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A B S T R A C T

Streamflow duration assessment methods (SDAMs) are rapid tools for reach-scale streamflow duration classifi
cation. SDAMs use single-visit indicator data as surrogates because direct measurement of long-term flow 
duration is resource intensive. Algae (diatoms and soft-bodied algae) are potentially strong indicators of 
streamflow-duration class (SDC) because of geographical ubiquity and biodiversity across moisture gradients. 
Algal cover and algal assemblage data (presence/absence, density, and biovolume) at species- and genus-levels 
were analyzed from 508 samples across 22 ephemeral, 37 intermittent, and 51 perennial reaches distributed 
along 31 forested headwater streams within 4 ecoregions in the contiguous United States. Random forest models 
using species- and genus-level datasets to predict SDCs had classification accuracy ranging from 69.5% – 88.4%, 
with accuracy being highest for density, intermediate for presence/absence, lowest for biovolume data. Species- 
level models had 0.6% – 5.9% higher accuracy for density and presence/absence datasets than genus-level 
models. Based on their median ranks of minimum node depth among random forest models, season (wet vs 
dry) was a more important factor than habitat sampled (erosional vs depositional) when distinguishing 
ephemeral, intermittent and perennial but habitat was more important when distinguishing ephemeral from non- 
ephemeral reaches. Algal cover index (categorical visual-tactile assessment) was the most important indicator of 
SDC. Except for the red alga, Audouinella, the identified indicator taxa were diatoms. Our findings support 
epilithic algal cover as an SDAM indicator for forested headwater streams. Until taxonomic tools are available for 
field identifications, algal cover index and abundance of soft-bodied algae and live diatoms may be candidate 
indicators for regional SDAMs.

1. Introduction

Streamflow duration describes the length of time and timing of 
surface flow in stream channels and is controlled by natural and 
anthropogenic factors (Shanafield et al., 2021; Datry et al., 2023). 
Streamflow is a fundamental process that controls the transport of re
sources, pollutants, and services across landscapes, and is also para
mount to the habitat templet in which aquatic organisms have evolved 
(Hart and Finelli, 1999; Lytle and Poff, 2004). Therefore, zero flow pe
riods or complete drying, especially if extended, strongly affect the 
distribution, abundance, and biodiversity of aquatic organisms (Jaeger 

et al., 2014; Dalibard et al., 2021).
Different terms have been used to classify streamflow duration, but 

perennial, intermittent, and ephemeral are the most widely used (Busch 
et al., 2020). Perennial reaches have continuous surface flow and do not 
experience recurrent drying except during severe drought. Intermittent 
reaches have surface flow for part of the year, typically when the 
streambed is below the water table and/or when snowmelt from sur
rounding uplands provides sustained flow. Lastly, ephemeral reaches 
flow only in direct response to precipitation and the streambed elevation 
is always above the water table. Headwater streams can have perennial 
reaches, but many reaches are ephemeral or intermittent and contribute 
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significantly to the length and discharge in river networks (Fesenmeyer 
et al., 2021; Brinkerhoff et al., 2024). Because of their abundance and 
position on the landscape, headwater streams represent a significant 
interface between uplands and downstream water through the transport, 
storage, and transformation of materials, and by providing habitat, 
migratory corridor, and refuge for diverse biota.

Although headwater streams are widespread and abundant, they are 
rarely gauged (Krabbenhoft et al., 2022), and often poorly mapped 
(Benstead and Leigh, 2012; Stanislawski et al., 2015). While there have 
been successful efforts to use remote sensing to map surface water extent 
in large channels in open landscapes (e.g., Dralle et al., 2023; Cavallo 
et al., 2025), image resolution, cloud cover, and density of tree can
opies can limit the use of remote sensing for classifying the streamflow of 
headwater streams over extensive areas in many regions (Christensen 
et al., 2022). Without continuous streamflow data and maps, there is a 
need to provide accurate SDCs to rapidly inform management decisions 
for headwater streams. Streamflow duration classes (SDCs), like peren
nial, intermittent, and ephemeral, are used to support management 
decisions related to water-quality standards, riparian buffer widths, 
mitigation, and jurisdictional determinations (Fritz et al., 2017; 
Messenger et al., 2024; USEPA, 2025). Streamflow duration assessment 
methods (SDAMs) are rapid field assessments that use indicators to 
classify streamflow duration at the reach scale (Fritz et al., 2020). In
dicators can be physical or biological, and they reflect SDCs because 
they respond to or control the duration of streamflow.

Epilithic algae (primary producers lacking true tissues, including 
diatoms, cyanobacteria, green algae, and other soft-bodied forms that 
live on coarse streambed substrates) are sensitive to environmental 
changes, support freshwater food webs, and are easy to collect in rocky 
streams. For these reasons epilithic algae have been extensively used as 
bioassessment indicators in streams (Stevenson, 2014; Smucker et al., 
2024). The distribution of most algal groups spans terrestrial to per
manent aquatic habitats, with species being associated with differences 
in moisture preferences and adaptations (Potts, 1999; Holzinger and 
Karsten, 2013). Water and its flow are vital to stream algae in several 
ways. Algae use water for photosynthesis, physical support, reproduc
tion, and nutrient acquisition so desiccation halts processes and can 
increase exposure to some stressors, such as UV light. Flow can enhance 
the rate of nutrient exchange, downstream dispersal, and protection 
from invertebrate grazers (Hart and Finelli, 1999), so periods without 
flow can be limiting for some stream algae (e.g., Colls et al., 2019; 
Terada et al., 2025). Other algae have physiological and morphological 
adaptations to periods with no flow or water (e.g., Timoner et al., 2014; 
Jiménez et al., 2023). Compared to other biological indicators, like in
vertebrates and fish, algae are not well characterized in intermittent and 
ephemeral streams (Novais and Morais, 2024) particularly in North 
America (Taurozzi et al., 2024; but see Pfister et al., 2015; Busch et al., 
2024).

Our study had 3 objectives. The first objective was to identify algal 
taxa and composite indicators (e.g., total algal cover, total density, total 
biovolume) that best distinguish among ephemeral, intermittent, and 
perennial reaches of forested headwater streams in different ecoregions. 
Our second objective was to determine if different taxonomic resolutions 
(diatom genus and species) and numeric resolutions (presence, density, 
and biovolume) affect classification accuracy. Our third objective was to 
assess the relative influence of season (wet vs dry) and habitat (depo
sitional vs erosional) on classification accuracy.

Based on previous studies comparing algal communities between 
perennial and intermittent reaches, we expect stronger difference be
tween ephemeral reaches and intermittent and perennial reaches than 
between intermittent and perennial reaches (e.g., Colls et al., 2019; 
Tornés et al., 2021; Busch et al., 2024). We also expect season to in
fluence the degree of algal compositional differences across SDCs, in part 
because hydrological differences would be greater during the dry season 
(when intermittent and ephemeral reaches are more likely to be dry or 
have isolated pools; Falasco et al., 2016; Burgazzi et al., 2020) than 

during the wet season (when intermittent and ephemeral reaches are 
more likely to have longer periods of surface flow). We expect habitat 
(depositional vs erosional) to influence algal compositional differences 
among SDCs because loss of surface flow is likely to have more impact on 
taxa of erosional than depositional habitats (Peterson, 1987) and 
depositional habitats are expected to retain surface water longer than 
erosion habitats, but we expect habitat to have less influence on 
compositional differences among SDCs than season (dry vs wet). Lastly, 
we expect the degree of algal compositional differences among SDCs 
would vary across regions because previous studies have shown algal 
assemblages changes predictably based on geographic location 
(Potapova and Charles, 2002; Soininen, 2007), supporting the need for 
regional stratification for accurate classification of headwater streams.

