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Growing human population and demand for freshwater have led to global alterations to rivers, including con-
struction of millions of reservoirs that alter flow regimes, groundwater depletion that causes channel dewatering,
and nutrient pollution that degrades water quality. Although taxonomic-based indicators have played a central
role in measuring ecological integrity of rivers, trait-based ecological indicators may be applied across regions
and provide insight into the mechanistic linkages between environmental variation and organism responses. The
goal of this study was to conduct a multi-system assessment of fish functional trait responses to anthropogenic
alteration of rivers. Our interests were to determine if (1) traits commonly available for freshwater fishes
responded through time as rivers transitioned across states of alteration, and (2) the number of freshwater fish
strategists for each trait responded in the same direction across rivers afflicted primarily by dewatering, flow
regulation, or water quality improvement. We compiled fish community data from three case studies and used
existing trait databases to calculate trait strategist richness defined as the number of species expressing a trait.
We then fit random forest models and used recursive feature elimination to identify the traits that were most
important for predicting the period from which replicated fish collections were taken, thereby providing a test of
which traits most strongly correlated with environmental alterations. Finally, we use partial dependence plots to
assess if traits responded in the same directions across case studies and therefore might represent broadly
applicable ecological indicators. The largest number of traits responded to stream dewatering (n = 16), with
fewer traits responding to water quality abatement (n = 5) and flow homogenization (n = 4). Across case studies,
fishes classified as partial herbivores (i.e., they consumed plant matter in addition to other items) and fishes
classified as intermediate between periodic and opportunistic life history strategy endpoints declined as flows
were depleted, homogenized, or polluted. Fishes using gravel substrates declined as flows were depleted and
polluted, but increased after flow homogenization caused by dam construction, perhaps because of altered
sediment dynamics. Although the magnitudes and thresholds for change in strategist richness we identify here
are specific to the rivers we studied, the emergent themes of consistency in responsiveness and directionality
suggest (1) the strategists richness metric and (2) traits related to trophic ecology, life history, and habitat use
might be useful indicators for detecting and measuring ecological change in other river systems.

1. Introduction 2019). Freshwater organisms in rivers provide ecosystem services to

humans, including material goods such as food, non-material goods such

Freshwater systems provide vital goods and services to humans
despite their relative rarity in the global water cycle (<1 % of global
surface area; Gleick, 1996; Dudgeon et al., 2006). Freshwater ecosys-
tems house disproportionally greater than predicted biodiversity for
their global surface area, including 9.5 % of the Earth’s described animal
species and >50 % of ray-finned fishes (Balian et al., 2008; Reid et al.,
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as cultural and recreational opportunities, and regulating services such
as water purification and nutrient cycling (Lynch et al., 2023). Despite
this importance, human population growth and growing demand for
freshwater has substantially altered the quality and quantity of water
and biodiversity in rivers (Vorosmarty et al., 2010; Reid et al., 2019).
For example, water demand associated with irrigated agriculture
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increased during the past half century (Haddeland et al., 2014; Rodell
et al., 2018) and in the High Plains of North America contributed to
groundwater depletion that ultimately resulted in surface stream dew-
atering (Sophocleous, 2000; Scanlon et al., 2012). In other urbanized
locations, the establishment and growth of large municipalities
contribute to water overallocation combined with water quality degra-
dation in the form of nutrient pollution (McDonald et al., 2011). Rivers
are commonly impounded by dams to facilitate human water supply,
flood protection, and hydroelectric energy generation, resulting in more
than 16.7 million reservoirs globally (Lehner et al., 2011). These res-
ervoirs alter the flow and thermal regimes of rivers downstream with
widely documented ecological consequences (Zarfl et al., 2015; Raptis
et al., 2016). Given known ecological consequences of altered water
quality and quantity in rivers (e.g., Bai et al., 2019), interest in the
preservation of freshwater biodiversity and the benefits it provides to
humans is rising (Lynch et al., 2023).

Preservation or restoration of river ecosystems requires ecological
metrics that can be used to guide management actions and measure
progress towards restoration goals. Metrics used to measure and track
ecological integrity include taxonomic-based (e.g., species richness or
evenness) and trait-based (e.g., trophic classes) criteria (Karr, 1981). In
aquatic ecosystems, indicator organisms such as unionid mussels
(Camusso et al., 1994; Santos et al., 2015), other macroinvertebrates
(Goodnight, 1973; Armitage et al., 1983; Smith et al., 2007), and fishes
(Fausch et al., 1990; Lasne et al., 2007) are used to assess changes in
system integrity and inform conservation and management decisions.
Recognition that differences in species occurrence between locations (i.
e., beta-diversity) could affect broad-scale inference (i.e., among eco-
systems) has led to increased interest in trait-based approaches that
might be applied to organisms regardless of taxonomic relationships
(Martini et al., 2020). Another benefit to trait-based perspectives is that
they provide insight into mechanistic linkages between environmental
variation and organism responses (Miatta et al., 2021). Consequently,
trait-based approaches aimed at advancing aquatic ecology and con-
servation are developed for a variety of organisms (Webb et al., 2010),
particularly freshwater fishes (Pyron et al., 2011). For freshwater fishes,
the rising interest in trait-based approaches has driven advances in da-
tabases (e.g., Goldstein and Meador, 2005; Frimpong and Angermeier,
2010; Lecocq et al., 2019) and modelling approaches (e.g., Thorson
et al., 2017) useful for identifying or predicting traits of species. These
advances in trait data availability present the challenge of determining
which traits are most useful for measuring ecological integrity among
rivers with modified water quality and quantity (Wellemeyer et al.,
2018; Jargal et al., 2022).

