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Abstract In Bristol Bay, Alaska, headwater streams
support the world’s largest, most valuable sockeye
salmon fishery, but face an uncertain future due to
climate change and proposed development. We used
a framework based on pre-impact data to identify
sensitive taxa and evaluate their potential as fresh-
water bioindicators for climate change and mineral

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10661-025-14275-0.

R. Shaftel (D7)
Bureau of Land Management, Anchorage, AK, USA
e-mail: rshaftel @blm.gov

R. Shaftel - E. Larson - D. Bogan - D. Merrigan
Alaska Center for Conservation Science, University
of Alaska Anchorage, Anchorage, AK, USA

E. Larson
Alaska Pacific University, Anchorage, AK, USA

B. Hagedorn
Sustainable Earth Research, LLC, Anchorage, AK, USA

S. O’Neal
School of Aquatic and Fisheries Sciences, University
of Washington, Seattle, WA, USA

D. Rinella
U.S. Fish and Wildlife Service, Southern Alaska Fish
and Wildlife Conservation Office, Anchorage, AK, USA

C. A. Woody

Fisheries Research & Consulting LLC, Fort Collins, CO,
USA

Published online: 24 July 2025

development in the relatively undisturbed Lime Hills
ecoregion of Bristol Bay. We identified sensitive taxa
as those associated with distinct stream physical habitat
types and those with published sensitivities to expected
changes from climate or mineral development (e.g.,
increasing temperatures, acidity, conductivity, sedi-
mentation, or general pollution). Using a 12-year data-
set of stream macroinvertebrates and diatoms, we also
investigated patterns over time in community com-
position and taxa presence. We identified five fish, 23
macroinvertebrate, and 26 diatom bioindicators with
high interannual persistence in Bristol Bay wadeable
streams that are also sensitive to either habitat change
or future stressors. Stream benthic community compo-
sition has shifted over the past 12 years for both mac-
roinvertebrates and diatoms, but we found few trends in
individual taxa. The final bioindicator list can be used
to measure future changes in stream habitats and com-
munities of the Lime Hills ecoregion. Our framework
used baseline data that captured both spatial and tempo-
ral variability in sensitive taxa and has utility for other
pristine subarctic ecosystems prior to potential impacts.

Keywords Biomonitoring - Macroinvertebrate -
Diatom - Fish - Bristol Bay - Mining - Climate change
Introduction

The Bristol Bay region in Southwest Alaska supports
the largest sockeye salmon (Oncorhynchus nerka)
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runs in the world (Ruggerone & Irvine, 2018). There
are nine major river systems that drain into the bay,
and the Kvichak and Nushagak rivers have historically
produced up to half of the total sockeye salmon in the
region. In addition to sockeye salmon, freshwater habi-
tats in these watersheds support the other four species
of North American Pacific Salmon (Oncorhynchus
spp.) and at least 24 other anadromous and resident
fish species (Woody, 2018). These populations con-
tribute to valuable commercial, sport, and subsistence
fisheries, with economic effects well beyond Alaska.
For example, average annual returns of 50 million
sockeye salmon have resulted in a direct annual value
of $263 million to commercial harvesters and over
8000 jobs (McKinley Research Group, 2021). Salmon
are also central to the cultural, spiritual, and economic
well-being of Native Alaskans (Carothers et al., 2021),
provide important food resources to local subsistence
users, and support over 2000 tourism jobs through
sportfishing and bear viewing (McKinley Research
Group, 2021). Despite their immense local and global
value, Bristol Bay salmon fisheries face an uncertain
future due to climate change and proposed mineral
development.

Climate change is altering freshwater habitats
rapidly in western Alaska. These changes include
warmer air temperatures (Rantanen et al., 2022) and
changes to the form of seasonal precipitation (McA-
fee et al., 2013), which act in concert to decrease
snowpack. Decreased snowpack then influences both
the seasonality and magnitude of stream discharge
(Wobus et al., 2015) and can lead to losses in ther-
mal diversity across the stream network (Cline et al.,
2020; Lisi et al., 2015). Glaciers in the Alaska Range
are contributing increasing amounts of runoff to
streamflow in some rivers, but annual glacier runoff
is expected to peak in the next century, after which
runoff will decrease (Huss & Hock, 2018). Glacier
retreat may negatively impact salmon populations as
streamflows decrease and stream temperatures warm
(Pitman et al., 2020). Additional large-scale eco-
system changes may occur in the future from min-
ing that has been proposed in the Bristol Bay region
(Seal, 2018) such as direct loss of stream habitats and
indirect impacts to water quantity and water quality
from development of a large open-pit mine and the
associated infrastructure (USEPA, 2014). Measur-
ing ecological impacts of these changes requires
development and maintenance of long-term physical,
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chemical, and biological monitoring networks to dis-
tinguish community responses to these stressors from
those caused by natural fluctuations in populations.

However, biomonitoring studies typically take
place after stressors, such as mining, logging, or
urbanization, occur and therefore rely on reference
sites and monitoring during recovery to establish
baseline conditions (Armitage et al., 2007; Cianciolo
et al., 2020; DeNicola & Stapleton, 2014; Hopkins
et al., 2013; Kotalik et al., 2021). When feasible, a
better approach captures adequate baselines prior to
change. A useful baseline should include multiple
taxonomic groups and their natural variation to under-
stand heterogeneity in species composition unrelated
to stressors (Humphrey et al., 1995). In freshwaters,
select taxonomic groups could include benthic inver-
tebrate communities and fish, which differ in mobility
and lifespan.

For several reasons, the sampling of multiple bio-
logical assemblages (e.g., macroinvertebrates, dia-
toms, and fish) can improve the detection of impacts
to stream habitats (Karr & Chu, 1999). Aquatic
organisms have lifespans from days to years and
integrate environmental conditions over time (Hod-
kinson & Jackson, 2005). Depending upon an organ-
ism’s mobility, they may reflect the aggregate impact
of multiple stressors over scales from stream reaches
to watersheds. Finally, different taxa within and
among communities are sensitive to different types of
impacts (Hughes et al., 2000). Biomonitoring using
stream communities has been used for a long time
to document habitat impacts, especially relative to
climate change (Burgmer et al., 2007; Crozier et al.,
2021; Durance & Ormerod, 2007; Heino et al., 2009;
Lawrence et al., 2010; Piggott et al., 2015), mining
(Clements et al., 2000; Hirst et al., 2002; Hodkinson
& Jackson, 2005; Hogsden & Harding, 2012; Milner
& Piorkowski, 2004; Smucker et al., 2014; Wagener
& LaPerriere, 1985), and urbanization (Cuffney et al.,
2010; Hodkinson & Jackson, 2005; King et al., 2011;
Smucker et al., 2013).