2. Methods

2.1. Study area

To address our study objectives, a field study was conducted that 
compared the taxonomic composition of algal assemblages at 22 
ephemeral reaches, 37 intermittent reaches, and 51 perennial reaches in 
31 forested headwater streams distributed across 10 mesic forests. The 
10 study forests spanned 4 Level II ecoregions (Omernik, 1995) and 9 
different U.S. states (Table 1, Figure S-1). Ecoregions are areas con
taining similar ecosystems (physical and biotic characteristics), 
including similar type, quality, and quantity of environmental resources 
(climate, geology, hydrology, landforms, soils, vegetation, wildlife, and 
human factors). Ecoregion classification is hierarchical, such that they 
can be used for assessment at continental (Level 1), national (Level II), 
and regional/local (Level III) scales. Algae were sampled during the wet 
(April and May) and dry (August and September) seasons. Four forests 
(17 streams in ecoregions 8.3 and 8.4) were sampled during 2003 and 
2004, whereas 6 forests (14 streams in ecoregions 5.3, 6.2, 8.3, and 8.4) 
were sampled in April and May 2005 and August and September 2004 or 
2005 (1 y per forest). Study catchments had >90% forest cover and 
drainage areas <300 ha (see Fritz et al., 2008 for more details). No 
existing hydrologic data were available for the study reaches, so we 
identified reaches based on longitudinal position (or drainage area) 
along the streams to capture varying streamflow duration. Streamflow 
duration was expected to increase with increasing storage capacity and 
recharge potential that increases with drainage area in gaining streams. 
We identified 2 to 4 study reaches (30-m length) along each study 
stream. Different number of reaches were identified because stream 
length differed among study streams. Consecutive reaches were typi
cally positioned upstream and downstream from tributary confluences, 
so that drainage area at the study reaches increased nonlinearly with 
longitudinal position. The mean channel length between study reaches 
was 383.8 m (±42.6, ±1 standard error).

2.2. Field sampling

Flow status (continuous surface flow, interstitial flow, isolated pools, 
or dry) was recorded on each visit. The combination of flow status from 
wet and dry seasons were used to categorize reaches into SDCs. Peren
nial reaches had continuous surface flow or interstitial flow on every 
visit. Intermittent reaches had continuous surface flow or interstitial 
flow on at least 1 visit. Ephemeral reaches did not have flow on any visit. 
A subset of reaches (71/110) had continuous data (ranging from 71 to 
351 d) from electrical resistance data loggers that recorded streamflow 
duration in the channel thalweg of erosional habitat (Table S-1, Fritz 
et al., 2006). Based on these data, we classified reaches that were 
flowing >90% of the time as perennial, flowing 10 to 90% as intermit
tent, and <10% of the time as ephemeral. Classification based on flow 
statuses during site visits and data logger agreed in 75% of study reaches 
(90.6% agreement for perennial, 58.3% for intermittent, and 66.7% for 
ephemeral). The SDCs used in analyses were based on the combination 
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of flow status during study visits. Following Fritz et al. (2006), we 
measured the following environmental variables: water depth, wetted 
width, current velocity, modal bed particle size (β-axis), macro
invertebrate grazer density, macroinvertebrate grazer biomass, macro
invertebrate predator density, macroinvertebrate predator biomass, 
percent canopy cover, discharge, water temperature, dissolved oxygen 
concentration, pH, specific conductivity, proportion of erosional 
habitat, drainage area, catchment percent forest cover, depth to 
bedrock, channel sinuosity, reach slope, and entrenchment ratio.

Six individual stones were selected from the thalweg of each habitat 
type (depositional and erosional) across multiple habitat units. The 
habitat units from which stones were selected had the dominant hy
drologic condition (flowing, standing water, or dry) for the habitat type 
within the reach. Many reaches had riffle-pool sequences, but some high 
gradient reaches had step-pool sequences. Erosional and depositional 
habitats from which stones were collected were designated based on 
streambed topography, substrate size, and distribution of organic mat
ter. A 12-cm2 area was scraped from the upper surface of each stone and 
composited into separate erosional and depositional samples and pre
served with 10% formalin (see Fritz et al., 2006 for a detailed sampling 
description).

A visual and tactile Algal Cover Index (ACI) was scored each visit to 
characterize the algal cover within the study reaches (Table 2; Feminella 
and Hawkins, 2000; Fritz et al., 2006). The ACI score for at least 25 
stones in the thalweg were measured equidistantly along the entire 
reach and the modal score across stones within the reach was recorded. 
Higher ACI scores reflect increasing thickness of epilithic algae and were 
expected to increase with longer streamflow duration (i.e., perennial >
intermittent > ephemeral). Although the assessor did not know the SDC 
of the reach at the time ACI measurements, the hydrological status 
(flowing, dry, isolated pools) was known, so as for any of the algal in
dicators we measured, there was potential for observer bias.

2.3. Laboratory analyses

Samples were concentrated to 20 ml, vortexed for 60 s, and split into 
2 equal subsamples: “soft-bodied algae” (i.e., Chlorophyta, 

Cyanobacteria, Rhodophyta, Pyrrhophyta) and a diatom identification 
subsample. The soft-bodied algae subsample was preserved with 
formalin (5%), mixed for 20 s, and pipetted (0.1 mL) into a Palmer- 
Maloney chamber, after which at least 300 living algal counting units 
(colony, filament, or diatom cell containing protoplast material) were 
counted using a Zeiss Axioskop compound microscope at 400x magni
fication (minimum of 1 complete, randomly selected transect). The in
dividual soft-bodied algae filaments were counted if they could be 
discerned at 400x magnification. However, if individual filaments could 
not be discerned then each 10-μm length of filament in the field was 
counted. Diatoms were counted as living or dead and all other algae 
were enumerated and identified to lowest possible taxonomic level, 
typically genus in the soft-bodied algae subsample. A separate diatom 
subsample was cleaned with concentrated sulfuric acid and rinsed with 
deionized water to remove organic matter in the diatoms and reveal 
morphological characteristics used for identification (Hasle and Fryxell, 
1970). Then permanent diatom slides were prepared using Naphrax 
mounting medium (Northern Biological Supplies Limited, Ipswich, En
gland). Using a Zeiss Axioskop compound microscope, at least 500 
diatom valves were counted and identified (typically to species) at 
1000x magnification (minimum of 1 complete, randomly selected 
transect). The primary reference for soft-bodied algae taxonomy was 
Wehr and Sheath (2003) and the primary references for diatom taxon
omy were Patrick and Reimer (1966, 1975) and Krammer and Lange- 
Bertalot (1986, 1988, 1991a, 1991b). All taxonomic identifications 
and counts were made by a single taxonomist (SJD). Taxonomy was 
updated (see Table S-2) by consulting online resources Diatoms of North 
America (Spaulding et al., 2021), and Algaebase (Guiry and Guiry, 
2021).

In concert with the soft-bodied algae and diatom counts and iden
tifications, algal unit dimensions were measured for biovolume deter
mination. Dimensions were measured with an ocular micrometer from 5 
algal counting units for each taxon occurring in ≥5% of the total 
abundance within a sample. Dimensions measured and associated bio
volume equations were based on Hillebrand et al. (1999) and Sun and 
Liu (2003). Where a dimension value (depth for diatoms) could not be 
measured, the associated taxon-specific modal values were used from 
the Academy of Natural Sciences of Drexel University’s Phycology 
Section database for U.S. Geological Survey’s National Water-Quality 
Assessment Program (Charles et al., 2002).

2.4. Data analysis

We calculated total algal cell density, total algal biovolume, percent 
soft-bodied algae, percent live diatoms, and percent aerial diatom taxa 
as composite algal indicators. Except for percent aerial diatom taxa, we 
expected that the composite algal indicators would be highest in 
perennial, intermediate in intermittent, and lowest in ephemeral rea
ches. Aerial diatoms are those taxa with moisture indicator values of 4 or 

Table 1 
Study locations across the United States. Shown are study years, number of streams per forest, number of perennial, intermittent, and ephemeral reaches (R), cor
responding number of composite samples (S), and Level II ecoregion names and codes (Omernik, 1995).

