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Abstract

Welch EB, Cooke GD, Jones JR, Gendusa TC. 2011. DO–Temperature habitat loss due to eutrophication in Tenkiller
Reservoir, Oklahoma, USA. Lake Reserv Manage. 27:271–285.

Tenkiller Reservoir became eutrophic between 1975 and 1986, primarily due to poultry litter practices in the
watershed, resulting in rapid dissolved oxygen (DO) depletion in the meta- and hypolimnion. Depletion was driven
largely by high riverine-zone algal production due to high phosphorus inflow and internal loading, and the subsequent
plunging of riverine water to the meta- and hypolimnion. This process of DO depletion greatly reduced summer
habitat for cool-water fish species. Optimal and suboptimal habitat for smallmouth bass (SMB) growth averaged
only 10 and 25% of total reservoir volume, respectively, during mid-June to mid-September in 2005 and 2006.
For walleye (WAL), acceptable (suboptimal) habitat was essentially absent (<1%) due to its lower temperature
criterion. By contrast, habitat for both species was much greater in oligo-mesotrophic Broken Bow, a physically
similar reference reservoir. Long-term catch rates for SMB and WAL during systematic surveys averaged 3-fold
higher in Broken Bow, with greater acceptable DO–temperature habitat than in Tenkiller. Conversely, catch rates
for largemouth bass, a warm-water species preferring eutrophic conditions, averaged 2-fold higher in Tenkiller than
Broken Bow. These catch rate differences are consistent with the DO–temperature conditions available during the
stratified period and the trophic states in these 2 reservoirs. Recovery of cool-water fish habitat in Tenkiller by
ceasing poultry litter application is predicted to be slow.
[Supplemental materials are available for this article. Go to the publisher’s online edition of Lake and Reservoir
Management to view the supplemental file.]

Key words: fish, water quality, agriculture

Eutrophication is well documented for lakes, and causative
nutrients have usually come from point sources (Sas et al.
1989, Cooke et al. 2005). There are few published cases
of long-term eutrophication of reservoirs and none on the
importance of riverine zone internal phosphorus (P) loading.
While the dissolved oxygen (DO)–temperature “squeeze”
effect on fish has been well described in reservoirs, the
acceptable DO and temperature habitat available to sensitive
fish (and its effects) has not been quantitatively tied to eu-
trophication in the published literature. We herein describe
the effects of diminished habitat, due largely to a long-term
increase in nonpoint P leading to eutrophication, by com-
paring available fish habitat and catch rate in 2 physically
similar reservoirs with markedly different trophic states.

∗Corresponding author: gene.welch@tetratech.com

The low DO effect in reservoirs that adversely squeezes
cool-water fish between the too-warm epilimnion with ade-
quate DO and the cooler meta- and hypolimnion without ad-
equate DO is well documented for striped bass (SB; Coutant
1985, 1987, Zale et al. 1990, Young and Isely 2002). Ad-
verse effects of squeeze have also been observed on growth
of crappie, considered a warm-water species, (Gebhart and
Summerfelt 1978, Hale 1999). Similar effects would be
expected with such cool-water species as walleye (WAL),
which has similar temperature requirements as SB, as well
as smallmouth bass (SMB), which is slightly more temper-
ature tolerant but also is known to prefer more oligotrophic
conditions (Haines 1973, Buynak et al. 1991, Ludsin et al.
2001, Welch 2009).

Depleted DO in a large fraction of total volume during the
stratified period has been described in midcontinent reser-
voirs (Jones et al. 2011). Depletion may be more pronounced
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Welch et al.

in reservoirs than lakes due to higher rates of water inflow
and nutrient loading, which result from higher watershed-
to-reservoir area ratios, producing shorter water residence
times (Thornton et al. 1990). That effect of greater depletion
assumes that higher loading also results in higher nutrient in-
flow concentration, which actually determines trophic state.
Also, plunging of enriched inflows, which is usually more
pronounced in reservoirs due to their relatively higher in-
flows, contributes to DO depletion that is often more rapid
in the metalimnion than hypolimnion (Thornton et al. 1990).
Therefore, depletion of metalimnetic DO in reservoirs can
result in less acceptable DO–temperature habitat than in
lakes, where depletion is usually slower and confined to the
hypolimnion.