Shifts in freshwater community composition pro-
vide an integrated metric of population responses to
changing environmental conditions (Kendrick et al.,
2019; King & Baker, 2010). Community responses
provide important redundancy by capturing multiple
sensitive taxa when individual sensitive taxa may be
missing from a sample due to chance or variation in
population size. Knowledge about the sensitivity of
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individual taxa to various stressors is important for
interpretation of community responses and also pro-
vides an alternative response at a finer level of organi-
zation (Hodkinson & Jackson, 2005). Identification
of indicator taxa within freshwater biological com-
munities (e.g. bioindicators) can provide early signs
of degraded habitat conditions and direct links to
impairment causes where continuous or regular moni-
toring of freshwater physical and chemical conditions
is not feasible (Carignan & Villard, 2002; Holt &
Miller, 2010). Suggested criteria for selecting bioin-
dicators include choosing habitat specialists that can
indicate deterioration of specific habitat types, choos-
ing species that respond negatively to human distur-
bances, or species that respond to a particular stressor
(Carignan & Villard, 2002; Hodkinson & Jackson,
2005; Siddig et al., 2016).

Variation in taxa presence or abundance over space
and time can yield supplemental information use-
ful for bioindicator selection. Spatial sampling can
capture species’ habitat preferences or prevalence in
a region. Temporal sampling (e.g., within or across
years) can capture expected variation in response to
natural disturbances, seasonal phenology, or changing
habitat conditions (e.g., streamflows, stream tempera-
tures, and chemistry. Developing a monitoring pro-
gram for freshwater communities in an ecologically
important region like Bristol Bay allows for identi-
fication of natural communities and bioindicators.
These responses can be used to identify habitat altera-
tions from stressors such as climate change or future
development.

The objectives of this research in the southern por-
tion of the Lime Hills ecoregion include: (1) identify
freshwater taxa in the region that may be sensitive
to future impacts from climate change and mineral
development, (2) evaluate the list of recorded fresh-
water taxa as potential bioindicators for the region
based on their persistence over time and distribution
across wadeable streams, and (3) investigate long-
term changes in stream benthic communities. Com-
bined, these objectives provide an important baseline
against which any future stream habitat and biological
community responses to climate change and potential
mineral development in an important ecoregion of
Alaska can be assessed. Previous biological monitor-
ing projects in the Nushagak and Kvichak watersheds
included a study of stream benthic communities (dia-
toms and macroinvertebrates) and habitats from 78

hard-bottomed wadeable streams (Bogan et al., 2018)
and sampling of freshwater fish communities from
105 headwater streams that resulted in additional
regulatory protections for 168 km of streams with
anadromous salmon (Woody & O’Neal, 2010). These
prior monitoring projects strategically selected sites
to meet different objectives and may not represent
the range of diversity in communities and habitats in
these important watersheds, unlike this study. Based
on similar monitoring efforts elsewhere in Alaska,
we developed several hypotheses linked to our objec-
tives: (1) Ephemeroptera, Plecoptera, and Trichoptera
(EPT) taxa that are prevalent in Bristol Bay (Bogan
et al., 2018) would be sensitive to a range of stress-
ors and useful for bioindication; (2) identifying bioin-
dicator taxa would be challenging as few taxa are
common across the diversity of stream types within
an ecoregion and interannual variability can be high
(Milner et al., 2006); and (3) we expected that rapid
rates of environmental change in Alaska (Rantanen
et al., 2022) would be driving changes in freshwater
biological communities, even over a single decade.

Methods

To develop an unbiased estimate of freshwater com-
munities and habitats across the full spectrum of
habitats in the Lime Hills ecoregion of Bristol Bay
(Fig. 1), we used a probabilistic study design in which
streams were sampled randomly and had an equal
chance of being selected for monitoring. We sam-
pled fish, macroinvertebrates, diatoms, and physi-
cal and chemical habitat conditions to address our
three objectives focused on identifying sensitive
taxa, evaluating potential bioindicators, and assessing
long-term changes in benthic communities (Fig. 2).
Detailed methods were written previously for project
reports that are publicly available online and are sum-
marized here (see Data Availability statement, Hage-
dorn et al., 2020; Shaftel et al., 2019). We refer read-
ers to these reports and references therein for more
detailed descriptions of the field and laboratory meth-
ods and analyses (see Data Availability statement).

Study area

Our study area included the southern portion of
the Lime Hills ecoregion that includes parts of the
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Fig. 1 Map of sampling locations across the study area, which
includes the portion of the Lime Hills ecoregion that drains to
Bristol Bay. All 35 sites shown on the map were sampled in
2015: 30 randomly selected sites and five strategically selected
sites are shown with orange and green colors, respectively.
Small (1st and 2nd order) and large (3rd and 4th order) streams

Mulchatna River and Kvichak River watersheds
(Woody et al., 2014) (Fig. 1). Average monthly air
temperatures in Iliamna, the largest community in
the study area, are below freezing from November
through March. The coldest temperatures occur in
January (—7.5 °C), the warmest temperatures occur
in July (14.3 °C), and average annual precipita-
tion is 635 mm, approximately one-third of which
falls as rain during the summer months (Palecki
etal., 2021).

We delineated the study area boundary by select-
ing all 6th level hydrologic units in the Lime Hills
ecoregion that drain to Bristol Bay. These watersheds
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were included as strata in the probabilistic study design and are
symbolized as circles and squares, respectively. Five sites sam-
pled annually from 2015 to 2019 are indicated by black circles
and five long-term sites sampled annually from 2008 to 2019
are indicated by black squares. All repeat sampling sites are
located on large streams

drain approximately 15,600 km? from 15 to 1800 m in
elevation and include a potential mining district asso-
ciated with the Pebble deposit. Several of the large
rivers are sourced by glaciers in the Alaska Range,
although no glaciers are located within the study area
boundary. Shrub and tundra vegetation are common
throughout the study area whereas mixed forests are
restricted to lower elevations (Nowacki et al., 2002).

Study design

We used a probabilistic study design to sample
streams representing Pacific salmon habitat in 2015
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Dataset A - Fish, macroinvertebrates, and
diatoms from 30 randomly-selected sites
sampled in 2015

Dataset B - Macroinvertebrates and diatoms
from 5 strategically-selected sites and 5
randomly-selected sites sampled from 2015 to
2019

Dataset C - Macroinvertebrates and diatoms
from 5 strategically-selected sites sampled from
2008 to 2019

Dataset D - Physical habitat measurements
from 30 randomly-selected sites sampled in
2015

Dataset E - Water chemistry parameters from
30 randomly-selected sites sampled in 2015

Objective 1. Identification of sensitive taxa

1. Used hierarchical cluster analysis and
dataset D to define physical habitat
types.

2. Visually explored differences in
physical habitat types using PCA and
datasets D and E (Figure 3).

3. Used Indicator Species Analysis to
associate dataset A with physical
habitat types.

4. Reviewed published literature to
identify taxa with sensitivities to specific
stressors associated with climate
change and mineral development.

