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Habitat has become one of the fundamentals for managing the environment. We report on synthesis of 30 habitat models for
fish species that inhabit large streams and small rivers. Our protocol for integration of many species-level habitat models was to
form a robust, general model that reflected the most common characteristics of the reviewed models. Eleven habitat variables
were most commonly used in habitat models, and they were grouped by water quality, reproduction, and food and cover. The
developed relations defined acceptable and optimal conditions for each habitat variable. Water quality variables were mid-summer
water temperature, dissolved oxygen, pH, and turbidity. Other structural habitat variables were identified: riffle and pool velocity,
riffle depth, and percent of the stream area with cover and pools. We conclude that it is feasible to consolidate species-level
habitat models for fish that inhabit the same waterway type. Given the similarity among species models, our specification set will
closely approximate the needs and optimal conditions of many species. These eleven variables can serve as design specifications
for rehabilitating streams and small rivers in human dominated settings.

1. Introduction

Habitat is a common basis for impact assessments, resource
inventories, species management, and mitigation planning.
When all habitats covering life cycle for a species is available
that signals species presence. When habitat conditions match
the preferred range, then expectations species will occur in
high abundance. Specifying a niche is equivalent to defining
habitat conditions [1, 2] that allow a species to persist
in space and time. Habitat can be defined in clear and
quantitative terms by linking to a specific species that has
tolerance and habitat requirements. Habitat can be much
more stable than population properties and is required
for species conservation. That is why habitat is a tangible
resource that can be measured and modeled for considering
future changes. Thus, habitat has become one of the most
important concepts for managing the environment.

Quantification of habitat for impact assessment moti-
vated habitat modeling. The U.S. Fish and Wildlife Ser-
vice developed habitat-based impact evaluation procedures

[33, 34], and they are in use today. The habitat evaluation
procedures are composed of the habitat suitability index
(HSI) models to identify tolerable and quality habitat con-
ditions for species. The second part is accounting procedures
to quantify habitat impacts of proposed developments. The
HSI models are in a common format with an index between
zero and 1 with zero designating no habitat and 1 being
optimal habitat. These HSI models were constructed for
many and varied species, and over 150 HSI models have
been developed in agency documents [35]. In this paper,
we report on synthesis HSI models for fish species that
inhabit large streams and small rivers. We explored whether
these multispecies HSI models serve as a good habitat
definition that the species which often cooccur may have
similar habitat needs. While the HSI models are for North
American fish species, they span many species and may
define conditions for river rehabilitation for novel river
environments like urban waterways. Increasingly, waterways
are being rehabilitated in human dominated settings that
are not possible to return to natural conditions. Without a



2 International Journal of Ecology

T
a

bl
e

1:
Sp

ec
ie

s
h

ab
it

at
m

od
el

s
th

at
w

er
e

m
er

ge
d

fo
r

co
m

m
u

n
it

y
le

ve
l

cr
it

er
ia

w
it

h
so

u
rc

es
(r

ef
er

en
ce

n
u

m
be

rs
)

an
d

ke
y

va
ri

ab
le

s
u

se
d

to
de

fi
n

e
ri

ve
ri

n
e

co
n

di
ti

on
s

th
at

w
ill

su
pp

or
t

a
di

ve
rs

it
y

of
fi

sh
es

.

Sp
ec

ie
s

So
u

rc
e

W
at

er
qu

al
it

y
R

ep
ro

du
ct

io
n

Fo
od

an
d

co
ve

r

Te
m

pe
ra

tu
re

(C
)

D
is

so
lv

ed
ox

yg
en

(m
g/

l)
A

ci
di

ty
(p

H
)

Tu
rb

id
it

y
(N

T
U

)
Te

m
pe

ra
tu

re
(C

)
D

is
so

lv
ed

ox
yg

en
(m

g/
l)

R
iffl

e
cm

/s
Po

ol
cm

/s
R

iffl
e

cm
C

ov
er

(%
)

Po
ol

s
(%

)

A
ci

pe
ns

er
br

ev
ir

os
tr

um
[3

]
√

√

Po
ly

od
on

sp
at

hu
la

[4
]

√
√

√
√

D
or

os
om

a
ce

pe
di

an
um

[5
]

√
√

√

E
so

x
lu

ci
us

[6
]

√
√

√

E
so

x
m

as
qu

in
on

gy
[7

]
√

√
√

R
hi

ni
ch

th
ys

at
ra

tu
lu

s
[8

]
√

√
√

√
√

√

R
hi

ni
ch

th
ys

ca
ta

ra
ct

ae
[9

]
√

√
√

√

Se
m

ot
ilu

s
at

ro
m

ac
ul

at
us

[1
0]

