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Abstract

Taxonomic inconsistency in species-level identifications has constrained use of diatoms as 

biological indicators in aquatic assessments. We addressed this problem by developing diatom 

multimetric indices (MMIs) of ecological condition using genus-level taxonomy and trait-based 

autecological information. The MMIs were designed to assess river and stream chemical, physical 

and biological condition across the conterminous United States. Trait-based approaches have the 

advantage of using both species-level and genus-level data, which require less effort and expense 

to acquire than traditional species-based approaches and eliminate the persistent taxonomic 

biases introduced over vast geographic extents. For large-extent assessment programs that require 

multiple taxonomic laboratories to process samples, such as the United States Environmental 

Protection Agency’s (U.S. EPA’s) National Rivers and Streams Assessment (NRSA), the trait 

approach can eliminate discrepancies in species-level identification or nomenclature that hinder 

diatom data interpretation. We developed trait-based MMIs using NRSA data for each of the three 
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large ecoregions across the U.S. - the East, Plains, and West. All three MMIs performed well in 

discriminating least-disturbed from most-disturbed sites. The MMI for the East had the greatest 

discrimination ability, followed by MMIs for the Plains and West, respectively. The performance 

of the MMIs was comparable to that observed in existing NRSA fish and macroinvertebrate 

MMIs. Our research shows that trait-based diatom indices constructed on genus-level taxonomy 

can be effective for large-scale assessments, and may also allow programs such as NRSA to assess 

trends in freshwater condition retrospectively, by revisiting older diatom datasets. Moreover, our 

genus-based approach facilitates including of diatoms into other assessment programs that have 

limited monitoring resources.

Keywords

Diatoms; Taxonomic inconsistency; Ecological assessment; Traits; Genus taxonomy; National 
Rivers and Streams Assessment

1. Introduction

Diatoms are a highly diverse group of algae that are found in almost all aquatic habitats, 

and have well-established taxon-specific tolerances and preferences for a broad range of 

environmental factors such as pH, nutrients and salinity (Dixit et al., 1992; Smol and 

Stoermer, 2010). Because of these characteristics, diatom indices are commonly used to 

assess environmental changes in freshwater aquatic resources, in which diatoms identified 

to the lowest taxonomic level serve as a basis for the analyses (e.g., Coste et al., 2009; 

Lavoie et al., 2006; Whitton and Kelly, 1995). Diatom indices based on species are routinely 

used in the European Water Framework Directive (WFD; European Union, 2000) for 

river ecological assessments. These include the Pollution Sensitivity Index (IPS, Coste, 

1982), the Trophic Diatom Index (TDI, Kelly and Whitton, 1995), and the Biological 

Diatom Index (BDI, Prygiel and Coste, 1998). In the United States, studies have shown 

the potential use of species-level diatom metrics in aquatic assessments using large-scale 

datasets from federal surveys such as the United States Environmental Protection Agency’s 

(U.S. EPA’s) Environmental Monitoring and Assessment Program (EMAP) pilot survey 

(e.g., Hill et al., 2003, 2000; Pan et al., 1996), and the U.S. Geological Survey National 

Water-Quality Assessment (e.g., Potapova and Charles, 2007). While species-level diatom-

based assessments have met with some success, they also has many challenges. The 

utility of diatoms to evaluate ecological conditions can be constrained by inconsistencies 

in taxonomic identification (Tapolczai et al., 2016; Tyree et al., 2020), particularly when 

the use of a single taxonomist is not practical. For large-scale and long-term assessment 

programs that require multiple taxonomic laboratories to process samples, such as the 

U.S. EPA’s National Rivers and Streams Assessment (NRSA), discrepancies in species-

level identification or nomenclature can preclude the use of diatom data in large-scale 

regional and national assessments (Cao et al., 2007; Kahlert et al., 2012, 2009; Lee et al., 

2019). While the taxonomic intercalibration (i.e., harmonization) among different analysts 

and laboratories was recognized in past assessments, it is difficult to achieve. This has 

contributed to sufficiently compromising the quality and confidence in diatom datasets to 
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delay or prohibit the use of diatoms in the National Aquatic Resource Surveys (Lee et al., 

2019).

In the U.S., the lack of taxonomic consistency is mostly attributed to four analytical 

practices (Alers-García et al., 2021): (1) Many North American references are incomplete, 

prompting analysts to rely on a more comprehensive set of European references to assign 

names to North American species (Kociolek and Spaulding, 2000). While many diatom 

species are shared between North America and Europe, many others are not shared, and in 

such cases, the use of European floras can result in the misapplication of names to North 

American taxa. (2) Access to taxonomic literature can vary among laboratories, where one 

laboratory may have a comprehensive set of references, another laboratory may have limited 

resources to support accurate species identification. Thus, the use of different taxonomic 

references among laboratories can increase the risk of assigning different names to the 

same species (Tyree et al., 2020). (3) In North America, there are numerous species that 

are not yet formally described or have incomplete descriptions (e.g., Potapova and Charles 

2003), and this increases the potential for taxonomic inconsistencies. (4) Accurate species 

identification is time-consuming and requires great effort and expertise, yet there is typically 

insufficient time for analysts to complete the species identifications and enumerations, 

increasing the likelihood of mistaken identifications and reduced harmonization among 

laboratories (Bishop et al., 2017). These issues with species-based analysis practices are 

not exclusive to U.S. programs, but are encountered by environmental programs worldwide 

(e.g., Bere 2016). In the U.K. and Europe, taxonomic inconsistencies from misidentified 

diatom species among different analysts and laboratories is a major concern, and, as such, 

intercalibration exercises have been used as one of the solutions for resolving taxonomic 

issues (Kahlert et al., 2016; Kelly et al., 2009a; Straile et al., 2013; Werner et al., 2016).

Trait-based approaches are increasingly used as an alternative in aquatic studies because 

traits can be assigned to both species-level and to genus-level data, which is simpler and less 

costly to obtain (Rimet and Bouchez, 2012a). These approaches can also provide insight into 

assemblage responses to environmental changes since morphologically similar species may 

respond to the environment in the same way, and therefore relationships with environmental 

factors can be stronger than those with single species (Lange et al., 2016; Rimet and 

Bouchez, 2012a). In addition, trait-based methods can help us understand the structure 

and functioning of assemblages (Verberk et al., 2013) that may provide deeper insights 

into the ecological condition of a stream than traditional species-based methods (Kelly 

et al., 2009b). Traits are a basic unit of classifying organisms, in which morphological, 

physiological, or functional features can be assigned to taxa based on species- or genus-

level attributes (Riato et al., 2017; Stevenson et al., 2013; Tapolczai et al., 2017). The 

abundance of taxa associated with a particular trait can be responsive to environmental 

stressors. For example, several studies have shown that diatom traits (e.g., ecological guilds, 

life-forms and size) are responsive to nutrient and pesticide contamination (e.g., Lavoie 

et al., 2010; Passy 2007a; Rimet and Bouchez, 2011a), organic pollution (Berthon et al., 

2011), and changing hydrology (B-Béres et al., 2014). More recently, Tapolczai et al. 

