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 Because emerald shiner health status was examined as a pooled population, the riverine 

E. coli MPN observations were pooled for comparison with Lake Erie. The Niagara River as a 

whole was below the EPA criteria for a single grab detection for each sampling event (Figure 6). 

It was also below EPA criteria for the geometric mean when five or more samples are taken in 

one month. Mean E. coli MPN (log10) was significantly different among sites (one-way 

ANOVA, df=7, F=15.62, p<0.001, Figure 7). The geometric mean (antilog value of logged 

averages) for each site is provided in Supplemental, Table 1, which reflects what is graphically 

depicted in Figure 7. 

 Water temperature, conductivity and dissolved oxygen followed typical seasonal trends 

(Figure 8). Dissolved oxygen and temperature were very similar between Lake Erie and the 

riverine sites. Water temperature was highest from July-September, and dissolved oxygen was 

inversely related to temperature and reached 6.41 mg/L in the river at its lowest level in August 

at Beaver Island (BI). Conductivity was higher in the riverine sites than in Lake Erie at all 

sampling events and it was significantly different among the river sites (one-way ANOVA, df=7, 

F=10.23, p<0.001 Supplemental, Figure 6) with SB and RM representing the lowest and highest 

values respectively. E. coli MPN levels were elevated in the days following rain events, but also 

in days without recent rain (Figure 9). E. coli MPN (log10) tended to increase in warmer water 

temperatures (regression coef.=0.050, SE=0.021, t=2.401, p=0.018, R2=0.06, Figure 10). 
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Figure 5 

All E. coli MPN (log10) observations and the mid-sampling date for each week in 2016. Each data point represents a composite sample 

(three grabs) for each site to account for spatial variability within sites. The dashed horizontal line illustrates the acceptable geometric 

mean E. coli MPN (log10) according to EPA standards in recreational waters when five or more samples are taken in a month. The 

solid horizontal line illustrates the acceptable E. coli MPN (log10) for a single grab sample. Four of the eastern branch sites (GP, IV, 

RM and BR) exceeded that value at one or more sampling events. Rich’s Marina on July 13th shows the mean (± SE) of two samples: 

one taken from a plume of sediment that a barge kicked up, and the clear water sample adjacent to it. Note: Beaver Island was not 

included in the sampling regime until the week of June 29th. 
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Figure 6 

The mean (± SE) E. coli MPN (log10) of all river sites pooled together (circles with standard error bars) in 2016. Lake Erie’s samples 

are plotted as a reference (solid squares). The dashed horizontal line illustrates the acceptable geometric mean E. coli MPN (log10) 

according to EPA standards in recreational waters when five or more samples are taken in a month. The solid horizontal line illustrates 

the acceptable E. coli MPN (log10) for a single grab sample. 
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Figure 7 

The mean ± SE E.coli MPN (log10) for each site for the six month sampling season. Significant differences among sites are indicated 

by the letters above the bars. The dashed horizontal line illustrates the acceptable geometric mean E. coli MPN (log10) according to 

EPA standards in recreational waters when five or more samples are taken in a month for reference, although the samples shown here 

reflect a twice-a-month sampling. 
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Figure 8 

Water parameters for each site throughout the sampling season in 2016. A. dissolved oxygen B. water temperature and C. 

conductivity. The closed circles are the mean (± SE) of all Niagara River sampling sites, and closed squares are Lake Erie 

measurements for reference. 
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Figure 9 

Precipitation (mm) and E. coli MPN (log10) data from all sites including LE in 2016. 

