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Abstract: Understanding the ability of fishes to tolerate low dissolved oxygen (DO) is important not only to our understanding of the ecology of aquatic
systems, but also for flow management in regulated lotic systems. Historical flow management guidelines have been based on critical oxygen concen-
trations and incipient lethal levels from just a few species, and data on nongame fish species are lacking. Here we quantify respiration rate, critical DO
concentration at routine metabolic rate, and regulatory capacity across temperatures for five nongame fish species. Oxygen consumption patterns rep-
resented a continuum between regulation and conformation, as ability to regulate was affected differently by temperature among species, declining with
increasing temperature in blackbanded darter (Percina nigrofasciata) and increasing with temperature for banded sculpin (Cottus carolinae). Further,
oxygen consumption was not affected by temperature in bronze darter (Percina palmaris), greenbreast darter (Etheostoma jordani), and blacktail shiner
(Cyprinella venusta). Critical oxygen levels increased with temperature for blacktail shiner, greenbreast darter, and blackbanded darter, but did not

change with temperature for bronze darter or banded sculpin. Given this among-species variation, protections based on data from a limited number of

taxa may not effectively protect habitat for entire fish communities.
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Aquatic organisms are challenged by fluctuations in many in-
teracting physical, chemical, and biological factors in the envi-
ronment. Variation in these conditions can be both natural and
human-induced. In lotic systems, dissolved oxygen (DO) and
temperature, two of the most significant controlling factors, can
vary dramatically due to fluctuations in flow. Below dams, varia-
tion in flow, often driven by reservoir operations, can sometimes
lead to low DO events (i.e., hypoxia), particularly at high water
temperatures. These conditions can be stressful given that fishes
require oxygen for aerobic energy production, and rising tempera-
ture increases the respiration rate of poikilotherms while reducing
available DO to support this increased metabolism (Portner 2010,
Clark et al. 2013, Rogers et al. 2016).

Hypoxia tolerance has been well-studied in fish species that are
recreationally and economically important (i.e., sport-fishes and
cultured species; McBryan et al. 2013). Results have been import-
ant in understanding the basic physiology of fishes, specifically
DO concentrations required by fishes to survive and thrive. This
research has informed criteria for management of instream flow
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and therefore management of DO and temperature in regulated
rivers (Cech et al. 1979, Evans 1984). These regulatory criteria are
then applied to development and implementation of hydroelectic
dam operation protocols to ensure they meet miminum DO re-
guirements (USEPA 1986a,1986b). Dissolved oxygen criteria must
provide protection for more than 600 freshwater species repre-
senting over 40 families in North America. Unfortunately, most
pertinent data informing these criteria have come from studies of
a relatively small number of species (USEPA 1986a, 1986b), and
oxygen and temperature tolerance data specific to non-sport fishes
inhabiting regulated rivers are lacking.

While nongame fishes may not have direct recreational or eco-
nomic significance, their ecological roles as predators and prey
are extremely important in aquatic food webs (DeVries and Stein
1990, Cambray and Pister 2002). Also, many are important hosts
for the parasitic larval stage of freshwater mussels—a highly imper-
iled group (Williams et al. 1993, Haag and Williams 2014). Alter-
ation of environmental conditions, such as temperature and DO,
can greatly increase environmental stress on host fishes and often
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limits survival of both mussels and fishes (Moss and Scott 1961,
Clarke and Johnston 1999). As such, the susceptibility of nongame
fishes to warming temperatures and decreasing DO concentra-
tions associated with modified flow regimes must be assessed.

Respirometry is commonly used to measure oxygen consump-
tion and, therefore, metabolic rate in fishes. Standard metabolic
rate is the minimum metabolic rate required for a fish to support
aerobic metabolism in a rested, unfed state (Cech 1990, Wood
2018); however, this can be difficult to measure given that it is dif-
ficult to determine when a fish has reached a state of minimum
respiration (Chabot et al. 2016). Routine metabolic rate (RMR) is
often used to describe oxygen consumption in a quiescent state
allowing for minimal spontaneous movements (Eliason and Far-
rell 2016). Because oxygen consumption rate and RMR can vary
with changing abiotic conditions (e.g., temperature, pH, DO, etc.),
respirometry can be used to determine the effects of temperature
shifts and hypoxia similar to variation in conditions fish may ex-
perience in situ.