(2017) showed that trait-based indices had strong correlations with a nutrient and organic 

matter/turbidity gradient, and that traits could be useful in water quality assessments. In this 

regard, trait-based approaches using genus-level taxonomy could offer a suitable alternative 
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when reliable species-level data are not available because of taxonomic inconsistencies. 

While the level of taxonomic resolution required for diatom-based assessments depends 

on the research questions and goals of specific assessment programs, earlier studies show 

genus-level indicators can provide a robust biotic assessment because of the large similarity 

in ecological preferences and tolerances of species within a genus (Chessman et al., 1999; 

Hill et al., 2001; Rimet and Bouchez, 2012b). Moreover, Lee et al. (2019) found that using 

genus-level taxonomy improved taxonomic consistency in the 2008–2009 NRSA diatom 

data.

In this paper, we develop multimetric indices (MMIs) using genus-level diatom taxonomy 

and trait-based autecological information, effectively circumventing the problem of 

taxonomic inconsistencies in the NRSA diatom datasets from 2008–2009 and 2013–

2014. We designed an MMI to assess river and stream ecological condition across the 

conterminous United States, maximizing the discrimination of least-disturbed sites from 

most-disturbed sites. An MMI is composed of several metrics that are intended to represent 

different perspectives on how an assemblage uses the resources of a habitat, and that these 

dimensions also respond to anthropogenic disturbances (Barbour et al., 1996; Stoddard 

et al., 2008). Over the years, the NRSA surveys have used MMIs based on assemblages 

of macroinvertebrates and fish to assess the ecological condition of rivers and streams 

across the conterminous U.S. (CONUS) (e.g., Stoddard et al., 2008; USEPA, 2020a). 

The NRSA has routinely used genus-level data for macroinvertebrates, assigning traits at 

the genus-level, and the macroinvertebrate MMIs have been extremely effective for large-

scale assessments (USEPA, 2016a, 2020a). Even though diatom assemblage samples were 

collected, the NRSA does not yet include an MMI for diatoms in the suite of biological 

indicators used routinely for national and regional assessments. Our goals were to: (1) 

develop trait-based diatom MMIs from the 2008–2009 NRSA genus-level diatom data to 

assess river and stream condition at the national-scale and within three large ecoregions used 

by the NRSA; (2) evaluate the robustness of the final MMIs by comparing the performance 

of the MMIs on a validation dataset (2013–2014 NRSA data) to the calibration dataset 

(2008–2009 NRSA data); and (3) further evaluate the utility of the final MMIs by comparing 

their performance with that of existing NRSA MMIs for other biological assemblages. The 

process used in this study provides an approach to developing diatom indices that could be 

applied to diatom assessment datasets at any spatial scale, in any geographical area.

2. Material and methods

2.1. Sample collection and treatment

Each NRSA survey was conducted over a two-year period with surveys in 2008–2009 and 

2013–2014. The 2008–2009 sample data was used as a calibration data set to develop the 

MMI; and the 2013–2014 data was used as a validation data set (USEPA, 2020b, 2016b). 

Repeat site visits were included in the MMI development to calculate the signal- to-noise 

ratio (S/N), as part of the step-wise screening procedure (refer to 2.2.3 Best-candidate metric 

selection). Datasets are available at: https://www.epa.gov/national-aquatic-resource-surveys/

data-national-aquatic-resource-surveys.
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The protocols to sample, process, and standardize diatom, water chemical, and physical 

habitat data for the 2008–2009 and 2013–2014 NRSA surveys are described in USEPA 

(2008, 2016a, 2020a). Briefly, for the 2008–2009 NRSA survey that we used as the 

calibration dataset, diatoms, physical habitat parameters, and chemical parameters were 

sampled in the summer from 2123 river and stream sites across the CONUS (USEPA, 

2016a). These included 1924 sites that were randomly selected from a pool of sites using 

a probabilistic sampling design, and 199 hand-picked sites selected to increase the number 

of potentially least-disturbed sites. For the 2013–2014 NRSA survey that we used as the 

validation dataset, similar samples were collected in the summer from 2080 sites (1853 

randomly selected and 227 hand-picked sites) across the CONUS (USEPA, 2020a).

As part of the MMI development process, all sites were classified as either least-disturbed, 

intermediate, or most-disturbed by screening a set of disturbance metrics using the approach 

outlined in (Herlihy et al., 2008). Both least-disturbed and most-disturbed thresholds were 

set for each metric by NARS ecoregion (refer to 2.2 Development of MMIs). The list of 

disturbance metrics included measures of water chemistry (total nitrogen, total phosphorus, 

sulfate, chloride, turbidity, and acid neutralizing capacity), physical habitat (riparian zone 

disturbance index, % fine substrate), and local (1 km circle around each site) land cover 

data (%agriculture and %developed). A site had to pass every one of the ecoregional least-

disturbed metric thresholds for the site to be considered least-disturbed (USEPA, 2016a). 

If a site exceeded any one of the ecoregional most-disturbed metric thresholds, then it was 

considered most-disturbed.

The target population for the NRSA surveys includes all flowing waters of the U.S.—both 

wadeable and boatable sites were sampled, from headwater streams less than a meter wide 

to the Mississippi River. At each site, the sampled reach was equivalent in length to 40 

times the mean wetted channel-width, with a minimum/maximum length of 150–4000 m, 

respectively, for very small or very wide systems. For both wadeable and boatable sites, 

periphyton samples were collected from 11 evenly-spaced transects along a sample reach 

around the randomly selected site (USEPA, 2013a, 2013b). For wadeable sites, periphyton 

samples were collected while wading from alternating, left, center, right areas of each 

transect, whereas for boatable sites, samples were collected at the near shore from boats and 

onshore (USEPA, 2013a, 2013b). At each of the 11 transects, a sample of hard substrate 

(rock or wood < 15 cm diameter) (or soft sediment if large substrates were unavailable) 

was collected at a depth of ≤ 0.5 m. Periphyton was removed from the upper surface of the 

hard substrate using a toothbrush, or, for soft sediment samples, the top 1 cm of sediment 

using a syringe. Periphyton material from all 11 transects were composited in one bottle to 

produce a single sample for each site and preserved in 2 mL of 10% formalin per 50 mL of 

sample. Samples were returned to the laboratory where they were acid-cleaned and mounted 

on microscope slides for identification and enumeration of diatoms (USEPA, 2008). Diatom 

samples were analyzed by three different laboratories in the U.S. The target count for 

taxonomists was 600 diatom valves per sample which was not always attainable due to a 

high quantity of debris or small quantity of diatoms in some samples (Lee et al., 2019). We 

retained samples with at least 400 valves for the construction and validation of the MMIs. 

Table 1 shows the number of sample sites included in both the calibration and validation 

datasets of the MMIs.
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2.2. Development of MMIs

We constructed trait-based diatom MMIs at two spatial scales (i.e., national and regional) to 

determine the most effective scale for diatom-based assessment of river and stream condition 

across the CONUS. We built a national MMI based on all sampled sites across the U.S. 

