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ABSTRACT 
 
We review the use of diatoms in monitoring and assessment of river health in the world. 
First, we summarize the use of diatoms as indicators of nutritional status, acidification, 
and organic and metal pollution. We then examine some problems that have been 
associated with diatoms and indices that were used in different regions around the world: 
1) incomplete taxonomy; 2) effects of natural geographic differences on diatom 
distributions (e.g., climate, lithology); 3) effects of natural site differences on diatom 
distribution and abundance (e.g., substrate, depth, chemistry); 4) differences in sampling, 
sample processing, and analytical methods; and 5) difficulties in finding minimally 
disturbed reference sites. Based on these problems, we present the different selections 
and the research progress of diatoms and indices used in monitoring and assessing river 
health around the world including the Americas, Europe, Africa, Asia, and Australia. We 
recommend that future studies and uses of diatoms focus on the following aspects: 1) 
improve the classification and identification of diatoms; 2) increase the use of diatom 
predictive indices to monitor and assess water quality; 3) develop global standard 
methods for sampling diatoms in streams, rivers, and lakes; and 4) apply hind-casting 
predictive models. 
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1. INTRODUCTION  
 
River systems are important ecosystems and provide water for many human uses. In the 
late 20th century, coincident with rapid population and economic growth, local and global 
problems such as flow interruption, water pollution, and reduced biodiversity have altered the 
structure and function of rivers [1]. Because rivers are considered the most endangered 
ecosystems globally [2], it is urgent for humans to estimate river conditions and trends [3]. 
Physical, chemical and biological approaches are frequently considered as basic monitoring 
needs, because they can provide exhaustive information for proper water management [4]. 
But it is very difficult to monitor all possible physical and chemical variables because they 
are expensive, variable, and often poorly reflective of biological conditions. Therefore, 
biomonitoring has proven to be a necessary supplement to traditional chemical and physical 
monitoring [5]. 
 
Aquatic organisms, such as diatoms [6,7,8,9], can serve as bioindicators to integrate their 
total environment and their responses to complex sets of environmental conditions [10]. 
They make it possible to obtain an ecological overview of the current status of streams and 
rivers, and because they may attach to substrates, they integrate the real habitat conditions 
and respond more quickly to environmental changes than higher level organisms. This paper 
addresses the use of diatoms in the monitoring and assessment of water bodies, and 
examines problems associated with their use in different regions around the world. Based on 
problems revealed by recent studies, we suggest approaches and further research that may 
facilitate the use of diatom assemblages for bioassessment of river health. 
 
2. WHY ARE DIATOMS USED AS INDICATORS IN MONITORING RIVERS? 
 
2.1 Indication of Trophic Status 
 
The species and abundances of diatoms are influenced strongly by the concentration and 
ratio of nitrogen and phosphorus in the water. Research on eutrophication in Florida, USA, 
has shown that changes in diatom biomass and diversity reflect changes in nitrogen or 
phosphorus concentration [11]. Studies on the relationships between the biomass and 
composition of benthic diatoms and environmental parameters in rivers indicate that the 
composition transformation of diatoms and the concentration of dissolved phosphorus are 
closely related to current velocity [12]. Bellinger et al. [13] pointed out that benthic diatoms 
could be used as indicators of eutrophication in tropical streams. Ponader et al. [14] reported 
that diatoms could be used as a routine tool to monitor and assess nitrogen and phosphorus 
concentrations in New Jersey streams and rivers. In other words, diatoms are excellent 
indicators of river trophic status (Table 1). 
 
2.2 Indication of Acidified Water 
 
Acid rain and acidic wastewater are major source of acidified water in rivers. Diatoms are 
very sensitive to water pH, and pH changes greatly influence the composition of diatom 
assemblages. Hustedt [15] sorted diatoms to the biotypes of alkalinity, basophilia, central, 
acidophilia and acidity according to the relationship of diatoms and water pH. Psenner and 
Schmidt [16] also indicated that the diatom assemblages distributed in acid rain areas 
indicated changes in pH, and that Cyclotella bodanica was acidophilic and generally 
observed in acidified water with greatest growth at pH 5. Ulothrix sp., is present below the 
source of mine drainage in St. Kevin Gulch, which is a headwater stream of the Rocky 
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Mountains of Colorado, receives acid mine drainage that maintains low pH [17]. In gently 
flowing waters, pH was an important factor influencing the survival of diatoms [18]. As a 
result, diatoms are good indicators of acidified rivers (Table 1). 
 