Historically fishes were thought to fit into one of two oxygen
consumption groups: oxyregulators (Cech et al. 1979, Barnes et al.
2011) or oxyconformers (Tiffany et al. 2010, Barnes et al. 2011).
Fish that maintained a constant oxygen consumption rate as oxy-
gen concentrations declined were considered to be oxyregulators
while those that reduced their oxygen consumption as DO de-
creased were considered to be oxyconformers. A decline in oxy-
gen consumption with declining environmental DO has generally
been assumed to incur some metabolic cost and thus would be
associated with a reduced scope for growth (USEPA 19864, Eliason
and Farrell 2016). Given this, one would expect oxyregulators to
be more tolerant of low DO than oxyconformers (e.g., Barnes et al.
2011) although regulators may also experience increased metabol-
ic costs due to increased ventilation as DO decreases. One com-
promise approach to reduce the confusion caused by attempts to
categorize organisms into one of two distinct metabolic patterns is
the concept of a regulation index (RI; Mueller and Seymour 2011),
which recognizes that there is a continuum of metabolic patterns.
The RI quantifies the relative ability of an organism to regulate
oxygen consumption (i.e., regulatory capacity) as DO declines to
zero, rather than constraining an organism to be defined as either
a regulator or a conformer.

Important to the discussion of oxyregulators and oxyconform-
) or

ers is the critical DO partial pressure (P_,), saturation (S

crit crit

concentration (DO_,) which generally represents the DO metric

crit
below which the ability of an organism to obtain oxygen from its
environment rapidly declines with decreasing oxygen availability
(Jobling 1994, Valverde et al. 2006, Rogers et al. 2016). In this study,

we use DO_, as our preferred metric because concentration is typ-

crit
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ically measured in the field and readily available from monitoring
data, lending itself to easy use in bioenergetics models examining
effects of hypoxia on fish growth and habitat quality (i.e., Arend
et al. 2011). Below DO
tain a constant mass-specific oxygen consumption rate (M 0O,), and

i Tegulators are no longer able to main-
conformers exhibit an increasing rate of decline in MO, (Pértner
et al. 1985, Mueller and Seymour 2011). Because a lower DO
is associated with a greater capacity to obtain oxygen in low DO

crit

environments, it is frequently used as an indicator of hypoxia tol-
erance in fishes (Speers-Roesch et al. 2012). The DO
depending on whether standard, routine, or maximum metabolic

o Will vary
rate is being estimated. Thus, some combination of RMR, RI, and
DO, will likely provide the most complete view of effects of low
DO on fishes (Mueller and Seymour 2011).

Recognizing the ecological roles of nongame fishes and their
potential importance in setting management criteria in systems
where DO can be limiting due to hypoxic events, our objectives
were four-fold. First, we quantified the respiration rate (MO,) of
five nongame species native to southeastern U.S. rivers. Second,
we quantified DO_, at the RMR for each of these species. Third,
we quantified the regulatory capacity of these five species using the

crit

RI. Last, we used a combination of these three metabolic endpoints
to compare the effect of temperature on hypoxia tolerance among
the five species tested.

Methods
Specimen Collection

Fishes were collected using a backpack electrofisher (SR 24
Electrofisher, Smith-Root, Inc., Vancouver, Washington) in combi-
nation with seines and nets, held in aerated coolers, and transport-
ed to a wet lab facility at Auburn University’s E.W. Shell Fisheries
Center. Banded sculpin (Cottus carolinae) were collected from the
Tennessee River basin during August 2012 and June 2013. Black-
banded darters (Percina nigrofasciata), bronze darters (P. palmar-
is), greenbreast darters (Etheostoma jordani), and blacktail shiners
(Cyprinella venusta) were collected from the Mobile River basin
during January, March, and April of 2013. Fish were generally col-
lected outside of or just prior to peak spawning periods (Boschung
and Mayden 2004). All procedures were conducted in accordance
with Auburn University IACUC PRN 2011-1990.

