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HISTORY: PHABSIM IS NOT INSTREAM FLOW 
INCREMENTAL METHODOLOGY 

Railsback (2016) raises valid points directed toward inade-
quate use of habitat selection models (HSMs) and Physical Habi-
tat Simulation System (PHABSIM) specifically. Although Rails-
back (2016) notes that PHABSIM is a component of instream 
flow incremental methodology (IFIM), this important distinction 
is subsequently lost in his article. The IFIM is a multifaceted deci-
sion support system that looks at riverine ecology for the purpose 
of making water management decisions. As a refresher, consider 
the design and intended use of PHABSIM as a module within the 
suite of IFIM models. The IFIM uses physical stream descrip-
tions, hydraulic simulation models, and stream hydrology to pro-
duce time series of hydraulic habitat simulations and water tem-
peratures for comparing alternative flow regimes. The process can 
be based on detailed field descriptions of the physical attributes 
of stream segments. This two-dimensional description of physical 
habitat features throughout sampled stream reaches provides the 
base upon which hydraulic simulations are conducted. Physical 
habitat features such as substrates, spawning gravel, vegetation, 
undercut banks, large rock, woody debris, and other objects used 
as cover are derived from observation, experience, and the litera-
ture as habitat associations known to be important for defined life 
stages of fish or other organisms (e.g., mussels or benthic inver-
tebrates). The hydraulic submodel provides nothing more than a 
hydraulic simulation overlay that determines which areas of the 
river’s surface are suitable or unsuitable for life stages by way of 

changes in depths and velocities. The simulation simply summa-
rizes for each life stage habitat classes of good quality (optimal 
suitability), low quality (marginal suitability), and unusable. The 
proportion of the stream that periodically becomes unusable for 
a life stage can be equally, if not more, important to other ar-
eas. The simplest example is habitat where hydraulics result in 
zero depth (i.e., no surface water; Figure 1). However, as Hynes 
(1972) noted, velocity is often the distinguishing characteristic of 
riverine environments to which organisms must adapt. Therefore, 
good and poor habitat in riverine environments can also depend 
on hydraulics of velocity (Figure 2).

The IFIM has evolved over the 1980s, 1990s, and 2000s. 
Likewise, PHABSIM software has evolved, resulting in many 
versions, including two-dimensional hydraulic submodels. Ear-
ly use was based on empirical measurements at closely spaced 
transects providing input into one-dimensional hydraulic models. 
Closely placed transects and verticals produce cells or tiles that 
are assumed to have internal homogeneity (Bovee 1982), which 
can mimic two-dimensional analyses. The assumption of internal 
homogeneity is constrained by transect placement for describing 
the habitat patchiness unique to each sampled stream reach. In-
creased use of two-dimensional hydraulic models within the last 
decade produces many more small cells as the computational 
mesh. Two-dimensional models give vertically integrated veloci-
ties, simulate the variation in the cross-stream and downstream 
directions, and are assumed to provide better hydraulic output 
(depth and velocity) when calibrated to empirical measurements. 
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COMMENT 2: 
WHY IT IS TIME TO PUT PHABSIM OUT TO PASTURE
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However, we agree with Railsback (2016) and others (e.g., Lan-
caster and Downes 2010) that equal (if not more) effort needs 
to be placed into the ecology of ecohydraulics. Moving from 
one-dimensional to two-dimensional (or even three-dimensional 
models) represents a limited advancement to our understanding 
of overall river ecology. 

WEIGHTED USABLE AREA IS NOT AN ENDPOINT
Railsback (2016, pg. 723) is correct in stating that the output 

from PHABSIM “… is a static relation between habitat avail-
ability and flow, with no consideration of time.” Flow regimes are 
indeed dynamic and outputs obtained from PHABSIM software 
(habitat area versus flow), used alone, are not. The dynamic char-
acteristics of stream flow and habitat variability are fundamental 
concepts for evaluating river management alternatives. Poff et al. 
(2010) describe a framework for understanding these dynamic 
characteristics using flow–ecology relationships. Riverine ecol-
ogy is characterized by converting hydrological time series (for 
reference and proposed conditions) into an ecological time se-
ries using this flow–ecology relationship (Poff et al. 2010). This 
mirrors the IFIM process of using the flow–ecology relationship 
derived from PHABSIM (habitat area versus flow) coupled with 
hydrologic time series and water temperatures for producing hab-
itat time series analysis. The PHABSIM software package is not a 
“minimum flow” method. The only decision that should be made 

using values from a habitat area versus flow curve is examination 
of the hydrological time series at the reach(es) studied and deter-
mining whether the habitat/flow relation covers the full range of 
flows within the hydrologic time series or only a subset of flows. 

