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4.1 Introduction
Assessments of environmental conditions in rivers and streams

using diatoms have a long history in which two basic conceptual

approaches emerged. First, based on the work of Kolkwitz and

Marsson (1908), autecological indices were developed to infer

levels of pollution based on the species composition of assem-

blages and the ecological preferences and tolerances of taxa

(e.g. Butcher, 1947; Fjerdingstad, 1950; Zelinka and Marvan,

1961; Lowe 1974; Lange-Bertalot, 1979). Second, Patrick’s early

monitoring studies (Patrick, 1949; Patrick et al., 1954; Patrick

and Strawbridge, 1963) relied primarily on diatom diversity as

a general indicator of river health (i.e. ecological integrity),

because species composition of assemblages varied season-

ally and species diversity varied less. The conceptual differ-

ences in these two approaches really address two different

goals for environmental assessments, one inferring pollution

levels and the other determining biodiversity, a more valued

ecological attribute (Stevenson, 2006). Thus, the concepts and

tools for assessing ecosystem health and diagnosing causes of

impairment in aquatic habitats, particularly rivers and streams,

were established and developed between ∼50 and 100 years

ago.

Today, diatoms are being used to assess ecological condi-

tions in streams and rivers around the world (Asai, 1996; Kelly

et al., 1998; Wu, 1999; Lobo et al., 2004; Wang et al., 2005;

Chessman et al., 2007; Taylor et al., 2007; Porter et al., 2008).

They have become valuable elements in large-scale national

and international assessment programs of the United States

and Europe (e.g. Kelly et al. 2009a). Keeping up with the large

number of papers being published in locally, nationally, and

internationally recognized journals has become a challenge,

but this review shows the emergence of a great diversity of

methods and findings, identifying regionally refined tools, and

organizing the application of these tools in scientifically sound

protocols for solving environmental problems. Although ini-

tially overwhelming, the diversity of methods and findings for

diatom assessments produced over the last ∼100 years can be

organized by relating them to frameworks for environmen-

tal assessment and management. Using the correct diatom

assessment tools for the correct reason during an assessment

is critical for scientifically rigorous and effective support of

environmental management.

The many advances in using diatoms and other algae for

monitoring stream and river quality have been reviewed by

Patrick (1973) and, more recently, by Stevenson and Lowe

(1986), Rott (1991), Round (1991), Whitton et al. (1991), Coste

et al. (1991), Whitton and Kelly (1995), Rosen (1995), Lowe

and Pan (1996), Ector et al. (2004), and Stevenson and Smol

(2002). In this chapter, we update our last review completed

for the first edition of this book (Stevenson and Pan, 1999).

First, we provide the foundation for how diatoms can be used

in ecological assessments of rivers and streams and why they

should be used. Second, we review the many characteristics

of diatom assemblages that could be used in assessments and

the methods used for sampling, sample analysis, and calculat-

ing indicators. Finally, we provide examples and discuss how a

set of diatom indicators can be used in ecological assessments

with different purposes for each indicator, such as establishing

reference conditions and numeric water-quality criteria, assess-

ing physical and chemical as well as biological condition, and

diagnosing stressors of ecosystem services.

4.2 Rationale for using diatoms
Two fundamental questions need to be answered in almost all

ecological assessments: “Is there a problem?” and “What is

causing the problem?” (Stevenson et al., 2004a). Understand-

ing the meaning of these questions, and how they will be asked
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Figure 4.1 A scheme for using a suite of indicators for stressor and
biocriteria development. The solid line represents a valued ecological
attribute, such as the percentage of individuals in native species in
the habitat, having a non-linear response to a stressor or human-
disturbance gradient. The dashed line represents an indicator with
linear response to a stressor or human-disturbance gradient. After
identifying indicators with linear and non-linear responses, stressor
criteria can be proposed for the highest stressor level (vertical dashed
line) that has a high probability of protecting the valued ecological
attribute with the non-linear response. The biological criterion (hori-
zontal dashed line) can be proposed for an indicator with the linear
response at a level predicted to occur when the stressor is at its criterion
level.

and answered by government agencies or other scientists, is

important for determining how diatoms can help answer both

of these questions. Problems can usually be defined relative to

the uses of water bodies and their ecosystem services. “Use” is

a term that is defined in regulations developed in the United

States of America (USA) associated with implementation of the

US Clean Water Act (US CWA) and is one part of water qual-

ity standards. Examples of uses are aquatic-life use, drinking-

water supply, and recreation. The other parts of water-quality

standards in the USA are water-quality criteria, which are estab-

lished to protect uses of waters, and an antidegradation pol-

icy that protects future degradation of waters. Water-quality

criteria can be narrative or numeric descriptions of the phys-

ical, chemical, and biological condition of waters that define

whether a use is being supported or not. The variables used for

water-quality criteria are indicators of either uses or the con-

taminants and habitat alterations (i.e. “stressors”) that degrade

or threaten uses (Figure 4.1). Throughout this chapter, we will

emphasize that slight differences in how diatom indicators are

developed and applied determines whether indicators should

be used to assess valued ecological attributes (uses and ecosys-

tem services) or stressors (Stevenson, 2006).

Protection of the biota that we would expect in minimally

disturbed waters is a common policy of governments around

the world. In the USA, many state governments refer to this

as “aquatic life use support” and measure it with indicators of

biological condition (Davies and Jackson, 2006). Waters with

high levels of biological condition have biological integrity,

which is a defined goal of the US CWA. Biological condition

is usually measured as some deviation from natural or mini-

mally disturbed condition (Davies and Jackson, 2006; Stoddard

et al. 2006). In the European Union (EU), all water bodies are

supposed to achieve “good ecological status” by 2015 accord-

ing to the Water Framework Directive (WFD: European Union,

2000). “Good ecological status” is defined in the EU WFD as

biota consistent with only slight alterations from that expected

in the absence of human impacts (reference conditions), which

is the same as the concept of high biological condition in the

USA. Although we usually measure structure, such as species

composition of assemblages, both the US and EU concepts

of reference conditions also include the function of aquatic

ecosystems, such as productivity and nutrient uptake (Karr and

Dudley, 1981).

One of the main reasons for convergence of management

goals on “good ecological status” or “biological integrity” is

that biodiversity is a valued ecological attribute, thus an ecosys-

tem service. In addition, waters with high biological condi-

tion are assumed to support other ecosystem services, such as

safe and aesthetically pleasing drinking water and recreational

uses. In addition, rivers and streams are complex ecosystems

in which many environmental factors vary on different spa-

tial and temporal scales. Even though as many variables as

possible should be measured to determine environmental con-

ditions in a habitat (Barbour et al., 1999; Norris and Norris,

1995), full assessment of all the potentially important variables

is impractical. Biological indicators respond to altered physical

and chemical conditions that may not have been measured and

thereby reflect these altered conditions in assessments. Using a

suite of biological indicators, based on organisms living from

one day to several years, provides an integrated assessment

of environmental conditions in streams and rivers which are

spatially and temporally highly variable.

Using diatoms as indicators of environmental conditions in

rivers and streams is important for three basic reasons: their

importance in ecosystems, their utility as indicators of environ-

mental conditions, and their ease of use. Diatom importance

in river and stream ecosystems is based on their fundamental

role in food webs (e.g., Mayer and Likens, 1987; see review

by Lamberti, 1996) and linkage in biogeochemical cycles (e.g.
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Newbold et al., 1981; Kim et al., 1990; Mulholland, 1996). As

one of the most species-rich components of river and stream

communities, diatoms are important elements of biodiversity

and genetic resources in rivers and streams (Patrick, 1961).

In addition, diatoms are the source of many nuisance algal

problems, such as taste and odor impairment of drinking water,

reducing water clarity, and clogging water filters (e.g. Palmer,

1962).

Diatoms are valuable indicators of environmental condi-

tions in rivers and streams, because they respond directly

and sensitively to many physical, chemical, and biological

changes in river and stream ecosystems, such as tempera-

ture (Squires et al., 1979; Descy and Mouvet, 1984), nutri-

ent concentrations (Pan et al., 1996; Kelly, 1998), and her-

bivory (Steinman et al., 1987a; McCormick and Stevenson,

1989). The species-specific sensitivity of diatom physiology to

many habitat conditions is manifested in the great variability

in biomass and species composition of diatom assemblages

in rivers and streams (e.g. Patrick, 1961). This great variabil-

ity is the result of complex interactions among a variety of

habitat conditions that differentially affect physiological per-

formance of diatom species, and thereby, diatom assemblage

composition. Stevenson (1997) organizes these factors into

a hierarchical framework in which higher-level factors (e.g.

climate and geology) can restrict effects of low-level factors.

Low-level, proximate factors, such as resources (e.g. light,

nitrogen (N), phosphorus (P)) and stressors (e.g. pH, tem-

perature, toxic substances), directly affect diatoms. At higher

spatial and temporal levels, effects of resources and stressors

on diatom assemblages can be constrained by climate, geology,

and land use (Biggs, 1995; Stevenson, 1997). The sensitivity of

diatoms to so many habitat conditions can make them highly

valuable indicators, particularly if effects of specific factors can

be distinguished.

Diatoms occur in relatively diverse assemblages, and most

species, especially common species, are relatively easily dis-

tinguished when compared to other algae and invertebrates

that also have diverse assemblages. Diatoms are readily dis-

tinguished to species and subspecies levels based on unique

morphological features, whereas many other algal classes have

more than one stage in a life cycle and some of those stages

are either highly variable ontogenically (e.g. blue-green algae),

cannot be distinguished without special reproductive struc-

tures (e.g. Zygnematales), or cannot be distinguished without

culturing (many unicellular green algae). Diverse assemblages

provide more statistical power in inference models (see Birks,

this volume). Identification to species level improves precision

and accuracy of indicators that could arise from autecologi-

cal variability within genera. Diatoms are relatively similar in

size compared to the variability among all groups of algae,

even though the size of diatoms does vary by several orders

of magnitude; therefore diatom assemblage characterizations

accounting for cell size (biovolume and relative biovolume) are

probably not as necessary as when using all groups of algae

together.

Diatoms can be found in almost all aquatic habitats, so that

the same group of organisms can be used for comparison of

streams, lakes, wetlands, oceans, estuaries, and even some

ephemeral aquatic habitats. Diatoms can be found on substrata

in streams, even when the stream is dry, so they can be sampled

at most times of the year. If undisturbed sediments can be found

in lotic ecosystems, such as in reservoirs, deltas, wetlands, and

floodplains where rivers and streams drain, diatom frustules

are preserved in sediments and record habitat history (Amoros

and van Urk, 1989; Cremer et al., 2004; Gell et al. 2005). Histor-

ical conditions in streams and rivers have also been assessed

by using museum collections of diatoms on macrophytes and

in fish (van Dam and Mertens, 1993; Rosati et al., 2003; Yallop

et al., 2006). Diatoms have shorter generation times than fish

and macroinvertebrates. Therefore we assume they reproduce

and respond rapidly to environmental change, thereby provid-

ing early warning indicators of both pollution increases and

habitat restoration success. The combined costs of sampling

and sample assay are relatively low when compared to other

organisms. Samples can be archived easily for long periods of

time for future analysis and long-term records.

Thus, the study of diatoms has become an important element

of monitoring and assessment programs in countries around

the world. In the EU, each member state has established meth-

ods for assessing ecological status for a range of water-quality

elements, including phytobenthos in running waters. Diatoms

are used in water-quality assessments in many states in the

USA and were included in the National Rivers and Streams

Assessment being conducted from 2008–2011 by the US Envi-

ronmental Protection Agency (EPA). Diatoms provide as pre-

cise an assessment, as macrophytes, invertebrates, and fish

and actually are more sensitive to some stressors than other

organisms (Griffith et al., 2005; Johnson et al., 2006; Chessman

et al., 2007; Carlisle et al., 2008). Hering et al. (2006) state that

diatoms are most sensitive to changes in nutrient and organic-

matter concentrations, macrophytes are sensitive to changes in

hydromorphology, and macroinvertebreates and fish are sen-

sitive to changes in hydromorphology at larger scales of the

landscape.
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4.3 Assemblages and characteristics used
in assessment
4.3.1 Periphyton, plankton, and sampling
Both planktonic and benthic diatoms (i.e. phytobenthos or

periphyton) can be used in assessments of rivers and streams.

