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ABSTRACT
Midwestern United States undergo extreme temperature and precipitation fluctuations
throughout the year, which leads to changing habitats within Illinois river systems. Wastewater
treatment facilities have long been used to treat sewage and reduce the organic products in
sewage before releasing it into aquatic environments. Wastewater treatment facilities must
maintain optimal conditions, especially temperature, for reproduction and growth of facilitated
bacteria that break down organic materials in wastewater. The objectives for this study were to
determine the thermal effects of wastewater treatment facilities on receiving waters; and
secondly, to investigate the influence of these wastewater facilities on fish abundance and
assemblages. Finally, I wanted to consider physiological processes that allow individuals to
adapt to extreme temperatures experienced in wastewater stream systems. In all sample streams,
water temperature was warmer in the effluent habitats compared to the unimpacted habitats
during the winter sampling event. Overall fish abundance was significantly influenced by the
changing seasons with greater abundance in the winter. Conversely, the greatest abundances of
fishes for a single site were sampled in the effluent sites during the warmest season in the two
smaller order streams. Effluent discharges in these streams have a constant, flowing habitat (0.17
and 0.44 m/s) and higher dissolved oxygen concentrations (7.64 and 8.03 mg/L) that could allow
for higher abundance of fishes in these sites during a period of low flow and warm temperatures.
Whereas in the larger order stream, extremely high conductivity values combined with above
ambient water temperatures measured in the effluent during the summer survey could have
influenced the lower fish abundance. Drastic changes to water temperature, typically experienced
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in Midwestern streams, influenced changes in the physiological thresholds, somatic indices, and
population structures in a Bluegill population. The adaptative strategy to undergo physical and
biochemical changes allow this shallow-dwelling species to be better suited to an environment
with extreme temperatures. In warmer temperatures, Bluegill were sampled with less energy
reserves indicating the allocation of resources towards growth and reproduction; however, the
greater amount of energy storage seen in individuals sampled in below optimal temperatures may
suggest allocation towards survival and metabolic maintenance. Upper thermal tolerance was
also significantly greater in specimens sampled in warmer temperatures compared to the colder
temperatures. Together this information can better explain the adaptive strategies certain
populations utilize to survive seasonal changes in wastewater streams.
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16.9°C. Winter showed significant differences between all sites (p < 0.001).The letters above
indicate significant difference between sites in the corresponding season.
Figure 5. Mean total CPUE separated by river. Total CPUE was significantly different between
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between winter and spring seasons (p = 0.017) as indicated by letters above the bars.
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CHAPTER 2
Figure 1. Average daily temperatures at the collection site of the Sangamon River, in Decatur, IL
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deviation. All seasons showed significant differences except the fall and winter seasons (p <
0.001).
Figure 2. Length frequency distributions of all the standard lengths in millimeters of bluegill
sampled in 2019 from the Sangamon River in Decatur, IL. Length frequency distributions are
separated by seasons. Data points represent ages of individual year(s) of age corresponding with
the individual’s standard length.
Figure 3. Average Critical thermal maximums of Bluegills significantly differed in 3 different
seasons in 2019 (ANOVA, n = 19, p < 0.00). Data points are presented as mean ± stand error. A
Holm-Sidak post-hoc test showed fall average CTmax were significantly different from spring and
summer (p < 0.001) and summer and spring were also significantly different (p = 0.037).
Figure 4. Average Relative weights (Wr) for Bluegills based on total length and whole mass were
significantly different between seasons (ANOVA, n = 36, p < 0.015). Lengths and weights were
collected in the field and no specimen under 80 millimeters were weighed. Data points are
presented as mean ± stand error. Fall had the lowest average Wr at 0.86, winter and spring at
0.91, and summer with the highest average Wr at 1.11. A Holm-Sidak test revealed significant
difference between the summer average and all other seasons’ averages (p < 0.05).
Figure 5. Liver (HSI), heart (CSI), and brain (CRSI) indices of sampled Bluegills from the
Sangamon River during fall, spring, and summer seasons of 2019. Somatic indices were
calculated using the ratio of the weight of the organ to the individual’s total weight. Somatic
index averages are arranged as bars separated by seasons and further separated by somatic
indices. Data are presented as mean ± stand error. A one-way ANOVA test showed the
hepatosomatic index were significantly different between seasons (p < 0.001) but other somatic
indices were not statistically different (p > 0.05). A Holm-Sidak test revealed significant
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differences between the summer HSI index and the fall HSI index (p = 0.04) but no statistical
difference between the spring and summer HSI indices and spring and fall HSI indices.
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INTRODUCTION
One of the most important environmental influences on aquatic biota is temperature, a
habitat-level constraint that alters rates of metabolism in riverine organisms (Mohseni et al.
2002). Temperature affects many physiological processes that are essential to the organism’s
survival and fitness, but if optimal temperatures for certain life-history stages are not concurring,
it could affect abundances and population structures of the species. The hypothesis of behavioral
thermoregulation explains that temperature can drive populations into areas of more favorable
water temperatures for ideal functioning of metabolic processes (Pörtner and Beck 2010) and
disfavors the organisms that cannot find thermal refuge.
Wastewater treatment plants (WWTP) may alter water temperatures in temperate
systems, which typically already experience extreme changes in water temperatures seasonally.
Facilities receiving raw sewage from residential and industrial users must maintain warmer
temperatures during the treatment process during colder seasons for optimal microbial
processing of organic substances; this process could potentially increase water temperatures to
downstream habitats. Colder water temperatures in the winter seasons can create unfavorable
conditions for many fishes and increase the rate of mortality. To survive the winter, fishes must
acclimate and select habitats that minimize energy expenditure (Cunjak 1996). One way to avoid
mortality is to behaviorally thermoregulate (Reynolds 1977), moving to areas of thermal refugia
such as groundwater discharge preferentially during the colder seasons (Cunjak and Power
1986a; Swales et al. 1986). Effluents that increase water temperatures could potentially provide
thermal refuge during extremely cold temperatures such as experienced in Midwestern streams.
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However, flow can also fluctuate between seasons influencing ambient stream
temperature (Luthy et al. 2015) as well as the concentration of nutrients and other potential
pollutants. Wastewater streams often contain higher amounts of nutrients, pollutants, and other
stressors downstream of the effluent, which affects water quality during normal-to-below base
flows (Dudgeon et al. 2006; Graham et al. 2010). During sustained periods of low flows, there
may not be adequate water from upstream sources to dilute the organic and inorganic substances
discharging from a WWTP. Droughts can influence changes in fish population abundance,
structure, and biomass (Ledger et al. 2013). Conversely, increasing flow during the low flow
summer season, especially in smaller, headwater river systems, could provide necessary habitat
and food production to sustain aquatic life in smaller streams (O’Shea 1995; Rosenfeld et al.
2007; Bradford and Heinonen 2008).
If a thermal refuge is not found, organisms must adapt to this changing and potentially
suboptimal environment. Shifts in temperatures show to affect growth and age at maturation in
poikilotherms (Berrigan and Charnov 1994; Angilletta et al. 2004). Theorized temperaturedependent population models show that living in different temperatures have energetic costs
associated with them; metabolic rate functions change in correlation with temperatures
(Hochachka and Somero 1973) and higher energy demand for metabolic processes increase with
temperature. When organisms are restricted to an environment when the temperature is
constantly above or below the organism’s optimal temperature, other processes must
compensate.
It is hypothesized that suboptimal habitat temperatures like those found in the summer
and winter months of many Midwestern streams in the United States are likely to reduce the
growth performance and affect the biochemical performance in the residing fishes. These
13