Precipitation data are shown from May 1st until November 1st; E. coli sampling data are from 

May 16th-October 26th. Note: The precipitation values are the mean rainfall occurring in Buffalo, 

Tonawanda, and Grand Island for each date. These data were obtained from Weather 

Underground. Approximately 700,000 gallons of untreated water are released from CSOs when 

25.4 mm of precipitation occurs. 
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Figure 10 

E. coli MPN (log10) and water temperature. The dashed horizontal line illustrates the acceptable 

geometric mean E. coli MPN (log10) according to EPA standards in recreational waters when 

five or more samples are taken in a month. The solid horizontal line illustrates the acceptable E. 

coli MPN (log10) for a single grab sample. 
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Figure 20 

Photographs of some extreme abnormalities; scale bars differ among photographs. These 

occurrences were rare, but the affected fish were likely moribund. A. Liquefied internal cavity. 

This particular fish had a hemolytic bacterial invader in the liver, which was consistent with A. 

salmonicida characteristics, but did not have any other signs of stress except for an external 

lesion. B. Missing eye. C. Lesion consistent with furunculosis. D. Ruptured liver. E. Ruptured, 

mucous-covered gills. F. Severe fungal infection, which covered entire abdomen and had a 

protruding parasite. 
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Figure 21 

The leukocrit values of shiners with an HAI score ≥ 50 tended to decrease with increasing water 

temperature, then increase around 20°C.  

y = 0.2425 -0.0223x + 0.0005x2, 

R2=0.185 



49 

 

 

  

Figure 22 

The leukocrit values of shiners with an HAI score ≥ 50 tended to decrease with increasing 

condition factor, then increased after 0.8.  

 

 

 

 

 

y = 0.2099 -0.4968x + 0.3124x2, 

R2=0.08 
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Microbiology Results 

 

 Of the 266 emerald shiners sampled for bacterial infection in their livers, 94 (35.3%) 

were positive. This subsample included 24 YOY and 242 adults. Only three of the YOY were 

positive, thus, most emerald shiners with liver infection were adults. It was initially hypothesized 

that shiners with infected livers would also have irregular leukocrit values, reduced condition 

factor, increased parasites and higher HAI scores. However, only condition factor significantly 

changed with liver infection. 

Not all of the cryopreserved bacterial cultures could be resuscitated for secondary 

growth, so those could not be used for further biochemical analysis. Forty-seven bacteria cultures 

from 32 individual fish were resuscitated and subjected to further testing. The microbiology tests 

revealed that these bacteria were diverse and could be separated into 12 distinct groups (Figure 

23 and 24). Fourteen individual fish (14.9% of the 94 positive for infection) had more than one 

bacterial type in their liver which is consistent with studies on fish with compromised immune 

systems in which opportunistic bacteria are able to invade the fish (Joh et al. 2013). Several 

bacterial colonies exhibited beta-hemolysis on tryptic soy agar supplemented with sheep’s blood 

(Figure 4). Beta-hemolysis is a typical characteristic of A. salmonicida and A. hydrophila (Austin 

and Austin 2012) which are known opportunistic pathogens that can lead to hemorrhaging, 

lesions, reduced feeding and a lowered immune system (Khan and Thulin 1991, Austin and 

Austin 2012). 

Most bacteria in the livers were gram-negative which have a secondary outer membrane 

protecting a reduced peptidoglycan cell wall. Most antibiotics target the peptidoglycan layer and, 

thus, gram-negative bacteria are often harder to treat with antibiotics. The responses for 

cytochrome oxidase and glucose fermentation were varied, again confirming the diversity of 
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bacterial invaders. Although identification of the bacteria species was not possible in the current 

study, some of the observed biochemical test results are consistent with many well-studied fish 

pathogens such as A. salmonicida (furunculosis), A. hydrophila, Edwarsiella tarda (fish 

gangrene) and Flavobacterium psychrophilum (bacterial cold water disease). For instance, A. 

salmonicida and A. hydrophila are both gram-negative, rod-shaped, and positive for oxidase and 

glucose fermentation with the presence of gas, but can be either hemolytic or non-hemolytic 