The advantages of sampling plankton and periphyton vary

with size of the river and objective of the research. Plank-

ton should usually be sampled in large rivers and periphyton

should be sampled in shallow streams, where each, respec-

tively, is the most important source of primary production

(Vannote et al., 1980). However, periphyton sampling could

be more appropriate than phytoplankton in large rivers if

assessing point sources of pollution and if high spatial res-

olution in water-quality assessment are objectives. If greater

spatial integration is desired, then plankton sampling may

be an appropriate approach even in small streams. Sus-

pended algae originate from benthic algae in small rivers

and streams and are transported downstream (Swanson and

Bachman, 1976; Müller-Haeckel and Håkansson, 1978; Steven-

son and Peterson, 1991). Therefore, plankton may provide a

good spatially integrated sample of benthic algae in a stream.

Further studies of the value of sampling plankton in small

rivers and streams are warranted for assessment of watershed

conditions.

Benthic algae on natural substrata and plankton should be

sampled in stream assessments whenever objectives call for

accurate assessment of ecosystem components (Aloi, 1990;

Cattaneo and Amireault, 1992) or when travel costs to sites

are high. Artificial substratum sampling is expensive because

it requires two separate trips to the field, and because arti-

ficial substrata are highly susceptible to vandalism and damage

from floods. One problem with periphyton samples on natural

substrata is that they can be highly variable. Targeted habitat

sampling, such as rocks and hard surfaces, are recommended

in the EU and some US programs (Kelly et al., 1998; Moulton

et al., 2002; CEN, 2003, 2004). However, other US programs

(Weilhoefer and Pan, 2007; Peck et al., 2006) randomly sample

whatever substratum occurs throughout a defined section of the

stream to provide an accurate characterization of assemblages

in that section (i.e. reach). Composite sampling approaches

have been used to reduce within-habitat variability when sam-

pling stream and river periphyton. Composite samples are col-

lected by sampling periphyton on rocks at random locations

along three or more random transects in a habitat and combin-

ing the samples into one composite (e.g. Weilhoefer and Pan,

2007).

Using artificial substrata is a valuable approach when objec-

tives call for precise assessments in streams with highly variable

habitat conditions, or when natural substrata are unsuitable for

sampling. The latter may be the case in deep, channelized, or

silty habitats. Benthic algal communities on artificial substrata

are commonly different than those on natural substrata (e.g.

Tuchman and Stevenson, 1980). However, when the ecology of

the natural habitat is simulated, benthic diatom assemblages

developing on artificial substrata can be similar to assemblages

on natural substrata (see review by Cattaneo and Amireault,

1992). Cattaneo and Amireault recommend cautious use of

artificial substrata, because algal quantity often differs and

non-diatom algae are underrepresented on artificial substrata.

When detecting change in water quality is a higher priority

than assessing effects of water quality on natural assemblages

of periphyton in that habitat, then the advantages of the high

precision and sensitivity of diatoms on artificial substrata for

assessing the physical and chemical conditions in the water

may outweigh the disadvantages of questionable simulation of

natural communities.

4.3.2 An organizational framework for assemblage attributes
To help organize the tools for the assessment toolbox, we

have classified assemblage attributes based on how they are

developed, because that affects how they should be applied.

Diatom assemblage characteristics are typically used in con-

junction with the characteristics of entire periphyton or plank-

ton assemblages, thereby accounting for changes in other

algae and microorganisms that occur in benthic and planktonic

samples. These characteristics occur in two categories, struc-

tural and functional (Table 4.1). Taxonomic composition and

biomass (measured as cell density or biovolume) are the only

diatom assemblage characteristics that can be distinguished

from other algae and microbes in periphyton and plankton

samples, which can be done with microscopic examination,

identification, and counting cells in samples. It is worthwhile

to note that chlorophyll a (chl a) concentrations, ash-free dry

mass (AFDM), chemical composition, and functional charac-

teristics of diatom assemblages cannot be distinguished from

other algae, bacteria, and fungi in a periphyton or plankton

sample. Little is known about the accuracy of diatom biomass

assessments with chl c, so measurements of diatom cell num-

bers or biovolumes are probably the most reliable estimates of

diatom biomass.

The most commonly used diatom indicators are those using

taxonomic composition of assemblages. There is a great diver-

sity of these indices based on how they are calculated and how
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Table 4.1 Characteristics of algal assemblages that could be used to assess the ecological (biological and stressor) condition of
a habitat. Attribute type indicates the kind of analysis, whether attributes are structural or functional characteristics, and
whether they are usually (not always) indicators of biological or stressor condition. For indicators and citations, we’ve provided
early and recent examples, but have not attempted to be encyclopedic. (Abbreviations: SPI, Species Pollution Index; GDI, Indice
Générique Diatomique; DAI, Diatom Autecological Index; TDI, Trophic Diatom Index)

Attribute type Indicator Citations

Biomass (structural characteristic,
biological condition)

AFDM, chl a and other pigments, cell densities,
cell biovolumes, other elements that are
most common in microbial biomass (N or P)

APHA, 1998; Dodds et al. 1997; Stevenson et al.
2006

Diversity (structural characteristics,
biological condition)

Composite diversity, total species or generic
richness, richness of sensitive native taxa,
species evenness, percent dominant taxon

Stevenson et al., 1984b, 2008a

Taxonomic composition (structural
characteristic, biological condition)

Similarity to reference condition, relative
abundances of individuals in genera and
species, pigment ratios

Common throughout the literature, e.g.
Schoemann, 1976; Lange-Bertalot, 1979;
Stevenson and Bahls, 1999; Passy and Bode
2004; Wang et al., 2005; Lavoie et al., 2006;
Stevenson et al., 2008a

Guild indicators (structural
characteristics, biological condition)

Percent of diatom individuals or taxa that are
stalked, adnate, motile, native (reference),
non-native (non-reference), pollution
sensitive, pollution tolerant or are adapted
to low P, high P, low pH, high pH, etc.

Palmer, 1969; Lange-Bertalot, 1979; Wang
et al., 2005; Stevenson et al. 2008a, 2008b

Autecological indices (structural
characteristic, stressor condition)

Pollution Tolerance Index, SPI, GDI, DAIpo,
DAI-pH, DAI-TP, TDI, human disturbance,
conductivity, pH, trophic status, saprobity
(organic pollution), dissolved oxygen,
nitrogen, phosphorus, sediments

Lange-Bertalot, 1979; Rumeau and Coste,
1988; Watanabe et al., 1986; Prygiel and
Coste, 1993; van Dam et al., 1994; Kelly et al.,
1995; Pan et al., 1996; Walley et al., 2001;
Gómez and Licursi, 2001; Rott et al., 2003;
Potapova and Charles, 2003, 2007; Lobo
et al., 2004; Kovács et al., 2006; Stevenson
et al., 2008a, 2008b

Morphology (structural characteristic,
biological & stressor condition)

Larger cells with UV effects, deformed
frustules with metals

Bothwell et al., 1993; McFarland et al., 1997;
Falasco et al., 2009

Chemical ratios (structural characteristic,
biological & stressor condition)

chl a:AFDM, chl a:phaeophytin, N:P, N:C, P:C,
heavy metals:AFDM

Weber, 1973; Peterson and Stevenson, 1992;
Humphrey and Stevenson, 1992; Biggs, 1995

Growth and dispersal rates (functional
characteristic, biological condition)

Reproduction rate, growth rate, accrual rate,
immigration rate, emigration rate

Müller-Haeckel and Hakansson, 1978;
Stevenson, 1983; Biggs, 1990

Metabolic rates (functional
characteristic, biological condition)

Photosynthetic rate, respiration rate,
phosphatase activity

Blanck, 1985; Mulholland and Rosemond,
1992; Hill et al., 1997

they should be applied. Often, two pieces of information are

needed to calculate diatom indicators that use taxonomic com-

position of assemblages, the relative abundance of taxa in the

sample (i.e. taxonomic composition) and the environmental

preferences and tolerances of taxa (autecological attributes of

taxa or taxa traits). These calculations are usually done at the

species level, but they can be done at higher levels of taxonomic

organization as well.

Taxa autecologies or traits (sensu Stevenson et al. 2008b) were

historically determined by non-quantitative rankings based on

the types of habitats in which taxa had been collected in the

past. The compilations of literature with indicator values for

diatoms by Lowe (1974) and van Dam et al. (1994) are two

examples. The weighted-averaging method, developed and

refined from 1955 to 1989 (Pantle and Buck, 1955; Zelinka

and Marvan, 1961; ter Braak and van Dam, 1989), is a more

quantitative method for determining species environmental

optima and the tolerance of taxa for environmental variability.

Morphological traits, such as stalked or adnate growth forms

and raphe structures (indicating ability to move on substrata
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and through a periphyton matrix and sediments), are attributes

that can be used to group taxa and start identifying guilds

of taxa, i.e. groups with similar functions in ecosystems (see

Wang et al. 2005). Physiological guilds of species can also be

defined with low or high trait values, such as: low and high

nutrient taxa, native and non-native taxa, taxa sensitive and

tolerant to pollution, or low pH and high pH taxa (e.g. van Dam

et al., 1994; Stevenson et al., 2008a). Guilds can also be iden-

tified using indicator species analysis (Dufrêne and Legendre,

1997), which allows selection of species that are more consis-

tently found in one type of habitat versus another. Alternatively,

we can assume that taxa, such as genera, families, orders, and

classes have greater physiological similarity within taxa than

across taxa. Thereby, percent Nitzschia, araphids, and Centrales

become indicators based on the assumption that their physi-

ologies or performance in ecosystems differ from other taxa.

Testing guild indicators can be as simple as a regression anal-

ysis (e.g. Stevenson et al., 2008b). Alternatively, Potapova and

Charles (2007) use indicator species analysis to identify taxa

characteristically found in high and low total phosphorus (TP)

or total nitrogen (TN) conditions.

Usually, diatom indicators are calculated based on a

weighted-averaging model using relative abundances of all taxa

in a sample from a site and the environmental optima or aut-

ecological values for the taxa. However, they can be calculated

many other ways. One major distinction is using subsets of all

taxa in indicators (such as guilds) versus all taxa. The coarsest

resolution for indicators using multiple species would be the

simple average of species traits (environmental optima or aut-

ecological values) for all species in the sample; thus all species

are weighted equally rather than by their relative abundances

(Stevenson et al., 2008b). Other calculation methods include

the number of taxa in one specific guild, the proportion of all

taxa in samples from one specific guild, or the proportion of

all individuals in samples from one specific guild (Wang et al.,

2005).

Diatom indicators based on taxonomic characteristics of

assemblages and taxa traits have been used to assess both

the biological condition of rivers and streams and causes of

their degradation, thus physical, chemical, and biological con-

dition. Traditionally, diatom assemblages have been used to

assess the chemical condition, using saprobic, pH, nutrient,

and other stressor indicator systems (e.g. van Dam et al., 1994;

Kelly and Whitton, 1995; Potapova and Charles, 2003; Walley

et al., 2001). More recently, diatom research has also empha-

sized assessment of the biological condition of an ecosystem,

i.e. the similarity of an assessed assemblage to assemblages in

reference ecosystems (Passy and Bode, 2004; Wang et al., 2005;

Lavoie et al., 2006; Stevenson, 2006).

