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ABSTRACT

Julian, J.P., Ph.D., University of North CarolirtaCdapel Hill, August 2007.
Hydrogeomorphic Controls on Light Availability inivers
(Under the direction of Martin W. Doyle)

Light is vital to the dynamics of aquatic ecosyssent drives photosynthesis and
photochemical reactions, affects thermal structane, influences the behavior of aquatic
biota. While the influence of hydrology and geoptwlogy on other ecosystem-limiting
factors have been well studied (e.g., habitat,eniticycling), the more fundamental
limitation of light availability has received mutdss attention. In this thesis, | analyzed
and quantified the hydrogeomorphic controls on hienor riverbed) light availability
using a combination of meta-analyses, field stydad®ratory studies, and model
simulations. | developed a benthic light availdpinodel (BLAM) that predicts
photosynthetically active radiation (PAR) at theerbed Eyeg by calculating the amount
of above-canopy PAR that is attenuated by all iydrogeomorphic controls:
topography, riparian vegetation, channel geomeiptical water quality, and hydrologic
regime. This model was used to assess and chiazadbeoad spatial patterns Bf.qand
temporal variations associated with variable flamditions for a wide range of rivers.
BLAM was also used to assess the effects of ripateforestation and degraded optical
water quality associated with agriculturalizationEpeq BLAM is the first model to
guantify Epeq using all five hydrogeomorphic controls, and tposvides a new tool that

can be used to investigate the role of light irrrigcosystem dynamics and establish light



availability targets in water resource managem@&itAM also provides a framework for
future models to characterize spatiotemporal vanatof ultraviolet and infrared

radiation in rivers.
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PREFACE

Let there be light.

God
Genesis 1:3

You cannot step twice into the same river; for otlaters are continually flowing in.

Heraclitus

| keep the subject of my inquiry constantly before, and wait till the first dawning
opens gradually, by little and little, into a falhd clear light.

Isaac Newton
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CHAPTER I. INTRODUCTION

“Meeting human water needs and sustaining thecrthat aquatic ecosystems

provide remain one of the greatest challengebe®flst century.”

- Palmer & Bernhardt 2006
FLUVIAL ECOSYSTEMS AND HYDROGEOMORPHIC CONTROLS

Fluvial ecosystems are shaped by the hydrologicg@adnorphic template (Hynes
1970, Poff and Ward 1990). This hydrogeomorphiegdiate includes basin topography,
land cover, channel geometry, sediment size, andulantity and quality of water. The
variability of these controls, together with theiterdependent relationships, create
fluvial ecosystems that are dynamic over both spacktime. Some researchers have
gone so far to say that the multiplicity and vaitigbof hydrogeomorphic controls
prevent generalizations on ecosystem dynamicslih2007). Yet, scientists are
expected to decipher these general trends andapepetdictive models that can be used
to preserve and rehabilitate anthropogenic damagadtic ecosystems (Palmer and
Bernhardt 2006).

An emerging theme in fluvial ecology is to predpatiotemporal trends of
ecosystem variables using empirical correlationsytirogeomorphic controls. Examples
include correlating organic matter and nutrienb$@ort to discharge (Doyle et al. 2005),
fish distribution to suspended sediment concemingiBurcher et al. 2007),

macroinvertebrate distribution to channel geomatryg substrate (Burcher et al. 2007),

and mussel distribution to channel gradient (Gafiglod Feminella 2007). While this



coupling of hydrogeomorphology and fluvial ecoldtgs led to several key contributions
in the field (e.g., nutrient spiraling concept; Neyd et al. 1982), we have only begun to
understand how spatiotemporal variations in hydoagarphic controls structure fluvial

ecosystems.

ROLE OF LIGHT

The influence of hydrology and geomorphology onsgstem-limiting factors has
been well studied, particularly habitat availalgiind nutrient cycling (e.g., Doyle and
Stanley 2006, Strayer et al. 2006); however, theefindamental limitation of light
availability has received much less attention. htig the primary energy source of
rivers, driving photosynthesis and photochemicacttiens, dictating thermal
fluctuations, and influencing the behavior of aguhatota (Wetzel 2001, p. 49). Davies-
Colley et al. (2003) argues that the neglect cdniive light studies can be attributed to (i)
light not being widely accepted as a limiting resauin riverine ecosystems, (ii)
boundary conditions (banks, riparian vegetationkingaambient light measurements
challenging, and (iii) the optical water qualityrofers being highly variable and difficult
to characterize. The little information that isad&ble on light in rivers is derived mostly
from New Zealand rivers under predominantly basetbonditions, leaving substantial

limitations in our understanding of the temporadl @patial availability of light in rivers.

PURPOSES AND METHODS
The objectives of this research were to investigfa@ehydrologic and geomorphic

controls of benthic light availability for a widamge of rivers, characterize their spatial



and temporal variability, and develop a model fiiedicting benthic light availability
using readily available or easily collected datde fundamental questions addressed
within this thesis were:

1. What are the dominant controls of benthic lightikmmlity in rivers?

2. Do spatial and temporal variations in benthic ighailability follow general

trends?

3. How is benthic light availability affected by antipogenic disturbances?
The above questions were answered using a comimnattimeta-analyses, field studies,
laboratory studies, and model simulations. Fiédies were conducted on four rivers:
Big Spring Creek — a"2-order spring-fed stream in central Wisconsin; DBRéger — a
6M-order river in central North Carolina; Baraboo &iv a &-order river in central
Wisconsin , and Wisconsin River — &-arder river that empties into the Mississippi
River. Laboratory studies were performed on wséenples collected from these four

rivers.

STRUCTURE OF DISSERTATION
Papers Presented in Chapters
This thesis is written in the form of 3 chaptetspawhich are independent
manuscripts for journal submission, followed byoadusion. There is some repetition
of introductory material, but this was done so thatmanuscripts could stand alone.
Chapter 2 is a comprehensive treatment on theadptiater quality of rivers.
First, this chapter reviews all the constituentsvers that influence optical water

guality, focusing on the spatiotemporal trendsaafreconstituent. Second, it presents a



new method for partitioning the light attenuatiarefficient into its constituent fractions.
Third, it compares the baseflow optical water gyadf four rivers with vastly different
physical characteristics. Fourth, it analyzesiapahd temporal distributions of optical
water quality for the four rivers. Fifth, it calates an optical water quality budget for
one of the rivers based on tributary inputs. Mnahis chapter compares spatial trends
(i.e., along the river continuum from headwaterstmuith) of optical water quality
between American and New Zealand rivers, payingquéar attention to the magnitude
and shape of the longitudinal distributions.

Chapter 3 introduces the reach-scale Benthic LAgfatlability Model (BLAM),
which calculates the amount of daily photosyntladtycactive radiation (PAR) that
reaches the riverbed{.q in mol/nf/day). First, it describes model development,
detailing how each hydrogeomorphic control influembenthic light availability.
Second, it presents model output for two riverdwwastly different physical
characteristics: Big Spring Creek and Deep Rividrird, it assesses model accuracy by
comparing modelelyqto in situ measurements Bfeg Finally, it identifies the
dominant controls on benthic light availabilityrimers by comparing correlations
between the hydrogeomorphic controls &pglh

Chapter 4 demonstrates how BLAM can be applietiedosin-scale by using a
GIS framework. This GIS-based model was used ltulzdeEp.qalong the 187-km
mainstem of the Baraboo River, Wisconsin . Thegtar also uses three model
simulations to demonstrate how various levels ofcafjural land conversion affe&eq
along the river continuum. Additionally, this chapdiscusses some of the ecological

implications of altered light regimes in rivers.
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CHAPTER Il. OPTICAL WATER QUALITY IN RIVERS

1. INTRODUCTION

Optical water quality (OWQ) is “the extent to whittte suitability of water for its
functional role in the biosphere or the human emmment is determined by its optical
properties” (Kirk 1988). Accordingly, OWQ govertige behavior of photons in aquatic
ecosystems and determines underwater light quantityber of photons) and quality
(wavelength). It therefore influences primary prouvity, water temperature, faunal
movements, photo-degradation of organic matter,ramderous other photo-assisted
biogeochemical reactions (Wetzel 2001). Chang&WQ can indicate important
environmental trends such as eutrophication, saditien, or general water quality
degradation. Additionally, OWQ is a key componeindesthetics, recreation, and
management of water resources. Thus, OWQ is eemaatiable that both reflects
prevailing environmental conditions and dictatedtiple aspects of structure and
function in these ecosystems.

The significance of light has long been recogniredceans, estuaries, and lakes,
but has mostly been dealt with in a descriptivalitative fashion in rivers. Of the body
of work that exists on rivers, most address ondipimlual influences such as light
attenuation by sediments. Further, its high vaitgtand difficulty of characterization in

rivers (Davies-Colley et al. 2003) has preventedraprehensive understanding of



riverine OWQ. The lack of data persists despigeddntral role ascribed to light
availability in fluvial ecology models such as tRever Continuum Concept (RCC;
Vannote et al. 1980). Nonetheless, the eclecturaaf OWQ and the ease of field
measurement has resulted in its adoption as a waédity standard in some countries
(Davies-Colley et al. 2003).

The goal of this paper is to provide a compreheneierview of the controls and
the spatial and temporal dynamics of riverine OV place this understanding in the
context of prevailing fluvial ecosystem theory.rgj the constituents influencing OWQ
are reviewed, focusing on the spatiotemporal tremdisers. Second, a new method is
developed for partitioning the light attenuatioreffiwient into its constituent fractions.
Third, we compare baseflow OWQ between four riveith vastly different physical
characteristics to illustrate its inter-site vaiid§p Fourth, we analyze the spatial and
temporal distributions of OWQ for the four riverBifth, we quantify an OWQ budget
for one of the rivers, including tributary inputBinally, available data are synthesized to

identify general spatial trends robust across bgearaphic areas.

2. COMPONENTS AND CONTROLS OF OPTICAL WATER QUALITY

When light enters water, it has one of two fatésoaption or scattering.
Scattering is the predominant influence on the ttyaof light, while absorption is the
predominant influence on the quality of light, witte caveat that increased scattering
increases the probability of absorption (Kirk 1994he relative quantities of scattering
and absorption are expressed by an absorptionicieetf(@) and a scattering coefficient

(b), which respectively are the fraction of radidokf(light per time) that is absorbed and



scattered by an infinitesimally thin layer of aqoahedium. Togetheg andb establish
the light (beam) attenuation coefficien},(the fraction of radiant flux that is lost oveet
infinitesimally thin layer of aquatic medium, in'm

c=a+b (2.1)
Accordingly,c is low for rivers that are optically clear, andfifor turbid rivers. The
amount of radiant flux at deptkP] in the aquatic medium is derived usimm the Beer-
Lambert law:

@ = Op*e” (2.2)
wheredyis incident radiant flux in mol/s (1 mol = 6.02 84 photons), and is the
pathlength in m. In rivers, the amount of lightapth is ultimately dictated by the
diffuse attenuation coefficienK(), which accounts for solar zenith angle, the rafio
diffuse to direct solar radiation, and diffuse big¥thin the water columnKq4 andc are
directly proportional (Kirk 1994), and thus trend¥{y4 follow those ofc. In examining
the OWQ of rivers, however, only the valuesaph, andc are of interest because they
are the inherent optical properties (i.e., not delpat on the solar radiation field) of the
aquatic medium.

Any component of the water column can absorb aattexdlight, but there are
only five that significantly attenuate light in axs: water (w), chromophoric dissolved
organic matter (CDOM), suspended sediment (SS)icp&te organic matter (POM),
and phytoplankton (PHYTO) (Davies-Colley et al. 2D0Because light attenuation is an
additive process (Kirk 1994), the sum of light attation by each one of these

components sets the OWQ of a river such that:

C =Gyt Ccpom * Csst Cpom + CrHYTO (2.3)



C=GvtCqtCp (2.4)
wherecy is the attenuation coefficient of the dissolvedstauents ¢cpom) andc, is the
attenuation coefficient of the particulate conglitts €ss+ Crom + Cpuytg. We now
briefly review the drivers of spatial and temporatiability in each of these attenuation

coefficients based on previous literature.

2.1. Pure Water

Water molecules scatter and absorb light; howelieramount of scattering by
water in rivers is negligible relative to the talight attenuation by all five components
(Davies-Colley et al. 2003). The spectral absorphy water follows a parabolic trend
where absorption is high for short (ultraviolet, JJAhd long wavelengths (infrared, IR),
and low for medium wavelengths (visible, VIS). Tight attenuation coefficient of pure
water €.) for photosynthetically active radiation (PAR: 40000 nm) is 0.150 th with
0.148 and 0.002 thbeing attributed to the absorption coefficienpafe water4,) and
the scattering coefficient of pure watby), respectively (Buiteveld et al. 1994). Because
of their very low light attenuation coefficient, tea molecules are only a significant
contributor to total light attenuation in the clestrrivers (e.g., undisturbed, spring-fed

headwater streams), where there is very little CDSB|, POM, or PHYTO.

2.2. Chromophoric Dissolved Organic Matter (CDOM)
Chromophoric dissolved organic matter is the ombgalved constituent of rivers
that is effective at attenuating light. The spalcibsorption by CDOM is highest at short

wavelengths (UV) and decreases exponentially witheasing wavelength. Like water
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molecules, scattering by CDOM in rivers is negligibCDOM originates mainly from
the decomposition of plant tissue into dissolvethitusubstances that contain
chromophores, the molecular components that abhigito CDOM is not a commonly
analyzed constituent in river studies, but giveat tADOM concentrations correlate well
with dissolved organic carbon (DOC) concentratipiietzel 2001), we rely on the
spatial and temporal trends of DOC to illustrate spatiotemporal trends of CDOM.
Most of the DOC present in rivers is delivered &yestrial groundwater inputs, but can
also be derived from canopy throughfall, exudatesgoatic vegetation, in-channel
detritus leaching, and animal excretions (Webdtal.€1995). Terrestrially derived
DOM has higher concentrations of CDOM comparedhtstieam sources (Wetzel 2001).
High DOC concentrations are predominantly foundvers surrounded by wet, sandy
soils (Wetzel 2001) and rivers that drain wetlanchchated basins (Aitkenhead and
McDowell 2000). Conversely, rivers fed by lakesarvoirs tend to have low DOC
concentrations due to the long water residencestimiewing greater processing (i.e.,
removal) of DOC (Larson et al. 2007).

Temporally, DOC concentrations tend to be highemduwarmer and wetter
periods, and especially high following storms ttash out CDOM from the drainage
basin (Walling and Webb 1992, Webster et al. 198&)vever, there are exceptions (e.g.,
Meyer 1986). Rivers that drain wetlands usuallgexience elevated DOC
concentrations following drought conditions dug¢he increased availability of DOC
from aerated wetland soils (Walling and Webb 19%yerall, the spatial and temporal
variation of DOC in rivers is largely dictated thethydrologic regime (Sedell and Dahm

1990).
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The absorption coefficient at 440 nan4) is a widely-used index for the
concentration of CDOM (Kirk 1994). Values & for rivers have been observed to be
as low as 0.16 (Ybbs River, Austria) and as highZad4 (Carrao River, Venezuela)
(Kirk 1994). During baseflow conditions, CDOM isually the main contributor to light

absorption in rivers (Davies-Colley et al. 2003).

