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Abstract Advancing the field of fish ecology requires a
shift in focus from describing patterns in species occur-
rences to understanding the mechanisms that regulate
distributions and abundances across broad scales. For
stream fish ecology, this includes understanding envi-
ronmental mechanisms that regulate stream fish demo-
graphic properties at the scale of stream networks or
riverscapes. Despite the fact that Banded Sculpin Cottus
carolinae occupy a diversity of habitats and stream sizes
across the southeastern United States, relatively little is
known about the demography of this species. We
assessed annual demographic properties (reproduction,
growth, and survival) of C. carolinae collected monthly
from four sites distributed longitudinally along the Roar-
ing River riverscape in Tennessee to simultaneously
describe life history attributes of the species and address
riverscape-scale variation in population dynamics.
Cottus carolinae lived for a maximum of four years,
local populations were dominated by age-0 and age-1
individuals, reproduction began after one year,
spawning occurred during December and January, and
mean ova number was 398. A life history tradeoff
between growth (robustness) and survival was evident
at one site where water temperature and flow were least
variable, otherwise life history attributes were consistent
across the riverscape despite longitudinal changes in
abiotic variables. Our work illustrates the potential for
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muted population responses to a strong hydrologic gra-
dient in stream size and highlights the stability inherent
with fish life history adaptations to natural environmen-
tal regimes across broad spatial scales.
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Introduction

Fishes are embedded within ecosystems through eco-
logical mechanisms that regulate species distributions
and abundances (Matthews 1998). Regulatory mecha-
nisms include geographic filters (e.g., spatial variability
in habitat templates and geographic barriers to dispers-
al), interactions with other organisms (e.g., competition
and predation), and dynamic abiotic regimes (e.g., hy-
drologic disturbances) that drive life history adaptations
and ultimately control population demographics
(Winemiller and Rose 1992; Gido and Jackson 2010;
Ross 2013). For example, in guppies (Poelicia
reticulata), variation in life history attributes (growth,
survival, reproduction) are linked to spatial variation in
food availability (Reznick and Yang 1993), occurrence
of predators (Reznick et al. 1996), and forest canopy
cover (Grether et al. 2001). For stream fishes, species
occurrences and abundances depend largely on mecha-
nistic linkages between hydrological factors (e.g., flow
magnitude) and the functional traits of fishes that control
population growth (Poff and Allan 1995; Olden and
Kennard 2010; Perkin et al. 2017). Although multiple
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theoretical frameworks exist for describing longitudinal
gradients in hydrologic factors (e.g., stream ordering,
Strahler 1957) and the associated consequences for spe-
cies occurrences along these gradients (e.g., River
Continuum Concept; Vannote et al. 1980), few studies
have tracked broad-scale spatial variability in fish pop-
ulations across riverscapes to inform fish ecology and
management (Fausch 2010).

Stream fish population regulation is linked to demo-
graphic properties such as growth, survival and repro-
duction that are in turn altered by environmental vari-
ability along a stream order gradient (Werner and
Gilliam 1984). For example, flow magnitude and habitat
diversity increase downstream as stream order increases
(Horwitz 1978; Schlosser 1982), but discharge variabil-
ity and canopy cover increase in an upstream direction
(Vannote et al. 1980; Schlosser 1987; Dodds et al.
2004). These abiotic gradients are linked to fish demo-
graphic properties including greater population growth
(Schlosser 1990), extinction rate (Taylor and Warren
2001), and recolonization rate (Schlosser 1990) among
upstream segments. However, other demographic prop-
erties such as life span (Schlosser 1990) and carrying
capacity (Vannote et al. 1980) are maximized among
downstream segments. Each of these examples docu-
ment only one or two demographic properties among a
multitude of species, and broad scale tests of environ-
mental controllers of demographic properties within a
single species are rare. Advancing the field of fish
ecology by assessing riverscape-scale variation in fish
population dynamics will require documenting patterns
in demographic responses along longitudinal gradients
ranging from small headwater streams to large rivers.
Because such gradients typically range beyond the spa-
tial distribution of a single species (e.g., Troia and Gido
2014), cosmopolitan species that inhabit broad ranges of
habitat are critical to testing riverscape-scale hypotheses
(Adams and Schmetterling 2007).