Assessment of fish traits as candidates for measuring and tracking
ecological integrity in rivers requires knowledge of how traits are linked
to ecological functions. Martini et al. (2020) provided a framework for
understanding how traits classified into behavioral, physiological, life
history, or morphological types were related to ecological functions such
as resource acquisition, growth, reproduction, and survival. For fresh-
water fishes, functional trait categories that are increasingly applied to
measure ecological responses to river alteration include life history,
habitat use, and trophic strategies (Arantes et al., 2019). Life history
strategies involve energetic trade-offs among survival, growth, and
reproduction, measured using traits such as fecundity, generation time,
and parental investment (Winemiller and Rose, 1992). The tri-lateral
continuum model of Winemiller and Rose (1992) posited three
endpoint strategies defined as opportunistic (shorter generation time,
low fecundity, low parental investment), equilibrium (longer generation
time, lower fecundity, higher parental investment), and periodic (longer
generation time with higher fecundity and lower parental investment).
These life history strategies have been linked to flow regime alteration
and represent useful metrics for measuring ecological integrity of large
rivers with regulated flow regimes (McManamay and Frimpong, 2015;
Keller et al., 2021). Habitat use strategies describe connections between
fish and their preferred environmental settings, such as substrate, flow
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velocity, channel geomorphology, and water quality, clarity, and tem-
perature. Relationships between habitat use strategies and anthropo-
genic changes to rivers have been tested on a global scale, revealing
dominance by lentic-adapted (i.e., non-flowing water), warm-water,
non-migratory fishes where dams altered rivers most (Chen et al.,
2023). Trophic ecology functional traits typically describe trophic level
(e.g., herbivore, invertivore) and are linked to alterations to large river
watersheds and flow regimes (Villéger et al., 2010; Lin et al., 2017).
Although functional trait responses are indicative of changes to rivers,
studies typically either focus on a single class of traits across many rivers
(e.g., life history traits; McManamay and Frimpong, 2015) or multiple
trait classes along a single environmental gradient (e.g., river regulation
by dams; Arantes et al., 2019). There remains an acute need to test
whether trait responses are consistent across rivers with contrasting
forms of dominant environmental change, such as flow homogenization
(Perkin et al., 2017b), dewatering (Perkin et al., 2017a), and nutrient
pollution (Perkin and Bonner, 2016).

Current indices of biotic integrity might benefit from a review of
ecological traits tied to freshwater fish assemblage change caused by
environmental alterations. Karr (1981) proposed an index for measuring
biotic integrity based on species composition and ecological factors such
as the number of fishes intolerant to environmental degradation and
those belonging to trophic classifications (e.g., omnivores, insectivores,
carnivores). Since early work by Karr (1981), the number of potential
metrics considered for indices has increased substantially (e.g., Essel-
man et al., 2013). This radiation of potential indices has led to a new
challenge for researchers: determining which metrics are most appro-
priate for measuring change (e.g., Wellemeyer et al., 2018). A useful
approach to addressing this challenge is the use of case studies doc-
umenting long-term change in fish assemblages as environmental
change occurred. That is, retrospective analyses that leverage data
collected over long time periods (Dodds et al., 2012). Moreover, such
case studies should include metrics calculated to match current appli-
cations of indices. Most modern indices of biotic integrity use strategist
richness, defined as the count (or proportion) of species in an assem-
blage that express a particular trait (Esselman et al., 2013; Wellemeyer
et al., 2018). Ecological theory also provides guidance for the traits that
might be most useful for assessing ecological response to environmental
change. For example, life history theory posits that streamflow regula-
tion and homogenization benefits equilibrium species but selects against
opportunistic and periodic strategists (Winemiller and Rose, 1992). The
riverine productivity model posits the most carbon assimilated by ani-
mals in rivers is derived from local primary production, but alterations
to river water quality and quantity can significantly affect local primary
production and the animals that depend on it (Thorp and Delong, 1994).
Finally, habitat template theory posits that fish habitat strategists use
habitats that are predictable based on their morphology, and therefore
alterations to local habitat templates will cause a decline among habitat
strategists dependent upon the natural template (Lamouroux et al.,
2002). Further research linking relevant ecological traits with cases of
environmental alteration to inform the selection of the most appropriate
ecological indicators of fish assemblage change.

The goal for this study was to conduct a multi-system assessment of
fish functional trait responses to anthropogenic river alteration. Our
primary interest was determining if traits consistently correlated with
fish assemblage change through time as rivers transitioned across states
of alteration. Our second goal was testing if the number of freshwater
fish strategists for each trait responded in the same direction across each
of the case studies. We focused on three large river systems in the United
States with sufficient historical fish assemblage data to test for differ-
ences in trait strategist richness between time periods with varying
levels of anthropogenic alteration. We compiled fish community data
from each study and used existing trait databases to assign each species
to life history, habitat, and trophic strategy categories. We chose these
trait categories because we hypothesized that fish with opportunistic
and periodic life history strategies would be most negatively affected by
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homogenization of flows (Mims and Olden, 2013), fish with specialized
habitat associations such as swift water and course substrates would be
most negatively affected by changes to local habitats (Bice et al., 2014),
and that fishes with trophic traits associated with primary consumers
would be most negatively affected by alterations to local river produc-
tivity (Pyron et al., 2019). We used random forest models and recursive
feature elimination (RFE) to identify the traits that were most important
for predicting the period from which replicated fish collections were
taken. Traits that consistently respond in the same directions across case
studies represent functional traits that should be included in indices of
biotic integrity.