Using the static habitat versus flow relation from an HSM as 
input to other flow models producing habitat time series that in-
corporate flow variability is important to understanding ecological 
systems. Success or failure of aquatic populations depends on the 
dynamic conditions of habitat across space and time. PHABSIM is 
unique among HSMs in being specifically designed to link the dy-
namic hydraulic conditions of inter- and intra-annual flows to hab-
itat. Others have gone a step farther and bridged habitat time series 
with fish population modeling (for a discussion, see chapter 14 in 
Locke et al. 2008). For example, Cheslak and Jacobson (1990) 
integrated these concepts of IFIM with a fish population model. A 
module of the IFIM system is the fish population/production mod-
el SALMOD developed for the Trinity River in California (Wil-
liamson et al. 1993) and extended to the Klamath River, California 
(Bartholow and Henriksen 2006). A much improved and consider-
ably more sophisticated habitat-driven population model for Chi-
nook Salmon Oncorhynchus tshawytscha, the Stream Simulation 
System (S3), has been developed for the Klamath/Trinity River 
basin (Polos 2013). However, the state-of-the-art for habitat driv-
en fish population modeling remains focused on salmonid fishes. 

Figure 1. Mussels on the Otter Tail River, Minnesota, below Friberg Dam, moving to deeper water to avoid stranding in 
receding water from a nearly complete flow shutoff. Note mussels on the bank, in the upper portions of the photo, mov-
ing toward the channel. These zero depth occurrences can be momentary and still be a major determinant in habitat 
suitability for an organism and its population viability; PHABSIM models this as “effective habitat.”
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HABITAT SELECTION MODELS: THE DUCK TEST
The importance of microhabitat conditions to stream fishes 

was early recognized (Wickham 1967; Everest and Chapman 
1972). Habitat suitability criteria (HSC) for hydraulic habitat 
model input were initially referred to as habitat structure pref-
erenda, electivity functions, and habitat evaluation criteria (Stal-
naker 1979; Bovee et al. 1998). These early criteria were pri-
marily based on literature descriptions of fish habitat use. The 
lack of adequate literature descriptions of habitat use for many 
stream fishes resulted in considerable demand for field research 
commencing in the 1980s (Bovee 1986; Bovee and Zuboy 1988). 
Location-specific data collection for developing HSCs became 
the primary focus related to instream flow studies and continues 
to the present time. We agree with Railsback (2016) that there is 
much literature and improvement in estimating habitat suitability, 
and environmental flow studies need to take advantage of this 
work. Notably, resource selection functions and resource selec-
tion probability functions have seen substantial developments in 
the wildlife literature (Boyce and McDonald 1999; Lele 2009). 

Unfortunately, many instream flow studies using PHABSIM 
software have ignored organism biology and reduced relevant 
habitat to depth, velocity, and substrate at points along widely 
spaced cross sections resulting in extremely large computation-
al cells. The assumption of internal homogeneity for very large 
cells is certainly violated. Extreme simplifications may use only 
depth and velocity measurements along single transects, placed 
across individual meso-habitats (e.g., riffles, pools, glides, etc.). 

Analyses based on single transect features at meso-habitat types 
miss important morphological features of the habitats (e.g., the 
bathymetry), particularly details of the cover objects and stream 
edges. Similar errors of omission can result when depth and ve-
locity are taken from boat platforms as input for two-dimensional 
hydraulic models by avoiding description of habitat patches and 
stream edges where depths are less than 3 ft. Sampled stream 
reaches should attempt to capture details within meso-habitats 
as well as differences in stream edge and size. As pointed out 
by Roper et al. (1994), features of a pool in a small stream may 
be similar to a patch of cells within a riffle of a larger stream. 
Though depth, velocity, and substrate (roughness indicators) are 
considered essential aspects of hydraulic modeling, the use of few 
widely spaced cross sections and hydraulic measures at verticals 
ignores the concept of physical habitat patches that are unique to 
streams of different size, altitude, and ecoregion. The oversim-
plification of habitat to depth, velocity, and substrate is appropri-
ately criticized by Railsback (2016).