2.3 Indicators of Organic and Metal Pollution 
 
Heavy metal pollution can influence diatom survival and growth. Many studies on metal 
polluted rivers have shown that diatoms respond to environmental degradation at the 
assemblage level through shifts in dominant taxa and diversity patterns, as well as at the 
individual level [19]. For example, diatoms change in frustule morphology, size [20,21] and 
frustule deformations [22,23] in response to high metal concentrations. Changes in diatom 
assemblages relative to heavy metal pollution as reflected by multivariate analysis showed 
that diatom assemblages reflected heavy metal concentrations, and a pollution sensitivity 
index (PSI) reflected the metal pollution gradient. Cunningham et al. [24] also pointed out 
that the composition of benthic diatom assemblages could indicate heavy metal pollution of 
rivers. Diatom assemblages can be collected from artificial substrates, and used to assess 
the short-term effects of metal pollution on rivers [22]. Lamaia [25] reported that diatoms 
reflect the bioaccumulation amounts and rates of Cd and Pb, and also conducted real-time 
monitoring of heavy metal pollution in water. 
 
Other physical and chemical parameters may also deform frustules, such as drought, high 
light intensity, UV radiation, salinity, nutrients, and other toxic compounds like cyanide, 
polycyclic aromatic hydrocarbons (PAH), and pesticides [19].  
 
In addition, severe organic pollution can reduce diatom species richness, increase cell 
density, and reduce diversity and index values [26]. Denys [27] found that cell mass varied 
with water quality changes. Thus, diatom taxa can be used as indicators of various types of 
river pollution (Table 1). 
 

Table 1. Partial diatoms used to indicate the status of water quality 
 

 Species（（（（ ））））author  Function Reference 
Indication 
of trophic 
status 

Amphipleura pellucida (Kützing) Indication of low 
trophic state 

[13,28,29] 
Cocconeis pediculus (Ehrenberg) 
Cyclotella comta (Ehrenberg) Kützing 
Cymbella affinis (Kützing) 
Cymbella helvetica (Kützing) 
Diatoma moniliformis (Kützing) 
Encyonema caespitosum (Kützing) 
Encyonema silesiacum (Bleisch in 
Rabenhorst) D.G. Mann 
Encyonema microcephala (Grunow) 
Krammer  
Eunotia bilunaris var. mucophila 
(Ehrenberg) Cleve 
Fragilaria capucina (Desmazie`res)  
Fragilaria capucina var. vaucheriae 
(Kützing) Lange-Bertalot 
Fragilaria nanana (Lange-Bertalot) 
Fragilaria pinnana (Ehrenberg) 
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 Species（（（（ ））））author  Function Reference 
Gomphonema angustum (Agardh) 
Gomphonema angustatum (Kützing) 
Rabenhorst 
Gomphonema minutum (Agardh) 
Naviculadicta seminulum (Grunow) 
Lange-Bertalot 
Nitzschia debilis (Arnott) Grunow 
Nitzschia vermicularis (Kützing) Hantzsch 
Pinnularia microstauron (Ehrenberg) 
Cleve 
Pseudostaurosira brevistriata (Grunow) 
Williams & Round 
Rhoicosphenia abbreviate (C.Agardh) 
Lange-Bertalot 
Rhopalodia gibba (Ehrenberg) O. Mu¨ ller 
Sellaphora laevissima (Kützing) D.G. 
Mann 
Adlafia minuscule var. muralis (Grunow) 
Lange-Bertalot 

Indication of 
eutrophic state 

Amphora veneta (Kützing) 
Anomoeoneis sphaerophora (Ehrenberg) 
Pfitzer 
Craticula cuspidate (Kützing) Mann 
Craticula halophila (Grunow ex van 
Heurck) Mann 
Cymbella pusilla (Grunow) 
Eolimna subminuscula (Manguin) Lange-
Bertalot & Metzeltin 
Fallacia pygmaea (Kützing) Stickle & 
Mann 
Fragilaria ulna (Nitzsch) Lange-Bertalot 
Gomphonema pseudoaugur (Lange-
Bertalot) 
Navicula cincta (Ehrenberg) Ralfs 
Navicula cryptotenella (Lange-Bertalot) 
Nitzschia clausii (Hantzsch) 
Nitzschia communis (Rabenhorst) 
Nitzschia constricta (Kützing) Ralfs 
Nitzschia supralitorea (Lange-Bertalot) 
Surirella brebissonii (Krammer & Lange-
Bertalot) 
Surirella ovalis (Brébisson) 
Surirella peisonis (Pantocsek) 
Tryblionella hungarica 
(Grunow)D.G.Mann 
Gomphonema parvulum (Kützing) 
Kützing 
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 Species（（（（ ））））author  Function Reference 
Indication 
of 
acidified 
water 
 

Cyclotella bodanica Eul (Kützing) Dominant species in 
acid water 

[16,17] 
Eunotia paludosa var. trinacria (Grunow) 
Eunotia tenella (Grunow) 
Eunotia sudetica (Agardh) Cleve 
Pinnularia subcapitata (Grunow) 
Achnanthes kryophila (J.B Petersen) 
Neidium affine (Ehrenberg) Pfitz. 
Achnanthes minutissima (Kützing) 
Czarneczki 
Eunotia septentrionalis (Qstrup) 
Nitzschia capitellata (Hust.) 
Nitzschia communis (Rabenh.) 
Nitzschia pusilla (Grunow) 
Pinnularia acoricola (Hust.) 
Pinnularia obscura (Krasske) 
Pinnularia braunii var. amphicephala 
(A.Mayer) Hust. 
Pinnularia subcapitata (Agardh) Cleve 
Pinnularia terminitina (Ehrenberg) 
R.M.Patrick 
Eunotia exigua (Brébisson) Rabenh. 