increases and decreases in temperatures for aquatic organisms can have negative impacts to the
individual’s energy stores, health, growth, and immunity (Magnadottir et al. 1999; Dominguez et
al 2004; Abram et al. 2017). Although, if fishes were to utilize habitats closer to their optimal
temperature during times when ambient habitat temperatures are far below that optimal
temperatures, increases in ATP production can be used for growth and reproduction as opposed
to survival.
This thesis investigates the effects of wastewater effluent on thermal regimes, fish
abundances, and fish assemblages in three different wastewater streams through the course of
three different seasons. Further, bioassays of Bluegills were conducted to better understand the
adaptive biochemical mechanisms for inhabiting different thermal habitats. The first objective of
this thesis is to determine if WWTP were increasing water temperatures during colder seasons.
The second objective is to determine if these effluent discharges are potentially creating a
thermal refuge and increasing fish abundances in effluent habitats during colder temperatures.
Furthermore, I wanted to determine if wastewater effluents had an influence on fish assemblages.
This understanding can help further comprehend the understudied seasonal effects on wastewater
streams. Finally, I wanted to evaluate the physiological thresholds of the species across different
seasons within a year to find biologically important thresholds in relation to the seasonal
temperature changes. These findings can help scientists better understand fish populations
inhabiting Midwestern wastewater streams.
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DOES WASTEWATER EFFLUENT PROVIDE REFUGE FOR FISHES DURING COLDER
TEMPERATURES?
Abstract
Effluent imposes major stresses on receiving waters. However, most studies conducted
on impacted streams neglect to investigate how seasonal trends affect fish abundance and
communities. Wastewater treatment facilities must maintain optimal conditions, especially
temperature, for reproduction and growth of facilitated bacteria that break down organic
materials in wastewater. Stream habitats receiving wastewater effluent may experience warmer
temperatures during colder seasons and prompt fishes to utilize this potential thermal refugia. I
sampled three wastewater streams through the course of three seasons in 2019. I found that all
three effluent habitats compared to the unimpacted habitats had significantly warmer water
temperatures in winter sampling events (p < 0.00001). Although, there were no fish abundance
differences between impacted and unimpacted sites during colder temperatures there were
significant changes in fish abundances across seasons (p = 0.019). Further, I concluded that
during summer low flow conditions, the effluent discharge may be prompting greater abundance
of fishes, particularly in the smaller streams by protecting flow. Measured environmental
variables in the Sangamon River were much poorer in the summer low flow conditions between
the effluent impacted and non-effluent impacted habitats, which could have deterred a higher fish
abundance. In smaller streams with lower flow rates, wastewater effluents may be providing a
preferential habitat during low flow summer seasons; however, high inputs of pollutants may
expose fishes to higher concentrations of harmful pollutants.
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Introduction
One of the most important environmental influences on aquatic biota is temperature, a
habitat-level constraint that alters rates of metabolism in riverine organisms (Mohseni et al.
2002). Wastewater treatment plants (WWTP) may alter water temperatures in temperate systems,
which characteristically already experience extreme seasonal changes in water temperatures.
Facilities receiving raw sewage must maintain a warmer temperature to promote optimal
microbial processing of nutrients from influent sources. Effluent discharge, therefore, may
increase water temperatures in downstream habitats during colder seasons. However, flow can
also fluctuate between seasons and influence ambient stream temperature and the effluent’s
potential thermal impacts on the stream (Luthy et al. 2015). For example, urban storm-water
runoff increases water temperatures as much as 8.5°C during the summer (Pluhowski 1970).
Wastewater effluents have been documented to increase water temperature in the winter and
early spring seasons (Kinouchi et al. 2007). However, seasonal influence of effluent
temperatures and their effects on fish communities are not well documented in wastewater
streams.
Wastewater receiving streams often contain higher amounts of nutrients, pollutants, and
other stressors that can alter the downstream water quality during normal-to-below base flows
(Graham et al. 2010; Dudgeon et al. 2006). During sustained periods of low flows, there may not
be adequate water from upstream sources to dilute the organic and inorganic substances
discharging from a WWTP. Droughts can exacerbate the impacts on food webs by increasing
energy uptake and potentially leading to changes in population abundance, structure, and
biomass (Ledger et al. 2013). Effluent inputs can generate shifts in fish community structure by
increasing the abundance of more tolerant and non-native species compared to unimpacted sites
16

(McCallum et al. 2019). Although chemical influences on fish communities in wastewater
streams are well-established (Koplin et al. 2002; Carey and Migliaccio 2009; Loos et al. 2013), it
is unknown whether wastewater effluent’s thermal impacts in colder temperatures are
influencing fish communities.
Additionally, it can be energetically expensive for fishes to reside in a habitat with
extreme temperature fluctuations. Many aquatic organisms, such as the Brook trout (Salvelinus
fontinalis), reduce physical activity when exposed to increased temperatures to compensate for
higher metabolic costs (Robinson et al. 2010). Moreover, as temperatures become closer to an
organism’s upper thermal threshold, the aerobic scope is reduced, limiting the energy available
for growth, physical activity, and reproduction (Pörtner and Knust 2007). Anthropogenic
influences such as dams intensify warmer, supraoptimal temperatures during summer months
(Lessard and Hayes 2003). Increased water temperatures can even affect fish populations by
causing higher rates of mortality, especially in earlier life stages (Rijnsdorp et al. 2009).
To survive extreme temperature fluctuations, fishes must acclimate or select habitats that
minimize energy expenditure (Cunjak 1996). Exposure to suboptimal temperatures forces
organisms to relocate to a more thermally acceptable habitat (Fiksen and Giske 2005). Fishes use
behavioral thermoregulation (Reynolds 1977) to move to areas of thermal refugia such as
groundwater discharge preferentially during the colder seasons (Cunjak and Power 1986a;
Swales et al. 1986). Effluents that increase water temperatures could potentially provide thermal
refuge during extremely cold winter months such as experienced in the Midwestern United
States. A fish’s ability to thermoregulate towards areas of less thermal stress like effluent
discharges could reduce overwinter mortality. Although, wastewater effluent may provide
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thermal refuge for fishes, it will also likely expose them to a higher concentration of pollutants
creating an “ecological trap” (McCallum et al. 2019).
The objectives of this study were to: 1) determine temperature impacts of effluent
discharge in three different rivers during three different seasons and 2) to assess community,
species, and tolerance indices between habitats impacted and unimpacted by wastewater
effluents across seasons in three different rivers. I hypothesized that temperatures would differ
between upstream, effluent, and downstream habitats with exaggerated temperature differences
in the winter months. Additionally, I hypothesized a higher overall abundance of fishes in the
effluent-impacted habitats in the colder seasons and fewer fishes in the warmer seasons
compared to unimpacted habitats. I also predict extreme fluctuations in temperature and potential
changes in water quality caused by WWTP would shift fish assemblages between sites and
seasons. I anticipated fish assemblages would shift towards increasing numbers of tolerant fishes
inhabiting the effluent sites.
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Methods
Study design
In 2019, I conducted fish community surveys on three different streams impacted by
wastewater effluents. Sampling sites included sites above, at the effluent, and downstream of the
effluent. Sampling of all sites occurred over three different seasons in 2019—winter (FebruaryMarch), spring (May), and summer (August).
Study sites
Sangamon River. The Sanitary District of Decatur discharges wastewater effluent into the
Sangamon River in Decatur, IL. The Sanitary District serves Decatur, Forsyth, and Mt. Zion,
with a combined population of 81,500. The Sanitary District also serves over 1,000 additional
industrial and commercial users. Overall treatment process includes three general phases:
Preliminary, Primary-Secondary, and Disinfection. Preliminary treatment includes filtering out
large debris such as rags, trash or any other material coming into the facility. Primary and
secondary treatment refer to the settling of sludge, anaerobic and aerobic biological breakdown
of organic material by microorganisms. Lastly, disinfection broadly refers to the sterilization of
fecal coliforms that may be present in the effluent; the Sanitary District uses chlorination for its
effluent disinfection. Six study sites (two upstream, one effluent, and three downstream) were
selected for 30-minute electrofishing surveys due to habitat similarity and increasing or
decreasing proximity to the effluent discharge. Sites were named for their relation to the effluent
discharge: Upstream 1 (furthest upstream), Upstream 2, Effluent 1 (site with effluent discharge),
Downstream 1, Downstream 2, and Downstream 3 (furthest distance; Figure 1). All sites
included at least one riffle-pool habitat, except for Downstream 3, which only had deeper pool

19

and run habitats. Each site was approximately 100 meters in length. Water quality measurements,
nutrient analysis, and nickel analysis were conducted monthly.
Cassell Creek. The Charleston Wastewater Treatment Plant releases treated wastewater into
Cassell Creek through a similar process to the other facilities above, but instead uses a UV
system to disinfect the effluent before entering the stream. This wastewater facility serves the
local community of Charleston, IL which consists of about 21,000 residents and serves one
significant industrial user. Sites selected had similar characteristics to the sites used for Kickapoo
Creek surveys: one upstream site, one site that included the effluent discharge, and one
downstream site (Figure 2). The upstream site location is about 50 meters upstream from the
ending point of the effluent site and the downstream site was about 150 meters from the
beginning of the effluent site. These sites were closer in proximity due to the headwater stream
characteristics and limited access points. All sites included at least one riffle-pool habitat and
were approximately 100 meters in length.
Kickapoo Creek. The Mattoon Sewer Department releases treated effluent into Kickapoo Creek
through a similar process as the Sanitary District and uses chlorination for its disinfection
process as well. The sewer department serves an estimated 18,000 residents and additional 1,000
commercial or industrial customers. Backpack electrofishing surveys included an upstream site,
a site with the effluent discharge, and a downstream site (Figure 3). All sites included at least one
riffle-pool habitat and were approximately 100 meters in length. The upstream site was located
about 250 meters from the ending point of the effluent site and the downstream site was about
200 meters from the end point of the beginning of the effluent site. The smaller nature of
Kickapoo and Cassell Creeks did not allow the same scope of sampling as done on the
Sangamon River.
20

