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Abstract: Attribution of in-stream biological impairment to anthropogenic activities and prioritization
for restoration and/or conservation can be challenging in contemporary mixed-land-use watersheds.
Critical information necessary to improve decision making can be costly and labor intensive,
and thus unobtainable for many municipalities. A reduced cost, rapid stream physical habitat
assessment (rPHA) can yield information that, when paired with land use data may reveal causal
patterns in aquatic physical habitat degradation, and thus assist targeting sites for restoration.
However, a great deal of work is needed to reduce associated costs, and validate the potential
of rPHA for documenting fine-scale incremental change in physical habitat conditions in complex
contemporary watersheds. The following commentary serves to draw attention to rPHA challenges
and research needs including (but not limited to) field-based validation and optimization of new
remote sensing technologies, evaluation of the accuracy and representativeness of rapid vegetation
survey methods, refinement of analytical methods, and consideration of legacy land use impacts and
hydrologic system evolution in rPHA results interpretation. Considering the value of rPHA-generated
data for improvement of watershed resource management, such challenges constitute timely,
high-impact research opportunities for investigators wishing to advance complex, contemporary
aquatic ecosystem management.

Keywords: drone-based remote sensing; aquatic ecosystems; rapid physical habitat assessment;
hydrogeomorphology; mixed-land-use watersheds; urban watersheds; biological impairment; stream
restoration; legacy effects; aquatic vegetation

1. Introduction

1.1. Background

Stream physical habitat is formed through the interaction of geomorphic and hydrologic processes,
which are spatially and temporally dynamic [1,2]. Climate, geology, and topography largely determine
watershed physiography, which, in turn, determines stream characteristics such as the composition of
stream bed and bank material, and erodibility of hillslopes and stream channels [3]. Geomorphic habitat
features such as pool and riffle sequence, and channel slope and shape are also influenced by hydrologic
processes, which are similarly determined by climate and watershed physiography [4,5]. Streamflow
and stream geomorphology integrate to form aquatic physical habitat that varies longitudinally from
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headwaters to mouth [1,2]. Therefore, quantifying stream physical habitat provides insight regarding
basin-specific characteristics (e.g., hydrology, climate, physiography) and perturbations potentially
impacting aquatic communities in a given stream ecosystem [5].

Human activities alter the landscape and disrupt natural hydrologic, geologic, and morphologic
processes that influence the formation of stream physical habitat [1,6]. Often, initial impacts of human
landscape development include removal of vegetative cover [7], the consequences of which are varied.
However, as the terrestrial landscape is cleared of vegetated cover, increased overland flow commonly
leads to accelerated erosion of upland soils, increased streamflow volume, advanced peak hydrograph,
and deposition of upland and in-stream (i.e., due to bank erosion, streambed scouring) soil within the
stream [6]. Stream sedimentation interferes with natural hydrogeomorphological processes, because
it fills channel and interstitial pore spaces and can displace flow through the formation of in-stream
bars [7]. The decrease in channel carrying capacity of streamflow increases flooding, and encourages
sediment deposition within the area adjacent to the stream (i.e., the floodplain) [8]. Increases in
sediment load and streamflow volume and velocity that persist over time can result in erosion (banks)
and incision (bed), and thus widening and deepening of the channel [9]. As a consequence, physical
habitat becomes morphologically simpler, and the complexity within aquatic communities and overall
stream ecosystem function can deteriorate [1,10].

