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Abstract: The Colorado River is a principal source of water for 40 million people and farmlands in 

seven states in the western US and the Republic of Mexico. The river has been under intense pressure 

from the effects of climate change and anthropogenic activities associated with population growth 

leading to elevated total dissolved solid (TDS) and total suspended solid (TSS) concentrations. Ele-

vated TDS- and TSS-related issues in the basin have a direct negative impact on the water usage and 

the ecological health of aquatic organisms. This study, therefore, analyzed the spatiotemporal vari-

ability in the TDS and TSS concentrations along the river. Results from our analysis show that TDS 

concentration was significantly higher in the Upper Colorado River Basin while the Lower Colorado 

River Basin shows a generally high level of TSSs. We found that the activities in these two basins are 

distinctive and may be a factor in these variations. Results from the Kruskal–Wallis significance test 

show there are statistically significant differences in TDSs and TSSs from month to month, season 

to season, and year to year. These significant variations are largely due to seasonal rises in consump-

tive use, agriculture practices, snowmelts runoffs, and evaporate rates exacerbated by increased 

temperature in the summer months. The findings from this study will aid in understanding the 

river’s water quality, detecting the sources and hotspots of pollutions to the river, and guiding leg-

islative actions. The knowledge obtained forms a strong basis for management and conservation 

efforts and consequently helps to reduce the economic damage caused by these water quality pa-

rameters including the over USD 300 million associated with TDS damages. 

Keywords: anthropogenic; Lower Colorado River Basin; spatiotemporal; total dissolved solids 

(TDSs); total suspended solids (TSSs); Upper Colorado River Basin; statistical analysis; variability 

 

1. Introduction 

The Colorado River is one of the most crucial water supplies located in the western 

United States, supporting a range of human endeavors such as domestic, agricultural, and 

industrial activities. Nevertheless, anthropogenic activities and climate change have sig-

nificantly altered the river’s water quality, which has caused the degradation of aquatic 

habitats and the loss of species. The taste, appearance, and safety of the water for human 

consumption, as well as aquatic life in the river, could be impacted by the elevated levels 

of TDSs and TSSs [1–3]. The Colorado River system’s water quality is most severally im-

pacted by river modifications like dams and irrigation diversions [4]. Loads generated 

from non-agricultural regions aided by erosion and dissolution of minerals as water flows 

through the subsurface of the basin and released into streams as baseflows are contribu-

tors to total dissolved solids (TDSs) and total suspended solids (TSSs) in the river [5]. In 

recent times, drought events in the Colorado River Basin (CRB) have caught national and 

international a�ention underscoring the crucial role that water scarcity plays and its wide-

ranging effects. The protracted and extreme drought in the basin resulted in decreasing 

water availability, declining reservoir levels, and ecological stress. The prolonged drought 

Citation: Adjovu, G.E.; Stephen, H.; 

Ahmad, S. Spatiotemporal Variability 

in Total Dissolved Solids and Total 

Suspended Solids along the Colorado 

River. Hydrology 2023, 10, 125. 

h�ps://doi.org/10.3390/ 

hydrology10060125 

Academic Editors: Elias Dimitriou 

and Joaquim Sousa 

Received: 2 May 2023 

Revised: 21 May 2023 

Accepted: 29 May 2023 

Published: 2 June 2023 

 

Copyright: © 2023 by the authors. 

Licensee MDPI, Basel, Swi�erland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

A�ribution (CC BY) license 

(h�ps://creativecommons.org/license

s/by/4.0/). 



Hydrology 2023, 10, 125 2 of 28 
 

 

in the river basin intensifies the challenges caused by climate change and anthropogenic 

activities [6]. 

Continuous drought in the river basin coupled with climate change and anthropo-

genic activities can lead to an increase in water quality impairment. Climate change and 

anthropogenic activities such as indiscriminate release of untreated sewage, industriali-

zation, irrigations, application of fertilizers, and grazing around watersheds are potential 

causes of degradation and impairment of freshwater systems including rivers and lakes 

[2,7–12]. Freshwater impairment is an issue of great concern affecting the quality of the 

already stressed water resources, particularly in tropical countries [13]. Researchers have 

found that freshwater systems flowing through the Great Plains of Central America are 

faced with deterioration and threatened the sustainability of biodiversity [14]. The rise in 

population and associated activities coupled with the climate changes have resulted in 

unending stress to the ecology of many waterbodies including rivers. It is, however, diffi-

cult to quantify the exact role that climate change has on the impairment of the ecology of 

water bodies due to the significant influence of nutrients in the waterbodies compared to 

the slow changes of physical characteristics of the water column [15]. The impairment of 

waterbodies such as lakes and rivers affects commercial and recreational activities such as 

boating, fishing, and swimming which decrease in these waterbodies, which results in 

huge economic losses [16]. Drinking contaminated or impaired water exposed to viruses, 

bacteria, and parasites leads to outbreaks of waterborne diseases. These issues are more 

prominent in areas with significant agricultural activity and deficient advanced treatment 

for wastewater and animal and human waste [17]. 

Monitoring efforts and management techniques are crucial for preserving and restor-

ing the quality of water resources, and they must be effective to provide the desired out-

comes of a healthy waterbody in the ecosystem economy [18,19]. To achieve the desired 

results, it is important to understand the water quality parameters (WQPs) causing im-

pairment and their characterization. In general, these WQPs are categorized as chemical 

(including cations and anions such as potassium (K+), sodium(Na+), Calcium (Ca2+), mag-

nesium (Mg2+), chloride (Cl−), fluoride (F−) nitrate (NO3−), and sulfate (SO42−)), physical (in-

cluding TSSs, electrical conductivity (EC), dissolved oxygen (DO), and salinity or TDSs), 

and biological (including total coliforms and Escherichia coli (E. coli)) parameters [1,2,20–

22]. 

This study, however, focuses on the analysis of TDSs, also known as salinity and 

TSSs, to understand their occurrence and trend in the Colorado River. This will contribute 

to the development of plans for lowering pollution levels in the river, protecting aquatic 

ecosystems, and providing a sustainable water supply to communities and states that rely 

on the river for water. Both TDSs and TSSs are fractional components of the total solids of 

the same sample separated by filtrations. While TDSs pass through 2.0 µm or less nominal 

pore size, TSSs are retained on the same sieve size at specific conditions [23]. 

The occurrence of these WQPs in the CRB are intensified by several activities includ-

ing agriculture, mining, irrigation, energy development, and site preparations among oth-

ers most which of which are unintended consequences which require a holistic and careful 

approach to minimize them [24]. 

The salt in the Colorado River system is abundant and naturally occurring. A signif-

icant number of saline sediments in the CRB were deposited in prehistoric marine condi-

tions. Salts contained in sedimentary rocks are readily erodible, dissolved, and discharged 

into the river system [25]. In general, the level of salinity in the river increases as it flows 

downstream with a concentration of about 50 mg/L at its headwaters to about 850 mg/L 

where it crosses the border between the US and Mexico. On average each year, about nine 

million tons of salt are carried past the Hoover Dam, which is the uppermost point at 

which numerical requirements have been established on the river [25,26]. 