5. Combined lists from steps 3 and 4 into
Tables S2-S4.

Objective 2. Evaluation of sensitive taxa as
bioindicators
1. Calculated mean abundances and
frequencies from dataset A using
sensitive taxa from Objective 1.
2. Calculated persistence from dataset B
using sensitive taxa from Objective 1.
3. Evaluated potential bioindicators using
overall sensitivity to different stressors,
persistence, and frequencies (Figure 4
and Table 1).

Objective 3. Long-term change in benthic
communities

1. Harmonized dataset C to account for
differences in nomenclature and
sampling methods over time.

2. Explored changes in community
composition using NMS and
successional vectors (Figure 5).

3. Analyzed changes in community
composition and taxon abundances
over time using multivariate
generalized linear models.

Fig. 2 Description of datasets and analysis steps for each of three study objectives

(Stevens & Olsen, 2004). Sites were selected from a
stream network developed for the Nushagak and Kvi-
chak watersheds (Woll et al., 2012). We restricted
site selection to first-through fourth-order streams
with gradients of 10% or less. We removed stream
reaches inaccessible to salmon (e.g., above waterfalls
or above reaches with gradient greater than 20%) and
short streams (< 1-km first-order streams). After that
filtering, the sample frame consisted of 12,434 km
of streams, 72% of which were first- or second-order
headwater streams.

We used the spsurvey package in R to select a spa-
tially balanced sample of sites from the final sample
frame (Dumelle et al., 2023). One to two streams
were sampled every day in June 2015 to total 30 sites
(datasets A, D, and E in Fig. 2). The sites included 18
large and 12 small streams (Fig. 1, “Random”). Some
sites were rejected during implementation of the

study design because they did not represent our target
population of wadeable streams (e.g., map error, wet-
lands, or too steep). After accounting for these rejec-
tions, we estimated 6991 km of wadeable streams in
the study area (95% CI 5259-8723 km) that are rep-
resented by our final set of sample sites. The June
sampling period was selected to capture base-flow
conditions, and sampling in future years (2016-2019)
was also conducted during June. Data were collected
within defined stream reaches surrounding the sample
point. Stream reaches were defined according to EPA
protocol as 40 times the mean wetted width or 150 m,
whichever was greater (USEPA, 2013).

We continued our sampling at a subset of sites to
capture interannual variability in stream benthic com-
munities and to extend a long-term analysis of ben-
thic community change (datasets B and C in Fig. 2).
We sampled ten sites annually from 2016 to 2019
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to evaluate taxa persistence (Objective 2), which
included five random sites and five long-term moni-
toring sites (Fig. 1, “Repeat Sampling Sites”). The
five long-term monitoring sites were strategically
selected in 2008 because of their proximity to the
Pebble deposit in the southwest region of the study
area, and we used data through 2019 to investigate
changes in benthic communities over a 12-year period
(Objective 3).

Field and laboratory methods

Water quality measurements included both in situ
parameters and samples analyzed after fieldwork
which were completed in the Applied Science, Engi-
neering, and Technology (ASET) Laboratory at
the University of Alaska Anchorage (UAA). In situ
parameters included dissolved oxygen, pH, tempera-
ture, and specific conductance. Alkalinity samples
were collected and analyzed in the field each day.
Laboratory parameters included 26 dissolved and
total metals, dissolved organic carbon (DOC), dis-
solved inorganic carbon (DIC), and total dissolved
nitrogen (TDN).

Physical habitat data were collected using the U.S.
EPA’s National Rivers and Streams Assessment meth-
ods (USEPA, 2013). Measurements were collected at
11 transects within each reach and focused on stream
substrates, stream channel dimensions (e.g., widths and
depths), riparian cover and fish cover in the stream,
wood volumes, and reach characteristics (e.g., sinuos-
ity and watershed area). We used the aquamet library
(personal communication with Karen Blocksom, U.S.
EPA, March 14, 2017) and the R statistical platform (R
Core Team, 2023) to calculate physical habitat metrics
from the measurements taken at each stream reach.

Fish were sampled by electrofishing using a Smith-
Root Model LR-24 backpack electro-fisher (Smith-
Root, Vancouver, Washington). We identified all fish
to species, except for sculpin (Cottus sp.), lamprey
(Lampetra sp.), and whitefish (Coregonus sp.), which
were identified to genus. We tallied all fish at each
site and released them within 60 min of capture. We
standardized fish counts to numbers per 100 m. All
fish methods followed an approved IACUC protocol
(PI—Ray Hilborn, #3142-01) through the University
of Washington.

Macroinvertebrates and diatoms were sam-
pled according to USEPA protocols (2013). Both

@ Springer

communities were sub-sampled at 11 transects and
composited to form a single sample for the reach. All
benthic community samples were processed at UAA.

Macroinvertebrate samples were sub-sampled in
the laboratory to obtain a fixed count of 500+/—20%
organisms. The remaining sample was searched for
5 min to locate additional large and rare taxa. All
insects were identified to genus or lowest practical
taxonomic level, including Chironomidae. Non-insects
were identified to a higher taxonomic level (usually
family or order). Taxonomic keys for macroinverte-
brates included Pennak (1989), Wiggins (1996), Thorp
and Covich (2001) Stewart and Oswood (2006), Mer-
ritt et al. (2008), and Andersen et al. (2013).

Diatom samples were processed and slide mounted
in the lab. A fixed count of 600 diatom valves
was identified to species or lowest practical taxo-
nomic level. The primary taxonomic references used
were Patrick and Reimer (1966 and 1975), Krammer
and Lange-Bertalot (1986, 1988, and 1991), Kram-
mer (2000, 2002, and 2003), Lange-Bertalot (2001),
and Lange-Bertalot et al. (2011). The Diatoms of
North America website (diatoms.org) and AlgaeBase
(algaebase.org) were used to update the taxonomy as
needed.