Agricultural land use practices are a leading influence of hydrogeomorphological alterations,
and are understood to typically result in increased streamflow, decreased water quality, and
degraded physical habitat [7]. For example, as much as ten times the concentration of sediment
has been documented in streams draining agricultural lands relative to undisturbed watersheds [6].
Livestock grazing, which often contributes to reduced vegetative cover, can also compact the
soil surface, thereby decreasing the rate of precipitation infiltration, increasing overland flow (i.e.,
stormwater), and thus simultaneously contributing to higher streamflows and greater stream sediment
loads [9]. The addition of drainage features on cultivated land also augments streamflow; surface
runoff is transported more efficiently across the landscape in drainage ditches, and wetland area is
reduced through the use of subsurface (tile) drains [3]. The combined effect of increased sediment
supply and enhanced stormwater delivery to streams in agricultural landscapes results in altered
channel morphology as the sediment and flow inputs increase streambank erosion and destabilize
the channel [4]. Because the land is rarely converted back to forest or vegetative cover, altered
hydrogeomorphology often persists over time, thus perpetuating physical habitat degradation [3].
Urban land uses influence the hydrogeomorphology of a stream system, mainly through increased
overland flow [8] via construction of parking areas, roads, sidewalks, roofs (i.e., impervious surfaces),
and artificial drainage structures that deliver precipitation to nearby streams more quickly and
efficiently [11]. Reference [9] investigated the impacts of urbanization on flow timing and volume in
streams of the southeastern United States. Study outcomes indicated annual flood peak magnification
of 8–33% in agricultural watersheds and 22–84% in urbanized catchments, relative to areas of minimal
disturbance [9]. The higher percentage of peak flows in urban streams suggests that engineered
drainage systems typically installed in urban centers can have a disproportionate effect on stream
hydrology [8].

While urbanization, agriculture, and other related modes of development are leading stressors of
stream hydrogeomorphology, other common land use practices, such as natural resource extraction,
have also been shown to alter geomorphology and watershed hydrology [12]. For example,
surface coal mining has been a historic driver of landscape alteration in many regions, as it is
frequently accompanied by removal of both vegetation and soil while changing catchment structure
through practices such as valley filling [13]. Valley fills change the original channel geometry of
headwater streams, as spoil material is deposited in the stream channel [14], altering hydrology,
hydrogeomorphology, and aquatic physical habitat. Ultimately, regardless of the type of land use
practice, there are often multiple impacts to aquatic hydro-ecological status. Determining where those
impacts are greatest, in order to guide mitigation investments, can be a costly challenge.
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1.2. Assessing Aquatic Physical Habitat

Aquatic physical habitat can be evaluated by examining biological, chemical, hydrological, or
physical response to human influences [2]. Biological evaluation of a stream may focus on aquatic plant
or animal response to human activity, while chemical evaluation focuses on measuring constituents
within the water such as nutrients, pesticides, and other dissolved and/or suspended components [8].
Hydrologic evaluation of stream condition comprises quantitative characterization of the change in
frequency, magnitude, duration, and timing of water delivered to a stream system [15]. The concept of
stream physical habitat encompasses all of the required biological, chemical, and physical attributes
needed to sustain the organisms that live in a stream [2]. Since stream geomorphic condition is strongly
tied to aquatic habitat and aquatic community composition, and consequently aquatic ecological
food webs and water quality, hydro-ecological geomorphic assessment (i.e., aquatic physical habitat
assessment (PHA)) is an ideal method for evaluating stream biological condition [16].

In watersheds with a combination of agriculture, urbanization, industry, and mining (i.e.,
mixed-land-use watersheds) it can be challenging to link specific land use activities to degraded
biological condition or biological impairment [3,17–19]. Biological impairment can be the result of
land use practices, hydrology, water quality alteration, or other aquatic habitat limitations, and is most
often a combination of factors [1]. For example, indices-based biological assessment methods (such as
Index of Biological Integrity, or IBI) assume that the condition of the surrounding physical habitat will
be reflected in the biological composition of a stream, but the method seldom provides information
about which physical factors (i.e., causal mechanisms) are specifically responsible for a given stream’s
biological state [2].

Channel degradation and aquatic community impairment are among the most common reasons
for initiating stream restoration and enhancement projects, and large fiscal and labor investments
are often dedicated to treat observed/observable symptoms prior to fully exploring the causes [20].
A physical habitat assessment (PHA) includes observations and measurements of stream habitat
features at predetermined intervals along the length of a given stream or river. Depending upon the
scale of the study, a PHA can provide detailed information about the condition of the streambed and
streambanks, and the availability of habitats for macroinvertebrates and other aquatic biota [21,22].
For example, longitudinal analysis of changes in substrate can identify potential areas of sediment
deposition, or homogenization of streambed habitat due to vertical embedding (i.e., depth of fine
substrate surrounding larger particles) [23]. Other useful information may include identification of
specific types of degradation (e.g., mass wasting of streambanks, trash deposits, etc.) and potential
sites for stream restoration [23].