Increased eutrophication of Tenkiller Reservoir in northeast
Oklahoma has resulted in an early summer, rapid depletion
of meta- and hypolimnetic DO, which severely restricts the
acceptable DO–temperature habitat for cool-water fish. To-
tal phosphorus (TP) loading has more than doubled since
dam closure in 1953, such that average annual volume-
weighted inflow TP has reached 210 µg/L and 171 µg/L
during spring and summer, respectively. That increase is
due largely to nonpoint sources, primarily from poultry lit-
ter disposal practices (Cooke et al. 2011).

The acceptable DO–temperature habitat available in eu-
trophic Tenkiller Reservoir is contrasted with that in oligo-
mesotrophic Broken Bow, a reference reservoir in south-
eastern Oklahoma, which is physically similar but has a
much lower spring–summer inflow TP of 29 µg/L (Cooke
et al. 2011). This comparison illustrates that eutrophica-
tion of Tenkiller is the likely cause for the difference
in DO–temperature habitat available in the 2 reservoirs.
Long-term catch rates for 2 cool-water species, native
and introduced SMB and introduced WAL, as well as for
warm-water largemouth bass (LMB), are in turn related to
DO–temperature habitat.

Site description
The dam for Tenkiller Reservoir closed in 1953 resulting in a
40 km long impoundment with a surface area of 51.6 km2 and
mean and maximum depths of 15.5 and 46 m, respectively.
The dam for Broken Bow Reservoir closed in 1970 forming
a 34 km long water body with a surface area of 56.8 km2 and
mean and maximum depths of 19.7 and 50 m, respectively.
Tenkiller and Broken Bow have similar basin shapes with
respect to percent volumes below 6 m (86 and 88%, respec-
tively) and in the hypolimnion (40 and 44%, respectively).
However, watershed-to-reservoir surface area ratios differ,
with 80:1 for Tenkiller and 34:1 for Broken Bow. This dif-
ference produces a shorter water residence time in Tenkiller
(0.7 yr) than in Broken Bow (1.7 yr). Importantly, they are

both in ecoregions with streams containing low background
TP concentrations of 16–20 µg/L (Omernik 1977, McDow-
ell and Omernik 1979). Those inflows should result in 7–9
and 11–13 µg/L whole-reservoir concentrations in Broken
Bow and Tenkiller, respectively, considering TP loss due
to the difference in water residence times; therefore, they
should be naturally oligotrophic or meso-oligotrophic.

Cool-water fish DO-temperature
criteria
Low DO is the principal environmental factor that adversely
affects reservoir fish species that are intolerant of eutrophica-
tion. The effect results from decreased meta- and hypolim-
netic DO, along with increasing epilimnetic temperature,
which effectively squeezes the habitat volume available for
growth, and ultimately survival, of cool-water sport fish.
The squeeze effect has been observed for striped bass and
crappie, as indicated earlier.

Native sport fish in Tenkiller that are most likely intolerant
to this effect of eutrophication are primarily SMB, although
temperature–DO criteria are similar for spotted bass and
channel catfish (USFWS 1982a, 1983, 1984a). For SMB, a
cool-water species emphasized here, the maximum temper-
ature criterion for optimal growth is 27 C, while 29 C is
generally recognized as the maximum of its preferred range
(Fry 1947, Horning and Pearson 1973, MacClean et al. 1981,
USFWS 1983). Fish are known to prefer temperatures that
are optimal for growth and activity and avoid higher temper-
atures (Beitinger and Fitzpatrick 1979, Headrick and Carline
1993). Even lower temperature criteria were recommended
for successful introduction of SMB to Kentucky reservoirs:
21–23 C as acceptable and 20–21 C as ideal (Buynak et
al. 1991). For LMB, the maximum temperature for optimal
growth is 30 C (USFWS 1982b).

Striped bass and WAL are also cool-water species that
are intolerant of DO–temperature effects of eutrophication
(Leach et al. 1977, Coutant 1985, 1987). Walleye were
introduced in large numbers in Tenkiller and Broken
Bow reservoirs, as were SB in Tenkiller. Striped bass and
WAL avoid temperatures above 24 C, preferring 21–22 C
(USFWS 1984b, 1984c). The maximum temperature ac-
ceptable for WAL is 24 C; above that growth stops (Kitchell
and Stewart 1977, Hurley 1986a). Therefore, epilimnetic
temperature may restrict SB and WAL even more than
SMB.