Study location Year Streams Perennial Intermittent Ephemeral Level II ecoregion

R S R S R S Name Code

Illinois (IL) 2004–2005 4 1 4 9 36 4 11 Southeastern USA Plains 8.3
Indiana (IN) 2003–2004 4 0 0 11 71 4 24 Southeastern USA Plains 8.3
Kentucky (KY) 2003–2004 5 6 43 8 48 4 24 Ozark, Ouachita-Appalachian 8.4
South-central Ohio (SCOH) 2003–2004 4 9 49 0 0 4 16 Ozark, Ouachita-Appalachian 8.4
Southeastern Ohio (SEOH) 2003–2004 4 8 46 5 19 2 6 Ozark, Ouachita-Appalachian 8.4
New Hampshire (NH) 2005 1 2 4 2 4 0 0 Atlantic Highlands 5.3
New York (NY) 2004–2005 2 6 10 0 0 0 0 Atlantic Highlands 5.3
Vermont (VT) 2005 1 2 8 1 4 1 4 Atlantic Highlands 5.3
Washington (WA) 2004–2005 2 5 20 1 4 0 0 Western Cordillera 6.2
West Virginia (WV) 2004–2005 4 12 46 0 0 3 7 Ozark, Ouachita-Appalachian 8.4
Total ​ 31 51 230 37 186 22 92 ​ ​

Table 2 
Algal Cover Index (ACI) scores and associated characteristics.

ACI 
score

Visual and tactile characteristics

1 Substrate is rough with no apparent growth
1.5 Substrate is slimy, but biofilm not visible (i.e., fingernail scratch leaves no 

visible track)
2 Thin layer visible (0.5-1 mm thick, i.e., fingernail scratch visible)
3 Algal mat thickness 1-5 mm thick and filamentous algae rare
4 Algal mat thickness 5-20 mm thick and filamentous algae common
5 Algal mat thickness >2 cm or filamentous algae dominates
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5 in Mertens et al. (2025), where 4 indicates “mainly occurring on wet 
and moist or temporarily dry places” and 5 indicates “nearly exclusively 
occurring outside water bodies.” The percent of aerial diatom taxa was 
expected to higher in ephemeral than in non-ephemeral reaches. 
Mertens et al. (2025) included moisture indicator values for 228 of 298 
diatom species identified in our dataset (Table S-2). Of the 70 diatom 
species in our dataset that did not have moisture indicator values in 
Mertens et al. (2025), 57 species occurred in <10% of the study samples.

We used four-way mixed effects ANOVA in R (lme4 package, version 
4.4.1; R Project for Statistical Computing, Vienna, Austria) to compare 
composite algae measures (total density, total biovolume, percent 
abundance of soft-bodied algae, percent abundance of live diatoms, and 
percent of aerial diatom taxa) among 4 fixed factors: habitat (erosional 
or depositional), SDC (ephemeral, intermittent, or perennial), season 
(wet or dry), and Level II ecoregions (5.3, 6.2, 8.3, or 8.4). Habitat was 
not included as a factor in a three-way mixed effects ANOVA for ACI 
because ACI was measured for the entire reach (across erosional and 
depositional habitats) during each visit. A fully nested, random effects 
structure resulted in overfitting, so the model used did not include the 4- 
way interaction, and to account for the hierarchical nesting of the 
sampling design, we used the interaction of forest, stream, and reach as a 
single random intercept factor to control for non-independence of 
localized sampling units without destabilizing the variance matrix. In 
addition, because the dataset lacked ephemeral reaches in Ecoregion 6.2 
(Table 1), any detected SDC fixed effect or interaction reflecting dif
ferences related to ephemeral reaches would be attributed to the other 
three ecoregions. Residual plots of fitted vs estimated values and normal 
Q-Q plots were checked for normality of residual distributions. Total 
algal density and ACI were log10-transformed; percent soft-bodied algae 
was square root-transformed; and percent live diatoms was arcsin- 
transformed prior to analysis. Non-metric multi-dimensional scaling 
(NMDS) was used to visualize algal compositional patterns based on 
Bray-Curtis distance of root-root transformed densities of taxa that 
represented at least 2% in at least 1 sample (156 of 359 taxa across 508 
samples). Relationships between NMDS axes scores and environmental 
variables were assessed using Spearman rank correlation. A permuta
tional multivariate of analysis of variance (PERMANOVA) with a mixed 
effects design was used to test for differences in algal taxonomic 
composition between habitat (depositional and erosional), SDC 
(ephemeral, intermittent, and perennial), seasons (wet and dry), and 
Level II ecoregions (4 ecoregions) based on Bray-Curtis distance of root- 
root-transformed taxa densities. The fixed factors in the design were 
habitat, SDC, season, and Level II ecoregion. Unique combinations of 
stream (31 streams) and forest (10 forests) (stream+forest) was treated 
as a random factor nested within Level II ecoregion, and all associated 
interaction terms were also tested. The PERMANOVA was based on 9999 
permutations and was done using Primer 7 PERMANOVA+ (Anderson 
et al., 2008).

We used random forest (RF) classification (Cutler et al., 2007) to 
identify species- and genus-level taxa and composite measures (ACI, 
soft-bodied algae, diatoms) as indicators for 3 SDCs (perennial, inter
mittent and ephemeral reaches) and to distinguish between 2 SDCs 
(ephemeral from non-ephemeral reaches). Models were developed to 
distinguish 2 SDCs because distinguishing between ephemeral and non- 
ephemeral reaches was a high priority use of the SDAMs to inform some 
management decisions. RF was also used to 1) assess if numeric (pres
ence/absence, density, biovolume) or taxonomic (diatom species or 
genus) resolution influenced streamflow-duration classification accu
racy and 2) assess the relative influence of sample habitat type 
(erosional and depositional), season (wet or dry), or composite measures 
(ACI, soft-bodied algae, diatoms) on the classification accuracy. We 
included habitat type and season in RF to better understand their rela
tive importance for the predictive ability of algal taxa rather than to 
interpret these factors directly as indicators of SDCs. Our analyses 
included 12 RF models that used algal indicators to predict SDCs 
(Table S-6). We used the ranger (version 0.14.1; Wright et al., 2022) and 

randomForestExplainer (version 0.10.1; Paluszynska et al., 2020) 
packages in R (version 4.0.2) to fit models having 500 decision trees. 
The tuneRanger package was used to optimize settings for mtry (1700) 
and min.node.size (2). We used the default out-of-bag settings (100% of 
data with replacement) to estimate classification accuracy for each 
model.

Imbalanced data can influence RF models because RF fitting is biased 
toward the classification accuracy of the dominant class over the mi
nority class (Chen et al., 2004; More and Rana, 2017). Our dataset was 
imbalanced with respect to SDC (perennial – 45.2%, intermittent – 
36.6%, and ephemeral – 18.1%, Tables 1 and S-3), so we balanced the 
decision tree by subsampling across classes during model fitting with 
evenly weighted random sampling with replacement to prevent bias 
associated with the imbalanced dataset. Samples were also unevenly 
distributed across ecoregions (Eco 5.3 – 6.7%, Eco 6.2 – 4.7%, Eco 8.3 – 
28.7%, and Eco 8.4 – 59.8%; Table 1), but sample sizes for some com
binations of SDC and ecoregion prevented concurrent balancing. We 
present the indicator results by ecoregion to evaluate potential 
limitations.

The results across sets of RF models were integrated to address our 
objectives. Indicators for each of the 3 numeric resolutions (presence/ 
absence, density, biovolume) were identified by ranking the taxa ac
cording to how well they predicted SDC in a random forest model. A 
decision tree identifies predictors that are best able to split a dataset into 
distinct groups. The first split in a decision tree (attributed to a specific 
predictor) has a node depth = 0. A lower node depth usually is associ
ated with greater classification ability because predictors identified 
earlier in a decision tree can classify data more accurately (Paluszynska 
et al., 2020). Across the 500 decision trees in each RF model, we 
calculated mean minimal node depth for each predictor (based on only 
that predictor’s first appearance if it appeared multiple times in a de
cision tree). Because the units of mean node depths are not meaningful 
for comparison across RF models, we compared RF models by assigning 
a rank of 1 to the taxon within each RF model with the lowest mean 
minimal node depth, a rank of 2 to the next lowest, and so on. We 
calculated Spearman correlation coefficients comparing modeled sets of 
ranks to assess consistency among the 3 numeric resolutions. Then, for 
each taxon, we determined median rank across all 3 numeric resolu
tions. We assessed the relative importance of predictors (habitat, season, 
and composite measures) on the classification by comparing their me
dian rank of mean node depth across RFs for 3 numeric resolutions. Algal 
taxonomic indicators were identified as those predictors having >10% 
difference in percent presence in samples among SDCs. This approach 
was also applied to compare diatom species + soft-bodied algae genus 
and diatom genus + soft-bodied algae genus taxonomic resolutions.