The issues of salinity in the river basin cause annual economic damages in a sum 

exceeding USD 300 million negatively impacting over 36 million people and 4.5 million 

acres of irrigated lands [2,5,27,28]. A total of 55% of the dissolved solids in the river basin 



Hydrology 2023, 10, 125 3 of 28 
 

 

are accounted for by natural saline springs, natural surface runoff, erosion of saline geo-

logic formations, and groundwater flow. A total of 37% of the salt contributions into the 

river come from irrigated agricultural lands using both natural and reclaimed wastewater. 

The remaining 8% of the dissolved solids in the basin are accounted for by evaporative 

processes and industrial and municipal sources [27,29]. The economic damages caused to 

the river are estimated to rise to USD 471 million annually by the year 2025 according to 

the US Bureau of Reclamation [30]. These damages are due to measures put by the US to 

reduce the TDS load contained in the water discharged to the Republic of Mexico in the 

international 1944 Water Treaty signed between the two countries [30]. The treaty stipu-

lates the delivery of 1.8 billion m3 per year from the Colorado River to the Republic of 

Mexico in compliance with Minute 242 [28,31]. The CRB Salinity Control Act consequently 

tasks the Secretaries of the US Department of Agriculture (USDA) and the Department of 

the Interior to ensure the preservation and safeguarding of the water in the Colorado 

River. Title I of the Act requires the construction, maintenance, and operation of desalting 

plants, brine discharge canal, and other facilities to ensure the delivery of water to the 

Republic of Mexico from the Morelos Dam with a concentration of TDSs no more than 115 

± 30 mg/L above the yearly mean annual flow-weighted TDS concentration which arrives 

at the Imperial Dam (across the California/Arizona border) of the river. The CRB states 

adopt different numerical values for TDS concentrations of 879, 747, and 723 (concentra-

tions in mg/L), respectively, for locations below the Imperial, Parker, and Hover Dams 

[3,25,29]. 

TSSs consist of organic and inorganic solids suspended in the water columns used in 

describing sediment pollution in a water body [32]. The average tolerance limit of TSSs in 

water is about 90 mg/L and 13 mg/L, respectively, for fishes and bo�om invertebrates [33]. 

Only a few states in the US have a numerical criterion set for TSSs with values ranging 

from 38 to 158 mg/L [33]. TSSs in the Colorado River are impacted by several factors in-

cluding forest fires, rainfall, and runoff. The occurrence of forest fire events in the upper 

part of the lower Virgin River watershed is said to have caused drastic changes in the land 

use and land cover (LULC) leading to erosion of a considerable number of suspended 

sediments affecting the TSS concentration in Lake Mead located in the Colorado River. 

Rainfall and associated runoff caused by climate change may also impact the flow of 

eroded sediments into the river. Heavy rains may generate runoff, which can transport 

sediments, silt, and pollutants from the land into the river and raise TSS levels. In addition, 

high precipitation events can result in higher river flows, which might affect the dilution 

and transport of TDSs and TSSs [34]. 

TSS accumulation in lakes like those on the Colorado River is likely a phenomenon 

that requires effective systems to be effectively addressed [35]. Understanding sediment-

related issues in freshwater bodies is important as it impacts the quality of the water and 

subsequently affects the lives of humans and the aquatic ecosystems which depend on 

these waters for their needs. 

TDS and TSS levels in the CRB are influenced by changes in reservoir storage, stream-

flow, and natural variability in salinity, extraction of energy and mineral resources such 

as gas, oil, and coal, and agricultural practices. Increased streamflow dilutes the salt in the 

water. The decline in water level due to evaporation leads to drought in the river and 

could potentially increase the level of salt in the water. The variations in TDSs and TSSs 

are strongly influenced by climatic fluctuations in rainfall and snowmelt runoff. Down-

stream rivers’ water quality variability is changed by reservoir storage. Large reservoirs, 

such as Lake Powell in the CRB, selectively route less salty water while storing more salty 

water when flows are low. When inflows start to rise, poor water quality is then released 

[26,29,36]. TDSs and TSSs related in the basin could not only impair the quality of water 

in the river basin but also reduce the capacity of reservoirs such as Lake Mead and Lake 

Powell in the basin for water storage as well as posing operations challenges to the man-

agement of the reservoirs in the basin. At the time of their inception, reservoirs had a 

known amount of water storage capacity. This is however reduced by the mechanism of 
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siltation of the reservoirs by sediments in reservoirs which disrupt the continuous move-

ment of sediments through rivers [37,38]. Sedimentations in reservoirs could lead to re-

duce usable life and deprives the downstream sections of the river of required sediments 

necessary for sustenance of aquatic habitats [6,38]. 

TDS concentrations have a direct impact on groundwater and river bodies world-

wide. A high concentration of TDSs has the potential to cause toxicity in aquatic organ-

isms. Changes in the ionic compositions of water and the toxicity of the ions can elevate 

the salinity of the water which can cause shifts in biotic communities hence limiting their 

biodiversity [39]. TSSs on the other hand impede light penetration into lower water layers 

and hence have the potential to cause shallow lakes and bays to silt and smother benthic 

habitats as they impact both living organisms and eggs. As particles of clay, silt, and other 

organic materials se�le at the bo�om of shallow lakes and bays, they have the potential to 

cause the suffocation of newly hatched larvae and impede the survival of zoobenthos [40]. 

The presence of TSSs in the water also affects the amount of light that penetrates through 

the water column which restricts the rate of energy assimilation by benthic algae, macro-

phytes, and phytoplankton [40]. Improved quantification of TSS and TDS loadings in 

streams could be useful to assess the possible impacts of urbanized activities such as min-

ing [36]. A TDS/TSS ratio has been proposed as a method for estimating TDS loading using 

TSSs as an indicator in past studies [36]. Reduction in the biodiversity abundance of 

aquatic animals in rivers in the North American Great Plains has been linked to changes 

in hydrology, fragmentation of habitats, and increased concentration of TDSs and TSSs 

due to associated climate and LULC or landscape use changes [14]. The topography, soil 

types, and vegetation cover of a local landscape can impact the pace of erosion and sedi-

ment transport. The landscape steep slopes and bare and erodible soils can facilitate soil 

erosion leading to increment in the TSS levels in the river. Studies have found that an 

increase in sediment loads leads to a decrease in dissolved oxygen which cause affects the 

development of fish species [14]. 

Effective monitoring of these WQPs requires a multifaceted approach as no single 

known approach could efficiently reduce the number of sediments and dissolved solids 

in one single waterbody. Studies have shown that measures put in place to reduce sedi-

ments in the Colorado River could also be beneficial to the reduction of TDSs but only 

along the reach of the river. Reductions in TSSs could not improve the TDS concentration 

in tributaries to the Colorado River except for the lower Gunnison and Roaring Fork Riv-

ers [41]. 