Quantitative advances in HSMs allow assumptions inher-
ent with habitat selection to be formally tested. For example, do 
organisms select depth, velocity, and other physical habitat fea-
tures independently? Or are there significant interactions among 
habitat variables as flow changes? Quantitative methods also al-
low uncertainty in habitat to be rigorously addressed through the 
decision-making process (see Turner et al. 2016 for an example). 
When habitat selection is independent, PHABSIM can directly 
use resource selection function or resource selection probability 

Figure 2. Bull Trout Salvelinus confluentus in the Elbow River, Alberta, Canada. Bull Trout are common in fast-flowing moun-
tain rivers in western North America. Photo credit: Aubree Benson, U.S. Forest Service.
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function habitat models. However, masquerading under statistical 
complexity does not change the fact that the underlying ecologi-
cal model is based on habitat selection. Or, in other words, if it 
looks like a hydraulic habitat model, works like a hydraulic habi-
tat model, and produces output like a hydraulic habitat model, 
then it probably still is a static hydraulic habitat model.

MISUSE: STOP BLAMING THE TOOL
Railsback (2016) discusses the mismatch of scale in model 

use and specifically use of PHABSIM for focusing on the micro-
level of fish location for developing HSCs that do not match the 
scale of model output. Focusing exclusively on habitat model in-
put by curve fitting of field data to develop habitat indices (HSCs) 
while ignoring testing of hydraulic habitat model output against 
observations of organisms occupying simulated hydraulics within 
stream cells has fueled criticism of these scale differences. This 
criticism is exacerbated by use of only a few and widely spaced 
transects yielding very large cells. Large cells also violate the as-
sumption on internal cell homogeneity. Field-measured physical 
habitat features such as patches of stream cells along with hy-
draulic simulations of depth and velocity provide input to time 
series analyses of flow and hydraulic cell-level suitability. It is 
true that depth and velocity measurements taken at organism lo-
cations for developing HSCs are at the micro-habitat level while 
hydraulic model output is at a larger stream cell level (patches 
of cells having similar suitability values). Consequently, the field 
measures taken to develop HSCs should be considered as initial 
estimates of suitable habitat hydraulics, the assumption being that 
stream cells having mean depth and velocity values similar to 
those observed at the field measured micro-habitat would have 
similar suitability for occupancy. Users must keep in mind that 
the output of HSMs and input to time series analyses focus at 
the stream cell scale. Achieving congruity with these assump-
tions becomes achievable by simplifying cell patch suitability 
outcomes as one of three classes of hydraulic habitat usability 
(high, low, and unsuitable) by converting HSCs to categorical or 
binary formats. Many instream flow studies continue to focus ex-
clusively on model input by developing site-specific HSCs from 
field measurements of hydraulic parameters at the microscale of 
specific fish locations, with little thought given to the cell patches 
that comprise model output. 

The importance of matching scale for stream modeling has 
been recognized for decades but is seldom addressed (Bartholow 
and Waddle 1986; Milhous et al. 1990; NRC 2008). HSCs are 
estimates of organism use or avoidance of hydraulic conditions 
initially derived from field observations at the micro-habitat scale 
but tested and calibrated to agree with field observations at the 
stream cell level. See Bovee et al. (1998) and Thomas and Bovee 
(1993) for formatting HSCs as binary criteria that bracket high 
suitability (optimum), low suitability (marginal), and unsuitable 
(entirely unusable) and for field testing against independent ob-
servations of organism use, respectively. Testing at the scale of 
stream habitat cell patches brings credibility to habitat time series 
analyses and variable flow regime recommendations. Testing in-
volves calibration of model output to independent observations 
of fish locations within patches of cells having similar hydraulic 
habitat suitability. Many studies continue to ignore calibration of 
model output to observed fish use and instead focus only on the 
hydraulic submodel calibrating to water surface elevations and, 
to a lesser extent, the simulated velocities. The National Research 
Council has stated that “calibration to water-surface elevations 
alone is not sufficient” (NRC 2008, pg.71). Though it is true that 
physical hydraulic outputs of water surface elevations and depth 