Experimental Design

Fish were acclimated to laboratory conditions for at least one
week to appropriate treatment temperatures (20°, 22°, 24°, or 28°
C) in 113-L tanks. Multiple species were collected in the field on
each collection date and acclimated in the lab simultaneously. Wa-
ter temperature was maintained within 1° C of the target tempera-



ture with a flow-through water chiller/heater (1/3-hp Aqua Logic
Delta Star Research Chiller, AquaLogic Aquatic Design, Manufac-
turing and Integration, San Diego, California). During laboratory
acclimation, fish were fed larval chironomids and Chaoborus until
48 h prior to initiation of experiments, allowing for complete gut
evacuation (Beamish 1964). Fish were subjected to a 12-h light-
dark daily photoperiod throughout acclimation and testing.

After the laboratory acclimation period, individual fish were
placed in one of four appropriately sized acrylic respirometry
chambers submersed within a 400-L polyethylene tank, while a
fifth chamber contained no fish and served as a control. Cham-
ber sizing was based on recommendations in the literature (Cech
1990) and was intended to limit movement and reduce water
volume while minimizing stress on the fish. Chamber volumes
ranged from 20-100 ml with an additional tubing volume of 30
ml, and fish wet mass (g) to chamber volume (ml) ratios averaged
37.5 (£1.9 SE). All chambers were visually shielded from one an-
other to reduce stress.

Because the time taken to recover from handling stress varies
greatly among fish taxa, as does the relationship between metabol-
ic rate and temporal position within a diel cycle (Voutilainen et al.
2011), determining a standard acclimation time across species is
difficult. For our study, we sought to quantify RMR, given that fish
in the field are likely not entirely acclimated to static conditions
or expending only the minimum energy required for survival. As
such, we used a constant start time (~1100 hours) and chamber
acclimation time (~1 h; within the range of acclimation times seen
in the literature, from 0.5-24 h; Mallekh and Lagardere 2002, Abo-
agye and Allen 2013, Hovel et al. 2015). All fish across taxa be-
came inactive within the 1-h acclimation time. Two subsequent
flush cycles (see below) added an additional 30 min of acclimation
time and allowed fish to become adjusted to the system, switching
between open and closed before initiation of the final closed res-
pirometry run when we began measuring respiration rates. Flow
rates were similar between flush and closed cycles and were kept
low enough so as to not cause fish to actively swim. Thus, our ox-
ygen consumption measurements represent estimates of RMR of
inactive fish more than 1.5 h after a disturbance event.

We quantified three metabolic endpoints using closed respi-
rometry. Oxygen electrodes (model 1302, Strathkelvin Instru-
ments, North Lanarkshire, Scotland) were calibrated with fully
aerated water (maximum DO) and a saturated sodium sulphite
solution (DO =0) at the treatment temperature before each exper-
iment. Chambers were plumbed so that fresh, oxygenated water
could be flushed through each chamber at a constant rate via a
head tank prior to closed respirometry runs. To initiate closed
respirometry, flow of outside water from the head tank to a giv-
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en chamber was halted via a shut-off valve. Water was then kept
mixed in the chamber via a closed loop of tubing and a submers-
ible pump (model 1046, Eheim, Deizsau, Germany). Dissolved
oxygen in each chamber was measured via an oxygen probe fitted
in a flow cell (meter model 929, flow cell model FC100, Strathkel-
vin Instruments) inserted in the tubing between the chamber and
submersible pump. After an initial 1-h acclimation, a two-cycle,
intermittent run was performed to further orient and acclimate
individuals in chambers to the flushing water cycling on and off.
During these cycles, the chamber was sealed for approximately 30
min and DO was allowed to be reduced by 1-2 mg L™ but DO
concentration in chambers remained normoxic (>6 mg L™). At the
end of each cycle, freshly oxygenated water from the head tank was
flushed through the chamber to bring it back up to ~100% satura-
tion. These cycles were not used to calculate the RMR, RI or DO_;,
estimates presented in this paper.