A stream PHA can yield information that, when paired with land use data may reveal causal
patterns in aquatic physical habitat degradation and help to identify sites for rehabilitation or
restoration. Reference [1] developed a rapid PHA (rPHA) for contemporary mixed-land-use (including
municipal) watersheds. The rapid PHA method was developed to (a) reduce the time and cost
often required for such assessments, thus making it a feasible method for fiscally-constrained
municipalities, and (b) establish a method that can be easily adapted for mixed-land-use watersheds
in any location (globally) to achieve desired outcomes through focused applications for specific
variables [1]. For example, a high spatial resolution study of physical habitat along a given reach,
or a study with less-frequent assessment intervals of an entire stream can provide quantitative
(and defensible) information about longitudinal variation of specific habitat features and hydrologic
responses to watershed-scale land use activities [24]. Recent technologies have advanced the use of
geographic information systems (GIS) and computer-based models for geomorphic investigations [25].
However, GIS and/or geomorphic data generated using models may not be directly representative
of the hydro-ecological condition of a stream [16], indicating a need for collection of observed data
to be used in combination with models. The ability to directly compare observed data with GIS data
and model-generated information could provide a valuable opportunity to understand how data
produced by the different methods may contrast. However, a great deal of work is necessary to
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validate the rPHA as a defensible tool to document aquatic physical habitat and biological conditions
in contemporary mixed-land-use watersheds. Such advances, if successful, could more accurately
inform restoration activities, establish a baseline of aquatic physical habitat condition for future studies,
facilitate municipal investments in aquatic ecosystem restoration, and greatly reduce costs associated
with mitigation of impaired waters and waterways [1].

2. Objectives

The purpose of this invited commentary is to draw attention to challenges and, thus, needed
research in rPHA development. It is neither the intent, nor the scope, to address all challenge
areas. However, given the potential of the method to advance land management through focused
investigation and subsequent physical, mechanistic mitigation practices, and to substantially reduce
costs in so-doing, improvements (addressed herein) to the methods and integrated technologies
will further increase efficiencies and aid in utilizing federal, state, and other tax-payer dollars most
effectively. These benefits provide the basis for great interest in advancing the method. Challenges, and
thus needed advancements, exist in many areas; four fundamental areas are addressed here including,
(1) Geographic Information Systems (GIS) and Remote Sensing (RS) applications, (2) vegetation
(terrestrial and aquatic) survey methods, (3) analytical methods, and (4) legacy effects of historic
practices. While additional challenges may exist depending on physiographic location, types and
intensities of development, municipal and aquatic health needs, etc., the challenges identified in this
article create the basis for needed activities that will advance the applicability of the method globally.

3. Discussion

3.1. The rPHA Method (in Brief), Challenges and Research Needs

Variability of stream or river physical conditions can indicate how resilient a given system may
be to stresses, and/or how it may respond to restoration activities [26,27]. For example, variation
in characteristics such as channel morphology, riparian vegetation, and streambed sediment can
indicate status as well as specific management or restoration practices that will be most effective [28].
Variables can also be measured that provide information about the condition of the streambed and
streambanks and sources of microhabitats for macroinvertebrates and other aquatic biota [21,22].
For example, quantification of substrate types can be used to identify potential areas of sediment
deposition, or homogenization of habitat due to vertical embedding of gravel (depth of fine substrate
such as sand, silt or clay vertically around larger particles) [23]. Channel incision, and channel widening
or narrowing can be indicators of aquatic system hydrologic stressors, including deforestation,
agricultural activities, and/or increased urbanization [3,15]. To be most informative, an rPHA can be
conducted at any spatial or temporal frequency. Temporal and spatial frequency can be determined by
establishing the amount of time, labor, and financial support available to collect the desired information.
The method is therefore flexible, such that information can be collected along the entire length of
a stream, or at select points along the stream identified using GIS and/or other RS technologies.
The assessment can be conducted by one or more individuals with only minor adjustments. Data
collection criteria and the order of field operations may also vary by site, application, and desired
outcomes. For additional details the reader is referenced to [1] and citations therein.