Minimum DO criteria for optimal and suboptimal growth,
respectively, for SMB, WAL, and SB are 6 and 5 mg/L
(USFWS 1983, 1984b, 1984c). While 5 mg/L is considered
suboptimal for these species, it will allow some growth,
and survival is possible down to 2–3 mg/L (Welch and Ja-
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DO–temperature habitat loss due to eutrophication

coby 2004). Even LMB, which are considered more tolerant
of eutrophication than SMB, showed decreased food con-
sumption and growth at DOs less than saturation (9.2 mg/L at
20 C; Stewart et al. 1967). Similar to the response to temper-
ature, warm- and cool-water species alike avoided low DO
and selected available cool waters nearer 5 mg/L (Headreck
and Carline 1993, Burleson et al. 2001).

Methods and materials
Tenkiller Reservoir was sampled at 4 sites established with
respect to functional zones (Thornton et al. 1990); river-
ine (LK04), transition (LK03); and lacustrine (LK01 and
LK02; see Cooke et al. 2011 for map and locations). The
lacustrine zone is largest, representing about 65% of the
reservoir area, while the transition and riverine are 22 and
13%, respectively. Volumes are about 70% for lacustrine and
22 and 8% for transition and riverine zones, respectively.

Sampling was conducted by personnel from Camp Dresser
and McKee (CDM) twice monthly from May to November in
2005, March to September in 2006, and monthly during June
to September in 2007 at each of the 4 sites. A multiparameter
Hydro-Lab with a datasonde unit was used to determine DO,
temperature, and specific conductance at 1 m intervals with
depth at the cross-sectional midpoint at the 4 sites. Maxi-
mum water column depths sampled at the 4 sites, LK01 to
LK04, were usually 26, 24, 7, and 6 m. Air calibration for DO
was routinely checked with Winkler titrations. These data
were used to determine available DO–temperature habitat.
In addition, 5 profiles of DO–temperature, distributed over
the reservoir cross-section, were determined at LK01 on 10
August 2005 to evaluate the representativeness of midreser-
voir DO–temperature profiles.

Reservoir volumes available for SMB and WAL were cal-
culated separately for each delineated sampling section
(LK01 to LK04; Cooke et al. 2011) of Tenkiller and then
summed. Calculations were based on volume–depth rela-
tionships computed for 1 m intervals and twice monthly
DO– temperature profiles with recorded values at 1 m inter-
vals. Volumes were adjusted for each sample time because
reservoir elevation varied.

DO–temperature profile data from 3 sites (BB01, 03, 06)
in Broken Bow Reservoir were collected by the Oklahoma
Water Resources Board (OWRB) at various times during
the stratified period from 1997 to 2006 (see Fig. 2, Cooke
et al. 2011). September data were missing, so to deter-
mine available habitat volume, as was done for Tenkiller,
a DO–temperature profile was interpolated to lie equidistant
between those for August and October.

Fish-catch data were obtained from the Oklahoma Depart-
ment of Wildlife Conservation (ODWC), which used stan-

dardized sampling procedures to compare the quality of
fisheries among reservoirs. Electrofishing surveys were con-
ducted systematically for SMB and LMB during the spring
at regular prime habitat sites to maximize catch. Gill nets
were used at regular sites for WAL. Net size was 200 ft long
by 6 ft deep with mesh size ranging from 0.5 to 3 inches.
Catch per unit effort rates (c/f) were reported in no./hr. Catch
rate differences between Tenkiller and Broken Bow Reser-
voirs were analyzed by 2 sample t-test for WAL and LMB
and the Mann-Whitney nonparametric test for SMB data,
which were not normally distributed.

Results
DO depletion and inflow direction

The high TP internal loading rate in the shallow, unstrati-
fied riverine zone (LK04) during 2005 and 2006 was fully
available to algae and was at least half the cause of the high
summer average chlorophyll (chl) concentration (26.5 µg/L,
11 summers). Net internal loading was indicated by the near
doubling of riverine zone TP over inflow TP concentration
(Cooke et al. 2011). Furthermore, the plunging of riverine
zone water, containing the large mass of algae, into the meta-
and hypolimnion was instrumental in driving the extensive
rate of DO depletion in those layers (Fig. 1). Much of the
denser riverine water entered the metalimnion as an inter-
flow in late spring and early summer, causing more rapid
DO depletion there than in the hypolimnion (Fig. 1). Denser
riverine water entered the hypolimnion as flow decreased
in late summer. Metalimnetic DO was essentially depleted
between 8 and 12 m by the end of June 2005, while the
hypolimnion was nearly depleted by the end of July, indi-
cating a greater depletion rate in the metalimnion (Fig 2).
The pattern was similar in 2006, except that near depletion
by the end of June was between 10 and 13 m instead of 8 and
12 m, a difference attributed to higher river flow in 2005.

