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Abstract 

This dissertation focuses on the riverine water column and the lentic (i.e. lake 

like) nature of rivers in the context of predominant themes in river science: spatial 

heterogeneity and scale. River science has developed many concepts to describe and 

understand the hydrologic, geomorphic, and ecological structure and function of rivers. 

While these core concepts largely grapple with spatial heterogeneity and scale, they 

have generally not conceptualized the water column as unit of study nor have they 

integrated lakes and rivers as one hydrologic system. Understanding the spatial 

heterogeneity and scaling patterns within the water column itself and how lakes fit into 

river networks will advance our understanding of geomorphic and ecological processes 

of entire networks.  

 The study approach includes field campaigns using in-situ sensors, analysis of 

large data sets, and conceptual modeling. Chapter 2 develops an analytical model 

implemented with empirical data to find the location along a river where there is more 

sediment surface area in the water column than the benthic zone. Chapter 3 integrates 

flowpath and fixed-site measurement approaches to characterize the spatial and 

temporal scales of variability in water column light regimes. Chapter 4 analyzes large 

datasets to understand the scaling patterns of lake abundance, lake size, and lake 

spacing with river size across the conterminous US. 
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Conclusions from this research have theoretical and practical implications.  First, 

rivers larger than ~5th order had more sediment surface area in the water column than 

the benthic zone. This suggests material processing may occur largely within the water 

column in large rivers. Studying large rivers may therefore require different conceptual 

and methodological approaches, and it may be inappropriate to scale up measurements 

from small streams. Second, large rivers had an expanding and contracting photic 

volume over multiple temporal and spatial scales. Photo-reactive processes in the water 

column are therefore limited by the size of these light and dark zones and turbulent 

fluctuations along flowpaths through the river. Third, river networks are, in-fact, river-

lake networks that have characteristic scaling patterns that describe lake abundance, 

size, and spacing. This suggests the default conceptual model of river networks should 

be river-lake networks. 
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1. Introduction 

  

1.1 Concepts in river science 

River science has developed many concepts to describe the hydrologic, 

geomorphic, and ecologic structure and function of rivers. Rivers have been described as 

integrators of heterogeneous terrestrial landscapes (Hynes & Hynes 1970; Likens 2013), 

longitudinal continua of geomorphic pattern and ecological process (Schumm 2007; 

Vannote et al. 1980), longitudinal dis-continua of geomorphic pattern and ecological 

process (Ward & Stanford 1983), heterogeneous in four dimensions-lateral, longitudinal, 

vertical, and temporal-(Ward 1989), “patchy” at all spatial scales (Poole 2002; Pringle et 

al. 1988), and as coupled socio-ecological macrosystems (Heffernan et al. 2014; 

McCluney et al. 2014). These concepts may have different, but non-mutually exclusive, 

perspectives on the structure and function of rivers; however, they all address broad 

themes of the characteristic spatial heterogeneity and scaling patterns in river systems. 

In comparison to other ecosystem, rivers are ideal for examining the causes and 

consequences of spatial heterogeneity and scale because they are dynamic, connected, 

hierarchical systems. Rivers are branching, dendritic networks that cut through diverse 

climates, soils, geologies and land uses and function as the connection between 

terrestrial, aquatic, and marine systems. (Allan et al. 1997; Hunsaker & Levine 1995). 
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Rivers are also dynamic over time as they are constantly flowing downstream and 

evolving in response to ever-changing flow conditions. Despite the long history of 

studying the heterogeneity in rivers over time and space, there are two important 

characteristics of rivers that remain poorly understood: the structure of the water 

column and the lentic (i.e. lake like) nature of rivers. 

1.2 The riverine water column 

The vertical dimension of a river is typically conceptualized as the sediments 

below a river, the hyporheic zone, under a homogenous water column without 

considering the structure and function of the water column. In contrast, the vertical 

patterns across the water column itself is the dominant dimension of study in other 

aquatic systems such as lakes and estuaries. Like lakes and estuaries, it is increasingly 

recognized that the riverine water column can have physical and biological structure 

and play a role in whole ecosystem processes. For example, the River Continuum 

Concept predicted that primary production in rivers greater than 5th order would be 

dominated phytoplankton rather than benthic periphyton (Descy & Gosselain 1994; 

Vannote et al. 1980). More recently, Reisinger et al. (2016) found that water column 

denitrification accounted for a majority of the whole ecosystem denitrification in 

moderate sized rivers, and Marzadri et al. (2017) showed that nitrous oxide was 

increasingly produced in the water column relative to the hyporheic zone as river size 
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increased. Collectively, these studies have drawn increased attention to the role of the 

water column in river ecosystems and suggest that this role increases in importance as 

river size increase. 

1.3 The lentic nature of rivers 

Rivers are typically conceptualized as linear features though it is intuitively 

known that lentic waterbodies-ponds, lakes, and reservoirs-are integral parts of river 

networks. However, basic understanding or conceptualizations of the structure of river 

networks generally does not include lakes (Jones 2010; Mark 1983; Mark & Goodchild 

1982). Network structure has typically been described using scaling laws that provide 

simple rules for how channel, network, and catchment shape are related river size, 

which have been foundational relationships in watershed hydrology and fluvial 

geomorphology. These same foundational concepts can be mapped onto to river-lake 

networks to describe how lakes fit into rivers. 

 It is important to understand how lakes fit into river networks because lakes and 

rivers differ in their hydrologic, ecological, and economic roles (Fergus et al. 2017; Jones 

2010; Sayer 2014; Sedell et al. 1990). In the broadest sense, rivers transport and transform 

water, sediment, and carbon and serve as pathways for commerce and sources of 

hydropower, while lakes primarily store, transform, or remove water, sediment, and 

carbon and provide discontinuous and concentrated opportunities for commerce. In 
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addition, lakes that punctuate, or are connected to, river networks may impact fluvial 

processes, and in return, rivers may impact lake processes. For example, lakes alter the 

magnitude and timing of floods (Lesack & Marsh 2010; Vorosmarty 1997; Wang et al. 

2017) and trap sediment needed to build river deltas and coastal ecosystems (Syvitski & 

Kettner 2011; Syvitski et al. 2009; Syvitski et al. 2005; Vörösmarty et al. 2003). Lakes also 

impact ecological processes in river networks such as the magnitude and type of 

primary production (Amoros & Bornette 2002) and genetic and species dispersal (Davis 

et al. 2018; Fuller et al. 2015). Despite this, few studies have measured the aggregate 

effect of, or even presence of, lakes in river networks (Vorosmarty 1997; Vörösmarty et 

al. 2003). Our ability to accurately resolve geomorphic and ecological processes of entire 

river networks may be limited by a poor understanding of the structure of river-lake 

networks. 

1.4 Chapter outline 

This dissertation is a descriptive study of the riverine water column and the 

lentic nature of rivers in the context of predominant themes in river science: spatial 

heterogeneity and scale. The study approach includes field campaigns using in-situ 

sensors, analysis of large data sets, and conceptual modeling to broadly ask; 1) where 

along a river does the water column become a major driver of ecosystem processes, 2) 

what is structure of the water column light environment over time and space, and 3) 
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how lentic are river networks? These are the broad conceptual questions that each 

chapter operationalizes with specific questions.  

Chapter 2 presents an analytical model for the sediment-water contact area in the 

benthic and water column zones across a gradient of river size. The model was 

evaluated with empirical data in 10 major US rivers. The ratio of water column:benthic 

surface area, RSA, scaled as a power function of watershed area and there was more 

sediment surface area in the water column than the benthic zone in rivers equal to or 

greater than 5-9th order depending on the river basin. Dams and variation in discharge 

caused spatial discontinuities and temporal variability that shifted the location along a 

river where water column sediment surface area was dominant. This suggests that at a 

certain river size water column processes should be incorporated into models of material 

processing, but require different scaling metrics than benthic processes. 

Chapter 3 integrates flowpath and fixed-site approaches for characterizing water 

column light regimes across lentic and lotic reaches and flow conditions. Results showed 

the photic volume of a river is dynamic over time and space, but temporal variability in 

photic depth was higher in lentic reaches compared to lotic reaches. As a result of this 

variability and turbulent mixing, materials and organisms in the water column are 

exposed to highly variable light and frequently dark conditions. Incorporating flowpath 
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thinking into how we measure and model light will advance our understanding of 

heterogeneity in light-driven processes in rivers. 

Chapter 4 derives empirical scaling patterns that describe the structure of river-

lake networks. Lake abundance decreased and lake size increased with increasing river 

order, however lake spacing was often uniform across river orders. There was a 

characteristic lake spacing and lake size: spacing of 1-5 km for small rivers and 50-100 

km for large rivers, and a size of 0.01-0.1 km2 and/or ~10-100 km2 across all river orders. 

Combining all the scaling patterns, four distinct network structure types emerged that 

reflected broad patterns in glacial history, water availability, and human modification of 

the hydroscape. The ubiquity of lakes within river networks suggests that any river 

work at the network scale should adopt river-lake networks as the default conceptual 

model.
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2. Sediment-water surface area along rivers: water 
column vs. benthic  

 

2.1 Introduction 

Aquatic systems can be broadly conceptualized as having two distinct zones in 

the vertical dimension: the water column and the benthic zone (Wetzel 2001). These 

zones may have different concentrations of nutrients and organic matter, rates of 

ecological processes, and assemblages of organisms, but both influence whole ecosystem 

function. However, the relative role of these zones across the size continuum of aquatic 

ecosystems is not well-known. Generally, in small systems—ponds, wetlands, or 

headwater streams—the benthic zone is considered a major driver of ecosystem 

processes (Alexander et al. 2007; Covich et al. 1999; McKnight et al. 2004). For example, 

most primary and secondary production occurs on the benthic sediment of small 

streams (Lamberti & Steinman 1997; Waters 1977) along with high rates of nutrient 

removal (Alexander et al. 2007; Mulholland et al. 2008). In larger systems—large lakes, 

large rivers, and coastal waters—the water column becomes increasingly relevant for 

many of the same processes (Caspers 1981; Seitzinger et al. 2002; Vannote et al. 1980; 

Wetzel 2001). Because rivers traverse this continuum of size, from ephemeral gullies to 

the outlets of trans-continental rivers, a fundamental question in aquatic science is 
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where along this size continuum do ecosystem processes shift from occurring largely in 

benthic zone to largely in the water column?  

It is critical to understand the relative role of water column and benthic processes 

across river size for scaling functions and processes across a river basin. Scale is among 

the key challenges in ecosystem ecology (Carpenter & Turner 2017; Scholes 2017) and a 

central theme in the study of rivers (Frissell et al. 1986; McCluney et al. 2014; Poole 2002; 

Thorp et al. 2006; Vannote et al. 1980). In conceptual and numerical models of river 

basins, material processing rates are typically scaled across river size based on a physical 

metric, such as wetted perimeter or water depth (Alexander et al. 2009; Bertuzzo et al. 

2017; Helton et al. 2017; Seitzinger et al. 2002; Ye et al. 2017). This scaling approach 

assumes material processing occurs exclusively in the benthic zone while the water 

column is treated simply as a vector for transport. Yet, many ecosystem processes occur 

in the water and are increasingly recognized (Battin et al. 2008; Millar et al. 2015; 

Reisinger et al. 2015). The River Continuum Concept predicted that primary production 

in rivers greater than 5th order would be dominated phytoplankton rather than benthic 

periphyton (Descy & Gosselain 1994; Vannote et al. 1980). More recently, Reisinger et al. 

(2016) found that water column denitrification accounted for a majority of the whole 

ecosystem denitrification in moderate sized rivers. Reisinger et al. (2015) found water 

column nutrient uptake was occurring at significant rates from 1st to 5th order rivers, and 

ammonium uptake increased with river size. Furthermore, Marzadri et al. (2017) 
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showed that nitrous oxide was increasingly produced in the water column relative to the 

benthic zone as river size increased. Collectively, these studies emphasized that water 

column processes increase with river size. 

The load of suspended materials, such as sediment, increases with river size 

(Meybeck et al. 2003) and is hypothesized to stimulate water column material processing 

(Marzadri et al. 2017; Millar et al. 2015; Reisinger et al. 2015). Sediment is a workbench 

for reactivity and structures the physical environment of both the water column and 

benthic zone. Sediment particles provide habitat for organisms and materials (Mendoza-

Lera et al. 2017) while water delivers additional nutrients, organic matter, organisms, 

and other materials that can adsorb, desorb, and aggregate with sediment or are 

transformed by sediment-associated microbes (Horowitz & Elrick 1987; Wotton 2007; 

Zimmermann‐Timm 2002). The large contact area between surface water and benthic 

sediment has been considered a driver of ecosystem processes in headwater steams 

(Gomez-Velez et al. 2015; Mulholland et al. 2008; Peterson et al. 2001), and the surface 

area of suspended sediments should also be a driver of water column processes. In fact, 

a majority of the bacterial production and enzymatic activity in the riverine water 

column occurs on suspended sediments (Jackson et al. 2014; Liu et al. 2013; Millar et al. 

2015; Ochs et al. 2009). The studies highlighted above suggested that greater 

concentrations of suspended sediments may increase the role of the water column in 

whole ecosystem processes. However, few studies have quantified the relative 
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importance of the water column and benthic zones for ecosystem processes as river size 

increases. 

We incorporated broad downstream patterns in suspended sediment, sediment 

size, and other hydrogeomorphic characteristics into a simple analytical model that 

estimates the ratio of water column to benthic sediment-water contact area, referred to 

as the surface area ratio (RSA). Henceforth, sediment-water contact area will be referred 

to as either benthic or suspended sediment surface area. Confronting the model with 

data along the main-stem of major US rivers, we set out to answer three questions. What 

is the pattern of the ratio of water column:benthic sediment surface area along a river? 

Where along a river is there more water column than benthic sediment surface area? 

How does this vary with river discharge?  

2.2 Methods 

2.2.1 Model  

Our model was based on hydrologic and geomorphic principles and estimates 

the sum of the surface areas of all individual sediment particles in contact with surface 

water in the benthic and water column zones within a bounded river reach. 

Conceptually, this required estimating the total number of sediment particles within a 

water column or benthic volume multiplied by the surface area of a sediment particle. 

We were primarily interested in broad patterns within and across rivers and the relative 

comparison between the water column and benthic zones; therefore, we applied a 
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simple approach that is not intended to capture all interactions (e.g. there are no time 

varying parameters, suspended sediment size does not vary with discharge). 

The surface area of suspended sediment particles (SAs) was calculated as a function of 

sediment concentration, water volume of a reach, and sediment size assuming a 

spherical, uniform particle size;  

 𝑆𝐴𝑠 =
𝐶𝑏ℎ𝐿  

1

𝜌
 

4

3
𝜋0.5𝐷50𝑠

3 4𝜋0.5𝐷50𝑠
2  Equation 1 

where C is suspended sediment concentration (kg m-3), b is channel width (m), h is 

channel depth (m), L is channel length (m),  is sediment particle density (kg m-3), and 

D50s is the median suspended sediment diameter (m). In rivers, discharge is used to 

predict channel width, depth, velocity, and suspended sediment concentration as a 

power function generally known as rating curves (Leopold & Maddock 1953). We 

inserted rating curve functions for suspended sediment and channel dimensions and 

assumed a one meter long rectangular reach; 

𝑆𝐴𝑠 =  (
𝑎𝑄𝑏 𝑐𝑄𝑑𝑒𝑄𝑓1

𝜌
4

3
𝜋0.5𝐷50𝑠

3 ) 4𝜋0.5𝐷50𝑠
2 Equation 2 

where Q is discharge (m-3 s-1), a and b are coefficients for the width rating curve, c and d 

are coefficients for the depth rating curve, e and f are coefficients for the sediment rating 

curve (kg m-3). The rating curve expressions represent width (m), depth (m), and 

suspended sediment concentration (kg m-3). This expression is further simplified by 

combining rating curve coefficients; 
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𝑆𝐴𝑠 =  
3𝜔𝑄𝜆

𝐷50𝑠𝜌
  Equation 3 

where ω and λ are lumped rating curve parameters for suspended sediment 

concentration, width, and depth (ω = ace and λ = b + d + f). 