2. Methods
2.1. Case studies

We reviewed three case studies focusing on rivers that have experi-
enced substantial alterations to water quantity or quality and for which

Ecological Indicators 169 (2024) 112917

temporally replicated fish assemblage data were available across gra-
dients of alteration. The first case study was the Republican River where
increased groundwater extraction from the High Plains Aquifer during
the past half century resulted in substantial dewatering of the river
(Perkin et al., 2017a). The second case study was the Sabine River where
construction of the fifth-largest reservoir in the United States (based on
surface area) resulted in downstream flow homogenization (Perkin
et al., 2017b). The third case study was the Trinity River where histor-
ical pollution abatement legislation improved water quality to reduce
nutrient pollution (Perkin and Bonner, 2016). These rivers occur in
portions of the Great Plains and Eastern Temperate Forest regions of
North America in the United States, including the Republican River in
Colorado, Nebraska, and Kansas, the Sabine River in Louisiana and
Texas, and the Trinity River in Texas (Fig. 1a).

2.1.1. Republican river
The Republican River and its tributaries have experienced substan-
tial groundwater overdraft that has resulted in reduced surface flows
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Fig. 1. (a) Map of three case study rivers in the United States illustrating the Republican River underlain by the depleted High Plains Aquifer, the Sabine River
impounded by Toledo Bend Reservoir, and the Trinity River draining the Dallas-Fort Worth Metroplex. (b) Timeline of decline in the length of stream coupled with
groundwater and fish assemblage collections made during undepleted (1940-1978; blue line) and depleted (1986-2013; red line) periods (Perkin et al., 2017a). (c)
Timeline of decline in flow regime variability in the Sabine River downstream of Toledo Bend Reservoir and fish assemblage collections made after recent
(1967-1973; blue line) versus prolonged (1979-1982; red line) flow regulation (Perkin et al., 2017b). (d) Timeline of decline in water quality parameters (ammonia,
mg/L; biochemical oxygen demand, BOD, mg/L; and phosphorus, mg/L) during unabated (1971-1974; red line) and abated (1987-1988; blue line) periods (Perkin
and Bonner, 2016). In panel d, dashed lines of corresponding colors represent thresholds set by the Texas Commission on Environmental Quality. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and altered fish assemblages (Haslouer et al., 2005; Pope et al., 2014;
Zeng and Cai, 2014). The Republican River Basin drains an area of
~57,600 km? across eastern Colorado, southwestern Nebraska, and
northeastern Kansas. The basin experiences a temperate climate with
mean air temperature of 10.5 °C and mean annual precipitation of 44 cm
(Szilagyi, 2001). Agriculture is the primary land use in the area and
when combined with grassland covers >90 % of the basin (Jin et al.,
2023). Groundwater extraction from the High Plains Aquifer has
contributed to depletion and reduction of surface water flow across the
region (Sophocleous, 2000; Scanlon et al.,, 2012). Reduction in
groundwater severed vertical connectivity between the underlying
major aquifers and shallow, alluvial, and regional aquifers, and ulti-
mately streams on the surface, with documented consequences for
stream fishes (Falke et al., 2011). Perkin et al. (2017a) reviewed changes
in groundwater-surface water connections and fish assemblage change
across the upper Republican River for the period 1950-2010 and
developed projections until the year 2060. The authors found that the
length of stream connected to groundwater declined by 558 rkm during
1950-1980 as water pumped from the aquifer exponentially increasing
to a peak of 1.31 km? in 1980 (Perkin et al., 2017a). These changes in
groundwater connection were paired with fish assemblage surveys
conducted in mainstem locations across the basin during two periods
(Fig. 1b), including a period in which groundwater was relatively
undepleted (1940-1978; n = 24 fish surveys), and a period in which
groundwater was depleted (1986-2013; n = 152 fish surveys).

2.1.2. Sabine river

The flow regime of the lower Sabine River was homogenized by the
construction of Toledo Bend Reservoir in 1966, resulting in the fifth
largest reservoir in the United States (73,491 ha and 5.52 x 10° m® at
conservation stage). The Sabine River has a drainage area of ~25,270
km? and lies entirely within the Coastal Plains ecoregion of Texas and
Louisiana (Benke and Cushing, 2011). The basin experiences a warm,
humid, temperate climate with a mean air temperature of 18 °C and
mean annual precipitation of 127 cm (Benke and Cushing, 2011). Much
of the basin is forest or grassland with agriculture and urban areas
comprising only 18 % of land use (Benke and Cushing, 2011). Previous
work demonstrated Toledo Bend Reservoir caused decline in down-
stream flood discharges, decreases in winter and spring flows, and in-
creases in summer flows (Alldredge and Moore, 2014; Randklev et al.,
2016). Perkin et al. (2017b) reviewed changes in flow regime and fish
assemblage change for the lower portion of the Sabine River during
1967-1982, immediately after impoundment. The authors found a sig-
nificant decline in flow variability as well as a significant shift in the fish
community composition, with opportunistic life history strategists pre-
dicted to decline from 8 to 17 species prior to and immediately following
impoundment to 3-6 species after the impoundment was in place for at
least a decade. These results came from fish assemblage surveys con-
ducted for several mainstem sites during two periods (Fig. 1¢), including
a period in which flow variability was declining (1967-1973; n = 100
fish surveys) and a period in which the flows had been homogenized
(1979-1982; n = 49 fish surveys).