3. Results

A total of 359 taxa (29 soft-bodied algae and 330 diatoms), including 
13 Chlorophyta genera, 9 Cyanobacteriota genera, 1 Pyrrophyta genus, 
1 Rhodophyta genus, and 297 diatom species (79 genera) were identi
fied. The remaining 38 taxa represented undetermined specimens that 
could not be identified to genus for soft-bodied algae (5) or to a 
described species for diatoms (33), and except for unverified specimens 
originally identified as Diploneis parma Cleve, did not have mean relative 
abundance or mean relative biovolume of >1%. Excluding undeter
mined specimens, the mean diatom richness was 18 species per sample 
and the mean soft-bodied algae richness was 1 genus per sample. Across 
all samples, 194 taxa were identified from ephemeral reaches, 256 taxa 
from intermittent reaches, and 304 taxa from perennial reaches. Di
atoms (living and dead), on average, had a relative abundance of 88.1% 
in all samples with 65.1% being living diatoms. The diatom Achnanthi
dium minutissimum was the most abundant species in each SDC, repre
senting >30% of algae on average in the samples and occurring in >78% 
of samples collected in each SDC. Eunotia exigua (8% to 22%) and 
Gomphonema parvulum (4% to 13%) were the next most abundant 
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diatoms. These 3 diatom species also averaged >10% of the total algal 
biovolume measured. The most abundant soft-bodied algae collected 
were the red alga, Audouinella (0.6% to 8% abundance) and the cya
nobacteria, Oscillatoria (2% to 5%) and these were also highest in bio
volume among the soft-bodied algae collected (0.7% to 12.8% and 1.1% 

to 1.9%, respectively). Chlorophytes were sporadic and typically rare 
(<1% abundance) in each SDC. There were 43 diatom and 2 soft-bodied 
algae taxa (Audouinella and Oscillatoria) that occurred in samples from 
all Level II ecoregions and only 16 diatom and no soft-bodied algae taxa 
that occurred in samples from all 10 study forests.

Figure 1. Mean (±1 standard error, SE) (a) algal density, (b) algal biovolume, (c) Algal Cover Index score, (d) percent soft-bodied algae by density, (e) percent live 
diatoms by density, and (f) percent aerial diatom taxa by flow duration class displaying variation across Level II Ecoregions (codes labeled on x-axis). No ephemeral 
reaches were sampled in Ecoregion 6.2.
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Significant differences among SDCs were detected for percent 
abundance of live diatoms, percent abundance of aerial diatoms, and 
ACI scores (Table S-4); however, significant interactions between SDC 
and Level II ecoregion (Figure 1) or season (Figure 2) indicate that any 
differences among SDCs for these measures were inconsistent. The 
average percent abundance of live diatoms was higher in the wet season 
than dry season at ephemeral and intermittent reaches but was com
parable between seasons at perennial reaches (Figure 2b). Total algal 
biovolume (Figure 1b) and percent of soft-bodied algae (Figure 1d) were 
not detectably different among SDC or for any other factor (Table S-4). 
Total algal density was higher in depositional habitats (8213 cells cm-2 

± 1224.3, mean ± 1SE) than in erosional habitats (5761 ± 674.9; F1, 367 
= 5.3, p = 0.02) across seasons, SDCs, and ecoregions. Percent of aerial 
diatom taxa was higher in the dry season (20.5% ± 0.8) than in the wet 
season (11.6% ± 0.7; F1, 386 = 13.1, p = 0.0003) for all SDCs. Dry season 
ACI scores (1.24 ± 0.03) were lower than wet season ACI scores (1.50 ±
0.06; F1, 411 = 10.33, p = 0.001). Most (83.2%) ACI scores reflected no 
detectable epilithic growth (ACI = 1) or only tactilely detectable growth 
(ACI = 1.5). Visible growth (ACI > 1.5) was never scored at ephemeral 
reaches.

The NMDS analysis (2-dimensional, stress = 0.2) did not show clear 
separation between algal assemblages from erosional and depositional 
habitats (Figure 3a). Assemblage composition was most clearly orga
nized by forest and Level II ecoregion (Figure 3d) with separation be
tween seasons (Figure 3b) and SDC (Figure 3c) less clear and nested 
within forests. The environmental variables most strongly correlated to 
axis 1 were pH (rs = -0.52), specific conductivity (rs = -0.48), and ACI (rs 
= -0.37) (Figure 3d). There were no detectable differences in taxonomic 
composition among habitats and SDCs, but there were significant dif
ferences detected among seasons and ecoregions as well as interactions 
among SDCs, seasons, and streams + forests (ecoregions) in the PER
MANOVA analysis (Table S-5), confirming NMDS patterns.

The overall classification accuracy ranged from 69.5 to 88.4% across 
the 12 RF models (Table 3). Overall classification accuracy of RF models 
varied by numeric resolution more so for the 3 SDCs (ephemeral, 
intermittent, and perennial) models than 2 SDCs (ephemeral and non- 
ephemeral) models. Overall classification accuracy of RF models for 3 
SDCs based on algal presence/absence and density was 6.1% to 11% 
higher than models using algal biovolume for species- and genus-level 
taxonomic resolutions (Table 3). The overall classification accuracy of 
RF models for 2 SDCs based on biovolume was more comparable (only 
1.9% to 2.2% lower) to those based on presence/absence and density. 
The taxonomic resolution for diatom identification had less effect than 
numeric resolution. RF models for 3 SDCs using diatom species-level 
identifications had 1% to 5.9% higher overall accuracy than models 
using diatom genus-level identifications. The increased accuracy using 
diatom species-level over genus-level identification was only 0.6% to 
1.2% for the RF models developed for 2 SDCs. All RF models for 3 SDCs 
had higher classification accuracy for perennial reaches than for inter
mittent reaches, but not always when compared to ephemeral reaches 
(Table 3), and this was also reflected in the 6.1% to 15.1% higher overall 
classification accuracies of the RF models for distinguishing ephemeral 
from non-ephemeral.

The classification accuracy using different taxonomic and numeric 
resolutions varied among Level II ecoregions to a greater extent for RF 
models for 3 SDCs than models for 2 SDCs (Table 3). The RF models for 3 
and 2 SDCs using presence/absence and density with species- or genus- 
level diatom taxonomy had higher classification accuracy than the ac
curacy of the models using biovolume for ecoregions 8.3 and 8.4. The RF 
model for 3 SDCs using biovolume and genus taxonomy had the highest 
classification accuracy for ecoregion 5.3. The RF models for 3 SDCs 
using presence/absence and density with species taxonomy had the 
highest accuracy for ecoregion 6.2, and accuracy was comparable across 
numeric resolutions for the RF models for 2 SDCs for this region that did 
not have any ephemeral study reaches. Species-level instead of genus- 
level taxonomy for diatoms improved classification of presence/ 
absence-based models for 3 SDCs in 3 of 4 ecoregions, with the high
est improvement being 20.6% in ecoregion 5.3. Classification accuracy 
of the presence/absence-based model for 3 SDCs was higher using 
species-level than genus-level taxonomy in ecoregion 5.3 but accuracies 
of density- and biovolume-based models were higher for genus-level 
taxonomy (Table 3).

Median ranks of minimum node depth among RF models were more 
strongly correlated between presence/absence and density (rs >0.89) 
than with biovolume (rs < 0.69) for species- and genus-level taxonomy 
and RF models for 3 and 2 SDCs (Table S-7). The ACI score had the top 
median rank of minimum node depth for all RF models (Tables 4 and 5). 
Based on their median ranks of minimum node depth among RF, season 
was a more important factor than habitat in RF models for 3 SDCs 
(Table 4), and habitat was a more important factor in RF models for 2 
SDCs (Table 5). Based on the percentiles associated with the ranks of 
minimum node depth, season and habitat were less important in models 
using cell density (17.9–63.9%) than in models using presence/absence 
and biovolume (5.4–27.9%). Season and habitat were relatively more 
important in models using species taxonomic resolution for diatoms 
than models using genus taxonomic resolution.