Field Sampling
I conducted boat electrofishing surveys on all sites in the Sangamon River. I used pulsed
direct-current electrofishing for 30 minutes using a MLES Infinity Control Box, 2 SAA-6 Spider
array anodes to conduct the surveys with one netter. Pulse frequency settings were adjusted to 60
Hertz (Hz) with a 25% duty cycle. Prior to the electrofishing survey, amperage and voltage on
the electrical control box was adjusted according to the measured temperature (°C) and
conductivity (µS/cm) (Burkhardt and Gutreuter 1995) to reach a target peak power output of
2,750-3,250 watts (W). Backpack electrofishing was conducted on Cassell and Kickapoo Creeks.
A Smith-Root LR-24 Backpack Electrofisher was used with a crew of three people (one shocker
and two dip netters) to conduct surveys. A 100-meter transect was measured and surveyed in an
upstream direction, sampling all available habitat types. I placed block nets at the beginning and
end of each transect to capture any stunned fish missed.
I identified, weighed (g), measured (mm), and then released fishes back into the same site
they were sampled. All fish that could not be identified in the field were immediately euthanized
in 95% ethanol and taken back to the laboratory for identification. Surveys were based on IDNRFisheries Stream Sampling Guidelines (2009) but was modified to sample in seasons other than
low-flow summer periods. Overall CPUE (catch per unit effort) was calculated and presented on
a per hour basis.
Fish collected were classified into three different categories based on their tolerance
levels: Tolerant, Intermediate, and Intolerant (Grabarkiewicz and Davis 2008; Whitney et al.
2018). Then I compared the total number of tolerant and intolerant in each site and among
seasons. Further, I calculated Index of Biotic Integrity (IBI) for each site in each corresponding
season using the species composition, the IBI region, average width, and the percent slope
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(measured using USGS StreamStats) with the Illinois Department of Natural Resources IBI
Calculator. Additionally, physical habitat parameters were assessed using a modified Ohio’s
Quality Habitat Evaluation Index (QHEI) (Rankin 1996) for all fish sampling sites. I used a 100meter transect within each site to determine average depth, average width, percent of instream
cover type, channel morphology, amount of riparian zone, bank erosion, quality of pool-riffle
habitat, and the gradient of the stream.
I collected water quality data prior to all boat and backpack electrofishing surveys using a
YSI® ProDSS to determine water temperature (°C), dissolved oxygen (mg/L), pH, conductivity
(µS/cm), and specific conductivity (µS/cm). Also, I determined water velocity (m/s) using a
Hach FH950 portable velocity meter. To determine temperature variation among sites and
seasons, I placed HOBO Pendent® Temperature/Alarm Data Loggers (UA-001-64) in sites at
least seven days prior to sampling events with temperature being recorded every hour.
Temperature loggers were secured to an anchor and placed in a pool habitat at approximately one
meter below the surface. A temperature logger was not placed in Downstream 3 site on the
Sangamon River.
Statistical Analyses
All statistical analyses were conducted using R (version 3.6.0; R Core Team, 2019). Oneway ANOVA’s and Tukey post-hoc tests were used to determine temperature differences
between sites and across seasons in all sites. Using the hourly-mean temperature collected by the
HOBO temperature loggers, one-way ANOVA’s and Tukey post-hoc tests were used to
determine differences between Upstream, Effluent, and Downstream sites in all streams. Twoway ANOVA’s were used to determine differences of total CPUE between sites and among
seasons and for IBI scores between sites and among seasons. Species abundance data was pooled
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from all streams in the two-way ANOVA analyses. For simplicity, multiple Upstream and
Downstream sites were categorized into a singular group for nonparametric and dimensional
analyses. Permutational multivariate analysis of variance (PERMANOVA) with 999
permutations and non-metric multidimensional scaling (NMDS) analyses were conducted on the
species abundance data set. The adonis function found in the vegan package was used to detect
differences in species abundances between sites and among seasons. Two-way ANOVA’s were
also conducted on the total number of tolerant and intolerant fish species sampled to detect
differences among each site and season. Environmental variable comparisons were visualized by
using a principal component analysis (PCA) to reveal any patterns associated with sites or
seasons. All data sets were tested for normal distribution using the Shapiro-Wilk test prior to the
ANOVAs. If the null hypothesis of normal distribution was rejected, data containing null values
were transformed using: log10 (x+ 1); data containing no null values were transformed using
log10x transformation.
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Results
Temperature results
Effluent sites were significantly warmer than Upstream sites during the winter (p < 0.001;
Figure 4a; Figure 4b; Figure 6=4c). In the Sangamon River, winter and summer all showed
significant differences between all sites (p < 0.001, Figure 4a). Effluent HOBO temperature
logger was lost during the spring sampling event and no temperatures were recorded. A monthly
temperature reading collected on May 17th, 2019 was 16.9°C. Spring did not show any
significant difference between sites (p =0.15, Figure 4a). In Cassell Creek, all sites were
significantly different in the winter and summer seasons. In the spring season, the Effluent and
Downstream sites were significantly different from the Upstream site (p < 0.001) but the Effluent
and Downstream sites were not different from each other (p = 0.91, Figure 4b). In Kickapoo
Creek, all seasons showed significant difference among sites (p > 0.05, Figure 4c). The Effluent
site was warmer in the winter season compared to the Upstream site but was significantly cooler
in the spring and summer seasons (Figure 4c).
Fish assemblage and physiochemical results
Total CPUE varied significantly among rivers, specifically, the Sangamon River yielded
fewer fish per hour compared to Cassell and Kickapoo Creeks (ANOVA, F 2, 10 = 8.62, p = 0.007;
Figure 5). Season also influenced fish abundances as the winter season yielded a greater fish per
hour compared to the spring season (F2, 10 = 4.31, p = 0.019; Figure 6); however, site did not
affect CPUE (F7, 10 = 1.09, p = 0.43) and neither did the site × season interaction (F14, 10 = 1.29, p
= 0.34).
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IBI scores were different among rivers (F2, 10 = 15.8; p = 0.0008); however, they were not
significantly different between sites (F7, 10 = 0.73; p = 0.65) or among seasons (F2, 10 = 2.16; p =
0.17). Kickapoo Creek had the highest average IBI score of 40. An IBI of less than 40 is a “Low”
IBI score, and a score of 40-50 is “Moderately Low” In their respective rivers, the highest
average IBI scores were seen in the summer season for the Sangamon River (27.17 ± 1.54) and
Cassell Creek (36 ± 3) and the winter season for Kickapoo Creek (45.33 ± 0.33). In both Cassell
and Kickapoo Creeks, the highest average score was the Upstream site (30.33 ± 3.53; 41.67 ±
3.84) as opposed to the Sangamon River where the highest average score was Downstream 1
(27.67 ± 2.33). QHEI values indicated “Fair” to “Poor” habitats within all sites. Average QHEI
values for each stream: Kickapoo Creek = 49, Sangamon River = 46, and Cassell Creek = 43.
All effluent sites had a lower value in all streams partially due to serve bank erosion and heavy
siltation.
Additionally, I found the total number of tolerant fishes in the Sangamon River did not
vary by site (F5, 10 = 0.69, p = 0.64) but was affected by season (F2, 10 = 3.78, p = 0.047),
explicitly greater abundances in the winter compared to the spring (p = 0.047). The total number
of intolerant fishes was not affected by site (F5, 10 = 1.67, p = 0.22) or by season (F2, 10 = 0.087, p
= 0.91). There were no differences in number of tolerant or intolerant fishes among sites or
season in Cassell or Kickapoo Creeks.
PERMANOVA revealed fish abundances did not vary by site (p = 0.173), season (p =
0.118), or by the site × season interaction (p = 0.858) when tested together. However, it did show
that the rivers varied in species composition (p = 0.001). Fish abundance data set was
standardized and put into a NMDS ordination with Bray-Curtis dissimilarity values according to
the Site, Season, and River (Figure 8). A PERMANOVA analysis separated by river revealed
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that the Sangamon River was in fact influenced by season (p = 0.002) but not by site (p = 0.15).
Cassell and Kickapoo Creeks were not affected by site or season.
For all collected environmental variables, eigenvalues from the PCA analysis showed
89.5 percent of the variation was explained by the first two principal components. Water quality
variables organized by the three different seasons reveals the water quality variables collected in
the summer season were influenced by conductivity, specific conductance, and temperature;
spring and winter seasons were more loading towards dissolved oxygen concentrations and water
velocities (Figure 8; Table 2). The water quality variable, pH, was omitted due to missing values
from Cassell Creek during the winter survey event.
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Discussion
I determined that temperatures between upstream and effluent-impacted sites were
significantly warmer in the winter in all surveyed streams. This provides evidence for the
hypothesis that wastewater effluent increases water temperatures in habitats that are close in
proximity to the effluent discharge compared to ambient stream during colder seasons. During
other seasons, other abiotic factors may have a stronger influence on stream temperatures.
Riparian zone vegetation is a large factor in determining water temperatures in streams (Bowler
et al. 2012). The Sangamon River is a wider river and the riparian vegetation covers less of the
stream reducing its impact on temperature compared to the smaller streams Kickapoo and
Cassell Creeks that have more complete canopy cover. Although, stream cover during the winter
should not impact water temperature, it may have decreased water temperatures during the spring
and summer surveying events. The increase of water temperature seen in the upstream site of
Kickapoo Creek during the spring and summer surveys can be partially attributed to the clearing
of timber that removed all the riparian zone on the north bank.
Fish abundance varied among seasons in all streams. I also assessed seasonal shifts in
species composition in the Sangamon River. However, differences in abundance did not occur
between impacted and unimpacted sites among seasons. One possible explanation for seasonal
abundance changes was the dramatic changes in stream flow in the form of flooding (spring) and
prolonged drought (summer) that occur during the study timeline. After a flooding event, I
waited 3-4 days to conduct surveys; however, the streams were still experiencing increased