2.3. Suspended Sediment

Suspended sediment (SS), also referred to as natitesuspended solids
(NVSS), is the mineral portion of the total suspsshdolids (TSS) in rivers. These
mineral particulates scatter light strongly, witle tmagnitude of scattering being
dependent on particle size, shape, and compogDanies-Colley and Smith 2001).
Absorbance by mineral particulates is minimal, thetre are exceptions when certain
compounds are present (e.g., iron oxides; Babinsaraiski 2004). The SS in a river
originates from a range of sources within its dagm basin, most from in-channel
erosion, surface runoff, and tributary inputs (Wwjland Webb 1992). Because fluvial
sediment is usually source-limited, SS concentnatiargely depend on the drainage
basin’s geology, climate regime, topographic relevel of glaciation, vegetative cover,
impoundment distribution, and land-use (Millimarddvieade 1983, Syvitski et al.
2000).

Temporal trends of S&e governed by the river’s hydrologic regime (\Wigjl
and Webb 1992). SS increases with increasing digeh(Q), and thus is highest during
storm flows. The rate at which SS decreases fatigwwtorm flows depends on the

particles’ settling velocity in conjunction withehiver's hydraulic conditions (Brush et
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al. 1952). Seasonal trends in SS occur in draibagas with large ice/snow
accumulations, but for most rivers, temporal dttions of SS are largely dictated Qy
(Syvitski et al. 2000). Spatially, SS should daseein the downstream direction because
overland sediment runoff decreases and the comitribof sediment-free groundwater to
total Q increases (Leopold and Maddock 1953). Howevad-iase disturbances such as
deforestation, cultivation, and urbanization hazesed SS to increase in the downstream
direction for most rivers due to increased sounpaiis (Walling and Webb 1992).
Because of their low settling velocity, high attahan cross-sections (attenuation per
unit mass), and prevalence in most rivers, claygsfare silts (0.2 — 8 um) tend to

dominate the overall light attenuation in riversaies-Colley et al. 2003).

2.4. Particulate Organic Matter

Particulate organic matter (POM), also referreddwolatile suspended solids
(VSS), is the organic portion of TSS in rivers. NP@ effective at both absorbing and
scattering light. Its spectral signature is simitaCDOM, where absorption decreases
with increasing wavelength. Like SS, the magnitafiscattering by POM is dependent
on particle size, shape, and composition (Daviedeand Smith 2001). POM
originates from either the breakdown of larger arggarticles or by flocculation of
DOM (Webster et al. 1995). POM enters the wat&rmaa mainly from lateral surface
runoff and in-channel processes. Like SS, tempozats of POMire mostly governed
by the river’s hydrologic regime. POM concentrati@are directly proportional 1,
with highest concentrations occurring concomitamtith storm flows due to increased

surface runoff and suspension of benthic OM (Weledtal. 1995). Compared to SS,
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POM has greater seasonality; however, seasonalstiame extremely diverse due to
variations in catchment vegetation and hydrologgime (Webster et al. 1995, Golladay
1997).

Spatial trends in POM are largely controlled bytyype and areal coverage of
surrounding terrestrial vegetation. Rivers locatefbrested catchments have relatively
high POM concentrations, and those with denseidgparegetation have particularly high
POM concentrations (Golladay 1997). Lower-gradrerdrs usually have higher POM
concentrations because of their greater connecith a broader floodplain that is
inundated more frequently (Golladay 1997, Wetz€l1D0 Webster, et al. (1995) found
that POM concentrations increased slightly in tbemastream direction; however, most
studies have not found significant longitudinahtte of POM, most likely due to local
variations in sources and sinks, dependency orolggic regime, and improper
sampling strategies (Walling and Webb 1992, Golati207). Next to SS, POM is
usually the second most effective OWQ constituéattanuating light in rivers (Davies-

Colley et al. 2003).

2.5. Phytoplankton

Phytoplankton (PHYTO) is technically a constituehPOM, but because of its
unique relationship with light through photosyniked is considered as a separate
component of OWQ. Phytoplankton absorb and sclagterstrongly, and thus when and
where present in high concentrations, can be tharmmt control on riverine OWQ.
Like SS and POM, the amount of light attenuated®biyf TO is not only dictated by its

concentration in the water column, but also bydize and shape of algal cells and
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colonies (Kirk 1994). The spectral signature ofYHI® is similar to that of POM, but
with two distinct absorption peaks at approximatel) and 675 nm. Potamoplankton
(i.e., river phytoplankton) originate from detachsshthic populations and inflows from
lake/wetland surface waters (Wetzel 2001). WHhielies have shown the abundance of
potamoplankton to be correlated to light (Kochle2@04), nutrients (Basu and Pick
1996), temperature (Stevenson and White 1995)geaming pressure (Caraco et al.
1997), the ubiquitous control on potamoplanktohyidraulic residence time (Soballe and
Kimmel 1987, Reynolds 2000, Ameziane et al. 2008BpH et al. 2006). Due to the
rapid mixing that occurs in rivers, the generatiate of potamoplankton must be faster
than their downstream displacement rate for lagmufations to develop (Reynolds
2000). Higher concentrations of PHYTO thereforedtéo occur in areas of longer
hydraulic residence time such as impounded reaame$ower reaches of large rivers.
For example, Vahatalo, et al. (2005) found thatatherage concentration of chlorophyill-
a (chl-a), which is a common metric for calculating the centration of PHYTO, in the
Neuse River system in North Carolina, USA was 2.8.2 pug/L for free-flowing reaches
versus 21.7 48.7 pg/L for impounded reaches. Because ofdhgpeting limitations of
light availability and hydraulic residence time, shoavers have few, if any, suitable
reaches to sustain large enough concentrationsl 6@ to significantly influence
owQ.

While the spatial variability of potamoplanktonhigh, its temporal variability is
even greater (e.g., Ameziane et al. 2003) due tio $masonal and diurnal responses.
Generally, PHYTO is highest during the Summer arndtday; however,

potamoplankton is usually composed of numerousrsievepecies that reproduce at
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various rates and times (Wetzel 2001). AdditionddHYTO in rivers is greatly affected
by discharge variability (Marker and Collett 19®&ynolds 2000). Its high
spatiotemporal variability, together with the camsence of influencing and being
affected by changes in OWQ (via photosynthesig)se®HYTO to be the most complex
component of riverine OWQ to predict. Fortunatefyely are PHYTO concentrations
high enough to significantly affect OWQ in riveexcept when lentic-fed or impounded

(Davies-Colley et al. 2003).

2.6. Synopsis

Based on these five components, the first-ordetrotsnon riverine OWQ are the
drainage basin’s climate and geology, with topolgyaand-use, and ecosystem
composition being second-order controls. Whilergvieer possesses a unique OWQ
regime, the spatial and temporal trends of the albiee components allow for a few
generalizations. Temporally, rivers have the hsgl@NQ (i.e., lowest) during
baseflow (lowQ) and the lowest OWQ during and immediately follogviloods (high
Q). Spatially, many headwater streams have high Qlvé&to very low CDOM, SS,
POM, and PHYTO concentrations. As a river increasesize downstream, and source
areas of SS and POM are accessed, the river becooregurbid and OWQ decreases.
In the lowest reaches of a river, the mainstem gebipecomes more hydrologically
connected to its floodplain, thereby increasingobyipf CDOM to the river. The longer
residence time of the lower reaches also allows fgreater abundance of PHYTO. This
trend of decreasing OWQ along the river continubeafiwaters to mouth) is an

underlying tenet of the RCC (Vannote et al. 1980},has not been empirically verified.
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This review highlights a basic understanding of¢bmponents of OWQ and
their control, but also highlights the fact thatqgehensive quantitative studies of OWQ
are rare and that much of our current understanafifight-driven processes in rivers is
based on assumed knowledge about spatial and tahgadterns in OWQ. To test some
of these prevailing assumptions, we analyze OWQ@gathe river continuum in two
Midwestern rivers (Baraboo River and Wisconsin RiWgisconsin, USA), and compare
published synoptic datasets. We also analyze teah@WQ in a small Midwestern
stream (Big Spring Creek, Wisconsin, USA) and gdaBoutheastern river (Deep River,

North Carolina, USA).

3. STUDY SITES

Four non-tidal, freshwater U.S. rivers were sel@éte our study (Figure 1). We
assessed temporal trends in OWQ on two of thesi@eep River (DR) and Big Spring
Creek (BSC). The dissimilarities between theseriwers allowed us to investigate
OWQ over a large range of physical characteristiosn a small, relatively clear stream
whose hydrology is driven by groundwater (BSC) targe, relatively turbid river whose
hydrology is predominantly driven by surface ruf@R). We assessed spatial trends in
OWQ on the Wisconsin River (WR) and Baraboo Ri&R). The dissimilarity in flow
regulation between these two rivers allowed usivestigate OWQ along the river

continuum for a heavily regulated river (WR) anduamegulated river (BR).

3.1. Deep River (DR)
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Deep River is a®Border stream located in the Central Piedmont atiNo
Carolina (Figure 1). DR drops in elevation fronB28 48 m above mean sea level
(AMSL) over a length of 202 km. The 2,770-kmatershed of the DR study site is
predominantly forest (72%), followed by agricult#5%), and urban (3%NCDWQ
2000). The pre-settlement landcover was dominlayesbk-hardwood forest (Schafale
and Weakley 1990), which still comprises most @f ilver’s riparian corridor. Its basin
receives 110 cm/yr of precipitation with no distiseasonalityNOAA2007). Most of
the urbanization in the basin is located in thedineders, which together with its heavily
entrenched channels leads to high, flashy flooddlduring storms. The DR study site
(35°29'20"N, 7925'12"W) near Glendon, NC was located 18 km upsir@é the former

Carbonton Dam and 3 km above the upstream extehedbrmer reservoir.

3.2. Big Spring Creek (BSC)

Big Spring Creek is a"2order stream located in the Central Plain of Whisio
(Figure 1). BSC drops in elevation from 275 to 24AMSL over a length of 5.06 km.
Its 21.1-knf drainage basin is mostly agriculture (46%), fokmiby forest (31%),
grassland (21%), and wetland (2%YISCLAND1993). The pre-settlement landcover
was dominated by oak savanna (bur oak, white dakstem) (Curtis 1959). The
riparian corridor of BSC is composed of a mixtufeed canary gras®lalaris
arundinacea and mixed-hardwood forest. Its basin receivesr@4yr of precipitation
with a seasonal peak in monthly precipitation dgitime summemOAA2007). BSC is a

spring-fed stream with relatively const&@iit The BSC study site (480°15"N,
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89°39'14"W) was located 1.6 km upstream of the BigigpDam and 0.4 km above the

upstream extent of the drawn-down reservoir.

3.3. Baraboo River (BR)

Baraboo River is a®order stream that begins in the Western Uplands of
Wisconsin and meanders through the Driftless Afezentral Wisconsin before it
empties into the Wisconsin River (Figure 1). BRpl in elevation from 420 to 235 m
AMSL over a length of 187 km. The 1,690-%kBaraboo River Basin is mostly
agriculture (47%), followed by forest (31%), grassl (15%), wetland (5%), urban (1%),
and barren (1%)WISCLAND1993). The pre-settlement landcover was dominiayed
southern oak forest (white, black, and red oak#énuplands and oak savanna (bur oak,
white oak, bluestem) in the lowlands (Curtis 1959)he riparian corridor of BR is
composed mostly of mixed-hardwood forest and vargnasses. Its basin receives 86
cm/yr of precipitation with a seasonal peak in rhgnprecipitation during the summer
(NOAA2007). BR historically had nine dams on its ma@nms(WDNR2006). All nine
dams have been removed, the last one in 2001, @amdts entire 187-km mainstem is

free-flowing.

3.4. Wisconsin River (WR)

Wisconsin River is a"Zorder stream that begins at Lac Vieux Desertén th
Northern Highlands of Wisconsin and empties in® NMississippi River (Figure 1). It
drops in elevation from 515 to 185 m AMSL over agth of 684 km. The 31,400-Km

Wisconsin River Basin is mostly forest (41%), felled by agriculture (27%), wetland
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(15%), grassland (11%), open water (3%), urban (E¥ubland (1%), and barren (1%)
(WISCLAND1993). The pre-settlement landcover was dominayeabrthern mesic
forest (maple, hemlock, yellow birch) in the north&alf of the basin and oak savanna
(bur oak, white oak, bluestem) in the southern bbthe basin (Curtis 1959). The
riparian corridor of WR is composed of a mosaievetlands, prairie, oak savanna, and
floodplain forest. Its basin receives 84 cm/ypddcipitation with a seasonal peak in
monthly precipitation during the summ&@AA2007). There are currently 26

mainstem dams on the Wisconsin RIVMTINR2006).

4. METHODS
4.1. Sample Collection
4.1.1. Spatial Sampling

We assessed longitudinal trends in OWQ by perfogrsynoptic surveys along
the continuum of BR and WR. Water samples werkect@d during baseflow from 23
mainstem locations and 7 tributaries along BR og A8, 2006 and from 20 mainstem
locations along WR on Sep 16, 2006. All sampleseweellected in acid-washed amber
polyethylene bottles except DOC samples, which welected in pre-combusted glass
vials treated with 60QL of 2M HCI. All filtered water samples, includirigOC, were
obtained usingVhatmanGF/F (0.7 um) glass fiber filters. All water sdegpwere kept
dark and refrigerated at %2 until analysis. Water chemistry and OWQ analysese

performed within 72 hours of sample collection.

4.1.2. Temporal Sampling
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We compared short-term (3-10 days) and long-terpr{®ep) changes in OWQ
during baseflow and flood conditions at DR and B8@ssess temporal trends (Table 1).
Automated samples were collected in acid-washetlesaisingleledyne-ISC®712
autosamplers. Manual samples were collected fatigwhe same protocol agction
4.1.1 All samples were kept dark and refrigerated 4C~ntil analysis. Water
chemistry and OWQ analyses were performed withih é2sample collection, with only

two exceptions (2 flood samples for BSC).

4.2. Hydrology

We obtained 15-minute discharge records from th&8§ages #05405000 and
#05407000 for BR and WR, respectively (Figure @)scharge records for BSC and DR
were obtained from stag@-+ating curves we developed using 15-min waterileve
readings from stage recordehstéchWT-HR 200Gor BSC andHOBO9 mfor DR) and
in-situ Q measurements taken wittvarsh-McBirneycurrent meter at the sampling

sites.

4.3. Water Chemistry

We measured TSS, NVSS (or SS), and VSS (or POM)lomater samples
according to APHA Standard Methods procedure 25BqQBPHA 1998) using 1.5 um
glass fiber filtersRroWeigh, Environmental Exprgsswe measured DOC as non-
purgeable organic carbon (NPOC) witBlaimadzurOC-Vcsh Analyzer according to
APHA Standard Methods procedure 531@®HA1998). We usedhl-a concentration

as a proxy for PHYTO concentration. For DR, BS&] BR, we measurechl-awith a
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Turner Designd' D-700 fluorometer according to APHA Standard Meth procedure
10200H APHA 1998) usingVhatmanGF/F glass fiber filters. For WR, we measured
chl-awith aBeckman DU Series 6Q0V/VIS spectrophotometer according to Hauer and

Lamberti (1996).