There is a fine distinction between how these indicators

are calculated, but there should be a substantial difference

in how they are applied. This distinction is discussed exten-

sively in Stevenson (2006). The basic point is we should distin-

guish conceptually between indicators of physical, chemical,

and biological condition because they are used differently in

management. They are used differently because of how we

manage ecosystems; we want to manage ecosystems to mini-

mize physical alteration and chemical pollution of habitats to

maximize the biological condition (Karr and Dudley, 1981; Karr

and Chu 1997; Davies and Jackson, 2006) or some other valued

ecological attributes (Stevenson et al., 2004a). Therefore, indi-

cators such as similarity of species composition to reference

condition, percent native and non-native taxa (i.e. reference

or non-reference taxa), percent diatoms, percent Achnanthid-

ium A. G. Agardh, and percent Cymbella Kutzing and Encyonema

Kutzing are indicators of biological condition because they do

not specifically infer abiotic conditions and they do reflect ele-

ments of biological condition (i.e. “the natural balance of flora

and fauna . . . ”, Karr and Dudley, 1981). Inferred TP, pH, and

specific conductivity are indicators that reflect shifts in diatom

species composition from reference condition, but they more

specifically address abiotic conditions. Inferred abiotic condi-

tions are not easily interpretable biological attributes. Indica-

tors such as percent low P species or percent motile species

are more easily interpreted and could be considered valued

attributes if they were thought of as elements of biological

condition, even though they are stressor-specific guilds.

4.3.3 Biomass assay
Periphyton and phytoplankton biomass can be estimated with

assays of dry mass (DM), AFDM, chl a, cell densities, cell bio-

volumes, and cell surface area (Aloi, 1990; APHA, 1998). All

these estimates have some bias in their measurement of algal

biomass. Dry mass varies with the amount of inorganic as

well as organic matter in samples. The AFDM varies with the

amount of detritus as well as the amount of bacteria, fungi,

microinvertebrates, and algae in the sample. Chl a:algal car-

bon (C) ratios can vary with light and N availability (Rosen

and Lowe, 1984). Chl c concentration in habitats could be a

good indicator of diatom biomass in a habitat (APHA, 1998).

Cell density:algal C ratios vary with cell size and shape. Even

cell volume:algal C ratios vary among species, particularly

among some classes of algae, because vacuole size in algae

varies (Sicko-Goad et al., 1977). Cell surface area may be a
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valuable estimate of algal biomass because most cytoplasm

is adjacent to the cell wall. Elemental and chemical mass per

unit area (other than chl a, such as μg P cm–2, μg N cm–2)

could also be used to assess algal biomass, but many of the

chemical methods of assessing biomass have not been studied

extensively.

We recommend using as many indicators of algal biomass

as possible. We typically do not restrict our assays of algal

biomass to diatom density and biovolume. We usually assess

chl a and AFDM of samples and count and identify all algae to

the lowest possible taxonomic level in Palmer counting cells

or wet mounts to determine algal cell density and biovolume.

More recently we have employed rapid periphyton surveys to

visually assess biomass of microalgae and macroalgae with sub-

stantial success (Stevenson and Bahls, 1999; Stevenson et al.,

2006). In ecological studies when distinguishing live and dead

cells is important (e.g. experiments), diatoms are counted in

syrup (Stevenson, 1984a) or high refractive-index media using

vapor substitution (Stevenson and Stoermer, 1981; Crumpton,

1987). In large-scale ecological surveys, when distinguishing

live and dead diatoms has not been shown to be important, we

count acid-cleaned diatoms using a highly refractive mount-

ing medium such as Naphrax R© to ensure the best taxonomic

assessments. Conceptually, counting dead diatoms that may

have drifted into an area or persisted from the past should only

increase the spatial and temporal scale of an ecological assess-

ment. Gillett et al. (2009) show that indicators performed sim-

ilarly if they were based on diatom frustules with protoplasm

or all diatoms in acid-cleaned material.

Periphyton and phytoplankton biomass is highly variable in

streams and rivers, and periphyton biomass in particular has

been criticized as a reliable indicator of water quality (Whitton

and Kelly, 1995; Leland, 1995). According to theories of com-

munity adaptation to stress (Stevenson 1997), biomass should

be less sensitive than species composition to environmental

stress, because communities can adapt to environmental stress

by changing species composition.

Another problem with using algal biomass as an indicator

of nutrient enrichment and toxicity is that low biomass may be

the result of a recent natural physical and biotic disturbance

(e.g. Tett et al., 1978; Steinman et al., 1987) or toxicity (e.g.

Gale et al., 1979). A more reliable indicator of environmental

impacts on algal and diatom biomass in a habitat may be the

peak biomass that can accumulate in a river or stream after a

disturbance (Biggs, 1996; Stevenson, 1996). Peak biomass is

the maximum biomass in the phytoplankton or the periphyton

that accumulates after a disturbance. These maxima develop

during low discharge periods, usually seasonally, for both phy-

toplankton and periphyton and, theoretically, should be highly

correlated to nutrient and light availability in a system. Clear

relationships have been shown between phosphate and nitrate

concentration and peak biomass of periphytic diatoms in exper-

imental systems (Bothwell, 1989; Rier and Stevenson, 2006).

Peak biomass is also a valuable parameter because it indicates

the potential for nuisance-levels of algal biomass accumula-

tion. In practical application, we seldom sample at the period

of peak biomass; however adjusting the timing of sampling to

get as close as possible to peak biomass state should reduce

variability in biomass relationships with nutrient concentra-

tions. For river phytoplankton, consider use of remote sensing

from satellites to assess algal biomass at large spatial scales.

More recent field studies have shown clear relationships

between benthic algal biomass and nutrient concentrations in

streams by either accounting for temporal variability with mul-

tiple measurements during a season (Stevenson et al., 2006),

time since last disturbance (Biggs, 2000), or by high sample

size (Dodds et al., 1997). In addition, Stevenson et al. (2006)

show that response of biomass to nutrients is much more

related to increases in filamentous green algae than diatoms;

the response of diatom biomass is saturated at relatively low

phosphorus concentrations. These relationships were charac-

terized by fairly high variability, but also by a high magnitude

of effect.

4.3.4 Diversity
Many indices have been developed to characterize the num-

ber of species in a sample (species richness), the evenness of

species abundances, and composite diversity. Composite diver-

sity is represented in indices that respond to changes in both

richness and evenness (e.g. Shannon, 1948; Simpson, 1949).

High correlation between all of these indices has been observed

(Archibald, 1972). This is probably because composite diver-

sity and species richness measurements are highly dependent

on evenness of species abundances in short counts (e.g. 600

valves; Stevenson and Lowe, 1986).

Assessment of species richness in a habitat is particularly

problematic because species numbers are highly correlated to

species evenness in counts when a predetermined and low

number of diatoms is counted (e.g. 600 valves). Better assess-

ments of species richness can be determined by developing

the relationship between species numbers observed and the

number of cells that have been counted. Species richness can

be defined as the number of species in a count when no new

species are observed with a specified additional counting effort.
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Alternatively, non-linear regression can be used to determine

the asymptote of the relationship between number of species

observed and number of cells counted – the asymptote is an

estimate of the number of species in the sample. The preci-

sion of the asymptote, and thus the estimate of species rich-

ness, will be reported by most statistical programs. Stratified

counting efforts can be employed to assess different commu-

nity parameters, such as relative abundance of dominant taxa

and species richness. This is done by identifying and counting

all valves until a pre-specified number of valves is enumerated

to determine relative abundance of the dominants; then species

richness is estimated by continuing to scan the sample, count-

ing valves, identifying only the new species, and stopping the

count when no new species are identified after a fixed counting

effort, such as 100 or 200 valves. When the budget permits,

species richness could be determined with long diatom counts

(3000–8000 valves) and estimation using the assumption that

the number of species in different density categories fit a log-

normal curve (Patrick et al., 1954). Assessments of species even-

ness do vary with the evenness parameter used (e.g. Hurlbert’s

versus Alatalo’s evenness, Hurlbert, 1971; Alatalo, 1981), but

the utility of differential sensitivity of these characteristics has

not be extensively investigated.

The best use of diversity-related indices in river and stream

assessments is probably as an indicator of changes in species

composition when comparing impacted and reference assem-

blages (Stevenson, 1984b; Jüttner et al., 1996). Some investi-

gators have found that diversity decreases with pollution (e.g.

Rott and Pfister, 1988; Sonneman et al. 2001), that diversity

can increase with pollution (e.g. Archibald, 1972; van Dam,

1982; Stevenson et al. 2008a), and that diversity changes differ-

ently depending upon the type of pollution (Jüttner et al., 1996).

Patrick (1973) hypothesized ambiguity in diversity assessments

of pollution when using composite diversity indices because of

differing effects of pollutants on species richness and even-

ness. She predicted that some pollutants (e.g. organic pollu-

tion) would differentially stimulate growth of some species and

thereby decrease evenness of species abundances. The author

also predicted that toxic pollution could increase evenness and

that severe pollution could decrease species numbers (Patrick,

1973). Therefore, depending upon the kind and severity of pol-

lution, human alteration of river and stream conditions could

decrease or increase the diversity that was characterized with

composite indices that incorporate both the richness and even-

ness elements of diversity.

More recently Stevenson et al. (2008a) constrained diversity to

just the sensitive taxa found in reference sites. Even though the

total number of species in 600 valve counts increased over the TP

gradient in this set of streams, the number of low-P native taxa

decreased. After taking into account concerns about underesti-

mates of taxa numbers in samples when using 600 valve counts

and effects of evenness on taxa numbers observed in 600 valve

counts, it is difficult to draw firm conclusions about effects of

enrichment on diatom diversity in streams. However, we know

that low-nutrient streams are dominated by a few small species

of Achnanthidium (Kawecka, 1993; Stevenson et al., 2008a) and

that increases in nutrient concentrations may stimulate growth

rates of other taxa more than the small Achnanthidium (Manoylov

and Stevenson, 2006). Therefore, evenness of species densities

likely increases with modest levels of nutrient enrichment caus-

ing an apparent increase in species numbers in samples when

based on 600 valve counts. Key unanswered questions include,

“How do we define and detect species extinctions?” and “Under

what conditions do we actually have local, regional, and global

extinctions?”

4.3.5 Taxonomic similarity
Changes in species composition tend to be the most sensitive

responses of diatoms and other microbes to environmental

change (van Dam, 1982; Niederlehner and Cairns, 1994). How-

ever, the temporal scale of the observation is important. In the

very short term of a bioassay, algal metabolism responds sen-

sitively to environmental stress (Blanck 1985). Quickly, how-

ever, communities can adapt to many environmental stresses

by changing species composition and, thereby, may achieve

biomass and metabolic rates like those in unimpacted areas

(Stevenson, 1997). Diatom assemblages in most field situa-

tions have had this time to adapt to moderate environmen-

tal stresses by changing species composition. Therefore, in

most field sampling situations, when stresses have existed long

enough for immigration of new species and accrual of rare taxa

that are stress-tolerant, species composition should be more

sensitive to changes in environmental conditions than changes

in biomass or metabolic rates (e.g. Schindler, 1990).

Ordination, clustering, and community similarity indices are

three approaches to assess variation in species composition

among communities. Ordination (correspondence analysis,

detrended correspondence analysis, non-metric multidimen-

sional scaling) is typically used to assess the multidimensional

pattern in the relationships between assemblages based on

species composition. Species and sample scores are related to

ordination axes and can be used to determine which species

were most important in groups of samples. Environmental

conditions can also be related to the ordination axes by using
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canonical correspondence analysis and detrended canonical

correspondence analysis (ter Braak and Šmilauer, 2002). Ordi-

nation and clustering can be used to show which assemblages

are the most different from other assemblages, which may

be caused by anthropogenic impacts (e.g. Chessman, 1986;

Stevenson and White, 1995).

