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ABSTRACT 

IMPACTS OF DAM REMOVAL ON CYANOBACTERIA BLOOMS AND ZOOPLANKTON COMMUNITY IN 

HYPEREUTROPHIC UPPER KLAMATH LAKE 

 

 

Kasey Noelle Pruett, MS 

The University of Texas at Arlington, 2023 

 

Supervising Professor: Melissa Walsh 

 

The Chiloquin Dam was removed from the Sprague River in 2008 to restore the natural hydrology of 

Upper Klamath Lake (UKL), allow fish access to historical spawning grounds, and alleviate the effects of 

long-term eutrophication. This provided a natural opportunity to investigate the effects of restoration 

efforts on eutrophication. Using a 10-year dataset including 5 years before and 5 years after dam 

removal, we developed a consensus modeling approach to investigate factors contributing to the 

cyanobacteria blooms, observe changes in the ecosystem since the recovery efforts, and to assess the 

performances of three model types: logistic regression, random forest, and classification tree. Our 

results showed that cyanobacteria cell counts decreased significantly after dam removal and that pH, 

temperature and total phosphorus were important for predicting bloom presence both before and after 

dam removal. Classification trees revealed that reductions in both average total phosphorus 

concentrations and average water temperatures exhibited synergistic control over bloom presence. The 

dam removal also resulted in shifts in zooplankton populations. Copepods increased post-dam removal, 

but chydorids decreased. Previous studies showed that the chydorid species endemic to UKL 
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preferentially consume filamentous cyanobacteria, whereas copepods prefer algae. The changes in these 

two populations could indicate an ecological shift in the lake post-dam and our results suggest that 

eutrophication has been reduced. 
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CHAPTER 1 

INTRODUCTION 

Research has shown that the construction of dams in rivers can alter local stream communities 

(Czerniawski & Domagała 2014), elevate water temperatures within and downstream of reservoirs 

(Zaidel et al., 2021), and increase nutrient concentrations which subsequently facilitates cyanobacteria 

growth (Baldwin et al 2009; Friedl G & Wuest A 2002; Nilsson & Renöfält 2008). For this reason, there 

has been motivation in recent years to remove dams to save endemic species (Ellsworth et al., 2009; 

Ellsworth & VanderKooi, 2011), restore natural hydrology (Nilsson & Renöfält 2008), and improve water 

quality (Genzoli et al., 2021). As of 2017 1,200 dams have been deconstructed in the United States. Less 

than 10% of these projects have studies associated with them, and of the research conducted, few 

investigated biological or ecological impacts on the related waterway (Bednarek, 2001; Bellmore et al., 

2017). However, one recent study used a forecasting model to show that dam discharges may serve to 

control downstream cyanobacterial blooms dependent on the flow rate and temperature of the water 

released (Kim et al 2021).  

The relationship between manmade reservoirs and cyanobacteria blooms, or harmful algal 

blooms (HABs), is well documented. Dams impede the flow of water and dissolved nutrients alike 

causing nitrogen and phosphorus to collect within impoundments (Maavara et al 2020). Studies have 

also shown that dams lead to elevated water temperatures in reservoirs and in downstream reaches 

(Zaidel et al., 2021). Researchers have attributed cyanobacteria bloom development to both elevated 

temperatures and eutrophication (Smucker et al., 2021). However, the rate of increase in blooms is 

greater than can be explained by global warming and eutrophication alone (Ho et al., 2019). Research 

regarding the relationship between dams and cyanobacteria implicates residence times as a contributing 

factor. Osami et al (1998) periodically observed low chlorophyll-a levels despite high nutrient 
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concentrations in the Asahi River Dam reservoir. Their investigation revealed that long hydraulic 

retention times, in addition to nutrient availability and water temperature, were necessary to allow the 

bloom time to develop (Osami et al., 1998). A more recent study found that pigment-based 

cyanobacteria had a significant positive (p<0.01) relationship with both temperature and hydraulic 

retention times behind a continuous weir system located in Nakdong River, Korea. Reduced residence 

time and turbidity-related light reduction worked in concert to inhibit cyanobacterial growth despite rain 

induced influxes of available PO4
3-. They proposed that regular discharges may interrupt the growth 

patterns of the blooms and prevent their development (Choi et al., 2020). However, Baldwin et al (2009) 

demonstrated that if an impoundment is conducive to bloom growth, then discharges may not prevent 

blooms but increase eutrophication and subsequent bloom production downstream of a dam. There is 

little consensus on how to prevent or reduce cyanobacteria blooms in a dammed waterway, but it is 

clear that low flow characteristics inherent to dams make them vulnerable to nutrient loading, solar 

warming and ultimately cyanobacteria bloom growth (Huisman et al., 2018; Maavara et al., 2020; Zaidel 

et al., 2021). 

Large cyanobacteria blooms are environmentally problematic as they interrupt natural processes 

and degrade the functionality of ecosystems (Ekvall et al., 2014; Huisman et al., 2018; Smucker et al., 

2021). Cyanobacteria limit energy transfer from primary producers to higher trophic levels by producing 

colonies or filaments too large for zooplankton consumption (Huisman et al., 2018; Tõnno et al., 2016). 

Also, many species of cyanobacteria emit lethal cyanotoxins (Berens McCabe et al., 2021; Carmichael et 

al., 2000; Holland & Kinnear, 2013), and bloom senescence can cause hypoxia leading to fish kills (Sevrin-

Reyssac & Pletikosic, 1990). Additionally, long-term studies have shown an upward trend in the size of 

cyanobacteria blooms in recent years which has escalated cyanotoxin-related human health risks. (Ho et 

al., 2019; Smucker et al., 2021). Finding effective management strategies to reduce the harmful effects of 

cyanobacteria blooms has become increasingly urgent as they have continued expand. 
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Studies of hydrological changes associated with dam removals indicate that restoring natural 

hydrology can affect the underlying physico-chemical infrastructure of the ecosystem within the former 

impoundment and downstream of the former dam site (Abbott et al., 2022; Bednarek, 2001; Bellmore et 

al., 2019; Zaidel et al 2021). Altering this infrastructure can ultimately lead to larger ecological impacts, 

such as changes in the local stream community (Bellmore et al., 2019). A study conducted during the 

removal of two dams (Elwha Dam and Glines Canyon Dam) on the Elwha River in western Washington 

revealed changes in water quality parameters such as nutrient content, turbidity, and water 

temperature downstream of the dam site. These changes were correlated with decreases in 

downstream macroinvertebrate populations (Foley et al., 2017). However, the outcome will vary based 

on the unique characteristics of the waterway, the dam itself, and the surrounding land (Bellmore et al., 