2.1.3. Trinity River

Water quality in the Trinity River declined during the 20th century
because of high rates of urban growth in the Dallas — Fort Worth (D-FW)
metroplex at the upstream extent of the watershed. Water quality con-
ditions (ammonia (mg/L), phosphorus (mg/L), and biochemical oxygen
demand (BOD; mg/L)) were chronically poor until the early 1980 s,
when regulatory and protective legislation passed in the 1970 s began to
take effect. The Trinity River starts north of the D-FW Metroplex and
drains south into Galveston Bay in the Gulf of Mexico, with a drainage
area of ~46,540 km? (Benke and Cushing, 2011). The basin experiences
a warm and humid temperate climate with a mean air temperature of
19C and mean annual precipitation of 115 cm (Benke and Cushing,
2011). The basin is heavily urbanized (30 % of total basin land use),
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however much of that is constrained to the upper portion near the D-FW
metroplex, and downstream land uses include forest (35 %), cropland
(15 %), and grassland (20 %) (Benke and Cushing, 2011). Perkin and
Bonner (2016) analyzed improvements to water quality and corre-
sponding fish assemblage change for the period of 1971-1988 in the
upper Trinity basin, near the D-FW metroplex. There was a significant
reduction in ammonia (mg/L), phosphorus (mg/L), and biochemical
oxygen demand (BOD; mg/L) concentrations, as well as an increase in
total, native, and intolerant species richness. These results were based
on fish assemblage surveys conducted for several mainstem sites during
two periods (Fig. 1d), including a period in which water quality was
heavily degraded due to unabated pollution (1971-1974; n = 11 fish
surveys) and a period in which water quality degradation had been
largely abated (1987-1988; n = 35 fish surveys).

2.2. Data collection and processing

We compiled a species by traits table for each case study. Selected
traits were grouped into trophic, life history, and habitat classes
(Table 1). Trophic traits described resource and nutrient acquisition
through foraging strategies. Life history traits described reproductive
modes described by Balon (1975) and life history strategy endpoints
described by Winemiller and Rose (1992). Habitat traits described
physiological features such as tolerance and average air temperature
within the range of a species as well as behavioral correlates for micro-
(scale of the individual), meso- (scale of geomorphic units), and macro-
(scale of ecosystems) habitat preferences. All traits were categorical with
the species either expressing (1) or not expressing (0) the listed trait or
trait level, except for average temperature which was measured on a
continuous scale. We transformed average temperature to categorical by
classifying whether species temperature was above or below the average
temperature for all other species listed in the specific case studies.
Trophic ecology traits were not mutually exclusive, meaning species
could be assigned to more than one trophic classification at a time
consistent with the classification scheme of Goldstein and Meador
(2005). Trait data were gathered from the FishTraits database assembled
by Frimpong & Angermeier (2009), the stream fish trait database
assembled by Goldstein and Meador (2005), tolerance data from Essel-
man et al. (2011) and Hendrickson and Cohen (2015), and life history
strategy data from Hoeinghaus et al. (2007). Species missing from
Goldstein and Meador (2005) or FishTraits were excluded from analyses
to reduce potential biases, resulting in the exclusion of small numbers of
species from the Republican (n = 2 out of 20), Sabine (n = 2 out of 42),
and Trinity (n = 1 out of 39) rivers. For species missing life strategy
endpoint designations in Hoeinghaus et al. (2007), we assigned end-
points based on values of fecundity, age at maturity, maximum age, and
the classifications of congeners. All hybrids or instances of individuals
that were not identified to the species rank in the historical collections
were previously removed by the case study authors during their initial
analyses. We then calculated strategist richness (i.e., the number of
species expressing each trait) within each fish assemblage sampling
event.