discharge and water levels from base flows that could have forced fishes out of the sampled sites.
Additionally, Illinois experienced its 6th wettest winter in the state’s history regarding winter
precipitation in the 2018-2019 winter season; heavy precipitation continued into the spring
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season bringing above average precipitation (Geelhart 2019). This influx of water into the
streams with the additional flow from effluent discharge could have displaced the fishes from the
effluent in the spring and winter seasons. Conversely, increasing flow during the summer season
could provide necessary habitat and food production to sustain aquatic life in these streams
(O’Shea 1995; Rosenfeld et al. 2007; Bradford and Heinonen 2008). In a watershed survey done
by the IDNR on Kickapoo Creek, it showed that Mattoon’s WWTP contributed as high as 60
percent of the monthly flows to the Kickapoo Creek (Keefer et al. 2004). These streams typically
experience low flow conditions in summer months. The influx of flows from these WWTP’s
could attract fishes. For example, increases of total fish abundance were observed in both the
Kickapoo and Cassell Creeks during the summer sampling events in which the water velocities
were both greater than the unimpacted and downstream sites.
Fish species and fish assemblages have been used as biological indicators to detect areas
of the stream that have experienced anthropogenic pollution (Azzuro et al. 2010). As predicted, I
did see higher number of tolerant fishes in the effluent site compared to the upstream site in
Kickapoo Creek, but I did not see any statistical differences in the other streams. I also detected a
greater total number of tolerant species in the winter compared to the spring in the Sangamon
River, but no differences in Cassell and Kickapoo Creeks. Furthermore, I did not see a difference
in the number of intolerant fishes between sites or among seasons. The significant changes in the
number of tolerant fishes may be attributed to the greater numbers in total CPUE seen in the
winter and spring seasons. Another study also found that intolerant fish species did not utilize
less favorable areas during the winter season and remained in sections were habitat and water
quality were more favorable through all seasons (Katz and Gaufin 1953). Although, fish
abundance did not increase in the effluent sites during the winter season, I did detect a slight
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increase in abundance in smaller, less-impacted streams (Cassell and Kickapoo) occurring in the
effluent sites during the summer season. The extreme water quality parameters experienced in
the Sangamon River during low flows may have influenced the sampled fish assemblage.
Additionally, I hypothesized that IBI scores would decrease for habitats that are directly
affected by the effluent discharge; however, I did not detect any statistically differences among
sites. Effluent-impacted habitats commonly experience more variable IBI scores compared to
unimpacted habitats (Karr et al. 1987), which lead to a greater error value in our analysis.
Another possible explanation are the monotonous, degraded sites experienced throughout these
wastewater streams. Large variations in flow and extreme temperature shifts in congruence with
anthropogenic inputs, such as overland flow of agricultural fields or wastewater effluent, have
been documented to control shifts in fish communities (Tothet al.1982). Bank erosion was severe
within all sites, which potentially implies the loss of quality sub-habitats that could hold various
fish species. Based on the Ohio EPA QHEI assessment, all sites were scored “fair” to “poor” and
likely prompted the “moderately low” to “low” IBI scores.
In accordance with the Illinois Environmental Protection Agency (IEPA), all WWTP
must reduce nutrient, fecal and other abiotic concentrations in the discharged effluent to a
specific limit (U.S. Environmental Protection Agency 2010a). All specified limits are different
for each facility and coincide with the treatment plant’s capacity, influent flows, and the
receiving waters. However, it can be challenging to determine the biological impact of the
effluent discharge due to various factors such as the strength of the effluent, the capacity of the
receiving water body, and the rate of discharge (Gonzalez 1996). One characteristic of all
facilities that use biological treatment is the presence of excess phytoplankton and microalgae in
their treated wastewater (Brinley 1943). As temperatures increase towards optimal growing
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temperatures food sources for planktivorous and particulate organic matter feeders will continue
to increase (Guidetti et al. 2003). More available food resources can allow for more individuals
in a habitat.
Seasonal influences on fish communities have been documented in several studies
(Adams et al. 2004, Espírito-Santo et al. 2009; McCargo and Peterson 2010). Rivers in the
Midwestern United States often experiences a wide range of temperatures, water levels, flows,
turbidities, and other variables throughout the course of the year. In addition to seasonal
variation, habitats located downstream of effluent discharges can often experience extreme
variations in water quality throughout the year due to the characteristics of the discharging
WWTP (Mandal et al. 2009). In our study I found warmer temperatures in effluent and
downstream sites compared to upstream sites during colder season. I did not detect higher
abundances of fishes occupying these warmer effluent discharges during colder temperatures, but
other studies did see increases near wastewater effluents (McCallum et al. 2019). However, I did
find that these wastewater streams show abundance differences among seasons. Our study
suggests that increased flows from effluent discharge may be providing adequate habitat for
fishes particularly in smaller streams during low flow conditions.
Phytoplankton and zooplankton densities have also been documented to undergo seasonal
shifts (Marneffe et al. 1996; Das and Panda 2010). During the winter survey in Cassell Creek I
observed almost 80% of the total catch in the effluent site was comprised of Campostoma
anomalum (Central Stonerollers); a moderately tolerant fish that feeds primary on algae and
other periphyton (Waits et al. 2008). The greatest abundance of periphyton is seen in late winter
but consistently are dominated by tolerant diatoms in areas of moderate to heavy pollution (Das
and Panda 2010). Additionally, in the effluent site of Cassell Creek, I observed the fish
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community shift in the winter from benthic herbivores to the vast majority being common
planktivores such as various minnow species (e.g. Cyprinella spiloptera; Notropis stramineus)
and Creek Chubs (Semotilus atromaculatus) in the summer. Influx of planktivorous organisms
are not uncommon where sewage is present (Brinley 1943). As the planktivorous organisms go
through parthenogenesis, the new microorganisms and preexisting microorganisms will graze on
the standing phytoplankton which is supported by the high amounts of organic material in
wastewater effluent. This cyclic pattern of predator-prey interactions is often common where
resources are available and can lead to restructuring of organismal communities (Brinley 1943;
Lynch 1979).
However, if fish species are utilizing these wastewater effluents they could be at risk to
higher probabilities to infection, immune decline, and genetic mutilation (Kakuta and Murachi
1997; Liney et al. 2006). When water quality is diminished, as in the Sangamon River during
summer, harmful chemicals that cause health problems in fishes are less diluted due to lower
water velocities. Rainbow Darters (Etheostoma caeruleum), inhabiting areas below wastewater
effluents have shown decreases in gonadosomatic indices and a consequential increase in
hepatosomatic indices and intersex in males (Bahamonde et al. 2014). In the Sangamon River I
observed external abnormalities in mostly Smallmouth Buffalos (Ictiobus bubalus), which
included great number of external parasites and lesions, elongated fins, and tail rot; all these
signs are indicators for water pollution (Brinley 1943; Young 1964; Bullock 1968). Although no
firm evidence implicates the wastewater effluent, it is noted that all fishes with fin abnormalities
were sampled below the effluent. The lower number of fishes sampled in the effluent habitat
during the summer season in the Sangamon River compared to Cassell and Kickapoo Creeks
may be attributed to the higher pollutants likely reducing fish abundance. The higher
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conductivities seen in the effluent and corresponding downstream sites are drastically altering the
stream water quality parameters.
The Sangamon River during summer base flows experience extremely high
conductivities, especially downstream of the wastewater effluent. I also saw slight increases in
conductivity in smaller Kickapoo and Cassell Creeks at and below the effluent discharge. The
electrical power transferred into the fish largely depends on the differential of the conductivity of
the water and the conductivity of the fish (Kolz 1989). Although, this may be problematic with
habitats with high conductivities, the power output can be adjusted to reach the target peak
power output for these conditions according to the measured conductivity and temperature. The
electrofishing crews and I also adjusted for these high conductivities by increasing the surface
area of the anodes to dissipate the electrical current into the water.
Our study suggests that wastewater effluent is increasing the water temperatures during
the winter season, which potentially can create a thermal refuge for fishes during cold
temperatures. Overall abundances did not increase in the effluent site during colder temperatures,
but the effluent may be affecting abundances among different seasons throughout the year. In
future studies it would be informative to track species willingly utilizing effluent-impacted
habitats and understand the adaptive advantages and costs for these species. It would also be
advantageous to analyze the available resources available to fishes in wastewater effluentdominated streams to better understand the community dynamics influenced by additional
organic inputs.
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TABLES AND FIGURES
Table 1. List of all species collected from all surveyed streams. The “X” indicates which stream
the fish species was collected. Designated tolerance level is also listed with the corresponding
species.
Sangamon
River
Species (Common Name)
Bighead Carp
Bigmouth Buffalo
Black Crappie
Blackside Darter
Bluegill
Bluntnose Minnow
Brindle Madtom
Brook Silverside
Central Stoneroller
Channel Catfish
Common Carp
Creek Chub
Creek Chubsucker
Emerald Shiner
Fantail Darter
Flathead Catfish
Freshwater Drum
Gizzard Shad
Golden Redhorse
Golden Shiner
Green Sunfish
Greenside Darter
Highfin Carpsucker
Hybrid Striped Bass
Johnny Darter
Largemouth Bass
Logperch
Longear Sunfish
Longnose Gar
Northern Hogsucker
Orangespotted Sunfish
Orangethroat Darter
Quillback