For the regional-scale, we developed a separate MMI for each of three major ecoregions 

used by the National Aquatic Resources Survey reports - the East, Plains, and West (Fig. 

1). Each major region is comprised of finer-scale ecoregions − 9 ecoregions across all three 

regions aggregated from Omernik (1987) level III ecoregions (Herlihy et al., 2008; USEPA, 

2006). The East includes 4 of those 9 ecoregions: Northern Appalachians (NAP), Southern 

Appalachians (SAP), Coastal Plains (CPL), and Upper Midwest (UMW); the Plains MMI is 

comprised of 3 ecoregions: Temperate Plains (TPL), Northern Plains (NPL), and Southern 

Plains (SPL); and the West includes 2 ecoregions: Western Mountains (WMT) and Xeric 

(XER) (Fig. 1). In the sections below, we describe the methods to develop trait-based diatom 

MMIs at both the national- and regional-scale.

2.2.1. Candidate diatom metrics—To develop candidate trait metrics, we assigned 

traits to each taxon with genus-level taxonomy. A total of 19 traits from two trait categories 

were assigned to taxa (Table 2):

1. Functional traits, including fourteen life-form classes (e.g., Tube-living, Rosette 

or Ribbon colonies) and four ecological guilds (High-profile, Low-profile, 

Motile or Planktic), that were assigned to taxa from an existing database 

developed by Rimet and Bouchez (2012a; 2019). These authors assigned species 

and genera to the different life-forms and guilds based on existing classifications 

found in Passy (2007a, 2007b).

2. One physiological trait comprised of N-fixing diatoms. This trait is assigned 

to Epithemia and Rhopalodia taxa that have nitrogen-fixing cyanobacterial 

endosymbionts (Lange et al., 2016; Prechtl, 2004).

Several genera in the NRSA data were not in the traits database and subsequently were 

dropped from the analysis. However, taxa belonging to these genera were rare (occurred in 

< 1 % of sites) and unlikely to have an important contribution to the metrics. Candidate 

metrics were also developed from all diatom genera. Each trait and genus metric was 

calculated as % taxa and % individuals. For example, the metric % High-profile guild taxa 
is the percentage of the total number of taxa identified in a sample that are members of the 

High-profile guild, and % High-profile individuals is the percentage of all individuals in a 

sample that are members of the High-profile guild. A total of 304 candidate metrics were 

developed and evaluated to identify the best set of metrics for the MMIs.

2.2.2. Assigning traits to taxa at genus-level vs. species-level—While some 

genera are comprised of species that possess the same trait (e.g., all Navicula are motile), 

there can be a diversity of traits among species within other genera. For example, many 

species of the Fragilaria genus belong to the High-profile guild but some Fragilaria belong 

to the Planktic guild. Thus, assigning traits to diatoms using genus-level taxonomy and not 

species-level could potentially influence the effectiveness of the trait metrics to indicate 

condition. For this reason, we determined whether species that had been assigned traits at the 
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genus-level in the final MMI metrics had been assigned the correct traits at the species-level. 

For each trait metric in the final MMI, we used trait information at the species-level based 

on Rimet and Bouchez (2012a; 2019), to examine the traits of every single species that 

occurred in ≥ 1% of sites in the calibration dataset (2008–2009 NRSA) that were included 

in the scoring of the trait metric, and the validation dataset (2013–2014 NRSA). This 

evaluation would help determine whether genus-level taxonomy was sufficient to apply 

reliable trait metrics that were included in the final MMIs in NRSA assessments. For those 

species that were assigned traits incorrectly at the genus level, species that had relatively low 

occurrences (<10% of sites) were included in the MMI development since they would have 

little influence on the overall metric performance, and species that had higher occurrences 

that could affect metric performance were dropped from the analysis.

2.2.3. Best-candidate metric selection—Best-candidate metrics were selected from 

the pool of 304 candidate metrics using the following step-wise screening procedure detailed 

in (Stoddard et al., 2008).

Step 1 Range test—We discarded metrics that resulted in a ‘FAIL’ in any part of either range 

Test 1 or Test 2 as described below and in Magee et al. (2019); this eliminates metrics that 

have poor ability to distinguish among sites in different ecological conditions.

Test 1. Identify metrics with many 0 values or strongly skewed distributions:

a. If the 75th percentile = 0, i.e., 75% or more of values are zero, then FAIL.

b. If the 75th percentile = the minimum OR the 25th percentile = max (indicating 

75% of values identical), then FAIL.

Test 2. Identify metrics with very narrow ranges:

a. If the metric is a percent variable and (max – 25th percentile) < 15%, then FAIL;

b. If the metric is not a percent variable and (max – 25th percentile) < (max/3), then 

FAIL.

Step 2 Repeatability—We calculated the signal-to-noise ratio (S/N), which is the ratio of the 

variance of a metric among sites (signal) to the variance within a site (noise) where the noise 

is based on within-season revisits to resampled sites (i.e., sites that were sampled in both 

the 2008–2009 and 2013–2014 survey, which were visited twice in each survey) (Kaufmann 

et al., 1999). For each sample year of the NRSA, 10% of the sites that were selected from 

the previous survey to be resampled were selected at random to be sampled twice during 

the summer index period. Variance components were calculated using R statistical software 

(R Development Core Team, 2017) package “lme4” version 1.1–7 (Kaufmann et al., 1999). 

The higher the S/N ratio of a metric, the smaller the proportion of measurement error 

and within-season variability, and the greater the amount of variance among sites that is 

potentially explainable by differences in geoclimatic and anthropogenic driving variables. 

We eliminated metrics with a S/N < 3, which was a higher threshold for rejection than 

was used for periphyton metrics (<1.5) and macroinvertebrate metrics (<2) (Stoddard et al., 

2008).
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Step 3 Responsiveness—This test evaluates the metric’s ability to discriminate least-

disturbed sites from most-disturbed sites. We tested responsiveness by using t-scores to 

compare mean values between least- and most-disturbed sites; the higher the t-score, the 

greater the metric responsiveness. For the national MMI and East MMI, we eliminated 

metrics with a t-score < 3 (the standard in NRSA MMI development), and for the Plains 

MMI and West MMI, t-score < 2 were deleted. Using all the site data, only 29 metrics out 

of a pool of 304 candidate metrics passed all three screening steps and were considered for 

inclusion in the national MMI. Similarly, 35 out of 274 metrics passed for further evaluation 

for just the East MMI development; 21 out of 266 metrics passed for the Plains MMI 

development; and 28 out of 240 metrics for the West MMI development.