Indication 
of 
pollutant 

Fragilaria capucina (Desm.) Indication of copper [19,29,30] 
Synedra ulna (Nitzsch.) Ehrenberg Indication of zinc 
Cymatopleura solea (Brébisson & 
Godey) W.Sm. 

Indication of 
hydroxybenzene 

Synedra ulna (Nitzsch.) Ehrenberg Indication of 
hydrargyrum 

Amphora libyca (Ehrenberg) Indication of 
sensitivity Cymbella amphicephala (Nägeli) 

Cymbella silesiaca (Bleisch) 
Cymbella sinuate (Gregory) 
Fragilaria pinnata (Ehrenberg) 
Gomphonema olivaceum (Hornemann) 
Brébisson var. olivaceum 
Navicula radiosa (Kützing) 
Nitzschia fonticola (Grunow non sensu 
Hustedt) 
Nitzschia gracilis (Hantzsch) 
Nitzschia lacuum (Lange-Bertalot) 
Nitzschia recta (Hantzsch) 
Stephanodiscus minutulus (Kützing) 
Cleve & Möller 
Achnanthes delicatula (Kützing) Grunow Indication of middle 

tolerance Achnanthes lanceolata (Brébisson) 
Grunow 
Cocconeis placentula (Ehrenberg) 
Cyclotella meneghiniana (Kützing) 
Cymbella caespitosa (Kützing) Burn 
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 Species（（（（ ））））author  Function Reference 
Diatoma tenuis (Kützing) 
Diatoma vulgaris (Bory) 
Meridion circulare (Gréville) Agardh 
Navicula capitatoradiata (Germain) 
Navicula cryptocephala (Kützing) 
Navicula cryptotenella (Lange-Bertalot) 
Navicula gregaria (Donkin) 
Navicula lanceolata (Agardh) Ehrenberg 
Navicula reichardtiana (Lange-Bertalot) 
Navicula tripunctata (O.F.Müller) Bory 
Navicula trivialis (Lange-Bertalot) 
Nitzschia acicularis (Kützing) W. Smith 
Nitzschia archibaldi (Lange-Bertalot) 
Nitzschia dissipata (Kützing) Grunow 
Nitzschia frustulum (Kützing) Grunow 
Nitzschia graciliformis (Lange-Bertalot & 
Simonsen) 
Nitzschia heufleriana (Grunow) 
Nitzschia inconspicua (Grunow) 
Nitzschia linearis (Agardh) W. Smith 
Nitzschia sociabilis (Hustedt) 
Stephanodiscus hantzschii (Grunow) 
Gomphonema parvulum (Kützing) 
Kützing var. parvulum 

Indication of high 
tolerance 

Navicula saprophila (Lange-Bertalot & 
Bonik) 
Navicula atomus (Kützing) Grunow 
Navicula minima (Grunow) 
Nitzschia palea (Kützing) W. Smith 

 
3. INDICATORS OF GENERAL RIVER HEALTH ASSESSMENT 
 
Based on the indicator functions [31] that have been associated with diatoms used 
throughout the world, researchers combine diatoms and environmental parameters through 
use of statistical means to develop mathematic models, improving the effectiveness of water 
quality monitoring with diatoms. In recent years, integrative bioassessment systems have 
been established by using diatom indices that were widely used in river health assessment 
around the world, including the Americas, Europe, Africa, Asia, and Australia (Table 2). 
 