The surface area of benthic sediment particles (SAb) is a function of channel width, 

channel depth, depth of surface water penetration into benthic sediment (hyporheic 

depth), porosity, and benthic sediment particle size. We assumed a spherical, uniform 

particle size and 1 meter long rectangular channel, leading to;  

   𝑆𝐴𝑏 =  (
𝐿(𝑏+2ℎ)(1−𝜙)𝐻

4

3
𝜋0.5𝐷50𝑏

3 ) 4𝜋0.5𝐷50𝑏
2  Equation 4 

where b is channel width (m), L is channel length (m), h is channel depth (m), ϕ is the 

porosity (dimensionless), D50b is the median benthic sediment size (m), and H is the 

hyporheic depth (m). Again, we inserted rating curves for width and depth and 

simplified; 

𝑆𝐴𝑏 =  (
3𝐻(𝑎𝑄𝑏+ 2𝑐𝑄𝑑) (1−𝜙)

𝐷50𝑏
) Equation 5 

The ratio of suspended to benthic sediment surface area (RSA) was found by dividing 

equation 3 by 5 and simplifying.  

𝑅𝑆𝐴 =
𝐷50𝑏𝜔𝑄𝜆

𝜌𝐷50𝑠𝐻(𝑎𝑄𝑏+ 2𝑐𝑄𝑑)(1−𝜙)
  Equation 6 

This is a simple, physical expression for RSA within a bounded river reach; 

however, our question was how RSA changes along a river. Therefore, we extended this 
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model along a river continuum by linking parameters to location along a river. 

Parameters with known or hypothesized general downstream trends were linked to 

location including Q, D50b, D50s, and H using empirical data, physical relationships, or 

heuristic approaches. Other parameters could not be related to location along a river due 

to inconsistent trends, such as hydraulic geometry and suspended sediment rating curve 

exponents (Asselman 2000), or due to lack of field data and presumed insignificant 

downstream variability, such as porosity and sediment density. These parameters were 

treated as either reach-specific or global parameters and are described further in the next 

section. 

  The median benthic particle size (D50b) was related to distance downstream 

according to the theory of downstream fining, or Sternberg’s Law (Parker 1991; Pizzuto 

1995) but was constrained to be no smaller than the smallest sediment size measured at a 

downstream location; 

𝐷50𝑏(𝑥) = 𝐷𝑜 𝑒
−𝛼𝑥  Equation 7 

where Do is the most upstream D50b (m), x is distance downstream (km), and α is a fitted 

parameter (m km-1). We assumed the hyporheic depth (H) was proportional to the 

benthic sediment size and channel slope;  

𝐻(𝑥) = 𝛽𝐷𝐷50𝑏(𝑥) + 𝛽𝑆𝑆(𝑥)  Equation 8 

where βD and βS are heuristic scaling parameters that link hyporheic depth to empirical 

data of sediment size and channel slope (S). This is not a physical relationship and our 
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assumptions were based on studies that showed less vertical exchange of water in larger 

rivers likely due to smaller sediment size (Gomez-Velez & Harvey 2014; Gomez-Velez et 

al. 2015). 

Suspended sediment size distributions and their downstream trends are not well 

documented (Walling & Moorehead 1989; Walling et al. 2000); therefore, we linked D50s 

to D50b. We assumed that D50s was three orders magnitude smaller than D50b at the 

upstream and downstream points and decreased linearly downstream between these 

points. This approach created relationships between suspended sediment size and 

benthic sediment size and assumed downstream suspended sediment fining consistent 

with empirical data (Walling & Moorehead 1989; Walling et al. 2000).  

Combining equations 6-8, we derived an expression for RSA as a function of 

distance along a river; 

𝑅𝑆𝐴(𝑥) =
𝐷𝑜 𝑒

−𝛼𝑥 𝜔𝑄(𝑥)
𝜆

𝜌(
𝐷𝑜 

1000
−𝛽𝑠𝑠𝑥)(𝛽𝐷𝐷𝑜 𝑒

−𝛼𝑥 +𝛽𝑆𝑆(𝑥))(𝑎𝑄(𝑥)
𝑏 + 2𝑐𝑄(𝑥)

𝑑 )(1−𝜙)
 Equation 9 

where all parameters are as stated above and βss is the rate of the downstream change in 

median suspended sediment size. 

As a first approximation, we assumed a uniform particle size distribution for 

benthic and suspended sediments equal to the median size of empirical particle size 

distributions. In addition to simplicity, there is limited data for most rivers on 

suspended sediment size distributions and how they change downstream. Suspended 

particle size distributions could be incorporated into our modeling framework. 
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However, benthic particle size distributions cannot be incorporated since packing 

geometries must be considered. Particle packing is a complex numerical exercise itself 

(Jia & Williams 2001) and beyond the intent of this paper which is to document broad, 

basin scale trends.  

2.2.2 Confronting the model with data 

The model was parameterized to river reaches along the main stem of ten major 

US rivers. The rivers and river reaches (i.e. USGS gauging stations) were selected based 

on specific requirements. Selected rivers required at least five river reaches that span 

most of the main-stem length, and each reach required multiple years of continuous 

discharge, suspended sediment concentration, and channel dimension data. We also 

chose rivers across the US to represent different physiographic regions (Figure 1). 

Datasets included discharge, suspended sediment concentration, channel dimensions, 
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and benthic sediment size distributions from the United States Geological Survey 

 

Figure 1: Map of USGS gauges with data that were used to parameterize the 

model along the main-stem of 10 major rivers across the US and major dams (i.e. NID 

database).  

(USGS, http://waterdata.usgs.gov/nwis and http://cida.usgs.gov/sediment/), dam 

characteristics and locations from the National Inventory of Dams (NID, 

http://nid.usace.army.mil/cm_apex/f?p=838:12), and geospatial data for major rivers 

from the National Oceanic and Atmosphere Administration                        

(NOAA, http://www.nws.noaa.gov/geodata/catalog/hydro/html/rivers.htm). 

Global, river specific, and reach-specific parameterization was used to 

implement the model with data at discrete river reaches along each river. Global 

parameters were constant across all rivers and reaches including particle density (ρ = 

http://waterdata.usgs.gov/nwis
http://cida.usgs.gov/sediment/
http://nid.usace.army.mil/cm_apex/f?p=838:12
http://www.nws.noaa.gov/geodata/catalog/hydro/html/rivers.htm
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2650 kg m-3), porosity (ϕ = 0.4764), and hyporheic depth scaling parameters (βD = 20 and 

βS = 15). This value of porosity was chosen because it is within the median range of 

empirical values reported in aquatic sediments (Avnimelech et al. 2001), and it is the 

analytically derived porosity of cubic packing which is independent of sediment size 

(Tucker 2009). Porosity was treated as a constant because our sensitivity analysis 

showed that RSA was not sensitive to porosity and little empirical data exists (see 

supplemental materials). The value of particle density was chosen because it is the 

standard density for sand and was approximately the median of empirical sediment 

density measurements across many rivers (Buffington & Montgomery 1997). Similarly, 

RSA was not sensitive to sediment density. The hyporheic depth scaling parameters are 

were chosen to provide reasonable H values across all rivers. 

River specific parameters included the most upstream benthic sediment size (Do), 

the benthic sediment downstream fining exponent (α), and the suspended sediment 

fining rate (βss). Do and α were estimated by fitting equation 7 to empirical data and 

constraining estimates to be no smaller than the smallest downstream measurement. 

Field data for D50b was not available in one database; therefore, we compiled values from 

literature and existing data sets. For upstream locations, a literature value was typically 

found near the selected river reach. For more downstream sites, sediment size 

distribution data from USGS was used. USGS applied sieving or settling velocity 

methods with field sampled sediments from which we extracted D50b.  
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Reach-specific parameters included lumped rating curve parameters (λ and ω) 

that represented width (a,b), depth (c,d), and suspended sediment concentration (e,f). We 

estimated rating curve parameters for all river reaches by fitting power functions with 

USGS discharge, suspended sediment, and channel dimensions data. Discharge (Q) and 

hyporheic depth (H) were effectively site-specific parameters. Discharge data drove the 

model at each river reach, and although we used global hyporheic depth scaling 

parameters, H was estimated from reach-specific channel slope and D50b data. 

2.2.3 Analysis 

We introduced uncertainty into the evaluation of RSA along a river using a Monte 

Carlo approach and varying the parameters that were not well represented physically or 

empirically. These parameters included the suspended sediment size and hyporheic 

depth along a river. After the model was parameterized for each river, we estimated RSA 

under 1000 simulations with varied D50s and H. Values of D50s were randomly sampled 

from normal distributions at each river reach each using the model estimated D50s as the 

mean and a standard deviation equal to 10% of the mean. Hyporheic depth at each river 

reach was varied by randomly sampling the scaling parameters βD (µ = 20, σ = 2) and βs 

(µ = 15, σ = 2) from normal distributions. See the supplemental materials for detailed 

sensitivity analysis of RSA to individual parameters in equation 6 as well as sensitivity to 

where RSA exceeds one using equation 9. 
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The Monte Carlo analysis was performed across the full range of recorded 

discharge. Discharge was represented as flow exceedance probabilities from 0 to 1, 0 

being the highest discharge on record and 1 the lowest, with 101 different discharge 

scenarios (i.e. probability = 0.01, 0.02, 0.03…1.0). The ensemble mean RSA for reach 

discharge condition was calculated and presented in the results. Flow exceedance 

probabilities were calculated from continuous discharge data collected over five years or 

more within each reach to normalize discharge to a common scale to compare within 

and across rivers.  

The location along a river where RSA exceeded 1 was estimated graphically under 

all scenarios as the distance from the river mouth as well as the watershed area of this 

location. The intersection of the RSA curve and the horizontal line where RSA equaled one 

was extracted using linear interpolation between the data points. Regression analysis 

was used to test what functions described the trends in RSA along a river at median 

discharge. Functions that were tested included linear, power, exponential, and 

logarithmic. RSA was transformed accordingly for each function to linearize the 

relationship in order to produce comparable R2 and p-values. The Network Analysis 

toolbox in ArcMap (ESRI, v 10.2.2) was used to find the distance along a river between 

all reaches and major dams. All other analyses were performed in R statistical software 

3.2.2. All data are publicly available from the sources outlined above. The data we 

curated from these sources as well as the code are available upon request. 
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Table 1: Description of global, river-specific, and reach-specific parameters 

used in the model evaluation. 

Symbol Units Definition 

Range from data and 

model evaluation 

Global parameters   
φ 

 
porosity of bed sed. 0.476401 

ρ kg m-3 density of suspended sed. 2650 

βD 
 

hyporheic scaling factor 

with sed. size 

sampled from normal 

dist. (µ =20, σ =2) 

βS 
 

hyporheic scaling factor 

with channel slope 

sampled from normal 

dist. (µ =15, σ =2) 

River specific parameters  
α m km-1 benthic sed. fining exponent -0.006 to -0.014 

βss m km-1 rate of suspended sed.  

fining 

-10-7.5 to -10-10.5 

Do m most upstream bed sed. size 0.001 to 0.17 

Reach specific parameters  
a and b 

 
hydraulic geometry- width a=8 to 598               

b=0.006 to 0.45 

c and d 
 

hydraulic geometry- depth c=0.04 to 16                   

d=0 to 0.62 

e and f 
 

suspended sediment rating 

curve 

e=7x10-10 to 4.5x10-1        

f=0.06 to 2.0 

Q m3 s-1 river discharge 0 to 55784 

D50s m diameter of suspended 

sediment 

2.5x10-7 to 0.00015 

D50b m diameter of benthic 

sediment 

0.0003 to 0.15 

H m hyporheic depth 0.006 to 3.1 
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2.3 Results  

2.3.1 Patterns in RSA 

The ratio of water column to benthic sediment surface area (RSA) showed great 

variability as a function of discharge and with distance along a river, but consistent 

patterns were observed across different rivers. RSA varied over 12 orders of magnitude 

across all reaches and discharges, from 10-8 to 103 (Figures 2-3). In 7 of 10 rivers (all but 

the Missouri, Colorado, and Mississippi), the variability in RSA with discharge at a 

particular location equaled or exceeded the spatial variability in RSA over the entire 

main-stem length at median discharge (Figures 2-3). RSA at median discharge scaled as a 

power function of watershed area but with considerable variability across all the rivers 

(Figure 4).  

The downstream patterns in RSA were best described as a power function of 

watershed area and logarithmic function of distance downstream for most rivers (Figure 

5). However, the Colorado, Apalachicola, and Potomac Rivers lacked significant 

downstream trends in RSA or had low R2 values due to spatial variability and/or too few 

data points to generate a significant trend. The slopes, or exponents, of the significant 

relationships between watershed area and RSA at median discharge ranged from 0.90 to 

1.99; however, the slope was 0.5 in the Apalachicola River. Spatial variability was largely 

expressed as sharp declines in RSA (Figure 2-3). In many cases, these sharp declines 

occurred directly downstream of discontinuities such as dams, particularly on the  
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Figure 2: The ratio of suspended to benthic sediment surface area (RSA) versus 

watershed area for all rivers. The color gradient in the lines represent discharge from 

0-1 flow exceedance probability where black is high flow (probability = 0.0) and light 

grey is low flow (probability = 1.0). The median flow is highlighted in blue. Note the 

different scales on the axes and all axes are logged. 
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Figure 3: The ratio of suspended to benthic sediment surface area (RSA) versus 

distance from mouth for all rivers. The color gradient in the lines represent discharge 

from 0-1 flow exceedance probability where black is high flow (probability = 0.0) and 

light grey is low flow (probability = 1.0). The median flow is highlighted in blue and 

the location of dams are shown with red triangles. Note the different scales on the 

axes and the y-axis is logged. 
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Columbia, Colorado, Missouri, and Mississippi Rivers. For the few parameterized 

reaches that were located directly above and below dams, the percent change in RSA due 

to the dam increased with the size of the reservoir, or mean reservoir storage volume 

(Figure 6).  

 

Figure 4: A) RSA at median flow (flow exceedance probability = 0.5) versus 

watershed area across all river basins at the locations where the model was 

parameterized with data. B) Spatial visualization of RSA at median flow. 
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Figure 5: The R2 values of different functions (exponential, linear, logarithmic, 

and power) with significant fits of A) RSA vs watershed area and B) RSA vs distance 

downstream. Note the Potomac is not shown in either plot because none of the fits 

were significant due to too few data points, also  the Apalachicola is not shown in 

figure B due to lack of significance. 

2.3.2 Where did RSA exceed 1? 

There was more sediment surface area in the water column than the benthic zone 

(i.e., RSA exceeded 1) at some distance downstream in all rivers. However, RSA exceeded 

1 at a downstream location only under high flow in the Hudson (< 0.50 flow exceedance 

probability) and Potomac Rivers (< 0.23 flow exceedance probability), but under all flow 

conditions in the other rivers.  

The percent of the river length with RSA greater than 1 varied from 10% in the 

Hudson River, where most of the river length was benthic dominated, to 90% in the 

Mississippi River, where most of the river length was water column dominated, at low 

flow (exceedance probability = 0.90) (Figure 7A). As flow increased, the percent of the 
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river length with RSA greater than 1 increased. At the highest flow, a majority of the 

main-stem length was dominated by water column sediment surface area in all rivers 

except the Hudson (Figure 7A). At the median discharge, half of the rivers (including 

Apalachicola, Colorado, Mississippi, Missouri, and Ohio) had a majority of their main-

stem length dominated by water column sediment surface area.  

The upstream watershed area at the location where RSA exceeded 1 showed 

consistent patterns with discharge across all rivers (Figure 7B). As discharge increased, 

watershed area decreased pushing the location where RSA exceeded 1 upstream. At low 

flow (flow exceedance = 0.90), RSA exceeded 1 over a range of watershed sizes from 3,644 

km2 in the Apalachicola basin (7% of total basin area) to 847,906 km2 in the Missouri 

basin (62% of total basin area). At the highest flow, the location where RSA exceeded 1 

occurred over a range of watershed sizes from less than 1 km2 in the Ohio and 

Apalachicola Rivers to a watershed size of 100,000 km2 in the Missouri River (7% of total 

watershed area). At the median discharge, the location where RSA exceeded 1 ranged 

from a watershed size of 3290 km2 in the Apalachicola (6% of total basin area) to 485,964 

km2 in the Missouri basin (36% of total basin area) with a mean watershed size of 122,924 

km2. Translating these results to stream order, the location where RSA exceeded 1 at 

median discharge ranged from 5th to 9th order across the different river basins with a 

median of 7th (according to stream orders assigned by the National Hydrography 

Dataset-Plus, Horizon Systems Corporation). 
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Figure 6: The percent change in RSA immediately above and below major dams 

verses the mean reservoir water storage volume. The labels represent different rivers 

(CO=Colorado, COL=Columbia, MO=Missouri, MISS=Mississippi). 
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Figure 7: A) The percent of the main-stem river length where RSA exceeded 1 

versus flow exceedance probability. B) The upstream watershed area at the location in 

the river where RSA exceeded 1 versus flow exceedance probability. The Hudson and 

Potomac Rivers do not extend across the range of flows because RSA was only 

exceeded at high flows (i.e. lower exceedance probabilities). 