Actions taken to reduce the amount of TSSs and TDSs in the CRB include instituting 

a water quality control plan to protect and enhance the quality of water in the basin, con-

struction of sediment control measures and best management practices including check 

dams, erosion control blankets, sediment ponds and traps, and silt fences to contain sedi-

ments and prevent their transport during construction works, the implementation of a 

management plan for non-point source pollution, and instituting salinity control 

measures by collaborative efforts of the Bureau of Reclamation, Bureau of Land Manage-

ment, the Basin States Program, and the United States Department of Agriculture (USDA) 

[25,42,43]. 

The effectiveness of the management and monitoring efforts of the water systems 

including rivers and lakes however largely depends on these spatiotemporal changes in 

the status of these water systems that reflect natural and human activities in the surround-

ing ecosystems hence the need to carry out this study to understand and provide manag-

ers of the river system with insights on the trend of these WQPs in the Colorado River to 

improve water management practices and to a large extent take measures to ensure the 

sustainability of the river as a significant source of water for the western US and the Re-

public of Mexico. 

The objective of this study is to analyze the spatiotemporal variations in WQPs spe-

cifically TDS and TSS concentrations along the Colorado River. We hypothesized that 
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there is a significant variation in TDS and TSS concentrations along the Colorado River 

and that the reservoir storage influences the concentrations of these WQPs. 

The study subsequently addresses the following questions aimed at achieving the 

objective: 

1. How do the concentrations of TDSs and TSSs vary spatiotemporally along the Colo-

rado River? 

2. How do changes in seasons influence the levels of TDSs and TSSs in the Colorado 

River? 

3. Is there a statistically significant difference in the TDS and TSS concentrations in the 

Colorado River in the Upper Colorado River Basin (UCRB) and the Lower Colorado 

River Basin (LCRB)? 

2. Materials and Methods 

2.1. Study Area 

The Colorado River is housed in the CRB. The Colorado River is about 2318 km long 

from its headwaters to the mouth located in the Gulf of California with the approximate 

coordinates of 32° N, 115° W. The river is ranked 6th among 135 rivers in the U.S. with a 

length of >160.9 km. It is about 15 m wide for its first 80.5 miles and goes to about 61 m 

wide at the Grand Junction [44]. The river is joined by several tributaries. The major ones 

include the Yampa, San Juan, Gunnison, White, Delores, Green, Gila, Virgin, and Li�le 

Colorado Rivers [44]. The Colorado River is a highly regulated system with a vast network 

of dams, reservoirs, and aqueducts that divert 90% of the water in the river in the US for 

municipal and agricultural purposes. The main stem of the river in the US has 15 dams 

with a combined storage of 71.9 billion m3 [45]. The CRB has an approximate area of about 

657,000 sq. km [46]. According to the U.S. Department of the Interior Bureau of Reclama-

tion Upper Colorado Region progress report No. 24, published in 2014, the Colorado River 

is divided into the Upper and Lower Colorado Basins. The UCRB consists of Colorado, 

New Mexico, Utah, and Wyoming, while the LCRB consists of Nevada, Arizona, Califor-

nia, and the Gila River between Arizona and New Mexico [29]. The CRB is largely arid to 

a semi-arid region with elevations varying from sea level to over 4267 m. The basin re-

ceives precipitation ranging from 10.16 cm a year in the deserts to up to 152.4 cm a year in 

some of the upper basin mountainous watersheds. The locations of sub-basins within dif-

ferent climate regimes affect the precipitation. Much of the LCRB is dry because of oro-

graphic barriers and persistent high-pressure weather cells. Another factor that influences 

the changes in precipitation is the changes in elevations of the CRB. There is a wide range 

of monthly average temperatures in the CRB from below freezing in winter months at 

upper elevations of the UCRB to nearly over 37.78 °C in summer months in the LCRB. 

Climatic conditions in the basin are influenced by a sharp climatic gradient and uneven-

ness in topography. Evapotranspiration drives the water cycle in the region. Precipitation 

evaporates from the soil, snowpack, open water, vegetation, and crops through evapo-

transpiration [47]. The UCRB has seen a streamflow decline by approximately 20% in the 

last century based on estimations of naturalized flow above the Lees Ferry. Climate 

change forces are said to have reduced the streamflow from the UCRB by an approxi-

mately 10% with uncertainty reductions at 6–14% [48]. 

The population growth around the CRB coupled with the irrigation water require-

ment has led to dramatic stress on the river. The largest reservoirs on the river, namely 

Lake Mead and Lake Powell, are experiencing a drastic decline in water levels due to in-

tense drought and increased water demand over the last two decades [46,49]. The river 

and its tributaries provide water to about 35 million people in the US and 3.3 million peo-

ple in the Republic of Mexico yearly. The river helps maintain the biodiversity of organ-

isms while aiding the economy. Close to 22.3 billion acres and 2.02 billion acres of land in 

the US and the Republic of Mexico, respectively, obtain their irrigation water supply from 

Colorado. The river also supports the economy by providing about 16 million jobs with 
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an economic benefit exceeding $1.4 trillion. The basin also provides 4200 MW of electricity 

to people in the US yearly [26,29,50]. The basin is however, facing drastic water declines 

leading to increase in stress on the available water due to drought, population growth, 

over-exploitation of the groundwater aquifers and surface water, and continuous pollu-

tion of the freshwater systems, water managers are opting for more sustainable water sup-

ply options which save energy which includes desalination of brackish water [51]. 

The water from the river is allocated by the Colorado River Compact of 1922 and 

other acts, including the 1928 Boulder Canyon Project Act, the 1944 Water Treaty, the Up-

per Colorado River Basin Compact of 1948, and rulings by the United States Supreme 

Court [52]. The Colorado River is considered to be physically, culturally, and economi-

cally essential by the twenty-nine (29) federally recognized tribes within the CRB [53]. This 

study utilizes selected USGS stations on the CRB with the needed TDS and TSS data using 

the selection criteria described in the data collection section of this document. The map 

showing the extent of the CRB is presented in Figure 1. 

 

Figure 1. Map of the Colorado River Basin with Surrounding States created in the ESRI ArcGIS Pro 

software. 

2.2. Data Collection 

Water quality data used for inland and coastal waters are available as discrete sam-

ples carried through field and laboratory analysis. Professionals and volunteers carry out 

water quality monitoring programs with higher frequency and near-continuous data us-

ing methods such as automated in situ sensors [19]. 