2.3. Analyses

We used a classification tree approach to assess the degree to which
functional traits could distinguish between fish assemblage surveys from
case study periods with differing levels of anthropogenic riverscape al-
terations. We first used RFE to identify the optimal subset of traits to be
used in our random forest models for each of the case studies as a means
of reducing model complexity, removing multicollinearity, and avoiding
overfitting. We conducted RFE analysis using the ‘rfe’ function from the
‘caret’” package (v6.0-93; Kuhn, 2008) with repeats set to five and ten-
fold cross-validation. Using the selected traits from the RFE analysis
we then fit a random forest (RF) model (Cutler et al., 2007) to each case
study in which fish assemblage sampling events were the observational
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Table 1
Categories, groups, classes and descriptions, and sources for traits included in
analyses.
Trait Trait groups Traits class Source
category
Trophic Foraging Carnivore Goldstein & Meador
Strategies (2005)
Trophic Foraging Detritivore Goldstein & Meador
Strategies (2005)
Trophic Foraging Herbivore Goldstein & Meador
Strategies (2005)
Trophic Foraging Invertivore Goldstein & Meador
Strategies (2005)
Trophic Foraging Planktivore Goldstein & Meador
Strategies (2005)
Life Balon’s A_1 - Nonguarding, Balon (1975);
History Reproductive open substrate Frimpong &
Guilds Angermeier (2009)
Life Balon’s A_2 - Nonguarding, Balon (1975);
History Reproductive brood hiders Frimpong &
Guilds Angermeier (2009)
Life Balon’s B_1 - Guarding, Balon (1975);
History Reproductive substrate choosers Frimpong &
Guilds Angermeier (2009)
Life Balon’s B_2 - Guarding, nest Balon (1975);
History Reproductive spawners Frimpong &
Guilds Angermeier (2009)
Life Balon’s C — Bearers Balon (1975);
History Reproductive Frimpong &
Guilds Angermeier (2009)
Life Life Strategy Periodic Hoeinghaus et al.
History Endpoints (2007)
Life Life Strategy PerOpp — Periodic/ Hoeinghaus et al.
History Endpoints Opportunist (2007)
Life Life Strategy Equilibrium Hoeinghaus et al.
History Endpoints (2007)
Life Life Strategy EquilPer- Hoeinghaus et al.
History Endpoints Equilibrium/Periodic (2007)
Life Life Strategy EquilOpp — Hoeinghaus et al.
History Endpoints Equilibrium/ (2007)
Opportunist
Life Life Strategy Opportunist Hoeinghaus et al.
History Endpoints (2007)
Habitat Substrate Bedrock Goldstein & Meador
preference (2005)
Habitat Substrate Boulders Goldstein & Meador
preference (2005)
Habitat Substrate Cobble Goldstein & Meador
preference (2005)
Habitat Substrate Gravel Goldstein & Meador
preference (2005)
Habitat Substrate Mud Goldstein & Meador
preference (2005)
Habitat Substrate Sand Goldstein & Meador
preference (2005)
Habitat Substrate Vegetation Goldstein & Meador
preference (2005)
Habitat Substrate VarSub - Variable Goldstein & Meador
preference substrate preference (2005)
Habitat Migration Migratory Goldstein & Meador
(2005)
Habitat Macrohabitat SC - Small Creek Goldstein & Meador
(2005)
Habitat Macrohabitat SCSR — Small Creeks Goldstein & Meador
and Small Rivers (2005)
Habitat Macrohabitat MRLR - Medium Goldstein & Meador
Rivers and Large (2005)
Rivers
Habitat Macrohabitat LR - Large Rivers Goldstein & Meador
(2005)
Habitat Macrohabitat Range — Range of Goldstein & Meador
Stream Sizes (2005)
Habitat Mesohabitat Backwater Goldstein & Meador
(2005)
Habitat Mesohabitat Pool Goldstein & Meador

(2005)
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Table 1 (continued)

Trait Trait groups Traits class Source

category

Habitat Mesohabitat Riffle Goldstein & Meador
(2005)

Habitat Mesohabitat RMC - Run or Main Goldstein & Meador

Channel (2005)
Habitat Mesohabitat VarMeso - Variable Goldstein & Meador
mesohabitat (2005)

Habitat Swimming Mode Accelerator Goldstein & Meador
(2005)

Habitat Swimming Mode Creeper Goldstein & Meador
(2005)

Habitat Swimming Mode Cruiser Goldstein & Meador
(2005)

Habitat Swimming Mode Hugger Goldstein & Meador
(2005)

Habitat Swimming Mode Maneuverer Goldstein & Meador
(2005)

Habitat Tolerance Tolerance Esselman et al. (2011);
Hendrickson & Cohen
(2015)

Habitat Tolerance Intolerance Esselman et al. (2011);
Hendrickson & Cohen
(2015)

Habitat Average Air Tempcool Frimpong &

Temperature Angermeier (2009)

units, the period in which collections were conducted was the response
variable, and trait strategist richness across multiple trait classes and
levels were predictor variables (see Meador and Carlisle, 2012 for a
similar approach). We addressed imbalance in the number of collections
between periods for each case study using the synthetic minority over-
sampling technique (SMOTE) function (Chawla et al., 2002). We used
the ‘sMOTE’ function to double the number of observations in the mi-
nority class and subsample the majority class to create equal numbers of
observations in each period. We used the ‘sMOTE’ function from the
‘DMwR’ package (version 0.4-1; Torgo, 2011) to create the SMOTE-
adjusted data and the ‘randomForest’ function from the ‘random-
Forest’ package (version 4.7-1; Liaw and Wiener, 2002) to fit RF models.
We fit RF models by splitting data into training (80 %) and testing (20 %)
subsets, included four variables tried at each split in the trees, and
created 500 trees. We tested whether model classification was signifi-
cantly better than random chance using the ‘rf.significance’ function
with « = 0.05 and 999 permutations. We assessed model performance
through cross-validation of training and testing subsets using the ‘con-
fusionMatrix’ function from the ‘caret’ package (v6.0-93; Kuhn, 2008)
to calculate model sensitivity (i.e., correctly classified true occurrences),
specificity (i.e., correctly classified true absences), accuracy (i.e.,
average of sensitivity and specificity), and Kappa (i.e., ratio of expected
to observed accuracy). We interpreted values greater than 0.7 as
providing reasonable fit (Meador and Carlisle, 2012). We assessed
functional trait importance for classifying fish collections by period
using the ‘varImpPlot’ function and mean decrease in Gini (MDG) metric
from the ‘randomForest’ package. The Gini impurity index is calculated
as:

Giniindex =1 - _ (P,)*

i=1

where n represents the number of possible classes, and P; is the proba-
bility that an element is classified for a given class. We used the relative
mean decrease in Gini across traits in each case study (i.e., each value
divided by the maximum) to identify traits that were consistently
responsive and important. The relative MDG values (between 0 and 1)
were plotted as a heatmap using the ‘ggplot’ function from the ‘ggplot2’
package (v3.4-0; Wickham and Sievert, 2016).