Community dissimilarity or similarity indices (see reviews

in Wolda, 1981 and Pielou, 1984) can be used to test spe-

cific hypotheses about correlations between changes in species

composition and the environment (Cairns and Kaesler, 1969;

Moore and McIntire, 1977; Peterson and Stevenson, 1989, 1992;

Kelly, 2001; Passy and Bode, 2004; Stevenson et al. 2008a). Sim-

ilarity of species composition to reference condition is one of

the key metrics of biological condition recommended in the

USEPA’s Rapid Bioassessment Protocols (Stevenson and Bahls,

1999). For example, Stevenson et al. (2008a) observed thresh-

olds in community similarity to reference condition along TP

gradients. This metric provides a simple, easy-to-understand

description of the percent change in species relative abun-

dances between assemblages at assessed and reference sites.

Lavoie et al. (2006) used the dominant axes in correspondence

analysis to measure dissimilarity among communities along

a human disturbance gradient, but the interpretation of this

metric can be challenging for non-scientists. Cluster analy-

sis (e.g. TWINSPAN, Hill, 1979) groups assemblages based

on the similarity in species composition between assemblages

(Leland, 1995). Community dissimilarity indices can also be

used to distinguish among groups of assemblages by testing

the hypothesis that dissimilarity among assemblages within a

group is significantly less than between groups. Discriminant

analysis can also be used to determine whether species com-

position of groups of assemblages differ significantly between

clusters (ter Braak, 1986; Peterson and Stevenson, 1989). Mul-

tivariate analyses of dissimilarity among groups of assem-

blages is available in many modern statistical packages (e.g.

McCune and Grace, 2002; Oksanen, 2004; Clarke and Gorley,

2006).

Taxonomic similarity among assemblages can also be evalu-

ated with subsets of the data, such as percent Centrales, percent

araphids, and percent Nitzschia Hass. Wang et al. (2005) tested

the proportion of species and individuals in assemblages that

were within one genus as potential metrics of biological condi-

tion. Many genera responded predictably to one environmental

gradient or another. Percent Cymbella (sensu lato) individuals

was an example of a taxon that has been adopted for use as

a metric in some assessments (KDOW 2008). The transfer-

ability of genus level metrics from one study to another may

be problematic because of the variability in species that may

occur across seasons or regions. Although these metrics do not

explicitly involve morphological or physiological traits, they do

implicitly; they will only be transferable if the function of the

diatoms in ecosystems is genetically regulated by traits that vary

less within genera than between genera. Thus they are similar

to the following group of indicators, the guild indicators.

4.3.6 Guild indicators
Changes in relative abundance of indicator taxa or guilds are

another type of measure of biological or stressor condition

based on taxonomic composition, but they are also based on

taxa traits. We will refer to this type of indicator as a guild indica-

tor because these measures are based on subsets of the all taxa

having similar physiologies and functions in the ecosystem.

They differ from the weighted-average style indices because

the latter use all taxa in the indicator calculation. In streams

and rivers, the ratio between centrics and pennates is not a

commonly used indicator, but centric and pennate diatoms

are examples of indicator taxa at the class level of taxonomy

(Brugam and Patterson, 1983). This ratio could be a valuable

indicator because these classes of diatoms have different func-

tions in streams and rivers, as centrics are primarily adapted to

planktonic habitats and most pennates are benthic. Therefore

a centric to pennate ratio could indicate both biological condi-

tion and hydrologic alteration by impoundments (a stressor in

the environment) (Brugam et al. 1998).

Many guilds are genera or groups of genera, and most genus

level indicators are at least implicitly based on the indicator

taxon or guild concept. For example, the number of Nitzschia

(sensu lato) taxa and relative abundance of Nitzschia taxa or indi-

viduals in samples are examples of guild indicators in which

Nitzschia is the indicator taxon as well as the guild. This is

because Nitzschia is often assumed to be a group of taxa that tend

to be tolerant to a variety of pollutants (e.g. Wang et al., 2005).

The percentage of Eunotia Ehr. in a habitat can be used to infer

the pH of habitats, particularly the relative pH of two habitats

when diatom assemblages are compared. The dominance of a

few small Achnanthidium taxa in low nutrient streams, because

they grow faster than other taxa in low nutrients (Manoylov and

Stevenson 2006), underpins the value of two indices: the ratio

between percent Achnanthes Bory, Cocconeis Ehr. plus Cymbella

versus percent Cyclotella (Kütz) Bréb., Melosira C. A. Agardh plus

Nitzschia (Wu, 1999; note here Achnanthes, Cocconeis, Cyclotella,

and Melosira were sensu lato, and Achnanthes sensu lato and Achnan-

thidium are the same in most freshwater cases); and the ratio
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between percent Achnanthidium versus percent Achnanthidium

plus Navicula Bory (Wang et al., 2005).

Diatoms with the morphological capability of moving

through fine sediments (e.g. Cylindrotheca Rab., Gyrosigma

Hass., Navicula, Nitzschia, and Surirella Turp. in Wang et al.,

2005 and modified from Bahls, 1993) represent another guild

in the community. Motile diatoms reflect an important function

in habitats where fine sediments occur naturally, and therefore

also reflect an element of biological condition. Motile diatoms

can also be used as an indicator of excess siltation, one of

the most widespread stressor conditions in streams and rivers.

Epithemia Kütz. and Rhopalodia Müll. represent another guild of

diatoms because they can have N-fixing blue-green endosym-

bionts (DeYoe et al., 1992), and they respond when N occurs in

relatively low supply compared to P in streams (Peterson and

Grimm, 1992; Kelly, 2003); thus the percentage of these two

genera in assemblages could be used as an indicator of low N

concentrations or low N:P ratios. Growth forms could also be

defined as a guild and tested as indicators of ecological condi-

tion (Wang et al., 2005). In general, genus level metrics are not

as precise as species level indicators, but they are valuable when

only genus level taxonomy is available (Coste et al., 1991; Prygiel

and Coste, 1993; Kelly et al., 1995; Hill et al., 2001). In addition,

guild indicators that usually use less than half the taxa in an

assemblage are usually not quite as precise and transferable as

weighted-average autecological indices that use all taxa. How-

ever, guild indicators can be more clearly interpreted for some

applications than indicators using all taxa.

4.3.7 Weighted average autecological indices
Weighted average autecological indices are defined here as

indices using traits of species. Historically, traits of species

were defined categorically on an ordinal scale (e.g. Lowe 1974,

van Dam et al. 1994, Stevenson et al. 2008a). Much trait infor-

mation in the literature (e.g., Hustedt, 1957; Cholnoky, 1968;

Slàdecek, 1973; Lowe, 1974; Descy, 1979; Lange-Bertalot, 1979;

Beaver, 1981; Fabri and Leclercq, 1984; Steinberg and Schiefele,

1988; van Dam et al., 1994; Gómez and Licursi, 2001; Rott et al.,

2003; Lobo et al., 2004; and see reviews in Lowe 1974; van

Dam et al., 1994; Kelly and Whitton, 1995; Stevenson et al.

2008b) uses an ordinal scale for the species traits with six or

less ranks for a specific environmental stressor (pH, nutrient

requirements, temperature, salinity, organic pollution, etc.).

See van Dam et al. (1994) for additional references. Remark-

ably precise autecological indices of environmental conditions

can be calculated with the ordinally ranked traits using this

great wealth of autecological information in the literature and

a simple formula (Pantel and Buck, 1955; Zelinka and Marvan,

1961): ∑
pi �i /

∑
pi

in which pi is the proportional abundance of the ith taxon for

which autecological information is known (pi, for i = 1, 2, . . . S

species) and �i is the autecological rank of a species for a spe-

cific stressor. These autecological indices tend to work across

broad geographic ranges when more accurate information is

not known about diatom traits in the region studied (Kelly et al.,

2009a; Porter et al., 2008; Lavoie et al., 2009; Stevenson et al.,

2009).

More recently, weighted-average optima for taxa have been

developed extensively for many taxa, for many environmen-

tal variables, and in many regions (Table 4.1). Optima and

sometimes tolerances have been developed in many regions

for nutrient concentrations (Bennion et al., 1996; Pan et al.,

1996; Schönfelder et al, 2002; Soininen and Niemelä, 2002;

Potapova and Charles, 2007; Ponander et al. 2007). The tol-

erance of species to environmental variability can be used to

downweight species influence on stressor inference models in

a slightly modified version of the Zelinka and Marvan equation:
∑

pi vi ti /
∑

pi ti

in which vi is the optimum environmental condition for a

taxon and ti is the tolerance of species to variation in envi-

ronmental conditions (ter Braak and van Dam, 1989). Optima

have also been developed for pH and conductivity gradients

(Pan et al., 1996; Potapova and Charles 2003). Stevenson et al.

(2008b) developed optima for species performance along a

human disturbance gradient for streams in the western USA.

In this paper, they also document the importance of linking

causality to indicators in regions when many environmental

factors covary. Caution should be exercised when developing

weighted-average models for stressors in large-scale data sets

when environmental factors covary. Resulting inference mod-

els may not be robust over time and may not have a causal

foundation, i.e. truly respond to the correlated physicochemi-

cal variable. Weighted-average optima have the advantage over

ordinally ranked traits because they are continuous variables

and may provide more precision than autecological indices

that use categorical traits or guild indicators using subsets of

species (Stevenson et al. 2008b).

Diatom-based autecological indices can be particularly valu-

able in stream and river assessments because one-time assay

of species composition of diatom assemblages in streams

could provide better characterizations of physical and chemical
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Figure 4.2 Refining stressor–response relationships with diatom
indicators (Stevenson, unpublished data). The relationship between
benthic algal biomass (chlorophyll a, μg cm−2) and either total phos-
phorus concentrations or a trophic status index (Stevenson et al. 2006)
in streams of Michigan and Kentucky, USA. Data for the same streams
are plotted in both figures. The lines through the data show statistically
significant linear and non-linear trends. The Mid-Atlantic Integrated
Assessment Trophic Status Index (MAIA TSI) was developed in Steven-
son et al. (2008a).

conditions than one-time measurement of those conditions.

Precise characterization of environmental conditions in rivers

and streams is difficult because of the high variability in dis-

charge, water chemistry, temperature, and light availability

associated with weather-related events. Charles (1985) showed

that diatom-inferred pH was a better characterization of mean

annual pH than one-time sampling of pH for lakes. The RMSE

for a weighted-average index of TP based on diatom species

composition in streams of the Mid-Atlantic Highlands (USA)

was 0.32 log(TP μg l–1) (Pan et al., 1996) and was substan-

tially less than the range in TP concentration that is commonly

observed in streams. For example, TP ranged from 1.0–4.0

log(TP μg l–1) over an eight week period in Kentucky streams

(Stevenson, unpublished data). Although additional results

from this study are not yet published, they provide evidence

that diatom-inferred TP concentrations can more accurately

assess bioavailable phosphorus than even repeated measure-

ments of TP. Stevenson (unpublished data) shows that the con-

ditions in which Cladophora accumulates across ecoregions can

be better predicted with diatom-inferred TP than average TP

measured over a two-month period (Figure 4.2). These results

show how diatom-inference models for TP can aid refinement

of stressor–response relationships, development of nutrient

criteria to prevent nuisance algal blooms, and complement

measured TP in use as nutrient criteria (see later discussion).

Variations on the weighted-average modeling approach have

also been explored and provide some improvements in perfor-

mance under specific circumstances. One of the most use-

ful is weighted-average partial least squares (WA-PLS) tech-

nique, which builds a complex regression model that predicts

environmental conditions based on species composition and

regression coefficients for each species (ter Braak and Juggins,

1993). Indeed, Stevenson and Pinowska (2007) found WA-PLS

to be a valuable indicator development method for nutrient

models in Florida Springs, where variability in species com-

position was likely less than in broad-scale regional studies.