2.4 Discussion 

 We presented a physical template for the surface area of sediment particles in the 

benthic and water column zones across the river continuum. Our analysis scaled from 
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individual particles, to river reaches, and to river networks to describe broad patterns 

within and across river basins. We showed that the surface area ratio, RSA, scaled as a 

power function of watershed area. There was more sediment surface area in the water 

column than the benthic zone (i.e. RSA exceeded 1) starting somewhere between 5-9th 

order rivers depending on the river basin, suggesting ecosystem processes could be 

occurring largely in the water column in rivers 5th order or greater.  

Transitions in material processing, such as carbon and nutrient cycling, have also 

been found to occur ~5th order rivers. For example, rivers shifted from heterotrophy to 

autotrophy in 5th order rivers (Webster 2007), and it was suggested that nutrient uptake 

shifted from benthic to water column dominance in rivers greater than 5th order 

(Reisinger et al. 2015). However, our results showed that spatial discontinuities such as 

dams and temporal variability due to discharge shifted where this benthic to water 

column transition occurs. Our discussion below expands upon the ecosystem 

implications of benthic and water column sediment surface area and is intended to 

stimulate discussion on the role of the water column in river ecosystems and how to 

scale water column versus benthic processes. 

2.4.1 Spatial discontinuities and temporal variability 

Spatial discontinuities, such as dams (Ward & Stanford 1983), had a marked 

impact on sediment surface area ratio, RSA. The rivers with the most frequent and largest 

discontinuities (Missouri, Mississippi, Colorado, and Columbia) also had the most dams 
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(>= 50 feet tall or 5,000 acre-feet of storage, according to National Inventory of Dams) 

within their basin as well as along the main-stem (Table 2). The type and size of the dam 

may be important. Large storage dams trap sediment and regulate discharge more so 

than run-of-river dams (Csiki & Rhoads 2010), and therefore storage dams will have a 

greater impact on patterns in RSA. For example, both the Mississippi and Ohio Rivers 

have many navigational run-of-river dams along their main-stem. Yet, there were fewer 

discontinuities in RSA along these rivers compared to the Missouri and Columbia which 

have fewer dams along the main-stem, but those dams are large storage dams. The 

storage dams on the Colorado River, particularly Hoover and Glen Canyon dams, 

effectively suppressed RSA for hundreds of kilometers (Figure 3).  

Table 2: Table of basic characteristics of the river basins evaluated including 

the number of reaches evaluated along each river, number of dams along main-stem, 

number of dams in the watershed, range of watershed sizes represented by the 

evaluated reaches, main-stem length, and stream order where RSA exceeded 1 at 

median discharge. 

Rivers 

# of 

reaches 

# dams 

within 

main-stem* 

# dams 

within 

basin* 

range in watershed 

area at reaches 

(km2) 

length of 

main-stem 

(km) 

Stream order 

where RSA =1 

(at Q50) 

Apalachicola (APP) 11 10 19 388 - 49727 783 5 

Colorado (CO) 15 8 144 165 - 638950 2137 9 

Columbia (COL) 16 31 142 1258 - 665368 2198 8 

Hudson (HUD) 5 4 - 65 - 2953 248 7 

Missouri (MO) 22 13 269 818 - 1357155 3938 9 

Mississippi (MISS) 15 35 716 2667- 2926689 3250 7 

Ohio (OH) 8 27 341 642 - 525768 2087 6 

Potomac (POT) 5 3 17 802 - 24996 342 - 

Sacramento (SA) 7 4 55 297 - 70000 556 7 

Yellowstone (YEL) 7 0 1 80 - 178965 969 8 

*dams of >= 50 feet tall or 5000 acre feet of storage according to National Hydrography Dataset from the 

National Inventory of Dams. 



 

31 

Discharge had a large impact on spatial and temporal variability in RSA. For 

example, at a given location along a river, RSA could vary over several orders of 

magnitude within a year, being less than or greater than 1 at different times depending 

on flow (Figures 2-3). Thus, variability in discharge—annually, seasonally, and 

episodically during storms—affects where along the river water column sediment 

surface area is greater than benthic. Furthermore, from a river network perspective 

discharge adds spatial variability. Our data was presented along a river’s main-stem 

assuming discharge in each reach was at the same exceedance probability. However, in a 

real river basin, discharge will not occur this evenly due to sub-catchments with 

differing hydrologic regimes (Montgomery 1999; Richter et al. 1998); therefore, spatial 

and temporal asynchrony in discharge across a river basin will create complex spatial 

patterns in RSA and where it exceeds 1. 

These results suggest spatial discontinuities such as dams and temporal 

variability due to floods/droughts shift rivers between benthic and water column control 

of sediment-mediated processes. If we generally conceptualize processes in small 

streams as dominated by the benthic zone (Covich et al. 1999; McKnight et al. 2004) and 

those in large rivers by the water column (Ochs et al. 2009; Reisinger et al. 2016; 

Reisinger et al. 2015),  rivers oscillate between benthic (stream-like) and water column 

control (river-like) over time and space. Large storage dams decreased RSA in 

downstream reaches. In these reaches, there is less suspended sediment surface area, 
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more light penetration, and likely increased primary production and benthic biology. In 

contrast, high discharge events make streams function more like rivers, although only 

episodically. As discharge and RSA increase, less light reaches the benthic zone, in-

channel and watershed derived materials are added to the water column (Wolman & 

Miller 1960), and benthic organisms are entrained within the water column (Gibbins et 

al. 2007; Poff & Ward 1991).  

2.4.2 Ecosystem implications  

Sediment-mediated ecosystem processes shifting between benthic and water 

column dominance has implications for how to measure, model, and manage 

ecosystems. First, we need to highlight key differences between the benthic and water 

column zones. The benthic zone is largely stationary, disturbed only by events of a 

threshold size (Buffington & Montgomery 1997; Lake 2000), while the water column is 

under continuous turbulent motion downstream. Another key difference is the range 

and timescales of variability of the physical environment. For example, variability in 

temperature, light, and current velocity occurs at a higher frequency and over a wider 

range in the water column compared to the benthic zone (Gardner and Doyle, 

unpublished data). The benthic zone has more consistent thermal and light regimes that 

are dampened by upwelling groundwater (Malcolm et al. 2002), attenuation of light/heat 

through the water column (Ji 2017; Kirk 1994), and less frequent downstream transport. 

These key differences demonstrate how the physical environment, timescales of 
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variability, and the controls of ecosystem processes may differ between the benthic and 

water column zones. 

Considering these key differences, scaling ecosystem processes across a river 

basin requires different methods for benthic versus water column processes if both 

zones are appreciably contributing to the whole ecosystem. For example, in river 

network models of material processing, nutrient and carbon uptake rates are scaled from 

headwater streams to large rivers based on the wetted perimeter to discharge ratio or 

similar metrics that assume benthic processing (Alexander et al. 2009; Bertuzzo et al. 

2017; Helton et al. 2017; Seitzinger et al. 2002; Ye et al. 2017). Applications of nutrient 

spiraling theory have been explicitly benthic (Ensign & Doyle 2006; Fisher et al. 1998; 

Newbold et al. 1981). However, there is no physical basis for scaling water column 

processes using the same metrics as benthic processes. Rather, suspended sediment 

concentration, suspended sediment surface area, and/or the properties of suspended 

materials should be used to develop functional relationships for scaling water column 

material processing.  

In the context of material spiraling (Fisher et al. 1998; Newbold et al. 1981), 

integrating water column and benthic processing would conceptually be two 

concomitant material spirals. One spiral is the traditional cycling of materials between 

water column and benthic zones, assuming water column materials are mineralized and 

benthic forms are assimilated by biota and particulates. The second spiral occurs 
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exclusively in the water column where materials cycle between mineralized and 

biotic/particulate forms without entering the benthic zone. Water column spirals are 

potentially longer due to continuous downstream advection, however rivers respond 

quickly to material inputs likely due to heterotrophic activity in the water column 

(Cotner & Biddanda 2002). These two concomitant spirals are coupled as materials are 

exchanged between the benthic and water column spirals. The questions become what 

are the water column versus benthic spiraling uptake rates/lengths, how coupled are 

these spirals, and how do the rates, lengths, and degree of coupling scale with river size?  

Water column material processing may only be important in the largest rivers. In 

addition to our results on sediment surface area, as river size increases there are other 

biophysical changes that suggest an increase in water column processes relative to the 

benthic zone. As a river grows in size, a smaller proportion of the water volume 

interacts with the benthic zone and less frequently (Gomez-Velez & Harvey 2014; 

Gomez-Velez et al. 2015), concentrations of suspended materials increase (Meybeck 

1982; Meybeck et al. 2003), the sources of carbon inputs can shift from allochthonous to 

autochthonous (Battin et al. 2008; Finlay 2001; Hall et al. 2015; Hotchkiss et al. 2015a; 

Oliver & Merrick 2006; Raymond et al. 2016; Thorp & Delong 1994; Vannote et al. 1980), 

and primary production can shift from largely benthic periphyton to largely drifting 

phytoplankton (Battin et al. 2008; Finlay 2001; Hall et al. 2015; Hotchkiss et al. 2015a; 

Oliver & Merrick 2006; Raymond et al. 2016; Vannote et al. 1980). However, even in 
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small headwater streams, Rovelli et al. (2017) showed that 28% of ecosystem respiration 

occurred in the water column on average, and there was transient dominance of water 

column gross primary productivity. Similarly, Reisinger et al. (2015) showed water 

column ammonium uptake occurred in all stream sizes. Water column processes are 

rarely partitioned from the whole ecosystem (Giorgio & Williams 2005) especially across 

a gradient of river size, yet evidence is growing that at a certain river size our conceptual 

and numerical models must incorporate water column processes and their controls. 

Measurement and management strategies may also need to be reassessed 

depending on the relative influence of the benthic and water column zones. For 

example, consider the case of a river with almost no benthic biota due to light limitation 

and/or perpetual disturbance where a majority of the biology is mobile. In such a river, a 

traditional fixed-site approach will not capture the ecosystem and biogeochemical 

dynamics. Instead, synoptic or flowpath approaches should be adopted that are spatially 

explicit or follow a water mass and its biological community downstream (Doyle & 

Ensign 2009b; Ensign et al. 2017; Hensley et al. 2014; Volkmar et al. 2011). Management 

strategies may also shift. For example, if benthic processes are dominant, water quality 

management should focus on increasing vertical exchange within riverbed structures 

(Gomez-Velez & Harvey 2014; Gomez-Velez et al. 2015). If water column processes are 

dominant, management of river velocity by dams could be used to maintain enough 

suspended materials in the water column, but without significantly reducing residence 



 

36 

time, to maximize the contact area and time between suspended materials and solutes 

within the water column.  

2.4.3 Biogeochemical context of sediments 

The biogeochemical context of benthic and water column sediment is also 

important; however, our analysis was limited to the physical template. Sediment 

facilitates biological processes not only due to contact surface area and contact residence 

time, but also due to biogeochemical conditions such as redox gradients, abundance of 

microbial communities (Hosen et al. 2017; Mendoza-Lera et al. 2017), concentrations of 

organic matter, nutrients, and other elements (Wotton 2007). The biogeochemical context 

could be conceptually integrated with our model of the surface area ratio by defining a 

“reactivity ratio”, RR. The reactivity ratio represents the ratio of water column to benthic 

concentration or mass of nutrients, organic matter, or microbes per sediment surface 

area. The product of the surface area ratio (RSA) and reactivity ratio (RR) is the ratio of 

water column to benthic “biogeochemical potential”.  

"𝐵𝑖𝑜𝑔𝑒𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙" 𝑜𝑟 "𝑀𝑎𝑠𝑠 𝐹𝑙𝑢𝑥" =  𝑅𝑆𝐴𝑅𝑅  Equation 10 

RR could also represent areal rates of sediment-mediated heterotrophic processes such as 

respiration or denitrification, and the product of RSA and RR is the ratio of water column 

to benthic mass flux (Mass Time-1). The benthic zone likely has higher rates of 

heterotrophic processes and greater mass of organic matter. Yet, according to our 
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results, benthic rates would have to be 1-3 orders of magnitude greater than water 

column rates for the “mass flux” to be largely benthic in rivers 5th order or larger.  

In practice, assessing the biogeochemical potential or mass flux is a particle 

centric view of rivers that requires detailed field sampling. However, a particle-centric 

view could provide valuable insights, particularly in turbid rivers, since the properties 

and role of suspended materials in riverine ecosystems has not been well studied (Battin 

et al. 2008; Dodds & Whiles 2004; Wotton 2007). Suspended materials have been well 

studied in marine systems (Alldredge & Silver 1988), and similar processes such as 

particle aggregation (marine or river “snow”) and denitrification in the interstitial spaces 

of suspended materials have been observed in rivers (Droppo et al. 1997; Droppo 2001; 

Liu et al. 2013; Wotton 2007; Zimmermann‐Timm 2002). Battin et al. (2008) highlighted 

the importance of suspended materials and aggregates asserting that they can structure 

water column chemistry as a result of their formation, existence, and degradation that 

consumes, transforms, and releases materials and solutes. A recent study of rivers in 

North Carolina found one drop of surface water contains over one billion nanoparticles 

(River & Richardson 2018a; River & Richardson 2018b) illustrating that there remains 

much to discover on the properties and function of suspended materials in rivers. 

2.4.4 Applications 

Practical applications of our results and modeling framework include the design 

of field studies and scaling of field and lab measurements. For design of field studies, 
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our results suggest the type of river, discharge, and location along a river where it is 

appropriate to focus on suspended materials. For example, in river basins with high 

concentrations of fine suspended materials (e.g. Apalachicola), measurements of water 

column processes and materials should begin around 5th order rivers. However, in other 

river basins with coarser bed sediments and deeper hyporheic depths water column 

process rates may not be important relative to the benthic zone. A quick assessment of 

RSA, using empirical data and the model (Eq. 6), may be indicative of the relative role of 

benthic and suspended sediments in the fate and transport of materials and solutes. For 

example, sediment surface area has been correlated with metal and pollutants loads 

(Horowitz & Elrick 1987; Rügner et al. 2013; Tessier et al. 1980), and estimating RSA prior 

to sampling can guide whether to collect water column or benthic samples. 

Coupling our sediment surface area model with biogeochemical, enzymatic, or 

weathering rates derived from lab or field experiments could be used to scale up to 

ecosystems or river networks. A conceptual example (Eq. 10) was presented for scaling 

up mass flux or biogeochemical potential across river size. However, more detailed 

models and sampling efforts will be required to partition water column and benthic 

ecosystem processes. With new sampling techniques, such as eddy covariance for 

benthic metabolism (Berg et al. 2003; Rovelli et al. 2017), we can better measure and 

partition benthic and water column processes. In addition, our frugal modeling 

approach (Carpenter 2003) can be easily modified with different assumptions to better 
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represent specific rivers and generate hypotheses. The model could incorporate different 

channel shapes, different functions for representing downstream patterns in sediment 

size, hyporheic depth, and hydraulic geometry, and could include functions that link 

parameters with discharge.  

2.5 Conclusions 

 We presented a physical template for sediment-mediated ecosystem processes 

and compared the sediment-water contact area in the benthic and water column zones 

across river size. The surface area ratio, RSA, scaled as a power function of watershed 

area and there was more sediment surface area in the water column than the benthic 

zone in rivers equal to or greater than 5-9th order depending on the river basin. Dams 

and variation in discharge caused spatial discontinuities and temporal variability that 

shifted the location along a river where water column sediment surface area was 

dominant; therefore, rivers oscillated between water column and benthic dominance 

over time and space. Our results suggest at a certain river size water column processes 

should be incorporated into models of material processing. Water column processes 

require different scaling metrics than benthic processes (e.g. not wetted perimeter) that 

integrate the properties of suspended materials. Field measurements of water column 

and benthic processes from headwaters to coasts are needed to better understand how 

these different zones influence the whole river ecosystem.
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3. As a river flows: influence of flowpaths and 
geomorphic setting on light variability in large rivers  

 

3.1 Introduction 

3.1.1 Light in rivers 

Light is a key driver of many biotic and abiotic processes in aquatic systems 

including photosynthesis, photodegradation of contaminants and dissolved organic 

matter (DOM), and even animal behavior (Cory et al. 2014; Kirk 1994; Leech & Johnsen 

2009; Wetzel 2001). Despite this central role, light in riverine, or lotic, systems has 

received far less empirical attention in comparison to other drivers, such as discharge or 

nutrients. Consequently, there is not a consistent set of analytical tools nor systematic 

measurements to understand and characterize the light environment of lotic systems 

(Julian et al. 2008a; Julian et al. 2008b) 

Existing measurements of light have typically come from more lentic (e.g. slow 

moving) systems such as lakes, and most understanding of light is largely derived from 

oceans (Jerlov 1976; Kirk 1994; Wetzel 2001). However, studies of light in lentic waters 

do not necessarily reflect the characteristics of lotic environments, particularly the 

optical complexity of rivers due to internal and external controls that vary temporally 

and spatially (Davies‐Colley & Smith 2001; Davies‐Colley et al. 1984; Davies‐Colley & 

Close 1990; Davies‐Colley & Quinn 1998; Julian et al. 2008a). External controls include 
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topography, riparian shading, channel geometry, and atmospheric conditions; internal 

controls include optical water quality and hydrology (Davies‐Colley & Quinn 1998; 

Julian et al. 2008a). Both types of controls vary over time scales from millennia (e.g. 

topography) to minutes (e.g. optical water quality and hydrology). In addition, controls 

of the light environment vary over space from headwaters to coast, as well within a river 

reach (Frenette et al. 2003; Frenette et al. 2006; Julian et al. 2008c). 