For this study, in situ water quality data were obtained from the USGS data reposi-

tory for the river stations from 1 January 2000 to 22 April 2023. The data were retrieved 

from the USGS website [54]. A search was conducted for the WQPs (field/lab sample data) 

on the USGS data repository by inpu�ing parameter codes (70301 for TDSs and 80154 for 

TSSs) for the water quality parameters under consideration for the upper and lower basin 

hydrological regions as presented in Figure 2. The parameter codes were obtained from 

the USGS website. The summary approach utilized in the data retrieval is presented in 
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Figure 2. The approximate location, drainage area, and states of the stations with the data 

for this study are presented in Table 1 and further illustrated in Figure 3. The river and 

tributary shapefile, the basin boundary, and its reservoir storage data were retrieved from 

the CRB GIS Open Data Portal [55]. A summary of the data availability and period for the 

station is presented in Table 2. 

 

Figure 2. Schematic approach for the retrieval of water quality from the USGS data repository. 

Table 1. Locations and details of the USGS stations with water quality data used in the study. 

No. Station Name State Basin 
Drainage Area 

(km2) 
Lat. (N), Long. (W) 

1 9095500 Colorado River near Cameo CO 

UCRB 

20,684 39°14′21″, 108°15′56″ 

2 9163500 Colorado River near Colorado-Utah State Line CO 46,229 39°07′58″, 109°01′35″ 

3 9180500 Colorado River near Cisco UT 62,419 38°48′38″, 109°17′34″ 

4 9380000 Colorado River at Lees Ferry AZ 

LCRB 

289,561 36°51′52″, 111°35′16″ 

5 9421500 Colorado River below Hoover Dam NV 444,701 36°00′55″, 114°44′16″ 

6 9423000 Colorado River below Davis Dam NV 4,488,454 35°11′30″, 114°34′17″ 

7 9427520 Colorado River below Parker Dam CA 473,191 34°17′44″, 114°08′22″ 

8 9522000 Colorado River at NIB, above Morelos Dam AZ 638,950 32°43′07″, 114°43′05″ 

Table 2. Data availability for the USGS stations from 2000 to 2023. 

 TDS TSS 

Station No. Period Count Period Count 

1 20 January 2000–31 January 2023 339 26 January 2000–14 March 2023 476 

2 4 January 2000–14 February 2023 290 4 January 2023–6 September 2022 323 

3 29 March 2000–6 April 2022 129 29 March 2000–7 September 2000 7 

4 26 January 2000–19 July 2022 197 26 January 2000–14 March 2023 199 

5 12 January 2000–24 August 2016 81 20 April 2000–24 August 2016 49 

6 14 August 2014–13 May 2019 12 14 August 2014–27 March 2019 11 
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7 24 January 2000–16 March 2023 70 26 April 2007–14 December 2022 38 

8 27 January 2000–14 June 2022 299 27 January 2000–5 December 2022 266 

The location of the eight sites for the study is presented in Figure 3a to give a geo-

graphical representation of the study area. Station 8 (highlighted with a green oval shape) 

is located above the Morelos Dam where the water is discharged to the Republic of Mex-

ico. Its water quality is therefore important in ensuring compliance with the 1944 Treaty. 

Above the station is the Yuma Desalting Plant where the water was to be treated before it 

is channeled to the Morelos Dam for delivery to the Republic of Mexico. The Yuma De-

salting Plant is the largest desalination plant in the U.S. owned and managed by the U.S. 

Bureau of Reclamation constructed in 1974 for the treatment of saline agricultural return 

flows which arrives from the Welton-Mohawk Irrigation and Drainage District in Arizona 

into the river before it is delivered to Mexico. The plant can purify about 276,335 m3 of 

water daily [56–58]. The Imperial Dam where the numerical criterion is set is located up-

stream of the desalination plant as represented in Figure 3b. 
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Figure 3. Map showing the locations of USGS stations along the Colorado River produced in the 

ESRI ArcGIS Pro software. (a) shows the distribution of stations while (b) shows the details of sur-

rounding features (i.e., dams and the desalination plant) of Station 8 marked with yellow triangle 

symbol. 

2.3. Graphical and Statistical Analysis 

The analyses are carried out using graphical technics, descriptive statistics, and in-

ferential statistics. 

(a) 

(b) 
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The findings of this study will aid in understanding the factors influencing the Colo-

rado River’s TDS and TSS levels and informing management plans for protecting and con-

serving this important resource. 

Statistical analyses were conducted utilizing the Python programming version 3.9.12 

language employing several libraries and packages such as the NumPy version 1.21.5, 

Pandas version 1.4.2, and SciPy version 1.7.3. The ESRI ArcGIS Pro software version 3.1.1 

was used to create and analyze maps to assess the spatial variations in the WQPs. 

2.3.1. Descriptive Statistics 

Descriptive statistical methods including measures of central tendency (such as 

mean) and dispersion (such as standard deviation) were used in analyzing and summa-

rizing the data to aid in understanding the spatiotemporal variability of the data [59,60]. 

2.3.2. Inferential Statistics 

Inferential statistics are performed to test the hypothesis of a study and to make con-

clusions about the population based on the given data. In this study, analysis of variance 

(ANOVA) was conducted to check for statistically significant differences in the TDS and 

TSS concentrations along the river over the studied period. We first checked for the as-

sumptions of the ANOVA test to assess validity and reliability of results using an alpha 

(α) value of 0.05 [59,61–64]. 

3. Results and Discussion 

The results obtained from the study to assess the spatiotemporal trends of TDSs and 

TSSs along the Colorado River are presented and thoroughly discussed in this section of 

the paper. The results presented provide useful insights into the trends and spatial distri-

bution of TDS and TSS concentrations along the Colorado River. 

3.1. Spatiotemporal Trends in the TDSs and TSSs 

A summary of the descriptive statistics for the variations of TDS and TSS is presented 

in Table 3. 

Table 3. Overall summary statistics of TDSs and TSSs at the USGS monitoring stations. 

 TDSs (mg/L) TSSs (mg/L) 

Station Min Mean Max Std Min Mean Max Std 

1 133 488 1150 127 0.5 867 38,200 2579 

2 176 621 1070 201 3 360 10,800 1058 

3 184 612 1410 218 72 314 882 315 

4 359 471 579 44 0.5 5 177 16 

5 506 599 662 39 0 6 37 8 

6 558 594 620 23 0.5 1.2 2 0.6 

7 528 597 662 36 0.5 3 24 5 

8 514 820 1160 85 0.4 29 634 49 

The average TDS concentration for the monitored stations ranges from about 471 

mg/L at the Lees Ferry to 820 mg/L recorded above Morelos Dam. The high TDSs recorded 

above the Morelos Dam could be from saline agricultural return flows from the Welton-

Mohawk Irrigation and Drainage District which is a 65,000-acre agricultural area in west-

ern Arizona [65,66]. There has been a reported case of deterioration of the river due to the 

saline drainage water discharged from the wells in the Wellton-Mohawk [67]. The Morelos 

Dam is a diversion dam with a reduced amount of water and hence less dilution as the 

water is diverted to Mexico. Less water increases the concentration of dissolved salts. The 