√
√

√
√

√
√

√
√

√

Se
m

ot
ilu

s
co

rp
or

al
is

[1
1]

√
√

√
√

√

C
at

os
to

m
us

ca
to

st
om

us
[1

2]
√

√
√

C
at

os
to

m
us

co
m

m
er

so
ni

[1
3]

√
√

√
√

√
√

√
√

Ic
ti

ob
us

bu
ba

lu
s

[1
4]

√
√

√
√

√
√

√
√

√

Ic
ti

ob
us

cy
pr

in
el

la
[1

5]
√

√
√

√
√

√
√

√
√

A
m

ei
ur

us
m

el
as

[1
6]

√
√

√
√

√
√

√

Ic
ta

lu
ru

s
pu

nc
ta

tu
s

[1
7]

√
√

√
√

√
√

√

M
en

id
ia

be
ry

lli
na

[1
8]

√
√

M
or

on
e

ch
ry

so
ps

[1
9]

√
√

M
or

on
e

sa
xa

ti
lis

[2
0]

√
√

Le
po

m
is

au
ri

tu
s

[2
1]

√
√

√
√

√
√

√

Le
po

m
is

cy
an

el
lu

s
[2

2]
√

√
√

√
√

√
√

√
√

Le
po

m
is

gu
lo

su
s

[2
3]

√
√

√
√

√
√

√
√

Le
po

m
is

m
ac

ro
ch

ir
us

[2
4]

√
√

√
√

√
√

√
√



International Journal of Ecology 3

T
a

bl
e

1:
C

on
ti

n
u

ed
.

Sp
ec

ie
s

So
u

rc
e

W
at

er
qu

al
it

y
R

ep
ro

du
ct

io
n

Fo
od

an
d

co
ve

r

Te
m

pe
ra

tu
re

(C
)

D
is

so
lv

ed
ox

yg
en

(m
g/

l)
A

ci
di

ty
(p

H
)

Tu
rb

id
it

y
(N

T
U

)
Te

m
pe

ra
tu

re
(C

)
D

is
so

lv
ed

ox
yg

en
(m

g/
l)

R
iffl

e
cm

/s
Po

ol
cm

/s
R

iffl
e

cm
C

ov
er

(%
)

Po
ol

s
(%

)

Le
po

m
is

m
ic

ro
lo

ph
us

[2
5]

√
√

√
√

√
√

√

M
ic

ro
pt

er
us

do
lo

m
ie

u
[2

6]
√

√
√

√
√

√
√

√
√

M
ic

ro
pt

er
us

pu
nc

tu
la

tu
s

[2
7]

√
√

√
√

√
√

√
√

M
ic

ro
pt

er
us

sa
lm

oi
de

s
[2

8]
√

√
√

√
√

√
√

√

Po
m

ox
is

an
nu

la
ri

s
[2

9]
√

√
√

√
√

√
√

√

Et
he

os
to

m
a

gr
ac

ile
[3

0]
√

√
√

√
√

Pe
rc

a
fla

ve
sc

en
s

[3
1]

√
√

√
√

√
√

Sa
nd

er
vi

tr
eu

s
[3

2]
√

√
√

√
√

√



4 International Journal of Ecology

Table 2: Habitat definitions and optimal ranges for 11 variables that serve as specifications for rehabilitating streams and small rivers. The
manner that species model variables were consolidated and the key to plots are provided in Figure 1.

Parameter
Figure 1

panel
Habitat
range

Optimal
range

Synthesis comments

Mean water
temperature (C) in
mid-summer.

(a) 12–33 23–28

Most models specified mean temperatures forming a
habitat and optimal range. The breakpoints were
averaged. Most species were within the habitat range and
approximated the optimal range.

Minimum dissolved
oxygen (mg/l) in
mid-summer.

(b) ≥1.0 ≥5.5

All models showed a rise in quality from about 1 mg/l as a
minimum to an optimal range without a maximum.
Averages defined breakpoints. Some species went down to
zero, which was unsuitable. There was much consistency
for dissolved oxygen.

Annual acidity
(hydrogen ion
concentration, pH).

(c) 4.7–9.8 6.6–8.6

The models specified similar values for habitat and
optimal ranges. The breakpoints were averaged. There was
good consistency for pH.

Turbidity
(nephelometric
turbidity units,
NTU), maximum
monthly mean.

(d) 47–174 <47

Models indicated declining quality with increased
turbidity beyond an optimal range. Average were used to
define the optimal and tolerable levels. Conversion of
measurements and statistics revealed a consistent habitat
definition and optimal range for most species.