In large rivers that are sufficiently wide so that shading is not dominating light 

availability (i.e., the light reaching the water surface), light in the water column is 

primarily influenced by the interaction of hydrology and optical water quality (Costa et 

al. 2012; Frenette et al. 2006; Frenette et al. 2012). Optical water quality includes 

suspended sediment, chromophoric dissolved organic matter (CDOM), and 

phytoplankton (e.g. chlorophyll-a or chl-a), which are the primary constituents that 

scatter and absorb light in water (Davies‐Colley et al. 1984; Kirk 1988; Kirk 1994). These 

constituents can be highly dynamic: storms, for example, can inject CDOM and 

suspended sediment into rivers (Saraceno et al. 2009; Squires & Lesack 2003; Williams 

1989) causing the light environment to change through time solely due to optical water 

quality and hydrology. Light in the water column can also vary in space. Large rivers 

can have water masses moving downstream with distinct optical water quality creating 

a strong lateral gradient, as well as longitudinal gradients as biological processes react to 

and alter optical water quality (Frenette et al. 2003; Frenette et al. 2006; Martinez et al. 
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2015b). In Spyrakos et al. (2018) classifications of optical water quality based on remote 

sensing, inland waters were highly variable with more optical “types” than marine 

waters, yet most of the inland waters in this analysis were lakes with few riverine sites, 

illustrating a tendency to ignore rivers in aquatic light research.   

There remains limited understanding of the light environment in large rivers 

(considered here as > 6th order rivers). The riverine light research which does exist has 

typically stopped at moderate sized rivers, ~ 6th order (Davies-Colley & Nagels 2008; 

Julian et al. 2008b; Julian et al. 2008c), with few studies in large rivers (Costa et al. 2012; 

Frenette et al. 2006; Squires & Lesack 2003). Studies of light in large rivers have found 

that light attenuation can be controlled by DOM, suspended sediment, and/or 

phytoplankton in different rivers or seasons (Costa et al. 2012; Frenette et al. 2012). In 

addition, light conditions within rivers and adjacent floodplain lakes can be highly 

dynamic depending on the degree of connectedness between rivers and hydrologically 

connected lentic waterbodies (Squires & Lesack 2003).  

3.1.2 Influence of measurement approach: fixed-site vs. flowpath 

An important characteristic of rivers is that they are turbulent and consistently 

flowing downstream through both lentic and lotic reaches, whether through small scale 

features like pools and riffles, or larger scale features such as reservoirs and canyons. 

Lentic and lotic reaches tend to have differences in optical water properties and their 

hydrologic drivers. For example, lentic reaches have lower flow velocity and longer 
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residence times (Jones et al. 2017) and often less suspended sediment, more 

phytoplankton, and different CDOM quantity and quality (Ejarque et al. 2017; Kalinin et 

al. 2016; Kennedy et al. 1982; Kling et al. 2000; Larson et al. 2016; Larson et al. 2014). 

Indeed, measurements taken in a pool may be quite different from those taken only a 

few meters downstream in a riffle.  

This is a ramification, and potential short-coming, of the predominant approach 

to studying light in rivers, which has relied on fixed-site measurements of manual light 

profiles (Davies-Colley & Nagels 2008; Davies‐Colley et al. 1984). Such an approach does 

not consider the variety of geomorphic features within rivers, nor does it allow one to 

understand the actual light exposure to materials in the water column along flowpaths 

through a river. This is important because fixed-site measurements of light may only be 

relevant to fixed-site processes that occur within a geomorphic feature. For example, 

primary production on the riverbed of a pool (e.g. benthic periphyton or macrophytes) is 

affected by the temporal variability of light that reaches the riverbed at that particular 

fixed location.  

However, materials, organisms, and processes also occur in the water column 

(Gardner & Doyle ; Millar et al. 2015; Ochs et al. 2009; Ochs et al. 2013; Reisinger et al. 

2016; Reisinger et al. 2015). Phytoplankton photosynthesize and DOM and contaminants 

photodegrade as they are suspended in the water column and advected downstream. 

Materials and organisms are affected not just by the heterogeneity in the light that 
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reaches the water surface and its attenuation through the water column, but also the 

light exposure they experience along flowpaths through the three-dimensional space of 

a river (Cory et al. 2015; Cory et al. 2014; Reynolds 1990). Therefore, a mismatch often 

occurs between the processes being described (e.g., photodegradation of DOM, 

phytoplankton production) and the measurement approach used to quantify its controls. 

Quite simply, fixed-site measurements may not adequately or accurately characterize 

the water column light conditions and how these light conditions impact light-driven 

processes. 

3.1.3 Flowpath approaches 

Materials are exposed to diverse light conditions as they move along turbulent 

flowpaths in rivers (Reynolds 1990; Ross & Sharples 2004). To begin, light exposure 

along flowpaths may change in space and time due to gradients and/or patchiness 

vertically, longitudinally, and laterally in light at the water surface or light attenuation 

through the water column. Additionally, materials are stochastically transported across 

this “mosaic of light habitats” (Frenette et al. 2006) due to turbulent fluctuations in 

velocity. Because flowpaths are shaped by turbulence (a stochastic process), the light 

experienced by an individual in the water column will have a particular history of light 

exposure that is partially determined by a stochastic processes (Figure 8). 

As such, it may be useful to describe light regimes statistically and/or as a time 

series similar to how other stochastic processes are described, such as precipitation and 
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streamflow (Chow & Kareliotis 1970; Poff et al. 1997). For example, light exposure along 

flowpaths can be characterized by the magnitude, frequency, duration, and rate of 

change of light (Figure 8). Magnitude refers to the intensity of light, such as photon flux 

density (µmol m-2s-1) or irradiance (watts m-2). Frequency means how often light of a 

certain intensity occurs. Rate of change is the variability or “flashiness” describing how 

quickly light intensity changes. Duration is the period of time over which a specific 

intensity occurs and can be defined in aggregate or as discrete events (Figure 8). Light 

exposure can be conceptualized as a discrete “event,” or the light conditions that are 

different from the normal conditions, using a light threshold that is associated with 

particular light-driven processes. For example, in a relatively clear river, the base 

condition would high light intensity. A light event then would be advection to deep 

water or a heavily shaded riparian area with insufficient light intensity for 

photosynthesis to occur (Figure 8). Alternatively, a particle may be reactive only to ultra-

violet radiation (UV), which only penetrates the upper-most layer of water (Frost et al. 

2005; Markager & Vincent 2000; Morris et al. 1995); thus, a light event would be when 

that particle is advected to a depth where there is insufficient UV intensity for 

photodegradation. This approach to describing light is applicable to different light 

spectra (e.g. UV, photosynthetically active radiation or PAR), different thresholds of 

light events relevant to different processes, as well as fixed-site and flowpath 

measurement approaches. 
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3.1.4 Overview 

We collected high frequency water column light data in two large rivers across 

different geomorphic patches (lentic vs. lotic) and flow conditions using two different 

measurement approaches (Figure 9). First, we used buoys to collect fixed-site light data. 

Second, we developed and used a novel flowpath sensor to measure light exposure 

along a hydrologic flowpaths through each river (Doyle & Ensign 2009a; Ensign et al. 

2017). We then statistically describe the light exposure along observed flowpaths and at 

fixed-sites. Our measurements focused on photosynthetically active radiation (PAR, 400-

700 nm wavelengths, µmol m-2s-1) and its attenuation with depth (Kd). Our objective was 

to develop empirical approaches for understanding light conditions within the water 

column of rivers. We specifically asked, How are light regimes in rivers similar or 

different between 1) lentic and lotic reaches, 2) base and storm flow, and 3) the water 

column and benthic zone?  
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Figure 8: Conceptual figure of the flowpaths of a neutrally buoyant particle 

through a river depicting depth in the water column and light over time or distance. 

And how this flowpath data can be used to characterize the frequency, magnitude, 

and duration of light intensity or light attenuation in aggregate or for light events. 
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Figure 9: Schematic of the methods used to collect fixed-site, synoptic, and 

flowpath data, and how that data was collected along a river. 

3.2 Methods 

3.2.1 Study sites  

Data were collected from two US rivers; the 8th order Upper Mississippi River 

(UMR) in Wisconsin during summer 2016 and the 5th order Neuse River (NR) in North 

Carolina from 2014-2016 (Figure 10). The UMR is a large, floodplain river that is 

punctuated by a series of navigational locks and dams forming impoundments, pools, 

backwaters, and side channels (Wilcox et al. 1993). We focused on an 11 km section of 

pool 8 in southeastern Wisconsin, USA. Specifically, the study area included the braided 

side channels (lotic), backwaters (lentic), and open water impoundment (lentic) adjacent 
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to the navigational channel. The median daily discharge is 720 m3s-1, and the widths of 

the navigational and side channels are 1500 m and 80-500 m respectively.  

The NR is located in North Carolina, USA and crosses the Piedmont and Coastal 

Plain regions before entering the estuary (Pamlico Sound) as a 5th order river. This study 

focused on the 40 km segment upstream of the Neuse Estuary with a median daily 

discharge of 73 m3s-1, covering reaches that are fluvial (lotic) and non-tidal, oligohaline 

estuary (lentic). This segment of the NR is a single threaded channel (~100 meters wide) 

that meanders through a lowland floodplain before rapidly fanning out in width (~ 2-4 

km) in the non-tidal estuary.   

 

Figure 10: Map of the study sites, the Upper Mississippi River (UMR) pool 8 and the 

Neuse River (NR). The lines show the typical tracks of flowpath sensors through the 

UMR with green dots as the start points and the red dots as end points 
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3.2.2 Field data collection 

Light data was collected over time using a fixed-site approach and over space 

and time using a flowpath approach (Ensign et al. 2017). Flowpath data was collected 

with passively drifting multisensors called Hydrospheres (Planktos Instruments, North 

Carolina, USA), hereafter referred to as flowpath sensors. The flowpath sensors were 

ballasted so that the light sensors (HOBO Pendant, Onset, Massachusetts, USA) were 

always facing up while the water quality sensors and pressure transducers were always 

facing down. Each flowpath sensor collected light, depth, and water quality data every 2 

minutes. 

Flowpath sensors were adjusted for neutral buoyancy immediately prior to 

deployment depending on water temperature and salinity. In the UMR, deployments 

were limited to 8 hours due to downstream dams, and deployments were limited to ~24 

hours on the NR to ensure recovery. During two deployments on the NR, flowpath 

sensors entered the oligohaline estuary after a full 24 hours of travel time. In total, we 

collected 7 individual flowpath deployments occurring over 6 different dates (i.e. 

multiple flowpath sensors were simultaneously deployed) in the NR and 15 individual 

flowpath deployments occurring over 7 different dates in the UMR (Table 3).   

Fixed-site data was collected from buoys (Figure 9) equipped with upward 

facing light (LUX) sensors (HOBO pendant, Onset, Massachusetts, USA) placed in 

different reaches along each river: a lotic reach and a lentic reach. In the UMR, the lotic 



 

51 

buoy was located in channel 2, and the lentic buoy was 3 km downstream in a shallow 

open water area where the side channels reconnect with the main navigation channel 

(Figure 10). In the NR, the lotic buoy was located in the thalweg of a deep (~4 m) fluvial 

reach, and the lentic buoy was 20 km downstream in a shallow area (~1.5 m) of the 

oligohaline estuary. Each buoy was equipped with three light sensors (HOBO Pendant, 

Onset, Massachusetts, USA) at fixed positions with respect to the water level; just above 

the air-water interface, 0.5 meters below the surface, and 1-1.5 meters below the water 

surface. The buoy was anchored in place but was able to rise and fall so that the depth 

with respect to the water surface was constant over time. A pressure transducer was 

fixed to the anchor at the riverbed to measure total depth of the water column. Light and 

Kd were measured every 5 minutes. The length of high frequency, clean data totaled 70 

and 63 days in the NR lotic and lentic reaches respectively, and 20 and 17 days in the 

UMR lotic and lentic reaches respectively. 

Additional synoptic measurements of light profiles with depth were collected 

using an upward facing PAR sensor (LICOR Quantum Sensor LI-190R, Nebraska, USA) 

at the same 3-4 locations along the reaches from a boat during flowpath sensor 

deployments. This method of manual profiling of light at a fixed-site is the conventional 

method of estimating light attenuation. These measurements of Kd were collected to 

examine spatial variability along the reach, but mostly for quality control for the high 

frequency buoy and flowpath measurements. We collected many additional light 
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profiles from different docks to develop underwater and in-air LUX-PAR calibration 

curves for each river by simultaneously measuring PAR and LUX (Long et al. 2012). 

Fixed-site and flowpath light data were converted to PAR using these calibration curves 

so that all data were in comparable, biologically relevant units. 

3.2.3 Light attenuation calculations   

3.2.3.1 Fixed-site light attenuation 

We estimated the diffuse light attenuation coefficient for downwelling irradiance 

(Kd), or the rate at which light entering at the water surface decreases with depth, using 

synoptic, fixed-site, and flowpath approaches. Using the common profiling approach 

(Davies‐Colley et al. 1984; Kirk 1994), light (PAR) was measured at different depths;  

 𝐸𝑑(𝑧) =  𝐸0𝑒−𝐾𝑑𝑍  Equation 1 

where Ed is the downwelling irradiance (µmol m-2 s-1), z is depth below the water surface 

(m), and Kd is the light the attenuation coefficient (m-1). Kd is the slope of the linear 

relationship between the natural log of Ed versus depth. Estimating Kd from fixed-site 

data used the same equation, although rearranged to represent two spatially discrete 

points (E2 and E1) in the water column rather than a profile. 

𝐾𝑑 =  
ln (𝐸2/𝐸1)

∆𝑧
 Equation 2 

Comparing Kd from different approaches required additional precautions and 

post-processing steps to maximize comparability and accuracy. The fixed-site data used 

to estimate Kd were truncated to the period between 3 hours after sunrise and 3 hours 
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before sunset (solar time), and boat-based, synoptic light profiles were always collected 

between the hours of 10:00 and 15:00 (solar time). We used mean solar time since it 

standardizes measurements taken at different times and geographic locations relative to 

the position of the sun.   

Light extinction was also corrected to minimize the effect of time of day, or solar 

zenith-angle. The correction method adjusted Kd relative the angle of incident light and 

refraction at the air-water interface. The average zenith angle of the refracted direct solar 

beam θsw (radians) was first calculated according to Snell’s Law (Gordon 1989; Miller & 

McPherson 1995); 

𝜃𝑠𝑤 = sin−1 (
sin 𝜃𝑠

1.34
)  Equation 3 

where θs is the solar zenith angle (radians) and 1.34 is the refractive index of water (Kirk 

1994). The solar zenith angle at the time and location of every light-depth sampling data 

point was calculated using latitude, longitude, and solar time using functions in an R 

package (RAtmospheres). Kd was then corrected by multiplying the measured Kd by the 

cosine of θsw. This adjustment made Kd more representative of the inherent optical 

properties of the water. 

𝐾𝑑 =   𝐾𝑑 cos 𝜃𝑠𝑤 Equation 4 
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Table 3: Summary statistics for flowpath deployments. 

