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Abstract Alterations in river flow can impact fish
growth, an important metric for assessing fish health.
Here, we use a known sentinel benthic fish species,
Slimy Sculpin (Cottus cognatus, Richardson), to
assess fish growth below a 15 MW dam and in a
naturally flowing river in Ontario, Canada. We
investigated fish growth under a restricted hydropeak-
ing regime where the rate of discharge change was
limited to 25% of the previous hour’s flow, and an
unrestricted hydropeaking regime. Both biological
(otolith back-calculated annual growth) and physical
(hydrological) indices over a 9-year time period were
collected. Slimy Sculpin growth was not significantly
different between the two hydropeaking regimes in the
regulated river, or the time periods encompassing the
hydropeaking regimes in the naturally flowing river.
There was a longitudinal gradient whereby Slimy
Sculpin growth decreased with increasing distance
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from the dam. Slimy Sculpin growth in the naturally
flowing river was significantly lower relative to the
regulated river. Literature-based hydrologic indices
explained little of the variation in annual growth.
Indirect effects of altered flow such as changes to
invertebrate abundance and downstream water tem-
peratures may explain the differences in growth
between rivers and the low correlation between annual
growth and hydrologic indices.

Keywords Sculpin - Hydropeaking - Fish growth -
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Introduction

Hydroelectric dams are an important source of energy
in Canada, providing over 60% of the country’s
electricity (Statistics Canada, 2013). Dams contribute
significantly to the proportion of both total and
renewable electricity produced, but can have major
impacts on downstream physical conditions and
biological communities (Sabater, 2008). Hydroelec-
tric dams alter river discharge patterns by reducing the
variability of flows, changing the timing of flow
events, and dampening seasonal trends (Poff et al.,
2007). Hydroelectric peaking operations, in particular,
induce large daily fluctuations in discharge to meet
daily patterns in electricity demand (Morrison &
Smokorowski, 2000). While peaking gives electricity
producers flexibility in responding to market forces,
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large daily fluctuations are a phenomenon that have no
parallel in natural freshwater systems (Poff et al.,
1997). Aquatic communities are adapted to the
gradient of physical conditions along the length of a
river (Vannote et al., 1980), and can adjust to the many
discontinuities imposed by river regulation (Ward &
Stanford, 1983). Thus, hydroelectric operations in
general (Baxter, 1977), and peaking operations in
particular, can have lasting impacts on downstream
organisms (Cushman, 1985; Moog, 1993).

A variety of impacts from altered flow regimes have
been identified for fish, including mortality as a result
of stranding (Hvidsten, 1985; Young et al., 2011),
changes in abundance (Freeman et al., 2001), an
increase in invasive species (Marchetti & Moyle,
2001; Brown & Ford, 2002), changes in growth
(Korman & Campana, 2009; Bond et al., 2015), and
changes in fish movement patterns (Dare et al., 2002;
Murchie & Smokorowski, 2004). The magnitude and
direction of impacts on fish populations vary by study,
and the identification of general trends in the response
of biotic communities to flow alteration has proved
elusive (Poff & Zimmerman, 2010). The inapplicabil-
ity of simple overarching and straightforward flow
rules (Arthington et al., 2006) make it difficult to
design and implement effective environmental flow
regulations. Thus, an increase in long-term experi-
mental studies, which focus on hydrological alter-
ations and their impacts on biological communities, is
needed to identify mechanistic relationships and
facilitate ecologically-based river management (Monk
et al., 2007; Mims & Olden, 2013).

Fish growth is a useful individual-based metric for
characterizing the effects of river regulation on
downstream fish communities. The release of reser-
voir water from hydroelectric dams can indirectly
influence fish growth as a result of altered water
temperatures (Olden & Naiman, 2010), increasing
invertebrate drift (Lagarrigue et al., 2002; Lauters
et al., 1996) and increased abundance of benthic
invertebrate communities (Jones, 2013). However,
few studies assess the impact of river regulation on fish
growth. Korman & Campana (2009) determined that
reduced hourly flow fluctuations on weekends corre-
sponded with increased daily growth in young-of-the-
year Rainbow Trout (Oncorhynchus mykiss, Wal-
baum) in a hydropeaking river (Korman & Campana,
2009), while Finch et al. (2015) found that growth of
juvenile Humpback Chub (Gila cypha, Miller) had
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higher growth rates under hydropeaking flows relative
to steady flows. Bond et al. (2015) found higher Slimy
Sculpin (Cottus cognatus, Richardson) growth rates in
two regulated rivers relative to eight naturally flowing
nearby rivers. Given that responses to altered flow are
likely species-specific, and most studies to date have
been carried out over short time periods, we suggest
that long-term temporal studies assessing fish growth
under multiple hydropeaking regimes would provide
further valuable insight into the impacts of hydropeak-
ing on fish.