TDS concentration in the Lees Ferry station is comparatively low compared to other 
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stations which confirms past studies that show a historically low value in this site com-

pared to stations like the Grand Canyon sampling sites. Studies have found studies at the 

Fees sites to be about 552 mg/L from 1941 to 1968 compared to a 614, 687, and 673 mg/L 

values recorded at the Grand Canyon, below Hoover Dam Parker, and Parker Dam, re-

spectively [68]. Additionally, the water flows from the Colorado River through the Glen 

Canyon National Recreation Area located upstream of Lake Mead [69]. The Grand Can-

yon area is a repository of sedimentary rocks of low dissolved salt contents. The Lees Ferry 

station is joined by tributaries including the Li�le Colorado and the Praia Rivers which 

are known to have li�le amount of salt concentration. Figure 4a shows the spatial distri-

bution of the TDS concentration along the river. It is seen that highly urbanized areas have 

high TDS concentrations. The station below may also be impacted by the activities of the 

residents in a highly urbanized Las Vegas Valley (LVV) which includes the discharge of 

wastewater from the treatment plants into Lake Mead. The figure shows a general increase 

of TDSs from the headwaters of the river to its terminus. As the river flows from its head-

waters which are rich in minerals, it takes in salt from the river and its tributaries from the 

UCRB. Some of the tributaries have mean TDS concentrations higher than what is in the 

main stem river [25]. The return flows from groundwater and drains to the river at the 

Imperial Dam are said to have higher TDS concentrations than the river due to the sorp-

tion of ions from sediments and soils [31]. The waters in the state of Colorado of the CRB 

are said to be of generally good quality especially those at higher elevations [25] which is 

confirmed by the results presented in Figure 3a where the first station value was 488 mg/L 

compared to the 621 mg/L and 612 mg/L recorded for Stations 2 and 3, respectively, which 

are located in the lower portions of the river in the state. The lower portions of the basin 

in that state are underlain by bedrock deposits of a cretaceous period which are mostly 

Mancos Shale and Dakota Sandstone. The Mancos Shale is a marine deposit that consti-

tutes a substantial concentration of easily dissolved substances such as selenium. This se-

lenium is dissolved by groundwater which leaches to the comparatively impermeable 

shale layers and flows over the bedrock strata toward surface drainages [25].  

 

Figure 4. Spatial Distribution of the mean TDSs (a) and TSSs (b) along the Colorado River. 

The average recorded TSS concentration at the monitored stations ranges from about 

1 mg/L recorded below the Davis Dam to around 867 mg/L recorded at Station 1 located 

near Cameo station which is excessively above the maximum 158 mg/L set by the states 

with the numerical criterion for TSSs. The 867 mg/L value is also beyond the average 
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upper tolerance level for fishes (90 mg/L) and invertebrates (30 mg/L) [33]. Results show a 

general minimal TSSs in the LCRB compared to the relatively high TSS values in the UCRB 

as shown in Figure 4b. Unlike TDS, we observe TSS concentration generally reduces as 

the Colorado River flows from headwaters to its terminus. Most portions of the LCRB 

show a relatively less amount of sediments due to possibly the existence of numerous 

reservoirs including Lake Mead and Lake Powell that aid in se�ing out of the sediments 

[70] as shown in the difference in the TSS concentrations obtained for the stations pre-

sented in Table 3 and Figure 4b. Additionally, the UCRB contains a significant amount of 

erodible soil that could be transported into the river in the event of rainfall and snowmelts 

causing a significant hike in the river’s TSS as obtained in Stations 1, 2, and 3. The region 

is also on high elevations with mountainous terrains and colder temperatures which re-

sults in the amount of snow. These snowmelts are a greater contribution to the greater 

amount of streamflow in rivers. They can therefore be a conduit of increased erosion rates 

and sediment transports into the river [70,71]. Agricultural practices in the UCRB could 

also be a significant contributor to TSSs in the river. The byproducts of agriculture prac-

tices such as sediments and fertilizers are transported and deposited in the river during 

rainfall and snowmelt events [25]. The TSSs at Station 8 show a spike compared to other 

stations in the LCRB possibly due to its highly urbanized area consisting of a large amount 

of impervious surface which could accelerate the transportation of sediments and soils 

into the river in a storm event. 

3.2. Effects of Reservoir Storage on TDS and TSS Concentrations 

Reservoir water storage is crucial for the management of water resources. Reservoirs 

are sources of steady and reliable water for several uses including irrigation, hydropower 

generation, and industrial and domestic use. The operation and maintenance of these res-

ervoirs could impact the quality of water. Reservoir storage influences the TDS and TSS 

concentrations of waterbodies. Reservoirs not only cause considerable damage to the 

downstream hydrology but also significantly change the variability in the storage salinity. 

Although reservoir evaporations are reported to be the cause of about 12% of the source 

of TDSs to the CRB, their overall positive long-term impacts on salinity have significantly 

decreased salinity peaks and annual fluctuations [29]. Reservoir water storage modifies 

the fluctuations in the water quality. Reservoirs cause sedimentation and se�lement of 

suspended particles of water which results in a reduction of the water turbidity. Stratifi-

cation of reservoirs may also cause impairment in the water quality such as low concen-

trations of DO and high concentrations of hydrogen sulfide, manganese, and iron [72]. 

We assess the impact of reservoir storage on the TDS and TSS concentrations by plot-

ting the average reservoir storage for four reservoirs namely Lake Mead, Lake Powell, 

Lake Mohave, Lake Havasu, the Granby Dam, and the Morelos Diversion Dams together 

with the average concentrations of the WQPs along the river as shown in Figure 5. From 

Figure 5a,b, we can see that the variability in the TDS and TSS concentrations is potentially 

impacted by the reservoir storage. The TDS concentration appears to be increasing as the 

river flows into Lake Powell, but with the storage of the lake we see a drastically changed 

in concentration from 612 to 471 mg/L for TDSs and a dramatical change of TSSs from 314 

to 5 mg/L. These concentrations slightly increased as the water moves into the Lake Mead 

area. The flows may have picked up a significant amount of sediments and dissolved min-

eral salts as they transport them from the UCRB into Lake Mead. The lake storage could 

be a significant factor for seeing only a slight increment from Lake Powell. The concentra-

tions were further slightly reduced to Lake Havasu but increased quite significantly above 

the Morelos Dam after the desalting plant. Runoffs into the river from agricultural non-

point sources and highly urbanized tributaries could be responsible for the elevated TDS 

and TSS concentrations at the station above the Morelos Dam. The plant constructed to 

treat agriculture runoff and save Lake Mead’s water was only operational three times after 

its construction in 1992 due to operational cost (USD 55.2 million) for operating the plant 

for full capacity and for long-term and technical problems including five design 
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deficiencies. More 2743 m of aluminum–bronze pipes require replacement [73,74]. Studies 

have a�ributed reservoirs to playing a significant role in retaining the inflow of dissolved 

solids. An estimated 10% of the inflow of dissolved solids were said to have been retained 

in Lake Mead [50]. 