2.2.4. Metric re-scaling—To standardize the range of final candidate metrics that 

passed the initial screening process, each metric was rescaled to a score between 0 and 

10, based on metric values between the 5th (P5) and 95th (P95) percentile across all sites 

(Blocksom, 2003). Each metric value was rescaled using the formula:

Rescaled metric value =
original metric value − P5

P95 − P5

For metrics that decreased at most-disturbed sites and increased at least-disturbed sites, 

scores were represented on a 0–10 scale, whereas metrics that increased at most-disturbed 

sites and decreased at least-disturbed sites, the scale was reversed so that metric scores were 

on a 10–0 scale. If rescaled metric values were less than zero, these values were adjusted to 

0, and if rescaled values were greater than 10, values were adjusted to 10.

2.2.5. Final metric selection—The final candidate metrics were further screened by 

evaluating the performance of all possible MMIs using all metric combinations following 

a modified approach of Van Sickle (2010). We examined thousands of candidate MMIs 

based on random combinations of 4, 5, 6, 8, and 10 metrics. Evaluating the performance of 

numerous candidate MMIs based on all possible metric subsets avoids selection of metrics 

with spuriously good performance (Mazor et al., 2016). The performances of each candidate 

MMI was evaluated according to four measures:

1. Redundancy—We required that candidate MMIs had a maximum Pearson 

correlation among component metrics (in a single MMI) of < 0.75, while the 

mean Pearson correlation among all of the metrics (in a single MMI) had to 

be < 0.5. These cutoffs were based on methodology used in developing other 

national biotic MMIs in NARS (e.g., Stoddard et al., 2008) and we found that 

they worked equally as well for our diatom MMI.

2. Sensitivity—This is measured as the percentage of most-disturbed sites that 

were evaluated as being in poor condition based on the MMI; the higher the 

percentage, the more sensitive the MMI. To determine this, we used an interval 

test (Kilgour et al., 1998) that establishes whether the MMI score for a given 

site is significantly lower (P < 0.05) than the 5th percentile of MMI scores for 

least-disturbed sites. The test assumed a normal distribution MMI scores within 
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the set of least-disturbed sites, and used a non-central F distribution to model 

the uncertainty in the 5th percentile of that distribution. In this way, this test 

allowed us to compare an individual sample to a critical F value to determine 

whether impact on diatoms was detected. This is a more conservative approach 

than simply comparing the MMI at a site to a 5th percentile threshold because it 

considers that uncertainty around the estimate of the 5th percentile. (Kilgour et 

al., 1998).

3. Repeatability—We evaluated each candidate MMI using its S/N ratio and 

selected candidate MMIs with higher S/N ratios.

4. Precision—We calculated the Standard Deviation (SD) of scaled MMI values 

among the least-disturbed sites, with lower SDs indicating higher precision.

A list of the highest performing MMIs was then produced, ranked in descending order 

of their sensitivity. From this list of most sensitive MMIs, we selected MMIs that had 

the highest S/N, lowest SD, and low mean and maximum correlations among component 

metrics. Those top-performing MMIs ranged in metric set size from 4 to 8 metrics. Finally, 

we compared the responsiveness of the top performing MMIs, as evidenced by their ability 

to distinguish least- from most-disturbed sites – a critical test of the effectiveness of an MMI 

(Stoddard et al., 2008). To test responsiveness, we evaluated boxplot separation distances 

of MMI scores between least- and most-disturbed sites, and t-tests to compare mean scores 

between the two disturbance classes of sites. The boxplot and t-test analyses were based on 

re-scaled MMI scores for each site on a scale of 0 to 100 by summing the scored values for 

all the metrics in the MMI, then dividing that value by the number of metrics in the MMI 

and multiplying by 100 following (Stoddard et al., 2008). We then selected the final national 

MMI and final MMIs for the East, Plains and West based on an MMI having the best overall 

responsiveness (i.e., highest t-scores and greatest boxplot separation distance between least- 

and most-disturbed sites). For the national MMI, we examined the overall responsiveness 

of the MMI within each of the 9 NRSA ecoregions; and for the MMIs for the East, West 

and Plains, we assessed overall responsiveness within each of its component ecoregions. We 

compared the overall responsiveness of the final national MMI with the responsiveness of 

the final MMIs for the East, Plains and West, to select the MMIs that were most effective 

(i.e., MMIs with overall highest t-scores and greatest boxplot separation between least- and 

most-disturbed sites).

2.3. Validation of MMIs

We tested the robustness of the selected MMIs by comparing the MMI’s ability to 

distinguish least- from most-disturbed sites in the calibration data (2008–2009 NRSA), 

with their ability to separate these two classes of sites in the validation data (2013–2014 

NRSA). For a robust MMI, the ability to discriminate between the two classes of sites 

within the calibration data should be comparable with the ability to discriminate within 

the validation data. To test this, we developed the MMI component metrics based on the 

validation data, and then re-scaled MMI scores for each site on a scale of 0 to 100 in 

the same way as the calibration data, and then used boxplot separation differences to 

compare MMI scores between least- and most-disturbed sites. We also compared their 
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responsiveness (i.e., t-scores) with the responsiveness of existing NRSA MMIs for stream 

fish and macroinvertebrate condition.

3. Results and discussion

3.1. National MMI vs regional MMIs

Using the calibration data, the top-performing MMIs included a 4-metric national MMI, 

and 3 separate 5-metric MMI’s for the East, Plains, and West ecoregions. Table 3 shows 

the component metrics for each MMI and their expected positive or negative response 

to anthropogenic disturbances. The national MMI was comprised of trait metrics only. 

Each regional MMI was comprised of a combination of trait metrics and genus metrics. 

As one approach to reduce taxonomic inconsistencies in the 2008–2009 NRSA diatom 

data, (Lee et al., 2019) elevated the species-level taxonomy to the genus level but did not 

find improvements in taxonomic consistency for the genera Sellaphora, Mayamaea, and 

Psammodictyon. However, this was not an issue in the current study for the genus metrics 

included in the regional MMIs (e.g., Cyclotella, Melosira and Surirella % individuals; Table 

3) because they did not include the genera that were problematic in (Lee et al., 2019).

All three regional MMIs included a metric that combined Achnanthidium and Achnanthes 
individuals because the combined metric improved the MMI responsiveness relative to 

including either metric individually. Some taxa in Achnanthidium and other monoraphid 

genera were not distinguished from Achnanthes in many of the references available to 

taxonomists during the past NRSA surveys, resulting in taxonomic inconsistency in diatom 

datasets created during this time period. In that regard, applying a combined metric could 

offer a practical advantage for using existing data from past broad-scale diatom assessments 

since it requires less effort to make corrections to outdated synonyms, and is therefore less 

prone to taxonomic errors.