To better understand the potential impacts of flow
regimes altered by hydroelectric operations on fish, we
determined annual growth rates for Slimy Sculpin
collected along a longitudinal river gradient from a
pair of boreal rivers in Ontario (ON), Canada, one with
a 15 MW peaking dam, the other with a natural flow
regime. We assessed the impact of river regulation on
fish growth under two different hydroelectric operat-
ing regimes and investigated the suitability of hydro-
logic indices for explaining differences in fish growth.

Slimy Sculpin (hereafter referred to as “sculpin”)
are a small bodied benthic fish, common throughout
Canada and have been proposed as a sentinel species
(Edwards & Cunjak, 2007) because of their small
home range (Gray et al., 2004) and site fidelity
(Cunjak et al., 2005). As a result, sculpin have been
shown to reflect local conditions along a river
continuum (Edwards & Cunjak, 2007) and can be
used to indicate environmental degradation (Galloway
et al., 2003). In addition, the behavioural traits of
sculpin make them an interesting species with which
to assess the impacts of altered flow regimes. For
example, the closely related Mottled Sculpin (C.
bairdii, Girard) have been shown to maintain position
with no change in oxygen consumption at velocity
ranges of up to 8 body lengths/second (Facey &
Grossman, 1992) by staying close to the substrate, a
strategy facilitated by their large pectoral fins (Facey
& Grossman, 1990). Thus, sculpin may not be as
susceptible as salmonids to the increased energetic
demands associated with fluctuating flow regimes
(Scruton et al., 2008; Cocherell et al., 2011), and may
be able to take advantage of increased food availabil-
ity in the regulated system.

We formulated several hypotheses for the potential
responses of sculpin growth to the altered flow regime
created by a hydropeaking dam with a minimum
environmental flow, based on the changes to food
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availability in hydropeaked systems (Lauters et al.,
1996; Lagarrigue et al., 2002; Jones, 2013), the
potential for sculpin to avoid increased energetic
demands (Facey & Grossman, 1992) and a previous
study on sculpin growth (Bond et al., 2015). First, we
hypothesized that sculpin annual growth would be
higher in the regulated river than the natural river, and
higher under the unrestricted ramping regime relative
to the restricted ramping regime. Second, a gradient of
growth effects with distance from the dam would be
seen in the regulated river, with higher annual growth
at sites closest to the dam, but no gradient with
distance from the upstream valley segment would be
seen in the naturally flowing reference river. Finally,
we investigated a set of hydrologic indices proposed in
the literature to identify the aspect(s) of the natural and
hydropeaked flow regimes that may lead to differences
in sculpin growth. Given that water releases from
dams can increase lentic and lotic invertebrate abun-
dance downstream (Jones, 2013), we hypothesized
that more frequent or higher discharge peaking events
would indirectly increase the sculpin food supply and,
therefore, hydrologic indices which capture the mag-
nitudes and frequencies of peaking events would be
positively related to sculpin growth.

Methods
Study sites

Samples were obtained from a pair of boreal shield
rivers in northern Ontario selected to assess the impact
of varying hydroelectric ramping regimes on down-
stream systems relative to a proximate river with
similar physical conditions and a natural flow regime
(e.g. Smokorowski et al., 2010). The Batchawana
River near Sault Ste. Marie ON (47°0'N; 84°30'W) has
a natural flow regime and was chosen as the compar-
ative control to the regulated Magpie River near Wawa
ON (48°4'N; 84°44'W), which has a 15 MW
hydropeaking facility (Fig. 1). The river reach sam-
pled in the Batchawana River was selected on the basis
of proximity and similar drainage area, geology, river
geomorphology, fish species composition, historical
mean annual discharge, and the availability of long-
term flow gauge data (Marty et al., 2009; Smoko-
rowski et al., 2010). We chose a section to sample
within the control river which was not immediately

downstream from a lake to simulate the placement of a
dam within a river reach and to avoid the confounding
factor of increased water temperatures often observed
downstream from lake outlets (Wotton, 1995).