3.1.1. Challenges Using Geographic Information Systems and Remote Sensing

Geographic Information Systems (GIS) and Remote Sensing (RS) technologies have been utilized
for natural resource evaluation, monitoring, and management for many decades, particularly at large
scales and in interdisciplinary applications such as watershed planning and management [29–31].
While advancements in both GIS analyses and RS technologies now routinely allow for a much
finer scale of inquiry, challenges persist in determining accuracy and cost thresholds of these new
tools and methods to support rPHA development. Drone-based RS technologies offer potential
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for delivering data with spatial, spectral, and temporal resolutions commensurate with rPHA
requirements (i.e., sub-stream reach scale) at potentially significant cost savings over traditional
field methods and manned-aircraft surveys. However, research is needed to validate optimal sensor
or sensor combinations, workflow schemas, and software solutions to produce drone-based remote
measurements comparable to field observations. Moreover, analyses that compare equipment and
labor costs of drone-based GIS/RS approaches to traditional rPHA methods are needed.

Contemporary GIS/RS approaches are being developed to scale down from the watershed or basin
level to the stream reach, including in some cases, characterization of channel morphology and other
physical habitat attributes [32,33]. For example, Reference [33] demonstrated the integration of airborne
Light Detecting and Ranging (LiDAR) technology and hyperspectral imagery to produce high spatial
resolution geospatial data of topography, channel dimensions/complexity (e.g., width, depth, slope,
riffles/pool spacing), hydraulic roughness, riparian integrity, and anthropogenic alterations. Similarly,
Reference [32] revealed that helicopter-based RS and Structure-from-Motion (SfM) photogrammetry
hold great promise for detailed riverscape mapping, including many parameters necessary for rPHA.
However, airborne RS systems are often highly expensive, requiring manned-aircraft platforms.
Moreover, should increased temporal resolution be desirable or necessary for sufficient rPHA results
(e.g., such as in rapidly changing mixed-land-use watersheds), costly manned-aircraft ferry and
mission time must be budgeted. Thus, investigations are needed that validate the use of small
unmanned aerial systems (i.e., drones) and drone-equipped remote sensing technologies that reduce
substantial costs of current airborne systems. Development of drones and parallel developments
in sensor miniaturization offer many potential solutions [34]. Small, relatively inexpensive, and
commercially available drones integrate sophisticated control systems (Global Navigation Satellite
System [GNSS], Inertial Measurement Unit [IMU], Autopilot) with highly stable gimbal technology
that can accommodate miniature sensors for RS including Red-Green-Blue (RGB) digital cameras,
thermal cameras, multi-spectral cameras, LiDAR, and hyperspectral sensors [35]. Drones are most
commonly multi-rotor or fixed-wing, both of which can be configured to fly autonomously, following
pre-defined flight lines with overlap and at consistent altitudes for comprehensive mapping coverage.
Fixed-wing models offer the advantage of longer persistence for larger area mapping. However,
commercially available multi-rotor drones, with flight times of up to 30 min, are more maneuverable
in and around riparian canopy and other such complex surfaces, and allow for vertical take-off and
landing. Identifying optimal drone technologies for specific purposes provides yet another area of
greatly needed investigation.

Recent successes in manned-aircraft RS of riverine environments demonstrates spatial and spectral
resolutions that may meet accuracy requirements for measuring many rPHA variables, thus suggesting
that similar results can be achieved with drone-based RS [33]. While drone-based spatial and spectral
technologies can supply many rPHA quantitative data, determining the most appropriate drone-based
sensor(s) to enhance the development of rPHA requires further research. Combining LiDAR and
hyperspectral imaging capability on a drone platform may provide the most robust solution for
remote sensing of rPHA metrics including land use, special features, canopy cover, bank and channel
measurements, and riparian assessments [1]. However, while these sensors are currently being
miniaturized for drone deployment, they are still prohibitively expensive in comparison to RGB digital
cameras and require larger, heavier lift vehicles, thus representing another area of needed research
and development.