(Austin and Austin 2012). Each of these bacteria are opportunistic pathogens, and are often 

associated with increased water pollution (Khan and Thulin 1991). Perhaps of greater 

importance, A. hydrophila is found in the fecal matter of humans and thus, is possibly released 

through CSO effluent (Cabral 2010). However, further investigation of the cultures would be 

required to confirm this, as many other bacteria are also consistent with the identification 

schemes depicted in Figures 23 and 24. 
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Figure 23 

Identification schemes of biochemical tests conducted on gram-negative bacteria.  
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Figure 24 

Identification schemes of biochemical tests conducted on gram-positive bacteria. 
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Discussion  

 

There were distinct water quality differences among the sites at the eastern and western 

branches of the river, as determined by fecal indicator bacteria in water samples. The western 

branch sites (Big Six and Beaver Island) were below EPA limits for a monthly E. coli MPN 

geometric mean value; in fact, Beaver Island had only a single incident of elevated E. coli MPN. 

In contrast, all but one (Sandy Beach) eastern branch sites exceeded EPA limits in 2016 for 

single grab samples. Black Rock Canal exceeded the monthly geometric mean threshold, while 

Gratwick Park, Isle View and Rich’s Marina had intermediate E. coli levels that were in 

compliance with the EPA standard. Sandy Beach was the only eastern branch site with low E. 

coli levels despite its proximity to a WWTP. Sandy beach was also the only eastern branch site 

on the Grand Island shoreline, so it was further away from the high density of CSOs and 

urbanization on the US mainland waterfront. These results suggest that the waters on the 

mainland US shoreline are more contaminated than the Grand Island shore, which receives less 

fecal input. Big Six and Sandy Beach were very similar to Lake Erie, with geometric means of 

less than 10 MPN/100 mL. Surprisingly, these results were similar to observations taken along 

15 beaches along Lake Superior shores, where most beach sites were below 100 MPN/mL for a 

season-long geometric mean (Sampson et al. 2006), suggesting that Niagara River E. coli 

observations are fairly low. Similar to the Niagara River observations, Sampson et al. (2006) 

found little correlation between rainfall and E. coli input, despite common assumptions regarding 

rainfall and CSO event incidence. 

In the 2016 sampling season, there was overall less precipitation in the region compared 

to previous years. From May to November 2016 there were only two rain events exceeding 25.4 

mm (one inch), the amount at which at least 700,000 gallons of untreated mixed sewage are 
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released (Buffalo Sewer Authority 2017). The amount of effluent released in 2016 was not 

available at the time of this writing. However, in the upper Niagara during the same six-month 

period in 2014 and 2015, there were five and six of those heavy rain events, respectively 

(Weather Underground 2017). Therefore, these data may represent a best-case scenario for the 

upper Niagara River. Long-term monitoring of these sites may capture even more drastic 

differences between the western and eastern branch sites in the upper Niagara. There were 

several elevated E. coli observations in mid-summer when rainfall events were below ten mm. 

Similar results were found by Passerat et al. (2011), and the author determined this was caused 

through resuspension of fecal matter build up in the pipes. Many fecal bacteria such as E. coli 

form biofilms, which lay dormant in the pipe infrastructure. When treated water evacuates 

through these pipes, the bacteria are released into the waterway (Passerat et al. 2011). Because 

there was a positive relationship between water temperature and E. coli, resuspension of fecal 

build up may have more deleterious effects in the receiving aquatic system in periods of warm 

weather, and the effects would be more drastic in the eastern branch sites where a high density of 

effluent pipes occur. In a Lake Michigan harbor that is protected with a break wall, similar to the 

Black Rock Canal site in Buffalo, NY, there was significantly poorer water quality conditions 

within the break wall in a year with abnormally high rainfall and CSO input (McLellan et al. 

2007). Studies in Lake Superior found that E. coli prevalence was not always correlated to 

temperature (Sampson et al. 2005) or rainfall (Sampson et al. 2006), particularly in seasons with 

below average precipitation. These studies support the notion that E. coli does not always follow 

expected trends, and continuous monitoring is essential for elucidating water quality conditions. 