Figure 2. Mean (±1 standard error, SE) (a) algal density by season, and (b) 
percent live diatoms by density across streamflow duration classes.
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A total of 21 diatom species and 1 red alga (Audouinella) were 
identified as algal taxonomic indicators with >10% difference of percent 
presence in samples among the 3 SDCs (Table 4). These 22 taxa were 
within the top 23% of median node ranks from the RF models for 3 SDCs 
(Table S-8). Audouinella and 11 diatom species were identified as 
perennial reach indicators, whereas 3 diatom species were identified as 
intermittent reach indicators and 7 diatom species were identified as 
ephemeral reach indicators (Table 4). A total of 22 diatom species, 
Audouinella, live diatoms, and soft-bodied algae were identified as algal 
taxonomic indicators to distinguish between ephemeral and non- 
ephemeral reaches. Of these 24 indicators, 23 were within the top 
27% of median ranks from the RF models for 2 SDCs (Table S-8). Eleven 
diatom taxa, including the 8 taxa from the 3 SDC group, were identified 

as ephemeral reach indicators. Indicators of non-ephemeral reaches 
include live diatoms, soft-bodied algae, Audouinella, and 10 diatom 
species, including 7 species from the 3 SDCs perennial and intermittent 
indicators.

The relative discriminatory ability of the algal taxonomic indicators 
is shown by plotting the associated probabilities of reach SDC based on 
the indicators’ presence in study samples (Figure 4). The presence of 
perennial indicators had higher probabilities of occurring in perennial 
reaches and lower probabilities of occurring in other SDCs compared to 
intermittent and ephemeral indicators (Figure 4a). Similarly, the prob
abilities of the non-ephemeral indicators occurring in non-ephemeral 
reaches were higher than the probabilities of ephemeral indicators not 
occurring in non-ephemeral reaches (Figure 4b). Seventeen indicator 

Figure 3. Two-dimensional non-metric multi-dimensional scaling (NMDS) ordination of algal assemblages showing samples by (a) habitat, (b) season, (c) streamflow 
duration class, and (d) forest (ecoregion) with vectors representing significant environmental variables (p<0.05) and strength of the relationship (Spearman R) 
corresponds to vector length. SpC – specific conductivity; ACI – Algal Cover Index score.
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taxa were collected from each of the 4 ecoregions (e.g., Audouinella, 
Encyonema silesiacum, G. parvulum, Luticola cohnii), and only Amphi
pleura pellucida did not occur or rarely occurred (<1% of samples) in 
more than 1 ecoregion (Table 4).

A total of 12 diatom genera and Audouinella were identified as algal 
taxonomic indicators with >10% difference of percent presence in 
samples among the 3 SDCs (Table 5). These 13 taxa were within the top 

30% of median node ranks from the RF models for 3 SDCs (Table S-9). 
Audouinella and 7 diatom genera were identified as perennial reach in
dicators, whereas 3 and 2 diatom genera were identified as intermittent 
reach and ephemeral reach indicators, respectively (Table 5). A total of 
11 diatom genera, Audouinella, live diatoms, and soft-bodied algae were 
identified as algal taxonomic indicators to distinguish between ephem
eral and non-ephemeral reaches. Of these 14 algal taxonomic indicators, 

Table 3 
Overall percent of samples (reach visits) classified correctly by random forest analyses majority vote across 500 decision trees for 3 streamflow-duration classes (SDCs; 
perennial, intermittent, and ephemeral) and 2 SDCs (non-ephemeral and ephemeral) and classification accuracy by SDC and Level II ecoregion (Eco) for the 12 
streamflow-duration class balanced random forest models representing different taxonomic and numeric resolutions.

SDCs Numeric resolution Diatom genus & soft-bodied algae genus models Diatom species & soft-bodied algae genus models

Presence/absence Density Biovolume Presence/absence Density Biovolume

Three Overall (n = 508) 75.6 75.8 69.5 81.5 79.1 70.5
​ Perennial (n = 230) 79.1 80.4 75.6 86.1 80.9 73.5
​ Intermittent (n = 186) 69.4 69.9 65.0 78.0 76.3 65.6
​ Ephemeral (n = 92) 79.4 76.1 63.0 77.2 80.4 72.8
​ Eco 5.3 (n = 34) 52.9 55.9 76.5 73.5 50.0 58.8
​ Eco 6.2 (n = 24) 95.8 91.7 87.5 95.8 95.8 87.5
​ Eco 8.3 (n = 146) 76.0 71.9 62.3 78.8 77.4 64.4
​ Eco 8.4 (n = 304) 76.3 78.6 70.7 82.6 81.9 73.4
Two Overall (n = 508) 87.0 87.8 84.4 87.6 88.4 85.6
​ Non-ephemeral (n = 416) 90.1 90.4 88.2 90.4 90.6 88.2
​ Ephemeral (n = 92) 72.8 76.1 67.4 97.5 78.3 73.9
​ Eco 5.3 (n = 34) 88.2 88.2 94.1 94.1 85.8 88.2
​ Eco 6.2 (n = 24) 100 100 100 95.8 100 100
​ Eco 8.3 (n = 146) 84.2 78.1 76.7 84.2 78.8 74.7
​ Eco 8.4 (n = 304) 87.2 91.4 85.9 87.8 92.4 89.5

Table 4 
Species-level diatom and genus-level soft-bodied algae indicators identified for 3 streamflow-duration classes (perennial (P), intermittent (I), and ephemeral (E)) and 2 
streamflow-duration classes (ephemeral (E) and not ephemeral (NE)) of reaches having percent difference >10% in mean percent presence between flow classes. 
Acronyms for indicators are shown in parentheses. Indicators are ordered from highest to lowest median minimum node rank from the three-class and two-class 
random forest models. Median rank of minimum node depth for algal cover index, season (wet and dry), and habitat type (erosional and depositional) is also 
included. Ecoregion codes are from Omernik (1995). - = not applicable

Indicator 3-class 2-Class Mean % presence by ecoregion

Rank Class Rank Class 5.3 6.2 8.3 8.4

Algal cover index (ACI) 1.0 - 1.0 - - - - -
Gomphonema parvulum (BAGOPAR) 4.0 I 27.3 - 82.4 79.2 91.8 78.9
Eunotia incisa (BAEUINC) 5.0 P 3.0 NE 32.4 4.2 2.7 24.0
Planothidium apiculatum (BAPLAPI) 7.5 - 8.0 NE 52.9 100 71.9 51.6
Live diatoms 8.0 - 9.5 NE 94.1 100 91.1 96.1
Audouinella (RHAU) 9.0 P 24.0 NE 5.9 29.2 6.2 28.6
Cocconeis placentula (BACCPLA) 11.0 P 54.0 NE 2.9 83.3 0.7 14.8
Reimeria sinuata (BARESIN) 12.0 P 56.0 NE 17.6 29.2 1.4 17.8
Amphipleura pellucida (BAALPEL) 13.5 P 169.0 NE 0.0 0.0 0.0 18.4
Eunotia exigua (BAEUEXI) 14.0 E 15.0 E 85.3 12.5 62.3 67.4
Luticola mutica (BALUMUT) 18.0 E 21.5 E 17.6 4.2 11.6 11.2
Meridion circulare var. constrictum (BAMECIRCO) 19.0 I 31.0 - 79.4 4.2 27.4 24.3
Season 23.0 - 63.0 - - - - -
Pinnularia subcapitata (BAPISUB) 24.0 E 21.0 E 64.7 4.2 24.7 25.3
Encyonema silesiacum (BAENSIL) 26.0 I 56.0 - 55.9 29.2 61.6 50.7
Soft-bodied algae 26.0 - 9.0 NE 23.5 66.7 56.8 59.5
Nitzschia dissipata (BANIDIS) 28.0 P 39.0 NE 5.9 8.3 20.5 42.1
Luticola cohnii (BALUCRP) 30.0 P 21.0 NE 38.2 16.7 27.4 42.8
Eunotia rhomboidea (BAEURHO) 31.0 P 19.0 - 70.6 0.0 0.7 11.5
Gomphonema minutum (BAGOMIN) 36.0 P 41.0 - 8.8 70.8 2.7 10.9
Halamphora montana (BAHAMON) 37.0 P 22.0 NE 0.0 0.0 8.2 22.7
Stauroneis thermicola (BASATHE) 41.0 - 36.5 E 32.4 0 21.2 21.1
Habitat 43.0 - 47.0 - - - - -
Ulnaria ulna (BAULULN) 44.0 - 52.0 NE 32.4 0 17.1 30.3
Eunotia bilunaris (BAEUBIL) 45.0 E 22.0 E 8.8 0.0 11.6 8.6
Eunotia perpusilla (BAEUPER) 47.0 - 40.0 E 5.9 0 19.9 29.9
Fragilaria amphicephaloides (BAFRAMP) 47.5 - 60.5 NE 67.6 20.8 19.2 10.9
Stauroneis smithii (BASASMI) 53.0 - 49.0 E 2.9 0 28.8 29.9
Pinnularia appendiculata (BAPIAPP) 56.0 E 70.0 E 17.6 4.2 8.9 22.0
Caloneis bacillum (BACABAC) 56.0 E 81.0 E 0.0 16.7 35.6 33.2
Achnanthidium exiguum (BAAHEXI) 62.0 P 120.0 - 2.9 37.5 0.7 6.9
Navicula schroeteri (BANASHR) 79.0 P 139.0 - 0.0 0.0 0.0 18.1
Pinnularia obscura (BAPIOBS) 81.5 E 81.5 E 41.2 4.2 6.2 3.3
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13 were within the top 35% of median ranks from the RF models for 2 
SDCs (Table S-9). Pinnularia and Stauroneis were identified as ephemeral 
indicators. Indicators of non-ephemeral reaches include live diatoms, 
soft-bodied algae, Audouinella, and 9 diatom genera, including 6 genera 
from the 3 SDCs perennial and intermittent indicators.