A nearer term and more cost effective drone-based solution for rPHA might be exploiting
SfM photogrammetry, which utilizes inexpensive consumer grade RGB digital cameras. Notably,
near-infrared camera technology is equally inexpensive and can be easily added to a drone payload to
expand spectral resolution and allow for vegetative health and soil moisture to be remotely sensed
through indices such as the Normalized Difference Vegetation Index (NDVI). Reference [32] explained
that SfM has become an inexpensive means of generating high spatial resolution (e.g., centimeter
accuracy) orthophotographs and Digital Elevation Models (DEM) from multiple camera views that
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yield dense point-cloud data similar to single return LiDAR. As with LiDAR, SfM-derived topography
and point clouds hold promise for supporting rPHA metrics above the water surface, but the technology
requires a great deal of validation. In so-doing the technology may also offer solutions for bathymetric
measurements such as thalweg depth or rootmat extent [34].

Ultimately, drone-based RS analyses have the potential to increase spatial, spectral, and temporal
resolutions in support of rPHA and other stream, wetland, and watershed assessments. Nevertheless,
experiments are needed to determine optimal vehicles (e.g., fixed-wing, multi-rotor), sensor packages
(e.g., LiDAR, RGB, Hyperspectral), mission parameters (e.g., flight altitudes, flightline overlap, control
targeting, weather), and data products (e.g., DEMs, triangulated irregular networks, topographic
contours) that rival, if not exceed, results derived from field-based techniques. GNSS currently serves
a critical role in drone mission ground control and flight operations, but could also be deployed in
accuracy assessments comparing drone-based RS measurement to rPHA field observations. Finally,
GNSS may also prove to be a valuable companion technology to augment drone-based RS for rPHA,
particularly for underwater metrics and stream sections under heavy canopy.

3.1.2. Challenges in Vegetation Survey Methods

Vegetation surveys are time-consuming and labor intensive, yet riparian, bank, and in-stream
vegetation is understood to be critically important for stream aquatic ecosystem function and for
providing physical habitat [1]. Despite the availability of a number of methods for vegetation
surveys, research is greatly needed to validate standard revised approaches for rPHA. Here,
current procedures are presented (in brief), and needed advancements are identified. For example,
an approach for estimating canopy cover (important for stream shading, water temperature, etc.)
measurements includes use of a convex densiometer as per [1,23]. To prevent overlap of adjacent
canopy measurements, the densiometer was modified after [36] in the work of [1]. During winter
months, the number of line intersections covered by branches or remaining leaves was substituted for
canopy cover. Reference [1] estimated canopy cover as the percentage of points on the densiometer
covered by canopy as per [23]. Other traditional vegetation survey methods include plot and line
intercept methods that yield information on a range of attributes (e.g., species frequency, cover,
density) [37]. Data may be collected at the level of individual species (requiring most time and
expertise) or at the level of functional types (e.g., based on growth habit: herbaceous (forb, grass),
woody (shrub, tree), cover types (bare soil, woody debris, vegetation); ecological roles: native vs.
non-native, or planted annual crops vs. perennial “natural” vegetation; or a combination thereof).
Work is needed to validate modified methods with other more or less rigorous methods to approach a
balance of data accuracy and available funds. Vegetation survey methods should also utilize emergent
RS/photogrammetric methods for calculating stem and leaf densities with airborne LiDAR, but studies
are needed to validate and advance such approaches.

There are needs for revised methods of vegetation surveys that consider streambanks, streamside
riparian zones, shading and bank stability. For example, a rapid method for bank and riparian
vegetation assessment, adapted from [38], includes transects established perpendicular to the grade
(slope) spanning the entire riparian area. Transects are paced and the number of steps within each
encountered cover type is recorded. Percent cover is calculated by dividing the number of steps within
each category by the total number of steps. An even more rapid method, employed for fish habitat
inventories [39] simply assesses whether the dominant vegetation cover type in a surveyed stream
reach is wooded (trees) or meadow (herbaceous plants and shrubs). The former cover type has the
potential to supply large quantities of woody debris (habitat) to the stream channel, while the latter
does not. These methods are in need of validation in mixed-land-use drainages, and adaptation for
banks and riparian areas to advance relevant information about the potential for shade, bank stability,
and/or habitat (i.e., root wads).