Data analysis
Identification of sensitive freshwater taxa

We identified sensitive taxa from the fish, macroin-
vertebrate, and diatom communities using two crite-
ria: (1) taxa that are characteristic of distinct stream
types based on physical habitat metrics and (2) taxa
that have published sensitivities to climate change
or mineral development (Objective 1 in Fig. 2).
We focused on identifying taxa from streams rep-
resenting distinct physical habitat types because we
expected they would represent less dynamic condi-
tions than water chemistry samples collected at a
single point in time. Additionally, our water chem-
istry dataset spanned a limited range of conditions
that might drive responses in biological communi-
ties or represent expected environments from future
climate change (e.g., warm stream temperatures)
or mineral development (e.g., low pH). We limited
our list to taxa that occurred in at least 10% of sites
(three or more) in the probabilistic survey. All data
analyses were conducted in R (R Core Team, 2023).
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We selected 12 physical habitat variables calcu-
lated from field measurements to define habitat types:
average depth across the reach (cm), bankfull width to
depth ratio (unitless), relative bed stability (unitless),
mean canopy cover (trees greater than 5 m in height,
%), woody debris volume (m*/100 m), mean chan-
nel gradient (%), geometric mean (log;, (mm)) and
standard deviation of particle diameters, total residual
pool length (m/reach), sinuosity (unitless), elevation
(m), and watershed size (kmz). We identified habi-
tat types using hierarchical cluster analysis. Habitat
variables were scaled, converted to a distance matrix
using Euclidean distances, and grouped using Ward’s
minimum variance method. We selected the number
of physical habitat types by evaluating cluster stabil-
ity across solutions of two to six groups. We used the
R package fpc (Hennig, 2015) to assess cluster stabil-
ity using 500 bootstrapped samples of the data. Jac-
card similarities were used to compare groups in the
bootstrap samples with groups in the observed data.
The mean Jaccard similarity was calculated over all
bootstrap samples. Higher mean similarities indicate
stability, and clusters with similarities greater than
0.75 were considered stable, while those less than
0.60 were considered unstable (Hennig, 2007).

We identified characteristics defining the final hab-
itat types by plotting them on separate physical habi-
tat and water chemistry ordinations and by comparing
means. The water chemistry variables included ten
dissolved metals (ug/L), DOC (mg/L), DIC (mg/L),
TDN (mg/L), pH (unitless), specific conductance (uS/
cm), temperature (°C), and dissolved oxygen (mg/L).
We used principal components analysis (PCA) to vis-
ualize differences in physical habitat and water chem-
istry conditions across the final habitat types. Vari-
ables with absolute skewness greater than one were
log,,-transformed, and all variables were scaled prior
to conducting each PCA on a correlation matrix.

Taxa associated with the physical habitat types
were identified using indicator species analysis (ISA,
Dufréne & Legendre, 1997), modified to include
taxa with different niche breadths that may be most
strongly associated with a combination of habitat
types (De Céceres and Legendre, 2009; De Caceres
et al., 2010). ISA combines relative abundances and
frequencies across different groups to generate an
indicator value whose significance is evaluated using
a randomization procedure. We used a permutation

test to identify statistically significant taxa associated
with different physical habitats (alpha=0.05).

As a second method to identify sensitive taxa,
we researched published sensitivities to one or more
expected changes from mineral development or cli-
mate change. Several stressors associated with min-
eral development were considered, including changes
to pH, specific conductance, sedimentation, tem-
perature, and chemical pollution. We also considered
increased stream temperature to be a potential impact
from climate change. We carried out a comprehensive
search of the relevant peer-reviewed scientific litera-
ture to identify sensitivities to climate change or min-
eral development for the seven fish species found at
three or more sites in our study. Sensitivity to min-
eral development was assessed using published sen-
sitivities to metals, pH, sedimentation, and to climate
change based on maximum spawning temperatures.
For macroinvertebrates and diatoms, we used pub-
lished databases that provided information on spe-
cies- or genus-level responses to environmental con-
ditions or stressors. For macroinvertebrates, we used
the Freshwater Biological Traits Database (USEPA
2012) and the Aquatic Fine Sediment Biotic Index
(Relyea et al., 2012); and for diatoms, we used the
Algal Attributes Database (Porter, 2008) and Diatoms
of North America website (Spaulding et al., 2021).
The supplementary methods (Appendix S1) provides
additional information on how we identified fish,
macroinvertebrate, and diatom taxa with sensitivities
from the published literature.

Evaluation of sensitive freshwater taxa as potential
bioindicators

We combined the lists of sensitive taxa using our
two criteria and calculated mean abundances associ-
ated with the 30 random sites sampled in 2015. For
taxa associated with specific habitat types (or combi-
nations of two habitat types), we calculated average
abundances for sampling sites belonging to that habi-
tat. Spatial summary statistics were calculated using
the sample weights from the study design and the
spsurvey library in R (Dumelle et al., 2023). For taxa
found at the ten sites repeatedly sampled for 5 years
(Dataset B in Fig. 2), we calculated taxon persis-
tence by averaging the number of years a taxon was
observed across all sites where it was found (maxi-
mum of five). Fish were not sampled after 2015, so
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persistence values could not be calculated. We used
the spatial and temporal summary statistics to iden-
tify abundant, common, and/or persistent taxa that
might be most useful as bioindicators for future moni-
toring (Objective 2 in Fig. 2).

We created a list of bioindicator taxa by combining
our two criteria used to identify sensitive taxa with
information on spatial frequencies and temporal per-
sistence from year to year. Any taxon with fidelity to
one of the stream habitat types and high interannual
persistence (3 or more years, 60%) were considered
useful bioindicators of habitat change. Any taxon
with one or more published sensitivities, high interan-
nual persistence (3 or more years, 60%), and high fre-
quency in wadeable streams (10 or more sites, 33%)
were considered useful bioindicators of future stress-
ors from climate change or development.

Long-term change in stream benthic communities

To investigate trends in macroinvertebrate and diatom
communities over the past decade, we used samples
collected from 2008 to 2019 at five long-term moni-
toring sites (Fig. 1, Objective 3 in Fig. 2). We harmo-
nized taxonomic nomenclature and sampling methods
over the 12-year study period prior to analysis (see
supplemental methods in Appendix S1). To investi-
gate long-term changes in benthic community com-
position, we compared beta diversity at the long-term
monitoring sites using non-metric multidimensional
scaling ordination (NMS, Clarke, 1993). Prior to run-
ning NMS, we removed rare taxa that were found in
less than 5% of samples and log,-transformed abun-
dances to lessen the influence of abundant taxa. The
NMS ordination was based on a matrix of Bray—Cur-
tis distances. We selected an interpretable number
of dimensions that also had acceptable stress (<20,
McCune et al., 2002). We plotted the changes in beta
diversity over time for each site using successional
vectors. The NMS ordination and multivariate analy-
sis of variance were run using the vegan package in R
(Oksanen et al., 2022).

We used a model-based approach to analyze
changes in benthic communities and taxon abun-
dances over time using multivariate generalized linear
models (GLM, Wang et al., 2012). We fit the mod-
els using a negative binomial distribution for each of
the two benthic communities and tested for signifi-
cant differences in abundances over time (i.e., year
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covariate) that could vary by site (e.g., site by year
interaction term). Significance was tested by calcu-
lating p values from resampling the data 999 times
using the mvabund package in R (Wang et al., 2012).

Results

The population of 30 random sites had mean water-
shed area of 19 km? (95% CI 12-27) and mean ele-
vation of 329 m (95% CI 282-375). Mean specific
conductance was 60 uS cm~! (95% CI 51-68) and
mean pH was 7.3 (95% CI 7.2-7.4), both of which
are within common ranges for freshwater streams.
Mean dissolved oxygen was 11.7 mg L™' (95% CI
11.3-12.1), mean water temperature was 8.1 °C (95%
CI 6.9-9.4), and mean alkalinity was 22 mg L~
CaCO; (95% CI 19-26).