3.1 North America 
 
In North America, diatoms and indices are mostly used in the United States and Canada. 
There has been a long history regarding river health assessment using diatoms in the United 
States and diatom sampling is a routine component of biomonitoring and bioassessment in 
the United States. Patrick [32] investigated the eastern watershed of United States and used 
diatoms as one monitoring project of water quality assessment with her colleague, results 
showed that diatoms represented well applicability in river health assessment. As time went 
on, more and more diatom assemblages and diatom indices have been used in the 
monitoring and assessment of river health. Stevenson [33] investigated changes of relative 
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richness and biodiversity of diatom assemblages influenced by contamination in the 
Sandusky River using the theories of diatom community dynamics. His results showed that 
diatom assemblage indices were applicable for assessing the ecological quality of streams 
without focusing on specific indicator taxa. In the northern United States, monitoring with 
multivariate analysis may be traced back to the late 20th century [34]. Sophia [35] developed 
a new biological index, DMA (diatom model affinity), based on many investigations to assess 
river health. DMA provides an assessment of water quality by calculating percent similarity 
with a model community that serves as a reference standard. The Kentucky Department of 
Environmental Protection developed a diatom biological index (DBI) to assess the biological 
integrity of Kentucky waters; the DBI consists of six metrics: diatom taxa richness, Shannon 
diversity, a pollution tolerance index (PTI), a siltation index, Fragilaria richness, and 
Cymbella richness [36]. Researchers in Idaho found that diatoms were the dominant species 
of periphyton, so they developed a multimetric index for assessing river health, making 
diatom, fish and macroinvertebrate assemblages important tools to estimate river community 
health [37]. To calculate the periphyton index of biological integrity (P-IBI), Hill [38] 
conducted systematic analyses of species abundance, dominant species, Chla content, 
biomass, and alkaline phosphatase of diatoms after collecting basic environmental 
parameters for 272 streams in the eastern United States. Potapova et al. [39] monitored 
eutrophication status of United States Rivers by using diatom indices on data collected by 
the United States Geological Survey; the results indicated higher water quality than in 
Europe.  
 
In Florida, USA, 11 wetlands were sampled in once each in the dry and wet seasons over a 
5-month period. The results showed that dry season sites had significantly higher diatom 
genus and species richness, and non-metric multidimensional scaling and multiple response 
permutation process analyses indicated no significant wet/dry grouping of species or genus 
level abundance data [40]. Wachnicka et al. [41] investigated the diatom ecology and 
distribution in Biscayne Bay, Florida (USA), and found that diatom assemblages differed 
between nearshore and offshore locations, especially during the wet season when salinity 
and nutrient gradients were steepest. Planktonic and periphytic diatom assemblages were 
investigated as potential biological indicators of ecological conditions in the Ohio, Missouri 
and Upper Mississippi rivers. The results indicated (1) the value of diatoms for assessing 
landscape stressors of large rivers, (2) traditional water quality conditions, and (3) the 
usefulness of both planktonic and periphytic diatom assemblages as bioindicators of river 
condition and for providing unique stressor response information [42]. 
 
In a word, diatoms and diatom indices have been more and more popularly used in the 
bioassessment of river health in United States. We can see the importance of diatoms 
among in aquatic organisms. 
 
In Canada, researchers on great rivers reported that diatoms could monitor organic pollution 
and eutrophication [29]. For example, studies in the streams and rivers of southern Québec 
showed that benthic diatoms provided an integrated measurement of water quality and 
provided a useful addition to physico-chemical water quality monitoring [72]. Lavoie et al. 
(2006) [72] developed a diatom-based index for the biological assessment of eastern 
Canadian rivers. The Eastern Canadian Diatom Index (IDEC) integrates the effects of 
multiple stressors on streams and provides information about the “distance” from the 
nonimpacted state. Later, Lavoie et al. [73] compared stream condition in Québec through 
use of six diatom-based indices from Europe (TDI, SPI, IBD, SLA) and North America (IBI, 
IDEC); the results confirmed that most of the common riverine taxa have similar ecological 
preferences throughout Europe and North America. Their comparison illustrated the 
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similarity of the results and robustness of diatom-based monitoring regardless of the indices 
used. Following the continuous in-depth study, Grenier et al. [70] proposed a remodeling of 
five classes of the IDEC by introducing ecologically meaningful thresholds, reducing 
subjectivity in the determination of the number and range (widths) of classes, and developing 
a new approach that uses biotypes issued from a classification technique (Self-Organizing 
Maps) to determine thresholds among integrity classes of the IDEC. 
 

Table 2. Diatom indices widely used in river health assessment 
 

Diatom indices Discription Reference 
Percent Community Similarity of 
Diatoms (PSc) 

This index is used to compare control and 
test sites, or average community of a group 
of control or reference sites with a test site. 
Percent community similarity values range 
from 0 (no similarity) to 100%. 

[43] 

Simple Autecological Index 
(SAI) 

This index is used to characterize different 
diatom species along an environmental 
(stressor) gradient and infer environmental 
conditions (EC) and effect on the periphyton 
assemblage. 

[44] 

Descy Index (DI) The first diatom index developed by Descy 
in 1979. 

[45] 

Pollution Tolerance Index for 
Diatoms (PTI) 

This index is used to distinguish categories 
of diatoms according to their tolerance to 
increased pollution, with species assigned a 
value of 1 for most tolerant taxa (e.g., 
Nitzschia palea or Gomphonema parvulum) 
to 3 for relatively sensitive species. 