and velocity distributions must agree with independently derived 
empirical measurements, it is just as important that biological 
outputs, as suitable and unsuitable hydraulic habitat conditions, 
must align with fish distributions and densities obtained from 
independent field observations. Williams (2001) has pointed out 
that the output from hydraulic submodels in HSCs should be test-
ed independent of tests of the index itself. Testing and calibration 
of model output to confirm that output is reasonable is necessary 
to establish credibility before combining with stream-specific hy-
drology for producing time series of hydraulic habitat simulations 
and use in decision making.

When using PHABSIM, emphasis should be placed not only 
on details of HSC development but on recognizing that they are 
initial estimates (simple indices) of habitat suitability, to be sup-
plemented by field effort directed toward testing model output 
where organisms are located as well where they are not. Initial 
estimates can be adjusted during the calibration process to bet-
ter fit model output to independently observed organism loca-
tions within cell areas of high, low, or no suitability. Criticism of 
scale is wrongly targeted toward PHABSIM as a software pack-
age. Criticism should be focused on use by users. Two means of 
dealing with scale issues are important: (1) sample and model the 
hydraulic conditions appropriate to the goal of the study and (2) 
develop HSCs from a wide range of ecologic conditions and cali-
brate the modeling results to those found in the study stream as 
outlined above. A major shift in approach to use of PHABSIM as 
a component of instream flow studies toward testing at the stream 
cell level is needed. Focusing statistical analyses to goodness of 
fit between simulated suitable and unsuitable hydraulic habitat 
conditions and field observations of fish distribution at simulated 
cell patches is necessary to overcome much of the criticism of 
hydraulic habitat modeling and PHABSIM specifically.

CHANGING THE BATH WATER
Hydrology has been referred to as the universal driver of 

stream systems. Stream-specific hydrology (amount and timing) 
along with important spatial information including physical fish 
habitat features, hydraulics, and water temperatures are combined 
in the IFIM process to produce total habitat time series. Stream-
specific information of this type is critical for understanding the 
dynamic nature of habitats as they may influence fish population 
success. Hydrologic time series often require extension of flow 
records from gage stations that are some distance from the stream 
study site. This may be difficult and time consuming, perhaps 
limiting use by some to static habitat model output as a method 
for selecting a minimum flow. 

Hydraulic habitat suitability changes over seasons and years, 
often revealing orders-of-magnitude differences in the portions of 
the wetted stream that are unusable for early life stages, influenc-
ing fish species year-class strength. Orth (1987) considered that 
the major weakness of studies attempting “validation” of hydrau-
lic habitat models is the failure to evaluate habitat and popula-
tions over time. Hydraulic habitat model output when combined 
with stream-specific hydrology and corresponding water temper-
atures produce simulations of habitat suitability conditions over 
time and space that drive fish populations. Effective habitat anal-
yses as described by Bovee et al. (1998) assist in identification of 
life stage–specific “low habitat events.” These extreme hydraulic 
habitat events, referred to as habitat bottlenecks, influence habitat 
carrying capacity as discussed by Burns (1971). The concept is 
similar to the ecological bottleneck that Wiens (1977) described 
as the mechanism by which communities of organisms are regu-
lated by temporally variable, environmentally induced phenom-
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ena but in IFIM refers to the hydraulic condition of stream flow as 
the mechanism (Bovee et al. 1998). Habitat dynamics, year-class 
strength, and fish population dynamic studies combine to assist in 
understanding flow-related limitations to fish population success 
in highly regulated stream systems (i.e., either active or passive 
adaptive management). Ideally, these time series should span at 
least two generations of the organisms studied.  