Within the stream, plants (vascular plants, moss) and algae provide habitat and food, or represent a
potential nuisance (in case of algal blooms) to invertebrates and fish. Plant/algal cover may be assessed
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in a similar way as terrestrial vegetation via line intercept sampling during baseflow conditions in
wadeable streams (i.e., when the streambed is visible). At a sampling point, a transect perpendicular to
the direction of flow is established by anchoring a measuring tape at each bank. At predefined intervals
(providing ≥15 data points), the cover type directly below the tape is recorded. “Covered” is defined
by what is directly below the tape and obscuring the stream bottom. Percent cover is calculated as
the number of observations per cover class divided by the total number of observations. A similar
method, using a 1 m wide belt transect was developed by [40] to assess algal blooms in streams.
In terms of applications for the rPHA, recorded cover type (e.g., vascular plants, moss, macroscopic
algae, or biofilm) and substrate (inorganic or woody; by size class, if desired) and recording frequency,
may be customized to address the specific goals of the rPHA, but validation studies are critical to
justify application methods. Thus, while many vegetation survey methods exists, few are designed
specifically for rPHA in which it is critical to strike a balance between rigor and cost, and to verify
thresholds of statistical significance necessary for confidence in decision making.

3.1.3. Analytical Challenges

Data analysis, including statistical methods, should remain a prominent tool for geomorphological
(including rPHA) data assessment. However, identifying a balance between statistical rigor
and hydro-ecological impact needs to be investigated in mixed-land-use watersheds, particularly
since statistically insignificant geomorphological changes can have ecologically significant impacts.
Therefore, a great deal of work is needed to advance analytical techniques that add confidence in data
but also identify locations for mitigation that may not (yet) be significantly impacted. For example,
in [1] the method for substrate particle size characterization using a pebble count was adapted
from [7,23]. The original procedure defined by these authors required sampling of 100 substrate
particles (n = 100) per study reach. However, this process is greatly time consuming and laborious and
was therefore modified (n = 15). The consequence was a challenge related to analyzing the collected
data (i.e., smaller sample size). Reference [1] found that while reducing the sampling to 15 substrate
particles at each survey point reduced the time/labor problem, the sample size was not statistically
representative, though remained hydro-ecologically informative. Other methods need to be developed
(e.g., photometric) that are applicable in sediment laden streams, and studies must be conducted that
identify a balance between labor costs/time and necessary data to inform resource managers. Another
example pertains to the presence and size of submerged woody rootmats that provide important refugia
for macroinvertebrates and other aquatic biota [21]. Prior to the work of [1,22], there were no standard
protocols available to quantify availability and quality of submerged woody root habitat. This method
is therefore in need of validation and refinement. Data analyses of PHA/rPHA data comprise other
challenges, and a need for standardized methods that balance practitioner expertise and analytical
rigor to best guide decision making. Current standard statistical methods include (but are not limited
to) descriptive statistics, smoothing (e.g., averaging, moving windows, etc.), analysis of variance, and
post-hoc multiple comparisons. Other analyses, however, need to be used (or developed) to best
understand the interacting complexities of multiple indices (e.g., multiple regression, multivariate
analysis, trend analysis, time series analysis, etc.). Considering the ultimate goal of physical habitat
assessment is to improve understanding of ecosystem structure, response, function, and other factors
contributing to all of the above, statistical methods need to be identified that improve predictions but
do not ignore natural variability or hydro-ecological anthropogenic effects that may, or may not, be
statistically significant, yet are important for responsible land management decisions.