The rapid metalimnetic DO depletion was largely caused by
transport of respiring and decomposing algae from the river-
ine zone rather than from inflowing organic matter from the
river or from settling algae from the lacustrine epilimnion.
The depth interval of DO depletion was sufficiently below
the lighted zone, so there was no contribution of DO from
photosynthesis at 2–4 m (supersaturated DO; Fig. 2). Set-
tling of algae from the lacustrine epilimnion was probably
less important than transport from the riverine zone because
lacustrine chl averaged 9 µg/L and riverine 28 µg/L during
summer 2005 and 2006 (Cooke et al. 2011). River inflow
also contributed some organic matter, but total organic car-
bon averaged higher in the riverine zone (2.5–3.0 µg/L)
than in the river (1.75 mg/L) during spring–summer 2005
and 2006.
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Welch et al.

Figure 1.-Longitudinal cross-section schematic of the zones and directional pattern of inflow and DO depletion in Tenkiller Reservoir.
Riverine and transition zones actually represent 13 and 22% of reservoir area but are exaggerated to indicate their importance to inflow
direction. High density inflows preferentially enter the metalimnion in early summer, depleting DO faster in the metalimnion, indicated by
DO profiles progressing from right to left with time (color figure available online).

Inflow was directed primarily into the lacustrine metal-
imnion during late spring–early summer. Specific conduc-
tance, used as a tracer, showed a “bulge” of slightly higher
values between 6 and 12 m during June 2005 (Fig. 3). That
conductance bulge averaged 180 µS/cm, while higher values
occurred toward the bottom of the transition zone, and river
values were still higher (Table 1). Interflow conductance de-
creased with dilution through the reservoir. The pathway of
higher density water was probably deeper than sampled pro-
files because maximum depth in the cross-section of LK03
ranged from 14 to 17 m during the period versus the sam-
pling site depth of 6–7 m.

The pattern was similar in 2006, but conductance was much
higher due to about one-third as much inflow during the
spring (Table 1). Nevertheless, there was a consistent gra-
dient down reservoir as inflow plunged into the lacustrine
metalimnion, although to a slightly greater depth interval
(8–14 m) than in 2005 (Table 1). Riverine zone water was
directed to the lacustrine hypolimnion in late summer, as
indicated by the highest conductance occurring in August at
16–19 m in 2005 and 12–18 m in 2006 (Fig. 3; Table 1).

The 5 cross-sectional profiles at LK01 on 10 August 2005
showed that temperature and DO profiles were horizontally
consistent across the reservoir (Fig. 4). Temperature ranged
only 1–2 C among profiles throughout the water column, and
most of that variation was in the metalimnion. The 1–2 C
represents a depth interval difference of <1 m. Epilimnetic
depth was consistently at 8 m. The range in DO was about 2
mg/L in the epilimnion, and the depth below which DO was
minimum (<0.5 mg/L) ranged from 8 to 10 m. The average
depth interval represented by a given DO was <1 m through

the metalimnion, similar to temperature. Thus, profiles at the
regular sampling stations were considered to represent their
respective whole-zone volumes with a relatively small error
(<2%) considering the large range in calculated available
DO–temperature habitat through the season. This means that
stress from low DO would force cool-water species into the
epilimnion where temperatures were near or exceeded 30 C
during July and August throughout the reservoir (Fig. 2).

Available DO-temperature habitat

Available habitat for cool-water fish in Tenkiller is shown
more clearly by volume than by inspecting DO–temperature
profiles (Fig. 5). For SMB, there was little or no volume
with optimal (>6 mg/L, < 27 C) habitat available during
most of July–August and no suboptimal (>5 mg/L, <29 C)
habitat for one-half to one month. From mid-June to mid-
September, optimal habitat averaged only 10% of reservoir
volume and suboptimal only 25% in 2005 and 2006. The less
frequent data in 2007 did not allow a comparable volume
estimate.

Even suboptimal habitat was essentially absent during most
of the stratified period for WAL and SB (Fig. 5). The average
volume meeting those DO–temperature criteria for mid-June
to mid-September in 2005 and 2006 was <1% of the total.
For these species, lethal temperatures of 29 and 28 C were
exceeded in surface waters (30–31 C; Fig. 2 and 4), so
stresses on their growth and survival were even more severe
than for SMB.
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DO–temperature habitat loss due to eutrophication
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Figure 2.-DO and temperature profiles at lacustrine station LK01 in Tenkiller Reservoir during spring–summer 2005. See map in Cooke
et al. 2001, for location.