4.4. Optical Measurements
4.4.1. Turbidity

We measured turbidityl) with aHach2100P turbidimeter in nephelometric
turbidity units (NTU), which is a relative measwieb (Kirk 1994). We used the average
value of thredél, measurements for each sample, thoroughly mixiagsmple prior to

each measurement.

4.4.2. Inherent Optical Properties b, andc)

We used &8eckman DU Series 6QIV/VIS spectrophotometer to determine the
inherent optical properties of the water samplBise spectrophotometer measured the
amount of incident radiant flux#() that was received by a light detect@) @fter being
transmitted through a water sample pathlength All water samples were contained in
the same quartz cuvette£ 0.01 m). Adopting the method of Bricaud, et(2883), we
derived the light attenuation coefficiels) py using eBeckmarturbidity cell holder
(TCH), which prevented scattered light from reagttime light detector by reducing the
collection angle to 0.94collimated light beam) and moving the water satpl52 mm

from the light detector. With this configuratidhge light detector only captured the
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incident light that was left after absorption aedttering by the water sample. By
transforming Equation 2 and using the TCHlvas calculated as follows:
C = An(D/Dg)1cylr (2.5)
We derived the absorption coefficiea) py using éBeckmarstandard cell holder
(SCH), which placed the water sample 10 mm fromlitie detector and increased the
collection angle to 14 This large collection angle and close proxinoityhe water
sample to the detector ensured that almost alieseatlight was detected, thus
guantifying only the absorption by the water san{plavies-Colley et al. 2003).
Residual scattering not captured by the light detewsas corrected for by subtracting out
the apparent absorption coefficient at 740 g because essentially all measured
absorption at 740 nm is due to scattering (Daviekeg et al. 2003). Using the SCH,
was calculated as follows:
X = -In(DI Dg)scHr (2.6)
a= X —X7a0 (2.7)
whereX is the apparent absorption coefficient for the raessd wavelength. Equation 7
assumes that the angular range of scattering éodéisired wavelength is the same as that
at 740 nm. Using equation 1, we calculated théeswag coefficientlp) by subtracting

from ¢, as recommended by Davies-Colley, et al. (2003).

4.4.3. Spectrophotometer Scans
We scanned each water sample in 1-nm intervalsdaeet\840-740 nm at 1200
nm/min. Each scan took approximately 20 secornds, e assumed that particulate

settling was minimal. Each sample was thoroughkeoh prior to each scan. In order to
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derive the variables in equations 5 — 7 and partiti(described below), we performed
four configurations of scans on each water sanffitpute 2): TCH-UF (turbidity cell
holder, unfiltered sample), TCH-F (turbidity ceblter, filtered sample), SCH-UF
(standard cell holder, unfiltered sample), SCHi&r{dard cell holder, filtered sample).
We performed 3 scans for each configuration and usgan values for subsequent
analyses. From the spectrophotometer scans, wiereadings at 440 nm (index of
CDOM), 740 nm (residual scattering), and the ave@g00 -700 nm (PAR). Unless
denoted by a subscript identifier (e &40), all reported attenuation coefficients are
average values for PAR.

We also used the spectrophotometer scans to coropsfe between the four
study sites and to previous studies. The speabtopheter scans (Figure 2) illustrate the
change in absorbancB) with wavelengthX), where:

D = logo (@o/D) (2.8)
The magnitude of the absorbance at 740 nm illedrtite degree of scattering in the
water column (Figure 2), which indicates the comi@ion of particulates since
scattering by dissolved constituents is negligiblée magnitude of the absorbance at
340 nm illustrates the degree of absorption intager column (Figure 2), which
indicates the CDOM concentration since absorptidight by CDOM increases
exponentially with decreasing wavelength. The propnal spacing between the top two
absorbance curves (TCH-UF and SCH-UF) illustratesstattering to absorption ratio
(b/a), which indicates the dominant process of ligkgéraiation in the water column. The

magnitude of light attenuation by PHYTO is indightey the height of the shoulder in the
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SCH-UF absorbance curve at 675 nm (Gallegos ante682), which is an absorption

peak ofchl-a (Figure 2).

4.5. Partitioning the Light Attenuation Coefficient

We patrtitioned the light attenuation coefficiertbiits constituent fractions
(Equation 4) by using combinations of TCH vs. SCid &F vs. F (Table 2). Using the
TCH on an unfiltered sample quantifies the collextight attenuation coefficient by the
dissolved €4) and particulatec) constituents. Because the spectrophotometer was
blanked with Milli-Q water prior to measurements added the attenuation coefficient
of pure waterg,) to the TCH-UF reading to obtain the total liglttauation coefficient
(c). Values forc,, ay, andb,, were obtained from the data of Buiteveld, et H094).
Using the SCH on an unfiltered sample quantifiesdbllective light absorption
coefficient by the dissolvedyq) and particulatea;,) constituents. We added the
absorption coefficient of pure watex,j to the SCH-UF reading to obtain the total light
absorption coefficienta). Using the TCH on a filtered sample quantifigs Using the
SCH on a filtered sample quantifiag We derived particulate attenuation coefficients
by subtracting the dissolved and water attenuato@ificients from the total attenuation
coefficients (Equation 4). For exampg~=c — ¢ — Gy (TCH-UF — TCH-F, Table 2).
We derived scattering coefficients by subtractimg absorption coefficients from the
attenuation coefficients (Equation 1).

We partitioned, into cssandceom by using the, andb, of water samples where
TSS was 100% POM. When the particulates in a veateple are composed entirely of

POM, b, can be attributed entirely to POM, = bpov). Because absorption by SS is
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usually negligiblea, for any water sample can be attributed entirelp@M (@, = apow).
Given thatbpom = Kap, whereK is brom/aprowm , the light attenuation coefficient of POM
(crom) can be approximated with:

Cpom = apom + bpom = 3 + Kap (2.9)
This equation assumes théais a constant for all POM in the water columnal#o

assumes thabyytois negligible or either incorporated inteowm.

4.6. Optical Water Quality Budget

We quantified the effect of tributaries on spatiiahds in OWQ by creating an
OWQ budget for the Baraboo River using the addipixiaciple suggested by Davies-
Colley, et al. (2003):

CasQuds = CusQus * Cirib Qrib (2.10)
wherec is the light attenuation coefficient innQ is discharge in fs, and the
subscriptgs, us andtrib denote downstream, upstream, and tributary, réispéc This
method assumes that OWQ is volume conservativeserdnstituents do not experience
physical or chemical changes (e.g., sedimentati®@5) between the upstream and
downstream sites. To obtainwe used Equation 5 on water samples collected fro
seven confluences. At each confluence, we samipleediately upstream of the
confluence ¢, at the tributary outlet before it entered themeem channelk;,), and
below the confluence before any other tributarige®d the mainstem channels. Q
was derived with the weighted area method (Gord@h. 004), using the downstream
USGS gage at river kilometer (RK) 160 (Figure Wyatershed areas were calculated

with the Arc Hydro extension (CRWR, Univ. of Texas)ArcGIS 9.1 ESR). We used
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hydrography data (1:24,000 scale) to charactetream-link magnitudes (i.e., stream
order via the Strahler method; (Gordon et al. 2R04Ylajor” tributaries (sensu Benda et
al. 2004) were identified on the basis of a streader greater than or equal ton -1,

where n is the stream order of the mainstem chdrefele the confluence.

4.7. Synoptic Optical Water Quality Datasets

We assessed longitudinal trends in OWQ by comparimgwo longitudinal
OWQ profiles from BR and WR with published synof@ievVQ datasets that met two
conditions: (i) OWQ was measured in at least fa@ations from near the headwaters to
the river’s mouth; and (ii) the mainstem channe$ weeater than 100 km. Three datasets
fulfilled these criteria, all from New Zealand: Mtka River (110 km; Davies-Colley
1990), Pomahaka River (147 km; Harding et al. 1988¢ Waikato River (330 km;
Davies-Colley 1987). The Waikato R. study meassexthi disk deptiep), which we
converted ta using the method of Gordon and Wouters (19786(zsp). The
Pomahaka R. and Motueka R. studies measured bisickidibility (ysp), which we
converted ta using the method of Davies-Colley (1988; ¢ = 46/pr rivers). We used
these five synoptic OWQ surveys to test the premhadf the RCC (Vannote et al. 1980)
that optical water quality decreases (icancreases) along the river continuum from

headwaters to mouth.

5. RESULTS

5.1. Optical Water Quality Comparisons
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Big Spring Creek (BSC) had the highest OWQ (i.eastoptically clear) because
of its low SS, POM, DOC, and PHYTO (Table 3). Tdnebaracteristics caused the water
of BSC to be essentially colorless because ofable bf scattering or absorption of light.
BSC had the lowest average baseftoat 2.73 +0.89 mt (mean _+std. dev.) and the
lowest average basefloWy at 3.99 +1.32 NTU of the four study sites (Table 4). Deep
River (DR) had a yellowish hue due to prefererilak-light absorption by its high DOC
concentration. The average basefloandT, for DR was 5.78 4.57 m' and 5.02 +
1.86 NTU, respectively. Wisconsin River (WR) at$dada also had a yellowish hue
due its high DOC concentration (Table 3). ThendT, for WR at Muscoda were 15.71
m™*and 13.6 NTU, respectively. Baraboo River (BR).a/alle had the lowest OWQ
predominantly because of high SS and POM (Tablehyh imparted a dark-brownish
hue on the water. This site had the higleemidT, of the four study sites at 29.26'm
and 27.40 NTU, respectively.

Spectrophotometer scans of baseflow samples #ligstrthe relative differences
in OWQ among the four study sites (Figure 3). B the highest TCH-UF absorbance
curve at 740 nm and thus had the highest totalestay coefficient f) at 25.41 i,
followed by WR at 13.13, DR at 4.39, and BSC aB2.%Ve found a strong correlation
between TSS (SS + POM; Table 3) dn@® = 0.98,p = 0.027), which supports the
relationship of increased scattering with increasmutentration of particulates. DR had
the highest SCH-F absorbance curve at 340 nm arsdhttd the highest CDOM
absorption coefficientagao) at 4.44 nt, followed by WR at 2.36, BR at 1.60, and BSC at
0.41. DOC explained 82% of the varianceJm, although the regression was not

statistically significantgg = 0.135), likely due to the small sample size @ Fable 3).
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At all four sites, scattering was the dominant psxcof light attenuatior(a >
1), with BR having the highebfa at 6.60, followed by WR at 5.08, BSC at 4.10, Bl
at 1.64. The magnitude of light attenuation by Hlidvwas negligible at DR and BSC
because of the lack of a shoulder at 675 nm irSthE-UF absorbance curves (Figure 3).
Their lowchl-a concentrations (Table 3) support this result. &8/ WR had small
shoulders at 675 nm due to higlebi-a (Table 3). However, the height of the shoulders
relative to the magnitude of the absorbance cuivethese sites was small, which results
in minimal contribution of PHYTO to light attenuati.

Turbidity was a highly significanp(< 0.001) predictor of at all four sites
(Figure 4). The plots for DR and BSC (Figure 4A r8present changes arandT, in
response to changes@at-a-station; whereas, the plots for BR and WR{Fe 4C, D)

represent longitudinal changesciandT, throughout the basin.

5.2. Temporal Trends: Deep River and Big Springekre
5.2.1. Turbidity and Discharge

Turbidity generally increased with increasi@Qdor DR and BSC (Figure 5)Q
explained 77% of the varianceTp at DR (Figure 5Bp < 0.001). We attribute the
variance to hysteresis, inter-storm, and seasdfeats. For exampl€l,, values for the
storm on June 14, 2006 were lower, despite belaggar flood, than the storm on Aug.
30, 2006 (Figure 5A). The two likely causes fastscenario are: (1) There was a
separate flood on June 13, 2006 that depletedctheraulated source of fine sediment
and POM for the June T4lood, and/or (2) More sediment and POM were @ for

the Aug. 38' storm due to crop harvesting during this time.e Télationship between
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andQ at DR ¢ = 0.71;c = 1.43"%) was similar to the relationship betweBrandQ
(Figure 5B).

Discharge explained only 27% of the variancé&jat BSC (Figure 5Dp <
0.001). We attribute most of the variance to seakeffects. The reduced vegetative
ground coverage of BSC basin during the wintenadld greater surface sediment runoff,
especially during the numerous snowmelt runoff évémat occurred in central
Wisconsin during the 2005-2006 winter. This scenarthe likely cause of the two high
Tomeasurements in March 2006 (Figure 5C). The atbesiderable seasonal effect on
T, in BSC was the die-off of in-channel vegetatiominiy the late-summer. BSC had a
dense benthic coverage of aquatic macrophytes hwiggan to senesce in late-July
(Zahn 2007). This senescence not only added frkgrnents to the water column, but
also fine sediment that was previously trappedieywegetation. This scenario is the
likely cause of the increasifg values starting in August of both years (Figurg.5C
Another contributing factor to increasé&glat BSC was bioturbation, with the greatest
turbidity pulses being caused by cows and geese. extremely highi, in Feb. 2006 (64
NTU, Figure 5C) was most likely caused by one ekthtwo animals. The relationship
betweerc andQ at BSC (% = 0.43;c = 1370.%*%) was similar to the relationship

betweenTl,, andQ (Figure 5D).

5.2.2. Baseflow OWQ of Big Spring Creek
The OWQ of Big Spring Creek varied relativelylétturing the 10-day baseflow
period from June 15 — 24, 2006 (Figure 6A). Palates ¢,: 81%) accounted for most

of the light attenuation, followed by CDOMy( 13%) and waterc(,: 6%) (Figure 6A).
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The particulates consisted of 47% POM (2.2 mg/ld 38% mineral sediment (2.7
mg/L). The concentration @hl-awas relatively low and constant over the 10 d&y3 (
+ 1.0 pg/L). The baseflow period of BSC was chamamed by small and brief pulses of
SS, POM, and CDOM. Overall, CDOM4§o) remained fairly constant at 0.67'rand
TSS decreased from 5.4 to 3.4 mg/L. The decrea$8$% was therefore the cause for

the decrease inover the 10-day period, from 3.3 to 2.0 ffFigure 6A).