Fishes in the family Cottidae inhabit a wide range of
stream orders and represent an opportunity to test
riverscape-scale hypotheses regarding environmental
controllers of fish populations. For example, previous
studies of Cottus spp. document longitudinal attenua-
tions in survival and density (Anderson 1985; Keeler
etal. 2007), yet Anderson (1985) also suggested growth
rate and fecundity of individuals increased longitudinal-
ly. Banded Sculpin Cottus carolinae (Gill 1861) inhabits
streams of most dimensions, ranging from small head-
water streams to medium-sized rivers (Etnier and
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Starnes 1993). Across this range of stream sizes,
C. carolinae utilize habitats similarly regardless of
stream scale (Gebhard et al. 2017) and exhibit
leptokurtic dispersal in which most individuals are sta-
tionary and few are mobile (Wells et al. 2017). Collec-
tively, these recent observations suggest environmental
controllers of C. carolinae demography operate similar-
ly across local habitat templates and are likely to be
independent of other locations within a stream network
given the restricted movement of the species. However,
little else is known about the ecology of C. carolinae,
including basic life history attributes such as longevity,
age at maturation, spawning seasonality, sex ratios, ova
size, and clutch size. Existing studies reporting on por-
tions of C. carolinae life history are often paired with
uncertain or contradicting accounts. For example,
C. carolinae reportedly nest over rubble, gravel, and
sand in crevices on the undersurfaces of logs and rocks
(Wallus and Grannemann 1979), although Williams and
Robins (1970) suggested singly laid eggs or broadcast
spawning. Spawning occurs between January and Feb-
ruary in Alabama (Williams and Robins 1970; Wallus
and Grannemann 1979) and from January to March in
Kentucky (Craddock 1965) when water temperatures
range between 9 and 13 °C (Wallus and Grannemann
1979); however, spawning is documented between
March and early April in Tennessee (Hunt 1989) and
southern Illinois (Smith 1979). These contradictory ac-
counts illustrate a level of uncertainty surrounding
C. carolinae reproductive ecology and suggest addition-
al research might simultaneously advance knowledge of
C. carolinae basic biology and assess riverscape-scale
variation in fish demographic properties.

We collected basic life history information for
C. carolinae across multiple streams of increasing size
to assess riverscape-scale patterns in demographic pro-
cesses including growth, reproduction, and survival.
Specific objectives were to (1) describe general life
history traits including longevity, age at maturation,
spawning seasonality, sex ratio, ova size, and clutch
size, and (2) test for spatial variability in three funda-
mental demographic properties including growth, repro-
duction, and survivorship. Based on finer scale works
with other Cottus fishes (Anderson 1985; Keeler et al.
2007), we hypothesized that life history attributes would
vary across a riverscape in which growth and fecundity
increased in a downstream direction but at a cost (i.e.,
tradeoff) to survival. This work ultimately addresses a
key research need regarding improved understanding of
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broad-scale demography of fish populations to inform
fish ecology, conservation, and management (Fausch
2010).

Materials and methods
Study area

This study was conducted in the Roaring River basin of
Tennessee within the Eastern Highland Rim ecoregion
(Fig. 1). Study sites were selected along a longitudinal
stream order gradient and represented a transition from a
small headwater stream to a medium-size river. Streams
included Little Creek (2nd order) on Tennessee Techno-
logical University Shipley Farm (N 36° 11’ 40.5" W 85°
32" 38.4"), West Blackburn Fork (3rd order) near the
State Highway 290 crossing (N 36° 13'20.9" W 85° 34’
26.0"), Blackburn Fork (4th order) 12.01 km down-
stream of a series of waterfalls that separate the upper
and lower basins (N 36° 17'46.9" W 85° 33" 40.4"), and
the Roaring River (5th order) at the Tennessee Wildlife
Resources Agency Boils Wildlife Management Area (N
36° 21" 03.5” W 85° 33" 53.9"). Streams were
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Fig. 1 Study area and locations of sample sites in the Roaring
River basin in Tennessee

dominated by gravel and cobble substrates, mixes of
riffle and pool habitats, and intact riparian corridors at
all sites. Major land uses in the basin in descending
order of coverage include forest, rangeland, agriculture,
and urbanization (see Crumby et al. 1990).