River Date 
River 

discharge 
(m3 s-1) 

Float 
distance  

(km) 

Float 
time 
(hrs) 

Mean 
float 

velocity 
(m s-1) 

Median          
PAR             

(µmol 
m-2 s-1) 

CV             
PAR 

Flashiness 
PAR 

Flow-
path 

Kd  
(m-1) 

UMR 6/8/2016 1665 8.2 7 0.33 42.8 1.84 0.37 - 

UMR 6/16/2016 1314 9.4 7.5 0.34 12.5 4.72 1.09 1.20 

UMR 6/23/2016 1311 7.7 7.0 0.32 15.4 1.84 1.02 0.61 

UMR 6/23/2016 1311 6.6 7.5 0.25 5.8 2.42 0.64 1.44 

UMR 6/28/2016 1382 8.3 5.5 0.48 37.3 2.67 0.56 0.97 

UMR 6/28/2016 1382 8.4 5.0 0.46 26.1 2.55 1.09 1.07 

UMR 6/28/2016 1382 1.2 0.5 0.11 29.4 1.74 0.80 1.45 

UMR 6/29/2016 1390 2.6 6.3 0.13 38.9 1.88 0.73 1.07 

UMR 6/29/2016 1390 3.5 7.3 0.17 11.1 1.83 0.65 1.11 

UMR 7/5/2016 1065 8.3 7.0 0.33 69.1 2.01 0.79 1.38 

UMR 7/5/2016 1065 5.2 5.0 0.30 90.8 1.88 0.67 1.27 

UMR 7/11/2016 821 6.5 6.3 0.29 23.5 2.81 0.99 1.40 

UMR 7/11/2016 821 5.7 6.0 0.27 22.2 2.43 0.99 1.51 

UMR 7/14/2016 1068 5.4 6.5 0.23 46.6 2.02 0.89 1.96 

UMR 7/14/2016 1068 3.5 6.5 0.16 28.1 2.28 0.81 2.14 

UMR 7/14/2016 1068 2.1 3.0 0.19 68.0 1.83 0.68 - 

NR 9/25/2014 94 43.0 23.0 0.52 5.3 1.61 1.31 1.95 

NR 9/26/2014 102 - - - 1.0 2.63 1.41 - 

NR 3/10/2015 365 17.0 4.8 0.98 2.5 2.07 1.42 1.17 

NR 6/16/2015 28 11.5 8.3 0.39 25.0 1.01 0.13 0.96 

NR 6/17/2015 24 - - - 104.8 0.76 0.10 - 

NR 10/12/2015 212 36.3 25.5 0.55 1.2 2.21 1.22 1.26 

NR 10/13/2015 212 - - - 0.1 7.31 0.91 - 

NR 4/10/2016 73 8.2 5.0 0.47 31.8 0.81 0.28 1.61 

NR 4/21/2016 69 5.3 6.0 0.47 11.6 1.19 0.55 1.53 
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3.2.3.2 Flowpath light attenuation 

We used the same methods to develop a flowpath approach for estimating a 

spatially and temporally reach-integrated, or flowpath Kd. The flowpath sensor moved 

passively through the water column measuring light at various depths, geographic 

locations, and times across the river reach. Equation 1 was used to estimate Kd using the 

light and depth data collected during daylight deployment hours using the same 

corrections outlined above: truncating the early and late periods of daylight and 

correcting for solar zenith angle (Equations 3-4). In addition to the flowpath Kd, which 

used all available data for a particular deployment, we also disaggregated the data 

based on location or time and then used ANOVA to compare the slopes, or Kd values, 

within different reaches. 

3.2.4 Data analysis  

3.2.4.1 Fixed site data analysis 

Frequency-duration analysis of fixed-site Kd data was used to estimate the 

probability or percent of time a value of Kd was equaled or exceeded. This was 

calculated as 

𝑃 = 𝑀 (𝑛 + 1)⁄  Equation 5 

where M is the total number of measurements, n is the ranked position, and P the 

probability. The photic depth was estimated by dividing the constant 4.695 by Kd (Kirk 

1994). Summary statistics and frequency-duration analysis were computed after 
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removing erroneous fixed-site Kd values. We used Kd values collected from synoptic 

manual profiles as the standard for comparison since we could control field conditions 

when manually collecting light profiles. If fixed-site Kd values were beyond the total 

range of synoptic Kd, they were considered spurious and not included in further 

analyses.  

3.2.4.2 Flowpath data analysis 

Flowpath light regimes were characterized by magnitude, frequency, duration, 

and rate of change for both aggregate data and discrete events. For aggregate frequency, 

duration, and magnitude we used frequency-duration analysis outlined above applied 

to light and depth flowpath data. Rate of change or flashiness in light was quantified 

using the Richards-Baker Index (Baker et al. 2004) and the coefficient of variation. The 

duration and magnitude of discrete light and dark events was also quantified using the 

duration and inter-arrival time of aphotic events. This analysis required setting a 

threshold light value provided by the photic depth, where light is 1% of light at the 

water surface, recognizing that an alternative analyses with alternative thresholds are 

readily possible. This analysis was based on depth distribution of flowpath sensors and 

the assumption of a constant Kd since we could not measure light at the water surface at 

every point in time and space along flowpaths. 

We also calculated the total cumulative light exposure along flowpaths and the 

rate of light accumulation per length of river. Cumulative light was first integrated over 
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the time intervals of sampling to convert to units of µmol m-2. Then, to represent the 

actual amount of light intercepted by a hypothetical algal cell, we multiplied the time 

integrated light by the projected surface area of an algal cell with an equivalent spherical 

diameter of 50 µm (a typical large diatom) to convert to units of µmol of PAR photons. 

The slope of cumulative light vs. distance downstream is the rate of light accumulation 

along flowpaths in µmol m-1 for an algal cell, or in more general units of µmol m-2 m-1 

that can be scaled to any surface area (e.g. river reach or organism). All analyses were 

performed in R statistical software (R 3.3.4). 

3.3 Results 

3.3.1 Synoptic light  

Synoptic measurements of light attenuation (Kd) were collected using 

conventional, manual vertical profiles from a boat at discrete locations along a river. In 

the UMR, Kd varied from 0.53 to 10.0 m-1 (Table 4). Generally, Kd was higher and more 

variable in the lentic backwaters that were connected to channels compared to the lotic 

channels. However, in the channels, Kd generally decreased downstream moving from 

the lotic to the lentic reach. In the Neuse River, Kd varied from 1.3 to 3.9 m-1. Light 

attenuation was higher and more variable in the lentic reach compared to lotic reach, 

and Kd increased moving downstream from the lotic to lentic reach (see supplemental 

material for additional synoptic figures). 
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Table 4: The range of light attenuation (Kd) values measured over the study in 

each river, reach (lentic or lotic), and measurement approach (fixed-site, synoptic, 

flowpath). 

  Range of Kd (m-1) 

Approach River Lentic Lotic 

Fixed-site UMR 0.45-6.5 0.46-2.8 

 NR 0.5-10.0 0.42-4.0 

Synoptic UMR 0.53 -10.0 2.0-3.0 

 NR 1.5-3.9 1.3-2.2 

Flowpath UMR 0.61-2.14 0.61-2.14 

  NR 0.96-1.95 0.96-1.95 

 

3.3.2 Fixed-site light  

We characterized temporal patterns in light and Kd using a fixed site approach. 

Generally, temporal patterns in water column light from at a fixed-site followed smooth 

diel curves during daylight hours as expected being controlled by the boundary 

condition of light reaching the water surface (Figure 11a). However, high frequency data 

revealed substantial variability in light and Kd. Variability over daily, event, and whole 

study period (1-3 months) timescales was assessed. Over all of these time scales of 

variability, differences emerged between lentic and lotic reaches as well as over flow 

conditions—baseflow and stormflow.  
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Figure 11: Example of raw PAR data, Kd, and photic depth during daylight 

hours measured by a fixed site buoy and by one flowpath sensor during the same day 

in the same reach of the UMR. 
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Lentic reaches typically had a larger variance in Kd compared to lotic reaches, 

both within a day as well as over the entire period of study (Figure 12). The variance in 

Kd within a day was significantly higher (Wilcox rank-sum test, p < 0.05) in the lentic 

reach compared to the lotic reach in the NR, but not in the UMR (Figure 12a,c). Over the 

entire study period, the Kd value that was equaled or exceeded 50% of the time in lentic 

and lotic reaches was approximately the same. However, lentic reaches had an increased 

frequency of high magnitude Kd, (i.e., darker waters), which occurred 25% or less of the 

time (Figure 12b,d). Considering the range in Kd over the entire study period, in the 

UMR lotic reach, the mean daily Kd ranged from 0.57 to 1.82 m-1 (overall range of 0.46 to 

2.8 m-1). In the UMR lentic reach, the mean daily Kd ranged from 0.99 to 3.8 m-1 (overall 

range of 0.45 to 6.5 m-1). In the NR lotic reach, the mean daily Kd ranged from 1.0 to 2.0 

m-1 (overall range of 0.42 to 4.0 m-1). In the NR lentic reach, the mean daily Kd ranged 

from 0.56 to 8.7 m-1(overall range of 0.5 to 10 m-1, Table 4). 

Given the observed, within-day variability in Kd, we classified daily patterns in 

Kd into five types: increasing over the day, decreasing over the day, midday peak, 

midday trough, or constant with no temporal pattern (Figure 13). In both rivers, lentic 

reaches typically had a decreasing or midday peak in Kd over the course of the day. In 

contrast, the lotic reaches did not have a consistent daily pattern in Kd. In the UMR lotic 

reach, all patterns in Kd were observed approximately equally, between 10 and 32% of 



 

61 

the time. In the NR lotic site, the dominant temporal patterns were constant (44% of 

days) and midday peak (40%).  

 

Figure 12: Fixed-site light attenuation (Kd) in lentic and lotic reaches in the 

Neuse River (NR) and Upper Mississippi River (UMR). The variability in Kd within a 

day is represented by the coefficient of variation (CV). The variability over period of 

record is represented by the exceedance probability, or percent of time value of Kd 

was equaled or exceeded.  
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Figure 13: The types of daily patterns in Kd within a day and the frequency of 

each pattern in the UMR and NR lotic and lentic reaches. The first column is a 

conceptual figure of the idealized daily pattern. 
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Light attenuation (Kd) and its variance changed with flow conditions in the NR 

where data was collected over a wide range of flow conditions. However, the flow-Kd 

relationships were different in lentic vs. lotic reaches. During baseflow in NR lotic reach, 

mean daily Kd increased linearly with increasing flow (Figure 14a); however, there was 

no relationship between flow and Kd in the lentic reach. In addition, there was no 

relationship at any time-lag when testing the cross correlation between the flow and Kd 

time series (ccf, p > 0.05). During stormflow events in the NR lotic reach, Kd increased 

but the daily variance in Kd was dramatically reduced after peak flow (Figure 12b,c). For 

example, during Hurricane Matthew occurring October 8th, 2016 (Weaver et al. 2016), Kd 

showed hysteresis with higher Kd on the rising compared to the falling limb. At the tail 

of flow recession, the river was clearer than it was before the storm. However, once 

baseflow resumed, the mean and variance in Kd both increased to the same pre-storm 

baseflow conditions (Figure 14c). 
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Figure 14: Fixed site in the Neuse River showing a) the relationship or lack 

thereof between flow and Kd in a lentic and lotic reach, b) the relationship between 

flow and variability in daily Kd (CV, coefficient of variation) across reaches, and c) the 

change the median and variability in Kd with river depth during Hurricane Matthew 

occurring October 2016. 
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3.3.3 Flowpaths 

We characterized spatial-temporal patterns in the light and depth in the water 

column along flowpaths across lotic and lentic reaches in the UMR and NR sites. First, 

we describe the behavior of flowpath sensors and the distribution in depths experienced 

along flowpaths. Next, we show how flowpath data provides a spatially and temporally 

reach-integrated Kd. Finally, we describe light regimes by the magnitude, frequency, 

duration, and rate of change of light and make comparisons to fixed-site data. 

3.3.3.1 Contingencies of flowpath measurements  

The flowpath sensors typically followed a path along the channel thalweg that 

carries the majority of discharge and traveled 1.2 to 43 river kilometers at an average 

velocity of 0.11 to 0.98 m s-1 across deployments (Table 3). However, this was not always 

the case, as there were many examples when flowpath sensors were hydraulically 

stagnated in eddies along the channel margins or by deep pools. We also observed 

flowpath sensors being advected into small floodplain tributaries/dis-tributaries during 

the rising limb of a high flow event. These anecdotal observations highlight the 

contingency of flowpaths through river systems. 

3.3.3.2 Flowpath depth distributions 

Time series of flowpath depth data were highly correlated at a lag of one time 

step (ACF-1 coefficients = 0.68-0.9), but correlation coefficients decreased with increasing 
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time lag. In addition, the differences between sequential depths along flowpaths were 

normally distributed and were not temporally auto-correlated (Figure 15). These results 

suggested that the depth of flowpath sensors over time was a random walk process. 

Looking at the entire distribution of flowpath depth for each deployment, depth had 

consistent log-normal distribution across rivers and deployments (Figure 16c,d). The 

modal depth of flowpath sensors was comparable to the mean thalweg depth at each 

river. Shifts in the flowpath modal depth were related to overall channel depth. When 

the river was deeper, the sensors sampled over a deeper range, and shallower flowpath 

modal depth occurred during low flow or in shallower channels.  
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Figure 15: a) The difference between the sequential measurements in the depth 

time series for all individual flowpath deployments. b) Example of the characteristic 

autocorrelation function of the time series of differences between sequential depth 

measurements along a flowpath showing there is no autocorrelation 
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Figure 16: ab) Example of depth vs. distance downstream from one flowpath 

along each river, cd) the frequency distribution of depth along flowpaths for each 

deployment, ef) the cumulative percent of time a given depth was equaled or 

exceeded for each flowpath. 

  



 

69 

3.3.3.3 Flowpath light attenuation 

Flowpath sensors sampled many different light conditions as they traversed the 

vertical distribution of depths along the rivers. Regressing light vs. depth over an entire 

sensor deployment provided an integrated, flowpath Kd over a given reach for a given 

day (Figure 17). Flowpath Kd varied from 0.61 to 2.14 (m-1) in the UMR and 0.96 to 1.95 

(m-1) in the NR. Simultaneously released sensors showed that different flowpaths often 

had different Kd values. In fact, 50% of deployments on the UMR had significantly 

different Kd values among simultaneous flowapths (ANOVA, p < 0.05). Flowpath Kd was 

often slightly lower than the mean daily, fixed-site measurements from the same reach 

and day (Figure 18). 

 

Figure 17: Examples of light (PAR) vs. depth over daylight hours for individual 

flowpath sensors deployed on different days in the Neuse River. The slope is the 

reach integrated light attenuation coefficient, or flowpath Kd. 
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Figure 18: Comparing fixed site, flowpath, and synoptic light attenuation (Kd) 

with the 1:1 line for flowpath vs. fixed-site Kd from the same reach and day in the 

UMR. 

 

Figure 19: Light (PAR) vs depth over daylight hours for individual flowpath 

sensors deployed on two different days in the Neuse River where data was grouped 

by time. During these two deployments, the Kd values (i.e. slopes) were significantly 

different. 
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During some deployments, there was little variance around the light-depth 

relationship (e.g. 4/10/16, 4/20/16, 6/16/15 in the NR), while in others, there was 

considerable variance (e.g. 9/25/14, 3/10/15, 10/12/15 in the NR). For the deployments 

with greater variance, it was possible to disaggregate the data to identify spatial and/or 

temporal variability in Kd along a flowpath by binning flowpath data by location or time 

(Figure 19). For example, using the two longest (~24 hours) deployments in the NR on 

10/12/2015 and 9/25/2014, the data was grouped by 2-3 hour increments which had 

significantly different Kd values between among the grouped data (ANOVA, p < 0.05). 

During the 9/25/2014 deployment, the lowest Kd occurred during the morning of the 

second deployment day when the flowpath sensor had entered the transition zone 

between the lotic and lentic reaches. Synoptic, boat-based light profiles also showed this 

transition zone had a lower Kd compared to upstream lotic and downstream lentic 

reaches suggesting flowpath data was able to correctly identify spatial heterogeneity in 

Kd. 

3.3.3.4 Flowpath light regimes 

Flowpaths showed a range of light regime statistics across deployment dates. 

The aggregate frequency and duration of a light intensities was calculated for each 

flowpath. The median light intensity (i.e., the light intensity that was equaled or exceed 

50% of the time) varied from 0.1 to 75 in the NR and from 10 to 100 (µmol m-2 s-1) in the 

UMR (Figure 20b,d). Flowpaths through the UMR experienced a greater frequency of 
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high magnitude PAR (steep portion of the graph at high PAR values compared to the 

less steep NR). Most flowpaths experienced complete darkness for at least some 

duration, equal to 1-25% of the total deployment time. Only 3 of the 21 flowpaths (one in 

the NR and two in the UMR), were exposed to at least some light 100% of the time.  