Further analysis is required to determine what stream conditions are reflected by the metrics 

included in the final MMIs, which was beyond the scope of this study. However, we can 

hypothesize the type of stream conditions that the metrics could reflect based on existing 

empirical relationships of traits to nutrient enrichment and their resistance to physical 

disturbance. For example, both the high-profile % individuals/taxa and the planktic % taxa 
metric, that is comprised of planktic diatoms that settle into the biofilm, may indicate 

reasonably good stream condition (Rimet and Bouchez, 2011a), that has lower conductivity 

(Stenger-Kovács et al., 2018), and a low level of physical disturbances (e.g., shear stress 

caused by water velocities) (B-Béres et al., 2016; Passy, 2007a; Stenger-Kovács et al., 

2013). The planktic % taxa may reflect some level of sedimentation (Rimet and Bouchez, 

2012a). The tube-living colony % individuals may also reflect good stream condition since 

tube-living diatoms are generally considered to be pollution sensitive (e.g., Berthon et 

al., 2011; Leira et al., 2009; Rumeau and Coste, 1988). Although Rimet and Bouchez 

(2011a) found the opposite, where tube-living diatoms increased as dissolved nutrients 

increased in pesticide-contaminated mesocosms, hypothesizing that the tubule, composed of 

exopolysaccharide matrices, may protect the cells living within from dissolved chemicals 

in the water. We hypothesized that genus metrics included in the MMIs such Navicula % 
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individuals, Nitzschia % individuals, and Surirella % individuals would reflect poor stream 

condition (e.g., from nutrient and organic pollution; Passy, 2007a).

Overall, the national MMI and all three regional MMIs performed well based on having 

low redundancy (i.e., maximum and mean correlation among metrics; range = 0.32–0.48 

and range = 0.13–0.24, respectively), high repeatability (S/N; range = 4.3–7.8), and 

high responsiveness (t-scores; range 8.5–18.9) (Table 4). Although the sensitivity values, 

particularly in the Plains, seemed low (sensitivity range, 10.8–43.4%) these sensitivity 

values were comparable to those reported for MMIs for other biological assemblages. For 

example, stream MMIs for macroinvertebrates, vertebrates, and fish where sensitivity for 

MMIs ranged from 10 to 40% (Van Sickle, 2010); and a wetland MMI for vegetation where 

sensitivity was 48% (Magee et al., 2019).

Greater separation of the distributions of MMI scores between least- and most-disturbed 

sites within each of the 9 NRSA ecoregions in t-scores and boxplots (Fig. 2) clearly showed 

the superiority of the regionally-derived MMIs compared with the national MMI (Fig. 2; 

Table 5). For example, compared to the Plains MMI, the national MMI showed very poor 

separation between least- and most-disturbed sites within each of the Plains component 

ecoregions, particularly in TPL, which had the most overlap of interquartile ranges for the 

least- and most-disturbed sites (Fig. 2b). However, both the national MMI and Plains MMI 

poorly distinguished the two disturbance classes in the NPL. One explanation for the less 

distinct separation is that, as a group, least- and most-disturbed sites are not as distinctly 

different in terms of the physical/chemical environment as in the other ecoregions because 

the reference sites are relatively disturbed (Herlihy et al., 2008). In the West ecoregions, the 

West MMI had better discriminatory ability than the national MMI in both WMT and XER 

(Fig. 2c). However, the West MMI did not perform as well as those in the other regions. This 

could be because there are strong natural gradients in this region (e.g., slope and elevation) 

that cause variance in the MMI metrics, and can mask to some extent the changes associated 

with human activities, which are largely increases in fine sediment, water temperature, and 

nutrients (Kaufmann et al., in press). Sediment size is mostly driven by shear-stress, along 

with lithology and climate (Kaufmann et al., 2008); while water temperature is largely 

driven by climate, which is related to latitude and elevation, and nutrient concentrations are 

largely anthropogenic (Herlihy et al., 2020).

In the East, the national MMI was comparable to the East MMI – both MMIs showed 

the greatest responsiveness in this region by having the strongest ability to separate least- 

from most-disturbed sites among all three regions However, the East MMI had relatively 

better power to discriminate, particularly in CPL and UMW, where there was a much larger 

separation of interquartile ranges for the least- and most-disturbed sites (Fig. 2a). Moreover, 

the regional MMIs generally had higher t-scores comparing least- and most-disturbed sites 

within each of the component ecoregions than did the national MMI (Table 5). Based on 

these comparisons of responsiveness between the national MMI and regional MMIs, we 

concluded that a single set of metrics in a national MMI did not perform well in all 9 

ecoregions, and that a separate MMIs for the East, Plains and West would be a more 

effective approach for assessing the biological condition in ecoregional assessments. One 

explanation why the MMIs developed at the ecoregion level performed better than those 
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at the national level for certain ecoregions is that that natural characteristics, landscape 

alteration, and the response to alteration vary greatly among different ecoregions of the US 

(Herlihy et al., 2008; USEPA, 2006). Thus, the most discriminating set of metrics at the 

national scale are likely not the most discriminating at a regional scale, and sets of metrics 

will likely differ among regions (Stoddard et al., 2008). Indeed, we found that most of the 

MMI components differed across the East, Plains and West, which is possibly due to large-

scale differences in natural geoclimatic gradients and anthropogenic disturbance gradients 

across regions. For example, the Cymbella % taxa metric that discriminates well for the 

Plains region only, could be an indicator of natural hardwaters with calcium-based salinity, 

that is fairly common in this region, particularly in the NPL. Whether these differences in 

MMI components among the East, Plains and West are the result of large-scale variation in 

environmental conditions among regions awaits further study.

An important point in the MMI construction is that we combined both wadeable and 

boatable sites in the development of the MMIs. The terms “wadeable” and “boatable” may 

give the impression that NRSA are sampling two very different habitats. However, the 

distinction between the NRSA wadeable and boatable protocol is not a habitat difference but 

a difference in location. They both are reachwide samples, sampling habitat proportional 

to what is present along the entire study reach. The difference is that the wadeable 

protocol considers the entire wetted area of the stream, while the boatable samples were 

collected from only the near shore littoral zone of the river. Thus, combining wadeable and 

boatable protocol samples may not make much difference in the periphyton collection. The 

macroinvertebrate sampling follows the same philosophy, and NRSA have successfully used 

a single macroinvertebrate MMI for rivers and streams for more than a decade (Stoddard 

et al., 2008; USEPA, 2020a). We evaluated the individual metrics in the East MMI and 

West MMI using t-tests for least- and most- disturbed sites in wadeable and boatables sites, 

separately, and found that each metric performed well in both wadeable and boatable sites, 

and performance of these MMI’s was not degraded by combining both site types. We were 

unable to evaluate whether the component metrics of the Plains MMIs performed well in 

boatable sites alone due to a small sample size (e.g., only 6 least-disturbed boatable sites). 

Given the similarity of protocols between wadeable and boatable sites, we may expect 

similar performances in the Plains at wadeable and boatable sites, as we found in the East 

and West.