2019; Nilsson & Renöfält, 2008). For instance, Manatawny Creek responded differently to dam 

deconstruction than did the Elwha River. The creek exhibited shifts in the stream community from lentic 

to lotic taxa, but little changed in downstream water quality parameters. The disparity between the two 

cases is likely related to the fact that the Manatawny Dam was 2m tall resulting in spillover and low 

water residence times, whereas the Elwha Dam was 32m tall and the Glines Canyon Dam was 64m tall 

so that connectivity on the Elwha River was more limited prior to the dam removals (Bushaw-Newton et 

al., 2002; Foley et al., 2017). Bellmore et al (2019) used conceptual predictive models to show that 

recovery after dam removal is possible, but the rate and trajectory of environmental changes are 

dependent on the specific characteristics of each location. This reinforces statements from his previous 

paper discussing the need for additional research focusing on the environmental impacts of dam 

removals (Bellmore et al., 2017). 

This research project used data from the Upper Klamath Lake to investigate the impacts of dam 

deconstruction on cyanobacteria bloom presence, water quality parameters, and zooplankton 

communities. Each water quality parameter used in this study was selected based on prior research that 
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demonstrated its relationship to cyanobacteria. Additionally, we used biomass for three zooplankton 

groups. We selected copepod naupllii, chydorids, and Daphnia. These groups are an important part of 

UKL’s food web (Markle & Clauson, 2006), and each has a unique relationship with cyanobacteria 

blooms. Studies indicate that cyanobacteria bloom presence leads to a shift in the zooplankton 

communities involving a decline in Daphnia and an increase in copepods and smaller cladocerans (Ger et 

al., 2014; Tõnno et al., 2016). Predictive modeling indicates that zooplankton populations in general may 

be severely decreased in the wake of a dam removal. They are likely to recover once turbidity subsides, 

but that may take years (Bellmore et al., 2019). Also, species specific thresholds and mid-food web 

positioning make zooplankton meaningful environmental indicators (Jeppesen et al., 2011). For 

instance, researchers have observed changes in population dynamics dependent on food, pH, and 

temperature conditions (de Eyto & Irvine, 2001). 

 The Chiloquin Dam, located on the Sprague River upstream of UKL, was constructed in 1914, 

and removed in 2008 (Ellsworth & VanderKooi, 2011). UKL is a shallow lake (2.5m deep) located in 

southern Oregon with a history of eutrophication (Bradbury et al., 2004), harmful algal blooms 

(Bortleson & Fretwell, 1993), and declining fish populations, including the endangered Shortnose Sucker 

fish and Lost River Sucker fish (Bortleson & Fretwell, 1993; Burdick, Hereford, et al., 2020; Burdick, 

Hewitt, et al., 2020). The species of cyanobacteria found in UKL, A. flos-aquae, contains specialized cells 

called heterocysts which facilitate atmospheric nitrogen-fixing to compensate for limiting nitrogen levels 

(Huisman et al., 2018; Yamamoto & Nakahara, 2005). The A. flos-aquae blooms in UKL do not produce 

toxins, but they can have negative impacts on fish and other biota by causing large fluctuations in 

dissolved oxygen levels, limiting availability of nutritious food sources, and contributing to the lake’s 

high pH (Bortleson & Fretwell, 1993; Burdick, Hereford, et al., 2020; Burdick, Hewitt, et al., 2020; 

Caldwell Eldridge et al., 2013). Additionally, as the bloom senesces in late summer or early fall it releases 
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large amounts of nitrogen and phosphorus which incites the formation of a toxic Microcystis aeruginosa 

bloom (Burdick, Hewitt, et al., 2020). 

The dam was removed to allow sucker fish access to historical spawning grounds and recover 

the population (Ellsworth et al., 2009; Helper, n.d.). According to recent studies the fish have not 

recovered, which is thought to be related to the lake’s poor water quality (Burdick, Hereford, et al., 

2020; Burdick, Hewitt, et al., 2020; Burdick & Martin, 2017). Currently UKL is classified as hypereutrophic 

and has yearly cyanobacteria blooms composed almost exclusively of Aphanizomenon flos-aquae 

(Martin et al., 2019; Snyder D.T. & Morace JL, 1997). 

The purpose of this analysis is to investigate the relationships between water quality, 

cyanobacteria, and zooplankton in Upper Klamath Lake and to compare the ecological relationships 

before and after dam removal to understand response of UKL’s ecosystem to the restoration effort. We 

expect to find decreases in water quality parameters such as temperature (Bednarek, 2001; Zaidel et al., 

2021), pH (Nilsson & Renöfält, 2008), and nutrient content (Friedl G & Wuest A, 2002; Nilsson & 

Renöfält, 2008) but increases in dissolved oxygen after dam removal (Abbott et al., 2022). We also 

expected to see an increase in mean secchi measures coinciding with diminished cyanobacteria bloom 

occurrences (Peretyatko et al., 2012). Additionally, we anticipated that zooplankton populations would 

show an overall increase post-dam removal (Bellmore et al., 2019; Tullos et al., 2010). Determining 

UKL’s response to the Chiloquin Dam removal is particularly important given the planned deconstruction 

of four other dams in the Klamath Basin beginning in 2023 (Genzoli et al., 2021). Insights gained by 

researching UKL before and after dam removal can be used to make more informed decisions for the 

entire watershed as dam removal projects progress. 