We used the RF model results to assess the directionality of responses
for the three most consistently responsive traits. We determined the
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direction of relationships between the traits and the sampling periods by
generating partial probability plots for the traits of interest using the ‘rf.
partail.prob’ function from the ‘rfUtilities’ package (v2.1-5; Evans et al.,
2010; Baruch-Mordo et al., 2013). These plots provided a scaled prob-
ability that a fish collection came from one of the two periods based on
the number of strategists employing each selected trait. All analyses
were conducted in R version 4.1.2 (R Core Team, 2021).

3. Results
3.1. Common traits

We gathered data for three categories, 10 groups, and 43 classes of
traits (Table 1). Trait data were compiled for 64 species across the
Republican (n = 18), Trinity (n = 38), and Sabine (n = 40) case studies.
Adjusted sample sizes (following SMOTE) yielded 48 (Republican), 98
(Sabine), and 22 (Trinity) collections per period. The number of traits
identified by the RFE analysis for use in the RF models differed among
the Republican (n = 16), Trinity (n = 5), and Sabine (n = 4) case studies.
All RF models had classification accuracy that was significantly greater
than random chance, with accuracies ranging 0.86-0.96 across case
studies (Table 2) and suggesting models provided reasonable fits to the
data. The top-three most important traits based on MDG differed among
the Republican (Cruiser, PerOpp, Herbivore), Sabine (Herbivore, Gravel,
RMC), and Trinity (Gravel, Bearers, Opportunist) case studies. The three
traits that were consistently important across case studies included
Herbivore, Gravel, and PerOpp (Fig. 2). Among these traits, the Herbivore
trait included 11 species, the Gravel trait included 13 species, and the
PerOpp trait include 13 species (Fig. 3).

3.2. Common trait responses

There was general consistency in the loss of trait strategist richness
when and where streams were depleted of flow, under prolonged
regulation, and characterized by unabated pollution. The probability
that a fish assemblage collection was made during the undepleted state
in the Republican River was greatest when >2 Herbivore strategists were
present, >2 PerOpp strategists were present, and >2 Gravel strategists
were present (Fig. 4). Below these thresholds in strategist richness
values, the probability that the collection came from the depleted state
increases. The probability that a fish assemblage collection was made
during the recently regulated state in the Sabine River was greatest
when >3 Herbivore strategists were present, >6 PerOpp strategists were
present, and <1 Gravel strategist was present. The probability that a fish
collection came from the period following pollution abatement in the
Trinity River was greatest when >3 Herbivore strategists were present,
>2 PerOpp strategists were present, and >1 Gravel strategist was present.

4. Discussion

Our assessment of temporal changes in multiple stream fish func-
tional traits across three rivers revealed consistent responses to different
major forms of anthropogenic alterations for some traits. The largest
number of traits predictive of fish assemblage change was identified for

Table 2
Statistics for random forest models fit to data from three case study rivers
(Republican, Sabine, and Trinty), including model significance, accuracy,
Kappa, sensitivity, and specificity. See text for descriptions of model assessment
metrics.

Assessment metric Republican Sabine Trinity
Significance P < 0.001 P < 0.001 P < 0.001
Accuracy 0.86 0.96 0.91
Kappa 0.71 0.91 0.83
Sensitivity 0.82 0.96 0.94
Specificity 0.89 0.95 0.88
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the Republican River, where the flow regime was highly altered by
groundwater overextraction and subsequent streamflow desiccation
(Perkin et al., 2017a), followed by the Sabine River, where flow regime
variability, but not magnitude, was altered by the construction of Toledo
Bend Reservoir (Perkin et al., 2017b), and the Trinity River, where the
flow regime remained largely unaltered during the period of fish
assemblage analysis (Perkin and Bonner, 2016). These findings support
previous conclusions that flow regime in rivers represents a master
variable controlling ecosystem properties and fish assemblage compo-
sition (Power et al., 1985; Poff and Zimmerman, 2010). However,
despite differences in the intensity of flow regime alteration in each
river, we found consistent responses by fishes employing the Herbivore
and PerOpp trait strategies. These consistencies suggest some trait stra-
tegies are sensitive to multiple forms of environmental change, and such
traits might represent ideal indicators for assessing and tracking
ecological integrity in rivers (Wellemeyer et al., 2018; Jargal et al.,
2022).