5.2.3. Baseflow OWQ of Deep River

The OWQ of Deep River increased (iedecreased) slightly during the 10-day
baseflow period from May 21 — 30, 2006 (Figure 6Buring this baseflow period,
accounted for most (64%) of the light attenuatfofipwed bycy (33%) ancc,, (3%;
Figure 6B). The particulates consisted of 34% P@MN mg/L) and 66% mineral
sediment (4.1 mg/L). The concentratiorchf-a was minimal and relatively constant
over the 10 days (1.26-1 pug/L). The baseflow period of DR was chanaztel by
decreases in SS (5.6 to 2.9 mg/L) and CDOM (42 2ani?), resulting in a decrease of
from 6.7 to 3.6 it (Figure 6B). During this time, POM % increasecataverage rate of
3.0% per day (20 to 50%). TSS, however, remaiagt/fconstant at 6.3 mg/L,
suggesting that sediment was settling out whiletewxiél sources of POM were being
added to the water column. During the other baseflampling period (July 11 — 17,
2006; data not illustrated), POM % increased ad\@rage rate of 4.5% per day (20 to

47%) while TSS remained fairly constant at 7.6 mg/L

5.2.4. Flood OWQ of Deep River

31



In contrast to the limited change in OWQ duringdfksv, the magnitude and
composition ot varied greatly through a flood at DR on Aug 300@QFigure 6CQpeax
= 60 /s, recurrence interval (RI) of ~2 months). Theofl occurred following a
prolonged (~1 month) low-flow period (Figure 5A) atdis pre-flood water column
concentrations of TSS (3.0 mg/L) and CDOM (2.7)were relatively low. Before the
flood, c was 3.5 rit, with Cp, accounting for most light attenuation (60%), falkd bycy
(35%) andc,, (5%). Pre-flood POM averaged 87% of TSS. Theealfc increased
rapidly during the rising limb of the flood due niggo a pulse of TSS, amdreached a
maximum of 137.3 mat 12 hours afteQpear This lag was caused by an additional TSS
pulse, which was most likely from a tributary wélslower travel time. As particulates
settled out of the water column followi@@eax C decreased exponentially until it reached
its average baseflow value of 5.8'mat 8 days followin@peak CDOM also increased in
response to the flood and maintained elevated odrat®ns during the entire sampling
period, which is characteristic of subsurface flollowing a dry period (Walling and
Webb 1992). Consequently, the relative proportiblight attenuation by CDOM

increased following the flood, reaching a maximuns&% (Figure 6C).

5.2.5. Components of Optical Water Quality

Partitioning the total light attenuation coeffici€n) by means of Equation 4 and
Table 2 revealed that scattering by particulabgswas the dominant process of mid-
summer baseflow light attenuation at DR and BSMI@&). Absorption by CDOMa()
and particulatesag) were the two other main contributors to basefligit attenuation at

both sites (Table 5). For all combined baseflomglang at BSC¢ averaged 2.73 6.89
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m*, of which 82% was from TSS), 12% from CDOM ¢;), and 6% from waterc).
For all combined baseflow sampling at DiRgveraged 5.78 +.57 m', of which 60%
was from TSSq), 37% from CDOM ¢g), and 3% from watercy,).

Using water samples where TSS was 100% POM, welfthatbrow/apom (01 K;
see Section 4.5.) for DR was ~3 (3.06.65, n =5). There were no water samples from
BSC where TSS was 100% POM, and therefore we udeanikKDR for BSC. Assuming
that K equals 3, the light attenuation coefficiehPOM (Cpow) is approximately 4,
(Equation 9). Using Equation 9 and Table 5, wewated the amount of baseflow light
attenuation by water, CDOM, SS, and POM at eaeh(Bigure 7). Light attenuation by
PHYTO was included in POM, but given its low contcations at both sites (Table 3), its
contribution to light attenuation was probably mial. Vahatalo, et al. (2005) found that
arnytofor the Neuse River basin, which is adjacent eéoDleep River basin and had
slightly higherchl-a concentrations than DR, contributed 2.3.9% toa. During
baseflow at DR, POM (43%) was the greatest coniti light attenuation, followed
by CDOM (37%), SS (17%), and water (3%; Figure Buring baseflow at BSC, POM
and SS both contributed 41% to total light atteifmmatfollowed by CDOM (12%) and

water (6%; Figure 7).

5.3. Spatial Trends: Baraboo River and WisconsireRi
5.3.1. Wisconsin River Continuum

Particulate and dissolved concentrations in thematlumn fluctuated greatly
along the 684-km WR for the first 550 km, with spdic increases and decreases in all

four components (Figure 8A). The large fluctuasiamwater chemistry were likely

33



associated with major tributary inputs and impouadts along this section of river
(Figure 8B). Downstream of the last mainstem dBk $38), SS, POM, and PHYTO
steadily increased, while CDOM remained fairly dans (Figure 8A). SS, POM, and
PHYTO all reached their maximum values at thedastpling site (RK 674). The
scattering to absorption ratib/é) along WR was highly irregular, ranging from 1R
205) to 5.3 (RK 674), indicating large changes $h&®d POM relative to CDOM
(Appendix 1).

The light attenuation coefficient)(along WR followed a similar trend as SS and
POM by fluctuating between 0.2 and 13.8 for the first 548 km and then steadily
increasing after the last mainstem dam, reachimgueemum of 22.8 it (Figure 8B,
Appendix 1). There were two local peaksialong WR, both of which occurred
immediately downstream of confluences with turbigion tributaries. Between RK 250
and 292 (Big Rib River confluence at RK 256)ncreased from 8.9 to 13.8'm
Between RK 488 and 524 (Baraboo River confluend®ab06),c also increased from

8.9 to 13.8 rit (Figure 8B). The of BR before it entered WR was 25.2'ifFigure 9B).

5.3.2. Baraboo River Continuum

Water chemistry along the 187-km BR (Figure 9Agfuated less than along WR
(Figure 9B). CDOM remained fairly constant alohg entire length of BR (Figure 9A).
SS and POM increased slightly over the first 28 &nd then rapidly over the next 46
km. After RK 74, SS decreased gradually and POMedesed rapidly. The increase in
SS and POM at RK 28 was immediately downstrearhetonfluence of a turbid major

tributary (Cleaver Creek, RK 25). PHYTO along BRsmnot measured directly, and
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therefore we relied on the shoulder height at G5mthe SCH-UF absorbance curve
(index for PHYTO, Figure 2) to make inferences wrongitudinal distribution.

PHYTO was minimal in the headwaters (i.e., no stieg| increased gradually to RK 40,
and then decreased gradually toward the mouth of Bits decrease in PHYTO at RK
40 coincided with a sharp increasei(Figure 9B). The scattering to absorption ratio
(b/a) increased along BR from 0.8 (RK 3) to 7.8 (RK 14#&fore decreasing to 5.9 at the
mouth (RK 181) (Appendix 2). The increaséiawas associated with increased
concentrations of SS and POM while CDOM remaindatikesly constant (Figure 9A).
The decrease ib/aover the last 39 km of BR was associated with eksed
concentrations of SS and POM (Figure 9A) and lostannel gradient (Figure 9B),
which indicates that the particulates were likaditlsng out of the water column over this
reach.

The trend ot along the BR continuum was similar to that of 88 ROM: (i)
increasing gradually over the first 38 km; (ii) imasing rapidly over the next 34 km; (iii)
increasing gradually over the next 70 km; and deg¢reasing rapidly over the last 39 km
(Figure 9B, Appendix 2). These trendscimatched the pattern of major confluences
along BR, where increased rapidly after three major confluenceskaagan to decrease
40 km downstream of the last major confluence (Fe@B). Also of note is that the
local trough inc at RK 115 occurred immediately downstream of thwaflaence with the

much clearer Narrows Creek¥ 16.63 nT; Figure 10).

5.4. Optical Water Quality Budget of Baraboo River
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We used the synoptic OWQ a@uddata through the BR watershed to develop an
OWQ budget in which we quantified the relative ugfhce of tributary OWQc(i,) on
mainstem OWQq,s Equation 10, Figure 10). All but two of the wuthries sampled
were major tributaries (Kratche Creek and Narrowee®) and two of the major
tributaries from Figure 9B were not sampled (Cledeeek at RK 25 and Seymour
Creek at RK 34). Generallgyi, andQyip increased in the downstream direction, which
is characteristic of greater drainage areas cartny greater amounts of SS and POM.
The value oftsincreased in the downstream direction for the #igkm, but then
leveled off or decreased. The rate of increasesi(0.38 m'/km) over the first 73 km
was more than two times the rate of increasgi(0.17 m'/km), which resulted in an
OWQ inversion in whicltyi, was greater thaq,sin the upper basin, but lower than the
cus in lower basin. Accordingly, the largest increase (+3.22 m") occurred in the
upper basin at the W. Branch Baraboo R. confluembée the largest decreasear(-

4.82 m") occurred in the lower basin at the Narrows Cnfleence (Figure 10).

The predicted product @fQqs* (via Equation 10) and the actual product of
c4Qus (via Figure 10) agreed fairly well (Table 6). Alledicted products were within
20% of the actual product, except the two upperroostluences (Table 6). These two
exceptions may have been caused by the greatabildyi in mixing/sedimentation
processes in headwater streams, and/or the greatertainty ofQ for small watersheds.

The other five confluences suggest that OWQ in 8Benerally volume conservative.

6. DISCUSSION

6.1. Riverine Optical Water Quality

36



6.1.1. The Five Components

Optical water quality in rivers is dictated by tinends of five components: pure
water, suspended sediment, particulate organieematiromophoric dissolved organic
matter, and phytoplankton. The optical propertiegure water remain constant, and
therefore its contribution to light attenuation sses with increases in any of the other
four components. Using a wide variety of rivers, faund that riverine OWQ is
primarily dictated by the particulates in the watelumn rather than by dissolved
constituents (Table 5, Appendix 1, 2). Our resaitssimilar to Davies-Colley and Close
(1990), who analyzed 96 New Zealand rivers duriaggflow and found that 87% of the
total light attenuation was attributed to partiteta

Our study also showed that during and immediat@lpwing floods, the
dominance o€, increases (Figure 6C) as SS and POM increase reldteze dominance
of SS vs. POM is likely to vary between (Figureaiy within rivers (Figure 8A) due to
source limitations. For example, the OWQ of rivierthe Midwest USA, such as BR,
that drain areas with organic-rich soils and abuabhgagetation is likely to be dominated
by POM; whereas, the OWQ of rivers in the SouthwsA, such as the Colorado River,
that drain areas of organic-poor soils and spaegetation is likely to be dominated by
SS.

The contribution of CDOM to OWQ is also likely tany between rivers (Figure
7) due to source limitations. However, along tkrerrcontinuum, CDOM typically
remains fairly constant (Figure 9A; (Smith et &97)), except in rivers with large water
contributions from wetlands (e.g., Gallegos 200&gvily regulated rivers such as WR

(Figure 8A), and heavily disturbed rivers (e.g.v[2a-Colley 1987). The temporal
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trends in CDOM are mostly influenced by the hydgitaregime of the river (Figure 6).
Because most of the CDOM present in rivers is @erivom terrestrial groundwater
inputs (Webster et al. 1995, Wetzel 2001), therdmution of CDOM to light attenuation
is usually greater following storms (via watersHiegdhing) and increases as particulates
settle out of the water column (Figure 6C).

We did not quantificeyyto but other riverine OWQ studies (Davies-Colley and
Close 1990, Duarte et al. 2000, Vahatalo et al52@8und that the contribution of
PHYTO to light attenuation was either minimal oghgible over a wide range of rivers
due to unfavorable conditions to phytoplankton gtowwWhile particulates dominate
OWQ for most rivers, there are exceptions, mosaligtin tidal and blackwater rivers
(e.g., Gallegos 2005). In these rivers, PHYTO @iDM have a much greater influence
on OWQ. Future OWQ research opportunities caniteeted towards determining if

trends observed here hold for diverse types ofsiwerldwide.

6.1.2. Optical Water Quality Measurements and R®Xxi

Riverine optical water quality has been measuratus variety of instruments,
including a beam transmissometer (Davies-Colley&mith 1992), secchi disk (Davies-
Colley 1987), black disk (Davies-Colley 1990), apectrophotometer (Vahatalo et al.
2005). While each method has its advantages aadlviintages (see Davies-Colley et al.
2003), we used a spectrophotometer because adrsatlity. By using the four-
configuration spectrophotometer scan (Figure 2)yweee able to distinguish between
absorption and scattering of both particulate asdaldved constituents (Table 2). Most

studies that have investigated riverine OWQ usisgectrophotometer have only
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analyzed absorption (e.g., Vahatalo et al. 206&)wever, this study (Table 5,
Appendices 1 and 2) and others (Davies-Colley 188y shown the dominance of
scattering on OWQ in rivers. Future spectrophotoimstudies of riverine OWQ should
use a method similar to ours (Figure 2, Table 2yrder to derive the total light
attenuation coefficienty.

Despite the utility of the four-configuration spegthotometer scan, the time,
detail, and cost involved in such analyses maymetke it a practical tool for water
resource managers to assess riverine OWQ. Weddherecommend the use of turbidity
(Ty) as a proxy foc. Comparisons of, andc showed thaT, is a strong predictor af
(Figure 4), and data from studies of New Zealandrs (Davies-Colley 1987, Davies-
Colley and Smith 1992, Smith et al. 1997) produsiedlar relationships. Whil&,
cannot be used to predict the exact valueiofunmeasured rivers, the strong correlation
betweerc andT, demonstrate that turbidity can be used to asgegmband temporal
trends in OWQ for most rivers. The us€lgfas a proxy foc is advantageous because:
() there is a longer and more extensive recor@,ah rivers tharc; (ii) Ty is easier and
less expensive to measure tlzaand (iii) T, is increasingly becoming a popular metric in
fluvial ecology studies. The use Tf as a proxy foc is probably only valid for non-
tidal, non-blackwater rivers where scattering s dominant process of light attenuation.
In tidal and blackwater rivers, where absorptiohkisly to be the dominant process of

light attenuation, other proxies such as CDOMtdra will need to be used.

6.2. OWQ across the Hydrograph
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Every study that has compared OWQancluding this study, has found that
water clarity decreases (i.e.increases) exponentially with increas@dc = aQ”) due
primarily to increased TSS (e.g., Davies-Colley 2,990, Smith et al. 1997). The
rating coefficient ¢) and exponent are river-dependent, but in genefais highest for
rivers with large sources of readily available s&elt or organic matter (e.g., Davies-
Colley 1990, Davies-Colley et al. 1992). The sewtreadily available sediment is
influenced by basin geology, topography, land-ase, storm frequency (Syvitski et al.
2000). Our results suggest that storm frequentyeisiominant control op. For
example, even though the DR basin has more readdyable sediment due to greater
relief and more intensive anthropogenic land-igs,higher for BSC (4.85) than DR
(1.04), which we attribute to the BSC basin’s mlasker storm frequency (Figure 5A,
C). The low storm frequency of its basin allows@®B® remain clear for most of the year
due to infrequent surface runoff. This infrequemtface runoff also allows more time for
sources of SS and POM to accumulate, which toged#isaitts in a high stormflowto
baseflowc ratio (CsfCyf). The higher storm frequency of the DR basinauastelevated
turbidity at baseflow and also prevents large seaecumulations of SS and POM,
which together results in a lowey/c,;, hence a lowep.

The regularity of storms may also influence thaarare ofc with Q, with highly
irregular storm frequency (e.g., BSC) producingatgevariance in the attenuation-
discharge relationships (Figure 5). The variamaevs. Q is further influenced by
seasonal effects such as exposed soil surfacentenvcrop-harvesting, and vegetation
senescence (basin-wide and in-channel). An additiconsequence of inter-storm and

seasonal effects is that the variance with Q increases with increasirfg, as we found
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for both DR and BSC (Figure 5B, D). Thus, our iéptio predictc decreases with
increasingQ.