MATERIALS & METHODS 

Data - All data for this study was collected through the Klamath Basin Monitoring Program (KBMP). UKL 

water quality has been monitored since 1990 by the Klamath Tribes (Kann & Perkins, 2021). Thirty years 
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(1990-2020) of water quality data taken from UKL is stored on the Klamath Basin Monitoring Program 

website (Klamath Basin Monitoring Program, 2023). Zooplankton and phytoplankton data is stored on 

the federal Water Quality Portal (National Water Quality Monitoring Council, n.d.). According to annual 

reports, water quality and plankton samples were collected bi-weekly each year from late April to 

October (Jassby & Kann, 2010; Kann, 2011, 2012, 2013, 2014). To investigate the impact of dam removal 

on water quality parameters, zooplankton communities, and the occurrence of cyanobacteria blooms in 

UKL, we selected seven water quality variables: temperature (Temp), pH, dissolved oxygen (DO), total 

phosphorus (TP), total nitrogen (TN), chlorophyll-a (Chl-a), and secchi depth and three zooplankton 

groups, daphnia (Daphnia spp.), chydorids (Chydorus sphaericus), and copepod nauplii (Copepoda spp.). 

We used Aphanizomenon flos-aquae presence/absence as a binary response variable. An outcome of 

absent was defined as a cell count of 0ug/L, and present was defined as a cell count >= 1ug/L. These 

variables were selected from the literature based on observed relationships to cyanobacteria bloom 

formation, zooplankton populations, and water quality.  

Samples were collected and analyzed according to Klamath Basin Monitoring Program standard 

operating procedures. Temperature, pH, and dissolved oxygen were recorded as the average of 

measures taken at multiple depths in the water column. Total phosphorus and zooplankton samples 

were taken as an integrated water column sample. Total phosphorus measures came from water 

samples collected with a “tube sampler”, and zooplankton samples were collected with a Schindler-

Patalis trap (Jassby & Kann, 2010; Kann, 2011, 2012, 2013, 2014).   

We used a ten-year dataset, five years prior to the dam removal in August 2008, and five after 

the dam removal. The entire thirty years of observations could not be used due to large periods of 

missing data. A. flos-aquae cell counts were missing for the year 2003, and zooplankton data was not 

available after January 2014. We used August 31, 2008 as the delineation point to create separate 

datasets – pre-dam removal and post-dam removal. One sample collected in August during the dam 
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deconstruction (taken Aug. 25, 2008) was included in the pre-dam removal dataset since natural 

hydrology had not been fully restored at that point. Variables were tested for normality with the 

Shapiro-Wilks tests from base R and skewness and kurtosis were assessed with the moments package 

(Komsta & Novometsky, 2022). Variables were transformed where necessary. We ran Pearson’s 

correlation tests and multicollinearity tests on both the pre- and post- dam removal datasets with the 

stats and MASS packages (Becker et al., 1988; Venables & Ripley, 2002). TN and Chl-a were determined 

to be highly correlated with multiple independent variables in both datasets and had elevated VIF 

values. These two variables were removed. The variables contained in our final dataset are as seen in 

Table 1. A. flos-aquae cell counts were converted to a binary variable for both datasets. The final pre-

dam removal dataset contained 592 observations with a prevalence rate of 83.78%, and the post-dam 

removal dataset contained 706 observations with a prevalence rate of 80.68%. 

Modeling approach and analysis - Paired t-tests were performed to compare pre-dam removal levels to 

post-dam removal levels for each variable (independent and dependent) to determine if the individual 

variables showed significant changes after the dam removal. Cyanobacteria cell counts were used in 

place of the binary variable. Prior to running paired t-tests we subsampled our pre- and post- datasets in 

triplicate to create six subsets (three pre-dam removal and three post-dam removal) containing 500 

observations each so that t-tests for each variable were repeated three times. We could not use the 

entire pre- and post- datasets due to the imbalance number of observations (pre-dam removal: 592 

observations, post-dam removal: 706 observations).  

Three approaches were used to investigate the relationships between our predictors and 

response variable (cyanos) before and after dam removal: logistic regression (LR), classification tree (CT), 

and random forest (RF). Each has its own set of strengths and weaknesses (Table 2). To assess model 

performance, we used six performance metrics including sensitivity, specificity, true skills statistic, 

accuracy, Cohen’s kappa, and AUC. All modeling analyses were performed in R. All predictive metrics 
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were retrieved with the caret package using predicted binary outcomes (0/1) except for TSS and AUC 

(Kuhn, 2023). TSS was calculated manually using the formula SE + SP – 1, and AUC was retrieved with the 

pROC package using predicted outcome probabilities (0.0-1.0) (Robin, 2023) For all models and 

predictive metrics, we applied the default probablility threshold of 0.5 (present>= 0.5, absent < 0.5).  

 Model training was carried out on 75% of the data for both the pre- and post-dam removal and 

was performed on 3 subsets. The result was six unique test/train subsets (3 for pre- dam removal 

dataset and 3 for post- dam removal dataset). We used the caret package in R to carry out all model 

training and testing (Kuhn, 2023). The RF and CT models were trained on each data subset using 10 

cross-validations as our training control parameter. Prediction metrics were recorded for each model. 

We calculated the average and confidence interval ( n=3; alpha=0.01) for each metric. CT models overfit 

the training sets and were not as effective predictors so we produced untrained CT models with the 

rpart package (Therneau & Atkinson, 2022). Our CT and RF models were not improved by pruning or 

control metrics, so they were not applied to our final models. Though these two techniques are based 

on similar mechanisms, CT models provide detailed information about the relationships amongst the 

variables as well as the thresholds used to derive the final predictive model. RF models do not provide 

these insights into a dataset, but they use a powerful predictive algorithm that is more robust to 

overfitting and less influenced by individual datapoints than CT models (Cutler et al., 2007; Fox et al., 

2017; Peretyatko et al., 2012).  

LR Models were built with the MASS package by backward selection based on Akaike 

Information Criterion (AIC) to find the most parsimonious models (Venables & Ripley, 2002). We 

considered interaction terms by investigating the collinearity plots of all variables in each dataset. Single 

linear regressions were run for pairs of independent variables that appeared to have a relationship 

based on collinearity assessments. Statistical significance and adjusted R2 values were compared to 

determine which interaction terms may benefit our LR models. Three LR models were produced from 
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each dataset for further analysis. Models containing the same interaction terms were trained on both 

pre- and post-dam removal datasets - base model (no interaction), TP*pH*Temp, and TP*DO*Temp.  