Site heterogeneity

Site heterogeneity was assessed using a combination of
transect measurements and continuous data loggers. Ten
evenly spaced transects established at each site were
used to measure active channel width (m), canopy cov-
er, and substrate composition. Active channel width was
defined according to Davies-Colley (1997) and included
the width of stream with no terrestrial vegetation on
substrates despite the fact that substrates might be ex-
posed or out of the water. We measured canopy cover at
the center of each transect using a concave densitometer,
facing upstream, and enumerating the proportion of
open canopy. We measured substrate composition at
10 evenly spaced points along each transect (100 points
of substrate per site) using Bovee (1982) substrate clas-
sifications (i.e., silt, sand, gravel, cobble, boulder, and
bedrock). At each site, continuous water pressure (kPa)
and temperature (°C) were monitored hourly using HO-
BO pressure transducers (Model U20 L-01, Onset Com-
puter Corporation, Bourne, MA). A metered stage was
secured in close proximity to each pressure transducer to
monitor changes in water level (m). Discharge measure-
ments (m® s~ ') were taken approximately bi-monthly at
each site using the U.S. Geological Survey cross-
sectional discharge approach of measuring depth and
velocity at 60% depth at 20 points across the channel
(Turnipseed and Sauer 2010).

Fish collections

Cottus carolinae were collected monthly from each site
starting in May 2015 and ending in April 2016. Fish
were collected at Little Creek and West Blackburn Fork
using a backpack electrofishing unit (100-150 V, direct
current) with two dip netters (3.2 mm mesh) moving in
an upstream direction and sampling all available habitat.
At the larger Blackburn Fork and Roaring River sites,
electrofishing samples were collected in concert with a
stretched 4.5 m by 1.8 m seine with 3.2 mm mesh. Per
the methods of Potoka et al. (2016), this process in-
volved a two-person crew setting a seine in place and
a third person starting 3 m upstream of the seine and
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shocking in a downstream direction into the seine. A
minimum of 10 and maximum of 30 seine sets during
each visit were employed at Blackburn Fork and Roar-
ing River. All sites were sampled for fish within a two-
day period once a month. Targeted sample size for
measurements of total length (TL, mm) was 30 fish
per site, and from these fish the first 10 were retained
for laboratory analyses. On rare occasions, sites did not
produce 10 individuals and periodically more than 10
individuals were kept from a site to ensure all size
classes were analyzed. Retained individuals were stored
in 10% formalin (buffered with sodium bicarbonate to a
pH of ~7) for a minimum of 48 h and processed in the
laboratory within one week of field collections.

Laboratory protocols

In the laboratory, we collected morphological and life
history attribute data, including total weight (g), stan-
dard length (SL, mm), total length (TL, mm), eviscerat-
ed weight (EW, entire digestive tract and gonads re-
moved, g), gonad weight (g), and sex. Sagittal otoliths
were removed from each individual and stored dry until
further analysis. Gonads were removed and preserved in
10% neutrally buffered formalin. Reproductive stage of
females was evaluated and classified as immature-
resting (oocytes transparent with a visible nucleus and
no yolk deposition), developing (oocytes translucent
with a white to cream appearance), or vitellogenic
(oocytes yellow in coloration; Heins and Baker 1987;
Heins and Rabito 1988; Marconato and Bisazza 1988).
Clutch size was calculated by teasing apart the left ovary
of each reproductively active female in a petri dish,
counting vitellogenic oocytes, and multiplying by two
(Wilde and Durham 2008; Perkin et al. 2012). Oocyte
size was estimated by choosing 100 oocytes at random
to measure diameter (mm) using a trinocular stereomi-
croscope (Meiji Techno America, San Jose, CA, USA)
fitted with a calibrated digital camera (i-Solutions, Van-
couver, BC, Canada). Reproductive investment and sea-
sonality were measured using the gonadosomatic index
(GSI):

GSI(%) = (g—v‘;’) 100

where GW is gonad weight and EW is the eviscerated
weight of the fish (Copp et al. 2002; Martinez-Gomez
et al. 2012; Kacem et al. 2015). Longevity was
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estimated by visually aging otoliths after immersion in
glycerin for 48-120 h (Jearld 1983). The aging process
was conducted by placing whole otoliths on a glass slide
under a dissecting microscope with a drop of glycerin
and viewing them in reflected light (Jearld 1983). Age
estimation followed Quist et al. (2012) including a sec-
ond blind otolith reading on all otoliths and a third
reading when necessary to reach age consensus.