  
(a) (b) 

Figure 5. Spatial Distribution of the average reservoir storage and mean TDSs (a) and TSSs (b) along 

the Colorado River. 

3.3. Assessing the Seasonal and Yearly Variations in TDSs and TSSs 

The time series of the TDS and TSS concentrations for the studied period (2000–2023) 

is presented in Figure 6 to assess the temporal variation of the WQPs. It is observed from 

Figure 6a that there are variations in the TDS concentrations with Station 8 showing gen-

erally higher concentrations. The level of TDS increases from Station 1 near Cameo to Sta-

tion 8 below the Morelos Dam, an indication of the rise in TDS from upstream of the river 

to downstream as described in Section 3.1. There are year to year variations in the amounts 

of TDS for the studied period highlighting the impacts of the watershed activities of the 

period with an unusual dramatic rise in the TDS concentration in Station 3 near Cisco, 

located in Grand County, Utah, during the years 2012/2013. The spike in the TDS in the 

years 2012/13 could be due to intense snowmelt that year coupled with anthropogenic 

activities such as agriculture. The Colorado River near Cisco received flows from the 

Dolores and San Miguel Rivers. The Dolores River flows about 240 miles and drains an 

arid region of the Colorado Plateau. The San Miguel River joins the Dolores River which 

flows into the Colorado River. The headwaters of the Dolores River are traced to the San 

Juan Mountains which is known to be a great spot for fishing for several kinds of trout 

[75]. These rivers are potential sources of increased dissolved salts in the Colorado River. 

The TSSs appear to be relatively low for all the stations except for Stations 1 and 2. Stations 

located below or above show relatively low concentrations of TSSs indicating the direct 

influence of storage on the se�ling and sedimentations of suspended solids. USGS Station 

2 is found to be the significant source of TSSs for the Colorado River over the studied 

period except in 2021 where there was a spike in the TSSs from Station 1 possibly due to 

an unusual snowmelt which increased the flow and transportation of sediments into the 

river. Station 2, located near Colorado–Utah state line, receives flow from the Gunnison 

River which is one of the major tributaries of the Colorado River [44]. The tributary con-

tributes about one-third of Colorado’s flow at the state line station. Flows from the Gun-

nison River move through a steep-gradient, narrow Black Canyon channel located in the 

Gunnison National Park which is a possible conduit of loaded sediments in the Colorado 

River [76]. The station also receives flow from the urbanized Grand Junction, CO, located 



Hydrology 2023, 10, 125 14 of 28 
 

 

in Mesa County with highly impervious surfaces which could accelerate the transport of 

sediments into the river. Grand Junction’s primary industry before the discovery of its 

mineral riches was agriculture. The mining of the deposits of coal, radium, copper, ura-

nium, and vanadium and the operations of the mining activities [77] could be significant 

contributors to the release of sediments to the Colorado River raising the TSS concentra-

tions at USGS Station 2.  

 
 

Figure 6. Time series variations of TDS (a) and TSS (b) concentration at the sampling locations along 

the Colorado River. 

(b) 
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Boxplots were also used to visualize and compare the spread of the yearly distribu-

tion of TDS and TSS concentrations for selected stations (Stations 1 and 3 in the UCRB and 

5 and 8 in the LCRB) as presented in Figure 7 for years divisible by 5. Seasonal variations 

for the TDSs and TSSs are also presented in Table 4 and Figure 8. The findings for the rest 

of the stations (Stations 2, 4, 6, and 7) are also presented as appendices in Appendix A 

(Figures A1 and A2). From the boxplots, we can see that monitoring efforts are less fre-

quent as compared to those of TDSs possibly because TDSs are a threatening issue in the 

basin with an annual estimate of economic damage exceeding USD 300 million [41].  

Table 4. Overall mean seasonal statistics of TDS and TSS at the USGS monitoring stations. 

 TDS (mg/L) TSS (mg/L) 

Station Winter Spring Summer Fall Winter Spring Summer Fall 

1 541 475 432 516 5 309 1866 72 

2 745 521 541 771 84 395 340 631 

3 716 482 550 762 - 575 116 124 

4 452 495 461 461 3 3 2.4 17 

5 599 605 594 599 3 11 5 5 

6 618 582 594 593 1 2 9 1.5 

7 605 601 595 580 4 5 2 2.2 

8 832 765 841 901 29 41 15 24 

The results in Table 4 show that the maximum TDS level is at Station 8 regardless of 

the season of the year indicating that activities around the area of the basin have a huge 

impact on the TDSs. Station 8 is also the terminus of the river and a repository of dissolved 

minerals and salts carried from upstream of the river. A critical study of the results did 

not however show a general increment or decrement of TDSs and TSSs in each season 

along the river although it follows a similar pa�ern as presented in Figure 4, an indication 

that the cause of TDSs and TSSs to the river is multifaceted and cannot directly be traced 

to one known source. 

The highest TDS concentration of 901. mg/L was in fall at Station 8 with the least 

TDSs recorded at Station 1 in summer with the highest TSSs of 1866. mg/L recorded at 

Station 1 in summer and the least TSSs also at Station 6. It can therefore be inferred that 

during the summer when snowmelts are high, TDS concentrations are generally low, but 

TSS concentration spikes, particularly in non-reservoir stations. This is not the case in res-

ervoir stations as there is high evaporation during the summer coupled with high con-

sumptive use during the summer period. The increased temperature during the summer 

and fall months results in an increment in the evaporation rate which could impact the 

TDS levels [78]. Studies have found evaporation rates to be higher during fall months even 

when flow declines [79] which potentially explains the high TDS values obtained at Sta-

tion 8 during the fall season. In general, we observed variability in TDSs across the seasons 

with higher concentrations observed in the winter and fall seasons. Higher flow rates dur-

ing the spring and summer and increased precipitations and snowmelt runoff can dilute 

the concentrations of TDSs which is evident in the results presented in Table 4. Conversely, 

there is a reduction in TSSs during the winter and fall seasons due to low runoff and 

snowmelts as compared to the spring and summer months. TDS concentrations in the 

LCRB are slightly higher than those in the UCRB while TSSs in the LCRB are lower than 

those in the UCRB. Both basins present distinctively different terrains, LULC, and prac-

tices as discussed in Section 3.4. 

The box denotes the interquartile range (IQR) of the WQPs while the whiskers are 

extensions within 1.5 times the IQR. The DOTs represent outliers (values outside the 

whiskers). These plots are useful in evaluating and interpreting pa�erns relating to the 

spatiotemporal variations in these WQPs and have been used in several studies [80,81]. 

Results shown in the box plot follow a similar pa�ern as described by the time series 
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analysis and in Section 3.1. with the whiskers showing huge variability possibly due to 

differences in the occurrences such as rainfall and snowmelt in the years and seasons. The 

seasonal boxplots for TDSs and TSSs in Figures 7 and 8 show that the variations in these 

WQPs are accounted for by several factors including agriculture and irrigation activities, 

particularly in the summer and fall seasons. Some of the stations had no data for some 

years and hence have empty boxplots for those years as seen in the figures. 