Trait-based analyses as we employed here provide greater insight
into ecological change compared with taxonomic-based analyses. Two
major benefits of trait-based analyses are (1) the capacity to compare
responses across regions with differing taxonomic assemblages (Martini
et al., 2020) and (2) insight into the mechanisms that might be driving
ecological change (Miatta et al., 2021). We studied three rivers with
hydrologically independent drainages and despite differences in beta-
diversity in the freshwater fish taxa among these drainages (Hocutt
and Wiley, 1986), we found the emergence of consistent responses by
strategists expressing two traits (Herbivore and PerOpp) and similar re-
sponses among two of three rivers for another trait, Gravel. These con-
sistencies suggest the same or similar mechanisms might underpin
observed ecological changes in each river. In the two case studies related
to flow regime alteration (i.e., Republican and Sabine), Gravel was
identified as a consistently responsive trait with others such as RMC,
Cruiser, Cobble, and Riffle being selected in one or both rivers. When
viewed together, these traits describe fishes that typically utilize swift
water habitats. The Cruiser body shape describes “torpedo” shaped fish
that are most common in medium to large rivers, where they occupy
main channel run habitats, characterized by the RMC trait (Goldstein
and Meador, 2005). In these habitats, greater water velocities clear
courser gravel substrates by removing smaller particle sizes such as sand
or silt (Hohensinner et al., 2018), also benefiting cobble sized substrates
and the formation of riffles. When flow regime alterations remove large
pulses that are critical to maintaining channel geomorphology, swift
water habitats can become increasingly limited (Sarkar and Bain, 2007).
In the Trinity River, Gravel strategists likely increased after pollution
abatement because these strategists are potentially strong swimmers and
therefore likely to recolonize from downstream segments (Radinger and
Wolter, 2014) where water pollution was less intense (Perkin and
Bonner, 2016). Cluster analysis of multiple traits conducted by Goldstein
and Meador (2004) revealed that the “run” cluster characterized by
main channel inhabitants with strong swimming ability also included
herbivores, and this likely explains the congruency between the Gravel
habitat trait and the Herbivore trophic trait. Alternatively, the consistent
increase in Herbivores across gradients of river degradation might be
related to fundamental alterations to the sources of carbon in altered and
unaltered rivers. In their description of the riverine productivity model,
Throp and Delong (1994) suggested that most riverine animal assimilate
carbon from local sources rather than transport from distant headwater
locations as theories such as the River Continuum Concept predict. If
alterations to water quality and quantity affect local carbon and nutrient
sources, then fishes that are at least partially herbivorous would be the
first to response from a trophic pyramid perspective. The final trait that
consistently responded across the three rivers we analyzed was related
to life history, PerOpp. Impoundment construction can lead to the
simplification of river channel geomorphology and flow regimes (Ligon
et al., 1995; Richter et al., 1998), and species using the PerOpp strategy
are known to respond negatively to flow regime alterations that
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Fig. 2. Heatmap illustrating relative variable importance (i.e., each trait variable importance value divided by the maximum within a case study) for 17 traits across
three case study river basins. See Table 1 for definitions of traits and Fig. 1 for locations of rivers.

homogenize flows (Mims and Olden, 2013; McManamay and Frimpong,
2015). This mechanistic link to flow alteration is consistent with the
Republican and Sabine rivers. The increase in PerOpp strategists
following pollution decline in the Trinity River was unlikely related to
flow regime but instead the ability of PerOpp strategists to exhibit rapid
population growth when conditions are appropriate (Winemiller and
Rose, 1992). That is, attenuation of population suppression caused by
pollution in the Trinity River likely allowed for near-exponential pop-
ulation growth and expansion among PerOpp strategists.

The one exception to the consistent responses was the increase in
Gravel strategists in the Sabine River after flow homogenization. One
potential hypothesis for the increase in Gravel strategists is an increase in
gravel habitat caused by the retention of fine sediment in Toledo Bend
Reservoir and subsequent downstream scouring. Phillips (2008) studied
the geomorphology of the lower Sabine River and noted the presence of
large gravel deposits in the Sabine River beginning downstream of
Toledo Bend Reservoir and extending 100 km downstream. Below this
point, gravel was absent from the river and sand was the dominant
substrate (Phillips, 2008). However, despite scouring of the channel
immediately downstream of the dam, sediment transport patterns
downstream of Toledo Bend Reservoir are consistent with pre-
impoundment conditions (Phillips, 2003) and increased prevalence of
gravel habitat might not be the only driver of increased prevalence of
Gravel strategists. An alternative hypothesis is an immediate loss and
gradual recovery of key Gravel strategist species such as Menidia beryllina
and Ictalurus furcatus as the fish community slowly adjusted to the
abrupt changes brought on by the impoundment, potentially aided by
the retainment of fine sediment upstream. Another mechanism at play in
the lower Sabine River was alteration to the thermal regime of the river
concomitant with flow regime alteration. Suttkus and Mettee (2009)
hypothesized that cooler water temperatures associated with hypo-
limnetic releases from Toledo Bend Reservoir contributed to the decline
of Red Shiner and increase in Blacktail Shiner in that segment of river.
Given that alterations to flow and water temperature regimes are tightly
correlated (e.g., Olden and Naiman, 2010), it is also possible that al-
terations to water thermal regimes in the Republican River basins also
contributed to observe changes in fish assemblages. We attempted to
address thermal alterations by using mean temperature associations of
fishes from the FishTraits database (Frimpong and Angermeier, 2009),
but it is possible that these data are too course to detect measurable

changes in temperature-dependent traits. More research is needed to
determine temperature-dependent traits for freshwater fishes (Comte
and Olden, 2017).

The consistent increase in strategists for the Trinity River was likely
related to release from water quality limitations for many species and
subsequently the trait strategists as suggested by Perkin and Bonner
(2016). Despite previously documented increases in intolerant strate-
gists as water quality degradation became abated in the Trinity River
(Perkin and Bonner, 2016), our RFE analysis did not identify this
strategy as predictive of the period during which fish collections were
made. This result might be related to minor changes in tolerant strategist
richness, the direction of change in water quality (degradation abate-
ment rather than unabated impairment), and a time lag associated with
recolonization by intolerant fishes (e.g., Whitney et al., 2019). We
suggest that decline of intolerant fishes as water quality is degraded
represents a useful, albeit limitedly, ecological metric, but the reverse
pattern in which tolerant species increase as water quality degradation is
abated might be confounded by recolonization processes unrelated to
tolerance to degraded water quality. We suggest the utility of the
intolerant trait is limited despite its widespread inclusion in indices of
biotic integrity (e.g., Karr, 1981; Esselman et al., 2013) because the
metric is generally based on professional judgement rather than quan-
titative assessments. Consequently, we suggest wider development of
statistically derived tolerance metrices (e.g., Whittier et al., 2007) might
be useful for improving the reliability of tolerance trait classifications.
From a broader water quality perspective, work by Taylor et al. (2014)
showed that stream communities can undergo significant shifts caused
by total phosphorus levels multiple orders of magnitude lower than the
thresholds that may be set by a state or federal agency. While the
pollutant quantities returned to the threshold concentrations following
abatement, this transition may not have been sufficient to benefit
“intolerant” species in the Trinity River. Finally, any dateable increase in
species richness should be considered in the context of modern-day
stocking practices, rather than solely natural recolonization. Despite
state agencies stocking thousands of individuals belonging to game
species such as Micropterus salmoides and Ictalurus punctatus during the
times of the original collections in the Trinity River, there do not appear
to be any biases towards traits they possess in our results (see additional
discussion of stocking by Perkin and Bonner, 2016).