Following the second flush cycle, we again shut off the flow from
the head tank and used closed respirometry to measure RMR, RI,
and DO
min (based on the rate at which individuals reduced oxygen while

Oxygen consumption rate was calculated every 2-6

crit*

water recirculated in the closed chamber) using the formula:
MO,=(0,;-Oy) V- T B,

where MO, is the mass-specific oxygen consumption rate (mg O,
g' h™), O, is oxygen concentration in water at the start of the
measurement period (mg L), O, is the O, concentration at the
end of the measurement period (mg L™), V is the volume of the
chamber (L), T is the time elapsed during the measurement pe-
riod, and B is the wet mass of the fish (Cech 1990). The MO,
estimates were corrected for background oxygen uptake by sub-
tracting O, declines of the control chamber from each chamber
containing fish. Each fish was allowed to deplete the O, in its
chamber to <1 mg L or to the point where fish began showing
obvious signs of distress (e.g., loss of equilibrium), at which point
fish were removed from the chambers. Trials ranged from 1.1 to
6.0 h (mean=3.3, SE=0.23). After each trial, all fish were mea-
sured (TL, mm) and weighed (g). Ammonia concentration (total
ammoniacal-N=TAN) within each chamber was measured (LaM-
otte model 3304, LaMotte Company, Chestertown, Maryland) by
testing the chamber water at the end of each trial to assess accumu-
lation of metabolic wastes.

To quantify the relative ability to regulate oxygen consumption,
we quantified an RI and DO_, for each individual fish following
Mueller and Seymour (2011). The RMR was plotted against DO
for each closed respirometry run. The upper limit of the DO range
for which RI was calculated was held constant at 6 mg O, L™ to
avoid bias in cooler temperature runs where initial DO could be
much higher than warmer temperature runs. Regressions relating



MO, as a function of DO for each fish were generated using linear,
quadratic, exponential, or sigmoidal functions. The relationship
with the highest r* was then used in the Sigma Plot area under the
curve (AUC) macro to calculate AUC for 1) the observed data,
2) a horizontal line that represented perfect regulation, and 3) a
linear decrease that represented perfect conformation. The RI was
calculated as:

_ (observed AUC-conformation AUC)

RI=
(regulation AUC-conformation AUC)

The RI thus provided a quantitative measure of the degree to which
fish were able to regulate oxygen consumption as ambient DO de-
clined from 6 to <1 mg O, L™, with RI values approaching 1 or 0 in-
dicating strong regulation or strong conformation, respectively. The
DO
distance between the observed MO, and the perfect conformation

-« Was calculated as the DO concentration showing the greatest
line (Mueller and Seymour 2011) and was estimated for RMR.

To assess the effects of temperature on DO_,, the previously de-

crit?
scribed assays were run at three temperatures for each fish. All spe-
cies were tested at 20° and 24° C. Greenbreast darters and blacktail
shiners were also tested at 28° C. However, during acclimation to
experimental temperatures, we found that temperatures above 24°
C represented an upper lethal limit for bronze darter, blackbanded
darters, and banded sculpins (Hartline 2013) so these species were
tested at a third temperature of 22° C rather than 28° C. Given that
RMR did not always remain constant with declining DO above
DO, we used the previously described regressions to predict
RMR at 5 mg O, L for each individual at each temperature tested
(hereafter referred to as RMR,); this allowed us to determine the
effect of temperature on routine metabolic rate at a standardized
dissolved oxygen concentration.

An ANCOVA (SAS Institute 2012) was used to test for inter-
actions between temperature and mass of the individual fish (co-
variate) on RI, DO

between temperature and mass was significant, pairwise com-

oiv and RMR; of each species. If the interaction
parisons were made among temperatures using LSMEANS with
Tukey-Kramer adjustment. If the interaction between temperature
and mass was not significant, an ANOVA followed by Tukey’s hon-
estly significant difference (HSD) post hoc test was used to deter-
mine if differences existed among specific temperature treatments.
Logistic regressions (SAS Institute 2012) were run for those species
with individuals exhibiting RI values equal to zero (e.g., the fish were
oxyconformers) to test the effect of temperature and mass on the
probability of getting zero RI. An ANOVA followed by Holm-Sidak

was used to compare RI, DO_,,, and RMR, among species. In cases

crit
where the Shapiro-Wilk normality test failed, data were rank trans-
formed and analyzed using Kruskall-Wallis followed by Dunn’s

Method. Results were considered significant at P < 0.05.
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Table 1. The model selection results showing the number of individual fish (n) from each species
at each temperature, that were best fit with a linear, quadratic, or exponential regression. “temp”
is the temperature at which respiration was quantified, and n is the sample size for that species x
temperature combination.