Development of a robust hydraulic habitat model based on a 
range of conditions allows estimates of the likelihood for an organ-
ism’s presence in a cell and can produce relatively accurate and 
precise predictions when used on other streams. This occupancy/
abundance relationship with habitat (see Figure 3) is facilitated by 
an ongoing program of sampling fish–habitat associations over a 
broad spatial and temporal range, though this is not always possible 
to accomplish. An example of such a robust data library is the Min-

nesota Department of Natural Resources Habitat Suitability Curve 
library, which contains information for 345 species life stages, 
sampled from 50 rivers covering a span of 30 years (1987–2016), 
and derived from 232,500 individual fish observations (Aadland 
and Kuitunen 2006; updated numbers from A. Kuitunen, Minne-
sota Department of Natural Resources, personal communication). 
In situations where HSCs are being used in an area outside of the 
range of sampled conditions, calibration by tweaking the HSC to 
fit observations at the new site and conditions may be necessary. 
Calibration is universally accepted as an essential step of model use 
in decision making (NRC 2008). However, calibrating models for 
a particular site (e.g., highly managed dams with prescribed out-
flow regimes for different water years) will likely result in model 
applicability to that site and time alone and may have little appli-
cability elsewhere (overfitting a model), requiring further testing at 

Figure 3. The relationship between habitat and abundance is presented for four species life stages: A = Banded Darter Ethe-
ostoma zonale adults, B = Slenderhead Darter Percina phoxocephala adults, C = Brown Trout Salmo trutta adult, and D = Brown 
Trout young. The logistic habitat modeling, though different than the preference curves developed in Aadland and Kuitunen 
(2006), used the same variable information, including depth, velocity, substrate size, and measures of cover. Each of the four 
resource selection functions (i.e., 95% quantile logistic model) were significant (likelihood ratio test, P < 0.001) and provided ex-
cellent discrimination (area under the receiver operator curve = 0.88, 0.82, 0.88, and 0.91 for each of the respective species life 
stages). Although the response of abundance to habitat (measured as probability of occurrence) displays increasing variability 
and spread from zero to a maximum value (i.e., wedge-shaped distribution), the upper extremes of the distribution exhibit a 
distinct increase with increasing habitat quality. A wedge-shaped distribution of points in an abundance metric response to 
habitat quality graph is common in fish and has been found and modeled using quantile regression in freshwater mussels and 
benthic macroinvertebrates. This wedge or triangular shape is consistent with a complex system where multiple factors may 
limit (Liebig’s law of the minimum) a population below the maximum or ceiling set by the physical habitat. The four graphs 
above indicate that habitat quality for a species controls the upper limit of abundance and that the species are part of a com-
plex system where unmeasured factors at many sites influence abundance. Photo credit: Dan O’Shea, Minnesota Department 
of Natural Resources.

 15488446, 2017, 10, D
ow

nloaded from
 https://afspubs.onlinelibrary.w

iley.com
/doi/10.1080/03632415.2017.1380986, W

iley O
nline L

ibrary on [14/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Fisheries | www.fisheries.org   515

other sites. In more natural systems, where the need is to establish 
the likely degree of change in flows and habitat across a range of 
conditions—for example, for setting water appropriation limits for 
an entire fish community to represent a larger stream ecosystem—
the requirement for robust HSCs (capable of covering a range of 
conditions) and careful selection of representative species for each 
stream habitat type are paramount.