Tolerance
Tolerant
Intermediate
Intermediate
Intermediate
Tolerant
Tolerant
Intolerant
Intermediate
Intermediate
Intermediate
Tolerant
Tolerant
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Tolerant
Intermediate
Tolerant
Tolerant
Intolerant
Intermediate
Intermediate
Intermediate
Tolerant
Intermediate
Intermediate
Intermediate
Intolerant
Intermediate
Intermediate
Intermediate

X
X
X
X
X
X

Cassell
Creek

Kickapoo
Creek

X
X
X

X
X

X

X

X
X

X
X

X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X

X
X

X
X
X
X
X
X

X

X

X

X
X

X
X
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Rainbow Darter
Red Shiner
Redfin Shiner
River Carpsucker
Sand Shiner
Shorthead Redhorse
Shortnose Gar
Silver Carp
Silver Redhorse
Silverjaw Minnow
Smallmouth Bass
Smallmouth Buffalo
Spotfin Shiner
Spotted Bass
Spotted Gar
Steelcolor Shiner
Suckermouth Minnow
Sunfish Hybrid
Walleye
Warmouth
White Bass
White Crappie
White Sucker
Yellow Bass
Yellow Bullhead

Intolerant
Tolerant
Intermediate
Tolerant
Intermediate
Intolerant
Intermediate
Tolerant
Intermediate
Intolerant
Intermediate
Intermediate
Intermediate
Intermediate
Tolerant
Intolerant
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Tolerant
Intermediate
Tolerant

X
X
X
X
X
X
X
X

X

X

X

X

X

X

X
X
X
X
X
X
X
X
X

X

X

X

X
X
X

X
X

X
X
X
X
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X

X

X

X

Table 2. Water quality variables collected at all surveys. Variables in the table are as follows:
Temperature (Temp.), Dissolved oxygen (D.O.), Conductivity (Cond.) Specific conductance
(SPC.), pH, and Water velocity (Flow). Sites included: Upstream 1, (U1), Upstream 2 (U2),
Effluent (E), Downstream (D1), Downstream 2 (D2), Downstream 3 (D3), Upstream (U), and
Downstream (D).
Season

River

Winter

Sangamon

Cassell
Kickapoo

Spring

Sangamon

Cassell
Kickapoo

Summer

Sangamon

Cassell
Kickapoo

Site
U1
U2
E
D1
D2
D3
U
E
D
U
E
D
U1
U2
E
D1
D2
D3
U
E
D
U
E
D
U1
U2
E
D1
D2
D3
U
E
D
U
E
D

Temp.
7.3
7.2
8.6
7.7
7.7
3.2
3.1
8.2
4.7
4.2
7.8
6.7
19.5
19.8
20.5
19.3
18.9
18.2
18.7
17.9
18.3
15
15.5
15.4
27.9
25.6
29.1
30.1
28.6
25.7
22.5
23.8
23.1
22.6
22.5
22.1

Water Quality Variables
D.O. Cond. SPC. pH Flow
12.03 293.7 443 7.48 0.48
12.03 296
449 7.53 0.79
11.89 590
893
7.4 0.84
11.97 372
546
7.5 0.78
11.91 364.9 545
7.5 1.07
12.08 694 405.5 7.7 0.52
12.43 605
663
0.34
11.06 678
765
0.32
11.66 628
695
0.3
11.95 572
345 7.68 0.1
10.74 715
479 7.45 0.41
10.94 685
447 7.41 0.32
9.44
463
517 8.36 0.28
9.52
467
518 8.37 0.45
9.37
734
806 8.07 0.29
9.33
521
585
8.2 0.32
8.52
558
632 8.06 0.36
7.58
419
481 7.73 0.54
8.47
595
676 8.06 0.32
9.08
655
759 7.79 0.3
8.23
600
689 7.95 0.28
8.56
469
580 7.83 0.17
8.87
472
578
7.8 0.16
8.24
462
566 7.21 0.45
6.01
534
506
8.3 0.04
6.02
549
543 8.01 0.07
6.24 3699 3428 7.95 0.1
6.14 3746 3411 7.9 0.02
4.82 3602 3374 7.95 0.1
6.21
793
782 8.36 0.15
7.51 462.5 485.4 8.37 0.04
8.03
661
676 8.27 0.44
7.74
624
648 8.43 0.03
3.57
624
655 8.29 0.03
7.64
703
738 7.38 0.17
6.64
691
731 8.62 0.07
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1

2
1
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Figure 1. Map of the sites on the Sangamon River surveyed throughout the study. The labels for
the sites are place at the beginning of the site. Upstream sites are denoted as white squares, the
effluent site a white circle, the downstream sites as white diamonds, Lake Decatur is shown as a
grey polygon with a grey border, and the Sanitary District of Decatur is shown as a grey polygon
with a black border. Not shown is Downstream 3 site which is approximately 28 miles
downstream of the effluent site.
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Figure 2. Map of the sites used on Cassell Creek used throughout the study. The labels for the
sites are place at the beginning of the site. The upstream site is denoted as a black circle with a
white square, the effluent site as a black and white circle, the downstream site as a black circle
with a white diamond, and the Charleston Wastewater Treatment plant as a grey polygon with a
black border.
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Figure 3. Map of the sites used on Kickapoo Creek used throughout the study. The labels for the
sites are place at the beginning of the site. The upstream site is denoted as a black circle with a
white square, the effluent site as a black and white circle, the downstream site as a black circle
with a white diamond, and the Mattoon Wastewater Treatment plant as a grey polygon with a
black border.
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Figure 4a. Mean hourly temperatures from sites on the Sangamon River during the winter,
spring, and summer sampling seasons. Effluent HOBO temperature logger was lost during the
spring sampling event and no temperatures were record. A monthly temperature reading
collected on May 17th, 2019 was 16.9°C. Spring did not show any significant difference between
sites (p =0.15). Winter and summer all showed significant differences between all sites (p <
0.001). The letters above indicate significant difference between sites in the corresponding
season.
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Figure 4b. Mean hourly temperatures from sites on Cassell Creek during the winter, spring, and
summer sampling seasons. In the spring season, the Effluent and Downstream sites were
significantly different from the Upstream site (p < 0.001) but the Effluent and Downstream sites
were not different from each other (p = 0.91). The letters above indicate significant difference
between sites in the corresponding season.
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Figure 4c. Mean hourly temperatures from sites on Kickapoo Creek during the winter, spring,
and summer sampling seasons. All seasons showed significant difference between sites (p >
0.05). The letters above indicate significant difference between sites in the corresponding season.
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Figure 5. Mean + SE total CPUE (fish per hour) for each river over three seasons. Points with
different letters indicate a significant difference between rivers (p < 0.05) based on Tukey posthoc tests.
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Figure 6. Mean total CPUE of the three sampled streams separated by the winter, spring, and
summer seasons. The combined analysis of all streams showed total CPUE was also significantly
different between seasons (p = 0.019); Tukey post-hoc test showed significant differences
between winter and spring seasons (p = 0.017) as indicated by letters above the bars.
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Figure 7. Nonmetric multidimensional scaling (NMDS) of fish species abundance data organized
by site (color; Downstream = red, Effluent = green, Upstream = blue), season (shape; Spring =
circles, Summer = triangles, Winter = squares), and by river (size; Cassell = small, Kickapoo =
medium, Sangamon = large).