Temp

Species (°C) Linear Quadratic

B

Exponential

Blacktail shiner 20
24
28
Greenbreast darter 20
24
28
Blackbanded darter 20
22
24
Bronze darter 20
22
24

o
o

EES T, Y. R S N N

o
S~ O A B~ LU0 VLAY

Banded sculpin 20
22
24

- N N O O O 0 0o o = = o o o o

0
0
0
0
1
1
0
0
2
0
1
0
1
1
0

~N N o &~

Results

Fish generally remained stationary throughout testing and
showed no loss of equilibrium or increased movement, until
reaching the lowest DO levels tested (<1 mg L), supporting that
RMR was measured. At the end of all experiments, total ammoni-
um nitrogen concentrations in chambers were <0.5 ppm. Sample
sizes for each species ranged from 15-24, with 4-10 individual
replicates per temperature (Table 1).

Blacktail Shiner

The best fitting model for all blacktail shiner individual fish
plots was a negative exponential model (Table 1, Figure 1). The
ANCOVA analyses indicated a significant influence of tempera-
ture, no significant main effect of mass, and a marginally signif-
icant effect of the mass by temperature interaction on RI (Table
2). No pairwise comparisons for RI at different temperatures were
significant in the ANCOVA analysis (Figure 2). The temperature
by mass interaction was not significant for blacktail shiner DO
(Table 2). The DO_,, was marginally higher at 28° versus 24° C
(F=3.25; df=2, 21; P=0.0590; Tukey’s, P=0.051; Figure 2). Tem-
perature, mass, and their interaction for blacktail shiner RMR,

crit

were all statistically significant with mass influencing respiration
slightly positively at 24° C and negatively at 20° and 28° C (Table
2). The RMR; was higher at 28° C than at either 20° or 24° C (AN-
COVA LSMEANS, P=0.0005 and P=0.01, respectively; Figure 2).
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Table 2. Results of ANCOVA testing the effect of temperature, individual mass of the fish, and the interaction of these factors on the regulation index (RI), the critical dissolved oxygen concentration (DO),
and the routine specific respiration rate at dissolved oxygen of 5 mg 0, L~" (RMR;). Main effect results are presented when the ANCOVA temperature x mass interaction term was significant; otherwise, main
effects were tested by ANOVA, with results presented in text. The range of fish mass for each species is included in parentheses.

RI DO, RMR;

Species Temp Temp Temp Temp (°C) Temp Temp (°C)
(range in mass, g) (°Q) Mass X mass (°Q) Mass X mass (°C) Mass X mass
Blacktail shiner F_451 F=2.09 F=337 F=1.02 F=3.88 F=6.32 F=432
(1.68-7.50) df=2,18 df=1,18 df=2,18 - - df=2,18 df=2,18 df=1,18 df=2,18
P=0.026 P=0.166 P=0.057 P=0.381 P=0.04 P=0.02 P=0.029

Greenbreast F=185 F=297 F=0.09
darter - - df=29 - - df=2,7 - - df=2,9
(0.51-1.85) P=0.212 P=0.117 P=0914
Blackbanded F=0.19 F=0.75 F=0.36
darter - - df=2,10 - - df=2,10 - - df=2,10
(1.00-6.78) P=0.827 P=0.496 P=0.704
Bronze darter F=0.77 F=0.36 F=16.9 F=3.18 F=847
(0.54-5.01) - - df=2,12 - - df=2,12 df=2,12 df=1,12 df=2,12
P=0.48 P=0.76 P=10.0003 P=0.10 P=0.005

Banded sculpin F=0.57 F=161 F=130
(0.91-3.01) - - df=2,17 - - df=2,7 - - df=5,17
P=0.575 P=0.266 P=0.298
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Figure 1. Relationship between mass-specific oxygen consumption rate (M0,) and declining ambient dissolved oxygen concentrations at three tempera-
tures for each fish species. Each regression line represents results of an individual fish. Bronze darter, blackbanded darter, and banded sculpin exhibited a
lethal temperature <28° Cand therefore were assayed at a maximum temperature of 24° C.
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The best fitting model for most greenbreast darter individual
fish plots was a negative exponential regression, although two in-
dividuals exhibited a linear relationship between respiration rate
and ambient DO (Table 1, Figure 1). No temperature by mass in-
teraction was detected for greenbreast darter RI (Table 2). There
were no differences in RI across temperatures (F=2.49; df=2, 12;
P=0.12; Figure 2). No temperature by mass interaction was de-
tected for greenbreast darter DO_;, (Table 2), with DO, at 24° and
28° C higher than at 20° C (F=8.27; df=2, 10; P=0.0076; Tukey’s,
P=0.0074 and P=0.037, respectively; Figure 2). There was no
mass by temperature interaction detected for RMR; (Table 2), and
greenbreast darter RMR; was higher at 24° and 28° C than at 20°
C (F=12.36; df=2, 12; P=0.0012; Tukey’s P=0.0014, P=0.0044,
respectively; Figure 2).

