of publications of indicator species implies widespread and continued growth in the use 281 

of indicator species in environmental monitoring and management. Our analysis suggests that IS 282 

are effective in some applications such as environmental quality and ecosystem integrity and 283 

restoration, and that IS are used rarely in others, such as early warnings of environmental change 284 

and assessment of climate change (Table 1). Future work could focus on identifying IS for these 285 

areas.  286 
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Table 1. The proportion of papers using different terms for indicator species varies among the applications of them. 362 

 363 

Applications/Monitoring 

objectives  

 

Total No. of IS 

Publications  

 

Eco/Env. 

Index 

 

Indicator 

species 

 

Bioindicator 

 

 

Biomonitor 

 

 

% of IS 

publications 

  

Environmental quality and 

integrity  345 44 25 15 16 42 

Pollution and contamination 149 26 23 27 24 18 

Ecosystem Management and 

Restoration  144 40 36 16 8 18 

Risk assessment and 

disturbances 128 44 29 16 11 16 

Early warning  32 38 50 6 6 4 

Synthesis and reviews  18 83 17 0 0 2 

Total 816 40 28 17 15 100 

 364 
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Box 1: Terms related to the Indicator Species (IS) concept. 365 

 366 

 367 

 368 

Indicator species: One or more taxa selected based on its sensitivity to a particular 

environmental attribute, and then assessed to make inferences about that attribute. 

Commonly used in the context of wildlife conservation, habitat management and ecosystem 

restoration (Simberloff, 1998; Morrison, 2009; Caro, 2010). 

Bioindicator / Biomonitor: One or more living organisms used as an indicator of the quality 

of the environment it is living in and the biological component associated with it. 

Bioindicators or biomonitors are used most commonly to monitor chemical changes in the 

environment in fields such as ecotoxicology (Burger, 2006). 

Umbrella species: A species that requires a large area of suitable habitat to maintain a 

viable population, and whose requirements for persistence are believed to encapsulate those 

of an array of associated species. Umbrella species usually have very large home ranges. As 

indicator species, umbrella species are used most commonly for conservation applications 

and management of protected areas (Simberloff, 1998 and Morrison, 2009; Caro, 2010).  

Keystone species: A species on which the health of the ecosystem depends, due to its strong 

interactions with other species in that ecosystem. As indicator species, keystone species are 

used most commonly for monitoring habitat quality, restoration success and protected areas 

management (Simberloff, 1998; Ellison et al., 2005; Morrison, 2009; Caro, 2010).   

Flagship species: A species that can easily attract public support based on its charismatic 

qualities and its conservation status. As indicator species, flagship species are used most 

commonly for identifying and monitoring conservation status of the species (Simberloff, 

1998; Morrison, 2009; Caro, 2010).  

Ecosystem engineer: A species that causes physical changes in biotic or abiotic materials, 

thereby modulating the availability of resources to other species. As indicator species, 

ecosystem engineers are used most commonly for ecosystem restorations and conservation 

(Jones et al., 1994; Morrison, 2009).  

Foundation species: A species that defines much of the structure of a community by 

creating locally stable conditions for other species, and by modulating and stabilizing 

fundamental ecosystem processes. As indicator species, foundation species are used most 

commonly for monitoring ecosystem changes (Ellison et al. 2005). 
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Box 2. Analytical questions and coding 

I. Keyword: Which of the following keywords is used to describe the indicator? 

1. Indicator species 

2. Biomonitor 

3. Bioindicator 

4. Ecological or environmental indicator/index 

II. Indicator Taxa: What taxon of organism is used as an indicator? 

1. Plants (including algae and photosynthetic microorganisms) 

2. Animals 

1. Vertebrates (Fish, Amphibians, Reptiles, Mammals, Birds) 

2. Invertebrates 

3. Microbes/microorganisms 

4. More than one(i.e. combinations of 1-3) 

III. Indicator Type: What category does the article focus on as an indicator? 

1. Single species (e.g. Monarch, Danaus plexippus) 

2. Group of closely related species (e.g. Butterflies, Order Lepidoptera) 

3. Cross-taxa (e.g. Insects, Class Insecta) 

IV. Indicator Selection: Which of the following was most influential to the 

author's choice of indicator species initially, prior to statistical work? 

1. Past published research 

2. Indicator is abundant 

3. Indicator is charismatic/endangered/invasive 

4. Any combination of 1-3 

5. Not clear in the publication 

V. Media: What habitat does the article focus on? 

1. Water/wetlands 

2. Terrestrial 

3. Soil and land resources 

4. Air 

5. None (synthesis) 

6. Multiple 

VI. Applications: What was the purpose of using the IS method? 

1. Pollution/contamination assessment 

2. Environmental/ecosystem health assessment  

3. Management oriented 

4. Risk/disturbance assessment 

5. Early warning of environmental change 

VII. Climate Change: What is the proportion of IS publications that used for 

monitoring climate change related issues?    

 369 

Box 2: Analytical methods and specific search questions addressed during literature analysis of 370 

publications of the Journal of Ecological Indicators. 371 
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 372 

Figure 1.The total number of papers published annually in Ecological Indicators, and the number 373 

of those publications that discussed indicator species. 374 
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 375 

 376 

Figure 2. Type of taxa used in indicator species research in Ecological Indicators.  377 

378 
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 379 

 380 

Figure 3. Trends in types if IS (A), number of IS (B), habitats (C), and rationale for selecting IS 381 

(D) in papers published in Ecological Indicators between 2001 and 2014. 382 

383 
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 384 

Figure 4. Relative proportion of different habitats used in research on indicators species.  385 
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 386 

Figure 5. Most common rationales for selecting and using indicator species as ecological 387 

indicators  388 

 389 

 390 

 391 
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 392 

 393 

Figure 6. The necessary processes of ecological monitoring and the position of indicators species 394 

and common related state covariates within the monitoring cycle. 395 