Eleven fish taxa were sampled from 27 of the ran-
dom sites in 2015. Two small, high-gradient streams
were fishless, and one site was not sampled due to
equipment problems. Although fish diversity was low,
sculpin, Dolly Varden (Salvelinus malma), and coho
salmon (Oncorhynchus kisutch) were found at many
sites throughout the study area. Sculpin were the most
common fish encountered and occurred at 85% of
all sites, followed by Dolly Varden (67%) and coho
salmon (41%). Other fish encountered at four or fewer
sites (<15%) included Alaska blackfish (Dallia pec-
toralis), lamprey (Lampetra sp.), ninespine stickle-
back (Pungitius pungitius), rainbow trout (O. mykiss),
sockeye salmon (O. nerka), burbot (Lota lota), Arctic
grayling (Thymallus arcticus), and longnose sucker
(Catostomus catostomus).

Insects dominated the macroinvertebrate genera
identified from the random sites, comprising 86%
(101 out of 117 genera). Of the remaining 16 genera,
seven were arachnids, five were snails or clams, two
were amphipods, and two were leeches. Non-insect
macroinvertebrates identified to the family or higher
level included annelid worms (Clitellata), nematodes
(Nematoda), flatworms (Platyhelminthes), mites
(Trombidiformes and Sarcoptiformes), pond snails
(Lymnaeidae), ramshorn snails (Planorbidae), and
amphipods (Amphipoda). Insect diversity was distrib-
uted throughout six different orders with Diptera (true
flies) exhibiting the highest diversity (65 genera and
eight families), followed by Trichoptera (caddisflies,
16 genera and eight families), Plecoptera (stoneflies,
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ten genera and five families), Ephemeroptera (may-
flies, eight genera and four families), and Coleoptera
(beetles, two genera and one family). The order Dip-
tera comprised the largest component of site rich-
ness, averaging 18 taxa across all sites, followed by
Trichoptera and Ephemeroptera with four taxa each
and Plecoptera with two. Site richness was driven
by diversity in the family Chironomidae (non-biting
midges), averaging 16 genera, followed by two each
for Limnephilidae (northern case-constructing cad-
disflies), Simuliidae (black flies), and Heptageniidae
(flat-headed mayflies).

Benthic diatoms from the random sites were repre-
sented by 284 taxa from 68 genera. The most diverse
genera were Eunotia and Gomphonema, each with 25
different taxa, followed by Pinnularia (20), Navicula
and Nitzschia (15), Encyonema (13), and Psammoth-
idium (10). Achnanthidium minutissimum was the
only diatom encountered in all 30 sites. Other com-
monly encountered diatoms were Fragilaria vauche-
ria (28 sites), Aulacoseira alpigena and Staurosirella
pinnata (27 sites), Odontidium mesodon and Tabel-
laria flocculosa (strain IV) sensu Koppen (26 sites),
and Encyonema silesiacum and Eucocconeis laevis
(25 sites). Rare taxa dominated the diatom commu-
nity, with over 45% (129 out of 284) of taxa encoun-
tered in only one of the 30 sites sampled in 2015, and
with 49 additional taxa encountered at the repeat sites
2016-2019.

Identification of sensitive freshwater taxa

We identified three stream habitat types using 12
physical habitat variables across the random sites
(Dataset D in Fig. 2). The three-group solution had
the highest mean stability (0.77 versus 0.68-0.71
for other solutions), and individual cluster stabili-
ties across all bootstrap samples were 0.84, 0.74,
and 0.77 for habitat types 1 through 3, respectively.
Physical habitat conditions varied among the three
habitat types (Fig. 3 and Figure S1). Habitat type 1
(“Higher Gradient Coarse Substrate”) included 17
high gradient (95% CI 3.2-6.4%), small streams with
the shallowest average depths and coarse substrates
(mean diameters equal to coarse gravel) leading to
high bed stability (Fig. 3 and Figure S1). Habitat
type 2 (“Sandy”) included eight small streams with
low canopy cover, depths in between the other two
habitat types, and the highest variability in substrate

composition, which resulted in smaller average sub-
strate sizes (mean diameters equal to sand) and lower
bed stability (Fig. 3 and Figure S1). Habitat type 3
(“Larger Woody”) included five large and deep wade-
able streams with the highest canopy cover, wood
densities, and sinuosity; and intermediate substrate
sizes (mean diameters equal to fine gravel, Fig. 3
and Figure S1). Water chemistry was similar among
stream habitats 1 and 3 (Figure S2). Stream habitat
type 2 had more variable and higher concentrations of
aluminum, barium, iron, manganese, sodium, vana-
dium, and DOC (Figure S2).

Stream taxa associated with physical habitat types
included two fish, 18 macroinvertebrates, and ten
diatom taxa. Twenty-two taxa were associated with
individual habitat types, and eight macroinvertebrates
were associated with combinations of types 1 and 3
or 2 and 3. A single diatom taxon was associated with
stream habitat 1: higher-gradient coarse substrate
streams. Lower gradient, sandy streams of stream
habitat 2 had several characteristic taxa that included
two fish (Alaska blackfish and ninespine stickleback),
five macroinvertebrates (three genera of non-biting
midges, one caddisfly, and one snail), and three dia-
toms. Larger woody streams associated with stream
habitat 3 had five macroinvertebrate (two genera of
non-biting midges, two mayflies, and one caddisfly)
and six characteristic diatom taxa. Two macroinverte-
brates (one non-biting midge and one caddisfly) were
associated with stream habitats 2 and 3, which may
indicate a preference for lower gradient habitats or
smaller substrates. Six macroinvertebrates (three non-
biting midges, one caddisfly, one stonefly, and one
mayfly) were associated with stream habitats 1 and
3, which may indicate a preference for larger or more
stable substrates.

Seven fish occurred at three or more random
sites. We used published papers to assign sensi-
tivities to acidic conditions, metals pollution, high
water temperatures, and fine sedimentation (detailed
citations in Appendix S1 and Table S1). Four of the
six taxa with pH information available preferred
neutral or alkaline conditions. Three of the six taxa
with information available on metals pollution were
intolerant of it. All taxa had temperature preference
and fine sedimentation tolerance information avail-
able. Four taxa of the seven with temperature toler-
ance information prefer cool temperatures, and two
taxa are intolerant of fine sedimentation. Excepting
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Fig. 3 The first two factors (Diml and Dim2) of principal
components analysis of dissolved load (A) and physical habi-
tat (B) for 30 streams sampled in 2015 indicating covariation
among variables and differences among stream habitat types.

ninespine stickleback (Pungitius pungitius), which
were tolerant of metals, sedimentation, and high
temperatures, the remaining six fish taxa were sen-
sitive to at least one environmental condition related
to mining (Table S2).