The Steephill Falls dam and generating station
(SHF) are located together on the Magpie River. The
SHF facility is located at a natural falls, has been
operational since 1989, draws water from a depth of
10 m and has a maximum passable flow of 44 m® s™!.
From 1989 through 2004, regulations for the “restric-
tive regime” required a minimum flow of 7.5 m® s~
and ramping restrictions of <I m®s™'h™' from
October 10th through November 15th, 2 m* s™' h™'
from November 16th through the spring freshet, and no
greater than a 25% increase or decrease from the
previous hour’s flow from the spring freshet to October
9th (Smokorowski et al., 2010). The ramping rate
restrictions were removed in October 2004 (“unre-
stricted ramping regime”), although the minimum flow
requirement of 7.5 m> s_l, measured at SHF was
maintained. The unrestricted ramping regime enabled
the hydro operator to increase from the minimum
required flows to the maximum passable flow through
the turbines and back down again on a daily or sub-
daily basis, while under the restricted ramping regime
daily discharge changes of this magnitude were not
possible (Smokorowski et al., 2010).

s

Sampling

Sculpin were collected by backpack electrofishing
during July and August of 2002 through 2012
(resulting in growth estimates for the years 2002
through 2010) at randomly selected transects below
SHF in the Magpie River. Randomly selected transects
of 100 m in analogous river valley segments were
sampled in the Batchawana River to ensure that
similar habitats between rivers were sampled (Smoko-
rowski et al., 2010). An additional site upstream of the
SHF reservoir in the Magpie River was sampled as an
in-river control. Sites were fished to a depth of 60 cm,
which was a safe depth for backpack electrofishing in
these rivers and which represents a significant pro-
portion of the total area in both rivers. The longitudinal
distance along which the river was sampled was
12 km on the Batchawana River, and 19 km on the
Magpie River. Backpack electrofishing was standard-
ized to a rate of 4 m* s™'. The majority of fish were
preserved in formalin (24-30 h) followed by ethanol,
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while a subset of fish were frozen to avoid preservation
biases (Kelly et al., 2006; Storm-Suke et al., 2007) for
future stable isotope analysis. Species identification
was confirmed in the lab following keys in Scott &
Crossman (1973) and McAllister (1964), sex was
determined by examination of the gonads, and length
(mm) and weight (g) measurements were obtained.
Sculpin density and biomass were calculated for each
100 m transect sampled as number of sculpin per m?,
and the total weight (g) of sculpin per m?, respectively.

Sagittal otoliths from sculpin were removed and
stored dry in plastic snap cap vials. A preliminary study
showed no difference in otolith diameter (um), radius
(um) or weight (mg) between dried, frozen, or ethanol
preserved otoliths (Student’s ¢ test, P < 0.05, data not
shown). Ageing was conducted with a dissecting
microscope (Nikon SMZ 1000, Nikon Instruments
Inc.) using whole otoliths placed in deionized water
under reflected light. All otoliths were read twice by the
same reader and where discrepancies existed, otoliths
were polished or thin sectioned. If a discrepancy
between ages persisted, the sample was removed from
the analysis. Corroboration of ages included

@ Springer

consultation with other sculpin age readers and exam-
ination of the length frequency diagram by age-class.
Otolith increments consisting of an annual cycle were
measured at 90° from the rostral radius along a line
from the nucleus towards the dorsal edge using NIS
Elements software (Nikon Instruments Inc.). Only full
annuli were measured, such that the partial growth
during year of capture was not included in the analysis.
Only the first and second full year’s growth could be
included in the statistical analysis due to low sample
numbers of 3+, 4+ and 5+ aged fish. Growth (AL) was
measured as the individual absolute increase in length
for one annual cycle where length at age was
determined by back-calculation using the scale propor-
tional hypothesis as outlined in (Francis, 1990):

Li= —(a/b) + (L. + a/b)(Si/Sc),

where L; is the length of the fish at age 7, L. is the length
of the fish at capture, S; is the radius of the otolith at
age i, S is the radius of the otolith at capture, and a and
b are the intercept and slope, respectively, of the
regression of otolith radius on fish length. The
regression of otolith radius on fish length was
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conducted separately by site within each river, given
the potential for differences in growth rates and otolith
formation rates amongst sites.

River discharge data were measured with data
loggers (Keller 173-L pressure transducer (2002-Octo-
ber 2004), and Solinst Leveloggers (October 2004
through 2010)) every half hourin 2002 and every 15 min
thereafter from 2003 through 2010 (Metcalfe, unpub-
lished data). Data loggers were located upstream from
the SHF reservoir and at four locations downstream
from SHF in the Magpie River, as well as at two
locations in the Batchawana River. In addition we
accessed flow data from two Water Survey of Canada
gauges, 02BD007 (Magpie River) and 02BF001
(Batchawana River).