The presence of Amphipleura, Cocconeis, Reimeria, and Audouinella 
had the highest probabilities of occurring in perennial reaches and 
lowest probabilities occurring in other SDCs compared to other algal 
indicators (Figure 5a). Based on distributions among study samples, the 
probabilities of the non-ephemeral indicators occurring in non- 
ephemeral reaches were higher than the probabilities of ephemeral in
dicators not occurring in non-ephemeral reaches (Figure 5b). Many of 
the indicator genera, like Encyonema, Gomphonema, Meridion, Navicula, 

Pinnularia, and Stauroneis were well represented across 3 or 4 of the 
study ecoregions (Table 5). Although Amphipleura and Cocconeis had 
among the highest probabilities associated with their presence, Amphi
pleura was only collected in ecoregion 8.4 and Cocconeis was more 
frequently collected in ecoregions 6.2 and 8.4.

4. Discussion

Among the composite algal indicators compared across SDCs, there 
were detectable differences among SDCs for ACI scores, relative abun
dance of live diatoms, and percent of aerial diatom taxa. The ACI score 
was consistently identified as the most important indicator across all RF 
models for predicting SDC. Similar indicators to the ACI score that 

Table 5 
Genus-level algal indicators identified for 3 streamflow-duration classes (perennial (P), intermittent (I), and ephemeral (E)) and 2 streamflow-duration classes 
(ephemeral (E) and not ephemeral (NE)) of reaches having percent difference >10% in mean percent presence between flow classes. Indicators are ordered from 
highest to lowest median minimum node rank from the three-class random forest models. Median rank of minimum node depth for algal cover index, season (wet and 
dry), and habitat type (erosional and depositional) is also included. Ecoregion codes are from Omernik (1995). - = not applicable

Indicator 3-class 2-class Mean % presence by ecoregion

Rank Class Rank Class 5.3 6.2 8.3 8.4

Algal cover index 1.0 - 1.0 - - - - -
Gomphonema 4.0 I 8.0 - 91.2 83.3 95.2 82.2
Diploneis 6.0 - 4.0 NE 5.9 20.8 17.8 19.4
Planothidium 8.0 - 12.0 NE 61.8 100 73.3 51.6
Audouinella 9.0 P 22.0 NE 5.9 29.2 6.2 28.6
Live diatoms 11.5 - 7.5 NE 94.1 100 91.1 96.0
Cocconeis 12.0 P 45.0 NE 2.9 83.3 0.7 16.1
Pinnularia 13.0 E 11.0 E 76.5 41.7 33.6 52.3
Meridion 14.0 I 15.0 - 100 4.2 70.6 54.9
Season 14.0 - 29.0 - - - - -
Amphipleura 16.5 P 75.5 NE 0.0 0.0 0.0 18.4
Reimeria 17.0 P 33.0 NE 17.6 29.2 1.4 17.8
Fragilaria 17.0 P 26.0 NE 79.4 29.2 1.4 17.8
Navicula 19.0 P 18.0 - 41.2 50.0 34.9 51.0
Halamphora 23.0 P 18.0 NE 0.0 0.0 9.6 26.3
Encyonema 23.0 I 24.0 NE 64.7 29.2 63.7 53.6
Soft-bodied algae 25.0 - 16.0 NE 23.5 66.7 56.8 59.5
Stauroneis 28.0 E 21.0 E 61.8 4.2 41.8 37.5
Ulnaria 31.0 - 37.0 NE 32.4 0.0 17.1 30.3
Habitat 31.0 - 28.0 - - - - -
Amphora 32.0 P 27.0 - 14.7 41.7 12.3 20.4

Figure 4. Probabilities of (a) perennial-intermittent-ephemeral classification and (b) non-ephemeral-ephemeral classification if diatom species and soft-bodied algae 
genera are present. Indicator taxa are those with >10% difference in mean percent presence among streamflow duration classes. Indicator taxa acronyms are defined 
in Table 4.
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represent the ordinal scoring of the visual extent of algal cover on the 
streambed are used in SDAMs developed for North Carolina (NCDWQ, 
2010), New Mexico (NMED, 2020), and the Arid West of the United 
States (Mazor et al., 2024). The ACI score may be considered a surrogate 
measure of periphyton biomass because it does not distinguish photo
synthetic (i.e., chlorophyll) from non-photosynthetic (i.e., heterotro
phic, extracellular polymeric substances) periphyton components. Ash- 
free dry weight (AFDW) of epilithic periphyton was higher in peren
nial streams compared to non-perennial streams in the northeast Iberian 
Peninsula and decreased exponentially with the total dry duration over 
the previous 150 d (Colls et al., 2019). In an experimental mesocosm 
study that included treatments that manipulated the water level, 
periphyton on tiles exposed to drying had lower AFDW relative to 
controls but not where lowered water levels still submerged tiles (Lynch 
and Magoulick, 2016). Most ACI scores in the present study reflect 
relatively low periphyton biomass and were higher during the wet 
season than during the dry season. The low ACI scores and predomi
nance of diatoms are likely related to limited irradiance because of the 
small channel sizes (median bankfull width range 0.5 – 11.8 m) and the 
dense canopy cover (89.3 ± 0.97%, mean ± 1SE). The higher ACI scores 
in the wet season compared to the dry season may be in part related to 
stream drying; however, we did not detect an interaction between SDC 
and season. Rather, the seasonality of water temperature and irradiance 
associated with predominantly deciduous riparian vegetation are the 
most plausible causes that have been previously documented (e.g., 
Francoeur et al., 1999; Hill et al., 2011). Because flow duration in 
ephemeral reaches is brief, we expect ACI scoring should still distinguish 
ephemeral from intermittent and perennial reaches where channels are 
unshaded. Algae recovery after flow resumed at headwater intermittent 
reaches in prairie and arid streams required only 10-14 days (Dodds 
et al., 1996; Peterson and Boulton, 1999). Algal cover was identified 
as SDAM indicators in the classification model for the Arid West (USA, 
Mazor et al., 2024) but not in models for the Pacific Northwest, Great 
Plains, Northeast or Southeast regions (Nadeau, 2015; James et al., 
2025a,b) where many intermittent and ephemeral reaches are typically 
in smaller and more heavily shaded streams.