Seventy-one macroinvertebrate genera that were
found at three or more random sites were merged with
the Freshwater Biological Traits Database (USEPA,
2012) and the Aquatic Fine Sediment Biotic Index
(Relyea et al., 2012). Pollution tolerance information
was available for 63 (89%) of the genera and 22 had
mean tolerance values less than three indicating taxa
sensitive to pollution. Of the 41 genera (58%) with
information on pH preferences, six preferred neutral
to alkaline conditions, indicating sensitivities to acid-
ity. Thermal preferences were available for 47 genera
(66%) and, with additional investigation of Alaskan
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Stream Habitat Types
Type 1 (17 streams)
“Higher Gradient Coarse

Substrate”
Higher gradient
Shallower
Coarser substrate
Higher bed stability

Lower metal and DOC
concentrations

Type 2 (8 streams)
usandy”

Lower canopy cover
Intermediate depth
Variable substrate
Lower bed stability

Higher metals and DOC
concentrations

Type 3 (5 streams)
“Larger Woody”
Higher canopy cover
Higher wood density
Higher sinuosity
Intermediate substrate

Lower metals and DOC
concentrations

Five probabilistic sites sampled annually from 2015 to 2019
are outlined with black circles. Example photos from a site
representing each habitat type are shown (C-E) with descrip-
tions of the habitat type

species preferences, we determined that 11 preferred
cold or cold-cool water temperatures. Finally, we
identified 15 genera and one species (Baetis bicau-
datus) with sensitivities to fine sediment that ranged
from extremely sensitive (only one genus, Eccli-
somyia) to slightly sensitive. The combined list of
macroinvertebrates with at least one identified sensi-
tivity included 30 genera and one species (Table S3).
Of 125 diatom taxa that occurred at three or more
random sites, 110 (88%) had entries in the Algal
Attributes Database (Porter, 2008). Pollution toler-
ance information was available for 67 (54%) of the
diatom taxa, and 48 were identified as being sensitive
to pollution. Information on pH preferences was avail-
able for 85 (68%) of the diatom taxa, and 64 preferred
neutral to alkaline conditions. All but one of the 19
(15%) diatom taxa with information on conductivity
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preferred habitats with low specific conductance.
Motility information from the Diatoms of North
America website (Spaulding et al., 2021) was avail-
able for 94 (75%) diatom taxa, and we used best pro-
fessional judgment to fill in motility information for
an additional 27 (22%) taxa. Eighty-four diatom taxa
were either non-motile, weakly motile, or slightly
motile, suggesting sensitivity to sediment pollution.
The combined list of diatoms with at least one identi-
fied sensitivity included 111 taxa (Table S4).

Evaluation of sensitive freshwater taxa as potential
bioindicators

The two criteria used to identify sensitive freshwa-
ter taxa produced lists with low overlap. Six fish taxa
had published sensitivities to one or more stressors,
two had fidelity to stream habitat type 2, and only one
taxon met both criteria (Table S2). For the macroin-
vertebrates and diatoms, only eight (20% of all mac-
roinvertebrate and 7% of all diatom sensitive taxa)
had fidelity to a stream habitat type and at least one
published sensitivity (Tables S3 and S4). Almost all
of the sensitive taxa in the macroinvertebrate and
diatom communities (40 out of 41 macroinvertebrate
genera and 113 out of 115 diatom taxa) were found in
the ten repeat sampling sites and could be evaluated
for their persistence from year to year.

Of the seven sensitive fish taxa, five were consid-
ered useful bioindicators (Table 1). Alaska black-
fish and ninespine stickleback were associated with
stream habitat type 2, sandy streams with low can-
opy cover, and variable substrate types (Table 1).
Coho salmon, Dolly Varden, and sculpin occurred
frequently in wadeable streams and had at least one
published sensitivity (Table 1 and Fig. 4).

Forty-one sensitive macroinvertebrate taxa
occurred at three to 26 sites (Table S3). Relative
densities were highly variable across sites ranging
from less than one to over 800 organisms per square
meter. One taxon was not found at any of the repeat
sampling sites, and the remainder occurred at one to
ten sites with 15 genera found at all ten sites. Tem-
poral persistence ranged from 1 to 4.8 years, and
eight taxa had mean persistence greater than 4 years
meaning that they were observed 80% of the times
sampled. Seven macroinvertebrate genera were

sensitive to three stressors, and the most sensitive
taxa occurred at a range of frequencies across the
study area (Fig. 4). Genera found at more sites sam-
pled in 2015 also had higher average persistence
values (Fig. 4). Twenty-three macroinvertebrate
genera were identified as potential bioindicators
(Table 1). Of 13 macroinvertebrate bioindicators
with high persistence and fidelity to stream habi-
tat types, five also had published sensitivities to at
least two stressors. Another ten macroinvertebrate
bioindicators were common in wadeable streams
(range = 11-26 sites, mean =19) and had published
sensitivities to one or more Stressors.

One hundred and fifteen sensitive diatom taxa
occurred at two to 20 sites (Table S4). Relative
abundances ranged from less than 1 to 100%, but
only 12 taxa had average relative abundance greater
than 10%. Diatom taxa occurrence at the repeat sam-
pling sites ranged from one to ten, and 14 taxa were
found at all ten sites. Persistence ranged from 1 to
4.8 years, and 13 taxa had mean persistence greater
than 4 years. Twenty-three diatom taxa were sensi-
tive to three or more stressors and occurred across
a range of frequencies (Fig. 4). Similar to macroin-
vertebrates, diatoms that occurred more frequently
in streams across the study area had higher temporal
persistence (Fig. 4). Twenty-six diatom taxa were
identified as potential bioindicators (Table 1). Five
had fidelity to stream habitat 3, which were charac-
terized by high riparian cover and large wood. The
remaining 21 diatom bioindicators were sensitive to
one or more stressors and were commonly found in
wadeable streams (range = 11-30 sites, mean=19).

Long-term changes in benthic communities

The ordinations of long-term macroinvertebrate and
diatom beta diversity (n=12 years) resulted in three
dimensions (stress = 14 for macroinvertebrates and 10
for diatoms, Fig. 5). Diatom communities were more
distinct among sites than macroinvertebrates and
neither ordination showed strong directional change
over time (Fig. 5). The multivariate GLM indicated
a significant change in the macroinvertebrate com-
munity over time (Deviance=162.7, p value=0.001)
and the interaction between year and site was not sig-
nificant (Deviance =294.5, p value=0.494) indicat-
ing that the trends were the same across sites. There
were changes in two macroinvertebrate genera from
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Fig. 4 Spatial frequency
versus temporal persistence
for macroinvertebrate and
diatom sensitive taxa along
with spatial frequencies
for seven sensitive fish
taxa. Frequencies are from
random sites (maximum
of 30), and persistence

is the average number of
years a taxon was observed
across ten repeat sampling
sites (maximum of 5).