Data analysis

Environmental variables including sensor depth, day-
light hours, stream discharge, and water temperature
were recorded for an annual cycle at each site. Pressure
transducer depth (sensor depth) was estimated using
pressure data from HOBO loggers combined with daily
atmospheric pressure from the Upper Cumberland Re-
gional Airport near Sparta, TN (USAF WBAN ID:
723,274 99,999; NOAA 2016). Daily duration of day-
light was downloaded from the United States Naval
Observatory (Cookeville, TN: W 085° 30'00"”, N 36°
1000"; UNSO 2016). Time series data were used to
illustrate temporal change in sensor depth, daylight
hours, and water temperature among sites. Finally, prob-
ability exceedance curves were constructed for dis-
charge (m® s~ ") based on field measurements described
above and temperature (°C) recorded by pressure trans-
ducers to illustrate longitudinal differences among sites.

Reproductive biology and life history attributes of
C. carolinae were analyzed using descriptive statistics
and regression. Longevity was measured as the oldest
individual captured among all four sites across the du-
ration of the study (Hunt 1989). Size and age at matu-
ration were estimated using the length at which the
probability of being reproductively mature exceeded
0.5 for fishes collected during December and January
(females) and November through January (males), and
then relating the corresponding length to age in years
based on otolith aging. We defined reproductively ma-
ture individuals as those with GSI values greater than
half the maximum average GSI value observed across
all months included in this analysis, which corresponded
to GSI >4 for females and GSI >0.3 for males. We then
fit a logistic regression model using length as the inde-
pendent variable and reproductive maturity (0 = imma-
ture, 1 = mature) as the response variable using the ‘glm’
function from the ‘stats’ package in Program R.
Spawning seasonality was determined using the months
during which GSI values were elevated (i.e., > 50% of
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maximum average value) for males and females. Sex
ratio was calculated as the number of males/females
returned to the laboratory. To determine if the sex ratio
was 1:1 across sites, a Chi-Square test in Program R
function ‘MASS’ was conducted. Mean ova size was
calculated across all reproductive mature females with
vitellogenic oocytes (Perkin et al. 2009, 2012). Mean
clutch size was measured as the number of vitellogenic
oocytes present in ovaries of reproductively mature
females. Distribution of 100 randomly measured oocyte
diameters (including latent, developing, and mature)
from mature females was used to evaluate spawning
bouts based on probability density functions (PDF) from
package ‘MASS’ (Venables and Ripley 2002). Monthly
size structures for age 0 (cohort from 2015), age 1
(cohort from 2014), and age 2 (cohort from 2013) were
analyzed by combining all sites for each month to create
PDFs using package ‘MASS’ (Venables and Ripley
2002). We elected to use PDFs rather than frequency
histograms because PDFs provide summarized distribu-
tions that facilitate comparison of continuous response
variables (e.g., oocyte diameter, fish size) among indi-
viduals or sites without the need to identify appropriate
data bins. However, we did include histograms of oo-
cyte sizes (bin = 0.25 mm) and fish total lengths
(bin = 5 mm) to facilitate interpretation of PDF plots.
Site-specific differences in demographic processes
were analyzed using mixed modelling and Leslie matrix
modelling. Growth (i.e., robustness) was quantified as
the relationship between EW (dependent variable) and
TL (independent variable) and was summarized using a
generalized additive mixed model (GAMM). A GAMM
approach was necessary because the relationship was
non-linear with non-standardized variances and because
individuals were collected from the same sites over time
(i.e., non-independent). We included an adjustment for
autocorrelation (i.e., AR1) because fish of similar size
are more likely to have similar weights, used site and sex
as fixed factors, included a fixed smoothing term for TL,
used repeated measurements of individuals at each site
as a random variable to account for pseudoreplication,
and modeled the relationship using a quasipoisson error
distribution to account for overdispersion (Zuur et al.
2007). Reproduction timing was quantified as the rela-
tionship between GSI (dependent variable) and time
(month; independent variable) and summarized using a
similar GAMM approach in which autocorrelation and
pseudoreplication adjustments were included, sex and
site were fixed factors, a smoothing term was fit to