3.2. Validation of regional MMIs

We evaluated the robustness of each regional MMI by assessing its performance on a 

separate validation data set of sites that were sampled four years later. For all three 

ecoregions, the distribution of MMI values for the least- and most-disturbed sites in the 

validation data were comparable to those for calibration data (Fig. 3). There was good 

separation of the two classes of sites in both the calibration and validation datasets, 

with even a slight improvement in the West MMI’s ability to differentiate least- from 

most-disturbed sites in the validation data compared to the calibration data (Fig. 3). The 

three regional MMIs also showed good ability to separate intermediate disturbance sites 

from least- and most-disturbed sites within each ecoregion for both the calibration and 

validation datasets (as shown by high F-scores from F-test of one-way ANOVA of the 
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three classes; Table A.1). Certain authors (e.g., Smol and Stoermer, 2010) have suggested 

that genus-level indicators do not work as reliably across larger geographic scales as do 

species-level indicators. In contrast, our regional-scale MMIs showed good responsiveness 

on both the calibration and validation data, and this consistently good performance suggests 

that genus-based indices may in fact be reliable indicators of river and stream ecological 

condition across larger spatial scales.

3.3. Regional diatom MMIs vs MMIs of other biological groups

To evaluate the responsiveness of the diatom MMIs for the East, Plains and West further, we 

compared their responsiveness with that of existing NRSA MMIs for macroinvertebrates 

and fish condition, and U.S. EPA’s National Lake Assessment (NLA) MMIs for 

macroinvertebrates and zooplankton condition. Overall, our diatom MMI responsiveness 

(evaluated using t-scores to compare mean values of each MMI within each region between 

least- and most-disturbed sites) were comparable, if not better than those of NRSA and NLA 

MMIs based on other assemblages (Table 6.). The East diatom MMI was more responsive 

(t-score = 18) than the MMIs for stream fish and macroinvertebrates (USEPA, 2020a, 2016a) 

or lake zooplankton (USEPA, 2016c). Moreover, the ability of our Plains diatom MMI 

to discriminate least- from most-disturbed sites (t-score = 9.6) was comparable to stream 

MMIs for macroinvertebrates and fish in the Plains (t-scores; range = 5.7–9.7 and 5.9–9.8, 

respectively), and was better than the lake MMIs for macro-invertebrates and zooplankton in 

this region (t-score = 6 and 4.5, respectively). Although the West diatom MMI had a much 

weaker ability to discriminate (t-score = 8.5) than the stream MMI for macro-invertebrates 

(t-scores; range = 14.7–15.7), the responsiveness of the West diatom MMI was comparable 

to MMIs for stream fish (t-scores; range = 7.6–8.7) and lake macroinvertebrates (t-score 

= 9.4) and performed marginally better than the lake MMI for zooplankton (t-score = 

6.3). We concluded that the MMIs developed in this study could complement existing 

macroinvertebrate and fish MMIs applied in NRSA surveys. Fish, macroinvertebrates, and 

diatoms can provide complementary information on stream ecological conditions because 

they differ in their response to any given anthropogenic stressor (Hering et al., 2006). For 

example, fish and macroinvertebrate communities are generally more sensitive to changes 

in channel morphology and physical habitat conditions (e.g., presence of dams or damage 

to the riparian corridor) while diatom communities are more sensitive to changes in water 

chemistry (Feio et al., 2007). The metrics included in our diatom-based MMIs may serve 

as good indicators of water quality degradation from multiple stressors. For example, an 

increase in Nitzschia % individuals and Navicula % individuals in the East MMI may 

indicate eutrophication and organic pollution, although these stressor-response relationships 

require further testing. How well our regional MMIs discriminate at relatively smaller scales, 

such as states, will require an evaluation on different state-level diatom datasets across 

the U.S. Moreover, our results demonstrate the potential application of our genus-level, 

trait-based MMI to lake assessment programs such as the NLA, which has not included 

diatoms in its bioassessments because of taxonomic inconsistencies.

3.4. Assigning traits to taxa at genus-level vs species-level

We assessed whether assigning traits to species at the genus-level rather than the species-

level could introduce errors that could significantly affect the performance of each trait 
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metric included in the final MMIs. Based on trait information from Rimet and Bouchez 

(2012a; 2019), we checked that the species associated with each metric had been assigned 

the correct trait at the species-level. We examined the following trait metrics in the final 

MMIs: Tube-living colony % individuals, High-profile % individuals/taxa and Planktic % 
taxa (Table 3). We did not investigate the N-fixers % individuals metric because this metric 

includes species that belong to just two genera, Epithemia and Rhopalodia, that all possess 

the N-fixer trait. Therefore, all species that had been assigned the N-fixer trait at the 

genus-level had been assigned the correct trait at species-level.

Fig. 4 shows that the species included in the scoring of the Tube-living colony % individuals 
metric in the Plains (based on 2008–2009 NRSA data), had been assigned the correct trait 

at the genus-level. We found a similar pattern for the Tube-living colony % individuals, 

High-profile % individuals, High-profile % taxa and Planktic % taxa metrics that make up 

the East and West regional MMIs. Most species assigned traits at the genus-level had been 

assigned the correct trait at the species-level based on 2008–2009 and 2013–2014 NRSA 

data (Fig. A.1 and Fig. B.1, respectively). These results imply that genus-level taxonomy 

was sufficient to develop reliable trait metrics using the NRSA dataset. The results also 

show that the trait datasets are similar at both resolutions, and therefore genus-level 

and species-level traits could provide similar information about stream condition. Future 

analyses should investigate whether other trait metrics used in the screening process in the 

MMI development (e.g., Motile or Low-profile guilds) were also assigned the correct trait 

at the genus-level. This type of information could be useful, especially when developing 

trait-based metrics on other diatom datasets.

3.5. Advantages and limitations of a genus-level, trait-based approach

Our approach and development of a genus-level, trait-based diatom MMI yields several 

advantages that could benefit large-scale and long-term environmental assessment programs, 

where taxonomic inconsistencies in the diatom data is a major problem. The most important 

advantage is that the use of genus-level, trait-based metrics could substantially reduce the 

effects of taxonomic inconsistencies related to the analysis practices used in assessment 

programs. The potential for misidentifications and inconsistent taxonomy resulting from 

the use of references developed for European diatoms to identify North American taxa, 

and/or because of the use of different taxonomic references among laboratories, will 

be reduced at the genus-level compared with the species-level for the main reason that 

species-level taxonomy is more challenging. Species identifications are difficult because 

of the considerable diversity of diatom species relative to genera (Zampella et al., 2007). 

Approximately 12,000 diatom species have been described to date compared to only 1,000–

1,300 diatom genera, and there are more undescribed species than there are undescribed 

genera (Guiry, 2012). Although there are continual changes to both species- and genus-

level nomenclature that have made taxonomy more challenging and unstable (Tapolczai 

et al., 2016), this is likely more of an issue with species-level taxonomy because of 

their large diversity that has resulted in the description of numerous new species and 

constant taxonomic rearrangements (Rimet and Bouchez, 2012a). Moreover, genus-level 

identifications may be less prone to taxonomic errors because of reduced time constraints 
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to complete the identifications and enumerations, since determining diatoms to genus-level 

requires less time than to species-level (Rimet and Bouchez, 2012a).