In addition to inter-storm and seasonal effects,dihange of with Q is also
influenced by the composition of OWQ. Our resiitsn baseflow and storm sampling
at DR showed that POM remained in the water collonger than SS, and thus its
relative role in light attenuation increased withé following floods. We attribute this
temporal trend to POM having a lower settling vélothan SS. The size of sediment
transported by a river, thus, also influences ckarfg with Q. For example, the DR
basin, which is located in the clay-rich Piedmadniorth Carolina, delivers large
concentrations of clay to DR, which can remainugpension for more than a week due
to its low settling velocity (Brush et al. 1952)Vith an average storm frequency of
approximately one per week in 2006 (Figure 5A)bidity in DR remains relatively high
for long periods. If the Deep River basin waseasltlocated in the sand-rich Coastal
Plain of North Carolina, turbidity would decreasedaster rate following floods due to
the higher settling velocity of sand.

Our study also showed that the contribution of CD@M increases following
floods as particulates settle out of suspensiongaodndwater contributions increase
(Figure 6). Rivers in which PHYTO significantlyfimences OWQ will most likely
experience diurnal and seasonal changesith Q due to the response of PHYTO to
sunlight and temperature (Ameziane et al. 2003)er@fore, the relative proportions of

CDOM, SS, POM, and PHYTO in a river greatly inflges its change iawith Q.

6.3. OWQ along the River Continuum
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We now address the prediction proposed by Vanettd, (1980) that optical
water quality decreases (i.e.increases) along the river continuum. Of the Gase-
studies, Motueka R. had the least developed bagimmost of its area being forest and
conservation lands (Basher 2003). Accordingly, &t R. had the highest OWQ
(lowestc) along its entire length (Figure 11). The Pomahla&sin was also relatively
undeveloped with most of its land being grasslghrtisding et al. 1999). Accordingly,
Pomahaka R. had the second highest OWQ alongtite éangth (Figure 11). The
Walikato R. began at the outlet of Lake Taupo and thas very clear at its headwaters.
Urbanization and intensive agriculture increasetth @istance along the Waikato R.,
causing it to become increasingly turbid (Daviesks01987).

The average-values along the river continuum for the two U&rs were an
order of magnitude higher than the NZ rivers (Fegiit), which we attribute to greater
availability of organic-rich fine sediments, moggeessive agricultural practices, and
poorer water quality management. Two of the fivens had mainstem dams: Waikato
R. (8) and Wisconsin R. (26). Reservoirs tencethuce SS, POM (Grant et al. 2003),
and CDOM (Larson et al. 2007), and increase PHYV&hatalo et al. 2005), and thus
are likely to disrupt spatial trendsar(Figure 8). Therefore, the three unregulatedrsive
Baraboo R., Pomahaka R., and Motueka R., providedest case-studies to analyze
OWQ along the river continuum.

The OWQ of the three unregulated rivers followesdnailar trend, where
increased over the first 70% of the river continuama then began to decrease (Figure
11). We suggest that this asymptotic trend, as agethe longitudinal distribution of

riverine OWQ, is dictated by the channel networkfguration (i.e., density and location
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of tributaries; (Benda et al. 2004)). Tributarags point sources for all five OWQ
components, and therefore confluences should ég witere changes in OWQ are most
likely to occur. Baraboo R. (Figures 9B and 1@vmled an excellent example of
confluence effects on OWQ. Between RK 20 and H@get major tributaries entered
Baraboo R., which coincided with the greatest iaseeinc; whereas 40 km after the last
major tributaryc began to decrease. For the Pomahaka R., Haetiat),(1999)

attributed the increase ato turbid inflows from tributaries draining agrlawrally-
dominated regions. Like Baraboo R., the decraas@ver the last 30% of Pomahaka
and Motueka Rivers coincided with the absence gbmabutaries. This lack of major
tributaries near the outlet of large rivers is ¢stest with the Network Dynamics
Hypothesis (Benda et al. 2004), which states tmatistance between “geomorphically
significant tributaries” increases with distancevdstream due to the continually reduced
drainage area available in dendritic, pear-shajsthb. The decreasedralong the last
30% of the three unregulated rivers was most likledyresult of a decreased supply of
TSS from large tributaries. We expect the longitatldistribution ofc to be asymptotic
for dendritic, pear-shaped basins, similar to theidka, Pomahaka, and Baraboo Rivers
(Figure 11).

Wisconsin R. provided a counterexample to the alpatern, as five major
tributaries enter the channel over its last 38%aindreased (Figure 8B). These
tributary locations were a consequence of a reclanghaped basin providing a
relatively constant available drainage area altwegiver's continuum (Figure 1). Major

tributaries are point sources of SS and POM, whikghy caused the increasedrover
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the last 30% of Wisconsin R. (Figure 11). We tfeneeexpect the trend afalong the
river continuum to vary for different basin confrgtions.

Because land use is a dominant influence on thenituag ofc in a river (Figure
11), we propose that channel network configuratiam also influence the magnitudecof
by either augmenting or mitigating the effectsafd use. While land use influences the
availability of the five OWQ components, it is tblegannels that actually deliver these
components to the mainstem river. To illustrate doncept, we use the DR and BSC
basins (Figure 1) as an example. If we assumebtithtbasins are the same
geomorphically (size, relief, geology) and both doeninated by intensive agriculture
land-use, but retain the drainage density depicté&dgure 1, then DR would likely be
more turbid, at least for periods following storrhecause of its greater access to the
readily available SS and POM. BSC would be cledverto a greater proportion of @
being supplied by particulate-free groundwateraibage density anclshould therefore
be directly proportional.

Additionally, channel network configuration caneadf temporal OWQ. For DR
during a flood, we found that the peakcifagged the peak iQ by 12 hours (Figure 6C),
which we attributed to TSS inputs from tributanesh a longer travel time. Wider
basins such as DR (Figure 1) typically have lorigbutaries (Benda et al. 2004), and
since it is the headwaters of tributaries that supmst of the TSS to the river (Gomi et
al. 2002), these wider basins will typically havader durations of increased turbidity
due to longer travel times from source to rivehe™rainage density of the basin can also

affect these travel times through network routidgcaveat to the effect of basin size and
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configuration on OWQ is that the larger the bathie,less predictable temporal OWQ
will be due to greater variability in precipitatiaistribution.

Our hypothesis of channel network configuratiortatiog OWQ shares some of
the principles of the Link Discontinuity Concept}C; Rice et al. 2001). The LDC
states that tributaries are not just disruptionthéoriver continuum that temporarily reset
downstream changes in physical conditions as pexpbg the RCC; but rather, “by
defining patterns of water and sediment flux, they entirely responsible for moderate-
and large-scale variations in physical habitat g@lalriver channels” (Rice et al. 2001).
Spatial patterns in OWQ are consistent with the LtB& rivers may be more
appropriately viewed as a series of links, where $@parate fluxes of water and
sediment meet to form a new channel (Equation I®prder to apply the LDC to OWQ,
we need to include CDOM, POM, and PHYTO fluxes al.wApplying this links
concept to OWQ assumes some degree of volume catiser, which we found for
Baraboo River (Figure 10, Table 6). Volume conaton will not always apply due to
mixing/sedimentation processes, especially at hateivlinks (Gomi et al. 2002); but for
larger rivers, we expect the additive principlgtedict downstream OWQ within 20%
(Table 6). There are also biochemical transforomatithat could affect volume
conservation (e.g., Moreira-Turcq et al. 2003), their effect is probably negligible due
to the dominance of particulates on riverine OWQ.

The major limitation of the links concept for OW®that changes in OWQ occur
in the absence of tributaries as well (Figure 9Bje to the increasing contribution of
particulate-free groundwater to to@land the increasing potential of sedimentation in

the downstream direction (Leopold and Maddock 198 absence of major tributaries
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typically leads to downstream decreases inSo even though riverine OWQ is strongly
influenced by tributary inputs (Figure 10), theienbasin configuration must be assessed

in order to develop accurate OWQ budgets for rivers

7. CONCLUSIONS

While light is recognized as a primary limiting iable in rivers, it has received
comparatively limited empirical study. Water ressmimanagers should be aware of
spatial and temporal variability of OWQ as it isiarportant indicator of water quality
change and dictates aesthetics of water resoufeeterest to the general public.
Ecologically, light availability is likely to becoenan increasingly important regulatory of
primary production and species composition in 8v&ibject to greater human land use
and nutrient enrichment (Hilton et al. 2006). Byling the controls and spatiotemporal
trends of riverine OWQ, fluvial ecologists will Ioeore able to quantify the amount of
light throughout riverine habitats and understaosequences of light variability on
multiple ecological processes. Additionally, remeensing applications will benefit
from OWQ studies as the optical characteristichefwater column must be known to
derive its depth and composition from radiance mesasents.

Most of the referenced literature in this treaisderived from studies in New
Zealand. The reason most riverine OWQ studies bhaea performed in New Zealand is
that they have and regulate OWQ standards (seeB&aolley et al. 2003). We
advocate broad adoption of similar OWQ standardegter ecosystem health.
Designating and regulating OWQ standards will rezyaonsiderable monitoring. From

an OWQ management perspective, our study sugdredtsibutaries should be
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monitored with greater frequency and extent siheg fare the point sources for the
components that set OWQ. Because the biogeochgrafstmall streams is more
sensitive to local changes than larger rivers (Getnail. 2002), we recommend that OWQ
management strategies be directed toward tharid 2%order streams. Further, we
suggest that the abovementioned trends and conpaptsularly the role of channel
network configuration, can also be used to undedstae spatio-temporal trends of other
water quality variables. The OWQ of rivers hasatge significance because it affects
receiving waters such as estuaries and coastaloamvents, whose biota greatly depend
on aquatic light availability (e.g., coral (Fabuisi2005), birds (Henkel 2006), submersed
aguatic vegetation (Dennison et al. 1993). Thiglghas highlighted the high
spatiotemporal variability of riverine OWQ, anddaing so has opened up a number of
promising research avenues including the needdergitand the effects of land use and
climate change on OWQ as critical steps towardader awareness of the fundamental

role of light as a driver of multiple processedluvial ecosystems.
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Table 2.1 Temporal sampling of OWQ at Big Spring Creek (B&@d Deep River

(DR).
May 21-30, Jun 14-16, Jul 11-17, Aug 29 — Apr 24-26,  Jun 15-24, Jun 24, 2005 -
2006 2006 2006 Sep 11, 2006 2006 2006 Sep 18, 2006

Location DR DR DR DR BSC BSC BSC
Method Automated Manual Automated Automated Automated Awted Manual
Flow Baseflow Flood Baseflow Flood Baseflow Baseflow B?:slg(f)lglw /
Sample
interval 12 ~24 6 6 4 6 discrete
(h)
Sample 20 3 25 50 12 36 2212
number

! The 2 flood samples for BSC were collected agtist ~2 km downstream of the study
site. A paired-test (n = 44) revealed thatvas not statistically different between these
two sites {=-1.36, p = 0.18).

Table 2.2.Partitioning of the light attenuation coefficient.

TCH SCH (TCH - SCH)
UF C = a + b
F Cd = ad + by
+ + +
(UF-F) Cp = A + b
+ + +
Pure _
water Cw B B * by,

TCH = Turbidity Cell Holder; SCH = Standard Cell Ider
UF = Unfiltered water sample; F = Filtered watemgée
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Table 2.3 Discharge and water chemistry of study siteslu&aare mean std. dev.
(number of observations)Q data for all four sites is from water year 2006.

Deep River Big Spring Creek  Baraboo River Wisconsin River
at Glendoh at Big Springd at La Valld? at Muscoda
Q (m/s) 9.67 +14.36 0.29 0.02 9.57 45.96 193.1 #7.7
DOC (mg/L) 6.8 +1.4 (65) 1.2 0.3 (94) 2.740.2 (43) 6.9 4.6 (8)
SS (mg/L) 20.1 55.9 (124) 4.3 8.0 (64) 60.7 24.3 (50) 28.189.2 (32)
POM (mg/L)  5.2.+8.4 (124) 2.5 4.0 (64) 8.9 2.3 (50) 16.6 5.1 (32)
chl-a (ug/L) 1.5 +1.1 (21) 6.3 4.0 (10) 28.0 41.3 (10) 45.4 £3.3 (7)

Source: 1 — this study; 2@ from USGS gage (#05405000); 3 — Popp (2005) an@®S

gage (#05407000).

Table 2.4 Baseflow OWQ of study sites: Deep River (n =, By Spring Creek (n =
49), Baraboo River (n = 1), and Wisconsin River(h). Values are meanSD.

Deep River Big Spring Creek  Baraboo River Wisconsin River
at Glendon at Big Spring at La Valle at Muscoda
T, (NTU) 5.02.+1.86 3.99 #1.32 27.40 13.60
c(m?h) 5.78 +1.57 2.73 40.89 29.26 15.71
b/a 1.25+0.29 2.63 40.87 6.60 5.08
agso(m?) 4.10 +1.09 0.61 40.20 1.60 2.36
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Table 2.5 Partitioned OWQ for Deep River (DR) and Big 8priCreek (BC). Values in parentheses are percepfage total light
attenuation coefficient.

c G Cd G a ay ag ap b bw bg bp
DR 578 +1.57 0.150 2.15+0.64 3.48+1.13 2.57 +0.67 0.148 1.80 +0.49 0.63+0.25 3.20+1.03 0.002 0.35 +0.20 2.85 +0.95
(100) 3) 37) (60) (45) 3) (31) (11) (55) 0) (6) (49)

BSC 273+089 0150 0344011 225+088 076+019 0148 0334013 0284017 1974077 0002 0.00+0.14 1.97+0.77
(100) (6) (12) (82) (28) (6) (12) (10) (72) ©) ©) (72)

Table 2.6 Predicted vs. actual tributary effects on OW@anaboo River.cuQqs* is the predicted product according to Equation 10,
andcyQyqs is the actual product according to Figure 10.

RK Ctrithrib CusQus Cdsts Cdsts* Cdsts* / Cdsts
4 0.014 0.034 0.035 0.048 1.38
8 0.032 0.097 0.230 0.129 0.56
9 0.334 0.233 0.487 0.567 1.16
28 0.151 2.345 2.277 2.495 1.10

40 8.901 3.867 11.433 12.768 1.12
73 3.857 64.178 81.852 68.034 0.83

115 10.588 132.445 132.592 143.034 1.08
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Figure 2.1. Optical water quality study sites. WMajor tributaries are depicted for all four
basine. Gage identifies where (2 was measured and water samples were collected. Big
spring Creek Basin 15 adjacent to but not located in the Wisconsin Eiver Basin.

56



0.25 - 440
e : TCH-UF: oy s,
: SCH-UF: @, +a,
0.20 - : TCH-F: ¢,
| SCH-F a,
|
i SCH-UF :
g 015 4 |
g : : ) chia t 4
2 40 {SCH-F, : absorption
) fib/a
T | peak \ {bfa)
0.05 - :
fia) |
I
g 2,,, (CDOM indexz) -
GDD T T II T _¥ L] L v T 1
300 350 400 450 500 550 600 650 700 750 800
Wavelength, A (nm)

Figure 2.2 Heuristic diagram of the four-configuration spectrophotometer scan.
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Figure 2.4. Light attenuation coefficient () vs. turbidity (7)) for the four study sites. DR
and B5C illustrate changes in ¢ and 7, in response to changes in {f at-a-station. BE and
WE. illustrate longitudinal changes in ¢ and 7, threughout the basin. MNote the different =-
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dominant land-use 15 provided next to the name of each case-study.