In the northern Piedmont area of the eastern USA, Potapova

et al. (2004) also document the utility of WA-PLS models for

nutrients. In addition, Potapova et al. revisit the concept used

by Zelinka and Marvan (1961) in which multiple indicator val-

ues are used per species and indicator system, such that each

species is assigned a probability of being observed in a specific

level of ecological condition, e.g. five successively higher TP

ranges along a TP gradient (Potapova et al., 2004). The authors

conclude that despite the non-symmetrical distributions of

many diatom taxa along the TP gradient, indicators perform

just as well if they are based on the simplifying assumption that

species have a symmetrical distribution along environmental

gradients.

4.3.8 Sources of error
Considerable debate exists over sources of error in diatom

assessments and how to reduce them. What habitats should

be sampled and how many samples should be collected at a

site? How many diatoms should be counted? How important is

the level of taxonomic resolution and variability in taxonomy

among operators/counters/technicians? The answer to these

questions again depends on the objectives and budget of the

project and indicator metrics.
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First, the sampling substrata should be standardized if pos-

sible. Although some studies show that sampling multiple

habitats and differing habitats among streams has relatively

little effect on indicators and assessments of ecological condi-

tions (Winter and Duthie, 2000; Potapova and Charles, 2005;

Weilhoefer and Pan, 2007), others show or recommend that

substrata sampled should be standardized as much as possible

(Kelly et al., 1998; Besse-Lototskaya et al., 2006). Given that all

streams do not have the preferred hard substrata for sampling,

one reasonable approach is to separate stream types in anal-

yses to have different a-priori defined reference conditions for

low-gradient streams, in which there are few “hard” substrata,

and higher-gradient streams with hard substrata.

Another sampling consideration is the number of samples

that should be collected at a site. The answer to this issue

depends upon the objectives of the study and definition of

“samples.” First, almost all protocols call for collecting mul-

tiple samples at a site during each visit and combining those

samples into one or more composite samples that will be taken

to the laboratory for separate analysis. For example, the USEPA

protocols (Lazorchak et al., 1998; Peck et al., 2006; Stevenson

et al., 2008b) require sampling of substrata at randomly selected

locations along each of nine transects at a site and combining

those samples into a composite sample for analysis in the lab-

oratory. It is assumed that this form of composite sampling

reduces variation in assessments of a site. Taking one sample

from a site is routine for determining the status of water bod-

ies in a region when many water bodies are sampled or for

development of relationships that can be used for develop-

ment of water-quality criteria. If multiple composite samples

were collected from a site, then only one of the composite

samples could be used in statistics for regional assessments

or developing relationships between ecological condition and

stressors because replicate samples from an site are not sta-

tistically independent (Hurlbert, 1984). Alternatively advanced

statistical methods can be used to account for lack of statistical

independence for repeated measurements from a site.

However, if the objective of the study were to assess one

specific site and compare it to standards, then multiple com-

posite samples should be collected from one site to establish

the central tendency and variation in assessed conditions. Kelly

et al. (2009b) show that increased replication of samples, in this

case taken at least six times over multiple years, reduces risk of

misclassification of sites. They show that assessed conditions

are most variable at intermediate levels of ecological condition.

They recommend up to six samples at separate times for assess-

ments of sites, with number of samples increasing if assessed

conditions are close to those established as water-quality cri-

teria. These considerations are particularly applicable to situa-

tions where individual sites are suspected of failing minimum

standards, are candidates for restoration, or any situation when

assessment of a specific site is needed.

Laboratory methods, as well as field-sampling methods,

should be considered to minimize errors in assessments. The

recommended number of valves to count in a sample ranges

from 200 to tens of thousands, depending upon objectives. If

an objective of the study is to determine the number and iden-

tity of most of the species in an assemblage, then 3000–8000

or even more cells may need to be counted (Patrick et al., 1954).

Alternatively, if a precise characterization of just the dominant

taxa is necessary, then between 500 and 1000 diatoms should be

counted, depending upon the number and evenness of species

in the community (Pappas and Stoermer, 1996). The European

Standard (CEN 2004) for the WFD has to be followed for iden-

tification and enumeration of diatoms. A typical count size is

300 to 500 valves, although lower or higher numbers may be

appropriate for some purposes. Prygiel et al. (2002) show little

effect for calculating the biological diatom index if more than

300 frustules or valves are counted. Routinely, 600 valves of

diatoms are counted in the large-scale national programs in

the USA (Charles et al., 2002; Stevenson et al., 2008b). One

rationale for that count size is that 30–50 valves may need to

be counted to estimate precisely the relative abundance of a

taxon (Alverson et al., 2003). Probably the best advice is to err

on the high side of counting unless specific indices and tests

of those indices have been calculated. Ultimately, we should

be counting each sample until a desired level of precision in

metrics is achieved. This varies with diversity and other factors,

but will be easily incorporated into assessment protocols when

software is developed so that analysts enter counts directly into

the computer and have instantaneous updates of metric values

as they count.

With species-level indicators, inter-analyst error in diatom

identifications is an important source of variation in assess-

ments (Prygiel et al., 2002; Besse-Lototskya et al. 2006). Prygiel

et al. (2002) found that misidentifications of small Achnanthes

and Cocconeis placentula varieties were major sources of error

for the Indice Biologique Diatomées (IBD) scale, and they rec-

ommend intercomparison exercises and internet exchange of

materials to improve inter-analyst errors in taxonomy. Kahlert

et al. (2009) show in a EU calibration test that the main sources

of error were wrong calibration scales, overlooking small

taxa (especially small Navicula), misidentifications (e.g. Eunotia

rhomboidea was mistaken for E. incisa), and unclear separation
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between certain taxa in the identification literature. In addition,

Kahlert et al. (2009) show harmonization (frequent communi-

cation about taxonomy among analysts) is even more important

than many years of experience in getting reliable monitoring

results. Harmonization efforts with annual meetings, frequent

internet communication, and a standardized taxa list have been

important elements of taxonomic consistency in diatom pro-

grams in the USA, but results of these efforts have not been

evaluated. In the USA, a standardized list of taxa names, with

literature citations, and a type image was established for the US

Geological Survey (USGS) National Water Quality Assessment

(NAWQA) program. This protocol with a standardized list and

taxa references is being followed in the National Lakes Survey

and National Rivers and Streams Assessment sponsored by the

USEPA.

One possible solution for the problem with taxonomic con-

sistency is to use genus-level indicators. Although such indi-

cators have significant value (Kelly et al., 1995; Hill et al., 2001;

Wunsam et al., 2002), they do not work as reliably in differ-

ent regions and across larger geographic scales as species-

level indicators (Chessman et al., 1999; see early discussion of

genus level indicators under headings for taxonomic and guild

indicators).

Regionally varying factors and cryptic species can also be

sources of error in all types of diatom indices. Potapova and

Charles (2002, 2007) show that refining diatom optima for

different regions of the USA improves performance of diatom

indicators. Stevenson et al. (2008b), however, show that diatom

indices are most precise when using data from multiple regions;

but this may be due to increasing the length of environmental

gradients with multiple regions in analyses. Regional variation

in population traits, biogeography of taxa, interactions among

populations present, or physical and chemical determinants of

diatom ecology could affect transferability of metrics from one

region to another. Biogeographic patterns in species, endemic

species, and cryptic species indicate global distribution of pop-

ulations is not sufficiently great to homogenize populations.

Therefore, species traits may vary geographically. In addition,

variation in species within genera could affect genus and guild

indicator performance in the same way that variation in popu-

lation genetics among regions affects species-level indicators.

We will discuss ways to account for regional and between-

stream variation in reference condition in a later section on

defining reference condition. Thus, testing indicators in the

regions that they will be used is important for evaluating their

precision and accuracy, i.e. “Can they detect differences?” and

“Are they detecting the differences we think they are?”

4.3.9 Robust indicators
Given all these sources of error, why are diatom indicators so

robust? Why can we use them in multiple regions and incor-

porate results of many technicians in an assessment? It is

generally agreed that regional refinements of indicators can

improve indicator performance, and greater taxonomic con-

sistency among analysts will improve assessments. But diatom

indicators seem to be greatly transferable in space and time

given the natural, sampling, and inter-analyst sources of vari-

ability. For example, the indicator values of van Dam et al. (1994)

have been used in ecological assessments and indicator refine-

ments in the USA (e.g. Porter et al., 2008; Lavoie et al., 2009;

Stevenson et al., 2009). Surely there was great variability in sam-

pling and inter-analyst taxonomy between the sources of the

indicator values in van Dam et al. (1994) and the cited projects.

Pan (personal communication) has referred to this robustness

of diatom indicators to sources of error as diatom-indicator

magic.

Since this property of diatom indicators has not been eval-

uated in detail, we decided to postulate that the large number

of taxa in an assemblage, unbiased error, and the Law of Large

Numbers might explain why some types of diatom indicators

are so robust. The Law of Large Numbers describes the stable

behavior of the sampling mean of a random variable; such that

repeated sampling from the population of a random variable

with a finite expected mean will produce an estimated mean that

approaches and stays close to the finite expected mean, when

the sample size is large. Just as with flipping a coin repeatedly,

the more times you flip the coin the closer you get to having 50%

heads and 50% tails. The more diatoms you count, the closer

you get to a stable mean of their relative abundances (Alverson

et al., 2003).

Let us start with a simple example to illustrate the concept, an

assemblage in which the relative abundances of all species are

equal. If we repeatedly sample species traits from the sample,

then our estimate of the average trait value in the assemblage

increases with the number of species observed from the assem-

blage. In addition, errors due to assigning traits to individu-

als or species are probably unbiased when they are related to

biogeography, sampling, and inter-analyst taxonomic errors.

Thus, with increasing error due to these sources, our assess-

ments become less precise, but probably not less accurate. In

addition, longer counts with more taxa and individuals should

be more robust than shorter counts.

The manifestation of these properties for diatom metrics

can be observed in the analyses conducted by Kahlert et al.

(2009) during their analysis of taxonomic inconsistency among
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analysts in northern Europe. Even though there was consid-

erable variation in taxonomic identifications of some taxa

among analysts, these errors seemed to be muted after cal-

culation of the metrics. In Figures 1 and 2 of Kahlert et al.

(2009), there is clear distinction between values of the Indice de

Polluo-sensibilité Spécifique (Coste, 1982) and Acidity Index for

Diatoms (Andrén and Jarlman, 2008) metrics among samples,

despite the variation in taxonomic identifications of the

analysts.

Our experience indicates that the robustness of diatom indi-

cators seems to be greatest for weighted-average metrics. Indi-

cators derived from cluster analyses and ordinations are more

likely to be sensitive to taxonomic inconsistencies, because they

do not involve an average of traits. The properties of diatom

indicators should be studied more thoroughly so that we can

understand how to improve their performance and which are

more sensitive than others to different types of errors. Without

question, we should strive to improve taxonomic consistency

and accuracy of analysts, which will improve performance of

all types of indicators. In addition, we should develop better

traits for species as well as an understanding of the evolu-

tion of species, their adaptation to environments, and function

in ecosystems. The collections of thousands of samples with

complementary environmental information in assessment pro-

grams around the world provide an unprecedented opportunity

for advancing these topics.

4.3.10 Morphological characteristics
Little research has been conducted to evaluate the effects of

stressors on diatom size, striae density, shape, and other mor-

phological characteristics. Sexual reproduction and auxospore

formation in high-density periphyton assemblages after sub-

stantial colonization was hypothesized to be related to lower

nutrient availability, in this case resulting from nutrient deple-

tion developing during colonization and return of stream to

baseflow conditions (Stevenson, 1990). Ultraviolet (UV) radia-

tion may cause an increase in cell size and abundance of stalked

diatoms (Bothwell et al., 1993). Aberrant diatom shape, such as

indentations and unusual bending in frustules, has been shown

to be related to heavy-metal stress and many other stressors in

streams (McFarland et al., 1997). Falasco et al. (2009) provide

an up-to-date review of the potential causes of different terato-

logical forms for different species and specific stressors. Cells

size, striae density, and shape of diatoms may also respond

to environmental conditions. More research is justified to pur-

sue this potentially sensitive set of metrics that could assist

assessments of stressor as well as biological condition.