RESULTS 

Pre- and post-dam removal comparative results - T-tests showed significant (p<0.05) changes in all 

water quality parameters (Fig. 1). There were significant (p < 0.05) decreases in cyanobacteria cell count 

(mean change: -9.4e+07cells/L), temperature (mean change: –0.650C), total phosphorus (mean change: -

26.1ug/L), pH (mean change: -0.16), and secchi depth (mean change: -0.14m). Cyanobacteria cell counts 

showed a significant (p<0.05) decrease, and dissolved oxygen increased significantly (p<0.05) (mean 

change: 0.32mg/L). Zooplankton groups had variable responses – chydorids decreased significantly 

(p<0.05) (mean change: -26.37ug/L) while copepods increased significantly (p<0.05) (mean change: 

1.44ug/L). Daphnia showed no significant (p>0.050) differences between pre- to post-dam removal 

datasets (mean change: -103.6ug/L).  

Pre-dam removal comparative model results - The predictive power of the models for the pre-dam 

removal set were comparable (Table 3). The RF model outperformed the LR model and the CT in all 

metrics except in specificity for which the LR model had the best predictive performance (CT<RF<LR = 

0.65<0.70 <0.71) and sensitivity for which the CT model performed best (LR<RF<CT = 0.94<0.95<0.96). 

The RF model was clearly superior to the base/non-interaction LR models which indicates the presence 

of underlying interactions that should be incorporated into our LR model for more accurate predictions. 

For the pre-dam removal dataset, adding terms to account for the interactions between total 

phosphorus, dissolved oxygen, and temperature improved the predictive performance and the overall fit 

to the data when compared to the base LR model (Table 3). Adding interactions between pH and total 

phosphorus and pH and temperature (pH*TP, pH*Temp) improved the predictive abilities of the LR 

model beyond that of the previously mentioned interactions (TP*DO*Temp). Although, based on this 

model’s decreased fit (TP*DO*Temp pseudo-R2>pH*TP, pH*Temp pseudo-R2 = 0.573>0.563) it’s 
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increased predictive power may be a symptom of overfitting to the datapoints rather than providing the 

best description of the actual ecosystem through LR modeling. The lack of fit indicates the model is likely 

not reliable and may not consistently provide the most accurate predictions. For this reason, we used 

the TP*DO*Temp model for comparisons with the RF and CT algorithms.  

Variable importance rankings for RF and CT models were similar in all three pre-dam removal 

subsets (Table 4). pH was ranked first for each model in each subset and daphnia was ranked last for 

both machine learning models. Chydorids were ranked second in all RF models and were in the top 

three for all CT models. Rankings for the other five variables did not have the same level of alignment 

across the two model types. The variable importance lists also support the variable selections for the LR 

model. Daphnia, which was ranked last for all variable importance lists was removed from the LR model 

through backward selection. Chydorids and pH were ranked at the top of the variable importance lists 

and played an important role in the predictive power and explained variance of the LR models. Even 

though pH was not significant in the LR model for the first train/test subset, removing it did not improve 

the model. This may indicate that this variable is not particularly instrumental in fitting the data to the 

LR line but is an important factor in determining when conditions are right for bloom formation.  

The CT model placed chydorids at the top of the tree with a threshold of 1.1ug/L (Fig. 2). In 59% 

of observations chydorids > 1.1ug/L resulting in bloom presence probability of 0.99. In the case that the 

chydorids < 1.1ug/L then pH, temperature, total phosphorus, dissolved oxygen, secchi, and copepods 

played a role in predicting bloom presence/absence. Measurements of pH > 7.8, total phosphorus > 

99ug/L, and temperature > 130C were the thresholds strongly associated with bloom presence. A pH >= 

7.8 was the most important factor in dictating bloom presence when chydorid < 1.1ug/L. Chydorids > 

1.1ug/L and pH >= 7.8 together explained 95.45% of all positive outcomes (probability > 0.50) for the 

pre-dam removal dataset.   
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Post-dam removal comparative model results – The RF model for the post-dam removal dataset was 

superior to the other two models in all predictive performance metrics (Table 3). For the post-dam 

removal dataset, the RF model was much superior to the base LR model indicating that interaction 

terms would benefit the LR algorithm’s predictive performance. Adding an interaction between 

temperature and dissolved oxygen (Temp*DO) improved the LR model’s AUC, but all other predictive 

metrics remained the same. Including the Temp*DO interaction also improved the fit of the model 

compared to the base model which was illustrated with a decreased mean AIC (255.96 < 256.59, 

respectively) and increased mean pseudo-R2 (0.542 > 0.537, respectively). However, the best LR model 

for the post-dam removal dataset included interactions among pH, total phosphorus, and temperature 

(pH*TP*Temp). This model was superior across all predictive metrics as well as fit to the data (Table 3), 

and was used to compare to models from the RF and CT algorithms.  

Variable importance rankings from CT and RF models had strong alignment across all three 

subsets – temperature and total phosphorus were ranked first and second, respectively, and chydorids 

were ranked last (Table 5). Daphnia was consistently seventh (above chydorids) in all three RF post-dam 

models and the first CT model but was sixth, above secchi, in the second and third CT models. For all 

post-dam RF models and the second and third CT model pH was third, but the first CT model ranked pH 

as fourth, below copepoda in the first CT model. Dissolved oxygen, copepoda,   secchi were less 

consistent in the variable importance rankings for both models across all three subsets.  

The post-dam CT model placed Temp at the top of the tree with the threshold set at 150C (Fig. 

3). 56% of all observations in the post-dam removal dataset exhibited temperature > 150C and pH > 7.9 

resulting in a bloom presence probability of 1.0. When temperature < 150C the Total phosphorus 

threshold, >85ug/L was the most important predictor of bloom presence. Temperature > 150C, pH > 7.9, 

and Total phosphorus > 85ug/L were the thresholds most strongly associated with bloom presence for 
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the post-dam removal dataset. Together Temperature > 150C, pH > 7.9 and Total phosphorus > 85ug/L 

accounted for 87.95% of all positive outcomes (P> = 0.50).  

DISCUSSION 

In the years since the dam removal there has been little visible recovery in UKL (Burdick, 

Hereford, et al., 2020; Burdick, Hewitt, et al., 2020; Burdick & Martin, 2017). However, it may take years 

or decades for large-scale ecological reversals to develop. Our study was conducted to examine changes 

in water quality parameters and zooplankton in UKL after the Chiloquin Dam removal and determine if 

the observed changes led to a decrease in cyanobacteria bloom occurrence. Our results showed a 3.1% 

decrease in bloom occurrence related to changes in multiple physico-chemical parameters post-dam 

removal. 