Our trait-based assessment supports previous taxonomic-based
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conclusions regarding ecological responses to changes in water quality
and quantity. For example, Cyprinella lutrensis is a broadly introduced
generalist species considered to be “a jack-of-all-trades, master of all”
(Marsh-Matthews and Matthews, 2000), and the species was classified as
a strategist for two of the three traits that were responsive across the
rivers we studied. This is, in part, because Cyprinella lutrensis declined in
portions of the Republican River following water depletion (Falke et al.,
2011) as well as the lower Sabine River following impoundment con-
struction (Suttkus and Mettee, 2009). However, this situation is not
entirely unique. Of the 20 species of minnows included in this study, five
possessed two or more of the three consistently responsive trait

strategies (Herbivore, Gravel, and PerOpp) and eleven had one of the
three. Still, previous studies have identified this group as being sensitive
and responsive to alterations of flow regime or physical habitat, despite
the more generalist nature of some of its member species (Esselman
etal., 2013; Wellemeyer et al., 2018). For example, minnow species that
belong to the Pelagic-Broadcast Spawning guild reviewed by Wor-
thington et al. (2018) are among the most threatened fishes in North
American streams. The original fish-centric IBI proposed by Karr (1981)
included measurements for cyprinids (equivalent to leuciscids of the
current study) as a key part of measuring stream integrity and our data
ultimately support the utility of this metric. Although several fish species
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employing strategies that are useful metrics for measuring ecological
integrity were classified as “Tolerant”, these fishes still provided in-
dications of ecological change. This finding supports previous observa-
tions that use of a general “tolerance” term can be problematic and links
between species or traits and environmental conditions should be
quantified (Meador and Carlisle, 2007; Whittier et al., 2007). We
reviewed the status of the species included within our study and found
that all species, including Notropis volucellus (the only species with all
three responsive traits) were classified as “species of least concern” by
the International Union for the Conservation of Nature. This supports
the idea that while species may persist across their range, they can still
be used as ecological indicators at the local scale to inform conservation
and management decisions. For example, Besson et al. (2023) found that
although the Tennessee River System is now highly fragmented by res-
ervoirs, the natural distribution of traits expected under the River
Continuum Concept were still present. Additionally, the results from
using trait groups in this study support the idea of incorporating mul-
tiple organization levels into ecological integrity assessments, rather
than relying on the use of a single species (Schmutz et al., 2000, Geist,
2011, Pander and Geist, 2013). Because trait groups were analyzed for
responsiveness to several forms of habitat alteration, the consistent di-
rection of their responses documented here provides further support for
their use as indicators of multiple forms of degradation and for the po-
tential use of functional traits in general.

5. Conclusions
Rivers are home to a disproportionally large level of freshwater

biodiversity relative to their role in the global water cycle and they
provide critical ecosystem services to humans (Balian et al., 2008; Reid

et al., 2019). However, these same ecosystems are threatened by human
alterations to water quality and quantity occurring on a global scale
(Dudgeon et al., 2006; Vorosmarty et al., 2010). Given that humans need
freshwater biodiversity to maintain health and livelihoods, interest in
managing and preserving rivers to protect or restore ecological integrity
is growing (Lynch et al., 2023). Ecological indicators are necessary tools
for measuring and tracking ecological integrity (Karr, 1981), but his-
torical focus on taxonomic indicators is transitioning to trait-based in-
dicators (Martini et al., 2020; Miatta et al., 2021). For freshwater fishes,
growing trait databases (e.g., Lecocq et al., 2019) and modelling
frameworks (e.g., Thorson et al., 2017) present expanding opportunities
to apply trait-based assessments to quantify the ecological consequences
associated with environmental degradation or restoration (e.g., Arantes
et al., 2019). We conducted a multi-river study of functional trait re-
sponses associated with major forms of global alteration to rivers and
found emergent patterns in the identity of traits linked to previously
documented taxonomic-based fish assemblage change (Perkin et al.,
2017a; b; Perkin and Bonner, 2016). Our results identified three
candidate trait strategies that could be included in future assessments of
ecological integrity, including traits linked to trophic ecology, life his-
tory, and habitat use. Broader integration of these proposed traits into
assessment of rivers around the world will ultimately provide insight
into how broadly applicable these trait strategies might be for ecological
integrity frameworks (e.g., Wellemeyer et al., 2018). Furthermore, our
approach here provides a methodology to link historical fish collections
to emerging trait databases to advance the development and application
of ecological indicators in rivers to match recent advances for other taxa
and ecosystems (Beauchard et al., 2017; Tyler et al., 2021).
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