month, and a quaisipoisson error distribution employed.
All GAMMs were conducted using the ‘gamm4’ func-
tion from the ‘mgcv’ package in Program R (Wood and
Scheipl 2014). Survival was based on the abundance of
individuals assigned to each age class at each site and
analyzed using Heincke’s method of estimating annual
mortality (Heincke 1913). This model assumes constant
recruitment and that only individuals that have recruited
to catchable size are modeled (Heincke 1913). Because
age-0 individuals were too small for capture in standard-
ized sampling gear (i.e., 3.2 mm mesh on dip nets and
seines), and because age 3+ individuals were rare, an-
nual survival of only age-1 and age-2 fish were
modeled. We first calculated annual survivorship for
age-1 and age-2 fish following the methods of Miranda
and Bettoli (2007), and then used the “leave one out”
approach described by Vaughan and Saila (1976) in a
Leslie matrix to estimate age-0 survival. Specifically, we
populated the Leslie matrix using fecundity estimates
based on ovary dissections as described above and held
constant across sites (Wilde and Durham 2008), age-1
and age-2 survival estimates based on the Heincke
method, and then iteratively solved for an age-0 survival
that produced a population growth rate equal to 1
(Vaughan and Saila 1976). Leslie matrix calculations
were conducted using the ‘Matrix’ package from Pro-
gram R (Bates and Maechler 2015).

Results
Site heterogeneity

Environmental variables measured at each site
were consistent with increasing stream size from
upstream to downstream. Mean active channel
width, canopy openness, and percent gravel sub-
strate increased in the downstream direction
(Table 1). Exceedance plots illustrated increased
flow magnitude along the longitudinal gradient
(Fig. 2a), while water temperature did not follow
a longitudinal pattern and instead converged
among all sites at 12.9 °C (Fig. 2b). Flow and
temperature regimes followed consistent timing but
differing magnitudes (as illustrated in exceedance
plots) among sites. Flow regime magnitude mea-
sured as sensor depth illustrated consistent timing
but increased magnitudes in flow pulses along the
river continuum (Fig. 3). The site with the coldest
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Table 1 Descriptive habitat variations (site length [m], mean % canopy openness, % of substrate present using substrate classifications from
Bovee 1982, and active mean width [m]) assessed using ten equally spaced transects at each site

Site Site Mean % canopy % silt % sand % gravel % cobble % boulder % bedrock  Active
length  openness mean width

Little Creek 353 23 3 8 32 26 9 21 6

W. Blackburn Fork 227 30 3 10 35 34 12 6 16

Blackburn Fork 106 98 0 6 47 33 7 7 20

Roaring River 55 93 0 14 56 26 4 0 52

recorded water temperature was Blackburn Fork
(1.1 °C), followed by West Blackburn Fork
(3.8 °C), and then Roaring River and Little Creek
with the same low (3.9 °C). Maximum tempera-
tures recorded by site did not follow a longitudinal
gradient and included Blackburn Fork (30.1 °C),
Little Creek (29.3 °C), Roaring River (25.2 °C),
and West Blackburn Fork (22.6 °C). Daylight
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Fig. 2 Probability of exceedance for a discharge (m® s™') and b
temperature ( C) at four sites in the Roaring River basin, Tennessee
(see Fig. 1 for locations)
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duration was greatest (i.e., 14.62 h) during June
and least (i.e., 9.70 h) during December.

Basic life history

A total of 511 C. carolinae were examined in this study.
Among the individuals examined, 42.0% were age 0
(n=214), 48.4% were age 1 (n=247), 8.8% were age 2
(n=45),0.06% were age 3 (n =3), and 0.02% were age
4 (n =1). Age-0 fishes were spawned during 2015 and
were <50 mm TL during May 2015 when sampling
began (Fig. 4). The 2015 cohort was distinctly smaller
in size than the 2014 cohort, but grew most rapidly
during May—October. The 2014 cohort experienced loss
of larger individuals during June—September, and was
most truncated during January and February. The 2013
cohort was collected during May, November, and De-
cember of 2015, and March of 2016. The estimated size
at maturity was 95 mm TL for females (Fig. 5a) and
105 mm TL for males (Fig. 5b), and corresponded with
age-1 based on otolith aging. Female spawning activity
occurred during December and January when GSI
values averaged 7.8 (Fig. 5¢), and male spawning activ-
ity occurred during October—January when GSI values
averaged 0.60 (Fig. 5d). The sex ratio was 0.87:1.00,
including 234 females (46%) and 268 males (54%)
across all sites, and was not significantly different from
1:1 (x> =2.30, df = 1, P = 0.13). The mean (+ standard
deviation) oocyte diameter across 9 mature females was
1.33 mm (£0.29) with a range of 0.26-2.37 mm. Clutch
size varied among ages, including a mean of 377 ova for
age 1, 390 ova for age 2, and 538 ova for age 3, with an
overall mean of 398 (range 266—538) ova. Probability
density functions for oocyte diameters showed
polymodal distributions with high probabilities of oo-
cytes exceeding 1.0 mm for mature females collected
during December 2015, but reduced probabilities of
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larger oocytes during January 2016 (Fig. 6), suggesting
spawning activity before or during January.