Data analysis

Statistical analyses were completed in R (The R
Project for Statistical Computing www.r-project.org).
Normal quantile—quantile plots were used to assess the
normality of the data while Bartlett’s test was used to
assess homogeneity of variance (Bartlett, 1937).
Individual fish were treated as replicates within each
river for between river comparisons, and within each
site for among-site comparisons. Differences in first
and second year annual growth and length at ages 1
and 2 between male and female sculpin were tested
within each river using a Welch’s t test. No significant
differences were found (p > 0.05) and male and
female sculpin were pooled in subsequent analyses.
A Welch’s ¢ test (Welch, 1947) was used to test for
differences in AL between ramping regimes in the
regulated river and between the regulated and natural
rivers for first and second year growth. A difference in
AL between the time periods encompassed by the two
ramping regimes was also tested with Welch’s t test in
the natural river to control for potential weather and
climate related impacts. Linear regression was used to
assess differences in AL with distance from the dam in
the regulated river and distance downstream in the
natural river. Distance downstream in the naturally
flowing river was measured from the beginning of the
river valley segment within which the randomly
selected sampling transects were located. Pearson’s
partial correlation coefficient was used to assess
whether sculpin density and biomass were signifi-
cantly correlated with sculpin growth when distance
downstream was controlled for.

A linear model was used to investigate more directly
the impact of discharge on AL. Numerous hydrologic
indices have been applied in the literature to charac-
terize river flow patterns and have been used to explain
differences in macroinvertebrate assemblages (Monk
et al., 2007; Konrad et al., 2008; Kennen et al., 2010),
fish diversity and abundance (Yang et al., 2008) and
fish recruitment (Nicola et al., 2009). Here, hydrologic
indices were chosen to represent each of the funda-
mental components of the flow regime: magnitude,
timing, duration, frequency and rate of change (Richter
etal., 1996; Poff et al., 1997). Nine hydrologic indices
were chosen in total, corresponding to each of the nine
flow regime components outlined by Olden & Poff
(2003). Each of the chosen indices is known to have a
large absolute loading in a statistically significant
principle components analysis for streams in the US
(Olden & Poff, 2003). Slight modifications from the
calculations in Olden & Poff (2003) were sometimes
necessary to suit study and data availability (Table 1).
For example, flow indices were calculated for the
growing season (June 1st to September 30th) of each
year in the study, rather than for the entire period of
record. As well, the absolute rate of change of
discharge was calculated in this study instead of a
separate calculation for the rate of increase and the rate
of decrease. Discharge data used to calculate the nine
hydrologic indices were taken from the data logger
2.5 km below SHF in the Magpie River and from the
Water Survey of Canada station 02BF001 in the
Batchawana River. Multi-collinearities were identified
and removed by running the model using a correlation
matrix based on the Pearson product-moment correla-
tion coefficient (R Core Team, 2014). The Akaike
information criterion (AIC) (Hirogotu 1974) was used
to refine the linear model, balancing goodness of fit and
prediction power (R package MASS; Venables &
Ripley, 2002). The relative importance of each of the
variables included in the final model was approximated
following Lindeman et al. (1980) using a ranking based
on standardized regression coefficients (R package
relaimpo; Gromping, 2006).

Results
Sculpin (n = 1163) collected from 2002 through 2012

ranged in length from 12 to 126 mm and resulted in
first and second year AL estimates for the years 2002
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Table 1 Hydrologic indices chosen for the multiple regression analysis of flow on Slimy Sculpin growth. All metrics were
calculated for the growing season (June 1st to September 30th) for each year of the study

Category Component Olden & Definition Study calculation
Poff Metric
Magnitude Average Mal Mean daily flow Mean daily flow
Low flow M1 Mean minimum monthly flow Mean for all months of minimum daily
flow
High flow Myl Mean maximum monthly flow Mean for all months of maximum daily
flow
Frequency Low flow Fpl Low flow pulse count Number of events where daily flow dips
below the 25th percentile for all years
High flow Ful High flood pulse count Number of events where daily flow rises
above the 75th percentile for all years
Duration Low flow Dp16 Low flow pulse duration Mean number of days for events in Fp 1
High flow Dyl5 High flow pulse duration Mean number of days for events in Fyl
Timing TL1 Date of annual minimum Day of year with lowest daily flow
Rate of change Ral/RA3 Rise/Fall rate Mean of absolute value of hourly change

Metric names and definitions from Olden and Poff (2003)

through 2010. However, degradation of some otoliths
from fish preserved in formalin followed by ethanol
resulted in no AL estimates for second year growth for
2006 and only one estimate for 2008 in the Magpie
River. Average sculpin AL =+ standard deviation in
the Magpie River (regulated) for first and second
growth years was 47.9 £+ 8.0 and 18.6 & 7.3 mm/
year, respectively, during the restricted ramping
period, and 47.5 £ 8.1 and 19.1 & 7.0 mm/year dur-
ing the unrestricted ramping period. In the Batch-
awana River (natural) sculpin AL for first and second
growth years was 41.5 & 4.2, and 13.6 £ 5.1 mm/
year, respectively, during the period of restricted
ramping in the regulated river, and 42.1 £ 4.9 and
15.7 £ 5.2 mm/year during the period of unrestricted
ramping in the regulated river (Fig. 2).