44

Figure 8. Principal component analysis (PCA) based on measured environmental variables
collected from sampling sites from all streams. The surrounding ellipses enclosed 95 percent of
the data points for each corresponding season. Temperature, dissolved oxygen, conductivity,
specific conductance (SPC), and water velocity are the included vectors in the analysis. The
water quality variable, pH, was omitted due to missing values from Cassell Creek during the
winter survey event.
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FLUCTUATING TEMPERATURES IN A MIDWESTERN RIVER AND ITS EFFECTS ON
PHYSIOLOGICAL THRESHOLDS IN A FRESHWATER FISH SPECIES LEPOMIS
MACROCHIRUS
Abstract
Extreme temperatures are becoming more frequent and seasons less predictable,
particularly in temperate zones. In the Midwestern United States, extreme temperature variations
are not uncommon especially in the spring and fall seasons. Many physiological studies have
reported the effects of warmer temperatures on numerous aquatic species; however, these studies
sometimes disregard seasonal temperature changes experienced in aquatic systems. In our study,
I surveyed a native fish population (Lepomis macrochirus) seasonally in 2019. Results showed
varying population structure and physiological thresholds in relation to fluctuating temperatures.
Somatic indices, such as relative weights and hepatosomatic indices showed significant
differences among seasons (p < 0.05). Critical thermal maximums showed a significant decrease
from warmer to colder temperatures (p < 0.001). Our study indicates that shallow-dwelling fish
species such as the Bluegill (L. macrochirus) residing in fluctuating habitats, may lead to
changes in the physiological performance, body condition, and energy storage, primarily when
exposed to extreme differences in temperatures.
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Introduction
As seasonal temperature changes become more extreme, organisms must readily adapt to
persist in their environment. Many studies have researched the physiological response of
ectotherms facing a warming climate, most of which report direct effects of temperatures on
physiological processes (Huey and Kingsolver, 1993; Pörtner and Beck, 2010; Isaak and
Rieman, 2013; Kingsolver et al. 2013). For example, mosquito larvae (Anopheles stephensi) with
better developmental rates and overall survival required a lower optimal temperature when
exposed to fluctuating temperatures experienced in the natural environment compared to
constant temperatures seen in the laboratory (Paaijmans et al. 2013). Other acclimation
experiments have demonstrated that various fish species can increase their thermal tolerance to
increasing temperatures when acclimated to a warmer temperature regime (Hochachka and
Somero, 1968; Tarzwell, 1970; Cossins and Bowler, 1987; Somero, 2004). Other studies have
found a reduction in activity when the environment shifts to a suboptimal temperature (Huey and
Slatkin, 1976). Physiological studies have investigated ectotherms shifting their thermal
tolerances in a suboptimal or supraoptimal temperature via acclimation, however the seasonal
changes in the physiology of fishes living in shallow water habitats remains unexplored. Studies
evaluating the acclimatization response of fishes inhabiting thermally fluctuating, shallow
riverine systems are thus needed to assess species resilience to thermal loading (Deutsch et al.
2008; Culumber and Monks, 2014) and climate change (Meehl and Tebaldi, 2004; Smith et al.
2009; Hansen et al. 2012; Culumber and Monks, 2014).
Critical thermal maxima (CTmax) or minima (CTmin) are indicators included in many
physiological studies to define the upper and lower limit tolerance of target species. Species are
typically acclimated to a desired baseline temperature and then, temperature is increased at a
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constant rate (Lutterschmidt and Hutchison, 1997). In one study, Largemouth bass (Micropterus
salmoides), Channel catfish (Ictalurus punctatus), and Rainbow trout (Oncorhynchus mykiss)
were acclimated to various temperatures and all CTmax and CTmin were linearly related to the
acclimation temperature in all species (Currie et al. 1998). In an experiment on several estuarine
species, researchers found one fish species, Thinlip Mullet (Liza ramada), inhabited different
thermal regimes throughout the study. This shifting of thermal regimes resulted in a greater
CTmax compared to the other fish species inhabiting less variable thermal regimes; however,
researchers suggested that sex, age, and habitat of the individuals may influence the fish’s
physiological threshold (Madeira et al. 2012). In an acclimation versus acclimatization study
done on intertidal sculpins, the authors found varying CT max results when comparing specimens
acclimated to constant temperatures and specimens in the acclimatization groups (Fangue et al.
2011). Other ectotherms, such as the rusty crayfish (Orconectes rusticus), have been shown to
shift their thermal tolerance when exposed to seasonal and diel temperature changes (Mundahl
1989). This disconnected data between acclimation and acclimatization data could prove
meaningful in determining physiological thresholds and tolerances in ectotherms. Potentially,
overestimating these physiological thresholds could mean fishes are living closer to their CT max
and becoming more susceptible to further thermal stress under the current warming trends
(Stillman and Somero, 2000; Stillman, 2002).
Adapting to changing thermal regimes requires a complex biochemical response to
reduce stress, however, this process does not occur instantaneously. This delayed physiological
response to changing temperatures often reduce individual performance, which have been linked
to declining populations of fish species due to “ecological mismatch” (Kuczynski et al. 2017).
An ecological mismatch describes an organism’s phenotypic trait as less functional due to the
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timing of the temperature shift. Temperature affects many physiological processes that are
essential to the organism’s survival and fitness, but if optimal temperatures for certain lifehistory stages are not concurring, it could affect abundances and population structures of the
species. In the commercial fishing industry, fishes have been documented using more northern
and deeper waters for refuge from warming temperatures (Perry et al. 2005). This study and
others (Pörtner and Beck, 2010) support the hypothesis that behavioral thermoregulation can
drive populations into areas of more favorable water temperatures for ideal functioning of
metabolic processes but disfavors the organisms that cannot find thermal refuge.
If a thermal refuge is not found and organisms find themselves in this ecological
mismatch, they must adapt to this changing and potentially suboptimal environment. Shifts to
colder temperatures affect ectotherms by slowing growth and increasing age at maturation but
ectotherms in warmer habitats grow faster and mature at a younger age (Berrigan and Charnov,
1994; Angilletta et al. 2004). For example, the Atlantic herring (Clupea harengus), a small,
oceanic baitfish, experienced altered growth patterns and shorten life spans in response to rising
water temperatures in the North Atlantic Ocean (Brunel and Dickey-Collas, 2010). Theorized
temperature-dependent population models show that living in different temperatures have
energetic costs associated with them; metabolic rate functions change in correlation with
temperatures (Hochachka and Somero, 1973) and higher energy demand for metabolic processes
increase with temperature. When organisms are subjected to an environment temperature above
or below the organism’s optimal temperature, other processes must compensate. Even
eurytolerant species, specifically sheepshead minnow (Cyprinodon variegatus), exhibit an
increased capacity for radical scavenging as a defense mechanism to a thermally fluctuating
environment (Baker et al. 2020). However, prolonged exposure to suboptimal temperatures can
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prove deleterious, the thermal plasticity of a species in an altering thermal regime could prove
advantageous in surviving a warming climate (Donelson et al. 2011; Veilleux et al. 2018).
Seasonal temperatures of small to medium ordered streams in the Midwestern United
States can often fluctuate abruptly and alter the thermal regime for months at a time. Smaller
streams hold less water and are generally influenced more quickly by the changing temperatures
when riparian zones are few or absent due to the smaller volume of water and influence of solar
radiation (Brown and Krygier, 1970). The transition period between seasons, or the change in the
amount of heat input to the stream, can dramatically affect the thermal regime. It is not
uncommon for temperatures to fluctuate 10°C in streams with low flow, which occur frequently
in summer months (Brown and Krygier, 1967). Due to the small amount of water available in
smaller streams compared to larger streams, the opportunities for refuge are not as accessible.
Some rivers in the Midwestern United States often have sections of the river dry up during
periods of drought and make it impassable to downstream habitats. Seasonal temperature
variations and the succeeding hydrology create both physical and physiological challenges for
aquatic organisms to overcome.
An example of such small riverine systems is the Upper Sangamon River, located in
Decatur, Illinois. This ecosystem often experiences a disparate range of temperatures; for
example, 32.2°C to 3.33°C were the range of high temperatures recorded within the month of
October in 2019 for Decatur, Illinois (AccuWeather Inc. 2020). Although, these numbers
represent air temperatures, air temperatures have shown to be a strong predictor in estimating
water temperature (Webb and Nobilis, 2007). These increases and decreases in temperatures can
cause negative impacts to the aquatic organism’s energy budget, health, growth, and immunity
(Dominguez et al. 2004; Magnadottir et al. 1999; Abram et al. 2017). Additionally, the
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Sangamon River is highly impacted due to the dam built to create Lake Decatur and the
discharge of wastewater. The river is exposed to numerous combined sewer outfalls varying in
distance in the river and a single wastewater effluent occurring more than 5.6 kilometers (km)
downstream of the study site. Furthermore, shallower areas in small to medium-sized rivers show
quicker temperature shifts due to the relatively smaller amount of water to heat or cool.
Anthropogenic influences, such as dams, have shown to amplify the change in temperature by
significantly increasing the water temperature during the summer (Lessard and Hayes, 2003).
Locations with such characteristics and wide thermal scopes create areas of interest for
determining the effects of fluctuating temperature on important physiological thresholds. Species
with energy production machinery more resilient to thermal stress could prove to be better
adapted for these environments.
The efficiency of which carbon substrates utilization and oxygen consumption are
coupled to adenosine triphosphate (ATP) production in fish mitochondria has been found to be
temperature dependent (Weinstein and Somero, 1998; Hardewig et al. 1999; Martinez et al.
2015; Martinez et al. 2016). A reduction in this efficiency normally occurs when temperatures
depart from optimal ranges of that organism. Such thermal stress can disrupt the energy balance
of many energy-dependent processes including gene expression (Somero, 2010) and lead to
alterations in physiological and life history traits (Somero, 2002). Due to the reduction in
coupling efficiency, this results in an imbalance between ATP production and utilization (Pörtner
et al. 2001). It is hypothesized that suboptimal habitat temperatures like those found in the
summer and winter months of many Midwestern streams in the United States are likely to reduce
the growth performance and affect the energy budget in the residing freshwater fishes.
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For the Bluegill (Lepomis macrochirus), whether the water temperature is below or above
the organism’s threshold, energy must be partitioned between metabolic processes and growth
(Martinez et al. 2015). It is also well known that metabolic rates increase exponentially as
temperature is increased. In the Brown trout (Salmo trutta), growth rates, abundance, and
biomass all increase with increasing stream temperature (O’Gorman et al. 2016). However, some
organisms experience plasticity towards fluctuating abiotic factors to be better adapted to the
environment. Bluegill from a central Tennessee lake were found to have fluctuating energy
storage in the form of liver-somatic indices; spring and summer seasons had the lowest values
(Bulow et al. 1981). Comparing the seasonality of somatic growth indices may be informative as
to when and how the fluctuating environment is affecting small, shallow-dwelling fish species
like Bluegill.
The goals for this study were: 1) to assess population shifts of Bluegill in a smaller,
shallower Upper Sangamon River and determine if seasonality influences population shifts in
abundance and size and 2) to evaluate the physiological thresholds of the species across different
seasons within a year to find biologically important thresholds. I hypothesize that Bluegill will
have increasing cost of metabolism in the summer, resulting in lower energy storage; also, it is
hypothesized that the sampled population will shift in abundance and structure in relation to
season. Lastly, I hypothesize that the thermal performance of Bluegill will be linked to seasonal
temperatures, where shifts of critical thermal maximums and somatic indices as an
acclimatization strategy will be expected.
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Materials and methods
2.1 Study site. The Sangamon River is almost 396 km long and has one impoundment located in
Decatur, Illinois. This impoundment is used to create a reservoir, Lake Decatur, for residential
and industrial uses. A population of Bluegill located approximately 500 meters (m) downstream
of the Lake Decatur dam was surveyed over the spring, summer and fall seasons of 2019. Each
sampling bout included areas of sandbar, riprap, and woody debris with areas of shallow (150