 It was expected that emerald shiners would exhibit a biological stress response to sewage 

pollution in several ways: irregular leukocrit, reduced condition factor, high parasite loads, 
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bacterial infection of the liver and a high Health Assessment Index score. These biological stress 

responses were also predicted to be strongest at the eastern branch sites, which are more 

urbanized and closer to CSOs. Interestingly, although the leukocrit was most impacted in shiners 

with signs of systemic stress, it was not markedly changed in fish that exhibited lower levels of 

immune stress. For example, the shiners that were positive for bacterial infection in their liver 

but lacked other signs of stress (i.e., those with low HAI scores), had similar leukocrit values to 

uninfected, unstressed fish (Supplemental, Figure 1). However, when additional stress symptoms 

were observed (increased HAI scores), the leukocrits of fish with clean livers increased whereas 

the leukocrits of fish with infected livers decreased to near 0%. These observed trends are 

consistent with bacterial-induced leukocytosis (Wedemeyer et al. 1983, Goede and Barton 1990). 

Leukocytosis occurs when white blood cells are exposed to pathogenic bacteria for an extended 

amount of time, and the bacteria cause the white blood cells to lyse. This may explain why some 

fish had leukocrits scarcely visible at all in the microcentrifuge tube. Conversely, in fish without 

bacterial infection in the liver, an increase in stressors may also cause white blood cell counts to 

increase (Wedemeyer et al. 1983, Goede and Barton 1990) and this would explain why 

uninfected fish had high leukocrits with increasing HAI scores, which in this case would be an 

adaptive immune response.  

However, the above described leukocrit responses to stressors were not universal for all 

the emerald shiners with bacterial infection, most likely because of the high diversity of bacteria 

found in their livers, which may induce different physiological responses. Previous studies have 

shown that not all pathogens affect leukocrit values; different species of bacteria can induce 

different immune responses (Wedemeyer et al. 1983). For example, infected salmonids exposed 

to Aeromonas salmonicida or Yersinia ruckeri (enteric red-mouth) had significantly lower 
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leukocrits than those exposed but remained uninfected, whereas fish infected with Renibacterium 

salmoninarum (bacterial kidney disease) had no difference in leukocrit values between infected 

and uninfected fish. Additionally, some pathogens did not induce leukocytosis or affect leukocrit 

values in this study until the fish were nearly dead (Wedemeyer et al. 1983). This explains why 

leukocrit values are important supporting data, but should always be complemented with other 

health biomarkers for proper interpretation. 

The differential effect of fish exposure to bacterial pathogens also could explain why no 

significant differences were detected in leukocrits of emerald shiners when grouped into different 

categories. In general, the Niagara River emerald shiners had a leukocrit of 0.6-3%, regardless of 

number of parasites, life stage, hemorrhaging, or the site they were captured from. However, in 

some shiners, the extremely elevated leukocrit observations (10-30%) may have been fish that 

were moribund and just happened to be captured before death. In individuals with abnormally 

high leukocrits, hematocrit did not respond similarly. There were instances when hematocrit was 

elevated while plasma was considerably low, suggesting that fluid loss may have been a factor. 

Conversely, there were individuals with atypically low hematocrit and typical plasma proportion. 

Even though the leukocrit value was not always concurrent with other symptoms of biological 

stress in emerald shiners, it was quick and easy to sample and should still be used in future 

studies. 

Fulton’s condition factor was one of the most significant measurements of well-being in 

this study. Reduced condition factor typically suggests that a fish is not consuming enough 

calories (Shreck and Moyle 1990).The condition factor was significantly reduced in emerald 

shiners that had liver bacterial infection, in adult shiners and in shiners with seven or more 

parasites. Additionally, Fulton’s condition factor was significantly reduced in fish captured from 