In contrast to Tenkiller, DO concentrations in Broken Bow
remained above 4 mg/L in the hypolimnion for most of
the summer, offering a refuge for cool-water species below
about 15 m (Fig. 6). However, DOs were low, between 10

and 15 m, showing a similar pattern of metalimnetic DO de-
pletion as in Tenkiller. While these DO profiles were from
different years, all months were represented except Septem-
ber, and DO was <2 mg/L in mid-October, in contrast to
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Welch et al.

Table 1.-Mean conductance, in µS/cm at 25 C, in the river, riverine (LK04), transition LK03, and lacustrine (LK02, 01) zones during
2005–2006 for the depth intervals indicated. Sample size (LK03) indicates the number of dates for which individual means were computed
from the consecutive 1 m observations over the depth intervals indicated.

River Period Riverine Transition 5–6 m Lacustrine 6–12 m

2005 303 2–29 Jun ND 200 (3) 180 (6)

1–3 m 16–19 m
23 Aug–7 Sept 273 (2) ∗∗ 197 (3)

1–4 m 6–7 m 8–14 m
2006 305 17 May–14 Jun 275 (3) 249 (3) 229 (6)

1–6 m 6–7 m 12–18 m
9–22 Aug 335 (2) 244 (2) 282 (4)

∗∗ Values were so low (∼50 µS/cm) that analytic accuracy was suspect.
ND = no data.

Tenkiller (Fig. 2). Comparing profiles for July and August,
DO below 8 m in Tenkiller averaged <1 mg/L, but >4.5
mg/L in Broken Bow.

This contrast in DO between the 2 reservoirs is illustrated
by the calculated average habitat volume available in Bro-

ken Bow. Volumes meeting optimal and suboptimal criteria
for SMB were 14 and 49%, respectively, and 32% met sub-
optimal criteria for WAL. From the standpoint of DO and
temperature, Broken Bow offered a larger suitable habitat
volume than Tenkiller, consistent with their oligo–meso- and
meso-eutrophic states, respectively.
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Figure 3.-Profiles of specific conductance at lacustrine station Lk01 in Tenkiller Reservoir during spring–summer 2005.
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DO–temperature habitat loss due to eutrophication

Figure 4.-Profiles of DO and temperature at sites located horizontally across the reservoir at lacustrine station LK01 on 10 Aug 2005.
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DO–temperature habitat loss due to eutrophication

Figure 6.-DO profiles at lacustrine station BBL01 in Broken Bow Reservoir for the indicated years with data from OWRB. See map in
Cooke et al. 2011 for station location.

Long-term fish catch data

Smallmouth bass known as Neosho and Quachita, were
native to northeastern Oklahoma tributaries of Tenkiller
and Broken Bow reservoirs, respectively, prior to dam
closures (Moore and Paden 1950, Hall 1952, 1953, Hubbs
and Lagler 2004, Miller and Robinson 2004) and continued
to populate the reservoirs following dam closures, prior to
stocking (Eley et al. 1971). A creel census in 1974–1975
(prior to stocking) reported 2930 SMB caught in Tenkiller
and 1489 in Broken Bow (Summers 1978). Although catch
rates were low (0.006 and 0.008/hr, respectively), they
were similar for SMB in 4 other Oklahoma reservoirs.
More than 100,000 LMB were caught in each reservoir in
1974–1975 at respective rates of 0.24 and 0.61/hr (Summers
1978).

Considerable effort was expended by ODWC to enhance
SMB fisheries by stocking “lake-strain” fry from Ten-
nessee into Tenkiller in the early 1990s and from National
hatcheries into Broken Bow during the mid-1970s to mid-
1980s (Table 2). Despite this effort, catch rates in Tenkiller
by systematic electrofishing surveys remained low, averag-

ing 1.4/hr, well below the quality fishery level established
by ODWC of 10/hr (Fig. 7). Catch rates in Broken Bow
have averaged 3-fold higher at 4.4/hr and have approached
or exceeded the quality rate in a couple years (Fig. 7). The
catch rate difference between the 2 reservoirs is significant
(p = 0.04).

Efforts to establish WAL fisheries in the 2 reservoirs in-
volved stocking millions over many years, with more in
Tenkiller than Broken Bow (Table 2). Despite the larger
and more widespread stocking, WAL catch rate by gill net
has remained very low (0.02/hr), and they are considered

Table 2.-Stocking history in thousands for Tenkiller and Broken
Bow Reservoirs (P. Balkenbusch, ODWC, 2008, pers. comm.).