Riverscape-scale variation in demographic properties

Reproduction timing was consistent among sites across
the riverscape, but growth and survival were not. The
GAMM used to model GSI as a function of time includ-
ed a significant term for sex (t=—11.81, p < 0.001) and
month (estimated df = 7.69, F = 44.06, p < 0.001,
adjusted R? = 0.65). Sex-specific relationships between
GSI and month were then tested using Little Creek as
the baseline. The GAMM fit to only females included a
significant term for month (estimated df = 8.02,
F=52.41, p <0.001, adjusted R’ = 0.58) characterized
by increased GSI values during December and January,
and this pattern did not differ between Little Creek and
West Blackburn Fork (¢ = 0.16, p = 0.88), Blackburn
Fork (¢ = —0.86, p = 0.40), or Roaring River (¢ = 0.37,
p = 0.71). The GAMM fit to only males included a
significant term for month (estimated df = 5.64,

0 - —l— T T T T T T T T T T
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
Month

F=30.18, p < 0.001, adjusted R? = 0.58) characterized
by increased GSI values during October—January, and
this pattern did not differ between Little Creek and West
Blackburn Fork (¢ = —1.89, p = 0.06), Blackburn Fork
(t = =0.77, p = 0.45), or Roaring River (¢t = 1.64,
p = 0.11). The GAMM fitted to weight as a function
of length illustrated length-weight relationships were
not consistent across sites when Little Creek was used
as the baseline. Growth was consistent between Little
Creek and Blackburn Fork (¢ = —1.62, p = 0.11) and
Little Creek and Roaring River (= 1.03, p = 0.30), but
not between Little Creek and West Blackburn Fork
(t=96.71, p < 0.001). We then fit a GAMM using only
data from West Blackburn Fork (estimated df = 5.23,
F=1532, p <0.001, adjusted R = 0.98) and a second
GAMM using data combined from Little Creek, Black-
burn Fork, and Roaring River (estimated df = 6.41,
F = 2975, p < 0.001, adjusted R° = 0.97). The two
independently fit GAMMs illustrated greater growth
(i.e., weight at length) at West Blackburn compared to
all other sites (Fig. 7). Age-specific survival differed
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among sites, but there was no evidence of a longitudinal
pattern. Estimated age-0 survival was consistently low
across sites (0.00395-0.00450), age-1 survival was
highest at Little Creek (0.32) but lowest at West
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Blackburn Fork (0.09), and age-2 survival was zero at
two sites, 0.06 at Little Creek, and 0.15 at Roaring River
(Table 2).

Discussion

Cottus carolinae in the Roaring River basin live for a
maximum of four years, begin reproduction at age-1, and
spawn during December and January when ova averag-
ing 1.33 mm in size are produced in clutches of 266—538.
We found the Roaring River population was character-
ized by a 1:1 sex ratio and was dominated by age-0 and
age-1 individuals. Age-0 survival was low compared to
age-1 and age-2, suggesting high mortality at early life
stages. Average longevity was two years and maximum
life span was four years, as evidenced by dominance by
only two cohorts across most of our sampling, low vital
rates for age-2 and age-3 individuals, and collection of
only one age-4 individual during this study. We initially
predicted three demographic properties would vary
across the riverscape, including increases in growth and
fecundity in a downstream direction but at a cost to
survival. Instead, we found that reproductive investment
and timing were consistent across the riverscape, but
growth and survival differed at only one site where
greater growth came at a cost to age-1 survival. These
findings collectively show that C. carolinae is a short-
lived, early maturing species with relatively low fecundi-
ty and low juvenile survival, and therefore fits the oppor-
tunistic life history strategy described by Winemiller and
Rose (1992). Life history theory predicts that opportunis-
tic life history strategists should be most abundant in
dynamic and unpredictable environments (Mims and
Olden 2012). Dynamic stream systems such as the Roar-
ing River basin exist throughout the southeastern United
States, including the range of C. carolinae, and are dom-
inated by fishes employing an opportunistic life history
strategy (Mims et al. 2010). These similarities highlight a
deep evolutionary history between C. carolinae and dy-
namic and unpredictable stream habitats.