[46] 

Specific Pollution Sensitivity 
Index (SPI) 

Bioassessment of water quality via 
calculating the proportion of specific 
pollution sensitive species.  

[47] 

Diatom Assemblage Index for 
Organic Pollution (DAIpo) 

Calculates the relative abundance of 
eusaprobic and eurysaprobic species to 
assess the degree of polluted water. 

[48] 

Sládeèek Index (SLA) Bioassessment of water quality via 
calculating the proportion of saprobic diatom 
species. 

[49] 

Index of Leclercq & Maquet 
(ILM) 

This index is used to indicate organic 
pollution and assess water quality. Derived 
from Sladecek’s method, Leclercq and 
Maquet proposed other values for the 
“saprobic valencies” (s) and for the 
“indicator values” (v). 

[50] 

Schiefele & Schreiner index 
(SHE) 

Calculates the relative abundances of each 
pollution group 

[51,52] 

Generic Diatom Index (GDI) This index is the ratio of abundance of 
Achnanthes, Cocconeis and Cymbella, to 
that of Cyclotella, Melosira and Nitzschia to 
measure diatom assemblage changes. 

[53,54] 

Commission of Economic 
Community Index (CEC) 

This index is correlated with parameters 
related to organic pollution, ionic strength, 
and eutrophication and seems to give a 
more realistic estimation of water quality. 

[55] 
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Diatom indices Discription Reference 
Percent Motile Diatoms (PMD) This is a siltation index, expressed as the 

relative proportion of Navicula + Nitzschia + 
Surirella. The three genera are able to move 
towards the surface if they are covered by 
silt; their abundance is thought to reflect the 
amount and frequency of siltation. Relative 
abundances of Gyrosigma, Cylindrotheca, 
and other motile diatoms also may be added 
to this index. 

[56] 

Trophic Diatom Index (TDI) This index is used to monitor the trophic 
status of rivers based on diatom 
composition. TDI=(WMS×25)–
25，WMS=Weighted mean 
sensitivity,calculated as: WMS=∑ajv ij/∑ajvj, 
where aj = abundance (proportion) of 
speciesj in sample, sf= pollutionsensitivity(l–
5) of speciesj and Vj= indicator value (l–3). sj 

was derived empirically. 

[57] 

Biological Diatom Index (BDI) This index is based on a list of 209 key 
species showing different pollution 
sensitivities. The pollution sensitivity, or 
‘‘ecological profile’’, is determined through 
the species presence probability values 
along a seven quality classes gradient. 

[58,59,60] 

Rott saprobic index (ROT) This index is an improved saprobic index 
based on the Sládeèek Index; some 
saprobic values and indicator values have 
been changed. 

[61] 

Percent live diatoms (PDI) This index is used to indicate the health of 
the diatom assemblage. Low percent live 
diatoms could be due to heavy 
sedimentation and/or relatively old algal 
assemblages with high algal biomass on 
substrates. 

[62] 

Percent Aberrant Diatoms 
(PAD) 

PAD is the percent of diatoms in a sample 
that have anomalies in striae patterns or 
frustule shape (e.g, long cells that are bent 
or cells with indentations). This index has 
been positively correlated with heavy metal 
contamination in streams. 

[63] 

Shannon Diversity  
(for diatoms) 

It is a function of both the number of species 
in a sample and the distribution evenness of 
individuals of those species. 

[64] 

Percent Achnanthes 
minutissima 

This index is used in bioassessment, the 
quartiles of this index from a population of 
sites has been used to establish judgment 
criteria, e.g., 0-25% = no disturbance, 25-
50% = minor disturbance, 50-75% = 
moderate disturbance, and 75-100% = 
severe disturbance. 

[64] 

Percent Sensitive Diatoms 
(PSD) 

This index is the sum of the relative 
abundances of all intolerant species. This 

[64] 
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Diatom indices Discription Reference 
index is especially important in smaller-order 
streams where primary productivity may be 
naturally low, causing many other indices to 
underestimate water quality. 

Diatom Model Affinity (DMA) DMA provides an assessment of water 
quality by the calculation of percent 
similarity to a model community that can be 
viewed as a reference standard. High 
similarity to the model indicates 
assemblages that are minimally disturbed, 
while lower similarity suggests water quality 
problems. 

[35,65] 

Pampean Diatom Index 
(PDI&IDP) 

The index integrates organic pollution and 
eutrophication and can be applied for 
monitoring the biological quality of rivers and 
streams in the Pampean plain. 

[66] 

Eutrophication Pollution Index 
using diatoms (EPI) 

This index was developed for Appenine 
watercourses, based on the sensitivity of 
diatoms to organic pollution, mineralization 
of water, and chloride.  