Species Tenkiller Broken Bow

Smallmouth 97 (1990–1991) 764 (1977–1983)
Walleye 14, 331 (1954–1998) 8735 (1970–1991)
Striped bass 950 (1975–1977) none
Largemouth 372 (1952–1995) 2406 (1969–2006)
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Welch et al.

Figure 7.-Box plots showing median, quartiles, minimum and maximum, and outliers (circle) for catch rates per hour (c/f) of SMB by
electrofishing in Broken Bow (BB) and Tenkiller (TK) Reservoirs during 1977–2006; N = 16 (BB) and 22 (TK).

uncommon in Tenkiller. In contrast, WAL catch in Broken
Bow has averaged 0.07/hr, consistently near and sometimes
above the quality fishery level of 0.1/hr and 3.5 times greater
than in Tenkiller (Fig. 8). The difference in catch rate is
highly significant (p = 0.005).

SB were stocked in Tenkiller in the 1970s and 1980s (Table
2), but this effort failed to establish a fishery, most likely
due to the inadequate DO–temperature habitat. Striped bass
were not stocked in Broken Bow.

Results were opposite for LMB, a warm-water species that,
in contrast to SMB, thrives in eutrophic waters (Greene and
Maceina 2000, Maceina and Bayne 2001). Largemouth bass
were stocked in both Tenkiller and Broken Bow over many
years (Table 2). As expected, given the trophic preference
of LMB, electrofishing catch rate in Tenkiller has averaged
88/hr, double that in Broken Bow (44/hr) and more than
double the ODWC quality fishery level (40/hr; Fig. 9).
The higher catch rate in Tenkiller is despite much greater
stocking in Broken Bow (Table 2), and the difference in
catch rate is highly significant (p = 0.001).

Discussion
DO depletion and inflow direction

Metalimnetic DO depletion, driven by density interflows, is
common in reservoirs (Thornton et al. 1990) and contributes
to higher aerial hypolimnetic oxygen deficits (AHOD) than
in lakes (Cooke et al. 2011). Despite greater watershed area
and thus greater TP loading in reservoirs, AHOD is di-
rectly related to TP concentration, as it is in lakes (Nürnberg
1996). This is evidenced by the more than 2-fold higher
AHOD in Tenkiller than in Broken Bow and their corre-
sponding differences in inflow TP concentration and trophic
state. Moreover, algal production in the riverine and tran-
sition zones of Tenkiller was partly caused by net internal
P loading, a process heretofore largely ignored in reservoir
literature. While organic matter in the river inflow and la-
custrine autochthonous production may have contributed to
DO depletion, the high riverine chl and higher reservoir-
than-inflow organic carbon concentrations indicate that the
down-reservoir DO depletion was largely caused by riverine
and transition zone production.
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DO–temperature habitat loss due to eutrophication

Figure 8.-Catch rates per hour (c/f) of WAL by gillnet in Broken Bow (BB) and Tenkiller (TK) Reservoirs during 1981–2006; N = 16 (BB)
and 9 (TK).

Figure 9.-Catch rates per hour (c/f) of LMB by electrofishing in Broken Bow (BB) and Tenkiller (TK) Reservoirs during 1977–2006; N = 19
(BB) and 20 (TK).
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Eutrophication effect on cool water fish

While production and biomass of fish generally increase
with eutrophication (Leach et al. 1977, Oglesby 1977, Jones
and Hoyer 1982, Downing et al. 1990) the structure of
fish communities changes. Smallmouth bass is an important
cool-water sport fish considered intolerant of eutrophication,
due largely to decreased DO and transparency (Haines 1973,
Buynak et al. 1991). Their responses have been likened to
SB and trout when deprived of suitably oxygenated water at
preferred temperatures (Buynak et al. 1991).

As evidence of SMB intolerance of eutrophic waters,
their populations have increased in response to decreased
phosphorus and subsequent oligotrophication in Lake Erie
(Ludsin et al. 2001); Bay of Quinte, Ontario (Hurley 1986b);
and Moses Lake, Washington (Welch 2009). They are known
to prefer hard, rocky, gravelly substrata and drop off areas
in clear cool lakes (Pflug and Pauley 1984, Hubbs and La-
gler 2004), and the oligotrophic areas of reservoirs (Buynak
et al. 1991; J. Lott, SD Game, Fish and Parks, 2009, pers.
comm.). Even in a lake and reservoir where temperatures in
surface waters were cool and not stressful, SMB sought out
deeper strata during summer stratification (Pflug and Pauley
1984, Lott 2000).