Secchi depths showed an average decrease from 0.9935m to 0.8503m (14.41% change). Secchi 

depth values can serve as a strong predictor of algal abundance (Peretyatko et al., 2012). However, 

secchi depth measures are not specific to algal abundance, but are general measure of turbidity, or 

water clarity, which may be diminished by other particulate in the water such as sediment or organic 

detritus. The Chiloquin Dam reservoir was estimated to contain 49,000 - 61,000 tons of sediment prior to 

the dam removal (Bauer, 2009). The year after the Chiloquin Dam was removed the Sprague River 

experienced extremely low flows which limited sediment transport. However, there was evidence of fine 

sediment leaving the reservoir and moving swiftly downstream (Tullos et al., 2010). Studies have found 

that the increased turbidity in post-dam removal conditions may reduce the aquatic invertebrate 

populations downstream of the dam site until water clarity returns. When the populations rebuild the 

community may shift in response to the new flow regime and other related conditions (Bellmore et al., 

2019). 
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The post-dam removal zooplankton community differed from the pre-dam removal community 

in UKL. Copepod nauplii biomass experienced an average increase of 20.8% and there was a 62.9% 

average decrease in the chydorid population. This may be why chydorids were no longer a useful 

predictor of bloom presence for the post-dam removal dataset. The change in flow rates and 

accompanying environmental shifts that take place post-dam removal can control the zooplankton 

community composition based on taxa-specific characteristics and thresholds (Bellmore et al., 2019; 

Czerniawski & Domagała, 2014). For instance, the species of chydorid found in UKL, Chydorus sphaericus, 

is often associated with eutrophic lakes. It can be found perching on cyanobacteria colonies. Additionally, 

their thoracic limbs are adapted to scrape off pieces of filamentous and colonial cyanobacteria small 

enough for consumption (de Eyto & Irvine, 2001; Tõnno et al., 2016). Eyto & Irvine (2001) reported that 

Chydorus sphaericus egg development times are inversely related to both water temperature and pH, 

maturing faster as temperatures increased from 120C – 200C and in pH > 6.6. The observed decline in 

chydorids may be in response the lowered water temperatures in UKL or the increased water velocity 

may interfere with their ability to remain perched on the cyanobacteria colonies thereby preventing 

feeding and possibly hindering the mating process (Czerniawski & Domagała, 2014). Copepod abundance 

can also be impacted by pH, but the thresholds vary based on specific taxa – calanoids thrive in pH < 6.0 

but have more limited growth in pH > 6.0 when the average lake depth =< 2.5m (Min et al., 2021). 

Multiple studies have shown that various copepod species demonstrate an inverse relationship between 

water temperatures and various reproductive success metrics such as clutch size, individual nauplii size, 

and final adult size, but a direct positive relationship with egg development times, so copepod 

populations tend to thrive in cooler waters (Herzig, 1983; Lee et al., 2003). Copepods tend to be 

selective feeders that use chemosensory mechanisms to avoid cyanobacteria (Ger et al., 2014). Previous 

studies showed that Daphnia have an affinity for low flow systems (Czerniawski & Domagala 2014) and 

warmer waters (Stitch & Lampert, 1984) indicating they may be negatively impacted by dam removals. 
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Additionally, Daphnia can adapt to a diet composed mainly of colonial and filamentous cyanobacteria 

and may even graze down blooms if populations are large enough. However, Daphnia showed no 

significant change in biomass after dam removal, ranked low in variable importance in both datasets, 

and were not incorporated into pre- or post- CT models. Their relationship to the blooms may have been 

minimized by a couple of different factors. First, Daphnia’s large size relative to other zooplankton make 

them subject to higher rates of fish predation in eutrophic waters, thus driving the population down and 

limiting their impact on blooms (Ekvall et al., 2014; Ger et al., 2014; Tõnno et al., 2016). Additionally, 

cyanotoxin analyses indicate that the strain of A. flos-aquae in UKL is non-toxic, which diminishes the 

stress placed on zooplankton by the bloom (Carmichael et al., 2000). The changes observed in chydorids 

and copepod nauplii are likely best explained by the taxa-specific limitations imposed by the new flow 

regime, the resulting physico-chemical changes, and reduced bloom presence in UKL post-dam removal 

(Bellmore et al., 2019; Czerniawski & Domagała, 2014). Whereas Daphnia biomass was less influenced by 

the changes in post-dam removal than other environmental factors. 

Dam removals often lead to the release of organic matter from the prior reservoir site. Aerobic 

decomposition of the imported organic matter releases CO2 which acidifies the water . (Nilsson & 

Renöfält, 2008). As previously discussed, pH can be limiting to A. flos-aquae bloom development as it 

cannot bloom if pH < 7.1 (Yamamoto & Nakahara, 2005). The lowest pH recorded during our sample 

months was 7.147, so pH was never low enough to prevent blooms. However, A. flos-aquae is limited to 

a minimal growth rate when pH is between 7.1 and 7.4(Yamamoto & Nakahara, 2005; 2006). The mean 

pH decreased from 8.854 to 8.698 post-dam removal. Though this is not a large change it may have still 

been impactful. As previously mentioned, studies have shown that limited total phosphorus availability 

elevates A. flos-aquae’s temperature threshold (Yamamoto & Nakahara, 2006). However, they did not 

examine how diminished total phosphorus levels may impact the pH thresholds. In our CT models the pH 

threshold increased slightly from 7.8 to 7.9 post-dam removal. Additionally, pH was incorporated in the 
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interaction term in place of dissolved oxygen for the post-dam removal LR model along with temperature 

and total phosphorus. Our results indicate that pH thresholds may increase in response to low 

phosphorus concentrations much like the temperature thresholds.  

Prior to dam removal the reservoir impounded by the Chiloquin Dam was approximately 1.8 

times the width of the Sprague River. Zaidel et al (2021) found that the magnitude of warming in an 

impoundment and downstream is positively predicted by the width of an impoundment relative to the 

river width. The increased surface area makes the water subject to excessive warming by solar radiation. 