66



CHAPTER Ill. EMPIRICAL MODELING OF LIGHT AVAILABIL ITY IN

RIVERS

1. INTRODUCTION

Many fundamental processes of aquatic ecosystesrdriaen by light
availability, including photosynthesis, photocheatieactions, thermal fluctuations, and
various animal behaviors (Wetzel 2001). Whileitifeience of hydrology and
geomorphology on other ecosystem-limiting factoesiacreasingly studied (e.g.,
nutrient cycling, habitat; Doyle and Stanley 2086&ayer et al. 2006), the more
fundamental limitation of light availability hasa&ived considerably less attention.
Light studies in rivers have been largely neglettecause (i) of greater attention to
nutrients in controlling primary production, (iipbndary conditions (banks, riparian
vegetation) make ambient light measurements clgitignand (iii) the optical water
quality of rivers is highly variable and difficuth characterize (Davies-Colley et al.
2003). The little information that is available verine light regimes is derived mostly
from New Zealand rivers under predominantly baseftonditions, limiting current
understanding of the temporal and spatial avaitstaf light in rivers.

Most of our knowledge on aquatic optics is derifretn studies in oceans (Jerlov
1976, Mobley 1994) and lakes (Kirk 1994, Wetzel PO0These studies have shown that

once light enters the aquatic environment, ittisratated exponentially with depth. The



rate of light attenuation with depth is dependenthe type and quantity of water
constituents, but generally follows predictablentie (Kirk 1994). Light availability in
rivers is optically more complex (Westlake 1966yi@a-Colley et al. 2003), requiring
consideration of channel hydrology and geomorphpbigong other factors.

Characterizing the light environment in rivers riggs information on the
surrounding topography, riparian vegetation, chageaemetry, optical water quality, and
hydrologic regime (Figure 1). These componentsgdfter referred to as
hydrogeomorphic controls, are primarily shapedh®yriver basin’s climate and geology.
Topography affects light availability as an opatyaerier between solar irradiance and
the river, and includes mountains, canyon wallg, @rerbanks. Riparian vegetation also
shades the water surface, but is not opaque. @toeptage of light that riparian
vegetation attenuates depends on the directiomndmasity of above-canopy irradiance
and the canopy structure including its type, heidansity, and spatial distribution (Song
and Band 2004). Channel geometry refers to treethpatial dimensions of planform,
width, and depth. Planform and width augment digaie terrestrial shading by
influencing the size of the canopy opening relatovéhe sunpath. Because light intensity
decreases exponentially with increasing water caltimckness (Kirk 1994), the depth of
the channel affects how much light reaches thebae

Once light enters the water column, the amounthiegahe riverbed (i.e., benthic
light) is influenced by optical water quality angdnologic regime. Optical water quality
is the biogeochemical property that dictates tie o&light attenuation with depth and is
set by the relative proportions of pure water, anwphoric dissolved organic matter,

suspended sediment, particulate organic matterpaybplankton in the water column
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(Kirk 1994). Optical water quality can vary widedpatially along a river (Davies-Colley
1987, Julian et al. In review-a) and temporallywesn flow discharges (Smith et al.
1997, Julian et al. In review-a). Hydrologic regimthe frequency, magnitude, timing,
duration, and variability of streamflow (Poff et 4B97) — directly influences optical
water quality and water depth, which in turn dietdte amount of light available at depth
in a river (Smith et al. 1997, Julian et al. Inieav-a).

Most previous studies that have characterized hghtlability in rivers have only
assessed the control of optical water quality (Bsaolley 1987, Davies-Colley and
Close 1990, Davies-Colley et al. 1992, Phlips e2@00, Koch et al. 2004). The aquatic
controls of optical water quality and hydrologigiree have been concomitantly
addressed by only a few studies (Davies-Colley 199dith et al. 1997). The terrestrial
controls of topography, riparian vegetation, andrctel geometry have been
concomitantly addressed by only a few studies ds(l?avies-Colley and Payne 1998,
Davies-Colley and Quinn 1998). The most comprelverrsverine light studies have
assessed topography, riparian vegetation, chamoehetry, and optical water quality
(DeNicola et al. 1992, Taylor et al. 2004), withdnglogic regime omitted. Further, all
of the above studies have been site-specific. rAprehensive, explicit, and adaptable
framework for characterizing light regimes in rigdras yet to be developed.

The overarching goal of this study was to genesatd a framework via
development of an empirically-based benthic lighikability model (BLAM). Specific
objectives were to quantify the amount of ligheattation by each hydrogeomorphic
control, derive a comprehensive expression thatrparates both the spatial and

temporal variability of these controls, and applig tmodel to rivers with a wide range of
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physical characteristics. First, we outline thalgincal framework of BLAM for
predicting the amount of photosynthetically actiadiation (PAR: 400 — 700 nm) at the
riverbed. Second, we apply BLAM to two dissimitasers: a large, turbid river in
central North Carolina, and a small, optically cls&eam in central Wisconsin. Third,
we compare model results of these two rivers tesssthe dominant controls on both
temporal and spatial light availability for rivarsgeneral. Fourth, we assess the
accuracy of BLAM by comparing modeled PAR valuesieasured PAR values at a
transect in one of our study reaches. Finallypwide some examples of applications
for BLAM and how readily available or commonly aaited data can be used to

construct light availability models at other sites.

2. METHODS
2.1. Model Development

To quantify benthic light availability and its vats controls, we combined
previously developed and verified optical and hyaljecal methods. The first-order
control on light availability is above-canopy PAR.{; in mol m?d™?), where one mol
equals 6.02 x T8 photons.Ecan is the total amount of PAR that is available te tiver
before any shading from topography or riparian v&tyen (Figure 1).E.anis therefore
independent of the river basin’s characteristia) wo required site-specific
assumptionsE.4n can be obtained directly from a local weathern@aimeasured
directly with a PAR sensor, or modeled using seiatulation software.

Topography and riparian shading decrease the anobAR that reaches the

water surface, reducifran to Es (Figure 1). We refer to the ratio Bf Ecan as the
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shading coefficients). The shading coefficient can be derived from atons methods
(see Davies-Colley and Payne 1998), but we pregetfdanopy photo method,” where a
hemispherical canopy photograph is overlaid bystngpath to calculate the amount of
solar radiation transmitted through openings indieopy (Figure 2). After review of all
the methods to quantify stream shade and sevéoalspudies, we found that this method
provided the best combination of precision, simplidime-efficiency, versatility, and
affordability. Most other methods used to quansifiieam shade (e.g., clinometer,
densiometer, solar pathfinder) assume an opaqusgawhich can underestimate the
amount of transmitted PAR by as much as 85% deartiopy gap light transmission
(Chazdon and Pearcy 1991). The canopy photo methsdlesigned for forestry
applications (Evans and Coombe 1959), but has searessfully used to quantify
stream shade (Taylor et al. 2004).

Reflection at the air-water interface decreasesitheunt of PAR that enters the
water column, reducinB;s to Eg, whereE, is PAR available immediately below the water
surface (Figure 1). We refer to the ratidsgfE; as the reflection coefficient)( The
value ofr can be found in situ by measuring PAR immediadélgve Es) and below Ep)
the water surface. Alternativelycan be estimated using Fresnel’s formula (Kirk4,99
Mobley 1994). The product &, S, andr is the amount of PAR that enters the water
column.

Once light enters the water column, it is attendi@eponentially with depth due
to scattering and absorption by constituents insthater column (Kirk 1994). The

proportion of PAR at depth in the river is derivesing the Beer-Lambert law:

Eq (Y) =E, % e (3.1)
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whereEq(y) is downward PAR (in pmol ths?) at depthy (in m), andKg is the diffuse
attenuation coefficient for downward PAR (inYn K is predominantly set by the
optical water quality, and to a lesser degree bysthlar zenith angle and the ratio of
diffuse to direct light.K4 can be normalized to remove the effects of saarth angle
and ratio of diffuse to direct light (see Gordor82¥ but for most rivers dependence of
Kq on these two variables is minimal (Baker and Srh@l9, Zheng et al. 2002).

Combining the Beer-Lambert law (Equation 1) while guantifications of
shading and reflection allows calculation of theoamt ofE.,, that reaches the stream
bed Eneg at one location in time:

Epoq = (Egy X SXT) O™ (3.2)

Spatial variability ofEeq(i.€., longitudinally along the river) can be dexd by adjusting
the shading and depth &ndy). The other parameters Bfan, r, andKydo not vary
considerably along a river reach, defined herelasgth of river with no major
confluences and longitudinally consistent opticatev quality.

In addition to spatial distributions, these conitibg equations can be used to
quantify temporal variability oEpeq (i.€., at-a-station over time). We do this byatelgy

andKy to water discharge)):
y=aQ’ (3.3)
Ky = 8Q¥ (3.4)
whereaq, B, v, andw are rating parameters fpandKy. We used the power function to
relate both variables @ based on previously developed empirical eviderma f

Leopold and Maddock (1953) fgrand Davies-Colley (1990) fatg. The combination

of these two relations modifies Equation 2 intemporally variable form:
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Epea = (Eqan X X 1) xR (3.5)
Equation 5 therefore predicts the temporal vanetim benthic light availability as a
function of discharge variability, while Equatiorp2dicts spatial variations in benthic
light availability through a river reach. We fodusre on light availability at the channel
bed Eneg because it provides a relatively fixed datum amslthe minimum value of
underwater irradiance. This approach, howeverpeansed to predict light availability

at any depth in the water column by simply adjusyim Equation 2.

2.2. Study Sites

We applied BLAM to two river reaches: Big Springe€k (BSC) — a small,
relatively clear stream in Wisconsin, USA whoserojalyy is driven by groundwater;
and Deep River (DR) — a large, relatively turbieeriin North Carolina, USA whose
hydrology is predominantly influenced by surfacaeofi. The dissimilarities between
these two systems allowed us to (i) investigatetliggimes over a large range of
physical characteristics and (ii) display quantrf&abutputs for a stream influenced more
by terrestrial controls (BSC) versus one influenoexte by aquatic controls (DR).

Big Spring Creek is a"®order stream located in the Central Plain of Whisio
near Big Spring, WI (4389'40"N, 8%°38’30"W; 250 m AMSL; Figure 3). The BSC
study reach was a 1.3 km section downstream oBBighg Dam, a small run-of-river
dam. Being a run-of-river dam, it did not altee thydrology of BSC and comparisons
between an upstream (of the dam) and downstreamrstavealed that downstream
optical water quality was not significantly affedtey the dam (Julian et al. In review-a).

There were no major tributaries and optical watelity was longitudinally consistent
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along the entire study reach [Julian, unpublistegd]d Land cover in the 21.1-Km
watershed of BSC was mostly agriculture (46%)ofwkd by forest (31%), grassland
(21%), and wetland (2% WISCLAND1993). The discontinuous riparian corridor of
BSC was composed of a mixture of reed canary dRisslaris arundinacepand mixed-
hardwood forest. Aquatic vegetation in the stughch consisted of epiphytic
filamentous algae and an abundance of benthic mphygtes, with the dominant species
being leafy pondweef(Potamogeton foliosuRaf.), curly-leaved pondweed
(Potamogeton crispuls.), water stargrasZsterella dubigJacq.) Small), American
waterweed Elodea canadensisand stonewortd\jtella spp.). The basin receives 84
cm/yr of precipitation with a seasonal peak in rhgnprecipitation during the summer
(NOAA2007). However, BSC is a spring-fed stream wathtively constan@.

Deep River is a®order stream located in the Central Piedmont atiNo
Carolina near Carbonton, NC {33’00"N, 7921°00"W; 76 m AMSL; Figure 3). The
DR study reach was the 5.8 km section downstreatinedfiormer Carbonton Dam, which
was removed in December 2005. There were no rrdpotaries and optical water
guality was longitudinally consistent along theienstudy reach [Julian, unpublished
data). The 2,770-kfwatershed was dominated by forest (72%), followgagriculture
(25%), and urban (3%) land cov®&@DWQ2000). The nearly continuous riparian
corridor of DR was composed of oak-hardwood forégjuatic vegetation in the study
reach consisted of patches of hornleaf riverw@&atlostemum ceratophyllultichx.),
water mossKontinalis sullivantiiLindb.), epiphytic filamentous algae, and algal
biofilms. The basin receives 110 cm/yr of pre@pdn with no distinct seasonality in

monthly precipitationjJOAA2007). Most of the urbanization in the basin Veaated in
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the headwaters, which together with its heavilyemthed channels, lead to high, flashy

flood flows during storms.

2.3. Data Collection and Model Inputs
2.3.1. Above-Canopy PARE(an)

We modeledEc,, with Gap Light Analyzer (GLA) software (Frazeradt 1999),
using the parameters in Table 1 and the respdcipations and elevations of BSC and
DR. From GLA, we derived an average d&ily, value for BSC during May 15 — Sep
15 and an average daif,, value for DR during May 1 — Sep 30. We also otsdi
actual dailyE.,n values from the UV-B Monitoring and Research PaogfUSDA2007),
which reported 3-min averages of 20-sec readirgs &LI-COR quantum sensor. Sites

NCO02 (Raleigh, NC) and WI02 (Dancy, WI) were usedDR and BSC, respectively.

2.3.2. Reflection Coefficient) and Diffuse Attenuation Coefficienkg)

We measured andKq at various locations and discharges along theyseeaches
using aLI-CORLI-192 underwater quantum irradiance (PAR) sensbich measures
photosynthetic photon flux density (PPFD) in pmdisil. All measurements were taken
at unshaded locations during full sun conditioesMeen May 15 — Sep 15, 2006,
between 0900 — 1500 local standard time, and udsrgecond averages. We calculated
by taking PAR measurements directly above the watdace Es) and directly below the
water surfaceHy; r = Eo/Es). A total of 27 and 2% measurements were taken at BSC
and DR, respectively. In addition E, we measured PAR at the riverb&ge{) and at

10-cm intervals between these two depths. We ééHRy from the linear regression
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coefficient of InE4(y) with respect ty (Equation 1). A total of 34 and XK

measurements were taken at BSC and DR, respectively

2.3.3. Shading Coefficiens)(and Water Depthyj

We used synoptic sampling to quantify the withiaete variability ofs andy.

We used &ikon Coolpix 450@amera with fisheye lens to collect digital herhispcal
canopy photos along the study reaches, which weepsed and analyzed with GLA
software to obtailks ands. The details of the canopy photo method using Gbware
are documented by Frazer, et al. (1999) and thenpeters used for canopy photo
analyses are listed in Table 1. We took 39 campdmtos along BSC on June 27, 2006,
with an average distance of 33 m between photos.tddk 22 canopy photos along DR
on Aug. 27, 2006, with an average distance of 2dsetween photos. Photo locations
were selected based on changes in channel widthpgastructure, and channel
orientation (azimuth).

We quantifiedy along the two study reaches using longitudinafil@®surveyed
with a total station{rimble3350DR) and graded prism rod. We measured 12% dosa
along BSC on Jun 15, 2005 with an average intexfvaD m, and 67 DR locations on Sep
12, 2005 with an average interval of 86 m. Surneegtions were selected based on
changes in channel slope and water depth. Botiitladinal profiles were surveyed

during baseflow.