There was no difference in AL between ramping
regimes for first year growth (Welch’s r = —0.16,
df = 165.2, P > 0.05) or second year growth (Welch’s
t = —1.68, df = 21.8, P > 0.05) in the regulated river
(Fig. 2). There was also no difference in AL between the
time periods encompassed by the ramping regimes for
first year growth (Welch’s ¢t = —1.19, df = 223.7,
P > 0.05) or second year growth (Welch’s r = —1.84,
df =372, P> 0.05) in the naturally flowing river
(Fig. 2). As such, the remainder of comparisons were
computed using growth data from all years combined.
There was a significant difference between AL in the
regulated and natural river for first year growth (Welch’s
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Fig. 2 Annual first (A) and second (B) year growth
(mm year™") with error bars indicating & standard deviation
for the naturally flowing Batchawana River (circles) and the
regulated Magpie River (triangles). Closed symbols indicate
growth for the period of restricted ramping, while open symbols
indicate growth for the unrestricted ramping period in the
regulated river. The same time periods were analysed in the
naturally flowing river and are similarly represented with open
and closed symbols

t =103, df =507.8, P <0.05) and second year
growth (Welch’st = 3.04,df = 113.4, P < 0.05), with
growth in the regulated river being higher (Fig. 2).
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Variance in annual growth was significantly different
between rivers for first year AL (Bartlett’s test, K-
squared; = 1.96, P < 0.05) and second year
AL (Bartlett’s test, K-squared; = 1.96, P < 0.05) and
was higher in the regulated river (Fig. 2).

Both first and second year AL in the regulated river
were significantly related to distance from the dam
(P < 0.05, 7 = 0.12 and 0.19 for first and second year
growth, respectively) (Fig. 3), with AL decreasing with
distance downstream. A between-site ANOVA fol-
lowed by Tukey’s post hoc test showed that both first
and second year sculpin growth in the regulated river
decreased to rates not significantly different from the
upstream control site at a distance of 4 km downstream
from the dam (ANOVA, F = 10.68, P < 0.05). First
year AL in the natural river was also significantly
related to distance (P < 0.05, > = 0.03), but in
contrast to the regulated river increased with distance
downstream. There was no significant relationship
between growth and distance for second year AL in the
natural river. There was also no significant correlation
between growth and density or biomass in either river
when distance downstream was controlled for (Pear-
son’s partial correlation coefficient, P > 0.05).

Growth season values for the nine flow regime
components included in the multiple regression are

listed in Table 2. Consistent dam operations, and thus
consistent values for the flow regime components,
were expected within each flow regime. However,
there were two anomalous years in the unrestricted
ramping rate period on the regulated river: 2008 was
an uncharacteristically wet year, leading to higher
discharge, while 2010 was an uncharacteristically dry
year, leading to lower discharge. In both those years,
ramping was reduced relative to other years through-
out the study period.

When explanatory power of the model relating
sculpin growth to the tested hydrological indices was
significant, it was low and the pattern of hydrologic
indices contributing to the explanatory power was not
consistent among sites. The variation in sculpin
AL explained by the flow regime components was
significant for first year AL in the regulated river
(r2 = 0.12), but not for second year AL. Upstream in
the regulated river the model was significant for both
growth years (#* = 0.25 and 0.33, respectively)
(Table 3). The model was also significant for both
first and second year AL in the natural river (+* = 0.11
and 0.11, respectively), but explained only a small
proportion of the variance in AL. The hydrologic index
responsible for the highest proportion of variation
explained by the model differed between upstream

Fig. 3 First and second o A
year growth for Slimy @ * First Year
Sculpin in the naturally . ¢ Second Year
flowing Batchawana River g 3 - .
> .
(A) ar}d the regulated c l I I . | .
Magpie River (B) along a E o | l i i |
longitudinal gradient. < = 1 ! ! ' I
. . > $ & - .
Distance is measured from 53 o . i .
the dam in the regulated [CHENES B . I I I . i
river and from the beginning i
of the river valley segment o -
in the naturally flowing o | B
river. Regression lines are ©
included where the < o
relationship between growth qz ©
and distance is significant £
E o
= 9
S
2
° o
s &1
o -
I I I I I
Upstream 5 10 15 20