The lower catch rate of SMB in Tenkiller than in Broken
Bow is therefore expected based on the difference in reser-
voir trophic state. The persistence of no or very low DO in
the cooler meta- and hypolimnion during most of the sum-
mer greatly compromised the available habitat acceptable
to SMB. Optimal (<27 C and >6 mg/L DO) conditions
for SMB were largely absent during the summer in meso-
eutrophic Tenkiller. Even suboptimal conditions (<29 C and
>5 mg/L DO) were highly restrictive, forcing fish to retreat
to epilimnetic water with adequate DO but higher than pre-
ferred temperature. While the lethal temperature (32 C) was
not exceeded, little or no growth would be expected at above-
preferred temperatures (Beitinger and Fitzpatrick 1979, Hale
1999). Even if a small portion of reservoir volume were suit-
able, crowding and food limitation could result. In contrast,
DO–temperature conditions in oligo-mesotrophic Broken
Bow were much less restrictive.

The greater and earlier stocking of SMB in Broken Bow
than in Tenkiller (Table 2) does not explain the higher catch
rates in Broken Bow. More WAL were stocked in Tenkiller
and more LMB in Broken Bow, yet catch rates for WAL
were greater in Broken Bow and rates for LMB were greater
in Tenkiller. Further, native SMB were established in both
reservoirs before any stocking, and DNA evidence in 2003
showed that the native strain still dominated (59%) in Broken
Bow while fish in Tenkiller were 85–90% nonnative (G.
Gilliland, ODWC, 2003, pers. comm.). Therefore, habitat

best explains the greater catch rate and persistence of native
fish in Broken Bow.

Little or no habitat was available in Tenkiller to allow
minimum growth of WAL during the summer period,
and they were even more restricted in recent years than
were SMB. In contrast, much more favorable habitat was
available in Broken Bow. The much greater catch rate in
Broken Bow than in Tenkiller is expected based on the
reservoir’s respective differences in trophic state and related
DO–temperature conditions.

Acceptable DO–temperature conditions for WAL were con-
sidered present in Tenkiller in 1960 (Summers 1961). DO
data show an AHOD rate for Tenkiller in 1960 quite sim-
ilar to that in Broken Bow in recent years (Cooke et al.
2011). The acceptable summer DO–temperature regime ob-
served in 1960 apparently prompted the large stocking ef-
fort through the 1990s to establish a fishery in Tenkiller.
Summers (1961) concluded that “The limnological investi-
gations did not indicate any chemical or physical limitations
that would be undesirable to the introduction of walleye in
1961. On the contrary, the reservoir has a very high pro-
ductive potential and the introduction of this species should
prove successful.”

The WAL population in Broken Bow is considered self-
sustaining, while stocking to establish a fishery in Tenkiller
has ceased (L. Bolton, Chief of Fisheries, ODWC, 2008,
pers. comm.). The success of WAL in Broken Bow but not
in Tenkiller is consistent with the contrast between the 2
reservoirs in trophic state and the acceptable DO– temper-
ature habitat available during summer for this cool-water
species.

Both SMB and WAL have declined with eutrophication else-
where and have recovered with oligotrophication from re-
duced P loading (Hurley, 1986b, Ludsin et al. 2001, Culver
et al. 2009, Welch 2009). Part of the adverse effect of eu-
trophication on WAL and SMB may be due to increased
sedimentation and decreased transparency. Sedimentation
on rocky, gravelly spawning areas adversely affected WAL
in several lakes (Leach et al. 1977), and decreased turbidity
and sedimentation were important to SMB recovery in Lake
Erie (Ludsin et al. 2001). Although transparency averaged
less in Tenkiller (2.2 m) than in Broken Bow (3 m) during
summer, those values were within the mesotrophic range
(2–4 m) found favorable to WAL (Schupp and Wilson 1993,
Hiskary and Wilson 2008). While the extent of sedimenta-
tion on rocky, gravely lacustrine substrata in these reservoirs
is unknown, the transparency differences that could affect
sight feeding by WAL and SMB is likely unimportant, be-
cause the fish were excluded (due to DO) from depths be-
low 8–10 m, during most of the summer stratified period
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DO–temperature habitat loss due to eutrophication

in Tenkiller when light reduction at depth would have had
any effect. At those transparencies, depths to 1% light aver-
aged 7.3 m in Broken Bow and 5.4 m in Tenkiller, assuming
transparency depths were 15% of surface intensity.