2.3.4. Temporal Sampling
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At each river, we established a fixed samplingataivhere we quantified depth,
discharge, and turbidity. Temporal trends in thesm@ables were assessed at a station
0.75 km downstream of the dam on BSC and 0.25 kamdtveam of the former dam on
DR (Figure 3). Water deptly)(was measured every 15 minutes by stage recorders
(IntechWT-HR 200Gor BSC andHOBO9-mfor DR). We calculated discharg®)(
using stage rating curves developed with in-sifumeasurements taken witiMarsh-
McBirneycurrent meter. We estimated flood dischargesratith the weighted area
method (Gordon et al. 2004), using a downstream &§&ye (#02102000) for a
reference. All reportedQ andy are daily average values.

The rating parametersandv were derived from the regressionyofs. Q
(Equation 3), an@} ando were derived from the regressionkqfvs. Q (Equation 4). We
used turbidity T,) as an intermediate regressor (ikg.was first regressed with respect to
T,, thenT,, was regressed with respectQbdue to the impracticality of measurikg
during high flows. Because of the dominant efte#fgbarticulates on light attenuation in
rivers, riverine optical water quality can be cltaeaized fairly accurately usinf,
measured in nephelometric turbidity units (NTU)at turbidimeter (Kirk 1994, Julian
et al. In review-a). We measuré&glwith a HACH 2100P turbidimeter from water

samples collected during various flow periods (€l

2.4. Data Analysis
2.4.1. Statistical Methods
To assess the dominant controls on benthic ligatiability, we compared

correlations betweeh,.qand the parameters of BLAM (Equations 2 and She-@ay
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analysis of variance (ANOVA) < 0.05) was used to test for differences among
various riparian communities and channel orientetioWe classified riparian
community as forest, grass, or mixed, and chanmmeh@tion by the four azimuthal axes:
0-18(C, 45-22%, 90-270, and 135-31%5 We used JMP IN 5.15AS InstituteCary, NC)

to perform all statistical tests.

We also used JMP IN 5.1 to perform Monte Carlo $ations that quantified the
probabilistic frequency of daill,eq for an independent randomly seleckggh and an
independent randomly select®lwhich are the two temporally variable parameiters
Equation 5. We used 10,000 iterations (pairedaandamples) for each site, selecting
from measured values &, (via the weather station) aql(via the stage recorder).
Probability distributions were tested for normalitging the Kolmogorov-Smirnov test

statistic (D), where D < 0.05 indicated a normatmbution.

2.4.2. Effect of Channel Orientation on the Shadbogfficient

While the effects of channel width and canopy dtrieeons are intuitive (i.e.,
increased width increases s, increased canopyaarkdensity decreasss the effect of
channel orientation osis more complicated and has rarely been considerkght
availability studies (e.g., Yard et al. 2005). Wentified the variation is as a function
of channel orientation by keeping width and cansfpycture constant, which we
accomplished by rotating the canopy photos. Famgte, by rotating the canopy photo
90° in Figure 2B, we changed its orientation from $ehbrth to West-East without
altering its width or canopy structure. We used®Ga examine the effect of channel

orientation ors by using 45° incremental rotations (8 analysesfwh photo) and
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guantifying the change iBy.q at these successive channel orientations. Ttisigue
was performed for four scenarios: closed canope¢ted banks, narrow channel), open
canopy (forested banks, wide channel), half carfopg grassed bank, one forested

bank), and no canopy (grassed banks).

2.4.3. Model Accuracy Assessment

In order to assess the accuracy of BLAM, we comparedeled dailyEpeq
(Equation 5) to actual daily,eq (measured with a PAR sensor at the channel B&f).
measured.,,, Es, Eo, andEyeq continuously at BSC with four PAR sensors durimg t
period Jun 16 — 25, 2006, was monitored with a PAR sensor (HOBhsej placed
in a nearby open field, which measured photosyrtipétoton flux density (PPFD) in 1-
min intervals. The other three PAR sensors (LI;19LCOR) were set in an array in
BSC at a transect 175 m downstream of the samptatgpn. We attached these three
sensors to a metal rod driven into the bed of Hanel, with one sensor located just
above the water surface, one immediately belowster surface, and one on the
riverbed to measutgs, Eo, andEyeq respectively. The three sensors were connectad t
LI-CORLI-1400 data logger, which recorded PPFD in 15-mtarvals. PPFD
measurements were integrated and summed to ol##gynRAR values. We leveled all
four sensors with a bubble level and placed a rbastier upstream of the in-channel
array to prevent debris from collecting aroundgbasors. ThEyeqSensor was disturbed
on Jun 21, leaving us with 9 dalyeqVvalues. Thd, sensor malfunctioned Jun 18 — 22,

leaving only 5 dailyEy values. We also monitored dalty with PAR sensors (HOBO,
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Onsej placed at two other transects in BSC: one locateéde sampling station (Jun 14 —

23, 2006) and the other 520 m upstream of the saggltation (Jun 25 — 26, 2006).

2.5. Model Assumptions and Limitations

BLAM (i.e., Equations 2 and 5) is a one-dimensianadel that assumes the river
is well-mixed with no lateral variation in opticakater quality. This assumption is not
valid for river sections with large dead-water zoaed sections directly below
confluences. Kenworthy and Rhoads (1995) fountdfthlamixing downstream of
tributaries occurs at an approximate distance wf mwnstream channel widths. BLAM
also does not take into account shading by agbatte, such as aquatic macrophytes.
While we only assessed daily benthic PAR in thaereof the channel, our approach can
be used to assess light availability at any wagterdepth, lateral distance, and time-
step.

We performed all of our measurements and analybes Wweaf Area Index (LAI)
was greater than 90% of annual maximum. This devfo> 90% LAI was
conservatively estimated from previous studieseassnal leaf dynamics in the study
site’s region: central North Carolina (May 1 — 3€) Palmroth et al. 2005) and central
Wisconsin [May 15 — Sep 1Stanley unpublished data]. By confining our model result
to these periods of > 90% LAI, we effectively reradwseasonal variations ,, andEs,
and minimized seasonal variationg iandKyq. BLAM can be used to investigate
seasonal variability iEpeq With additional measurements, but this analysis b&yond

the scope of the present study.

80



3. RESULTS
3.1. Controlling Parameters
3.1.1. Overview of Site Conditions

BSC had a baseflow water surface width of 7.4874# m (mean standard
deviation) and depth of 0.600t22 m over the 1.3-km study reach (Figures 3A4hyd
Its flow was relatively constant and clear (Figbée Table 3). The channel of BSC was
heavily shaded, except in deforested sections €Tapl DR had a baseflow water surface
width of 35.0_+4.7 m and depth of 1.26:6 m (Figures 3B and 4B). Its flow was highly
variable and more turbid (Figure 5B, Table 3). Thannel of DR was moderately
shaded (Table 3). The temporal trend and averbgbave-canopy PAR was similar for
both sites (Figure 5, Table 3).

Discharge remained relatively constant at BSC (f@dA, Table 3). Averag®
was 0.37 40.04 ni/s and only 4 stormflows with peaks greater tha® 0r/s (75"
percentile) occurred during the study period. B&ge at DR was greater and
considerably more variable (Figure 5B, Table 3)aarage) was 9.56 +10.70 ni/s.
During the study period, DR experienced 11 storm$lovith peaks greater than 8.62
m*/s (78" percentile).

Water depth at the BSC sampling station ranged-0.218 m and averaged 1.01
+ 0.05 m. Spatiallyy was variable along the sand-bed channel of BSCtuting
between 0.23 and 1.26 m (Figure 4A). At the DR sarg stationy ranged 0.33 — 2.86
m and averaged 0.650t38 m. Spatiallyy was highly variable along the gravel-bed

channel of DR, ranging 0.34 — 3.55 m (Figure 4B).
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3.1.2. Terrestrial Shading

Daily above-canopy PARE(,) at both sites fluctuated considerably in response
to varying degrees of cloudiness (Figure 5, TableBetween May 15 and Sep. 15,
2006,E.an at BSC averaged 41.9818.88 mol nifd>. GLA-modeledE.a, for this same
period was 39.83 mol Aid™*at BSC, only a 5% difference than the measuredsgeer
Between May 1 and Sep. 30, 2066,, at DR averaged 41.1712.35 mol nifd™. GLA-
modeledE.., for this same period was 39.68 mof it at DR, only a 4% difference than
the measured average.

The proportion oE.,, remaining after terrestrial shadirg) ¢aried widely along
the 1.3-km BSC study reach due to changes in pgagiain community (Table 3).
Spatially averagedwas 0.51 4.25, i.e., approximately 51% of the availabldydBAR
passed through the canopy and reached the watacswver the entire reach. The fixed
sampling station at BSC had anf 0.17. swas more consistent along the 5.8-km reach
of DR due to a continuous and relatively uniforparian corridor (Table 3) and

averaged 0.68 8.08. The fixed sampling station at DR hadsah 0.78.

3.1.3. Aquatic Light Attenuation

The proportion oEs remaining after reflection at the air-water insed () was
relatively constant at both sites, averaging 0.9208 at BSC and 0.933.03 at DR.
Mean baseflovky was 0.60 40.09 ni* and 1.84 40.39 ni for BSC and DR,
respectively. The relationship betwe&nandT, for both rivers waskq = 0.17T, (r* =

0.88; Figure 6). The relationship betwégrandQ was:T, = 190.50*°°(r? = 0.54) for
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BSC, andT, = 1.049"%! (r> = 0.85) for DR. Together these relationships poed the

rating parameters betwe&g andQ (Equation 4, Table 3).

3.2. Temporal Light Availability
3.2.1. Temporal BLAM Output

Benthic PAR Eyeg at the BSC sampling station varied between OrtD5a94
mol m?d™ during May 15 — Sep. 15, 2006 (Figure 5A) and ageEy.qduring this
period was 2.83 4.30 mol nfd*. GenerallyEpeqat BSC was highest whéh,, was
high andQ was low (Figures 5A and 7A, B). Benthic PAR & DR sampling station
varied from 0.00 to 22.31 molf™* during May 1 — Sep. 30, 2006 (Figure 5B). The
averageEpeq during this period was 8.246:00 mol nf d* andE,eqwas typically highest
whenQ was low (Figures 5B and 7D). Although the cotielawas statistically
significant,E.a, could account for only 11% of the observed vamaindc,qat DR

(Figure 7C).

3.2.2. Magnitude-Frequency Distribution of Benthight Availability

The two temporally variable parameters in BLAM,wmssg only summer
conditions, ard.,, andQ (Table 3). There was no dependenc® @i E.,, (i.€., N0
multicollinearity) for BSC p = 0.57) or DRy = 0.15). This independence of parameters
validated the use of Monte Carlo simulations ahlsites. From these simulations and
using Equation 5, the possible rang&gf;was 0 — 7 mol fd™ for BSC and 0 — 33 mol
m?d* for DR (Figure 8). The probability @&,.qfor BSC was approximately normally

distributed (D = 0.04) with a peak at 3-4 mof di* (Figure 8A). In contrast, the
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probability of Epeqfor DR was non-normally (D = 0.10), broadly dibtrted with two
modes, one at 0-1 and the other at 3-4 mibtth(Figure 8B). Most importantly, for DR
there were man,eq values with similar probabilities, whereas for B®@babilities

were dissimilar for the relatively fets,qvalues.

3.3. Spatial Light Availability
3.3.1. Spatial BLAM Output

Benthic PAR along the 1.3-km reach of BSC variedvben 3.23 and 25.12 mol
m?d* during baseflow (Figure 9A) with a reach averafj@266 +6.69 mol n d™.
Generally Epeqwas highest in unshaded sections wisamas high (Figures 9A and 10A).
There was not a strong correlation betwEgsn andy along BSC (Figure 10B).
However, when divided into riparian groups, cotielas betweerk,.qandy at BSC
were stronger, with? values of 0.25, 0.79, and 0.65 for forest, mixed] grass,
respectively.

Benthic PAR along the 5.8-km DR study reach vabetiveen 0.03 and 14.70
mol m?d* during baseflow (Figure 9B) with a mean of 4.43.28 mol nifd*. High
Epeq Values usually occurred in shallow sections wiyasas low (Figures 4B, 9B, and
10D). The correlation betwedieqands at DR was relatively weak (Figure 10C). In
sum,Epeqalong BSC was well-predicted by shading but ngthievherea&,.qat DR

was well-predicted by depth but not shading.

3.3.2. Channel Geometry and Canopy Structure
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The two spatially variable parameters in BLAM am@ndy (Table 3), both of
which are influenced by channel geometry. Chadepth dictatey, while channel
width and orientation, along with canopy structutietates. Canopy structure was the
major influence ors for BSC because of its wide variation in riparGammunity: forest
(s=0.26 +0.10, n = 15), grass € 0.80 +0.07, n = 13), and mixed (0.520t07, n = 11).
These three groups were significantly differentwespect t@ (p < 0.01). Width could
only explain 21% of the variance sralong the entire BSC reach, and explained even les
variance within riparian groups®(= 0.01, 0.03, and 0.02 for forest, grass, and dyixe
respectively). The difference slamong the four axes of channel orientation wag onl
marginally significantg = 0.06).

Althoughy was the dominant control dfeqalong DR s also affectedEpeq
because of its control d&y. Compared to BSC, DR had a relatively uniformested
riparian corridor. The correlation betweeand channel width was very weak € 0.03)
at DR, and there was no significant difference @among the four axes of orientatign<
0.79), which suggests that variatiorsiat this site probably resulted from the sum of
independent variations in all three factors.

The effect of channel orientation ewaried for different canopy structures. For a
transect at BSC with a closed canopy (forested ©yamkrow channel), channel
orientation did not changeby more than 0.06 (Figure 11). Similarly, foransect at
BSC with no canopy (grassed banks), channel otientdid not change by more than
0.02. The no canopy scenario would also be cheniatit of very wide rivers with
forested banks. For a transect at BSC with adzalbpy (one grassed bank, one forested

bank), channel orientation changebly as much as 0.39. For a typical transect at DR
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with an open canopy (forested banks, wide chanalefinnel orientation changedy as
much as 0.20, with peaks at°%hd 270 (Figure 11). In all four canopy scenarios, the
maximums occurred at an azimuth of 90West-East). Thus, given the same canopy

structure and channel width, channel orientatiositha potential to altexrconsiderably.

3.4. Comparisons between Modeled and Actual BeiAiR

BLAM (Equation 5) predicted,eqwithin 38% on average for the period of Jun
16 — 25, 2006 (Figure 12, Table 4). BLAM predicEady within 20% on four of the nine
days, and the greatest error was 92% (Table 4on&iderable portion of the error
resulted from the difference sbetween the sensor and modeled values. GLA caémll
ans of 0.67 at this site, while the sensdeg.,) measured asaof 0.56 +0.05.
Substituting the actualinto Equation 5 reduced the average error of BLi&M5%. A
PAR sensor placed at the BSC sampling station sth@mailar error irs, where GLA
calculated 0.17 and the sensors measured 00081Hn = 7). However, a PAR sensor
placed at another transect (520 m upstream of sagngtiation) showed very little error
in s, where GLA calculated 0.79 and the sensors mead€ur& +0.01 (n = 2).