3.1.4. Challenges of Legacy Effects

The hydro-ecological and geomorphological influences of historic land use practices are typically
overlooked when making land management decisions [41]. The issue is exacerbated by a lack of record
and increasing reliance on publicly available datasets that do not include information concerning
historic land cover conversion or structural landscape changes pre-dating contemporary records [42].
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It is therefore critical to include a thorough investigation of historic practices with any rPHA, given
that most contemporary watershed conditions reflect not only current but also historic practices in
more or less equivalent proportions. From a geomorphological/aquatic ecological perspective, a lack
of attention to potential legacy effects is problematic, since an accurate conception of the response
of a stream to natural and anthropogenic pressures requires accounting for all contributing factors
(e.g., hydroclimate regime, natural landscape evolution, past and present ecosystem disturbances).
Despite widespread agreement within the scientific community regarding the persistence of legacy
effects on ecosystem function [42–44], many stream monitoring, mitigation, and restoration efforts
remain short-sighted [41]. Specifically, it is common, and perhaps logical, for stream habitat
research to focus on current stressors as potentially responsible for currently observed degradation.
In contemporary developed watersheds, urbanization is often identified and highlighted as the
primary mode of anthropogenic disturbance of stream ecosystems [41]. However, alternative land use
practices have been shown to yield persistent hydrologic regime effects [45–47]. These practices are
easily overlooked after discontinuation of the practice (e.g., forest removal, agricultural cultivation).
For example, upland soil erosion due to agriculture can result in sediment deposition in floodplains
and stream channels [48,49]. However, it is estimated that the effects of historic land use practices that
generated excess sediment supply to floodplains and stream channels (e.g., agriculture) can persist for
millennia as floodplain streambanks gradually erode and sediment is transported downstream [48].
In addition to historic land use practices, natural landscape evolution may constitute an unrecognized
legacy effect. As such processes typically pre-date instrumental records, they are poorly understood
and rarely considered. For example, Reference [41] presented a case study of a U.S. Midwestern stream
system (a tributary of the Missouri River) where urban and residential development in the lower
watershed is potentially masking the hydrologic impacts of natural head-cutting from the Missouri
River, a process occurring since the end of the Pleistocene Glaciation [50,51]. Presumably, many
mixed-land-use watersheds have a land use history and a hydrologic system evolution that pre-dates
instrumentation records. In the absence of due diligence regarding legacy land use practices and
natural geomorphic evolution, stream habitat research and restoration efforts risk being confounded
by unrecognized contributing factors, and consequently may comprise obtuse attempts to characterize
and address only observed/observable problems. Investigation(s) of legacy effects of land use practices
in any managed watershed is therefore imperative and a critical challenge.

4. Conclusions

It can be challenging to link hydro-ecological impairment to specific land use types in
contemporary, mixed-land-use watersheds comprising urban, rural, agricultural, and forest cover
(and other land uses). Recent research has demonstrated the capacity of stream physical habitat
assessments (PHA) to produce information that, when paired with land use data, may reveal causal
patterns in aquatic physical habitat degradation, and help resource managers identify potential stream
reaches for rehabilitation or restoration in these complex systems. However, a great deal of work is
necessary to validate the potential of PHA to document fine-scale incremental change in physical
habitat conditions. While there are many additional aspects of land use rPHA investigations and
analyses not represented here (e.g., linking land use activities in-stream biota, etc.), specific challenges
and research needs identified in this article include, (a) field-based validation and methodological
optimization of new remote sensing and geospatial information systems technologies, (b) challenges
in vegetation survey methods, (c) refinement of analytical methods, and (d) consideration of legacy
land use impacts and hydrologic system evolution during rPHA design and results interpretation.
Such challenges and needs constitute timely, high-impact research opportunities for investigators
from a wide variety of fields. Given the potential of rPHA to advance water resource management
through hydro-ecological observations, and to substantially reduce costs in so-doing, improvements to
the methods and integrated technologies will further increase efficiencies and aid in utilizing federal,
state, and other tax dollars most effectively. Considering the unique obstacles currently hampering
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successful water resource management in many contemporary watersheds globally (e.g., climate
change, land use intensification/complexity, financial limitations, competing stakeholder groups,
human population growth, etc.), novel methods for evaluating aquatic ecosystem function/disturbance
that can rapidly provide accurate data at reduced investment are urgently needed. Physical habitat
assessment (including rPHA) is an invaluable option for meeting such demands, and will increase in
usefulness as the methods are improved and refined by scientific and practitioner communities.
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