Although most indicator taxa were diatoms and the percent of soft- 
bodied algae did not differ among SDCs, Audouinella presence and 
total soft-bodied algae presence were among the more important 3- and 
2-class indicators identified for perennial and non-ephemeral reaches, 

respectively. Because many soft-bodied algae in streams can become 
more prevalent with increasing irradiance (e.g., Lowe et al., 1986), we 
might expect higher soft-bodied algae prevalence in reaches with more 
open canopy cover than in our heavily shaded study reaches. The soft- 
bodied algal taxa Spirogyra, Oedogonium, Phormidium, Oscillatoria, and 
Lyngbya were identified as becoming dominant in isolated pools of 
Coastal Plain streams of North Carolina during late summer (Whitford 
and Schumacher, 1963). The soft-bodied algae assemblage composi
tion from 20 stream reaches with a Mediterranean climate in Southern 
California was strongly correlated with how long sites had surface water 
prior to sample collection (Busch et al., 2024). Dried biofilm composed 
of cyanobacteria and chlorophytes were an important source for 
recolonization in 2 Australian intermittent streams “with riparian 
vegetation of open eucalypt forest” (Robson, 2000). After just 1 week 
following channel rewetting, cyanobacteria and chlorophyte biomass 
recovered beyond pre-desiccation levels in experimental (recirculating) 
channels with low shade but remained below pre-desiccation levels in 
channels with high shade (Zlatanović et al., 2018). Although most 
studies on algal indicators of SDCs have focused on diatoms (but see 
Timoner et al., 2020), further investigation for soft-bodied algae indi
cator taxa is warranted because with some training, many soft-bodied 
algae taxa can be characterized in the field for rapid assessments (e.g., 
Kelly et al., 2016; Huynh and Serediak, 2006). Our sampling was limited 
to epilithic algae in the channel thalweg, soft-bodied algae could be 
more prevalent in other microhabitats that were not sampled.

As expected, our study shows that ephemeral reaches tended to have 
relatively more aerial taxa than perennial reaches, and aerial diatoms 
were relatively more abundant during the dry season than wet season in 
epilithic samples from the thalweg. Aerial diatoms are species which 
either always or mainly occur in terrestrial habitats. The percent of 
aerial diatom taxa was based on a list of species and associated moisture 
classifications for the habitats in which they occur (Mertens et al., 2025). 
The relative abundance of aerial diatoms has been used to represent 
hydrologic tracers to characterize the hydrologic connectivity across the 
hillslope-riparian-stream continuum at the catchment scale (Klaus et al., 
2015). Three diatom species (Pinnularia obscura, P. subcapitata, and 
Stauroneis thermicola) identified as ephemeral indicators in our study 
were also identified as aerial diatoms in Mertens et al. (2025). Three 
other diatom species (Eunotia bilunaris, E. exigua, and S. smithii) identi
fied as ephemeral taxa in the present study were classified as “mainly 

Figure 5. Probabilities of (a) perennial-intermittent-ephemeral classification and (b) non-ephemeral-ephemeral classification if algae genera are present. Indicator 
taxa are those with >10% difference in mean percent presence among streamflow duration classes.
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occurring in water bodies, also rather regularly on wet and moist places, 
” and no moisture classifications were provided for Caloneis bacillum, 
E. perpusilla, Luticola mutica, and P. appendiculata (Mertens et al., 2025). 
Across soil diatom datasets, E. exigua has been identified to have low soil 
moisture optima for growth (Foets et al., 2021), and other references 
have identified C. bacillum and L. mutica as aerial diatoms (Johansen, 
2010; Van Dam et al., 1994).

The red alga, Audouinella, is one of the strongest perennial indicator 
taxa and was identified in each of our study ecoregions. Audouinella was 
also noted as being more common in a Mediterranean perennial stream 
than an intermittent stream (Jiménez et al., 2023). However, the asso
ciation of Audouinella with perennial reaches does not apply to all 
freshwater red algae. The red alga, Riverina rivularis (syn. Hildenbrandia 
rivularis), has been reported to be abundant in shaded streams, and its 
crust-forming thalli are resistant to extended periods of drying (Timoner 
et al., 2014). The filaments of another red algae, Paralemanea grandis, 
from a North Carolina stream were not resistant to desiccation lasting 
more than 12 h (Everitt and Burkholder, 1991) but this species produces 
spores which enable the species to persist during longer dry periods 
(Mullahy, 1952). In laboratory desiccation experiments, the photosyn
thetic response of the red algae, Thorea okadae, from Sendai-Gawa River 
in Japan did not recover following up to 1 d of rewetting when desic
cation caused the relative water content to drop below 50% (Terada 
et al., 2025). Similar studies for Audouinella are needed to characterize 
its tolerance and possible adaptations to desiccation.

Given that the other algal indicator taxa identified were diatoms that 
can be readily hydrologically transported, the longitudinal ordering of 
our study reaches (upstream ephemeral and intermittent reaches to 
downstream perennial reaches) may explain why perennial indicators 
outnumbered and were more diagnostic than ephemeral and intermit
tent indicators. There could also be more indicators because longer 
duration of flow at perennial reaches supported more taxa than reaches 
with shorter flow duration (Falasco et al., 2021), but some studies report 
no differences in taxa richness with varying flow duration (Tornés et al., 
2021; Busch et al., 2024). The diatom Cocconeis placentula was among 
the strongest perennial indicators, a result that supports findings from 
some European studies comparing diatom assemblages from different 
SDCs or responses to drought in perennial streams (Barthés et al., 2015; 
Calapez et al., 2014; Falasco et al., 2018; Jiménez et al., 2023; Tornés 
et al., 2021). However, C. placentula has also been identified as an in
dicator species for intermittent reaches in other European streams 
(Novais et al., 2014, 2020). Though not among the most abundant or 
diagnostic indicators, the diatoms Halamphora montana and Luticola 
cohnii were unexpectedly identified as indicators of perennial reaches in 
our study. H. montana has a low moisture optimum for growth (Foets 
et al., 2021). Both taxa have been classified as terrestrial or aerophilic 
taxa (Tornés et al., 2021; Mertens et al., 2025) but have also been 
classified as aquatic elsewhere (Stepanek and Kociolek, 2011; Kociolek 
et al., 2025).

Classification accuracy was similar between RF models based on 
algal presence/absence and density and comparable between models for 
diatom species- and genus-level data. Genus-level presence/absence 
data requires less time and training to produce than species-level iden
tification and biovolume measurements, making such algal indicators 
more feasible to use in SDAMs. Phenotypic plasticity in the form of 
heterovalvy (i.e., Janus cells) can contribute to species misidentification 
and has been documented in Gomphonema taxa in association with pe
riodic drying in swales (Andrejić et al., 2019). Comparable findings 
across taxonomic and numerical resolutions have been reported in other 
studies to support simplified bioassessment (Hill et al., 2001; Carneiro 
et al., 2010). Regional and national multimetric indices developed 
using genus-level diatom identifications distinguished least- and most- 
disturbed river and stream reaches and had comparable responsive
ness to condition indices using macroinvertebrates and fish assemblages 
(Riato et al., 2022). Diatom species identification is conventionally 
based on morphological characteristics that requires acid digestion to 

examine microscopically. This identification method prevents dis
tinguishing living from dead cells for individual species without 
assuming equal proportion of living and dead individuals across the 
entire assemblage (Potapova and Charles, 2005). Because diatoms can 
be transported across the terrestrial-aquatic interface (Pfister et al., 
2015) or across reaches of varying SDC, where diatoms are collected 
may not necessarily reflect their suitable or optimal habitat. Being able 
to taxonomically identify living cells would provide more definitive 
evidence of diatoms as SDC indicators (Round, 1998) and is feasible at 
the genus-level for many diatoms.