Related to this discussion is testing the relationships of char-
acterized fish habitat (HSM) to actual species population levels; 
that is, validation of the models. An important caveat to this work 
is provided by limiting factor literature (e.g., Thomson et al. 
1996; Cade and Noon 2003) and the potential impact that human 
activities, including management, will have on accurate inter-
pretation of results. It is widely accepted that habitat is a critical 
factor in determining a species distribution and abundance (Gas-
ton et al. 2000; VanDerWal et al. 2009). In addition, flow is the 
ultimate driver of river geomorphology (size, shape and physical 
habitat), which in turn is a major determinant of the fish occur-
rence, abundance, and diversity (Leonard and Orth 1988; Bunn 
and Arthington 2002; Xenopoulos et al. 2005). The ideal statisti-
cal situation where a simple relationship between a few meas-
ured habitat factors and population response exists is rare—and 
in natural systems may not be desirable. The more usual situa-
tion is where a number of factors that were not measured become 
limiting at some locations and times, increasing the variability 
of organism response with regard to the factor of interest (Cade 
and Noon 2003; Figure 3). Still, useful predictive relationships 
with other parts of the response variable distribution may exist; 
consideration of ecological complexity must be part of the vetting 
process for biological response patterns (Cade and Noon 2003; 
Cade et al. 1999). Sampling over a broader scope of river land-
scape and hydrologic conditions helps in investigating the com-
plex interactions among unmeasured factors and response vari-
able distribution. Adequate consideration for the temporal flow 
variability must also occur—to account for recruitment flows 
and other flow-related determinants of population size. Hydraulic 
habitat models can be useful for examining with certainty only 
those areas of the wetted surface that become periodically unus-
able for selected organisms. The otherwise hydraulically suitable 
areas may become limited by numerous other variables and shifts 
in use of suitable habitats may result. 

CONCLUSION
For study of riverine systems, the hydraulic conditions of 

flow within biological habitats is a necessary condition but not 
sufficient for complete understanding of aquatic population re-
sponse to water management. Application of HSMs for resource 
management decisions begins with the simple hypothesis that 
populations have a positive linear relationship with habitat area. 
Anderson et al. (2006) provide several mechanisms as to why this 
relationship may break down through nonlinear ecological pro-
cesses. They argue that population and community models with 
their inherent feedback loops are necessary ingredients for under-
standing a system’s response to flow manipulations. We agree; 
however, Anderson et al. (2006) note that research is still required 
before such models can be broadly applied to water management 
decisions. Although advancements in this work continue (e.g., 
habitat-driven fish population/production models and individual 
based models described by Railsback 2016), these tools are not 
available to the vast majority of aquatic organisms and water 
management decisions currently being made. We believe that hy-
draulic habitat models remain one (of many) existing tools for 
better understanding the consequences of alternative water man-

agement decisions when combined with stream-specific hydrol-
ogy to illustrate the relations between flow and habitat dynamics, 
especially for avoiding increases in unusable area at the expense 
of suitable areas. 

Various studies have attempted to validate hydraulic habitat 
models by determining whether a positive linear relationship ex-
ists between organism abundance (or biomass) and habitat area 
(Nehring and Anderson 1993). Results are equivocal, with some 
showing a response (Stalnaker 1979; Gallager and Gard 1999; 
Gard 2009) and others not (Bourgeous et al. 1996; Nuhfer and 
Baker 2004). These results should not be surprising because 
organisms are faced with cumulative stressors that impact their 
populations (Cade and Noon 2003). Reciprocal expectations do 
not hold in complex ecological systems: little habitat has near 
certainty of producing small populations but abundant habitat is 
no guarantee of an abundant population (Figure 3).

Decades of field data collection of fish use for the sole purpose 
of developing multivariate hydraulic habitat criteria and debat-
ing curve-fitting techniques for producing weighable usable area 
functions has unfortunately ignored the need for research related 
to the dynamics of habitat variability and organism use. Simplifi-
cation of input data to only the hydraulic variables and use of the 
static flow vs. habitat output function as an “instream flow mod-
el” represents no scientific advancement from the “minimum flow 
methods” of the 1950s and 1960s (Stalnaker and Arnett 1976). 
Stream ecology and the practice of instream flow science need 
a paradigm shift in the way that practitioners approach hydrau-
lic habitat modeling. This requires a shift from using field data 
exclusively for site-specific HSC development and movement 
toward validating model outputs to provide credible time series 
simulations useful for problem solving (e.g., comparing water de-
velopment scenarios, conducting impact analyses, and producing 
mitigation plans). This lack of advancement has instead created 
an artificial “PHABSIM method,” claimed to be IFIM, used dur-
ing several instream flow studies over the past three decades and 
has led to important criticisms raised by Railsback (2016) and 
others. Total habitat time series is the currency of streamflow/
habitat analyses and impact studies when using the IFIM modular 
decision support system (Stalnaker et al. 1996). It is now time 
to bring scientific credibility to use of hydraulic habitat models, 
specifically the use of PHABSIM software.   
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