4.3.11 Chemical characteristics
Sediments and periphyton are important sinks for nutrients

as well as many toxic inorganic and organic chemicals (Kelly

and Whitton, 1989; Genter, 1996; Hoagland et al., 1996). In

addition to their potential as indicators of biomass, chemical

characteristics of periphyton may provide valuable indications

of the environmental conditions that affect periphytic diatoms.

The TN and TP of periphyton communities have been used

by Biggs (1995) to infer nutrient limitation and eutrophication

in habitats (see also Humphrey and Stevenson, 1992). Kelly

and Whitton (1989) demonstrate the accumulation of heavy

metals in periphyton. Similarly, assays of particulate chemicals

of the water column may provide insight into the chemical

environment of phytoplankton that is not evident from assay of

dissolved chemicals alone. For example, TP is used routinely to

assess trophic status of lakes (Vollenweider and Kerekes, 1981).

Thus chemical characteristics of assemblages could be used to

assess biological and stressor condition of assemblages, but

these indicators have not been fully developed and tested at

broad scales.

4.3.12 Functional characteristics
Functional characteristics of diatom-dominated assemblages,

such as photosynthesis and respiration rates, nutrient uptake

rate and spiralling, phosphatase activity, and growth rate, have

been used as indicators of environmental conditions in streams

and rivers. Phosphatase activity is a valuable indicator of P lim-

itation (Healey and Henzel, 1979; Mulholland and Rosemond,

1992). Photosynthesis and respiration can be used as mea-

sures of community productivity and health, but these assays

are not commonly used in field surveys. Hill et al. (1997) use

the response of periphyton respiration rate to experimentally

manipulated stressors as an indicator of those stressors in the

habitat. Since assemblages can adapt to environmental stres-

sors by changing species composition and maintaining func-

tional ecological integrity (Stevenson, 1997), Hill et al. (1997)

predict that respiration rates of assemblages will not be inhib-

ited by exposure to that stressor. Based on regional-scale pat-

terns in phosphatase and respiration activity varying with TP

concentration and water chemistry (Hill et al., 1998; Stevenson

et al. 2008a), metabolic indicators could be valuable in large-

scale assessments of streams and rivers.

Growth rate has been used as an indicator of algal biomass

production and can be assessed at population as well as

assemblage levels (Stevenson, 1996). Schoeman (1976) and

Biggs (1990) used growth rates as an indicator of nutrient

limitation in habitats by resampling habitats after a short time
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(3–7 days). Assessment of differing responses of species

growth rates to environmental conditions may enhance the

simple characterization of the autecology of species based on

changes in their relative abundance. The main reason is that

abundance is a function both of immigration and reproduction,

as well as other processes (Stevenson, 1996). Reproduction is

probably much more directly responsive to local conditions in

a stream or river than immigration rates. However, assessing

species growth rates in the field for assessments is impractical

in most cases because of the need for multiple visits and per-

haps use of artificial substrata. Assessing species growth rates

in experiments and relating the data to field traits can be valu-

able. Manoylov and Stevenson (2006) link species responses

to nutrients in experiments to the relative abundances in

large-scale surveys, which helps to establish cause–effect

relationships.

Thus, it is possible to measure ecosystem function in assess-

ments of ecological condition, develop relationships between

function and stressors, and thereby establish criteria for man-

agement. However, functional attributes are rarely measured in

water-body assessments because the time needed for functional

measures is greater than collecting materials in the field and

later analysis of structural attributes in the laboratory. In addi-

tion, variability in ecological relationships is usually greater

with functional attributes than many structural attributes, such

as metrics based on species composition (Stevenson et al.,

2008a). Assessments of ecosystem function could be improved

by better controlling for algal biomass. Metabolic rates are

affected greatly by algal biomass (μg chl a cm–2), whether

metabolic rates are normalized based on area or biomass. Area-

specific metabolic rates (e.g. mg C m–2 h–1) increase with algal

biomass, but biomass-specific metabolic rates (mg C μg–1 chl

a h–1) decrease with algal biomass (Stevenson, 1990; Hill and

Boston, 1991). Future research should quantify the biomass

effect on metabolism so that functional attributes of algal

assemblages can be assessed.

Structural attributes can also be used to infer function. Num-

bers and biomass of functional groups of algae, invertebrates,

and fish indicate the function of algae, grazing, and predation.

Kelly et al. (2008) related shifts in diatom species composi-

tion to inferred changes in periphyton function. Trophic-state

indices indicate nutrient conditions and could more specif-

ically be related to algal biomass, productivity, and nutrient

uptake. Future research should more directly address relation-

ships between structure and function (similar to pattern and

process) to confirm the often-implied assumption that water

bodies with similar species composition and biomass have

similar function, and to develop predictive models of ecosys-

tem function.

4.3.13 Multimetric indices
Managing stream and river ecosystems calls for an assessment

of integrity of the ecosystem and a diagnosis of causes of degra-

dation (Figure 4.1). Indices of biotic integrity (IBI) of aquatic

invertebrates and fish are being widely used to characterize

streams (Karr, 1981; Hilsenhoff, 1988; Plafkin et al., 1989; Lenat,

1993). These indices are often called multimetric indices of bio-

logical condition (IBC), because we are really assessing con-

dition; integrity refers to high levels of biological condition.

More recently, these multimetric indices (MMIs) have been

developed for diatoms (Hill et al., 2000; Fore and Grafe, 2002;

Wang et al., 2005; Kelly et al., 2009a). The value of multimetric

indices is they tend to be more precise than univariate metrics

and they tend to be more linear (Fore et al., 1994). In addition,

they help provide a summary index and simplify communica-

tion of results. Thus, these indices are probably more valuable

for assessing biological condition than non-linear univariate

indicators because they respond sensitively to environmental

change all along the human disturbance gradient (Figure 4.1).

Multimetric indices for diatoms can be constructed many

ways, depending upon their goals. The basic steps for devel-

oping MMIs have been outlined by Plafkin et al. (1989) and

more recently by Barbour et al. (1999), Wang et al. (2005),

and Stoddard et al. (2008). First, the goal for the multimet-

ric index should be established, such as an index for biological

condition, stressor condition, or overall ecological condition

(which would include biological and stressor conditions). A

list of possible metrics should be developed based on the goal.

Then the metrics should be classified for different elements

of biological or stressor condition. For biological condition,

examples of indicator classes are diversity, similarity to refer-

ence condition, sensitive and tolerant taxa, functional group,

habitat, or growth form (Wang et al., 2005; Stoddard et al.,

2008). For stressor condition, metrics should be considered

for nutrient enrichment, siltation, acidification/alkalization,

toxic substances, and hydrologic alteration. Both biological-

and stressor-condition metrics would be included in an MMI

for ecological condition. Metrics should then be adjusted for

effects of natural variability and tested for having adequate

range, reproducibility, and responsiveness (Stoddard et al.,

2008). Then the metrics with the highest responsiveness should

be selected from each category in an iterative process that mini-

mizes correlations with metrics from other categories. Metrics

need to be rescored so they are all on the same scale, e.g. 0–1
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or 0–100. Four to ten metrics are commonly used in MMIs

for periphyton and diatoms (e.g. Hill et al., 2000; Schaumburg

et al., 2004; Wang et al., 2005; KDOW, 2008). Most assessment

processes use the average of metrics in MMIs to evaluate the

condition, but other decision processes could apply rules with

joint criteria involving individual assessment of metrics with

summarization in MMIs (see discussion in Wang et al., 2005).

An example of a rule with joint criteria is that all metrics must

pass individual tests or a site fails to meet the criteria.

4.4 Assessment of biological condition
and diagnosis of environmental stressors
4.4.1 Assessing ecological condition
Here we define ecological condition to include physical, chem-

ical, and biological condition, and ecological integrity to be a

high level of ecological condition. As emphasized previously,

with diatoms we can measure biological condition of diatoms

and infer chemical and physical condition, e.g. pH, nutrient

concentrations, conductivity, and temperature. Ecological con-

dition can be assessed as the absolute value of an attribute or as

a deviation from an expected condition. For example, we could

describe the number of pollution-sensitive species in a habi-

tat, or we could describe the ratio between the observed and

expected number of pollution-sensitive species in a habitat.

Simple use of the number without comparison to an expected

condition limits interpretation of the meaning. For example,

when expected condition is a reference condition, then devi-

ation from the reference condition can more clearly describe

the effects of human activities. When the expected conditions

are indicator values used as ecological status boundaries or

water-quality criteria in the EU and USA, respectively, then they

are triggers for management actions such as development and

implementation of restoration plans.

4.4.1.1 Referenceconditionsandassessment Minimally dis-

turbed conditions have been defined using two basic methods,

frequency distributions and predictive models. Assuming that

we have an indicator that is highest in reference conditions (e.g.

number of pollution-sensitive species), the 25th percentile of

a frequency distribution of all sites or the 75th percentile of a

frequency distribution of reference sites has been used to define

the lower boundary of reference conditions (Figure 4.3). If the

indicator (e.g. percent of all individuals that are in pollution-

tolerant species or diatom-inferred total phosphorus concen-

tration) is lowest in reference conditions, the 25th percentile

of a frequency distribution of all sites or the 75th percentile

of a frequency distribution of reference sites has been used
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Figure 4.3 The frequency-distribution approach for establishing envi-
ronmental criteria (Barbour et al., 1999). The number of sites with
different levels of an ecological attribute are plotted. In this case, the
ecological attribute is a negative attribute, such as algal biomass or
a pollutant; therefore sites with low levels of the ecological attribute
characterize reference condition. Often, quartiles of frequency dis-
tributions are used to establish management targets. (A) The lower
quartiles of frequency distributions that include all sites are assumed
to provide reasonable restoration targets in a region in which sub-
stantial alteration of the landscape has occurred, but these quartiles
may be overly protective in regions in which little alteration of the
landscape has occurred. The upper quartile of frequency distributions
using reference sites allows for some variation in measurement and
actual expected value of expected condition; it is assumed to provide
a balance of type I and II statistical errors for protecting the mean or
median of reference conditions.

to define the upper-boundary of reference conditions. Several

problems have been noted using the frequency-distribution

method for establishing criteria for reference condition, such

as arbitrary selection of percentiles and lack of established

relationships between measures of ecological condition and

human activities. Predictive models and non-linear relation-

ships help resolve the latter problems.

Predictive models are used to define reference condition

by relating measures of ecological condition to indicators of

human alterations of watersheds that produce contamination

or habitat alterations (Figure 4.4). For example, the minimally

disturbed reference condition of TP can be predicted by relating

TP concentrations to the percentage of agricultural and urban

land use in watersheds (Dodds and Oakes 2004; Stevenson et al.,
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Figure 4.4 The predictive model approach (a & b) for characteriz-
ing reference condition. Using relationships between responses (e.g.
percent high-P individuals) and indicators of human activities (e.g.
percentages of urban and agricultural land use in watersheds) to
determine natural or best attainable conditions. (a) Prediction of nat-
ural condition (y-intercept) using the regression relationship between
biological condition and human activities assuming little natural vari-
ation in ecological condition. The arrow indicates the upper 75th per-
centile of the estimate of the y-intercept; i.e. when human disturbance
is equal to zero. (b) Predictive model of natural condition (indicated
by dashed oval) using a regression relationship between biological
condition and human activities assuming considerable variation due
to other natural factors (e.g. stream slope). Natural condition is calcu-
lated for a site with a model, measures of natural factors at assessed
sites, and setting indicators of human activities to zero or an accept-
ably low value.