2020 JSAFWA

The best fitting model for most blackbanded darter individual
fish plots was a negative exponential model (Table 1, Figure 1).
No temperature by mass interaction was detected for blackband-
ed darter RI (Table 2), and RI was lower at 24° C than at 20° C
(F=6.34; df=2, 13; P=0.012; Tukey’s, P=0.010; Figure 2). No
temperature by mass interaction was detected for blackbanded
darter DO, (Table 2), and DO, at 24° C was higher than at 20°
C (F=5.62; df=2, 3; P=0.017; Tukey’s, P=0.013; Figure 2). The
temperature by mass interaction for blackbanded darter RMR, was
not significant (Table 2), and RMR, was higher at 24° C than at 22°
C and marginally higher at 24° C than at 20° C (F=7.11; df=2, 13;
P=0.0082; Tukey’s, P=0.0079, P=0.059; Figure 2).
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Figure 5. Predicted mass-specific oxygen consumption rate (M0,) at 5 mg 0, L=" (RMR) for five
species of fish, each run at three temperatures. Different letters above bars within a temperature
indicate significant differences among species at that temperature. Error bars represent +1 SD.
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Bronze Darter

The best fitting model for all but one of the bronze darter in-
dividual fish plots was a negative exponential regression (Table 1,
Figure 1). No temperature by mass interaction was detected for RI
or DO_,, models for bronze darter (Table 2). There were no differ-
ences across temperatures in the RI (F=1.41; df=2, 15; P=0.27;
Figure 2) or DO_,, (F=1.14; df=2, 15; P=0.35; Figure 2). Bronze
darter RMR, was influenced by temperature and temperature by

crit

mass interaction (Table 2), and increased with mass at 20° C, but
decreased with increasing mass at 24° C. The RMR; was higher at
24° C than at 20° or 22° C (ANCOVA LSMEANS P=0.003 and
P=0.04, respectively; Figure 2).

Banded Sculpin

At 20° C the best fitting model for most individual banded scul-
pin was a linear regression; whereas a negative exponential regres-
sion was the best fitting model at 22° and 24° C (Table 1, Figure 1).
No temperature by mass interaction was detected for banded scul-
pin RI (Table 2), and RI was greater at 24° C than at 20° C (F=3.55;
df=2, 20; P=0.048; Figure 2). Logistic regression confirmed that
as temperature increased, the probability decreased that the RI for
a banded sculpin did not differ significantly from 0 (i.e., they were
oxyconforming) (LOGISTIC: X?=5.98; df=2; P=0.05); the prob-
ability that RI did not differ from 0 was only significant at 20° C
(LOGISTIC: X?=5.04; df=1; P=0.025). No mass by temperature
interaction was detected for DO_,, (Table 2), and DO_;, was simi-
lar across temperatures (F=0.09; df=2, 10; P=0.92; Figure 2). No
temperature by mass interaction was detected for banded sculpin
RMR; (Table 2). In contrast to the other species that were tested,
banded sculpin RMR, decreased with increasing temperature with
values at 24° and 22° C, being lower than at 20° C. (F=9.77; df=2,
20; P=0.011; Tukey’s P=0.017, P=0.0012, respectively; Figure 2).

Among-Species Comparisons

At 20° C, respirometry was conducted for all five species. Band-
ed sculpin exhibited a lower RI than blacktail shiner or greenbreast
darter (Kruskal-Wallis: H =13.5, P=0.009; Dunns: P=0.012,
P=0.044, respectively), but no significant differences in RI were
found for any other species comparisons (Figure 3). There were no
significant differences in DO_;, among species at 20° C (F=1.728;
df=4, 21; P=0.181; Figure 4). Banded sculpin had a higher RMR.
than greenbreast darter, blackbanded darter, and bronze darter;
and blacktail shiner had a higher RMR, than greenbreast darter
(F=9.721; df=4, 28; Holm-Sidak: P=0.001, P=0.007, P=0.011,
and P =0.004, respectively; Figure 5). No differences in RMR; were
found for any other species comparison.