The temperature increase was also directly related to water residence time. Restoring flow mitigated 

these two factors thereby reducing water temperatures in UKL by 3.8%. 

Increased connectivity also benefitted the eutrophic state of a waterbody (Friedl G & Wuest A, 

2002; Nilsson & Renöfält, 2008). Total phosphorus levels decreased by 15.6% which has been shown to 

exhibit high levels of control over blooms (Yamamoto & Nakahara, 2006). In their review, Nilsson 

& Renöfält (2008) discuss how water volume controls nutrient concentrations. Additionally, elevated 

flow facilitates interactions between water and riparian plants. Through these interactions the river can 

offload excess nutrients into streamside vegetation thereby diminishing nutrient levels that continue 

downstream (Nilsson & Renöfält 2008). In the early 21st century thousands of acres of wetlands were 

restored on the north side of UKL so that once the dam was removed and downstream water volume 

increased the nutrient burden on the lake would be diminished (Burdick & Martin, 2017). Additionally, 

the Link River Dam is used to regulate outflow and keep lake levels between 4,137ft and 4,143ft (Snyder 

D.T. & Morace JL 1997). Increased inflows after the Chiloquin Dam deconstruction would require 

increased outflows through the Link River Dam to maintain constant lake elevation levels. As water 

leaves UKL it would carry nutrients with it, decreasing the effects of nutrient recycling common to 

reservoirs (Bushaw-Newton et al 2002; Friedl G & Wuest A 2002; Stanley Emily H & Doyle Martin W 

2003). 
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UKL still experiences large diel fluctuations in dissolved oxygen when a bloom is present 

(Burdick, Hereford et al 2020; Burdick, Hewitt, et al 2020) indicating that A. flos-aquae blooms have a 

large amount of influence over dissolved oxygen levels in the lake (Abbott et al 2022). However, mean 

post-dam removal dissolved oxygen levels increased from 8.141mg/L to 8.464mg/L, despite the decrease 

in bloom occurrence. This implies an external source of O2 has increased influence and blooms had less 

control over dissolved oxygen levels in the lake post-dam removal. Studies have shown that as dams 

decrease flow rates, they encourage stratification. This causes surface water temperatures to rise which 

decreases O2 solubility leaving photosynthetic processes as the main source of dissolved oxygen (Abbott 

et al 2022; Bednarek 2001). Conversely, when flow is returned dissolved oxygen increases as surface 

temperatures decrease and the water is aerated through increased velocity and wave action (Abbott et 

al 2022; Friedl G & Wuest A 2002; Zappa et al 2007). This is likely one reason why the LR interaction term 

changed from TP*DO*Temp to TP*pH*Temp – dissolved oxygen levels were not as closely related to 

photosynthesis rates in post-dam removal UKL. Also, changes in dissolved oxygen and temperature may 

have contributed to the reduction of total phosphorus by reducing stratification and increasing oxygen 

levels in the benthos. Hypoxia near the water-sediment interface causes the reduction of the iron 

hydroxide layer that otherwise builds up on top of the sediment. This diminishes the sediment’s ability to 

retain phosphorus, thus allowing it to be released and contribute to the eutrophication of the waterbody 

(Friedl G & Wuest A 2002). The changes in the lake post-dam removal would have lessened the effects of 

this phenomenon which may serve as another explanation as to why the TP*DO*Temp interaction was 

not as beneficial to the post-dam removal LR model. 

Our t-tests showed decreases in our response variable. Cyanobacteria average biomass 

decreased by 33.33%, and bloom prevalence decreased by 3.1%. Temperature and total 

phosphorus appear to have played the largest role in bloom reduction based on their increased 

predictive power in the post-dam removal models. Prior research indicates that A. flos-aquae is 
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highly sensitive to changes in water temperatures, pH, and phosphorus availability. Yamamoto & 

Nakahara reported in 2005 that A. flos-aquae should bloom at 140C if pH is above 7.1. However, 

their study in 2006 showed that when phosphorus is not readily available, such as in the presence 

of competitors, A. flos-aquae requires higher water temperatures, at least 190C, before it can 

bloom. This synergistic control over the cyanobacteria's capacity to bloom was illustrated in our 

machine learning models. Temperature and total phosphorus became limiting factors as their 

observed levels decreased post-dam removal. As a result, they moved to the top of the variable 

importance rankings. Also, in our CT models total phosphorus thresholds decreased while 

temperature thresholds increased. In the pre-dam removal model there was a higher probability 

of bloom occurrence when total phosphorus was > 99ug/L. This threshold decreased to > 85ug/L 

post-dam removal. This would seem to be in response to the reduction in total phosphorus 

concentrations in the lake. However, the temperature threshold most associated with bloom 

presence increased from > 130C pre-dam removal to > 150C post-dam removal. This upward 

shift in the threshold contrasts with the changes observed in UKL - mean water temperatures 

decreased from 17.250C to 16.60C. Based on Yamamoto & Nakahara’s (2006) findings the co-

occurring reductions in temperature and total phosphorus explain the reduction in bloom 

occurrence. 

CONCLUSIONS 

Prior studies have stated that an impact control element is crucial for ensuring that the changes 

observed in a waterway were caused by the dam removal, and not by random chance (Bellmore et al 

2017). We understand that the lack of an impact control element in our study limits what conclusions 

we may draw regarding whether any changes observed in UKL’s ecosystem are in direct response to the 

Chiloquin Dam removal. However, this investigation was conducted many years after the dam removal 



18 
 

took place, so setting up control impact sites for comparison was not an option. Additionally, 

hydrological and geomorphic investigations of the Chiloquin Dam removal confirmed the flow regime 

was altered downstream of the dam removal site (Tullos et al 2010). We have based our conclusions 

about changes in UKL on the known relationship between the hydrology of a waterbody and its physico-

chemical properties (Bednarek 2001; Freidl & Wüest 2002; Nilsson & Renöfält 2008; Kim et al 2021). 

Dam removals present unique opportunities to study how changes in flow regime influence 

riverine ecosystems and human impacts to those systems. Water quality parameters in UKL changed 

after the Chiloquin Dam was removed which reduced both cyanobacteria bloom prevalence and 

Chydorus sphaericus biomass, a species often associated with eutrophic systems. However, additional 

studies incorporating multiple dam removal sites with associated cyanobacterial blooms are needed to 

better understand how dams and dam removals impact cyanobacteria development. 