In summary, TDS levels across various stations and years show a variety of behav-

ioral pa�erns. While some stations’ TDS levels fluctuate over time, others display numbers 

that are quite consistent with Station 8 consistently showing TDS values above the recom-

mended EPA guidelines of 500 mg/L. While stations showed relatively consistent levels of 

TSSs, others such as Stations 1 and 2 exhibit sporadic changes over the period. The data 

analyzed do not show a clear general trend of improving or worsening TDSs or TSSs at 

the locations of the studied period. The findings highlight the significance in carrying out 

station-specific analysis to assess the variations in these WQPs as different stations may 

be subjected to the influx of the different environmental conditions. The absence of con-

sistent and uniform pa�erns in the WQPs across all the station is an indication that factors 

restricted to the locality such as LULC, local geology, streamflow, and human activities 

compounded by drought events are crucial in controlling the levels of these WQPs in the 

basin [29,47,50]. Analysis was made on the data that are currently available which have 

some limitations including data gaps especially for the case of TSS which poses the chal-

lenge of drawing detailed and concrete deductions from the analysis. There is therefore a 

need for extensive and continuous monitoring programs to close these gaps and advance 

our overall knowledge of water quality for environmental health and water resources sus-

tenance. Additionally, the data used span several years making it crucial to consider var-

ious contributing elements such as droughts, local events, and climatic variations that 

could affect trends in water quality. Further studies will need to quantify the impact of 

drought induced changes to these WQPs. 
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Figure 7. Boxplots showing the yearly distribution of TDS and TSS concentration for each USGS station over the studied period along the Colorado River. 



Hydrology 2023, 10, 125 18 of 28 
 

 

 
 

  

Figure 8. Boxplots showing the seasonal distribution TDS and TSS concentration for each USGS station over the studied period along the Colorado River. 
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3.4. Detection of Significance Levels in TDS and TSS Trends Using Inferential Statistics 

We applied inference statistics to check for any significant differences in the WQPs 

station to station, basin to basin, month to month, season to season, and year to year. 

3.4.1. ANOVA Test 

Results from the assumption test of ANOVA are presented in Table 5 for the test of 

Normality and Levene Homogeneity of Variance. We conducted the Shapiro–Wilk Nor-

mality Test to check if the WQPs are normally distributed and the Levene Homogeneity 

Test to check for homogeneity of variance in the WQPs. TDS and TSS data collected meet 

the assumption of independence of observations since they were collected at different sites 

or locations with each observation distinctively different from others. We formulated a 

null hypothesis (Ho) that TDS and TSS are each normally distributed. The alternate hy-

pothesis (H1) was that these WQPs are not normally distributed. To check for the assump-

tion of homogeneity of variance, we hypothesized that the variance of groups of the TDS 

and TSS are equal was used. The H1 was that the variances of TDS and TSS groups are not 

equal [59–61,63,82]. 

Table 5. Test of Assumptions for the WQPs. 

 Shapiro–Wilk Normality Test Levene Homogeneity of Variance Test 

WQPs Statistics  p-value Statistics  p-value 

TDS 0.988 0.000 60.012 0.000 

TSS 0.227 0.000 10.573 0.000 

Results in Table 5 show a p-value of both TDSs and TSSs as less than the α level (0.05) 

for both normality and the homogeneity tests showing that the Ho for the presence of 

normality and the homogeneity of variance is not met. The null hypotheses are therefore 

rejected which indicates a violation of the assumptions underlying the ANOVA test. 

3.4.2. Kruskal–Wallis Test 

We conducted a non-parametric test since the assumption is not met for the ANOVA. 

We conducted the non-parametric Kruskal–Wallis test to check for statistical significance 

differences in the monthly, seasonal, and yearly WQPs [83]. The Kruskal–Wallis test, 

which has been used in many studies including those in engineering and the social sci-

ences, compares the groups using rank sums rather than the means as in the case of 

ANOVA. To identify any significant differences in the medians, the test computes the sum 

of ranks for each group after rating the observations within each group [59,84,85]. Results 

of the analysis for WQPs are presented in Tables 6–8. 

Table 6. Kruskal–Wallis test for the monthly WQP significance test. 

 TDSs TSSs 

Month Statistics  p-Value Statistics  p-Value 

1 1.647 0.200 1.494 0.222 

2 2.548 0.110 2.926 0.087 

3 4.392 0.036 9.433 0.002 

4 26.458 0.000 5.000 0.025 

5 0.071 0.790 9.377 0.002 

6 5.870 0.015 26.740 0.000 

7 10.620 0.001 0.329 0.566 

8 1.842 0.175 0.029 0.865 

9 0.260 0.610 11.773 0.001 
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10 0.138 0.710 3.959 0.047 

11 0.420 0.517 0.946 0.331 

12 0.030 0.862 1.040 0.308 

Table 7. Kruskal–Wallis test for the seasonal WQP significance test. 

 TDSs TSSs 

 Statistics  p-Value Statistics  p-Value 

Winter 411.00 0.491 340.00 0.490 

Spring 417.00 0.491 412.00 0.491 

Summer 306.00 0.489 369.00 0.490 

Fall 279.00 0.489 244.00 0.488 

Table 8. Kruskal–Wallis test for the yearly WQP significance test. 

 TDS TSS 

Year Statistics  p-Value Statistics  p-Value 

2000 72.00 0.478 66.00 0.477 

2005 38.00 0.469 25.00 0.462 

2010 45.00 0.472 25.00 0.462 

2015 83.00 0.479 73.00 0.478 

2020 70.00 0.476 61.00 0.476 

Results shown in Table 6 show that there is a statistically significant difference within 

March, April, June, and July for TDS concentrations and within March, April, June, Sep-

tember, and October for TSS concentrations which is an indication that these parameters 

are impacted by the onset of seasonal factors like snowmelt runoff, monsoon rainfalls, and 

evaporations in these months. It is however worth noting that the Kruskal–Wallis test is 

unable to identify the locations of occurrence of stochastic dominance or the number of 

groups in the dominance. Further analysis is however required to be�er understand the 

complex interactions between the TDS and TSS concentrations and the water management 

and natural process impacting the quality of the Colorado River each month [86] as well 

as the exact impact of urbanizations and anthropogenic activities on these WQPs in the 

river [87].   

Results presented in Tables 7 and 8 show there is no statistically significant differ-

ences in TDS and TSS concentrations within each of the four seasons (winter, spring, sum-

mer, and fall) and within the years of study at an α-level of 0.05 which is an indication of 

the consistent influence of TDS and TSS concentrations by the factors affecting these 

WQPs within each season and year along the Colorado River. 