Cottus carolinae life history attributes in the Roaring
River basin were consistent with some previous Cottus
biology studies, but contrasted others. It appears female
C. carolinae in the Roaring River basin spawn during a
short reproductive season corresponding with winter
high flows. Similarly, congener species like Mottled
Sculpin Cottus bairdii (Girard 1850) and Slimy Sculpin
Cottus cognatus (Richardson 1836) are reported to
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female and b male Cottus carolinae in the Roaring River basin of
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males, 105 mm TL for males). Relationship between time (month)

spawn during narrow spawning seasons (Downhower
and Brown 1980; Becker 1983). Wallus and
Grannemann (1979) extracted fertilized C. carolinae
eggs from a stream in Alabama and successfully hatched
225 larval individuals after 15-19 days of incubation.
Based on their observations, Wallus and Grannemann
(1979) predicted clutch-sizes to average 100—300 ova, a
value similar to our finding as well as the mean clutch
size 0of 477 ova (range 222—1258) reported by Craddock
(1965). However, the longevity of four years in the
Roaring River basin contrasts previous suggestions of
six year classes among Tennessee populations (Etnier
and Starnes 1993). Furthermore, the observed Decem-
ber to January spawning season in the Roaring River
extends the known initiation of spawning by one month
compared to studies documenting the beginning of
spawning in January (Craddock 1965; Williams and

1405
T

61.  Little Creek

141 . W. Blackburn Fork

121 s+  Blackburn Fork

101 =

Roaring River o
*

Gonadosomatic Index (%)

Month

and gonadosomatic index for ¢ female and d male C. carolinae
collected from four sites (see Fig. 1 for locations). A generalized
additive mixed model was fit across sites and months and is
illustrated by the fitted values (dark gray line) and 95% confidence
intervals (light gray shaded area)

Robins 1970; Wallus and Grannemann 1979), and rep-
resents a truncation in spawning season length com-
pared to reports of spawning ending in March or April
(Craddock 1965). Discrepancies in reproductive life
history information might be related to multi-scale spa-
tial differences in the environmental factors that control
life history adaptations, including photoperiod and wa-
ter temperature as suggested for Cyprinidae and
Percidae fishes (Hubbs 1985; Gotelli and Pyron 1991;
Perkin et al. 2012). At the scale of the Roaring River
basin, environmental variables did not affect spawning
magnitude or timing based on GSI values. This finding
is surprising given the presumed effect of discharge on
fish reproduction (Munz and Higgins 2013) and the fact
that discharge varied over two orders of magnitude
across the Roaring River riverscape. Life history adap-
tations in highly-studied guppy populations suggest
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abiotic mechanisms such as environmental gradients in
canopy cover, as well as biotic mechanisms such as the
presence of predators can result in variation in life
history attributes across space and time (Reznick and
Yang 1993; Reznick et al. 1996; Grether et al. 2001).
Detailed studies of C. carolinae population and life
history attributes are currently limited, but our data are
useful for comparisons with future studies conducted
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across the range of the species and allow for assessing
transferability of life history predictions among
riverscapes (Gebhard et al. 2017). It is clear from our
analysis that some level of life history plasticity should
be expected within and among populations.

There was evidence for a demographic trade-off be-
tween growth and survival for C. carolinae in West
Blackburn Fork. Survival of age-1 fish was lower, but
growth (or ‘robustness’) was significantly higher at
West Blackburn Fork compared to Little Creek. Ander-
son (1985) found total length of C. bairdii and

Table 2 Age-specific fecundity and survival rates for Cottus
carolinae in the Roaring River basin in Tennessee. Fecundity
was estimated using all mature females across sites, site- and
age-specific survival was estimated using the Heincke method
(see text)

Variable Age
0 1 2 3
Fecundity 0 376 390 538

0.00395 032 0.06 0.00
0.00490  0.09 0.00 0.00
0.00430 0.24 0.00 0.00
0.00450 0.16 0.15 0.00