Distance (km)
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(F1) and downstream (Dy15) in the regulated river
and between the regulated and natural river (Mgyl)
(Table 2). Rate of change was positively related to
AL in the regulated river, but negatively related to
AL in the natural river. When the anomalous years
2008 and 2010 were removed from the data set used to
estimate the model, there was no longer a significant
relationship between hydrologic indices and first year
AL in the regulated river. An ANOVA and Tukey’s
HSD showed that first year AL in 2008 was signifi-
cantly higher than in years 2002 and 2010, and first
year AL in 2009 was significantly higher than in 2010
(F7, 220 = 4.07, P < 0.05) (Fig. 4). There were no
significant differences in second year AL between
years in the regulated river (Fs 44 = 1.71, P > 0.05),
however, only one second year growth sample was
available for 2008.

Discussion

Sculpin annual growth rates did not differ between the
periods encompassed by the two different ramping
rate regimes in either the regulated Magpie River or
the naturally flowing Batchawana River. Growth rates
differed between the rivers, with higher average
annual growth rates observed in the regulated river.
A decrease in growth rates for both growth years was
detected with increasing distance from the dam in the
regulated river, while an increase in growth rates for
first year growth was observed in the naturally flowing
river. Sculpin density and biomass did not account for
any variation in growth beyond that which was
explained by distance downstream. Tested hydrologic
indices accounted for only a small proportion of the
explained variation in sculpin growth in either river,
and significant hydrological indices were not
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Fig. 4 Slimy Sculpin first and second year growth + standard
deviation by year in the regulated Magpie River. First year AL in
2008 was significantly higher than in years 2002 and 2010, and
first year AL in 2009 was significantly higher than in 2010
(F7w 220 — 407, P < 005)

consistent among sites. Thus, while data obtained for
sculpin indicate there are impacts associated with
changing river flow regimes (natural vs. regulated),
sculpin in general do not indicate strong growth-flow
correlations under either natural or altered flow
conditions.

Flow patterns resulting from a hydropeaking
regime could be expected to increase energetic costs,
and thus lower growth as a result of increased
movement during peak flow events (Scruton et al.,
2008; Cocherell et al., 2011; Murchie & Smoko-
rowski, 2004), exposure to higher velocities (Korman
& Campana, 2009) and/or changes in foraging
behaviour (Cocherell et al., 2011). In contrast, our

Table 3 Multiple linear regression relating first and second year annual Slimy Sculpin growth to hydrologic indices

Growth year F statistic Degrees of freedom p-value Multiple >
Natural flow 1 5.474 5, 230 <0.05 0.11

2 2.813 5, 116 <0.05 0.11
Regulated downstream 1 4.795 7,252 <0.05 0.12

2 0.7694 7, 54 >0.05 NA
Regulated upstream 1 5.626 3, 50 <0.05 0.25

2 3.752 3,22 <0.05 0.33

The linear regression results are for the models outlined in Table 2
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higher sculpin growth in the hydropeaking river
relative to the naturally flowing river could be
explained by potential benefits provided by the dam
and its operations, such as increased nutrient delivery
(Hildebrand, 1980), increased benthic invertebrate
abundance (Jones, 2013; Patterson & Smokorowski,
2011), changes to the thermal regime (Olden &
Naiman, 2010) which shift water temperatures closer
to the optimum for sculpin, and maintenance of a
minimum flow requirement (Weisberg & Burton,
1993). In addition, sculpin display life-history traits
and behaviour that may enable them to cope with
increased peaking without reducing the resources
allocated to growth. Below we explore the validity of
these possibilities within the context of our study
systems.

In the regulated river sampled in this study, the
metalimnetic dam draw (Smokorowski et al., 2010)
results in cooler water temperatures throughout the
summer (by an average of 2.2°C) and slightly warmer
temperatures throughout the winter (by an average of
1°C). While the preferred water temperature for
sculpin is 10°C (Otto & Rice, 1977), temperatures in
both rivers routinely exceed this point in the summer
and can also exceed the upper incipient (21°C; Otto &
Rice, 1977) and ultimate incipient lethal (26°C; Otto
& Rice, 1977) levels for sculpin. However, the
regulated river remains cooler in the growing season
relative to the natural river (1.7°C cooler on average
during restricted ramping and 2.4°C cooler on average
during unrestricted ramping 2.5 km below the dam).
High temperatures in the natural river would cause an
increase in standard metabolic rate and a reduction or
cessation of feeding (e.g. Elliott, 1994), resulting in
less assimilated energy being allocated towards
growth. The cooling effect of the metalimnetic draw
in the regulated river would maintain a thermal
environment conducive to sculpin feeding throughout
more of the growing season, while sculpin would
maintain a lower standard metabolic rate. As such, the
more favourable water column temperatures in the
regulated river may have reduced fish energetic costs
and increased feeding opportunities, contributing to
higher growth.