We also performed statistical significance tests across the months, seasons, and years 

for the TDS and TSS concentrations and presented the results in Table 9. The results show 

that there are statistically significant differences in TDS and TSS from month to month, 

season to season, and year to year. These significant variations are largely due to seasonal 

rises in consumptive use, agriculture practices, snowmelts runoffs, and evaporation rates 

exacerbated by increased temperature in the summer months [79] and summer recrea-

tional activities. There are distinctive differences in the occurrences and activities in sea-

sons in the basin which influence the WQPs differently. Winter periods are generally char-

acterized by lower temperatures and rainfalls. Temperatures rise during the spring and 

peak in the summer and subsequently start to drop in the fall. Increased temperatures 

increase the evaporative rates which affect the dissolved contents, particularly in reser-

voirs in the river. Spring is characterized by rises in runoff and streamflow which may 

lead to a greater amount of TSSs in the river. 
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Table 9. Kruskal–Wallis test WQP significance test across the months, seasons, and years. 

 TDSs TSSs 

 Statistics  p-Value Statistics  p-Value 

Month 159.42 0.000 172.20 0.000 

Season 117.07 0.000 154.77 0.000 

Year 54.63 0.000 290.36 0.000 

We compared the TDS and TSS concentration between the basins (for all data com-

bined, by months, seasons, and years) and found that there is a statistically significant 

difference in the levels of TDSs and TSSs between the UCRB and LCRB as shown in Table 

10 which may be due to several plausible reasons including but not limited to (i) stream-

flow: the LCRB has a lot of reservoirs that release flows into the lower section of the river. 

These flows dilute the TDS concentrations. Lake Powell was filled for the first time in 1983, 

but it spilled. This spill went through Lake Mead. Flows in the lake were however unusu-

ally high and sustained from 1983 to 1987 causing record-low levels of TDSs [29]. (ii) Res-

ervoir storage: large reservoirs selectively channel less salty water during low inflows 

while retaining more saline water. The saline water is subsequently slowly released after 

the inflows start to rise [29]. (iii) Agriculture activities: agriculture-related irrigation is the 

largest user of the basin water use and a huge contributor of salinity to the river. Irrigated 

lands in the UCRB have been found to contribute an estimated 3.4 million tons of salt to 

the river per year. Agricultural activities in the UCRB could also increase the deposit of 

sediments in the river. Additionally, there is a difference in the geology between the UCRB 

and LCRB which may play a significant role in the transport of sediments. The UCRB is 

on mountainous terrain with high elevations consisting of different vegetation and soils 

which may end up being deposited into the river [5]. (iv) Energy development: The ex-

ploitation of energy resources, notably oil shale, coal, gas, oil, gas, and coal bed methane, 

particularly in the UCRB, is a potential contributor to the TDS levels in the river. Mineral 

dissolution could cause an increment in the salinity of surface waters [29]. 

Table 10. Significance test between the basins. 

 TDS TSS 

 Statistics  p-Value Statistics  p-Value 

Together 0.58 0.447 822.84 0.000 

Month 357.32 0.000 935.73 0.000 

Season 191.64 0.000 902.82 0.000 

Year 170.80 0.000 904.39 0.000 

We also assessed the significant level of TDSs and TSSs for each basin (for all data 

combined, by months, seasons, and years) as presented in Table 11 and found there was a 

statistically significant difference in TDSs and TSSs within the UCRB. The monthly and 

seasonal TDS and seasonal TSS however show no significant variation in the LCRB. The 

trend in the LCRB could be the presence of reservoirs and the spikes in anthropogenic 

activities at some locations in the basin such as the Welton-Mohawk Irrigation and Drain-

age District [65,66]. 

Table 11. Significance test within the basins. 

  TDSs TSSs 

  Statistics  p-Value Statistics  p-Value 

UCRB 

Month 285.60 0.000 101.89 0.000 

Season 161.23 0.000 171.28 0.000 

Year 102.55 0.000 36.11 0.015 
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LCRB 

Month 14.52 0.206 27.10 0.004 

Season 2.31 0.679 8.38 0.079 

Year 94.19 0.000 75.63 0.000 

4. Conclusions 

The study aimed to assess the spatiotemporal trends of TDSs and TSSs along the Col-

orado River, which is a major source of water to the western US and the Republic of Mex-

ico with its headwaters originating from the Rocky Mountains in Colorado and running 

into its terminus at the northern part of the Gulf of California. The analysis conducted 

shows that the TDS concentration was significantly higher in the UCRB while the LCRB 

shows a generally high level of TSS. We found that the activities in these two basins are 

distinctive and may be a factor in these variations. While the UCRB is characterized by 

mountainous terrain producing large amounts of snow melt and an increase in agricul-

ture, mining, and energy development activities, the LCRB is made of several large reser-

voirs including Lake Mead and Lake Powell with huge storage which have the potential 

to effectively dilute the effects of dissolved salts. These reservoirs, however, experienced 

large evaporations during the summertime which plays significant impacts on their TDS 

level. The byproducts of agriculture and mining practices such as sediments and fertilizers 

are transported and deposited in the river during rainfall and snowmelt, increasing the 

level of TSSs particularly in the UCRB. Additionally, TSSs in the river basin are increased 

by natural erosion from neighboring watersheds which are aided by slope steepness and 

the LULC of the region as well as channel and streambank erosion of the river basin.  

The study also examines the statistical significance of these WQPs within and across 

months, seasons, and years and between the basins using the Kruskal–Wallis test. Results 

from the significance test show there are statistically significant differences in TDSs and 

TSSs from month to month, season to season, and year to year. We suspect that these sig-

nificant variations are largely due to the prolong drought in the basin leading to seasonal 

rises in consumptive use as well as agriculture practices, snowmelt runoff, and evapora-

tion rates exacerbated by increased temperature in the summer months [31,47,79]. It is 

however worth noting that the Kruskal–Wallis test is unable to identify the locations of 

the occurrence of stochastic dominance in the levels of TDSs and TSSs. 

In summary, this study presents detailed findings in understanding the spatiotem-

poral variability of the TDS and TSS concentration along the Colorado River which can 

help water management and conservation authorities to develop efficient strategies to 

lessen the detrimental effects of prolonged drought, natural variations such as precipita-

tion, snowmelts, and runoff, and anthropogenic activities on the basin’s water quality. 

Further research may examine the relationship between TDS and TSS concentrations and 

other WQPs to gain more knowledge about the overall condition of the river ecosystem. 

Additional research will need to be conducted to quantify the effect of flowrates, precipi-

tation, LULC, channel modifications, and evaporation on the overall changes TDS and TSS 

concentration in the river system. 
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Appendix A. Yearly and Seasonal Variations of TDS and TSS Concentrations on the Colorado River 

    

    

Figure A1. Boxplots showing the yearly distribution TDS and TSS concentration for each USGS station over the studied period along the Colorado River. 
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Figure A2. Boxplots showing the seasonal distribution of TDS and TSS concentration for each USGS station over the studied period along the Colorado River. 
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