2008a). Similarly, the biologically inferred abiotic condition of

minimally disturbed reference conditions can be determined by

relating diatom indicators to the percentage of agricultural and

urban land use in watersheds and accounting for effects of nat-

ural variation among streams on expected condition (Stevenson

et al., 2009). The strength of this predictive modeling approach

is that it enables modeling of natural, minimally disturbed,

or even best attainable conditions without having to have a

large number of reference sites, and it can account for natural

variability among sites.

Reference condition can be explicitly or implicitly incorpor-

ated into indicators of ecological condition. In the EU, the WFD

calls for determination of the ecological quality ratio (EQR),

which is the ratio between the observed status and expected

status, where expected status is a minimally disturbed refer-

ence condition. Therefore the EQR explicitly measures devia-

tion between the observed and expected condition. The EQR

varies between 0 and 1 for low and high ecological quality,

respectively. States in the USA commonly use indicators or mul-

timetric indices of biological condition in characterizations of

biological condition without explicitly incorporating the ref-

erence condition in the calculation; therefore interpreting the

magnitude of deviation from reference condition requires an

explicit statement of reference condition or only relative con-

dition can be interpreted by comparison to other sites.

4.4.1.2 Ecological criteria and assessment There is an

important distinction between reference condition and the

management goals for waters, because the natural or mini-

mally disturbed condition is not often a practical management

goal in many landscapes, such as watersheds with extensive

alteration by farming and urban activities. In the US CWA, bio-

logical integrity is the ultimate goal for US waters, but “the

protection and propagation of fish, shellfish, and wildlife” is

considered an interim goal, even though it falls short of bio-

logical integrity in most definitions used by states. This interim

goal recognizes the need for a practical, but acceptable goal for

protecting waters in the USA. The EU WFD calls for all surface

waters to have “good ecological status,” which is defined as

“having biota consistent with only slight alterations from that

expected in that absence of human impacts” (Kelly et al., 2008).

Thus, in many cases, we need more than one level of ecological

condition for setting appropriate management goals for the

diversity of our waters (Davies and Jackson, 2006).

As a result, multiple management goals are needed for a more

flexible and arguably more protective approach that enables

different goals for different water bodies. In the USA, this

approach has been referred to as tiered aquatic life “uses”

(Davies and Jackson, 2006), and in the EU this is manifested

in the different ecological-status categories (high, good, mod-

erate, poor, and bad) and acceptability of the two higher goals

(e.g. Kelly et al., 2008). The lower bounds of indicator values

for each category of ecological condition become the targets

for restoration and protection. These lower bounds are water-

quality criteria in the USA, and they have similar meaning in

the EU. Here we will refer to them as ecological criteria.

Several approaches have been used to establish ecological

criteria. When there is just one acceptable use and associated

criterion, then the frequency-distribution approach is often
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satisfactory. When there is more than one level, governments

have chosen simply to divide the range of conditions into a

pre-specified number of categories. However, a more scientifi-

cally defensible approach is to relate loss of ecological condition

to stressors and human activities, or what has been referred to

as the pressure gradient. The challenge with this approach is

to decide what specific levels of ecological condition should be

chosen as criteria (or the boundaries of the ecological-status

categories), especially when responses are linear.

Non-linear relationships between valued ecological

attributes and stressors or measures of human activities are

particularly valuable for establishing criteria for reference con-

ditions, especially if they demonstrate thresholds (Muradian,

2001; Stevenson et al., 2004a, 2008a; Figure 4.1). Thresholds

help justify where to establish both stressor and biological cri-

teria. With this approach, we first identify an indicator of a val-

ued ecological attribute that non-linearly responds to increas-

ing stressor levels, and then set a stressor criterion at a level of

stressor that provides a margin of safety for protection of the val-

ued attribute. Then we identify an indicator of valued attributes

that responds linearly to increasing stressor levels, because it

provides a sensitive and consistent response to changing stres-

sor levels over the entire range of stressor conditions. Thus,

a linear indicator provides an early warning of risk to a val-

ued attribute that has a threshold response as stressor levels

increase. Finally, the biological criterion for delineating refer-

ence condition can be established at a level that corresponds to

the stressor criterion. If assessed biological condition decreases

below the biological criterion, then the risk of unacceptable

degradation of valued attributes is too high.

Other analytical approaches could be used to establish bio-

logical criteria or boundaries for defining ecological status.

Kelly et al. (2008) relate the relative abundance of nutrient-

sensitive and nutrient-tolerant taxa to an EQR, based on

a trophic diatom index. They use the point where nutri-

ent tolerant-species become more abundant than nutrient-

sensitive species as a benchmark for the boundary between

moderate and good ecological status. Kelly et al. argue that the

benchmark for good status represents a point below which

there is a shift in periphyton functioning; therefore it rep-

resents an objective and defensible criterion. Variations on

this approach could evaluate metric thresholds along MMI-

defined gradients, in which the MMI is a proxy for the human-

disturbance gradient. The values of MMIs where thresholds in

various metrics occur could be used as benchmarks for criteria

for the tiered (successively higher) ecological-status categories

(Figure 4.1).

The above methods for assessing ecological condition pro-

vide a set of diatom indicators that could be used comple-

mentarily in environmental assessments. Diatom indicators of

valued ecological attributes with non-linear responses to

stressors can be used to establish stressor criteria and

ecological-status boundaries. Diatom indicators of biological

condition with linear responses can be used to assess this con-

dition with higher precision than indicators with non-linear

responses. And finally, diatom indicators inferring stressor

conditions could be used to complement measurement of stres-

sors, to provide more precise and potentially accurate assess-

ments of stressor conditions than simply measuring stressor

conditions (e.g. water chemistry) on one sampling day (Steven-

son 2006, unpublished data). Because of the high spatial and

temporal variability in nutrient concentrations in streams and

rivers, diatom indicators inferring nutrients could be very valu-

able as nutrient criteria in a multimetric index that includes

actual measurements of nutrient concentrations.

4.4.2 Refining assessments by accounting for
natural variability
Due to the great natural variability in ecological conditions of

minimally disturbed streams and rivers, refining definitions

of reference condition can increase precision in assessments

(Figure 4.5). For example, streams in two geologically different

settings could naturally have different pH and conductivity lev-

els and therefore, naturally different diatom species occurring

in them. Accounting for natural differences among ecosys-

tems provides a more precise definition of reference condition,

and consequently a more precise assessment of deviation from

reference condition (Hawkins et al. 2000a). This concept can

be integrated into all three assessment approaches described

above.

Over the last 10 years, many conceptual and statistical

approaches have been developed and evaluated for refining

definitions of reference condition and incorporating them into

assessments. Some of the earliest approaches for refining defi-

nitions of reference condition were a-priori separations of sites

into groups by regions and stream size. Thus, before data were

collected and analyzed, we assumed a priori that one or more

naturally occurring ecological factors could be used to group

sites. Regional variation in determinants of stream condition

underpin the ecoregion approach, in which we assume that

regional variation in geologic, climatic, and biogeographic

factors explain significant amounts of variation in causal path-

ways and that they regulate diatom species composition (Biggs,

1995; Stevenson, 1997; Biggs et al., 1998; Soininen, 2007). The
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Figure 4.5 Refined frequency-distribution approach for defining ref-
erence condition. Separate distributions are developed for two or more
classes of sites (e.g. b and c), where classes are based on natural vari-
ation in ecological condition or regional differences in management
goals that may be based on the extent of human activities in water-
sheds. The vertical lines indicate the 75th percentiles of reference
condition, with the longer dotted line for the aggregated distribution
a and shorter left and right dashed lines for distributions b and c,
respectively. Different criteria are established for each class of sites.
The refined definition of reference condition based on natural factors
provides more appropriate protection for different classes of sites,
such that a higher level of protection is possible for one class of sites
without being overly protective for the other class of sites.

ecoregion approach for refining the definition of reference con-

dition has been used extensively in the USA for stream assess-

ments. The approach has been criticized because relatively little

variation in diatom species composition is explained by ecore-

gions (Pan et al. 2000) compared to the many variables which

can vary naturally within ecoregions, such as stream pH, size,

slope, substratum, watershed geology, and wetlands propor-

tions of watersheds (Lavoie et al., 2006; Cao et al., 2007). How-

ever, Fore and Grafe (2002) successfully aggregated ecoregions

to develop different metric expectations in different stream

typologies based on altitude and regional land use.

More recently, refined characterizations of reference con-

dition have been determined by using so-called post-priori

approaches. These approaches are called post priori because

after data are collected to develop indicators, they are ana-

lyzed to develop models for refining definitions of reference

condition. After these indicators and models are developed,

they are applied in assessments. The analytical methods vary

greatly among all these approaches, which present a chal-

lenge to group and describe. One way to group methods is

by establishing whether the methods call for separating ref-

erence sites from all sites in developing the model, which

can limit usefulness when the numbers of sites in regions are

small.

Kelly et al. (2008) developed site-specific expectations for

indicator values by using regression analysis to determine

effects of natural factors on Trophic Diatom Index (TDI) val-

ues across the United Kingdom. In this case, stream alkalinity

was assumed to be independent of human activities in water-

sheds and the alkalinity explained the greatest variation in

TDI among sites. The biological condition at a site can then

be determined by comparing the observed TDI with the the

expected TDI based on measured alkalinity at a site and the

alkalinity model for TDI (Kelly et al., 2008). Stevenson et al.

(2009) used multiple regression to predict natural values of

three trophic indices in Michigan streams, in which both total

land use (percent agriculture and urban land use) and either

wetland or geological conditions in watersheds were impor-

tant. Natural factors explained almost as much variation in the

trophic indices as total land use. Again, site-specific assess-

ments were calculated as the difference between the observed

and predicted trophic index values at a site, based on the wet-

land and geological conditions in watersheds and with land use

set to zero. Cao et al. (2007) also developed an approach using

site-specific predictions of the reference condition, but they

used classification and regression tree (CART) and only refer-

ence sites to identify natural factors regulating metric values

and to develop the predictive model of metrics in the reference

condition.

As with the Cao et al. (2007) example, we can refine our

expectations for species composition and metric values at a

site by developing a better understanding of the natural factors

that explain variation in diatom species composition using only

reference sites. These models are like those used in the River

Invertebrate Prediction and Classification System (RIVPACS,

sensu Moss et al. 1987; Hawkins et al. 2000b) and they use cluster

analysis to identify groups of sites with similar species compo-

sition; then discriminant function analysis is used to identify

distinguishing natural factors among the groups of sites and

to build models for assigning sites with a predicted condition

(Chessman et al., 1999; Cao et al., 2007; Carlisle et al., 2008). The

RIVPACS models usually assess the observed number of species

typical of reference sites compared to the expected number at a

site with similar typology. The value of RIVPACS models in the

assessment of the proportion of reference taxa at an assessed

site, which is a direct measure of the biodiversity, a valued

element of biological condition and it could be applied con-

sistently in all assessments (Hawkins et al., 2000b); however

the hump-shaped relationships between species numbers in

counts and environmental gradients can cause problems with

this metric (Stevenson et al., 2008a). A similar approach is being
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developed using self-organizing maps to group reference sites

with species composition; then discriminant function analysis

and similar methods (such as multilayer perception) can be

used to predict what an assemblage should be in the absence

of anthropogenic impacts (Tison et al., 2007). In a very simple

version of this approach, Grenier et al. (2006) found that the

natural conditions of sites in the St. Lawrence basin of Quebec,

Canada, were best explained by differences in pH; then Lavoie

et al. (2006) developed separate metric expectations in streams

with low and high pH.