At 22° C, respirometry was conducted for blackbanded dart-



er, bronze darter, and banded sculpin, and RI (Kruskal-Wallis:
H=0.78, P=0.68), DO, (F=1.96, df=2, 17, P=0.17) and RMR,
(F=2.42, df=2,19, P=0.12) were similar among these species
(Figures 3, 4, 5).

At 24° C, respirometry was conducted for all five species.

crit

Bronze darter RI was higher than greenbreast darter and black-
banded darter RI (Kruskall-Wallis: H=20.3; P < 0.001; Dunn’s
P=0.003, P=0.007, respectively), and blacktail shiner had a higher
RI than greenbreast darter (Dunns P=0.042; Figure 3). Blacktail
shiner had a lower DO_;, than greenbreast darter (Kruskal-Wal-
lis: H=16.71, P=0.002; Dunn’s: P=0.003) but was similar between
other species pairs (all P > 0.05; Figure 4). Banded sculpin had a
lower RMR, than blacktail shiner, blackbanded darter, and bronze
darter (F=9.49, df=4, 26, P < 0.001; Holm Sidak: P < 0.001, P <
0.012, P < 0.001, respectively), and greenbreast darter had a lower
RMR; than blacktail shiner (Holm Sidak; P=0.046; Figure 5).

At 28° C, respirometry was conducted for only two species.
Blacktail shiner had a higher RI (F=11.29; df=1, 9; P=0.008;
Tukey’s: P=0.009), and RMR; than greenbreast darter (F=30.12;
df=1, 9; P < 0.001), but DO_,, did not significantly differ between
species (F=4.17; df=1, 8; P=0.075; Figures 3, 4, 5).

Discussion

It has been recognized than many organisms do not fit solely
into either of the metabolic categories of oxyregulators or oxy-
conformers as once believed (Mueller and Seymour 2011). Our
results support the idea that fish metabolic response to declining
DO across a range of species represents a continuum rather than
being categorized as one of two distinct responses. For example,
blacktail shiner exhibited a classic regulatory pattern at 24° C, with

a stable respiration rate above a clear DO_,, whereas the majority

criv
of banded sculpin showed classic conformation patterns at 20° C.
These were exceptions, however, as the patterns exhibited by study
species across the range of temperatures spanned the range of in-
termediate patterns and RI values.

In general, the species evaluated did not show consistent dif-
ferences in metabolic endpoints with increasing temperatures.
Thus, one species could not be described as being a consistently
better regulator than another as temperature increased. This lack
of consistent difference was due largely to interspecific variation
in metabolic response to warming temperatures. For example, as
temperature increased, RI declined for blackbanded darter; was
similar for blacktail shiner, greenbreast darter, and bronze dart-
er; and increased with temperature for banded sculpin. Likewise,

as temperatures increased, DO_, increased for blacktail shiner,

crit

greenbreast darter, and blackbanded darter, but did not change for
bronze darter and banded sculpin. Predicted RMR, decreased with
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increasing temperature for banded sculpin, but increased with
temperature for blacktail shiner, greenbreast darter, blackbanded
darter, and bronze darter.

Strong interspecific variation in the trajectories of metabolic
endpoints suggested strong interspecific variation in tolerance of
declining oxygen availability with increasing water temperature. A
decreased ability to regulate oxygen consumption and an increas-
ing DO
imperfect, of decreasing tolerance for low DO (Barnes et al. 2011,
Rogers et al. 2016). The use of DO
to predict hypoxia tolerance has been recently called into ques-

have traditionally been considered indicators, though

crit

- alone as a metabolic endpoint
tion by Wood (2018), who suggests that RI is a more informative
alternative to DO,
endpoints measured, greenbreast darter and blackbanded darter

Considering the combination of metabolic

would become increasingly intolerant of hypoxia under warming
temperatures, exhibiting increasing oxygen demand, variable abil-

ity to regulate, and increasing DO_.. Tolerance of blacktail shiner

crit*
and bronze darter would remain fairly stable as oxygen demand
increased due to an ability to maintain a stable RI with little to no
increase in DO_,.