Our results indicate that the season in which samples were collected 
(wet vs dry) was relatively more important for classifying among 
ephemeral, intermittent and perennial SDCs whereas the habitat 
sampled (depositional vs erosional) was relatively more important for 
classifying between ephemeral and non-ephemeral SDCs. This would 
suggest for epilithic algal assemblages, sampling season was relatively 
more useful than sample habitat for distinguishing between intermittent 
and perennial reaches. Sampling season was also more important than 
sample habitat for classifying intermittent and perennial reaches using 
invertebrate assemblages (Fritz et al., 2023). Hydrologic condition at 
intermittent reaches shifted to a greater extent between seasons than at 
perennial or ephemeral reaches. The upper surface of stones sampled for 
epilithic algae was submerged in 96% of perennial reach samples but 
only 73% of intermittent reach samples during the dry season compared 
to 100% and 99%, respectively, during the wet season. The upper sur
face of stones sampled from ephemeral reaches was dry in 100% and 
86% during the dry and wet seasons, respectively. Despite sample 
habitat not being an influential factor in overall algal assemblage 
structure in our study, there may be differences in local conditions that 
affect distribution of epilithic algae between depositional and erosional 
habitats in ephemeral reaches. Moisture, temperature, substrates, pH, 
and nutrient availability are factors documented to control aerial di
atoms (Johansen, 2010). Factors driving microhabitat variation in algal 
composition in ephemeral reaches is ripe for experimental study where 
factors like moisture, leaf litter, sediment, and bryophyte cover can be 
readily manipulated.

A body of studies have investigated the extent to which environ
mental factors act as filters on algal assemblages by comparing changes 
or differences in trait and guild composition (reviewed by Stenger- 
Kovács and B-Béres, 2024). Algal guilds were developed to test hy
potheses that algal growth form reflects characteristic responses to 
resource use and disturbance stress. In general, low-profile and motile 
taxa are expected to be more prevalent than high-profile and planktic 
taxa under increasing disturbance stress (Passy, 2007; Rimet and 
Bouchez, 2012; Lange et al., 2016). Low-profile taxa were more preva
lent at intermittent reaches and high-profile taxa more prevalent at 
perennial reaches in some streams (Várbíró et al., 2020; Falasco et al., 
2021), but this pattern has not always been supported (Novais et al., 
2014; Falasco et al., 2016). The 12 indicator taxa for perennial rea
ches identified in the present study were divided among high profile (4), 
low profile (4), and motile (3) guilds. The 4 indicator taxa for inter
mittent reaches were also divided evenly between high profile (2) and 
low profile (2) guilds. In contrast, the 8 indicator taxa for ephemeral 
reaches belonged to the motile (6) and high profile (2) guilds. This 
separation carried over when comparing guilds between indicators of 
non-ephemeral and ephemeral reaches, where 8 of the 11 indicator taxa 
for ephemeral reaches and only 2 of 12 indicator taxa for non-ephemeral 
reaches belong to the motile guild. Some studies report the motile guild 
to be invariant to drying (Várbíró et al., 2020) or characterize diatom 
assemblages in perennial reaches (B-Béres et al., 2019), whereas others 
report increased motile guild prevalence with drying (Novais et al., 
2020; Peszek et al., 2021).

Cell size class is another characteristic commonly evaluated with 
stream drying, with large taxa more prevalent in perennial reaches and 
smaller taxa more prevalent in intermittent reaches (B-Béres et al., 2019; 
Várbíró et al., 2020; Lukács et al., 2021; Nicolosi Gelis et al., 2025). 
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Perennial indicators identified in the present study included 2 diatom 
species (Amphipleura pellucida and Cocconeis placentula) in >1500 μm3- 
size class (based on Rimet and Bouchez, 2012) whereas no intermittent 
or ephemeral indicator taxa belonged to the >1500 μm3-size class. All 
diatom species identified as intermittent indicators and 7 diatom species 
identified as perennial indicators taxa belong to 300–599 μm3- or 
600–1499 μm3-size classes, whereas 4 diatom species (Caloneis bacillum, 
Eunotia bilunaris, Pinnularia subcapita, and Stauroneis smithii) identified 
as ephemeral indicator taxa belong to one of these groups. The perennial 
indicator taxon, Audouinella, also belongs to the 300–599 μm3-size class 
(Lange et al., 2016). Four diatom species identified as ephemeral indi
cator taxa (Eunotia exigua, Luticola mutica, Pinnularia appendiculata, and 
P. obscura), but only 1 identified as a perennial indicator taxon (Navicula 
schroeteri Meister) belong to the smallest cell size classes (0–99 and 
100–299 μm3). One diatom species (Eunotia rhomboidea) identified as 
perennial indicator is not classified in Rimet and Bouchez (2012) for cell 
size but has been included in a 101–1000 μm3-size class elsewhere 
(Furey, 2011). Overall, our results provide modest support for diver
gence of the cell size trait among diatom assemblages in reaches with 
varying SDC.

Although there were some taxa (e.g., A. minutissimum, G. parvulum, 
Planothidium apiculatum, and Sellaphora atomoides) that exhibited dis
tributions across all study ecoregions, many taxa had restricted 
geographical distributions. Our findings support those of previous 
studies (Potapova and Charles, 2002; Soininen et al., 2004) reporting 
that lotic algal assemblage composition is spatially structured across 
broad scales and primarily related to water chemistry and climate. The 
biogeographical distributions contributed to algal assemblages from 
reaches of the same SDC across ecoregions to be as compositionally 
similar to one another as those from reaches of different SDC in the same 
ecoregion. This finding also supports the use of regional stratification to 
capture geographic variability of indicators to improve SDAM classifi
cation accuracy (Fritz et al., 2020). Incorporating sufficient study rea
ches for each SDC would better ensure appropriate indicators for 
regional SDAM development. Although the taxonomic indicators iden
tified may be absent or rare in some study regions, they can be combined 
into more generalized metrics for evaluation across larger areas. These 
could include the number of indicator taxa or the relative abundance of 
indicator taxa.

4.1. Future SDAM indicator use

Some possible obstacles for using algae as SDAM indicators include 
additional time and expertise required for their identification compared 
to other indicators. Traditional algal taxonomy requires additional cost 
and level of effort associated with microscopic identification compared 
to most field-based measures used in SDAMs. Genus-based identification 
of algae would require less training, be more consistent, and may be 
more feasible for automated field identification but may be less sensitive 
than species-level identifications (Chong et al., 2023; Gifford et al., 
2024). Field-based identifications and measurements of cover based 
on visual assessments or field fluorometers offer more rapid alternatives 
to traditional laboratory-based methods. Composite measures such as 
ACI can be rapidly measured. The use of in situ fluorometric (e.g., Piano 
et al., 2017), chemotaxonomic (Iles et al., 2022), and metagenomic data 
(Burfeid-Castellanos et al., 2024) can reduce the level of effort needed 
for measuring algal indicators, like the relative abundance of soft-bodied 
algae and live diatoms which were identified as strong indicators in RF 
models for distinguishing ephemeral from intermittent and perennial 
reaches. However, new technology for these applications will need in
vestment in equipment, taxonomic libraries, and testing methods. There 
may also be cases where more lines of evidence, beyond a rapid field 
determination, are needed to support an SDC. Aquatic invertebrate or 
algal taxonomic assessments for more detailed indicator identification 
may fill this need and require less time than continuous stream gauging.

Several best practices for using algal indicators in SDAMs are 

supported in our study. First, the ACI is a strong candidate indicator for 
SDAMs, especially for distinguishing ephemeral from non-ephemeral 
reaches. Not only was the ACI identified as the most important indica
tor across all RF models explored in this study and was largely invariant 
among ephemeral reaches, the ACI requires minimal training, no 
instrumentation, and can be collected in the field (no laboratory mea
surement) so it was the most rapid of the algal indicators we evaluated. 
Second, using of genus-level taxonomic resolution and presence/ 
absence numeric resolution may lower cost and effort with minimal 
sacrifice on discriminating performance among SDCs of forested head
water streams. Third, although season (wet vs dry) and habitat 
(erosional vs depositional) fell within the top 25% of indicators of SDCs 
in the RF models, these factors appeared to have less influence on algal 
composition and most composite indicators than geographic location. 
Based on our results compositing algal samples across habitats rather 
than processing them separately could be effective. Percent abundance 
of live diatoms had higher performance in the dry than wet season. 
Lastly, our results support, where possible, evaluating indicator taxa for 
SDAMs at the regional level rather than applying indicator lists derived 
over continental scales. Algal indicators of SDCs are one of multiple lines 
of physical and biological evidence that could be used to inform the 
long-term characterization of hydrologic regimes in streams.
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