Although cyanobacteria blooms are still a yearly occurrence and the endangered fish species in 

UKL have not recovered, our results indicate that the ecosystem is on a positive trajectory towards 

recovery. It is important to remember that reversing 100 years of accumulated environmental damage 

may take decades. Additionally, UKL is still under a restricted flow regime with low outflow. Based on 

our research removing the Link River Dam may be the next step to fully restore UKL to a healthy 

ecosystem. 
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Table 1 Variable Descriptions 

Table. 1. VARIABLES USED FOR ANALYSIS TO BUILD PREDICTIVE MODELS AND ASSESS LAKE HEALTH. PARAMETERS WERE SELECTED 

BASED ON RELATIONSHIPS TO ECOSYSTEM HEALTH AND EUTROPHIC STATE.  

Parameter  Relevance  Reference  

Total Phosphorus Limiting essential nutrient for cyanobacteria 
growth  

Snyder & Morace 1997; 
Winton et al 2019; Bradbury 
et al 2004; Kann 2011  

Secchi Depth  Measure of water clarity related to presence 
of algae or other particulate or water velocity  

Nilsson & Renöfält 2008; 
Bellmore 2019; Kann 2011  

Dissolved Oxygen  Important element for aquatic life; Large 
diurnal fluctuations; Hypoxia during 
senescence  

Burdick eat al 2020a; Burdick 
et al 2020b; Bellmore et al 
2019; Kann 2011  

pH  Extreme highs and lows may be lethal to biota; 
A. flos-aquae cannot grow if pH<7.1; 
impounded lakes  

Yamamoto & Nakahara 2005; 
Burdick eat al 2020a; Burdick 
et al 2020b; Wuts & 
Durborow 1992; Kann 2011  

Temperature  Influences zooplankton health and 
reproduction rates, A. flos-aquae cannot grow 
in waters below 110C  

Yamamoto & Nakahara 2005; 
Eyto & Irvine 2001; Tonno et 
al 2016; Min et al 2021; 
Herzig 1983; Kann 2011  

Chydorids  
(Chydorus sphaericus)  

Juvenile sucker food source, often found in 
eutrophic lakes, can consume filamentous 
cyanobacteria, impacted by water quality 
parameters 

Markle & Clausen 2006; 
Tonno et al 2016; Eyto & 
Irvine 2001; Bellmore 2019; 
Kann 2011  

Copepods  
(nauplii)  

Juvenile sucker food source, population 
impacted by water quality parameters, grazing 
may control or encourage cyanobacteria 
growth  

Markle & Clausen 2006; 
Ekvall et al 2014; Aguilera et 
al 2020; Lee et al 2003; 
Bellmore 2019; Kann 2011  

Daphnia  Juvenile sucker food source, population 
impacted by various water quality parameters, 
grazing may control cyanobacteria growth  
  

Markle & Clausen 2006; 
Urrutia-Corderro et al 2016; 
Ekvall et al 2014; Bellmore 
2019; Kann 2011  

Aphanizomenon  
flos-aquae  

Response variable, indicates trophic state, 
sensitive to pH, temperature, and total 
phosphorus, related to secchi depth and 
dissolved oxygen, effects health of other 
biota   

Yamamoto & Nakahara 2005; 
Burdick et al 2020a; Burdick 
et al 2020b; Bradbury 2004; 
Morace & Snyder 1997; Kann 
2011  
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Table 2 Algorithm Strengths & Weaknesses 

TABLE. 2. STRENGTHS AND WEAKNESSES OF THE THREE ALGORITHMS USED IN OUR ANALYSIS: LOGISTIC REGRESSION, 

CLASSIFICATION TREE, AND RANDOM FOREST.  

MODEL 
ALGORITHM 

Weaknesses Strengths Reference 

LOGISTIC 
REGRESSION 

• Influenced by 
collinearity 

 

• Limited to 
defining the data 
and relationships 
based on fit to a 
line 

• Shows relationships 
amongst the variables 

 

• Shows interactions 
amongst independent 
variables 

 

• Produces odds ratios that 
show strength and 
direction of influence of 
each independent term 
on the outcome variable. 

Cutler 2007; 
Ranganathan et al 
2017; 
 Liu et al 2013 

CLASSIFICATION 
TREE 

• Easily influenced 
by individual 
datapoints 

 

• Prone to 
overfitting 
training dataset 

• Show specific thresholds 
associated 
with presence/absence of 
response variable 

 

• Calculate probability of 
positive outcome for each 
combination of 
independent variables 

 

• Produces variable 
importance rankings 

 

• Can define non-linear 
relationships 

Fox et al 2017; 
Peretyatko et al 
2012 

RANDOM 
FOREST 

• Do not elaborate 
on relationships 
amongst variables 

• Powerful predictive tool 
often superior to other 
algortihms 

 

• Can define non-linear 
relationships 

 

• Robust to collinearity 
 

• Robust to overfitting  

Fox et al 2017; 
Cutler et al 2007 
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Variable Median Values Before and After Dam Removal 

 

Figure 1 Pre-/Post- Boxplots 

Fig. 1. BOXPLOTS SHOW VARIABLE CHANGES PRE-/POST- DAM REMOVAL. PAIRED T-TESTS SHOWED SIGNIFICANT DECREASE (p<0.05) 

IN CYANOBACTERIA, TOTAL PHOSPHORUS, TEMPERATURE, SECCHI DEPTH, AND CHYDORIDS, AND SIGNIFICANT INCREASE (p<0.05) IN 

DISSOLVED OXYGEN AND COPEPODS. DAPHNIA SHOWED NO SIGNIFICANT (p>0.05) CHANGE POST-DAM 
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Table 3 Model Prediction Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Table. 3. MEAN OF PREDICTIVE METRICS FROM THE 3 TRAIN/TEST SUBSETS FOR EACH MODEL BEFORE AND AFTER DAM REMOVAL ± 

CONFIDENCE INTERVAL (alpha = 0.01; n=3). SEPARATED BY ALGORITHM AND DATASET. BLUE HI-LIGHT INDICATES BEST PERFORMING LR 
MODEL, AND YELLOW HI-LIGHT INDICATES BEST PERFORMING MODEL AMONGST ALGORITHMS.  