[67] 

Relative Abundance of Diatom 
Species (RAD) 

High species richness is assumed to 
indicate high biotic integrity because many 
species are adapted to the conditions 
present in the habitat. Species richness is 
predicted to decrease with increasing 
pollution because many species are 
stressed. 

[68] 

Eastern Canadian Diatom Index 
(IDEC) 

This index is based on correspondence 
analysis (CA) to develop a chemistry-free 
index, where the position of the sites along 
the gradient of maximum variance is strictly 
determined by diatom assemblage structure 
and therefore is dependent on measured 
environmental variables. 

[69,70] 

Diatom Species Index for 
Australian Rivers (DSLAR) 

This index is used as a broad-scale indicator 
of human influences on Australian rivers, 
especially the effects of agricultural and 
urban land use, and also for impact studies 
at local scales.  

[71] 

 
3.2 South America 
 
In South America, diatoms and indices are mostly used in Argentina and Brazil. In Argentina, 
assessing water quality with diatoms became popular in the late 20th century. Gomez [74] 
used epipelic diatom assemblages to evaluate water quality in the Matanza-Ria-Chuelo 
River Basin, and the results showed that the assemblage was dominated by pollution-
tolerant species as anthropogenic disturbances increased. Gomez and Licursi [66] found 
that benthic diatoms were suitable for monitoring organic pollutants in Pampean rivers and 
developed the Pampean diatom index (PDI) to assess river health. Hassan et al. [75] 
assessed the spatial variation of diatom assemblages in two representative estuaries of 
Argentina to gather ecological information for paleoecological reconstructions in the region. 
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Then Hassan et al. [76] studied the relationship between benthic diatom assemblages and 
environmental variables in three northeastern Argentina estuaries via multivariate analyses. 
Their research showed that diatoms and diatom indices were good tools for monitoring river 
health. 
 
In Brazil, monitoring and assessing river health with diatoms became common in the early 
21st century. In 2004, Lobo et al. [77] used epilithic diatom assemblages as bioindicators to 
evaluate the water quality of two urban streams, Condor and Capivara, in Porto Alegre, Rio 
Grande do Sul, and the results showed that, Mayamaea atomus, Amphora montana, 
Sellaphora pupula and Cyclotella meneghiniana were extremely abundant under such 
conditions. Then, diatoms were used successfully as bioindicators of water quality in the 
Gravataí River, Rio Grande do Sul [78] and other rivers near São Carlos, Sao Paulo [79]. In 
2012, Bere and Tundisi [80] used the PDI developed in Argentina to assess streams around 
São Carlos, Sao Paulo; the results showed that the PDI can be applied to non-epipelic and 
non-Pampean diatom assemblages. 
 
3.3 Europe 
 
Benthic diatoms are also widely used in assessing the health status of European streams. 
Researchers use different methods to sample diatoms and analyze data. Prygiel and Coste 
[81] used  diatom indices (e.g. specific pollution sensitivity index (PSI), generic diatom index 
(GDI), the Commission of Economical Community Index (CEC), and so on.) to estimate the 
status of water quality in the Artois-Picardie Basin (France), and the results showed that the 
diatom indices satisfactorily assessed organic pollution levels and water quality degradation. 
In 2000, the European Water Framework Directive recommended using diatoms as 
biological indicators to confirm nutritient levels in decision-making regarding water 
environment rehabilitation. From then on, diatoms became routine programs in the state 
biological monitoring and were used to support water quality law and regulatory criteria. 
Researchers developed and used Zelinka and Marvan functions along with diatoms to 
monitor eutrophication status, adequately considering the sampling errors and changes in 
assemblage taxa. Based on this approach, the biological diatom index (BDI) was adopted as 
a standard method and field and laboratory manuals were developed [59]. The manuals 
included field sampling description, laboratory analyses, species classification and 
identification, data analyses, and BDI score calculation based on assemblage composition, 
relative richness, and physical-chemical parameters. The BDI is now used to assess 
ecological quality, monitor temporal and spatial variation at the river basin scale, and in 
applied research projects [60,82,83,84]. Rott et al. [85] pointed out that we should consider 
the applicability of assessment indices and choose the indices according to water pollution 
status when necessary. Nine diatom indices were studied, and the results showed that the 
BDI、 、GDI ILM, and SLA had intermediate sensitivities to water pollution, and the 
CEC、 、 、 、EPI ROT SPI and TDI had higher sensitivities. Rimet et al. [82] found that diatom 
indices were not suitable for all kinds of contamination, being sensitive only under their 
optimum ranges. Researchers in Denmark used benthic diatoms to assess watershed 
quality [86]. Tison et al. [87] developed an ecological distance index (EDI) to collect diatom 
data from a pilot watershed, and the results demonstrated a good correlation between the 
EDI and the SPSI, which indicated that the EDI was a valuable indicator of ecological status 
to account for ecoregional differences. In France, diatom indices were considered as 
standard means to assess the status of river health [60]. Researchers evaluated European 
diatom trophic indices through use of the STAR (Standardisations of River Classifications) 
diatom database, a large data set from European running waters, to test the application of 
trophic classifications in water quality assessment. The results showed that differences 
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between trophic indices also led to a significant variation in water quality assessment, so 
trophic indices should be applied with caution [88]. Delgado et al. [89] used diatom 
assemblages as ecological status indicators in Mediterranean temporary streams on the 
Balearic Islands, Spain. A diatom multimetric index (DIATMIB) was developed that combined 
the following three metrics: abundance of sensitive taxa, abundance of tolerant taxa, and 
chlorophyll a. The study validated the application of a diatom multimetric index as an 
appropriate approach for classify the ecological status of temporary streams as a function of 
structural changes in diatom assemblages. 
 