The advantage of using traits is that the deleterious effects of taxonomic inconsistencies will 

likely be avoided regardless of the taxonomic resolution of the diatom data (i.e., whether 

traits are assigned to taxa at the genus-level as we did here, or at the species-level). Even if 

there are misidentified genera or species, those misidentifications will be of morphologically 

similar genera or species that will, for the most part, belong to the same trait category 

(Frédéric Rimet, personal communication). For example, taxa of the Sellaphora genus have 

been misidentified as taxa of the Eolimna genus because they are similar in shape (Wetzel 

et al., 2015), and since they are morphologically similar, they share some of the same traits 

(e.g., both Sellaphora and Eolimna taxa belong to the motile guild). Although it is important 

to mention that for small taxa, misidentified genera or species may not always be of 

morphologically similar genera or species of the same trait category. For example, if a small 

taxon was incorrectly assigned to Navicula (Motile guild), as opposed to Achnanthes (Low-

profile guild), its guild would be incorrectly assigned. Nevertheless, studies have shown 

that diatom functional trait groups (e.g., ecological guilds and life-forms) are generally not 

affected by misidentifications that can result in disharmony among analysts and laboratories 

(e.g., Hajnal and Padisák, 2008). Nor are diatom traits affected by the ongoing revisions of 

species names since the revised species will be assigned to already defined traits (Tapolczai 

et al., 2017).

Another advantage of using traits and genus-level diatom data, is that by assigning all taxa to 

traits based on genus-level taxonomy, we include the information of all rare and undescribed 

taxa in our genus-based MMIs. Such taxa are usually omitted from traditional species-based 

indices that require precise species determinations, and stable ecological profiles of taxa 

based on many observations of a given species, rather than unstable profiles of rare taxa 

that have few data points (Berthon et al., 2011; Tapolczai et al., 2017). Indeed, Tapolczai et 

al. (2017) demonstrated that a species-based index, where as much as 281 rare taxa from a 

total of 382 taxa were omitted from the index development, was not as sensitive to a nutrient 

and organic matter/turbidity gradient compared to a trait-based index that included all the 

taxa from the same dataset. This implies that information was lost with the removal of those 

rare taxa and highlights the importance of including all the taxa in bioassessments. This 

idea is supported in studies of other assemblages; Leitão et al. (2016), for example, reported 

that rare taxa in stream fish assemblages were generally more sensitive to anthropogenic 

influences than those common enough to be included in impact assessments. The use of 

a trait-based approach, where all the taxa are assigned to traits, could be an advantage in 

countries like the U.S. where around a quarter of all species in North America are still 

without scientific names (Potapova and Charles, 2003), many of which are restricted to a 

particular geographical region (Alers-García et al., 2021). Given that the response of diatom 

traits is thought to be independent of ecoregions, and, hence, trait-based indices may be 

transferable among ecoregions with very different diatom flora (Soininen et al., 2016), our 

traits metrics could potentially be applied to diatoms within any ecoregion, including those 

undescribed taxa with restricted distributions. In this way, trait-based indices could offer 

an additional advantage over species-based indices, whose applicability is often spatially 
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restricted because they are based on regional species distributions that can vary considerably 

among different regions (Stenger-Kovács et al., 2007).

Our approach could also minimize the cost of the diatom analysis, given that identification 

to genus-level is generally quicker than to species-level, and cost depends on time spent 

on the identifications. Furthermore, genus-level identifications can be done by personnel 

with lower level of expertise (lower rate of pay). In that regard, the cost-effectiveness of 

our approach could benefit state and regional programs that lack the resources to conduct 

species-level identification of diatoms or expertise to do so but want to include diatoms as 

part of their bioassessment programs.

While some studies advocate the use of species-level identifications for a more precise 

bioassessment (e.g., Ponader and Potapova, 2007), other studies have shown that genus-

level is a sufficient taxonomical level for a quick and robust assessment (e.g., Keck et 

al., 2016; Rimet and Bouchez, 2012a), and that improvement in bioassessment precision 

using determinations at species-level rather than genus-level was negligible (Rimet and 

Bouchez, 2012b). Kelly et al. (2009b) found that 91% of all diatom samples were 

assigned the same ecological status classification, regardless of whether species- or genus-

level identification was used. Nevertheless, a genus-based index can have limitations. 

For example, environmental tolerances can vary within some genera (e. g., Potapova 

and Hamilton, 2007; Poulíčková et al., 2008). Moreover, a genus-based index can have 

limitations in bioassessments at ecoregional scales. Rimet and Bouchez (2012b) found 

that by using species resolutions as opposed to genus resolutions, there was a stronger 

relationship between benthic diatom assemblages and the ecoregion classes where the 

diatoms were sampled. This could be a result of diatom endemism and cosmopolitanism 

which is largely observed at species-level, and seldom at genus-level (Rimet and Bouchez, 

2012b). For that reason, Rimet and Bouchez (2012b) advocate species-level identifications 

for increased precision in ecoregional bioassessments, which is one of the requirements 

of the WFD (European European Union, 2000). These are just a couple of examples of 

the value of species-based assessments that have long been used to define the ecological 

status of European fresh-waters. Given the advantages and limitations with genus- and 

species-based assessments highlighted here, it is important that environmental programs first 

consider the level of taxonomic resolution appropriate for their diatom assessment that is 

seldom questioned in these assessments (Rimet and Bouchez, 2011b). More specifically, 

whether it is necessary to use data with species-level resolution to achieve the regulatory 

goals for managing waters or could genus-level resolution suffice. Also, whether a species 

resolution is even feasible, especially when many species remain undescribed, and additional 

effort to document (i.e., images in voucher flora) taxa that do not fit current morphological 

species concepts is needed to maintain consistent taxonomy among different projects or 

within multi-year projects (Alers-García et al., 2021).

4. Conclusions

We showed that diatom MMIs developed using genus-level taxonomy and trait-based 

autecological information can be effective for large-scale and long-term assessment 

programs such as the NRSA, where taxonomic inconsistencies have constrained the use 
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of diatoms. In contrast to traditional species-level approaches, our approach can use genus-

level data, which is simpler and less-expensive to obtain, and can eliminate discrepancies 

in species-level identification or nomenclature that can reduce confidence and defensibility 

of the datasets. Thus, the approach we developed requires less labor, and could enable the 

inclusion of diatoms in state or regional programs with limited time and financial resources. 

Moreover, the use of genus-level diatom indicators may allow programs such as NRSA to 

assess historical trends in freshwater condition by revisiting older diatom datasets, where 

inconsistencies in species-level identification, and recent advances in standardization of 

identification may have rendered historical datasets unreliable and inconsistent with current 

standards.

While the level of taxonomic resolution required for diatom-based assessments depends 

on the specific goals of individual assessment programs, our results are supported by 

other studies that show genus-level identification can provide a robust biotic assessment. 

Importantly, we do not suggest that species-based approaches should be replaced by genus-

level approaches; instead, our research showed that trait-based MMI’s offer a suitable 

alternative when reliable species-level data are not available. Some scientists have advocated 

only using species-level data, and that we should expand our efforts to improve taxonomic 

consistency across taxonomists and establish voucher specimen processes. While we agree 

that improving the taxonomic processing of diatoms should continue, we are not there 

yet. To wait for this process to be completed wastes the opportunity (with associated 

cost-savings) to include diatoms now in national assessments, and the possibility of using 

older datasets in retrospective analyses.