centimeters) to intermediate (3 m) depth at base flow.
2.2 Population surveys. 30-45-minute surveys were conducted at the site during spring, summer,
fall, and winter seasons to estimate Bluegill population. Catch rates were standardized using
Catch per Unit Effort (CPUE). All total lengths (millimeters) and weights (grams) were
measured in the field, but specimens less than 80 mm were not weighed. Survey times were
dependent on obtaining an adequate number of specimens for lab testing and consideration for
the longevity of the specimens in warmer temperatures. Water quality parameters were measured
before the survey using a YSI ProDSS with a conductivity, specific conductance, pH,
temperature, and dissolved oxygen attachment probes. Depth and discharge data were taken from
river gauge USGS 05573540, which is approximately 0.6 miles downstream from the study site.
HOBO temperature logger pendants (#UA-001-08) were placed in the site prior to each seasonal
survey and logged temperature data every hour for 7 days. The average temperature was used to
assess the approximate environment temperature inhabited by the specimens for that sampling
season.
2.3 Specimen collection. Pulsed DC-Boat electrofishing was conducted using a MLES Infinity
Control Box and two electrofishing booms mounted to the bow of the boat with SAA-6 Spider
Adjustable Array droppers. Pulse frequency settings were adjusted to 60 Hertz (Hz) with a 25%
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duty cycle. Prior to beginning the electrofishing survey, amperage and voltage on the electrical
control box was adjusted according to the measured temperature and conductivity (Burkhardt
and Gutreuter, 1995) to reach a target peak power output of 2750-3250 W. Stunned bluegills
were placed in a 185-liter cooler filled with aerated locale river water. The specimens were
transported immediately to Eastern Illinois University for further processing. Specimens brought
back for laboratory testing were reweighed to the nearest thousandth of a gram (g) and
remeasured using standard length (SL) at the time of trials. Experiments were conducted
following IACUC approved animal care protocol #18-001.
2.4 Critical thermal maximums. Upon arrival to the laboratory, the specimens were transferred
into a 40-liter aquarium tank chilled or heated to the temperature at which the specimens were
sampled. Testing one bluegill at a time, the fish were placed into an 11.3-liter recirculating bath
(Thermo Neslab RTE 10). The specimen was acclimated for 15 minutes to the starting
temperature of 20°C. After the soaking period, water temperature was set to increase at a rate of
0.3°C per minute. This heating rate and setup have been previously used for Bluegill in a similar
study (Martinez et al. 2016). Temperature ramp program was followed until the observer
detected the onset of balance loss (fish loosing upright position), which was deemed as the
critical thermal maximum for the specimen. Fall and winter habitat temperatures were not
statistically different; therefore, I deemed that the winter values were not necessary for assessing
thermal performance across seasons.
2.5 Somatic indices. The liver, brain, and heart were excised from bluegills for present and future
analysis. Organs were blotted dry and weighed to the nearest 0.1 mg and kept on ice while
processing. Except for the livers, which were kept on ice for further processing, all other organs
were stored at -80°C.
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2.6 Aging. Otoliths were excised and used for age estimates of the individual specimen using the
visible annuli that form relatively close together during periods of slow growth. Two
independent readers were used for final age estimates. Using the standard weight (Ws) equation
for Bluegill (-5.375 + 3.316x), relative weights (Wr) were calculated from the total lengths and
weights of the specimens (Blackwell et al. 2000).
2.7 Statistical analyses. A one-way ANOVA was used to determine seasonal differences of
somatic health indices, overall condition, and critical thermal maximums followed by HolmSidak Tests to determine differences between groups.
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Results
In 2019, I found an average increase of 10.14°C from late winter to spring, a 9.65°C
increase from spring to summer, and then an abrupt decrease of 21.16°C from summer to fall
(Figure 1). Water quality data showed intense changes in temperature, dissolved oxygen, depth,
and discharge; also, slight increases of conductivity and specific conductance were seen from
colder to warmer seasons (Table 1). CPUE and average total length of bluegill was inversely
correlated: CPUE was lowest in the winter survey (12 specimens/hour) but average total length
was highest (116.67 mm ± 17.9); CPUE was the highest in the fall (59.9 specimens/hour) but
average total length was the lowest (84.18 mm ± 5.7; Table 2). Although, a one-way ANOVA
showed that average total length was statistically different between seasons (p = 0.043), a HolmSidak test showed no significant differences between any season (p > 0.05; Table 2). Length
frequency distributions were created for the standard lengths of the bluegills brought back for lab
processing (Figure 2). Age did not differ significantly between seasons (ANOVA, n = 25, p =
0.19; Figure 2). The average age of all the specimens collected was 2.1 years.
CTmax significantly differed between the spring, summer, and fall seasons; fall CT max
were found to be 21.4% lower than the summer samples (ANOVA, n = 19, p < 0.001).
Specimens had an average CTmax of 39.98 ± 0.15 °C for the summer, 38.22 ± 0.17 °C for the
spring, and 31.43 ± 0.67 °C for the fall (Figure 3). A Holm-Sidak test showed summer and
spring values were significantly different from the fall samples (p < 0.001) and summer and
spring were also significantly different from each other (p = 0.037).
Several somatic indices showed differences between seasons. Relative weights of
Bluegills significantly differed between seasons (ANOVA, n = 36, p < 0.001; Figure 4). Relative
weights in the summer were significantly greater compared to the fall (p < 0.001), spring (p <
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0.001), and winter (p = 0.013) based on a Holm-Sidak test. Similarly, hepatosomatic indices
showed significant differences between fall, spring, and summer specimens as the average fall
samples increased 35.1% from the summer samples (ANOVA, n = 24, p = 0.040; Figure 5).
Holm-Sidak test showed a significant difference between the fall and summer liver samples (p =
0.041); the average mass of the livers sampled in the fall were slightly larger than the spring
average but not significantly different (p > 0.05). Cranio-somatic index and cardio-somatic index
did not significantly differ when tested between seasons (ANOVA, n = 24, p > 0.05; Figure 5).
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Discussion
My results indicate a shift in size, abundance, thermal tolerance, and hepatosomatic index
among different temperatures in a Midwestern Bluegill population. The largest total length and
lowest CPUE in the winter sampling event could be attributed to the high mortality rate of the
smaller individuals with few of the largest individuals surviving. Smaller individuals and
individuals with lower condition indices have a higher mortality rate when exposed to long
periods of cold temperatures (Shoup and Wahl, 2011). Additionally, rapid decreases in water
temperatures as seen in the transition from the summer to fall seasons and the prolonged
suboptimal temperatures seen in the fall to winter seasons can lead to higher mortality rates
especially in organisms inhabiting shallower habitats (Miranda and Hubbard, 1994). This drastic
decrease in water temperature may have subjected smaller individuals to unfavorable conditions
forcing them to deplete energy reserves at a faster rate than larger individuals (Lagler et al.
1967).
The decrease in CTmax of the fall specimens from the spring and summer specimens can
be attributed to the adaptive strategies that occur within the organism during colder temperatures.
As temperatures decrease, the viscosity of the cellular membrane’s lipid bilayer is increased (de
Mendoza and Cronan, 1983; Vigh et al. 1998). This effect is counteracted by homeoviscous
adaptation in membranes to sustain an operating fluidity over long-term exposure to cold
temperatures (Hazel, 1995). In short time frames, an increase in membrane viscosity leads to a
reduction of membrane permeability, which impact diffusional processes. Exposure to colder
temperatures will also reduce the conformational fluidity of enzymes, influencing compatibility
to various substrates (Pörtner and Playle, 1998). Thus, the changes in membrane fluidity and
enzyme catalytic properties may be limiting the thermal tolerance capacity in these specimens
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that inhabit colder waters. Despite adaptive strategies in both membrane fluidity and enzyme
function, cold-adapted bluegills show a larger ‘safety margin’ (i.e. difference between habitat
temperature and CTmax) than warm-adapted specimens to rising temperatures.
Droughts or periods of low precipitation often occur in accordance with increasing
temperatures in Midwest United States. Dams can amplify the effects of droughts and create
sudden decreases in flows to downstream habitats. This can generate adverse conditions
affecting reductions in growth rates, behavioral responses to seek refuge, recruitment, and
reproductive cues in fishes (Bonner and Wilde, 2000; Sotiropoulos et al. 2006; McCargo and
Peterson, 2010; Perkin and Gido, 2011; Walter, 2015). The declining water levels downstream
can expose benthic areas reducing resource availability and increase concentrations of water
quality parameters potentially impairing to the shallow-dwelling fishes (Larimore et al. 1959;
Cowx et al. 1984; Mas-Marti et al. 2010; Balcombe et al. 2012). As temperatures increase and
fewer habitats are available due to low water levels, L. macrochirus will become territorial
towards habitats with optimal temperatures and attempt to exclude subordinates (Medvick et al.
1981). A study done on a population of Pumpkinseed Sunfishes (Lepomis gibbosus), a close
relative to Bluegill, indicated that temperatures near the upper limits primarily only affected
subordinates; these subordinates characterized as the smallest individuals of the populations
showed signs of heat stress which lead to unprovoked harassment from other non-stressed fishes
(Power and Todd, 1976). Competition between these fishes for optimal habitats can further
deplete the energy storages in the muscles and liver (Neat et al. 1998). The warmer temperatures
can also cue fishes to spawn, which requires a large depletion of energy to complete. The
decrease in liver mass seen in the summer specimens could be attributed to the added stressors
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and energy expenditure associated with warmer temperatures and low flow conditions in the
summer months.
Sustaining homeostasis in a changing environment is physiologically expensive. As such,
biochemical adaptations to temperature variations come at an energetic cost to the organism. A
chief function of the liver is to serve as storage for energy-rich lipids and carbohydrates, which
are metabolized when energetic demands arise. Seasonal stress can lead to increasing the
energetic demand of the specimen, which could be satisfied by utilizing energy storages from the
liver to fuel the metabolic cost of living in warmer waters. Populations of Bluegill inhabiting
year-round warm water bodies such as power cooling reservoirs, have significantly smaller size
and mass at age, compared to non-impacted lakes (Martinez et al. 2015). Increasing the cost of
energetic demands associated with routine metabolism when exposed to supraoptimal
temperatures can be adaptive to meet exceeding metabolic demands (Passow et al. 2015). By
utilizing glycogen storage in the liver during suboptimal temperatures then switching to
biosynthetic pathways to fuel metabolic processes in optimal temperatures may enhance survival
for specimens exposed to a thermally fluctuating environment.
Resources decline with colder temperatures. This allows larger individuals with slower
basal metabolic rates to void off starvation and survive the high rates of winter mortality
(Cargnelli and Gross, 1996). Conversely, seasons with habitat temperatures close to optimum
allows greater opportunities for resource accumulation, which could influence the difference in
relative weights measured in the spring and summer samples compared to the fall samples. In
freshwater fishes (i.e. Salvelinus fontinalis, Sander vitreus, Lepomis macrochirus), more energy
acquired in the optimal growing seasons of the year can be allocated towards glucose storage for
survival in colder temperatures (Fernandes and McMeans, 2019). Striped bass (Morone saxatilis)
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acclimated to colder temperatures had increases in hepatosomatic index with four times more
lipid stores compared to specimens acclimated to warmer water temperatures (Stone and Sidell,
1981). The higher hepatosomatic index with lower relative weight may indicate a shift from
energy used for growth and metabolism towards energy storage.
Extreme temperatures experienced in these stream habitats forces shallow-dwelling fishes
such as Bluegill to undergo biochemical and physical changes, which otherwise would not allow
individuals to survive the winter and summer seasons. Glycogen stores in the liver may be
utilized to avoid mortality when extreme warm or cold temperatures exceed the threshold of
energy needed for maintenance. Sudden decreases in water temperatures may favor larger
individuals and subject the smaller individuals with fewer energy reserves to higher mortality
rates and potentially altering the population structure and abundance. Future investigations
should incorporate more aquatic environments with extreme variations in temperatures, whether
it be natural or anthropogenically influenced, and research the intraspecific and interspecific
biochemical mechanisms for these adaptive strategies in organisms exposed to these thermally
fluctuating environments.
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TABLES AND FIGURES
Table 1. Water quality parameters recorded at the time of the corresponding sampling event.
Range
(lowhigh)