Food availability and foraging success, which are
key determinants of fish growth, are impacted by river
impoundment in general, as well as by the different
ramping regimes in our regulated river. Although we
did not measure invertebrate abundance directly in this

study, several publications have reported on this topic
in detail for our two study rivers for the years
encompassed by our study (Jones, 2013; Tuor et al.,
2014; Bond et al., 2015; Patterson & Smokorowski,
2011). In our hydropeaking river, there was a higher
abundance of invertebrates in the benthos (Jones,
2013; Patterson & Smokorowski, 2011) relative to
nearby naturally flowing rivers. In addition, stomach
contents of small bodied fish (including sculpin) had a
higher abundance of invertebrates in the regulated
river relative to the naturally flowing river (Tuor et al.,
2014). A higher abundance of invertebrates in the
benthos, an important food source for sculpin (Pet-
rosky & Waters, 1975), coupled with a higher
abundance of invertebrates in stomach contents sug-
gests a higher foraging success in the regulated river,
resulting in the higher observed growth. Indeed, Bond
et al. (2015) found a positive correlation between
sculpin intrinsic growth rates and invertebrate density
for a set of rivers including both the Magpie and
Batchawana Rivers.

However, Tuor et al. (2014) also found a higher
abundance of invertebrates in the stomach contents of
small bodied fish during the unlimited ramping rate
regime in the regulated river relative to the restricted
ramping regime, and a change in the species compo-
sition of stomach contents to a higher proportion of
primary consumers relative to predatory macroinver-
tebrates. The lack of difference in growth between the
two ramping regimes, despite the increase in stomach
contents, suggests that increased energy intake during
unlimited ramping was offset by increased energy
outputs, or nutritional quality was decreased by the
shift in taxonomic composition in stomach contents, or
a combination of both. The possibility of increased
energetic costs suggests a response threshold exists for
sculpin where positive forage-related gains from
increased variable flows are ultimately outweighed
by the associated energetic costs of standard metabolic
rate. Thus, the absence of a significant difference in
sculpin growth between the two ramping regimes does
not mean that the two hydropeaking regimes were
equivalent in their impacts on sculpin.

Invertebrate abundance in the regulated river was
highest at the site closest to the dam, but decreased to
levels found in natural rivers 5-8 km below the dam
(Jones, 2013). This coincides well with our finding
that sculpin growth was highest near the dam, with
growth decreasing to levels not significantly different
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from upstream, 4 km below the dam. In the naturally
flowing Batchawana River, benthic invertebrate abun-
dance increases with distance downstream (Jones,
2013), as do our first year annual growth rate
measurements for sculpin. These results may be
expected based on current stream ecological theory.
Cooler water temperatures, increased particulate drift
and increased abundance of filter feeding invertebrates
below dams (Ward & Stanford, 1983; the serial
discontinuity concept) would produce conditions
beneficial for sculpin growth. As river water temper-
atures are attenuated and benthic invertebrate abun-
dances decrease to levels similar to naturally flowing
rivers with distance downstream, sculpin growth
would be expected to, likewise, decrease with distance
downstream. Conversely, in the middle reaches of a
naturally flowing river reach without a significant
input of particulate organic matter, the filter feeding
invertebrate community may have a lower abundance
relative to river reaches below a dam. As the river
shifts from heterotrophy to autotrophy with distance
downstream and the benthic community of collectors
and grazers increases in abundance (Vannote et al.,
1980, the river continuum concept), food availability
for sculpin may increase, driving an increase in
sculpin growth with distance downstream.

While invertebrate abundance can increase imme-
diately below dams (Spence & Hynes, 1971; Jones,
2013), with consequences for productivity at higher
trophic levels, the same phenomenon can occur in
riverine habitats below naturally occurring lakes
(Richardson & Mackay, 1991; Jones, 2010). The river
reach sampled in the Batchawana River as a control for
our regulated Magpie River was not immediately
downstream from a lake. Yet, given that our study dam
has a cool water draw, the ideal environmental control
may not be obtainable. The outlet water from natural
lakes is composed of lake surface water, which is often
warmer than downstream river temperatures, increas-
ing water temperatures immediately downstream
(Wotton, 1995). As discussed above, the alteration of
downstream water temperatures is an important factor
for coldwater species such as sculpin. Higher water
temperatures from the outlet of a natural lake would
increase sculpin metabolic costs relative to a lake-less
river reach, potentially offsetting benefits from an
increased food supply. Therefore we chose to compare
our study river with a lake-less river reach to
determine the impacts of a hydroelectric dam built

@ Springer

within a river reach as opposed to at the outlet of a
lake.