4.4.3 Stressors condition and diagnosis
Many diatom indicators that have been developed in the last

century really infer the stressor conditions in a habitat, rather

than assess the biological condition (Stevenson 2006). Thus,

diatom indicators of stressor condition can be used to com-

plement actual measures of stressor condition. This has been

particularly important in paleoecology and such efforts as infer-

ring pH, trophic status, and climate change in lakes for which

diatoms are especially valuable proxies of past conditions that

can not be measured directly (Charles et al. 1990, Dixit et al. 1999,

Smol et al. 2005, and several chapters in this volume). Diatom

indicators are also valuable in streams and rivers because of

the great temporal variability in some variables, such as nutri-

ent concentrations. Stevenson (2006) summarized results of

unpublished data showing how diatom indicators of TP con-

centration can be more precise and accurate indicators of TP

availability than measured TP concentrations (Figure 4.2).

Diatom indicators of nutrient concentrations, dissolved oxy-

gen, organic matter, pH, conductivity, and sediments have been

developed for streams (Table 4.1). The diatom indicators for

nutrients, dissolved oxygen, and pH should be particularly use-

ful because these factors vary so much on diurnal and weekly

timescales due to weather and diurnal variation in metabolic

processes. However, diatom indicators of stressor conditions

should be rigorously tested to confirm their causal linkage

to the stressor that they are designed to indicate. Stevenson

et al. (2008b) illustrated this problem showing the challenge of

identifying causal versus correlational relationships for diatom

indicators of stressors in large regional surveys. Despite reason-

able levels of precision in indicators of pH, conductivity, fine

sediments, and embeddedness, these diatom indicators were

actually more precisely related to percent disturbance in water-

sheds than the stressors for which the weighted-average mod-

els were developed. Covariation among environmental factors

can be a significant problem for indicator development in large

regional projects. Subdividing large data sets may help reduce

covariation and the development of more causally related

indicators.

Diatom indicators of stressors can be used in stressor

diagnosis in a number of ways. First, diatom indicators of

stressors could be used to refine stressor–response relation-

ships, such as responses of algal biomass to TP (Stevenson

2006). By refining stressor–response relationships, they can

help resolve threshold relationships and establish expected

conditions or criteria for stressors (Figure 4.2). Second, they

could be used for the development of criteria for expected stres-

sor conditions. In addition to helping establish the specific level

of a stressor that should be designated as the water-quality cri-

terion, the inferred stressor condition by the diatom indicator,

as well as the analytically measured stressor condition, could

be used as water-quality criteria. For example, we could use a

diatom indicator of TP concentration as well as measured TP

concentrations to determine whether TP criteria were being vio-

lated or not. Using multiple lines of evidence, or multiple indi-

cators, usually increases the precision and accuracy of assess-

ments. Finally, we need to assess stressor conditions in the

habitat for stressor diagnosis. Use of the diatom-inferred stres-

sor condition alone or in combination as a multimetric index

with an actual measured condition could improve the accuracy

and precision of stressor assessments.

Stressor diagnosis is critical for both protection and restora-

tion of ecosystems (Stevenson et al., 2004b). Beyers (1998)

amended and refined the postulates of Hill (1965) to list a

set of criteria that should be considered when trying to infer

the cause of an un-replicated environmental impact. These cri-

teria are: extent of alterations (strength), observation by other

investigators (consistency), unique effects specific to the stres-

sor (specificity), exposure to the stressor prior to the observed

effect (temporality), the relationship between the magnitude

of the stressor and the effect (stressor–response relationship),

plausibility of causal linkage, experimental evidence, trans-

ferability of stressor/effects elsewhere, causal hypothesis con-

sistent with existing knowledge, and exposure sufficient for

the effect. Thus, proper identification of the contaminant and

habitat alterations that are causing problems can be facili-

tated with diatom indicators of stressors. First, if stressor

levels are greater than stressor criteria, then those stressors

should be targeted for remediation. Second, ratios and differ-

ences between stressor levels and stressor criteria can be used

to rank the importance of different stressors. Ratios between

stressor levels and criteria follow the concept of toxic units

in the toxicological literature (Stevenson et al., 2004b). Differ-

ences between stressor levels and criteria have been related
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to the sustainability and restorability of habitats (Stevenson,

1998). Third, and more recently, the probability of losing val-

ued attributes has been related to stressor levels in a risk-based

approach (Paul and McDonald, 2005; Rollins and Stevenson,

unpublished manuscript). Thus, diatom indicators of stressors

can be used in stressor diagnosis in the same way as actual mea-

surements of the physical, chemical, and biological alterations

of habitats by humans.

4.5 Concluding remarks
Developing approaches and indices for environmental assess-

ment is an interactive process between scientists and policy

makers. Interactions should focus on furthering scientists’

understanding of policy issues and environmental problems

and on helping policy makers translate their goals into testable

hypotheses and practical approaches for environmental assess-

ment and problem solving. Priorities of some policy mak-

ers have been directed toward understanding relationships

between land use, physical and chemical changes in streams

and rivers, and ecological responses. Land-use planning and

zoning are important strategies for slowing environmental

degradation in areas under development pressure from urban

and suburban sprawl. Assessing watershed-scale changes in

stream and river conditions could be valuable for inferring

the land-use effects and the geological and climatic factors

that make watersheds sensitive or tolerant to land-use changes

(Robinson et al., 1995; Richards et al., 1996; Kutka and Richards,

1996).

Ecological theory should become a more important founda-

tion for the environmental assessments and the indices used in

environmental assessments. For example, Ruth Patrick’s pio-

neering work on species diversity as an indicator of water qual-

ity was well founded in the ecological theory that was being

explored at the time (Patrick et al., 1954; Patrick and Straw-

bridge, 1963). By placing research in an ecological context and

testing a broader ecological theory, such as Odum’s predic-

tions for stressed ecosystems (Odum et al., 1979; Odum, 1985),

as well as specific diatom-based hypotheses, results of our

research become more transferable to assessments with other

organisms and to assessments of other habitats with diatoms.

Diatoms are valuable indicators of biological condition and

the environmental factors that impair rivers and streams. Pub-

lic concern often focuses on the biodiversity of other organ-

isms, but partly because they do not appreciate the diversity,

beauty, and ecology of algae, particularly diatoms. Greater

efforts should be made to inform the public and develop their

appreciation for diatoms in aquatic ecosystems so they know

what valued attributes are at risk. In addition, development

of diatom indicators of ecosystem function and services pro-

vides a direct linkage to valued ecological attributes. Relating

diatom assessments to questions being asked by stakeholders

or to questions that they should be asking is essential for sus-

tainable diatom monitoring programs. Great investments are

being made in diatom assessment programs, on the scale of

millions of dollars per year. They require our accountability and

creativity to meet the needs of the stakeholders.

4.6 Summary
Diatoms have a long history of use in assessing the ecologi-

cal integrity of streams. Diatom assemblages respond rapidly

and sensitively to environmental change and provide highly

informative assessments of the biotic integrity of streams and

rivers and causes of ecosystem impairment. Periphytic diatoms

from natural and artificial substrata are usually sampled from

streams and small rivers, but plankton provides valuable

assessments of conditions in large rivers. Structural and func-

tional characteristics of diatom communities can be used in

bioassessments, but relative abundances of diatom genera and

species are usually used as the most valuable characteristics

of diatom assemblages for bioassessment. Using these char-

acteristics, multimetric indices of biotic and ecological con-

dition have been developed that enable use of diatom assem-

blages in risk assessment and management of stream and river

ecosystems.

Exciting new approaches for indicator refinements and

applications provide opportunities for research at the cutting

edge of applied ecological science. With near-natural condition

as a management target for many governments, the refining of

indicators to account for natural variability and the differing

response to stressors in different types of streams and rivers

present challenges for future study. The refining of indicators

is also dependent upon sound analytical technique, includ-

ing better knowledge of diatom taxonomy and communica-

tion of that taxonomy. Understanding threshold responses in

diatom assemblages along environmental gradients is valuable

for justifying specific management targets. Thus, a more com-

plete understanding of the taxonomy and ecology of diatoms

remains at the foundation of sound science for environmental

assessments and advancements in that science.
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de la qualité des eaux. Lyon: CEMAGREF Division Qualité des Eaux,
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based on Kohonen self-organized maps and multivariate anal-
yses. Canadian Journal of Fisheries and Aquatic Sciences, 63, 2087–
106.

Griffith, M. B., Hill, B. H., McCormick, F. H., et al. (2005). Compar-
ative application of indices of biotic integrity based on periphy-
ton, macroinvertebrates, and fish to southern Rocky Mountain
streams. Ecological Indicators, 5, 117–36.

Hawkins, C. P., Norris, R. H., Gerritsen, J., et al. (2000a). Evaluation
of the use of landscape classifications for the prediction of fresh-
water biota: synthesis and recommendations. Journal of the North
American Benthological Society, 19, 541–56.

Hawkins, C. P., Norris, R. H., Hogue, J. N. & Feminella, J. W. (2000b).
Development and evaluation of predictive models for measuring
the biological integrity of streams. Ecological Applications, 10(5),
1456–77.

Healey, F. P. and Henzel, L. L. (1979). Fluorometric measurement
of alkaline phosphatase activity in algae. Freshwater Biology, 9,
429–39.

Hering, D., Johnson, R. K., Kramm, S., et al. (2006). Assessment
of European streams with diatoms, macrophytes, macroinverte-
brates and fish: a comparative metric-based analysis of organism
response due to stress. Freshwater Biology, 51, 1757–85.

Hill, A. B. (1965). The environment and disease: association or causa-
tion? Proceedings of the Royal Society of Medicine, 58, 295–300.

Hill, B. H., Herlihy, A. T., Kaufmann, P. R. & Sinsabaugh, R. L.
(1998). Sediment microbial respiration in a synoptic survey of
mid-Atlantic region streams. Freshwater Biology, 39, 493–501.

Hill, B., Herlihy, A., Kaufmann, P., et al. (2000). Use of periphyton
assemblage data as an index of biotic integrity. Journal of North
American Benthological Society, 19, 50–67.

Hill, B. H., Lazorchak, J. M., McCormick, F. H., and Willingham,
W. T. (1997). The effects of elevated metals on benthic community
metabolism in a Rocky Mountain stream. Environmental Pollution,
95, 183–90.

Hill, B. H., Stevenson, R. J., Pan, Y., et al. (2001). Correlations of
stream diatoms with their environment: a comparison of genus-
level and species-level identifications. Journal of the North American
Benthological Society, 20, 299–310.

Hill, M. O. (1979). TWINSPAN-A FORTRAN Program for Detrended
Correspondence Analysis and Reciprocal Averaging. Cornell Uni-
versity, Ithaca, NY.

Hill, W. R. & Boston, H. L. (1991). Community development alters
photosynthesis-irradiance relations in stream periphyton. Lim-
nology and Oceanography, 36, 1375–89.

Hilsenhoff, W. L. (1988). Rapid field assessment of organic pollu-
tion with a family level biotic index. Journal of the North American
Benthological Society, 7, 65–8.

Hoagland, K. D., Carder, J. P. & Spawn, R. L. (1996). Effects of organic
toxic substances. In Algal Ecology: Freshwater Benthic Ecosystems, ed.
R. J. Stevenson, M. Bothwell and R. L. Lowe, San Diego, CA,
Academic Press, pp. 469–97.

Humphrey, K. P. & Stevenson, R. J. (1992). Responses of benthic algae
to pulses in current and nutrients during simulations of sub-
scouring spates. Journal of the North American Benthological Society,
11, 37–48.

Hurlbert, S. H. (1971). The nonconcept of species diversity: a critique
and alternative parameters. Ecology, 52, 577–86.

Hurlbert, S. J. (1984). Pseudoreplication and design of ecological field
experiments. Ecological Monographs, 54, 187–211.

Hustedt, F. (1957). Die Diatomeenflora des Flusssystems der Weser
im Gebiet der Hansestadt Bremen. Bremen: Abhandlungen Natur-
wissenschaftlichen Verein, 34(3), 181–440.

Johnson, R. K., Hering, D., Furse, M. T., and Clarke, R. T. (2006).
Detection of ecological change using multiple organism groups:
metrics and uncertainty. Hydrobiologia, 566, 115–37.
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