Flowpath light was variable both along individual flowpaths as well as between 

flowpaths. The RB flashiness index varied from 0.1 to 1.4 in the NR and 0.12 to 1.2 in the 

UMR with higher numbers indicating greater flashiness (Table 3). Flashiness increased 

as flow increased in the NR, but not in the UMR (Figure 21a). Median light intensity 

decreased as flow increased in the NR but not in the UMR (Figure 21b). Light exposure 

along flowpaths was stochastic and did not have the characteristic signal of a diel light 

curve that occurs at a fixed-site in the water column.   
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Figure 20: Light (PAR) exceedance probability (e.g. the proportion of time a 

value of PAR was equaled or exceeded) from fixed-site buoys and flowpath sensors 

collected over the same days and in the same reach in the UMR and NR sites. The 

fixed-site PAR duration curves over the entire period of record have the same shape 

and magnitude. 
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Figure 21: a) Relationship between flow, expressed as the percent of time flow 

was equaled or exceeded, vs. flashiness in light along flowpaths and b) between flow 

and the median light intensity along flowpaths in the UMR and NR. 

3.3.3.5 Flowpath light events 

Event-scale duration of aphotic events and the inter-arrival time between events 

had similar frequency distribution shapes and modes across rivers, and this analysis 

highlighted the flashiness of light conditions. The distributions of aphotic duration and 
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inter-arrival time in both rivers were exponential with long tails. The modal duration 

and reoccurrence of aphotic events was the same in both rivers; the modal duration was 

1-2 minutes and the inter-arrival time was 5-10 minutes (Figure 22). However, the UMR 

had a shorter maximum duration and shorter recurrence of aphotic events and thus 

spent more time in the photic zone on average. The maximum duration of aphotic 

events was 25 and 75 minutes, and the maximum inter-arrival time of aphotic events 

was 125 and 180 minutes in the UMR and NR, respectively. The total portion of time 

spent in the photic zone along flowpaths ranged from 72-99% in the UMR and from 57-

90% in the NR. 

 

Figure 22: The frequency distribution of the duration and inter-arrival times of 

aphotic events for all flowpath deployments on the Mississippi and Neuse rivers. 
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Figure 23: Measured cumulative light (in µmols of photons PAR) along 

simultaneous flowpaths on six different dates in the Mississippi River as seen by an 

algal cell with a diameter of 50 micrometers. 

3.3.3.6 Cumulative light exposure 

Over an entire flowpath, an individual particle was exposed to a cumulative 

amount of light. The cumulative light exposure showed that simultaneous flowpaths 

often followed similar spatial patterns in light accumulation during downstream 

transport; however, the magnitude of light accumulation quickly diverged between 

flowpaths, often leading to different end points of total accumulated light (Figure 23). 

Locations along the reach of fast or slow light accumulation were the same for 
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simultaneous flowpaths. The slope of cumulative light vs. distance downstream 

represented the average rate of light accumulation in µmol m-1 for a hypothetical algal 

cell. These rates varied from 0.0022 to 0.03 µmol m-1 for the deployments in the UMR. 

The rate of light accumulation in more useful units that can be scaled to any material, 

organism, or river reach instead of a particular algae, was 113 to 1620 µmol m-2 m-1. 

3.4 Discussion 

3.4.1 Light in rivers 

Light has long been recognized as a driver of a variety of processes in aquatic 

systems from photosynthesis and photo-degradation of DOM to animal behavior 

(Wetzel 2001). However, much of the understanding of spatial and temporal variability 

in light conditions, and its causes and consequences, has been derived from either lakes 

or marine systems (Hill et al. 1995; Kirk 1994; Wetzel 2001). In lotic systems, most studies 

and empirical data of light is derived from small or moderate sized streams. For 

instance, Julian et al. (2008c) directly measured light attenuation in Wisconsin rivers, but 

did not study rivers greater than 6th order. Similarly, most studies of light come from 

New Zealand with a similar maximum river size (Davies-Colley & Nagels 2008; Smith et 

al. 1997). There are just a few studies of light attenuation and optical water quality in 

large rivers, including the St. Lawrence (Frenette et al. 2012), Mackenzie (Retamal et al. 

2008; Squires & Lesack 2003), and Amazon Rivers (Costa et al. 2012). Often light data in 

large rivers are ancillary data for primary production estimates (Sellers & Bukaveckas 
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2003) or as calibration data for remote sensing (Martinez et al. 2015a). Emerging 

modeling approaches can possibly expand to larger rivers (Savoy et al. In Prep), but the 

models estimate the light available at the water surface and have yet to include light 

attenuation through the water column. 

The dearth of light studies in moderate to large rivers is problematic because 

light is arguably more variable and more of a limiting resource than other dominant 

drivers of ecosystem processes in rivers. Light is the only major driver than goes to zero 

and rises several orders of magnitude every day, unlike discharge, nutrients, and 

temperature. In large rivers, nutrients are generally plentiful and discharge changes 

slowly over time. Therefore, primary production is generally limited by light (Sellers & 

Bukaveckas 2003; Thorp & Delong 1994), not disturbance frequency or nutrients. In 

addition, the depth at which UV or PAR is attenuated to 1% of the incident radiation is 

often less than the overall water depth in large rivers. Therefore, photo-reactive 

processes can only occur within a particular volume in the upper water column. 

This gap in light measurement in rivers has resulted a few critical questions, or at 

least unresolved issues. First, it is unclear how spatially and temporally variable light in 

rivers might be: are rivers sufficiently well-mixed to be treated as homogenous with 

respect to drivers of light attenuation? Remote sensing observations and the limited in 

situ data available indicates that there is the potential for large variability in light 

conditions vertically, longitudinally, and laterally, as well as through time (Costa et al. 
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2012; Frenette et al. 2006; Squires & Lesack 2003). However, there are surprisingly few 

empirical studies to constrain this variability. Second, because there are few studies of 

light in rivers and rivers are often assumed to be homogenous, there has been limited 

development of field measurement techniques and systematic approaches for measuring 

and characterizing light. In-situ light is still typically measured using manual profiles 

with few examples of underwater sensor deployments (Squires & Lesack 2003). If there 

is substantial spatial and temporal variability in light attenuation rivers, then it is 

important to develop measurement techniques that not only capture the temporal and 

spatial scales of variability, but also create insight into its causes and consequences for 

light-driven processes and the light exposure for materials and organisms in the water 

column. 

3.4.2 Heterogeneity in light regimes 

Our results showed there was spatial heterogeneity in light attenuation in rivers. 

For example, the location within lotic or lentic geomorphic patches was an important 

control of the magnitude, frequency, and rate of change of light and light attenuation. 

Drawing on high frequency, fixed-site data, lentic reaches had a greater total range of 

variability than the lotic reaches as well as greater variability in Kd within a day. Lentic 

reaches had higher highs (in Kd) and lower lows compared to lotic reaches.  

At the reach scale, geomorphology can control light in rivers due to external 

controls (e.g. riparian shading, topography) (Julian et al. 2008b), and similarly we found 
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geomorphic features can drive spatial variability in light likely due to internal controls 

(e.g. hydrology and optical water quality). This is important since heterogeneity in 

channel form-pools, riffles, runs, impoundments-is a universal feature of rivers large 

and small. Water may spend a significant amount of time in lentic reaches given their 

slower velocity. The increased residence time in lentic reaches (Jones et al. 2017), 

coupled with highly variable light conditions, highlights the importance of 

understanding light in lentic reaches and impacts on light-driven ecosystem processes.  

3.4.2.1 Why does light vary between lentic and lotic reaches?  

There are two explanations for the greater variability in lentic reaches. Lentic 

reaches may be less well mixed than lotic reaches, as shown by Frenette et al. (2006), and 

thus the water masses that move through lentic reaches experience greater variability in 

optical properties (Frenette et al. 2003; Frenette et al. 2012). Another non-exclusive 

explanation is that light attenuation in lotic reaches is largely driven by hydrology, but 

in lentic reaches biological processes, in addition to hydrology, moderate light 

attenuation. Lotic reaches are strongly influenced by flow and flow drives variation in 

DOM and suspended particulate concentrations (Julian et al. 2008a; Williams 1989). 

DOM and suspended particulates typically account for a majority of light attenuation in 

highly advective, lotic reaches while phytoplankton are typically negligible accounting 

for 0-7% of light attenuation (Julian et al. 2008a; Vahatalo et al. 2005). In contrast, 

controls of light attenuation in lentic reaches may in fact operate like lakes, at least 
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transiently. Light attenuation may directly depend on phytoplankton concentration and 

DOM derived largely from autochthonous as well as some allochthonous organic matter 

sources (Katalin et al. 2009; Van Duin et al. 2001), and only indirectly depend on flow 

and its impacts on phytoplankton and DOM. Still, in many lakes, suspended particulates 

may account for most of the light attenuation as they likely do in lentic river reaches, 

particularly during the dormant season (Brandao et al. 2017). 

3.4.2.2 Relationships between flow and light attenuation  

Constraining Kd in rivers is particularly difficult because of variable relationships 

between flow, optical water quality, and Kd. First, flow can have various relationships 

with CDOM, suspended sediment, and phytoplankton; positive, negative, non-linear, or 

no relationship. Flow generally increases suspended sediment concentrations, but this 

relationship varies tremendously (Asselman 2000; Horowitz 2003; Williams 1989). Flow 

generally decreases phytoplankton concentration (Descy 1993; Descy et al. 1987; 

Reynolds & Descy 1996); however, a variety of flow-phytoplankton relationships have 

been reported (Bukaveckas et al. 2011; Dolph et al. 2017; Koch et al. 2004; Lucas et al. 

2009; Sellers & Bukaveckas 2003). Relationships between flow and CDOM are even less 

constrained and may depend on river size, with larger rivers becoming increasingly 

chemo-static (Creed et al. 2015). Second, in addition to decreasing the amount of light in 

the water column, CDOM and phytoplankton are also reactive to light (Kirk 1994; 

Wetzel 2001), further complicating the flow, optical water quality, Kd relationship. The 
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often assumed power law relationship between water clarity and flow (Smith et al. 1997) 

should be revisited and assessed across a range of rivers over time given the availability 

of in-situ sensors. The nature of the relationship between flow and light attenuation 

likely differs depending on geomorphology, climate, river size, geologic setting, and 

over time as well as the relative contribution of different optical water quality 

constituents. 

3.4.3 Measurement approaches  

We showed there was spatial and temporal heterogeneity in light attenuation 

and thus variability in the frequency, magnitude, and rate of change of light within the 

water column and at the riverbed. Because of this variability within a river, between 

rivers, and over time, it is important to be intentional about the methods used to study 

light and light-driven processes and how particular photo-reactive materials or 

organisms experience and react to the light environment.  

3.4.3.1 Insights from flowpaths and fixed-sites 

The light to which materials and organisms are exposed along flowpaths is 

controlled by the light that reaches the water surface, how this light is attenuated with 

depth through water, and how objects move through the system. Previous studies have 

generally not empirically accounted for this latter characteristic of light in rivers. Here 

we combine some insights from flowpath and fixed-site approaches that may increase 
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our understanding of how light is experienced in rivers and how to better model 

variable light conditions. 

There were two important insights relevant to our understanding of variable 

light conditions and its effects on light-driven processes. First, the depth of flowpath 

sensors during downstream transport had the characteristics of a memory-less, random 

walk process (Ibe 2013). First, depth was temporally auto-correlated with a decreasing 

correlation with increasing time lag. Second, the sequential differences in the depth time 

series were normally distributed and not auto-correlated at any lag. The vertical position 

of neutrally buoyant particles has been previously modeled as a random walk using a 

Lagrangian reference frame (Ross & Sharples 2004), and our results support this 

approach. However, such models typically assume a constant Kd over time and space. 

A second key insight was that light exposure along flowpaths is highly variable, 

due to turbulent fluctuations within the river, but importantly also due to spatial and 

temporal heterogeneity in Kd. As discussed in the previous section, fixed-sited 

measurements showed that Kd differed between lentic and lotic reaches in its mean, 

range, and dominant temporal patterns. Light attenuation varied considerably within a 

day and over longer timescales related changes to flow. These data suggest that, at least 

in large rivers, there is an expanding and contracting photic volume where light-driven 

processes can occur. This is analogous to how lotic ecosystems expand and contract with 

changes in flow in headwater streams (Stanley et al. 1997), but represents the dynamic 
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size of the light-driven ecosystem, or inversely the dark ecosystem, in large rivers. The 

photic volume changes within a day, between seasons, across a river reach, and along a 

river, and can also vary without changes in the total water volume, i.e. changes in flow, 

and may in fact decrease in volume as flow increases. 

 

Figure 24: Conceptual figure of a dynamic photic zone over time and space 

along an idealized river reach. 

3.4.3.2 Modeling light along flowpaths 

These two key results provide the data to inform more precise simulations of 

field conditions in the riverine water column. Flowpath measurements are difficult to 

obtain making it important to improve models for variable light conditions. A simple 

model of a longitudinally heterogeneous river could couple a random walk model of 

depth with a Kd and downstream velocity that vary with river depth. This would 

simulate the effects of turbulence, variable Kd, variable velocity, and the configuration of 
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lentic and lotic reaches. If only thresholds in light are important (i.e. photic or aphotic 

zone), an even simpler approach could model the duration and inter-arrival time of 

aphotic events as a Poisson process. This is analogous to models for the duration and 

inter-arrival time of droughts or rainfall events, a widely used method in hydrology 

(Waymire & Gupta 1981). Our data support this approach given the exponential 

distribution of duration and inter-arrival time of aphotic events. Flowpaths frequently 

experienced complete darkness every 5 minutes, essentially turning on and off light-

driven reactions. With just a few flowpath measurements during different flow 

conditions for a given river, it may be possible to develop parsimonious models for light 

exposure along flowpaths. 

3.4.3.3 Water column vs. benthic light  

Multiple measurement approaches also showed how different parts of a river 

experience light, revealing new insights and confirming old assumptions on light in the 

benthic and water column zones. First, and most obvious, is that the benthic zone was 

exposed to smooth, predictable, variability in light over daily and seasonal time scales. 

Light increases and decreases over each day with the path of the sun, but still has some 

variance as light pass through many filters (atmospheric, topography, canopy shading, 

and water column) before it reaches the riverbed. However, light along flowpaths was 

stochastic and the daily curve of light increasing and decreasing at a fixed site was 

generally not imprinted in the light exposure actually experienced along flowpaths. 
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An important point is the difference in how light was experienced as a function 

of flow in the benthic versus water column zone. Stormflow increased Kd and decreased 

the amount of light that reached the benthos; however, it also reduced the variability in 

light conditions within a day. Conditions during high flow on the riverbed are dark, 

have high hydraulic and shear stress, but have little variability in light. In contrast, 

stormflow increased the variability or flashiness in light conditions in the water column. 

Stormflow can both steepen the gradient in light by increasing Kd, as well as increase the 

frequency of turbulent fluctuations over this gradient. Conditions during high flow in 

the water column are darker on average, experience less hydraulic stress than the 

benthos, as well as more flashy light conditions. This begs the question, How do we 

define hydrologic or optical disturbance in the water column versus the benthic zone? It 

seems life in the water column experiences fundamentally different light regimes than 

life on the riverbed. 

3.4.4 Implications and conclusions  

3.4.4.1 Light and ecosystem processes 

Only recently have we attained more realistic conceptual models and empirical 

measurements of light in rivers (Julian et al. 2008a; Julian et al. 2008b) that have 

increased our understanding of light as a key limiting resource for primary production 

(Bernhardt et al. 2017), an important control of phytoplankton community composition 

(Burson et al. 2018; Mallin & Paerl 1992), and as a driver of transformations of DOM, 
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nutrients, and contaminants due to photochemical reactions (Cory et al. 2015; Cory et al. 

2014; Huisman & Weissing 1994; Konstantinou & Albanis 2003). Light is the major 

limiting factor for primary production in most rivers (Hill et al. 1995; Rovelli et al. 2017; 

Sellers & Bukaveckas 2003; Warren et al. 2016). Light also mediates the degradation of 

dissolved and particulate materials, and thus may alter the composition and quantity of 

DOM, nutrients, and emerging contaminants such as pesticides. For example, photo-

degradation of DOM accounted for 70-90% of all DOM losses in an artic stream network 

depending on the geomorphic feature, pool or stream (Cory et al. 2014). However, a 

critical detail that is often overlooked in determining controls of water chemistry is that 

all materials, both dissolved and particulate, turbulently move throughout the water 

column and are thus subject to the variable light conditions observed here.  