3.4 Africa 
 
In Africa, many researchers also use diatoms to assess river health. Archibald (1992) [90] 
examined the diversity of diatom associations from some South African rivers in relation to 
water quality. He found that, diversity was regarded as a dubious and sometimes misleading 
parameter of water quality. The specific composition of the assemblages and the autecology 
of the component species, particularly the dominants, were preferable criteria for assessing 
water quality via diatom assemblages. Similar research was conducted in other South 
African rivers [91,92]. Although diatoms were used in assessing river health earlier in Africa, 
they were not commonly used until the early 21st century. For example, Bate et al. (2004) 
[31] found that diatoms were good indicators of total dissolved solids in rivers. Taylor et al. 
[93] evaluated diatom-based indices in the Vaal and Wilge Rivers, South Africa. Their results 
indicated that the tested diatom indices in general were most highly correlated with average 
chemical data for a one-month period, six weeks prior to biological sampling. The Biological 
Diatom Index showed the strongest relationship to general water quality, whereas the 
Eutrophication and Pollution Index showed the strongest relationship to dissolved inorganic 
phosphorus. Beyene et al. [94] compared diatoms and macroinvertebrates as indicators of 
severe water pollution in Addis Ababa, Ethiopia. Based on assemblage metrics and 
multivariate analysis results, the results showed that diatoms indicated a gradient of pollution 
more reliably than macroinvertebrates. Diatoms were good indicators of pollution levels 
among heavily impacted sites where macroinvertebrates were completely absent or less 
diverse, and powerful bioindicators for monitoring urban-impacted and seriously stressed 
rivers. They also found that diatoms were useful indicators of pollution gradients and impacts 
of specific pollution sources. Chaïb and Tison-Rosebery [95] analyzed 118 benthic diatom 
taxa used in water quality assessment and the application of a biological diatom index in the 
Kebir-East Wadi, Algeria; they concluded that a specific diatom index should be developed 
because of the particular geochemical conditions of that wadi. 
 
3.5 Asia and Australia 
 
Diatoms and indices are widely used to assess river health in Asia. Wu [96] studied a two-
year change of diatom assemblages in relation to water pollution in the Hsin-Dien River, 
China. As water pollution increased, the species richness and diversity of diatom 
assemblages decreased, whereas redundancy increased. A similar study was carried out in 
Japan, and Lobo et al. [97] found that the species richness of diatom assemblages tended to 
be higher in the intermediate range of water pollution, and the diatom assemblage response 
to environmental change could be observed in species compositional variation. Diatoms 
were also used as indicators of stream quality in the Kathmandu Valley and Middle Hills of 
Nepal and India [98]. In 2006, Duong et al. [99] studied the impact of urban pollution from the 
Hanoi area on benthic diatom assemblages collected from the Red, Nhue, and Tolich rivers 
(Vietnam), and used two diatom indices, SPI and DAIpo, to evaluate water quality. The 
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assessment results indicated that the Tolich River has the lowest values because of high 
pollution levels. Atazadeh et al. [100] found that, the sensitivity of the TDI and its component 
metrics to environmental stressors supported the use of this index for monitoring ecological 
conditions in streams in Iran, and to aid diagnosis of the cause of site impairment. Wu et al. 
[101] investigated benthic diatom communities of 23 run-of-river dams in a Chinese river 
during the dry season and selected four metrics from 110 diatom attributes to construct a 
diatom-based index of biotic integrity (D-IBI); the test results and metrics of D-IBI using an 
independent testing data set indicated significant differences between reference and 
impaired sites. 
 