The little or no favorable DO–temperature habitat during
summer in Tenkiller, a primary cause for the poor success
of WAL, is also consistent with the failure of SB, which has
the same requirements as WAL. Poor growth and survival
of SB in stratified reservoirs, with limiting DO–temperature
habitat, is well documented (Coutant 1985, 1987, Matthews
et al. 1989, Zale et al. 1990, Young and Isely 2002).

The much higher catch rates for LMB in Tenkiller than in
Broken Bow further support the hypothesis that eutroph-
ication is the cause of the SMB and WAL response in
the 2 reservoirs. Largemouth bass is a warm-water species
that tolerates higher epilimnetic temperatures during sum-
mer (USFWS 1982b) and thus would not suffer from a
DO–temperature squeeze. They are said to prefer “weedy
or brushy mud bottom lakes and ponds” (Hubbs and Lagler
2004). They were observed to thrive in mildly eutrophic wa-
ters (Greene and Maceina 2000, Maceina and Bayne 2001)
and select shallow water (<1–3 m) with vegetation or large
woody debris, as shown by radio tracking (Sammons and
Maceina 2005). That pattern of habitat selection is opposite
to that of SMB, which seek deeper, cooler, nonweedy depths
(Buynak et al. 1991; J. Lott, South Dakota Game Fish &
Parks, 2000, pers. comm.). That probably accounts in large
part for the respective responses of these cool- and warm-
water species to the eutrophication of Tenkiller Reservoir.

The increasing eutrophication of Tenkiller, due primarily to
poultry litter practices, has greatly reduced the acceptable
DO–temperature habitat for cool-water fish. That conclusion
is supported by the contrast with DO–temperature condi-
tions in oligo-mesotrophic Broken Bow Reservoir, the catch-
rate differences between the 2 reservoirs for cool-water and
warm-water fish, and the response of these fishes to eutroph-
ication and oligotrophication in other water bodies. These
results have tied long-term eutrophication to habitat loss and
low catch rate for fish sensitive to eutrophication.

To markedly increase the available DO–temperature habitat
for cool-water fish will probably require hypolimnetic or
possibly layer aeration as well as cessation of litter applica-
tion to the watershed. A realistic goal should be to restore
DO in Tenkiller to the 1960 level, similar to the current
level in Broken Bow. AHODs in Tenkiller then and Bro-
ken Bow now are 0.6 and 0.5 g/m2 per day, respectively
(Cooke et al. 2011). Cessation alone is not expected to in-
crease hypolimnetic DOs in Tenkiller to levels from 1960
and currently in Broken Bow for more than 50 years ac-
cording to model predictions (Table 3). That prediction is
indicated by mean May–October outlet (at 37 m) DO in-

Table 3.-Mean outlet DO concentration from mid-May to
mid-October and mean available DO–temperature habitat
available for SMB and WAL (optimal = O and suboptimal =
SO) during mid-June to mid-September following cessation of
litter application resulting in a 40% reduction in external and
55% reduction in internal TP loading. Results predicted using
CE-QUAL-W2 with 200 cross sectional segments (Wells et al.
2008; Appendix A).

PREDICTED outlet1 % volume - 50 year2

Tenkiller mg/L SMB-O SMB-SO WAL-SO
Natural 6.1 23 57 14
Base 1.4 8.2 33.3 1.5
Cessation3 1.4 to 2.94 10.9 38.5 3.9

OBSERVED
Tenkiller 1.55 10 25 <1
Broken Bow 5.86 14 49 32

1Table 22 and Fig. 189, Appendix A; outlet depth 37 m
2Table 25 Appendix A
340% reduction in TP loading Table 26, Appendix A.
4Last 10 of 50 years
5depth 25–26 m
6depth 40 m

creasing from 1.4 mg/L for the current 10-year base case TP
loading to only 2.9 mg/L the last 10 years of a postcessa-
tion, 50-year period. Natural outlet DO, given a background
20 µg/L TP inflow concentration, would be 6.1 mg/L (Table
3). Cessation would provide only a slight increase in avail-
able habitat for cool-water fish from the base case prediction
and that currently observed during June–September (Table
3). Habitat would remain well below natural levels and those
currently existing in Broken Bow. The slow recovery is due
to the expected slow decrease in TP loading, which in turn
is due to continued leaching from supersaturated soil in the
watershed and internal loading in the reservoir, despite a
projected 40% and 55% reduction in external and internal
loading, respectively.
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