Dissolved
Oxygen Conductivity
Specific
(mg/L)
(S/m)
Conductance

Season

Date

Temperature
(°C)

Winter

3/18/2019

7.3

7.48-9.77

12.03

293.7

Spring

5/24/2019

19.5

16.2-20.1

9.44

Summer

8/7/2019

27.9

24.4-31.6

Fall

11/4/2019

8.7

3.79-8.98

pH

Depth Discharge
(ft)
(cfs)

443

7.48

9.35

2170

463

517

8.36

7.78

1540

6.01

534

506

8.3

2.04

4.07

11.82

305.5

443.5

8.52

5.23

689
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Table 2. Seasonal Catch per unit effort (BLG/hr) and the average total length of bluegill during
that corresponding sampling event.
Season
Winter
Spring
Summer
Fall

CPUE
12
24
40
59.94

Avg TL
116.67
110.45
99.37
84.18
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Figure 1. Average daily temperatures at the collection site of the Sangamon River, in Decatur, IL
during 2019. Data points were collected with a HOBO Pendant temperature logger (Model #UA001-08), over a period of 7 days for each season. Data points are presented in mean ± standard
deviation. As expected, all seasons showed significant differences except the fall and winter
seasons (p < 0.001). Letters above the values indicate significant differences between seasons.

64

5

4

Spring

3

3
2
2

Age (years)

Count

4

1

1
0

0
70

80

90

100

110

120

130

140

SL (mm)

2.5

4

Summer

3

1.5
2
1.0

Age (years)

Count

2.0

1

0.5
0.0

0
70

80

90

100

110

120

130

140

SL (mm)
3.5

4
Fall

3.0

Count

2.0
2
1.5
1.0

Age (years)

3

2.5

1

0.5
0.0

0
70

80

90

100

110

120

130

140

SL (mm)

Figure 2. Length frequency distributions of all the standard lengths in millimeters of bluegills
sampled in 2019 from the Sangamon River in Decatur, IL. Length frequency distributions are
separated by seasons. Data points represent ages of individual year(s) of age corresponding with
the individual’s standard length.
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Figure 3. Average Critical thermal maximums of Bluegills significantly differed in 3 different
seasons in 2019 (ANOVA, n = 19, p < 0.00). Data points are presented as mean ± stand error. A
Holm-Sidak post-hoc test showed fall average CTmax were significantly different from spring and
summer (p < 0.001) and summer and spring were also significantly different (p = 0.037). Letters
above the values indicate significant differences between seasons.
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Figure 4. Average Relative weights (Wr) for Bluegills based on total length and whole mass were
significantly different between seasons (ANOVA, n = 36, p < 0.015). Lengths and weights were
collected in the field and no specimen under 80 millimeters were weighed. Data points are
presented as mean ± stand error. Fall had the lowest average Wr at 0.86, winter and spring at
0.91, and summer with the highest average Wr at 1.11. A Holm-Sidak test revealed significant
difference between the summer average and all other seasons’ averages (p < 0.05). Letters above
the values indicate significant differences between seasons.
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Figure 5. Liver (HSI), heart (CSI), and brain (CRSI) indices of sampled Bluegills from the
Sangamon River during fall, spring, and summer seasons of 2019. Somatic indices were
calculated using the ratio of the weight of the organ to the individual’s total weight. Somatic
index averages are arranged as bars separated by seasons and further separated by somatic
indices. Data are presented as mean ± stand error. A one-way ANOVA test showed the
hepatosomatic index were significantly different between seasons (p < 0.001) but other somatic
indices were not statistically different (p > 0.05). A Holm-Sidak test revealed significant
differences between the summer HSI index and the fall HSI index (p = 0.04) but no statistical
difference between the spring and summer HSI indices and spring and fall HSI indices. Letters
above the values indicate significant differences between seasons.
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GENERAL CONCLUSIONS
Temperatures between upstream and effluent-impacted sites were significantly warmer in
the winter in all surveyed streams. This suggests that the effluent may be a potential thermal
refuge during colder temperatures. Fish abundance varied among seasons in all streams. One
possible explanation for seasonal abundance changes was the dramatic changes in stream flow in
the form of flooding (spring) and prolonged drought (summer) that occur during the study
timeline. Centrarchidae and Ictaluridae family abundances were also influenced by season. These
differences in abundances could be attributed to habitat preferences. Wastewater effluent may be
beneficial for aquatic organisms seeking greater oxygen concentrations; however, it may expose
these individuals to higher concentrations of pollutants byproducts found in these effluents. The
Sangamon River experienced a shift in species composition among seasons, which could be
influenced by the degrading water quality in concurrence with warmer temperatures downstream
of the effluent discharge. Warmer temperatures and higher concentrations of polluting substances
could be degrading aquatic biological communities in habitats directly impacted and downstream
of the wastewater effluent.
Additionally, I saw increases in CPUE and decreasing total lengths for a L. macrochirus
population during warmer temperatures accompanied with low flows. Suggesting an optimal
temperature for spawning and growth. I also saw a decrease in CPUE but a greater total length in
the winter survey. This could be related to the somatic indices I observed, which included the
lowest hepatosomatic index and highest body conditions during the summer survey and the
highest hepatosomatic index and lowest body conditions during the winter survey. This suggests
the populations are exerting the greatest amount in the warmer temperatures towards growth and
reproduction. The fluidity of the cellular membranes allows more molecules to enter the cells,
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such as oxygen molecules, which are used in direct relation to production of ATP. The lower
hepatosomatic indices may indicate these individuals may be using the extra glycogen stored in
their livers towards reproduction or growth. As temperatures decrease, cellular membranes
become more rigid and reduce the exchange of molecules across the membranes and energy is
stored for survival and maintenance. Larger individuals with slower metabolisms and greater
energy reserves have a higher probability to survive the harsh winters experienced in the
Midwest compared to smaller individuals with lower energy reserves. With warming
temperatures, low metabolisms and energy storage are not mechanistically favorable. As the
membranes become more fluid, there is potential for damaging molecules to enter the organism
at higher concentrations. This is a possible explanation why fewer L. macrochirus and other
species were found at wastewater effluent during the summer. Areas of extreme temperatures
and degrading water quality are subjected to potential increases in tolerant species and lower
biodiversity.
Overall, this project described seasonal characteristics experienced among three
wastewater treatment facilities in the Midwest. It also sought to explain the physiological
differences influenced by temperatures in a common, native species L. macrochirus. Increased
temperatures along with lack of flowing water may threaten aquatic organisms to adapt
physically or physiologically. Areas that alter the natural thermal and flow regime should be of
most concern when considering the biota health in riverine systems. As the EPA continues to
restrict nutrient release (e.g. Illinois Nutrient Loss Reduction Strategy) from these effluents
across the country from now and into the year 2035 when this strategy will be enforced, it will be
beneficial to understand how this reduction affects the fish communities associated with seasonal
changes in wastewater streams. To increase biodiversity and intolerant species in Illinois
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waterways, where extreme temperatures and organic pollution are common, efforts should be put
towards mitigating the anthropogenic structures causing alternations to the natural thermal and
flow regimes in concurrence with further reducing the organic pollution from wastewater
effluents.
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