Mean water
temperature (C)
during most common
reproduction season,
spring.

(e) 12–28 17–22

Most models specified mean temperatures forming a
habitat and optimal range during the spring fish
reproduction season. Most species were within the habitat
range. All species had a dome-shape-relation between
habitat quality and temperature. Averages defined
breakpoints.

Dissolved oxygen
(mg/l) during the
spring reproduction
season.

(f) ≥1.5 ≥6.2

All models showed a rise in quality from 1.5 mg/l as a
minimum to an optimal range without a maximum.
Averages defined breakpoints. There was consistency for
dissolved oxygen.

Mean current velocity
(cm/s) in riffle
habitats during the
spring reproduction
season.

(g) 1–97 29–62

Models defined a habitat and optimal range for riffle
velocity for spawning and young during the spring. The
breakpoints were averaged. There was some variability in
in riffle velocities, but the habitat and optimal range
approximated most of the species.

Mean current velocity
(cm/s) in pool
habitats during the
spring reproduction
season.

(h) 0–24 ≤8

Models defined a habitat and optimal range for pool
velocity for spawning and young during the spring.
Averages were used to define the range. There was some
variability in pool velocities, but the habitat and optimal
range approximated most of the species.

Maximum riffle water
depth (cm) during
the spring
reproduction time.

(i) 0–87 15–31

Models varied in specifying water depth for spawning and
larval rearing. The models specifying water depth range
were averaged. There was some variability in riffle depths
but the habitat and optimal overlapped most species
models.

Portion (%) of
waterway with cover
for fish and food
organisms.

(j) 0–100 31–61

Models defined a habitat and optimal percentage of area
with cover. Average was used to define breakpoints. There
were many species that had this habitat variable and most
HSI models were similar to the ranges.

Portion (%) of
waterway that is slow
water: pools and
backwaters.

(k) 1–100 44–70

Models defined a habitat and optimal range of area
composed of slow and standing water at common flows.
The breakpoints were averaged. The optimal habitat
condition included the range for most species.
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Figure 1: Suitability index plots of 11 variables shown with a tolerable range (0 points on the Y-axis) and optimal range (1 values on the
Y-axis) for each variable. Panel plots are cross referenced in Table 2 where more detailed definitions of the variables are provided.

natural conditions to serve as vision, the synthesis of many
fish species habitat needs may provide guidance to designing
rehabilitation.

2. Methods

Our protocol for synthesizing the HSI models proceeded in a
manner to form a robust, general model that reflected the
most common characteristics of the reviewed models. We
included information about where it could be combined to

produce model characteristics based on the largest number of
review models. Our general synthesis approach was selected
to produce a community-level model that captures typical
stream and river characteristics that support a wide range of
fishes.

Thirty species-level HSI models were identified from a
review of those published by the U.S. Fish and Wildlife
Service [35] for fish that inhabit large streams and small
rivers (nonnavigable rivers, Table 1). The collection of fish
do not include coldwater fishes (salmonidae) that commonly
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inhabit mountain streams. The 30 HSI models also did not
include anadromous and estuarine fishes that are of coastal
orientation. The HSI models included the dominant flowing
fish families (Cyprinidae, Catostomidae, Centrarchidae, and
Percidae) and others (e.g., Ictaluridae and Esocidae) inhabit-
ing interior, low elevation flowing waters in North America.
Thus a broad range of fish types inhabiting streams and
rivers, across the North America were included.

We started by making a list of all variables for the 30
HSI models. Unique and rare variables limited to one or
a few species were not included. We organized the vari-
ables under components that were assigned in the HSI
models. The variables in the HSI models were all grouped
in three components: water quality, reproduction, and food
and cover. Water quality variables were often used in the
collection of HSI models. Water temperature and dissolved
oxygen were also listed under reproduction component with
different values: cooler spring months and sensitivity for high
oxygen by eggs and newly hatched fish. Under reproduction
component, riffle and pool velocity and riffle depth were
sporadic but common in the HSI models. For the food and
cover component, the percent of the stream area with cover
and pools were used in most of the HSI models. Cover is a
term for materials such as boulders, logs, sticks, and aquatic
vegetation that provide refugee for aquatic organisms in both
food and small fish. Added surfaces provides colonizations
sites for macroinvertebrates.

Next, we review each variable and made a list of the
breakpoints (change points) values defining shape and
tolerable range. Most variables had the same shape of the
relation between habitat quality. Means were often used for
the consolidated breakpoints. That was reported in a table
because each habitat variable was different. We aimed for
synthesized relations to identify common criteria that define
acceptable and optimal habitat conditions for each variable.
The final step was plotting the curves for key variables in the
form of HSI models.