The indicator sum is a
metric of taxon sensitivity
and reflects the number

of stressors to which a
taxon responds negatively.
Habitat bioindicators are
taxa with high fidelity to a
single stream habitat type
or a combination of stream
habitat types
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Fig. 5 First two axes of
non-metric multi-dimen-
sional scaling ordination of
macroinvertebrate and dia-
tom communities sampled
at five sites from 2008 to
2019. Points in the ordina-
tion represent one sample
from a stream and year.
The first axis was rotated to
align with the year variable;
black boxes indicate com-
munities sampled in 2019,
the final year of sampling;
and colors indicate different
streams
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the family Chironomidae (non-biting midges): Hele-
niella increased in abundance (Deviance=19.943, p
value =0.002), while Brillia decreased in abundance
(Deviance=10.987, p value=0.07). The multivariate
GLM indicated significant changes in the diatom com-
munity over time (Deviance=3364, p value=0.029)
with a significant interaction term between year and
site (Deviance=2868, p value=0.001), indicating dif-
ferent trends among sites. There were no significant
changes in relative abundances for individual diatom
taxa (p values>0.1). We also explored changes in
nine coldwater macroinvertebrate taxa that occurred
at the long-term sampling sites since we lacked
information on stream temperatures over the 12-year
period. The coldwater taxa exhibited high interannual
variability, but no clear patterns in abundance over
time (Figure S3).

Discussion

Measuring impacts from current and future stress-
ors in freshwater ecosystems require well designed
studies of baseline conditions. In the Bristol Bay
region of Alaska, both changing climatic conditions
and proposed mineral development may alter the
pristine freshwater habitats that support productive
salmon fisheries. The freshwater bioindicator frame-
work developed here provides a unique opportunity
for measuring future change because monitoring
occurred prior to significant impacts, sampling relied
on a probabilistic study design, and both spatial and
temporal dynamics of bioindicators were measured
and used for evaluating bioindicator effectiveness.

By using a probabilistic study design, we uncov-
ered more unique taxa than previous strategic sam-
pling of 78 hard-bottom wadeable streams. Historic
sampling of stream benthic communities identified
137 unique macroinvertebrate taxa representing 116
genera (Bogan et al., 2018). Random sampling in this
study from less than half the number of sites resulted
in 164 unique macroinvertebrate taxa representing
117 genera. The same pattern emerged for diatoms
with approximately 44% more diatoms identified in
this study as compared to previous sampling (289 ver-
sus 201 taxa) when comparing the 600 valve counts.
These findings reinforce the importance of random
site selection, which reduces bias (conscious or not)
and increases the likelihood of sampling across the

@ Springer

range of available habitats and the freshwater taxa
they support.

This framework for selecting freshwater bioindica-
tors has some limitations. Climate change is one of
two key stressors targeted by this framework, but ris-
ing air temperatures and changing precipitation pat-
terns over the past century in Alaska (Druckenmiller
et al., 2022; Stewart et al., 2022) may have already
elicited shifts in community composition (Milner
et al., 2023). Despite this fact, we believe our selec-
tion of bioindicator taxa provides meaningful results
for two reasons: (1) we found limited changes in
taxon abundances over the past 12 years of monitor-
ing and (2) current stream temperatures in this region
are below thresholds that would limit distributions
of coldwater benthic taxa (Lisi et al., 2015). These
results suggest that major shifts in taxon response to
climate change have not yet occurred.

A second limitation to our bioindicator framework
was our reliance on published information for taxon
sensitivities to expected changes. For fish and dia-
toms, most of the literature applied to species docu-
mented in our study, so we expect taxa responses to
be similar over their Alaska range. One exception
could be physiological tolerances that exhibit plas-
ticity over a species’ range resulting in different tol-
erances to stressors targeted in our framework (e.g.,
Eliason et al., 2011). For macroinvertebrates, most
of the published information applied to genera, and
different species and tolerance levels across regions
could make our list of macroinvertebrate bioindica-
tors less accurate. Potential solutions to improve our
understanding of macroinvertebrate responses to
stressors could include using genomics to improve
taxonomic resolution and additional sampling of taxa
along stressor gradients in Alaska.

This study provides a potential strategy for moni-
toring before an anticipated impact or for leveraging
pre-existing long-term monitoring after an impact
occurs. This strategy operates by selecting potential
bioindicators based on literature-derived tolerance
values and then characterizing their spatial distribu-
tion and persistence over time. We confirmed our
hypothesis that it would be challenging to identify
useful bioindicators for wadeable streams as two
fish, 18 macroinvertebrates, and 89 diatoms had pub-
lished sensitivities, but did not meet our criteria for
persistence or frequency. EPT taxa, which have well
known sensitivities to water quality, were important
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bioindicators for our region, comprising approxi-
mately 50% of the final macroinvertebrate bioindica-
tor taxa. Having a long-term dataset in advance can
allow researchers to complement published sensi-
tivities to pollution or other impacts with locally rel-
evant information about habitat preferences and land-
scape heterogeneity, based on temporal and spatial
responses of baseline communities. For example, the
literature review found that coho salmon and rainbow
trout were sensitive to all four published stressors, but
these two species were only found at a small number
of sites, making them useful as indicators at a sub-
set of sites in the region. Sockeye salmon, which are
of particular economic and social importance in the
region, were rare in our sampled habitats due to a lack
of overlap with their spawning habitats and the lakes
where they typically rear. They should be considered
in future monitoring efforts given that the headwater
streams sampled in this study support downstream
lakes and larger river systems where they migrate and
spawn (Colvin et al., 2018).

Depending upon future scenarios, changes in
bioindicators can be used to plan restoration actions,
guide adaptive management, and conserve important
freshwater habitats. Changes to bioindicators under
a future development scenario may signal impacts
to physical or chemical conditions in streams and
could be used to trigger strategic sampling to identify
sources of impairment and adapt mitigation strate-
gies associated with development activities (e.g.,
road-building or mining). Under a future climate sce-
nario, changes to bioindicators may indicate losses of
freshwater habitat diversity or biodiversity that are
important for sustaining and stabilizing salmon fish-
eries (Schindler et al., 2015). These future changes
may be measured using strategic partnerships, such
as this study, or as part of national monitoring frame-
works, such as the Bureau of Land Management’s
Assessment, Inventory, and Monitoring framework
and USEPA’s National Aquatic Resource Surveys.
The high cost of accessing remote sites in Bristol
Bay precludes regular sampling, but a multi-pronged
strategy that focuses on continuous monitoring of
habitat changes (e.g., stream temperature and stream-
flow at strategic sites) alongside less frequent (e.g.,
10-20 years) probabilistic sampling of sites should be
used to inform potential biological responses to envi-
ronmental change, mineral exploration, or develop-
ment in this critical area.