3.4.4.2 The effect of variable light 

The effect of variable light on ecological processes, communities, and water 

quality remains an open question. Phytoplankton ecology is perhaps one of the few 

disciplines that has empirically studied the effects of variable light (Reynolds 1990; 

Reynolds & Descy 1996; Reynolds 2006). Still, few studies have accounted for variability 

in light attenuation over time and space and turbulent fluctuations in the water column, 

particularly within riverine systems. Variable light conditions are typically simulated 

using regular, periodic oscillations water column depth by moving incubations up and 

down at a fixed-site in marine systems (Mallin & Paerl 1992; Marra 1978). Results have 
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been confounding as some studies found variable light increased growth rates of certain 

phytoplankton species relative to constant light conditions (Mallin & Paerl 1992), while 

others showed variable light has the same maximum growth rates as constant light, but 

lower growth efficiencies (Köhler et al. 2018; Randall & Day Jr 1987). It was also 

suggested that growth efficiencies are not affected by high frequency light variability 

(seconds to minutes), but efficiencies do decrease with low light exposure with a 

duration of minutes to hours (Harding Jr et al. 1987).  

Yet the methods used in these studies do not capture the true variability in light 

and thus do not match the timescales of light variability to the timescales which 

processes can respond to light. The amount of time it takes an algal cell from initial light 

exposure to obtaining enough resources to make new cells is ~100 seconds (Reynolds 

1990), approximately the sampling interval (~120 s) of our flowpath measurements. 

Other light-driven processes such as photo-degradation of DOM and contaminants may 

respond more quickly since this is a chemical reaction that does not require biological 

machinery. However, the effects of variable light on the quantity and composition of 

DOM, nutrients, and contaminants as they are transported through natural waters is 

largely unknown. Variable light conditions may influence ecosystem processes and 

water quality but we do not know how, where, and to what extent. 
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3.4.4.3 Scaling flowpath thinking to networks 

Scaling up a flowpath perspective of light to a river network could help resolve 

patterns in phytoplankton dynamics as well as photo-degradation of DOM and 

contaminants. Although the position in the water column along an individual flowpath 

is a memoryless processes, the history of light exposure along flowpaths through a river 

network is not. Julian et al. (2008b) showed how spatial patterns in turbidity, but also 

topography, riparian shading, and channel orientation could control spatial patterns in 

light at the water surface and riverbed, and thus benthic primary production at fixed-

sites along the riverbed. Similarly, the sequence of light conditions experienced by 

materials and organisms in the water column likely imprints its signature on photo-

reactive processes. At the network scale, the temporal sequence of cloudy and clear 

days, hydrology, and optical water quality overlapped with the spatial sequence of 

topographic shading, riparian shading, hydrology, geomorphology, and optical water 

quality ultimately determines the pattern and magnitude of light and light-driven 

processes as organisms and materials are transported along downstream flowpaths. 

Incorporating flowpath thinking into how we measure and model light will advance our 

understanding of patterns and heterogeneity in light-driven processes in rivers. 
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4. Rethinking river networks: the abundance, size, and 
spacing of lakes within rivers 

 

4.1 Introduction 

Rivers and lakes are predominant features of earth’s surface and the global water 

cycle (Oki & Kanae 2006). River networks are typically conceptualized as branching, 

linear features connecting continents to coasts, while lakes as isolated, areal features. 

Lakes can be isolated and disconnected from river networks, those that are exclusively 

fed by groundwater known as seepage lakes (Wetzel 2001). However, many lakes are 

connected to river networks via a river outlet and/or inlet, generally referred to as 

drainage lakes (Hill et al. 2018; Wetzel 2001). Along with natural drainage lakes are the 

ubiquitous reservoirs, which are effectively artificial drainage lakes (Lehner et al. 2011). 

Despite the pervasiveness of lakes as integral parts of river networks, our fundamental 

understanding of the structure of river networks generally does not include lakes (Jones 

2010; Mark 1983; Mark & Goodchild 1982).  

A foundational component of geomorphology and hydrology are scaling laws 

that describe the structure of rivers and their catchments (Dodds & Rothman 1999; 

Dodds & Rothman 2000; Leopold & Maddock 1953; Maritan et al. 1996; Rinaldo et al. 

2006). Scaling laws provide simple rules for how catchment shape scales with catchment 

area (Hack 1957; Langbein 1947), how channel shape scales with river size (Leopold & 

Maddock 1953; Leopold & Wolman 1957), and how the number of rivers, mean length of 
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rivers, and catchment area scales with river size often expressed as river order (Hack 

1957; Horton 1945; Rodríguez-Iturbe & Rinaldo 2001; Shreve 1966; Strahler 1957; 

Tarboton et al. 1988). Differences in hydrologic scaling laws across river basins suggest 

different types of underlying geologies or topographies (Cox 1989; Dunne 1980), though 

scaling may be an inevitable property of any network (Kirchner 1993). Like river 

networks, lakes also have characteristic scaling properties. The global lake size 

distribution typically follows a pareto distribution and lake volume scales as a power 

law with lake area, meaning there are few large lakes and numerous small lakes (Cael et 

al. 2017; Cael & Seekell 2016; Downing et al. 2006; McDonald et al. 2012). However, 

scaling properties of lakes have not been broadly linked to the diverse landscapes in 

which they are embedded. Scaling laws have been useful for understanding landscape 

evolution and global hydrologic and elemental cycles, however, they have described 

either lakes or rivers but not both together.  

It is important to understand the scaling laws that describe how lakes fit into 

river networks because lakes and rivers often differ in their hydrologic, ecological, and 

economic roles (Fergus et al. 2017; Jones 2010; Sayer 2014; Sedell et al. 1990). In the 

broadest sense, rivers transport and transform water, sediment, and carbon and serve as 

pathways for commerce and sources of hydropower, while lakes primarily store, 

transform, or remove water, sediment, and carbon and provide discontinuous but 

concentrated opportunities for commerce. Lakes that punctuate, or are connected to, 
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river networks may impact fluvial processes, and in return rivers may impact lake 

processes. For example, lakes alter the magnitude and timing of floods (Lesack & Marsh 

2010; Vorosmarty 1997; Wang et al. 2017) and trap sediment needed to build river deltas 

and coastal ecosystems (Syvitski & Kettner 2011; Syvitski et al. 2009; Syvitski et al. 2005; 

Vörösmarty et al. 2003). Lakes also impact ecological processes in river networks such as 

the type and size of riverine habitat (Jacobson & Faust 2014; Jacobson & Galat 2006), the 

magnitude and type of primary production (Amoros & Bornette 2002), and genetic and 

species dispersal (Davis et al. 2018; Fuller et al. 2015). 

The structure of networks—how the abundance, size, and spacing of lakes varies 

across river size—may therefore influence the aggregate properties and processes across 

entire networks; and thus, how the importance of rivers is interpreted in global 

hydrologic and biogeochemical cycles. Few studies have measured the aggregate effect 

of lakes in river networks and have done so only for the world’s largest reservoirs and in 

the context of water and sediment storage (Vorosmarty 1997; Vörösmarty et al. 2003) or 

conceptually modeled the effect of lakes (Hotchkiss et al. ; Ward & Stanford 1983). More 

commonly, broad scale analyses of fluvial processes assume rivers are continuously 

rivers without punctuated disturbances by lakes (Vannote et al. 1980). Studies of 

continental scale river basins have sought to understand the role of rivers in carbon 

(Butman et al. 2016; Hotchkiss et al. 2015b; Raymond et al. 2012) and nitrogen cycling 

(Alexander et al. 2000; Gomez-Velez et al. 2015), but generally have not included lakes. 
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Lakes were certainly present in the rivers that were studied in these syntheses, and were 

important to the processes being described. However, there are no simple rules for how 

lakes characteristically or systematically fit into networks, which may limit our ability to 

accurately resolve geomorphic and ecological processes of entire river networks. 

We empirically derived scaling laws for river networks that can describe basic 

river-lake network structure, referred to hereafter as scaling patterns. We quantified 

how lake abundance, mean lake size (i.e. surface area), and median lake spacing (i.e. 

distance along the river network to the next lake) scales with river size, expressed as 

river order, for perennial lakes embedded within the perennial river network. Scaling 

patterns were quantified at two spatial scales: the conterminous US as well as smaller 

sub-basins (~25,000 km2) to test three hypotheses: 

1) There is a similar river-lake network structure for the entire conterminous US: 

there is one scaling pattern for lake abundance, mean size, and/or median 

spacing with river size. 

2) There are multiple river-lake network structure types across the conterminous 

US: lake abundance, mean size, and/or median spacing scale with river 

order differently depending on region.  

3) There is no coherent river-lake network structure: lake abundance, mean size, 

and/or median spacing does not scale with river order and there is no 

spatial organization of network structure types.  
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Hypothesis 1 suggests there is a characteristic river-lake network structure across 

broad spatial scales. Hypothesis 2 suggests network structure may depend on 

macroscale processes (climate, geology, glacial extent, population density). If Hypothesis 

2 is the case, we would expect the spatial organization of network structure types to 

align with spatial patterns in glacial history and water availability (precipitation – 

potential evapotranspiration, P-PET).  Hypothesis 3 suggests network structure may be 

driven predominantly by local processes. Our intention was to describe the scaling 

patterns and the spatial organization that currently exists. Therefore, we do not 

discriminate based on lake origin, natural vs. artificial, nor do we discuss the basic 

characteristics of the lakes. A companion paper will address the basic characteristics of 

in-network lakes. 

4.2 Methods 

4.2.1 Data overview 

River networks were represented by the medium resolution National 

Hydrography Dataset-Plus (NHDPlus). This dataset was chosen because it includes 

value added attributes such as river order, catchment area, and mean annual discharge. 

Lakes were defined here as any waterbody, natural or artificial, greater than 0.005 km2 in 

the high resolution NHD dataset developed by the United States Geological Survey 

(USGS). We excluded any feature identified as swamps, estuaries, and 

ephemeral/intermittent to isolate only perennial lakes in the perennial river network. We 
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recognize NHD datasets may not be accurate for the smallest rivers and lakes but this is 

inconsequential given the large spatial extent of this analysis (Benstead & Leigh 2012). 

Additional geospatial data included water availability, glacial extent, and 

location of dams across the conterminous US. For potential water availability, we 

extracted the long-term (1981-2010) mean annual precipitation minus potential 

evapotranspiration over a 4 km grid using google climate engine that uses remote 

sensing data products PRISM and NLDAS-2 (Huntington et al. 2017). The approximate 

boundary of maximum glacial extent over the conterminous US was estimated 

according to Soller and PH Garrity (2011). Dams were identified using National 

Anthropogenic Barrier Dataset, NABD (Ostroff et al. 2013).   

4.2.2 Geospatial analysis 

For each hydrologic region of the conterminous US (Hydrologic Unit Code 2, 

HUC2, ~475,000 km2), we identified in-network lakes by spatially joining lakes and 

rivers and identifying the river at the lake outlet, or the highest order river, as the river 

order in which the lake is imbedded. The location of all lakes were identified within 

multiple spatial scales of sub-basins (Hydrologic Unit Code HUC 2 through 6). 

Geospatial analyses were conducted in ArcMap (10.2.2). 

We estimated the actual lake spacing along rivers within each hydrologic region 

using the closest facility tool in the ArcMap network analysis toolbox. In addition, a 

method commonly used to estimate pool spacing in streams was adapted in order to 
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make direct comparisons between pool and lake spacing (Keller & Melhorn 1978; 

Leopold et al. 2012; Montgomery et al. 1995). This method calculates the mean lake 

spacing, or “spacing wavelength”, in units of channel widths as if all the lakes were 

evenly spaced within each river order; 

𝑆�̅� =
𝐿𝜔

𝑁𝜔𝑤𝜔
 Equation 1 

where ω represents the river order, N is the total number of lakes per river order, L is 

the total river length (m), and w is the bankfull width (m). For units of length, bankfull 

width was removed from equation 1. Bankfull width for each stream order within reach 

hydrologic region was estimated using regionally specific empirical coefficients that 

scale bankfull width as a function of catchment area (Allen et al. 2018; Bieger et al. 2015). 

The long-term, mean water availability and the percent of area glaciated was 

estimated for each sub-basin. The areal average of the long-term, mean water availability 

within each sub-basin was calculated using the zonal statistics toolbox in ArcMap. Sub-

basins were identified as glaciated or non-glaciated, and the percent of sub-basin area 

that was glaciated was calculated using a polygon of maxima glacial extent overlaid 

with sub-basin boundaries. We also identified the in-network lakes as reservoirs or not 

reservoirs using the NABD (Ostroff et al. 2013). The locations of dams were spatially 

joined with in-network lakes. This provided an approximation of the fraction of in-

network lakes that were artificial or natural, at least for the larger artificial lakes that 

were created by dam building. 
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4.2.3 Analysis 

We extracted scaling patterns for lake abundance, mean lake size, median lake 

spacing, spacing wavelength vs. river order similar to Horton’s Laws for the number of 

streams, length of streams, and catchment area (Horton 1945); 

𝑙𝑜𝑔10(𝑁𝜔) = 𝑏𝜔 + 𝑎 Equation 2 

𝑙𝑜𝑔10(𝐿𝐴̅̅̅̅
𝜔) = 𝑏𝜔 + 𝑎 Equation 3 

𝑙𝑜𝑔10(�̃�𝜔) = 𝑏𝜔 + 𝑎  Equation 4 

𝑙𝑜𝑔10(𝑆�̅�) = 𝑏𝜔 + 𝑎  Equation 5 

where ω represents the river order, N is the number of lakes, 𝐿𝐴̅̅̅̅  is the mean lake surface 

area, �̃� is the median of the actual lake spacing, and 𝑆̅ is the spacing wavelength, and a 

and b are fitted parameters. In certain cases, this equation can take the form of a power 

law (aωb) as well as the form of Horton’s Laws, but for consistency, we used the linear 

form. The scaling parameters a and b were calculated for all sub-basins and the 

conterminous US. 

We identified sub-basins with similar types of scaling patterns, or similar 

network structure, and analyzed their spatial organization and its controls. The 

regression slopes (b) of lake abundance, mean size, median spacing, and total lake area 

vs. river order were input variables into hierarchical cluster analysis. An optimal 

number of four clusters was first identified using the k-means algorithm and the 

“elbow” method indicating the threshold where adding more clusters does not 
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significantly explain more variance (Dugan et al. 2017). Sub-basins were separated into 

four distinct scaling pattern types using a hierarchical clustering algorithm in the cluster 

package in R (Maechler et al. 2012). 

4.2.4 Limitations 

It should be noted our estimate of the fraction of all lakes that are in-network 

lakes was conservative and lower than the true fraction. A recent analysis using medium 

resolution lake and medium resolution river NHD data showed 33% of lakes in the 

conterminous US were in-network (Hill et al. 2018). Our estimate (15%) was lower 

because we used the most recent high resolution NHD dataset for lakes, but the medium 

resolution dataset for rivers given the value added attributes of the river dataset. Also, 

we excluded ephemeral waters. We suspect the actual fraction of all lakes that are 

connected to river networks is even greater than 33%, and could be better estimated 

with higher resolution data as well as inclusion of intermittent/ephemeral lakes and 

rivers. For example, with a higher resolution river network dataset that also has spatially 

accurate river planform morphology, we could identify lakes that are connected via side 

channels and canals that are common in large rivers, smaller streams, smaller 

lakes/impoundments, and lakes that are temporarily connected during different flow 

conditions.  
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4.3 Results 

4.3.1 Conterminous US scaling patterns 

Within the conterminous US, there were 143,920 in-network lakes and 846,076 

out-network lakes; 15% of all lakes were in-network. Of these in-network lakes, we 

identified 38,180 (26.5%) as reservoirs. At the conterminous US scale, the abundance, 

mean size, spacing wavelength, and median lake spacing scaled with river order (Figure 

25; Table 5). However, the median lake spacing only weakly scaled with river order. 

Median spacing varied over a fairly narrow range, from a minimum 31 km in 4th order 

rivers to maximum of 155 km in 10th order rivers. The spacing wavelength in units of 

channel widths and length scaled with river order (although the spacing wavelength 

does not represent the actual spacing). In units of channel widths, the spacing 

wavelength varied from 3,000-4,000 channel widths in 1-2nd order rivers to 632 channel 

widths in 9th order rivers (Figure 26). 
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Figure 25: Scaling the lake abundance, mean lake size, and median lake 

spacing with river order as well as the distribution of lake size and lake spacing 

within each river order for the conterminous US. Note that even though river orders 7-

9 appear bimodal for lake size, only 6th order was significant (diptest, p < 0.1). 