During both experimental periods, the requirement
of a minimum discharge (7.5 m® s') in the regulated
river remained in place, which has demonstrated
benefits to fish (Travnichek et al., 1995; Weisberg &
Burton, 1993). The requirement often resulted in a
mid-summer discharge in the regulated river above
that which was experienced in the naturally flowing
river (see discharge parameter Mp1, Table 2). In
general, discharge parameters positively correlated
with the frequency and duration of high discharge
events were important components of the explained
variation in annual growth in both rivers, suggesting
that higher discharge provides benefits realized in
higher sculpin growth rates. For example, Weisberg &
Burton (1993) noted an increase in invertebrate
abundance and increased foraging success, once a
minimum flow requirement was instituted below the
Conowingo Dam in Maryland, US. Therefore, contin-
uation of the minimum discharge requirement, as well
as higher mean flows (Table 2), may in part explain
the higher annual sculpin growth rates in the regulated
river relative to the natural river.

Variance in growth rates was higher in the regulated
river relative to the natural river. Variability in
discharge (Rand et al., 2006) and resource availability
(Nislow et al., 2004) can lead to variability in energy
allocation, resulting in differential growth. Inverte-
brate abundance and community composition differs
along both lateral and longitudinal gradients in both
the rivers in this study with depth and velocity being
important factors contributing to the gradients in the
regulated river (Jones, 2013). The longitudinal gradi-
ent in invertebrate abundance in the regulated river
likely contributes to the longitudinal gradient in
growth in the regulated river, as discussed above,
driving the higher variation in growth rates seen in the
Magpie River.

Higher annual growth rates of sculpin in the
regulated river and decreasing growth rates with
distance from the dam coincide with trends between
rivers reported for sculpin by Bond et al. (2015), but
not the specific growth-flow relationships reported by
Korman & Campana (2009) for Rainbow Trout. While
Korman & Campana (2009) reported an increase in
daily growth with reduced ramping, sculpin growth
was not higher under the restricted ramping regime in
the regulated river. The closely related Mottled
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Sculpin are most often found underneath the cover of
rocks or clinging to substrate (Facey & Grossman
1992), with the tactical use of substrate necessitated by
their poor swimming ability (Facey & Grossman,
1990). Field observations in this study suggest that
sculpin behave similarly to Mottled Sculpin, with the
apparent advantage of reducing energetic expenditure
even under high, ramping induced discharge rates and
rates of change. Thus, sculpin likely avoid the negative
consequences of increased discharge by taking refuge
in the substrate, while juvenile Rainbow Trout which
maintain position during peaking events do not
(Korman & Campana, 2009). However, it cannot be
presumed that the higher growth rates in the regulated
river relative to the naturally flowing river are a
beneficial response to river regulation or will neces-
sarily lead to higher relative abundance in the
regulated river, as higher sculpin growth rates in the
Magpie River led to younger age at maturity and
higher instantaneous mortality rates (Bond et al.,
2015). To understand the impacts of hydropeaking on
fish growth more fully, investigations specific to
particular fish body morphologies, age-class and
behavioural strategies are needed (e.g. Scruton et al.,
2003; Murchie & Smokorowski, 2004).

Weak correlations between hydrologic indices and
annual sculpin growth rates, despite significant differ-
ences in growth rates between rivers, highlight the
importance of the indirect effects of altering flow
regimes on fish species. Indeed, when two anomalous
years during which peaking operations were sus-
pended are removed from our analysis, there was no
significant relationship between first or second year
sculpin growth and hydrologic indices in the regulated
river. However, changes in flow regimes do not have
ubiquitous effects for all species, as not all fish species
respond equally to flow, and indirect impacts associ-
ated with flow alteration may compensate for negative
impacts. Therefore it is imperative that both biotic
(Bunn & Arthington, 2002) and abiotic (Cushman,
1985) factors be included in study designs to properly
understand the impacts of altered hydrologic regimes,
and how such alterations interact with species specific
life history traits. This paper provides valuable insight
into the effects of two different hydroelectric peaking
regimes on the growth of a little studied but widely
distributed forage fish species with benthic behaviour.
Our detailed hydrologic analysis highlights the impor-
tance of direct and indirect effects of flow alteration

and lends support to current ecological theories,
shedding light on how the ecological impacts of
hydroelectric dams are manifested by a benthic fish
species.
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