Banded sculpin were unique among the suite of fish species we
tested. Respiration rate of banded sculpin decreased with increas-
ing temperature. Furthermore, the ability to regulate oxygen in-

creased with increasing temperature while DO_;, did not increase.

crit
Taken together, these patterns would suggest that banded sculpin
exhibited reduced stress with increasing temperature. However,
this is not likely to be the case. Sculpins are a cool to coldwater
species (Baltz et al. 1982, Brown 1989) and in this study, banded
sculpin did not survive acclimation to 28° C.

It is likely that metabolic rates of banded sculpin respond dif-
ferently to thermal stress at the range of temperatures tested than
the other fish species in this study. Previous studies have found
that rather than RMR increasing with increasing temperature, the
RMR of various freshwater sculpin species either remains stable
(Brown 1989) or declines (Walsh et al. 1997) as temperatures rise
above a certain threshold, suggesting that sculpin have a maximum
metabolic rate and that greatly elevated temperatures may cause
metabolic depression in some species. Respiration declines at high
temperature in other fish species have been shown to be linked to
hypoxia and reduced activity rate in the test chambers (Crocker
and Cech 1997). Metabolic depression at high temperatures has
also been demonstrated for some invertebrates (e.g., Anestis et al.
2007), suggesting it can occur across a range of taxa (sensu Thorn-
ton and Lessem 1978).

Banded sculpin were also unusual in that they exhibited a strong
pattern of oxygen conformation at 20° C as DO declined below 6
mg O, L. Most teleost fish have been thought to be oxyregulators



(Ultsch et al. 1978, Perry et al. 2009), but some fish species such
as the inanga (Galaxias maculatus) and the skilletfish (Gobiesox
strumosus) are oxyconformers (Tiffany et al. 2010). It is possible
that sculpin fall within this group at low temperatures and that
the apparent increase in RI with increasing temperature was an
artifact of metabolic depression at high temperatures as described
previously. However, conformation for the inanga and skilletfish
was hypothesized to be an adaptation for warm, hypoxic habi-
tats, and both species are also thought to be capable of cutaneous
breathing (Tiffany et al. 2010). In contrast, sculpin are typically
found in cool, oxygenated waters, and not thought to be capable
of cutaneous breathing. Further research is needed to determine
why conformation is shared among these widely divergent species.

Management Implications

Results of this study supports the U.S. Environmental Protec-
tion Agency recognition that the warmwater fish DO criteria are
based on a relatively small number of fish species and may not be
sufficient to describe (and potentially protect) all warmwater spe-
cies (USEPA 1986a, 1986b). In our study, five stream fish species,
often coexisting in similar habitats, differed in the trajectory of
the response of metabolic endpoints to warming temperatures ap-
proaching their upper lethal limit. This indicates differences among
species in sublethal stress thresholds associated with increasing
temperature and decreasing DO. Given that regulations involv-
ing minimum DO requirements of water released downstream of
dams are typically based on temperature and DO requirements of
a few focal species, they may not adequately reflect requirements
of other ecologically important species. In certain cases where flow
from impoundments is reduced, temperatures and DO concentra-
tions could quickly exceed the tolerances of some stream species
although still remaining within limits that are sufficient to protect
other (including those few focal) species.

Obviously, it is not practical to assess oxygen tolerances of all
warmwater species individually. Future research to determine
factors (e.g., taxonomic groupings, habitat preferences, feeding
guilds) that could accurately predict metabolic characteristics such

as degree of oxygen conformation and DO_, in response to in-

crit
creasing temperatures would be extremely valuable. Furthermore,
additional research is needed to relate results of standard respi-
rometry assays to hypoxia tolerance. For example, Tiffany et al.
(2010) provide evidence that oxygen conformation in fish is an ad-
aptation for tolerance of hypoxia while other studies (e.g., Barnes
etal. 2011) use oxygen conformation as evidence for low tolerance

of hypoxia. Similarly, a relatively low DO_, is associated with in-

crit

creased hypoxia tolerance in some species (e.g., Speers-Roesch et
al. 2012), while other hypoxia-tolerant species exhibit a relatively
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high DO__, (Scott et al. 2008). Results of our study support the
contention that interspecific variation in metabolic responses to

crit
declining DO must be considered in setting water quality criteria.
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