Similarly, for lake spacing, only 1st order rivers had a significant bimodal 

distribution. 
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The modal lake size was consistent across all river orders, between 0.01 – 0.1 km2.  

However, for 5th order and larger, the distribution of lake size was bimodal with a 

second mode at a lake size between 10 and 100 km2. However, the bimodality of the lake 

size distribution was only significant for 6th order rivers (diptest, p < 0.1). Similarly, lake 

spacing showed shifts in the mode and the distribution shape around 5-6th order rivers. 

The primary lake spacing mode was between 1 and 5 km in 1-5th order rivers, but 

increased to 50-100 km at 6th order rivers and larger. There was also some evidence of 

bimodality, however only 1st order rivers had significant bimodality (diptest, p < 0.1). 

 

Table 5: Scaling parameters (slope = a, y-intercept = b) for lake abundance, 

mean size, median spacing, and spacing wavelength with river order for the 

conterminous US with and without reservoirs. 

    

Abundance Mean Size               
(km2) 

Median Spacing (km) Spacing 
wavelength 

(km) 

  
No. 

lakes 
a b a b mode a b mode a b 

All lakes 
143920 5.45 

-
0.44 

-
1.19 0.37 0.02 0.27 0.14 1 0.93 0.16 

w/o reservoirs 
105741 5.30 

-
0.45 

-
1.09 0.31  - - - 1.07 0.16 
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Figure 26: The spacing wavelength in units of number of channel widths and 

distance (km) across river order for the conterminous US. 
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Figure 27: The scaling parameters, or slopes, of lake abundance, mean size, and 

median spacing versus water availability across all individual sub-basins separated 

by glaciated or not glaciated basins. A sub-basin was considered glaciated if any 

portion of its area was glaciated. Note the lack of relationship between scaling 

patterns, water availability, and glacial history for individual basins. 
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4.3.2 Sub-basin scaling patterns 

Scaling patterns within sub-basins were largely consistent with conterminous 

US-scale trends, although there were exceptions. Scaling patterns were categorized as 

increasing, decreasing, uniform, or no pattern with river order. Lake abundance 

decreased with river order in 93% of sub-basins, although 5% had uniform lake 

abundance (Table 6). Lake size increased with river order in 70% of sub-basins, however 

15% of sub-basins had no scaling pattern and 11% had uniform lake size across river 

order. Median lake spacing had the widest range of scaling patterns. Generally, median 

lake spacing was uniform (43% of sub-basins) or did not scale (32% of sub-basins) with 

river order. In addition, 41% of sub-basins had bimodal distributions in lake size and 

21% had bimodal distributions in lake spacing (diptest < 0.1). The slopes of lake 

abundance, size, and spacing of each sub-basin were generally not related to water 

availability, glacial history, and fraction of lakes that were reservoirs (Figure 27). 

Table 6: Patterns of lake abundance, mean lake size, and median lake spacing 

with river order: the percent of sub-basins with increasing, decreasing, uniform, or no 

pattern out of 307 sub-basins. 

Pattern with 
river order 

Lake 
abundance 

Mean 
lake size               

(km2) 

Median 
lake 

spacing 
(km) 

Increasing 1% 70% 13% 

Decreasing 93% 3% 12% 

Uniform 5% 11% 43% 

None 1% 15% 32% 
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4.3.3 Network structure  

Grouping the slopes of lake abundance, mean size, median spacing, and total 

area with river order revealed four distinct types of scaling patterns, or network 

structure (Figure 28). Type A had, on average, increasing lake spacing, decreasing total 

lake area, and rapidly decreasing lake abundance with river order. Type D had opposite 

scaling patterns compared to type A: lake spacing decreased, total lake area increased, 

and lake abundance slightly decreased with river order. Type B was similar to type A in 

abundance and lake spacing, decreasing and increasing with river order respectively, 

but was the same as type D with respect to total lake area, which increased with river 

order. Type C had uniform lake spacing, decreasing total lake area, and decreasing 

abundance with river order. All types had increasing lake size with river order except 

type C which had approximately uniform lake size across river order (Figure 28). 

The spatial organization of network structure types was related to glacial history 

and water availability, but there were many exceptions. Generally, region A had the 

highest water availability and percent of its area glaciated, while region D was the least 

glaciated with the lowest water availability (Figure 28-29). Region B and C were similar 

in their mean water availability, but region C had two-fold more glaciation than region 

B. The median and range in the fraction of lakes that were reservoirs was similar across 

each network structure type; however, region D did have a slightly higher median 

fraction of lakes as reservoirs at 27%.  
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Figure 28: Scaling patterns that were represented by network structure types, 

i.e. slopes of lake abundance, mean lake size, median lake spacing, and total lake 

surface with river order within all sub-basins. Also, the percent of the area that was 

glaciated, long-term mean water availability (P-PET), and fraction of lakes that are 

reservoirs within each network structure type. 
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Figure 29: [Top] Spatial organization of network structure types, and [Bottom] 

long-term, mean annual water availability (PPT-PET) and line of maximum glacial 

extent in the conterminous US. 
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4.4 Discussion 

We characterized river network structure using the scaling patterns of lake 

abundance, mean lake size, median lake spacing across river order at two spatial scales. 

At the conterminous US scale, the abundance, size, and spacing of lakes scaled with 

river order and there was a characteristic lake spacing and lake size (supporting 

Hypothesis 1 that there are general scaling patterns). However, at the sub-basin scale we 

found diverse scaling patterns, with these diverse patterns aligning with four distinct 

types of network structure that were related to glacial history and water availability 

(supporting Hypothesis 2). In addition, scaling patterns did not exist in some sub-basins, 

particularly for lake spacing, and the spatial organization of network structure types 

was often not spatially contiguous nor related to broad scale natural drivers, such as 

glaciation and water availability (partially supporting Hypothesis 3).  

4.4.1 Scaling laws and lake origin 

Scaling laws emerge when similarity exists across scales, and such laws have 

been instrumental in our understanding of geomorphic pattern and process (Dodds & 

Rothman 2000). River networks are replete with scaling behavior in geomorphic form 

and hydrologic function, which has been used to understand landscape evolution 

(Dietrich et al. 1992; Tarboton et al. 1989) and the timing and magnitude of flow (Kirkby 

1976; Mantilla et al. 2011). In addition, scaling laws provide simple rules for generating 

networks to test hydrologic theory (Mantilla et al. 2010; Rodríguez‐Iturbe & Valdes 1979; 
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Zanardo et al. 2013) as well as explore the impacts of geomorphic form on ecological 

processes (Erős et al. 2011a; Erős et al. 2011b; Raymond et al. 2016). Still, there remains 

some debate on the range of spatial scales over which they are valid and how well 

scaling parameters relate to underlying geologic history (Kirchner 1993). Scaling laws 

are also averages of averages and can smooth over interesting system behavior 

(Peckham & Gupta 1999). Therefore, it is important to also consider statistical 

distributions when possible for a more nuanced understanding of networks, as we did 

here to identify a characteristic lake size and spacing across river orders. 

We attempted to blend scaling laws for rivers and lakes, but it is important to 

note that lakes and rivers are formed via different processes. Thus, the scaling patterns 

we observed do not represent the (co)evolution of these features in the way that scaling 

patterns do for just river networks. River networks are formed via erosional mechanics 

controlled by geology, slope, climate, biology, and time (Dunne 1980; Perron et al. 2012; 

Rinaldo et al. 1995; Schumm 1956), while the formation of lakes requires a topographic 

depression and water. Depressions are formed by one or more of the following 

processes: most commonly glaciation, tectonics, and fluvial processes, but also volcanic 

activity and coastal processes (Cohen 2003; Meybeck 1995). Only fluvial lakes, referred 

to as oxbows lakes in the US, are subject to the same processes that govern river network 

evolution. However, once a lake of any origin is connected to a river network, the 

presence of this lake may subsequently cause geomorphic adjustment. 
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Figure 30: Conterminous US scaling patterns of lake abundance, mean lake 

size, and spacing wavelength for both all lakes (with reservoirs) and without 

reservoirs. 

4.4.2 What controls network structure? 

Given rivers and lakes are seldom formed via the same processes, why do scaling 

patterns in lake abundance, size, and spacing within river-lake networks even exist? 

And what controls these scaling patterns and the observed spatial organization of the 
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observed network structure types? Empirically, we showed the spatial organization of 

network structure types are, on average, related to both natural and anthropogenic 

drivers: glaciation, water availability, and the construction of reservoirs.  

However, scaling patterns across individual sub-basins were generally not 

related to these major drivers, suggesting the effect of local processes (e.g., human 

modification, diverse lake formation processes) resulting in irregular spatial distribution 

of where lakes occur. The spatial distribution of lakes within a sub-basin may be 

clumped within a small portion of the river network, or more evenly spread along the 

river network. The scaling parameter of lake abundance suggests the clumpiness or 

evenness of lake distribution with numbers closer to 0 approaching evenness and large 

negative numbers suggesting that lakes were clumped within small headwater rivers. 

Scaling patterns in lake size and lake spacing cannot be derived if lakes do not occur 

across a broad range of river orders. However, it seems the ubiquity of reservoirs, 

largely located in 3-8th order rivers, may account for some portion of the observed 

scaling patterns (Figure 20). In particular, scaling patterns in lake size are influenced by 

the typical location in a river network where large reservoirs are developed. Patterns in 

lake abundance and spacing are impacted by reservoirs to a lesser extent. However, in 

addition to large reservoirs, a large fraction in-network lakes are likely artificial 

including small impoundments, farm ponds, and urban ponds (Downing et al. 2006; 

Smith et al. 2002; Steele & Heffernan 2014; Steele et al. 2014), but the role of small 
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artificial lakes on the observed scaling patterns remains unknown. Disentangling all of 

the various natural and anthropogenic drivers of scaling patterns and network structure 

types, thoroughly identifying artificial lakes, and developing a process-based theory for 

the spatial distribution of lakes within networks are beyond the scope of this study but 

are ongoing avenues of this research.  

4.5 Implications and conclusions  

When lakes, natural or artificial, have been included in river networks the 

implications for fluvial processes have been significant. The world’s largest reservoirs 

alone have increased the water residence time in rivers globally by 300% (Vorosmarty 

1997; Vörösmarty et al. 2000), trapped 20% of the global sediment flux to oceans 

(Syvitski et al. 2005), and accounted for 40% of global carbon burial in inland waters 

(Mendonça et al. 2017). The role of lakes in river networks is not limited to large 

reservoirs nor their origin; small and/or natural lakes also impact fluvial processes. 

Small lakes and reservoirs are critical for removal of nitrogen (Harrison et al. 2008) and 

are important sources of greenhouse gas emission such as methane (Deemer et al. 2016; 

St. Louis et al. 2000; Tranvik et al. 2009). With a landscape scale approach, we can begin 

to unravel controls of sediment transport, nutrient cycling, and species abundance 

within and across river-lake networks (Heffernan et al. 2014; McCluney et al. 2014; Poole 

2002; Soranno et al. 2010; Wiens 2002). 
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Defining river networks as river-lake networks is important not only for a more 

accurate assessment of fluvial processes, but also as an opportunity to explore 

geomorphic and ecological theory. Lakes represent discrete interruptions of advective, 

fluvial processes and transitions to and from relatively diffusive, lake processes. For 

example, recent studies have shown that sediment transport regimes are linked to 

network structure with or without lakes (Benda et al. 2004; Czuba & Foufoula‐Georgiou 

2015; Czuba et al. 2017; Gran & Czuba 2017). An ecological example was highlighted in 

Fuller et al. (2015) who argue the presence of dams/reservoirs within river networks 

provide and ideal physical template for studying effects of habitat fragmentation on 

species and genetic dispersal. The scaling patterns and statistical distributions of lake 

abundance, size, and spacing described here provide simple rules and analytical 

expressions for how to distribute lakes in real or theoretical river networks and will 

contribute to our understanding of geomorphic and ecological processes of entire 

networks. Considering the ubiquity of lakes in river networks and their influence of 

fluvial processes, work at the river network scale may need to adopt river-lake networks 

as the default conceptual model. 
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5. Conclusion 

 

5.1 Chapter conclusions 

This dissertation addressed previously overlooked characteristics of rivers, the 

water column and the lentic nature of rivers, in the context of predominant themes in 

river science: spatial heterogeneity and scale. It presented a data-driven approach, 

developed new methods, and adapted common hydrologic methods to understand 

spatial heterogeneity and scaling behavior in water column sediment surface area, water 

column light regimes, and the structure of river-lake networks. Major conclusions from 

each chapter include: 

1: Rivers larger than ~5th order have more sediment surface area in the water 

column than the benthic zone. This suggests material processing may occur largely 

within the water column in large rivers. 

2: Large rivers have an expanding and contracting photic volume over multiple 

temporal and spatial scales. Flowpath measurements through rivers highlighted the 

frequency at which materials in the water column experience darkness and the 

geomorphic controls of light exposure in lentic vs lotic reaches. 

3: River networks are in-fact river-lake networks. River-lake networks have 

characteristic scaling patterns that describe lake abundance, size, and spacing. The 

spatial organization of these scaling patterns represent network structure types, and 
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these types are related to glacial history, water availability, and human modification of 

the hydroscape. 

5.2 Implications  

Major concepts in rivers science have sought to understand the spatial patterns, 

heterogeneity, and scaling properties of river networks. However, heterogeneity and 

scaling properties of the water column and the lentic nature of rivers have not 

permeated our basic understanding of rivers. The River Continuum Concept did discuss 

how the biological community of primary and secondary producers may shift from 

benthic to water column species in large rivers, but few ecosystem-level studies have 

focused on the water column and its structure or role in the whole ecosystem processes. 

Similarly, the Serial Discontinuity Concept outlined the importance of large dams that 

interrupt and reset geomorphic and ecological processes along the river continuum; 

however, there remains no description of the spatial structure of lenticity within river 

networks. This dissertation highlighted that river science has much to gain by 

integrating concepts and methodological approaches from both lentic and lotic systems. 

Rivers should be conceptualized as having a water column that has structure, 

spatial and temporal heterogeneity, and contributes to whole ecosystem processes, at 

least transiently and/or in large rivers. In order to characterize the riverine water column 

and its role, it will be necessary to blend concepts and methods from river and 

lakes/estuary science, which have typically worked relatively independent of each other. 
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Historically, the dominant research questions in lake/estuary science involved 

understanding spatial patterns across the water column. Mapping this historical 

understanding, methodological approaches for vertical/lateral profiles, and concepts of 

water column stratification to river science will be needed to describe water column 

processes. However, rivers are characterized by continuous, downstream flow that both 

mixes the water column and makes traditional limnological methods difficult in 

practice. Therefore, it will be necessary to develop and implement flowpath approaches 

for studying a highly advective water column.  

Spatial patterns in the water column and flowpath approaches are both 

particularly important for light in rivers. Light represents the most extreme vertical 

gradient and is highly variable in the riverine water column both along flowpaths and at 

a particular, fixed-site. All materials and organisms in the water column are exposed to 

variable light along flowpaths, and these flowpaths are controlled by the stochastic 

process of turbulence and the dynamic photic volume. Spatially and temporally 

heterogeneous light conditions therefore define the physical template over which photo-

reactive processes occur in the riverine water column. 

The default conceptual model for river networks should be river-lake networks. 

Rivers are lentic in many ways and being either lentic or lotic is perhaps the most basic 

hydrogeomorphic unit to discretize rivers over space and time. Across spatial scales, 

eddies occur along the channel margins, small pools typically occur every 7-10 channel 
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widths, and lakes punctuate rivers every 1-5 km or 100-200 km on average. Across 

temporal scales, low flow may cause rivers to function like a linear network of connected 

and unconnected pools. Lentic features within rivers may have different organisms, 

different processes, lower/higher process rates, and controls of those processes 

compared the lotic matrix in which these features are embedded. The extent and 

significance of the lentic nature of river networks needs to receive more systematic 

attention by aquatic scientists, and could be done effectively by combining concepts and 

methods from river and lake/estuary science. The scaling patterns of lake abundance, 

size, and spacing described here are a step towards a more integrative understanding of 

rivers and lakes. The scaling patterns provide simple rules for how to distribute lakes in 

real or theoretical river networks and will generate new understanding of geomorphic 

and ecological processes of entire networks.  
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