High natural interannual variability in stream bio-
logical communities can pose challenges for inter-
preting responses to external impacts and limit the
effectiveness of biological monitoring programs
(Milner et al., 2006). Some macroinvertebrate taxa
were found at repeat sampling sites at least 80% of
the years studied, while others were only detected
once. A long-term biomonitoring study on amphib-
ians in Grand Teton and Yellowstone National Parks
found similar fluctuations (Ray et al., 2022). In some
cases, taxa documented as sensitive in the literature
might also be spatially rare or not very persistent.
Those characteristics could make them less locally
or regionally useful as indicator taxa, because their
disappearance or absence may be due to allee effects,
for example rather than mining-caused pollution. Our
study found that most taxa occupying a wide range of
sites were also temporally persistent. Prevalent taxa
with known sensitivities to impacts may be useful
bioindicators, but could also represent metapopula-
tion source and sink dynamics. In that case, their
presence at impacted sites is due to a constant influx
of migrants from neighboring communities, rather
than a lack of habitat impacts (Pajunen et al., 2020).
The most useful bioindicators in wadeable streams
are sensitive, persistent over time (in the absence of
a stressor), and have known stream habitat associa-
tions—based on their frequency in a distinct stream
habitat type or commonness in wadeable streams. We
identified 23 macroinvertebrate genera and 26 diatom
taxa that met this standard and may have the highest
value in detecting future change. Thus, having a pre-
existing long-term baseline of stream communities in
the Bristol Bay region can help disentangle nuanced
responses to future environmental impacts, such as
climate change and mining.

Our investigation into changes in stream benthic
communities over a recent 12-year period in the Lime
Hills ecoregion of Bristol Bay indicated significant
change in benthic community composition over time,
but limited changes in individual taxon relative abun-
dances. Similar work investigating macroinvertebrate
community responses in Interior Alaska reported sig-
nificant changes in the overall community in addition
to changing abundance patterns for five stoneflies and
one mayfly over a 22-year sampling period (Milner
et al., 2023). In this study, the only taxa with chang-
ing abundances over our sampling period were in
the family Chironomidae, which have high diversity
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in Arctic ecosystems (Lento et al., 2022; Oswood,
1989), but are often not identified beyond the fam-
ily level. Other studies support the idea that climate
change is shifting freshwater communities, as temper-
atures warm and precipitation patterns change. Fresh-
water species distribution models across sites in the
contiguous 48 US States indicated strong responses of
diatoms, macroinvertebrates, and fish to climate vari-
ables and dramatic reductions in coldwater taxa under
future projections (Pound et al., 2021). The potential
loss of coldwater fish and macroinvertebrates identi-
fied in our literature review include taxa indirectly
(e.g., macroinvertebrates as food for stream fishes)
and directly important to subsistence users (e.g. coho
salmon and Dolly Varden) whose loss could have
implications for food security in the region. Addition-
ally, several of the coldwater taxa we identified have
high value for bioindication (e.g., sculpin and coho
salmon and the mayflies Drunella and Cinygmula).

Measuring taxon-specific responses to climate
change is challenging without multi-decadal data-
sets due to variable abundances from year to year
(Figure S3, Milner et al., 2006) caused by varia-
tion across timescales. For example, sampling at
the same time each year (e.g., an index period) is
designed to capture organisms at similar pheno-
logical stages, but differences in spring breakup and
early summer temperatures lead to differences in the
presence of taxa with spring emergence (Finn et al.,
2022). Additionally, multi-decadal climate phenom-
ena such as El Nifio can affect temperature and pre-
cipitation patterns that drive community composi-
tion and abundance and mask patterns of long-term
change (Lawrence et al., 2010). Despite these chal-
lenges, long-term datasets provide a valuable con-
tribution to our understanding of shifting freshwa-
ter biodiversity that may alter ecosystem functions
(Lento et al., 2023; Shipley et al., 2022). Long-term
datasets can also be coupled with climate data to
model future species’ distributions under climate
change.

Climate change has already altered freshwater
habitats in Alaska, and the demand for critical min-
erals will increase mineral exploration activity and
potential development, making baseline monitor-
ing particularly timely. Several avenues for future
research could improve our bioindicator selec-
tion framework and ability to measure freshwater
community change in response to these stressors.

@ Springer

Responses of Alaskan fish, macroinvertebrates, and
diatoms to selected stressors (e.g., sediment, tem-
perature, pH, conductivity, and pollution) could
be investigated by sampling along stressor gradi-
ents in regions with impacted streams (e.g., urban
areas or mines). This approach would confirm taxon
responses to changing conditions and allow for bet-
ter predictions of altered stream food webs, biodi-
versity, and stream function.

Regional trait information for freshwater taxa
could also increase predictive power linking changes
in taxonomic composition to changes in ecosystem
function. Many trait databases are based on studies
from distinct geographic areas, and traits may exhibit
more plasticity than suggested by those trait assign-
ments. For example, trophic traits have been found
to be very flexible in aquatic insects, with taxa shift-
ing their resource use depending on food availability
and quality (Collins et al., 2015; Larson et al., 2018).
Emerging genetics tools may also improve our under-
standing of taxon presence and biodiversity. Recent
investigations into macroinvertebrate diversity using
DNA metabarcoding in Interior Alaska revealed 20
new chironomid taxa (Webb et al., 2022). These new
taxa could have high value for bioindication once their
autoecological information (e.g., life cycle, voltinism)
and stressor tolerances are described. Efforts to estab-
lish a DNA barcode library for Alaskan arthropods
are underway (Sikes et al. 2017), and as more taxa are
added, DNA barcoding will become an increasingly
viable method for bioassessment. As climate change
effects continue to intensify, baseline studies can be
used to detect signals of climate change in population
dynamics. For example, all five of the fish bioindica-
tors identified in this study are anticipated to expe-
rience negative impacts to their distributions due to
climate change (Krabbenhoft et al., 2020). Finally, we
recommend continued support of long-term datasets
to document freshwater biodiversity under baseline
conditions prior to further taxonomic shifts due to cli-
mate change or development.

Conclusions

A probabilistic survey of biological communities
in wadeable streams in the Lime Hills ecoregion of
Bristol Bay revealed bioindicators that are persistent
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over time and could be used to measure changes to
stream habitats or water quality. The final bioindica-
tor list includes taxa from multiple communities (fish,
macroinvertebrates, and diatoms) with different lifes-
pans and mobility. A 12-year dataset of benthic com-
munities from streams in the same ecoregion indi-
cated changing composition over time. This survey
was conducted in a relatively undisturbed ecoregion
of western Alaska impacted by climate change and
proposed for mineral development, and these findings
could be applied to similar subarctic ecosystems. Our
findings show the value of collecting information on
freshwater biodiversity prior to major development
and provide a unique baseline for measuring impacts
to streams from a rapidly changing climate.
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