Dataset  Model  Sensitivity  Specificity  
True Skill 
Statistic  

Accuracy  Kappa  AUC  

Pre-Dam 
Removal  

Logistic Regression 
(base)  

0.93 ± 0.009  0.65 ± 0.158  0.59 ± 0.150  0.89 ± 0.015  0.58 ± 0.097  0.93 ± 0.039  

Logistic Regression 
(tp*do*temp)  

0.94 ± 0.009  0.71 ± 0.166  0.64 ± 0.160  0.9 ± 0.026  0.62 ± 0.108  0.94 ± 0.023  

Random Forest  0.95 ± 0.017  0.7 ± 0.091  0.65 ± 0.107  0.91 ± 0.031  0.67 ± 0.101  0.96 ± 0.023  

Classification Tree  0.96 ± 0.030  0.65 ± 0.302  0.61 ± 0.327  0.91 ± 0.065  0.64 ± 0.292  0.9 ± 0.026  

Post-Dam 
Removal  

Logistic Regression 
(base)  

0.91 ± 0.052  0.68 ± 0.045  0.59 ± 0.026  0.87 ± 0.031  0.58 ± 0.075  0.91 ± 0.037  

Logistic Regression 
(pH*tp, pH*temp)  

0.92 ± 0.030  0.72 ± 0.026  0.64 ± 0.039  0.88 ± 0.030  0.62 ± 0.060  0.93 ± 0.023  

Random Forest  0.96 ± 0.037  0.76 ± 0.052  0.72 ± 0.031  0.92 ± 0.017  0.74 ± 0.043  0.94 ± 0.009  

Classification Tree  0.93 ± 0.030  0.66 ± 0.068  0.59 ± 0.054  0.88 ± 0.017  0.6 ± 0.045  0.87 ± 0.026  
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Table 4 Variable Importance Rankings 

Table 4. PRE-DAM REMOVAL VARIABLE IMPORTANCE RANKINGS FROM MACHINE 

LEARNING MODELS; SEPARATED BY MODEL TYPE AND TRAIN/TEST SUBSETS.  

  Random Forest  

(Pre-)  
Classification Tree  

(Pre-)  

Subset 
1  

1. PH  
2. Chydorid  
3. Secchi  
4. Temp  
5. TP  
6. Copepoda  
7. DO  
8. Daphnia  

1. PH  
2. Chydorid  
3. Temp  
4. TP  
5. Secchi  
6. Copepoda  
7. DO  
8. Daphnia  

Subset 
2  

1. PH  
2. Chydorid  
3. Temp  
4. Secchi  
5. TP  
6. DO  
7. Copepod  
8. Daphnia  

1. PH  
2. Temp  
3. Chydorid  
4. TP  
5. Secchi  
6. Copepod  
7. DO  
8. Daphnia  

Subset 
3  
  

1. PH  
2. Chydorid  
3.  Temp  
4. Copepod  
5. TP  
6. Secchi  
7. DO  
8. Daphnia  

1. PH  
2. Chydorid  
3. TP   
4. Temp  
5. Copepod  
6. Secchi  
7. DO  
8. Daphnia  
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Figure 2 Pre-Removal Classification Tree 

Fig. 2. CLASSIFICATION TREE FOR PRE-DAM REMOVAL DATASET. SHOWS RELATIONSHIPS AMONGST WATER QUALITY PARAMETERS 

AND ZOOPLANKTON, AND THEIR RELATIONSHIP TO A. flos-aquae BLOOM OCCURRENCE. GREEN FINAL NODES INDICATE AN OUTCOME 

OF “1” (PRESENT) AND BLUE NODES INDICATE AN OUTCOME OF “0” (ABSENT). PERCENTAGES SHOW THE RATION OF DATA 

REPRESENTED BY THE CONDITIONS LEADING TO THAT FINAL NODE, AND PROBABILITIES SHOW THE CHANCE OF BLOOM 

OCCURRENCE. 
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Table 5 Variable Importance Rankings 

 

 

 

 

 

 

Table 5.  POST-DAM REMOVAL VARIABLE IMPORTANCE RANKINGS FROM 

MACHINE LEARNING MODELS; SEPARATED BY MODEL TYPE AND TRAIN/TEST 

SUBSETS.  

 Random Forest 
(Post-) 

Classification Tree 
(Post-) 

Subset 
1  

1. Temp 

2. TP 

3. PH 

4. Copepods 

5. DO 

6. Secchi 

7. Daphnia 

8. Chydorids 

1. Temp 

2. TP 

3. Copepods 

4. pH 

5. DO 

6. Secchi 

7. Daphnia 

8. Chydorids 

Subset 
2  

1. Temp 

2. TP 

3. PH 

4. Copepods 

5. DO 

6. Secchi 

7. Daphnia 

8. Chydorids 

1. Temp 

2. TP 

3. PH 

4. Copepods 

5. DO 

6. Daphnia 

7. Secchi 

8. Chydorids 

Subset 
3  

1. Temp 

2. TP 

3. PH 

4. DO 

5. Copepods 

6. Secchi 

7. Daphnia 

8. Chydorids  

1. Temp 

2. TP 

3. PH 

4. DO 

5. Copepods 

6. Daphnia 

7. Secchi 

8. Chydorids 
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Figure 3 Post-Removal Classification Tree 

Fig. 3. CLASSIFICATION TREE FOR POST-DAM REMOVAL DATASET. SHOWS RELATIONSHIPS AMONGST WATER QUALITY PARAMETERS 

AND ZOOPLANKTON, AND THEIR RELATIONSHIP TO A. flos-aquae BLOOM OCCURRENCE. GREEN FINAL NODES INDICATE AN 

OUTCOME OF “1” (PRESENT) AND BLUE NODES INDICATE AN OUTCOME OF “0” (ABSENT). PERCENTAGES SHOW THE RATION OF DATA 

REPRESENTED BY THE CONDITIONS LEADING TO THAT FINAL NODE, AND PROBABILITIES SHOW THE CHANCE OF BLOOM 

OCCURRENCE. 

 