Studies of diatoms appeared during the end of the 20th century in southwestern Australia, in 
a stream-rich area with relatively undisturbed streams and in highly disturbed Perth streams 
[102]. The results showed that diatom taxa distributions were correlated with pH, 
conductivity, riparian forest width, water depth, current velocity, and riparian degradation, 
and therefore could be used in assessing river health. Diatom indices are useful for 
explaining the condition of rivers and in the Australian river assessment system (AusRIVAS). 
Researchers developed a diatom assemblage predictive model similar to the river 
invertebrate prediction and classification system (RIVPACS) to assess and monitor the 
ecological health of rivers nationwide [103]. Chessman et al. [71] used the diatom index for 
Australian rivers (DIAR) to assess river status, and the results showed that the diatom 
species index for Australian rivers (DSIAR) was strongly and significantly correlated with 
measures of catchment urbanization for streams in the eastern suburbs of Melbourne, 
Victoria. DSIAR scores across southeastern Australia had little relationship to the latitude, 
longitude or altitude of sampling sites, which means that DSIAR was slightly affected by 
macro-geographical position. In addition, DSIAR scores vary little among small-scale 
hydraulic environments within a site and appeared to have potential as a broad-scale 
indicator of human influences on Australian rivers, including the effects of agricultural and 
urban land use, as well as local-scale impact studies. Haese et al. [104] measured benthic 
nutrients, gas fluxes, water column properties, and sediment properties in an estuary of 
southeastern Australia.  Their results showed that molar ratios of dissolved inorganic carbon 
to silica benthic fluxes were equal to the molar composition of diatoms, indicating that 
diatoms preferentially sink and deliver the most labile organic matter fraction to the 
sediment.  
 
Globally, river health monitoring and assessments based on diatoms and diatom indices 
have become increasingly important, and they are key indicators for the bioassessment of 
aquatic ecosystems.   
 
4. LIMITATION OF DIATOMS IN RIVER HEALTH BIOASSESSMENT AND 

RESEARCH RECOMMENDATIONS 
 
Although diatoms have been widely used in monitoring the trophic status of water, acidified 
water, and various water pollutants, four major problems remain in using diatoms for river 
health assessment: 1) The classification and identification system has not been completed 
globally. There are perhaps ten million diatom species in the world and they are distributed 
diffusely [105]; however, only ten thousand of them have been identified, some have 
disappeared because of pollution, and new species are being identified. Researchers are 
continuously modifying and reclassifying current diatom species, so diatom species listed in 
most current diatom sets are not perfect. Further research is needed in the identification and 
classification of species, with the goal of globally applicable keys. 2) Climate change and 
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natural environmental variability confounds the usefulness of many diatom applications. For 
example, natural temporal and spatial differences in temperature, current velocity, pH, 
dissolved oxygen, salinity, water depth, insolation, and substrates cause variations in diatom 
assemblage composition. However, the growth of diatoms is also influenced by parameters 
of chemistry, hydrology and so on, increasing the random errors of sampling and calculation 
results of metrics. Such physical and chemical variables observably influence the growth, 
propagation, and distribution of diatoms, thereby hindering long-term and continuous 
monitoring and assessment of water quality. Additional research is needed to calibrate 
expected species occurrences and abundances, metric values, and index scores along 
those natural environmental gradients that co-vary with anthropogenic disturbances. Besides 
that, the water quality bioassessment could be carried out by the integrated index based on 
multiplicate indices [106,107,108], or using more than one assemblage indices so as to 
decrease the influences of climate change and natural environmental variability on the 
credibility of diatom applications. 3) Minimally-disturbed reference sites are difficult to find in 
extensively and intensively altered ecoregions, making it equally difficult to predict expected 
diatom assemblage composition in the absence of disturbance. Research involving hind-
casting predictive models incorporating no or very little anthropogenic disturbance may 
provide a means of determining reference conditions via statistical extrapolation [109]. 4) 
Natural differences in water bodies, together with researcher preferences, have induced a 
diverse set of sampling, sample processing, and indexing approaches [64,105]. Such 
differences influence the diatom species and abundances occurring in the samples, thereby 
confounding observed diatom differences with sampling error. Studies comparing alternative 
sampling, sample processing, and indexing methods are needed with the goal of developing 
standard methods for diatom assemblages, just as we have developed standard methods for 
chemical sampling and analyses and as have been proposed for fish, macroinvertebrates, 
and algae [110,111]. 
 
5. CONCLUSION 
 
In this study, the use of diatoms as indicators of nutritional status, acidification, and organic 
and metal pollution were summarized. As seen in this study there are some problems that 
have been associated with diatoms and indices that were used in different regions around 
the world. Based on these problems, the different selections and the research progress of 
diatoms and indices used in monitoring and assessing river health around the world 
including the Americas, Europe, Africa, Asia, and Australia were presented. Finally, future 
studies and uses of diatoms focus on the following aspects: 1) improve the classification and 
identification of diatoms; 2) increase the use of diatom predictive indices to monitor and 
assess water quality; 3) develop global standard methods for sampling diatoms in streams, 
rivers, and lakes; and 4) apply hind-casting predictive models, were recommended by the 
authors. 
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