Based on the successful performance of our MMIs, we also demonstrated that traits assigned 

to European diatom taxa were transferable to taxa in North America. For future work we 

will assess the performance of the regional-scale MMIs applied to state-level datasets across 

the U.S., and will examine how the MMIs and separate metrics respond to individual 

environmental stressors. We could also test the utility of our trait-based approach on 

other aquatic systems such as lakes, where programs such as the NLA have met similar 

challenges because of taxonomic inconsistencies that have prevented the use of diatoms in 

lake assessments.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Location of 2008–2009 sample sites within three large ecoregions used by NRSA – the 

East, Plains and West. The 9 finer-scale ecoregions across all three regions are Northern 

Appalachians (NAP), Southern Appalachians (SAP), Coastal Plains (CPL), Upper Midwest 

(UMW), Temperate Plains (TPL), Northern Plains (NPL), Southern Plains (SPL), Western 

Mountains (WMT) and Xeric (XER).

Riato et al. Page 23

Ecol Indic. Author manuscript; available in PMC 2023 August 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Fig. 2. 
Boxplots comparing the discrimination between least- and most-disturbed site scores for the 

national MMI and ecoregion-specific MMIs within each of the component ecoregions (a) 

the East, (b) the Plains, and (c) the West, based on the calibration data (2008–2009 NRSA). 

Refer to Table 1 for a description of the x-axis ecoregion acronyms. Horizontal lines 

represent the medians, boxes represent the interquartile ranges (25th and 75th percentiles), 

whiskers represent 5th and 95th percentiles, and the dots represent outliers.
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Fig. 3. 
Boxplots comparing (a) East MMI, (b) Plains MMI, and (c) West MMI scores between 

least- and most-disturbed sites for the validation data (2013–2014 NRSA) relative to 

the calibration data (2008–2009 NRSA). Horizontal lines represent the medians, boxes 

represent the interquartile ranges (25th and 75th percentiles), whiskers represent 5th and 

95th percentiles, and the dots represent outliers.
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Fig. 4. 
Probabilities of occurrence for species included in the scoring of the Tube-living colony % 

individuals metric in the Plains based on 2008–2009 NRSA data. Only species present in ≥ 

1% of sites are shown. Based on trait information at the species-level (Rimet and Bouchez, 

2012a; 2019), species represented by the light grey bars were assigned the correct trait at the 

genus-level.
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Table 2

Assignment of traits to diatom taxa in the NRSA 2008–2009 and 2013–2014 datasets using genus-level 

taxonomy.

Traits Definition of trait classification Typical genus examples

Functional

Life-forms

Mobile Free moving e.g., some species vertically migrate into the sediments to acquire 
nutrients or through sediments to reach light

Achnanthes, Amphora, Nitzschia

Tube-living colony Species that form tubes inside which frustules can move Amphipleura, Encyonema, 
Frustulia

Colonial Species are attached by spines, stalks, or mucilage at their poles Aulacoseira, Eunotia, Tabellaria

Non-colonial Species are not attached; can be floating or free-moving Achnanthes, Navicula sensu lato, 
Nitzschia

Filament colony Species linked by spines Aulacoseira, Skeletonema

Zig-zag colony Pennate species connected by mucilage at their neighbor poles Diatoma, Tabellaria

Stellate colony Pennate species connected by mucilage at their opposed poles Asterionella, Staurosira

Arbuscular colony Species produce stalks at either pole; stalks diverge from each diatom frustule to 
form branching colonies

Cymbella, Rhoicosphenia

Rosette colony Species attached to substrate by a short stalk at one pole; colonies look fan-
shaped

Fragilaria, Ulnaria

Ribbon colony Species attached to one another either by interlocking spines or by mucilage 
excretions on their valve face, forming long, ribbon-like colonies

Eunotia, Fragilaria, Staurosira

Pedunculate Species grows upright to substrate, attached by a mucilage pad or stalk Achnanthes, Gomphonema, 
Reimeria

Pad Species grows upright to substrate, attached by a mucilage pad Fragilaria, Karayevia, Ulnaria

Stalk Species produce a stalk that sticks to the substrate. The stalk can be simple that 
is linked to one cell or can be branching stalks linked to several cells

Gomphonema, Psammothidium, 
Surirella

Adnate Species grows parallel to substrate, attached by their valve face Amphora, Cocconeis, Rhopalodia

Ecological guilds

High-profile Large species, or those that tend to form colonies such as filamentous, branched, 
chain-forming and tube-living

Diatoma, Eunotia, Gomphonema

Low-profile Species of short stature, including prostrate, adnate, erect, and slow-moving 
species

Achnanthidium Achnanthes, 
Amphora

Motile Fast-moving species Epithemia, Navicula sensu lato, 
Surirella

Planktic Solitary or colonial species that live in the water column or unattached to 
substrates

Aulacoseira, Cyclotella, 
Stephanodiscus

Physiological N-fixers Atmospheric nitrogen-fixing species Epithemia, Rhopalodia
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Table 3

Final metrics included in the best performing 4-metric national MMI, and 5-metric East MMI, Plains MMI, 

and West MMI based on the calibration dataset (2008–2009 NRSA). For each metric, positive or negative 

(+/–) expected responses to anthropogenic disturbances are shown based on distributions of metric scores 

between least- and most-disturbed sites, and existing literature.

Metric National MMI East MMI Plains MMI West MMI Response

Traits

Tube-living colony % individuals X X −

High-profile % individuals X X −

High-profile % taxa X −

Low-profile % individuals X +

Planktic % taxa X X +

N-fixers % individuals X −

Motile-S1 % individuals X +

Genera

Achnanthidium + Achnanthes % individuals X X X −

Cyclotella % individuals X +

Cymbella % taxa X −

Navicula % individuals X +

Nitzschia % individuals X +

Melosira % individuals X +

Surirella % individuals X +
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Table 5

t-scores to compare the discrimination between mean values of least-disturbed (LD) and most-disturbed (MD) 

sites for the national MMI and ecoregion-specific MMIs within each of the component ecoregions based on 

the calibration dataset. Refer to Table 1 for the number of LD and MD sites within each ecoregion applied in 

the t-tests. The higher the t-score the better the discrimination.

t-scores

Region National MMI East MMI Plains MMI West MMI

Northern Appalachians (NAP) 8.3 9.6 – –

Southern Appalachians (SAP) 9.1 11 – –

Coastal Plain (CPL) 6.7 7.9 – –

Upper Midwest (UMW) 7.9 7.9 – –

Temperate Plains (TPL) 1.6 – 3.3 –

Northern Plains (NPL) 3.3 – 4.2 –

Southern Plains (SPL) 4.9 – 8.3 –

Western Mountains (WMT) 5.1 – – 5.8

Xeric Region (XER) 3.3 – – 6.6
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