3. Results

From the review of all variables in the 30 HSI models, we
identified 11 variables that were most commonly used to
define stream and river habitat (Table 1). Among the water
quality variables, there was consistency for mid-summer
water temperature and dissolved oxygen ranges that define
habitat and optimal conditions. Summer warmth often
produces the most stressful temperatures and the lowest
dissolved oxygen of the year. Most species had ranges that
consistent designated habitat and optimal ranges reported
in Table 2. Annual average pH was very consistent across
species. Turbidity varied in reported measurements, and we
converted of measurements to nephelometric turbidity units
(NTU). Conversion of measurements and statistics indicated
that there were consistency across species and a common
form to the turbidity relation with habitat quality.

Temperature and dissolved oxygen are also listed again
under reproduction component. The water temperature was

cooler for the spring, and this was common reproductive
time for stream fishes (Table 2). Dissolved oxygen was higher
for the habitat and optimal ranges because eggs needed more
oxygen in the water. Riffles are defined as shallow areas with
1–4% gradient with small hydraulic turbulence over coarse
substrate causing small ripples and waves [36]. Often fish put
eggs in riffles, because current is not that fast, flow of water
of over eggs promotes high oxygen. After hatching many
fishes they move to pools and backwaters. Pools are defined
[36] as aquatic habitats with a gradient less than 1% that
is normally deeper and wider than riffle or turbulent areas.
Mean water velocity in pools and backwaters are important
for retaining newly hatched fish and providing productive
nursery conditions. The habitat and optimal range riffle
velocities and depths and pool velocities are given in Table 2.
Pools and backwaters trap floating organisms that small fish
use for feed.

The synthesized variables were plotted in Figure 1 on the
same habitat suitability scale as the reviewed HSI models.
Habitat and optimal ranges were used to plot Figure 1, and
the methods used for synthesis are reviewed in Table 2. This
table also defines each variable and presents the numbers of
the habitat and optimal range shown in Figure 1 plots. The
generalized nature of the synthesized HSI model will satisfy
or approximate the needs of most fish species.

4. Discussion

We identified 30 species-level HSI models that focus on fishes
that use large streams and small rivers. These fish often
cooccur and have similar habitat needs. We found a common
similarity among the fish species, and they had similar
variables and habitat and optimal ranges. Thus it was feasible
to construct an integrated model for a group of fish that
occupy the same general habitat type. About half of the
variables in the reviewed models pertained to water quality
and about half specified physical conditions. They were
grouped as water quality, reproduction, and food and cover.
Overall, we view our synthesized model closely parallel to
many of the riverine HSI models we included in the analysis.
We conclude that it is feasible to consolidate species level
habitat needs for fish that inhabit the same waterway type.

The plots of the 11 variables (Figure 1) use a suitability
index scale, which allows definition of acceptable habitat and
yields ratings of the relative benefit of different values. Eight
variables have a clear tolerable range (>0 values on the Y-
axis), which defines habitat needed for fish support. These
eight plots also have an optimal range for each variable,
which is an estimate of the best conditions for fish support.
Three variables have an undefined optimal range implying
that the optimal conditions extended beyond the plot over
the feasible range of the variable. Two of these were for
dissolved oxygen, and they indicate that higher dissolved
oxygen would remain in the optimal range. The reverse
pattern is for turbidity and specifies that clearer water is
optimal and will remain optimal. These forms of variable
relations to habitat quality are the same format in the
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HSI models and have been used for assessing impacts and
mitigation actions for more than two decades.

Interest and efforts are increasing on improving environ-
ments that are in human-dominated settings [37, 38] which
cannot be converted to natural conditions. These eleven
variables can serve as design specifications for rehabilitating
streams and small rivers in combination with definitions for
riffles, pool, and backwaters. They can be used individually
or as a set to design criteria to improve a waterway for fish
community support. Alternative designs can be compared
with suitability index values from the plots to compare
rehabilitation options. Our generalized set of specifications
can support a diversity of fish species. Finally, given the
similarity among species models, our specification set will
closely approximate the needs and optimal conditions of
many species.

An established fish community is a convincing indicator
of healthy river and the success of river rehabilitation. In
many countries, along with the urban development and
economical growth, the ecological rehabilitation of polluted
urban rivers and other streams have become a major concern
of government officers, conservation experts, and the public.
The research can provide design specifications to support fish
communities, and that will add a biological dimension to
current river rehabilitation efforts.
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