Little Creek Survival
West Blackburn Fork Survival
Blackburn Fork Survival

Roaring River Survival
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C. cognatus increased along a longitudinal stream gra-
dient and suggested increased predation by piscivores
(Rock Bass Ambloplites rupestris) (Rafinesque 1817)
that do not occur in headwater streams disproportionally
targeted smaller sculpin among downstream sites. Pred-
atory fishes including A. rupestis are absent from head-
waters (Little Creek) and increase in prevalence among
larger stream orders (West Blackburn Fork, Blackburn
Fork, and Roaring River) in the Roaring River basin
(Hooper 1977; Amy Gebhard, personal observation).
The occurrence of predators might result in dispropor-
tional survival of larger (heavier) sculpin among sites
where predators are abundant, and might explain the
overall reduction of age-1 survival among larger
streams. This trade-off represents a ‘live fast, die young’
framework in which C. carolinae obtain larger sizes or
higher condition, but suffer greater mortality in doing so
(Metcalfe and Monaghan 2003). However, predation
alone does not explain consistent robustness among
sites outside of West Blackburn Fork. At these sites,
mechanisms such as counter-gradient variation in
growth rates might allow for consistent robustness if
fishes add weight more rapidly where growth conditions
are truncated, and this hypothesis might be tested in
future experimentation (e.g., Schultz et al. 1996). Ro-
bustness is determined by energy availability, and con-
dition is maximized near thermal optima when prey is
abundant (Kappenman et al. 2009). Across sites in the
Roaring River riverscape, West Blackburn Fork main-
tained the most consistent thermal regime, and analysis
of stomach contents removed from fish collected during
this study suggests prey availability was most consistent
at West Blackburn Fork (William Curtis, Tennessee
Technological University, unpublished manuscript).
The availability and diversity of prey at West Blackburn
Fork might allow individuals to be more robust even
though predation pressure is high. Regardless of the
mechanism(s), our findings suggest demographic pat-
terns among C. carolinae populations do not follow a
strong longitudinal pattern even though at least one local
trade-off was apparent. Instead, at the riverscape scale,
local ecosystem processes operated within broader
reach, segment, and watershed processes to determine
local population demographics (Fausch et al. 2002).
Given that C. carolinae fit an opportunistic life history
strategy, life history theory predicts that environmental
factors should control population growth more strongly
than biotic processes (Winemiller and Rose 1992). Pop-
ulation dynamics of short-lived, opportunistic fishes are

most sensitive to age-1 survival and reproduction
(Vélez-Espino et al. 2006) and understanding the man-
ner in which abiotic processes regulate these demo-
graphic properties is critical to advancing fish ecology.
Our findings suggest that although local demographic
properties may be regulated by local abiotic processes,
hydrologic connectivity (sensu Pringle 2003) in the
form of consistent timing and seasonality of flow across
the basin might act to synchronize local populations.
Ultimately, this results in demographic consistency
and therefore muted life history divergence across
inconsistent local sites distributed along strong envi-
ronmental gradients.

This study strengthens our knowledge of C. carolinae
in particular and fish ecology in general. We found that
winter-time seasonal fluctuations in photoperiod, water
temperature, and discharge magnitude occurred during a
period of synchronized spawning by C. carolinae across
an entire riverscape. Reproductive output measured as
GSI was similar across stream orders despite strong
differences in habitat area and volume. However, robust-
ness and annual mortality were neither consistent across
all sites nor oriented along a longitudinal gradient. In-
stead, growth and survival were consistent at three sites
and potentially operating as a trade-off at the fourth site.
These results support recent findings that C. carolinae
populations exhibit similar ecological patterns across
sites distributed among differing basins (Gebhard et al.
2017). Future studies should continue to shed light on
C. carolinae ecology, morphology, and demographic
processes due to their ecological importance (e.g.,
glochidia host: Zale and Neves 1982; Yeager and Saylor
1995). Additionally, the plasticity of C. carolinae was
recently linked to speciation, driven by isolation and
environmental selection within different habitats (e.g.,
Grotto Sculpin Cottus specus; Adams et al. 2013; Day
et al. 2016) and further investigation of C. carolinae
across its broad distribution could elucidate more facets
of the species. From a general fish ecology perspective,
our results suggest strong environmental gradients do not
always solicit strong population responses, even among
opportunistic life history strategists that are expected to
respond most readily to environmental variability
(Winemiller and Rose 1992). Stability of C. carolinae
demographics across sites with varying levels of envi-
ronmental variability is likely an artifact of life history
adaptations to a variable environment (Lytle and Poff
2004). Similar adaptations by native fish species are
reported elsewhere (e.g., McManamay and Frimpong
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2015) and represent a mechanism through which popu-
lations maintain stability in unpredictable environments
(Gido et al. 2000). Robust and plastic demographic prop-
erties are therefore critical for fishes that persist along a
wide range of environmental conditions (Jackson et al.
2001), and this study provides quantitative evidence for
the existence of demographic consistency across a
riverscape (Fausch 2010).
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