Differences inkq between sensor and modeled values also added emdel
Usingp ando from Table 3, BLAM predicted Kq of 0.58 +0.05 m' for the 9-day
period, whereas the sensorstin In Epeg” y*) measured 0.85 8.12 m'. Substituting
the actuaKy andsinto Equation 5 reduced the average error of BL#®M%. There
were relatively minor differences in the other paeters between modeled and measured
values:Ecan (BLAM: 42.95 +10.61 mol nifd™*, Sensors: 40.71 30.86 mol nifd*) andr

(BLAM: 0.92 +0.03, Sensors: 0.8806:04).
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4. DISCUSSION
4.1. Controls on Riverine Benthic Light Availabylit
4.1.1. Atmosphere

Atmospheric constituents (clouds, particulatesegpare the first-order controls
on light availability in rivers. The enormous \ability and unpredictability in the
spatiotemporal distribution of these atmospheritstituents (Kirk 1994) prevented us
from modelingE.., as a dependent variable. We therefore Esgaas the independent
variable in BLAM. While solar simulation softwaf&LA) proved to be accurate within
5% of the average daily..,, the weather station data were needed to derivalac
frequencies of benthic light availability (Figurg 8

The weather station data would also be benefidedmcorrelations between
ecological variables a5, are sought (e.g., Mulholland et al. 2001). Dé&ily, is
likely to vary considerably in response to cloudero(Figure 5) and therefore
correlations of this nature require accurate mesmsants which can only be acquired
from a local weather station or user-installed P#&Rsor. When using weather station
data, we suggest using only weather stations tbgtiéntly calibrate their sensors (e.qg.,
USDA UV-B Monitoring and Research Program), or fyénig the accuracy of the data
by comparing it to nearby weather stations andyainaj yearly trends (e.g.,
progressively decreasing PAR intensities due te@etiegradation were frequently

observed in preliminary weather station data amalys

4.1.2. Terrestrial Controls
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Before solar irradiance enters the water colunsnntensity is reduced by the
terrestrial controls of topography, riparian vegjeta and channel geometry.
Topography was not an effective control on ligh¢mtiation at either case-study due to
their limited relief. Topography is however cagabf being a dominant control on light
availability in mountainous headwater streams, oamwers, and heavily-incised rivers
(Yard et al. 2005).

Riparian vegetation was a dominant controbgg at BSC because of the
relatively narrow channel at this site (Figures&#d 10A). In forested sections of BSC,
riparian vegetation shaded as much as 85% of tmrimg PAR. In contrast, riparian
vegetation accounted for only a ~32% reductiokgf at the wider DR. This trend
confirms the common expectation that terrestriadsing decreases with increasing
channel width (Vannote et al. 1980, Davies-Collegt @uinn 1998).

Channel orientation can also mitigate or exaggehsteffect of terrestrial
shading. The relative changesisaused by channel orientation was greatest at DR,
which had an open canopy, and in sections of BSE avhalf-canopy (Figure 11). In
river sections with either a closed canopy or nwogg, the orientation of the channel
does not significantly alterbecause of the uniform distribution of canopy gagbative
to the sunpath. For river sections with an operopg, riparian shading is the most
exaggerated (lowes} by North-South orientations because of the higipercity of the
channel margins and the smaller window for diretarsradiation transmission (see
Figure 2B for context). Conversely, East-Westm@aéons provide a larger window for

direct solar radiation transmission and orientdtwepath over the upper canopy, which
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has more gaps than the lower canopy. Our findhatymaximuns occurred at an

azimuth of 90° for all riparian vegetation scenamonfirmed this relation.

4.1.3. Aquatic Controls

While the boundary conditions of rivers (terresdtcantrols) create spatial
variation in light availability within a seasongtlaquatic controls of hydrologic regime
and optical water quality create temporal variatiohght availability. In small, spring-
fed streams such as BSC, this temporal variationmoébe large due to a relatively
constant hydrologic regime and optical water qugkigure 5A). Further, temporal
variation ofEpeqin small rivers is likely to be suppressed byitifeience of terrestrial
shading (Figures 5A and 7A). But for most rivehg variation in benthic light
availability is likely to be quite large due to thariability in Q (Figure 5B), which
dictates the temporal variability yn(Leopold and Maddock 1953) aKd (Davies-Colley
1990, Julian et al. In review-a). While the caat&n betweery andQ was strong, the
correlation betweeKy andQ was far more variable. This greater variancargdly the
result of inter-storm and seasonal effects on apti@ter quality (Julian et al. In review-
a). The use of, as an intermediate regressor also added variartbe torrelation.
However, we found a strong and similar correlabetweerkKy andT, at both study sites
(Figure 6), and therefore suggéstas a proxy foKgy. In all, temporal variation of
benthic light availability within river reacheslikely to be substantially and

predominantly driven by variability in river depéimd optical water quality.

4.2. Small vs. Large Rivers
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Overall, DR had less spatial variability (Figurel®ix greater temporal variabilty
(Figures 5 and 8) ikpeqthan BSC. The magnitude-frequency distributioberthic
light availability in rivers is affected by all thmarameters in Equation 5, but it is mostly
governed by the temporal distributionsEQf, andQ. Because of the dominating
influence ofs on Eyeq for small rivers such as BSC, their temporal Mahity in Epeqis
likely to follow the trend oEc4n. In basins with frontal weather patterns, thestt is
characterized by an approximately normal distridruin which most days have an
intermediateEc,, and few days have very low or very high, (similar to the distribution
in Figure 8A). For large rivers such as ORis likely to be the dominant influence on
Eped hOwever Ecan also affects the temporal distributionEty because it is the first-
order control on light availability. Thereforegtmagnitude-frequency distribution of
benthic light in large rivers is likely to have eplad and more bimodal distribution in
which one peak is set B¢, and the other b@). For example, the left peak in Figure 8B
was caused by the high frequency of floods in DRictvlead to elevated turbidity for
long periods (Julian et al. In review-a). Thisveled turbidity attenuates most of the
underwater light before it reaches the bed. Tgletpeak in Figure 8B was caused by the
distribution ofEcan, Which is similar to that of BSC (Figure 8A). Qa#, s sets the
maximum potentiaEpeq While Q sets the potential range and frequencliQi

Along the river continuum (from headwaters to m@uthe influence of shading
on Epegdecreases due to the mitigating effect of widtls (fRigures 2 and 11; Vannote et
al. 1980). Conversely, the effectypéindKy on Epeqincreases with increasing river size
due to the increase in depth (Leopold and Madd®@&8)Land turbidity (Julian et al. In

review-a) in the downstream direction. Using EquraR and assuming a continuous
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forested riparian corridor, the combined effectasfestrial shading and aquatic
attenuation produces a longitudinal distributiorEgdy where it is low in the headwaters,
high in the middle reaches, and essentially zetbherhigher-orders (Figure 13). In
generalsis the dominant control of,eqin small rivers ang is the dominant control on
Epeqin large rivers (Figure 10). The influenceyadn Eyeqincreases with increasing
turbidity. These above relations were developethfreach-scale comparisons and
expected longitudinal patterns. In order to vetifg trends in Figure 13, basin-scale

surveys of light availability are needed.

4.3. Applications of BLAM
4.3.1. Required Data and Accuracy

BLAM incorporates the six major controls on ligvadability in rivers, and
allows for both temporal and spatial variationhege controls. Using our approach, the
minimum information needed to characterize lighaikability at one location in a river is
a canopy photo and some measure of optical watdity(e.g.,Tn). Applying our
method to an entire reach would require measurdemth and additional canopy photos.
Temporal characterization of light availability wduequire knowledge of the
hydrologic regime and its relationship witlandKy. For any application of BLAM, the
extent of data collection would be determined leydbsired precision.

Overall, BLAM provided fairly accurate estimateskpfy (Figure 12). Most of
the model error was imandKy. We derived the model value ®from GLA using
generalized and average configuration parameifgniese parameters are highly variable

in both space and time (Kirk 1994), and are thenary control on canopy light
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transmission (Song and Band 2004). To better cheniaes, one would therefore need
more spatiotemporally explicit values of the coof@tion parameters used in GLA.
We derived the model value Kf from measurements taken in unshaded
locations during mid-day and full sun conditiongriations in the ambient light field
only minimally affectKy in most rivers due to their high scattering toapson ratios
(Zheng et al. 2002); however in optically cleaeny such as BSC, increased zenith
angles (early-morning and late-afternoon) and redutirect irradiance (cloudy and
shaded) are likely to decreasg(Gordon 1989). Our model value was therefore
probably more characteristic of the minim#@nthan the daily averag€;. Obtaining a
daily average&y for varying levels of cloudiness and streamsidadshwould involve
greater sampling and more sophisticated technifpigs Davies-Colley et al. 1984) than

we used, especially for optically clear rivers.

4.3.2 River Ecosystem Dynamics

BLAM can be used to characterize spatial and tealgoends in river light
regimes, however its greater utility is as a todhtvestigate river ecosystem dynamics.
Light is a first-order control on both abiotic (\iae hydrological cycle, temperature, and
photochemical reactions) and biotic (via tempeggtphotosynthesis, and visual
perception) processes in rivers (Wetzel 2001).tHeuwy it is the only control that exhibits
a strong correlation to net ecosystem productiar awvide range of rivers (Mulholland
et al. 2001). Yet light budgets are rarely devetbfor river ecosystem studies. BLAM
provides a fairly simple, inexpensive (time and eynand precise tool for creating

these budgets.
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If we can quantify the amount of solar radiatiomegimg a river, we have a first
approximation of one of the major components osgstem energy, which can then be
used to assess metabolism (see Brown et al. 2@4¢. of the major metabolic processes
in rivers is photosynthesis (or primary productibg)algae and submersed aquatic
macrophytes. All aquatic plants have a compensatiadiance, which is the amount of
PAR required for photosynthesis to exceed respmaiKirk 1994). Thus, by knowing
how much PAR reaches the plants, we can approxingtprimary productivity (NPP).
For example, assuming a compensation irradian8enadl m?d™ for freshwater aquatic
macrophytes (Kirk 1994, p. 278), benthic NPP waddur 46% of the days during the
summer at BSC and 77% of the days during the surati@R (Figure 8). Relations
such as these calculated with BLAM can be usedvestigate spatiotemporal trends in
riverine vegetation, and consequently NPP and mésab. Other potential applications
of BLAM include riparian zone management (Kiffneya¢ 2004), nutrient budgets
(Doyle and Stanley 2006), environmental maintendloves (Baron et al. 2002), stream
restoration (Scarsbrook and Halliday 1999), bibgbavioral adaptations (Kelly et al.
2003), and feedbacks between geomorphology and@gc@Bott et al. 2006). Although
these references establish the ecological impaetahtight in rivers, the role of light in

each of these areas has largely been underappctaatl not fully demonstrated.

5. CONCLUSIONS
Compared to other aquatic ecosystems, rivers algpabsess the greatest
spatiotemporal variability and complexity. Thiswalexity has up to now prevented the

development of a general framework in which to ssdight regimes in rivers. By
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combining previously verified optical and hydrologi methods, we were able to
generate the benthic light availability model (BLAMich calculates the amount of
PAR that reaches the riverbed. BLAM links rivedhggeomorphology and benthic light
availability by incorporating the light attenuatiohtopography, riparian vegetation,
channel geometry, optical water quality, and hyalya regime.

The accuracy of BLAM is largely dependent on theuaacy of the techniques
used to obtais andKy. We recommend that future studies assess thdityadif these
techniques, especially for varying degrees of dleess and shading. Further, we hope
that our approach is tested on a wide varietywars, thereby improving upon the
accuracy and range of empirical coefficients useBLAM.

We used BLAM to demonstrate how the spatiotempashtions in
hydrogeomorphic controls dictate benthic light &daility in a small, optically-clear
stream and a large, turbid river. In additiongsessing the dominant controls on
riverine light regimes, BLAM is a tool that can bged to investigate the role of light in
river ecosystem dynamics and establish light aludity targets in water resource
management. BLAM also provides a framework foufatmodels that characterize
spatiotemporal variations of ultraviolet (UV) amdrared radiation (IR) in rivers. Our
ultimate objective in developing BLAM is that it Wbe a catalyst for more

investigations and applications of the vital rofdight in rivers.
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Table 3.1.GLA user-defined parameters

Parameter Value
Projection Polar
Orientation Horizontal
Time step 1 minute
Azimuth regions 36
Zenith regions 9
Solar constant 1367 W/m
Cloudiness Index 0.50
Spectral fraction 0.45
Beam fraction 0.50
Sky-region brightness UOC model
Clear-sky transmission 0.60

coefficient

Table 3.2 Turbidity sampling at Big Spring Creek (BSC) ddelep River (DR).

May 21-30, Jun 14-16, Jul 11-17, Aug 29 — Apr 24-26, Jun 15-24, Jun 24, 2005 -
2006 2006 2006 Sep 11, 2006 2006 2006 Sep 18, 2006

Location DR DR DR DR BSC BSC BSC
Method* Automated Manual Automated Automated Automated  Adted Manual
Flow Baseflow Flood Baseflow Flood Baseflow Baseflow Balflifcl)%w /
Sample 12 ~24 6 6 4 6 discrete
interval (h)
Sample 22 3 23 54 11 33 222
number

T Automated samples were collected withededyne-ISC®712.
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Table 3.3.BLAM input parameters for Big Spring Creek (BSCylddeep River (DR).
Temporal parameters apply to the sampling stativy. cSpatial parameters apply to
baseflow only. Parentheses indicate the paransetariable, inside of which is the
range of values for the study period. Parameleisare not applicable to the calculation
of Epeqare labeled “na.”

Temporal Spatial
Parameter BSC DR BSC DR
Ecan (Mol mi?d™) (5.04-61.23) (7.10 — 60.21) 39.83 39.68
S 0.17 0.78 (0.15t0 0.94) (0.521t00.81)
r 0.92 0.93 0.92 0.93
y (m) aQ’ aQ’ (0.23-1.26) (0.34 —3.55)
o 1.64 0.15 na na
v 0.49 0.67 na na
Kg (Mm™) pQ BQ” 0.60 1.84
B 32.40 0.18 na na
® 3.69 1.31 na na
Q (0.30 — 0.51) (3.17-77.79) na na

Table 3.4.Predicted vs. actual benthic PAR in Big Spring r&¥l. Actual values
were collected with PAR sensors at a transect 1'@@wnstream of the sampling station
during Jun 16 — 25, 2006. Values for Jun 21 ateeqorted because thg.qsensor was
disturbed on that day. The shading coefficightdr this site as derived by GLA was
0.67. All other temporal parameters used in BLAM lssted in Table 3. Data not
available due to equipment malfunction are labé&hed’ Ep.d is the predicted benthic
PAR according to Equation 5, aBg.q4is the actual benthic PAR measured with a PAR
sensor.

PAR PAR PAR PAR Stage Weather
Source: Sensor Sensor Sensor Sensor Recorder  Station BLAM
Date Ecan Es Eo Ebed Q Ecan Ebed” E.*/E

(M/DIY)  (mol/m?¥d) (mol/m%d) (mol/m%d) (mol/m%d) (m%s) (mol/m%d) (mol/m?d) bed T =bed
6/16/06 43.32 25.43 22.47 15.37 0.33 47.74 17.57 14 1.
6/17/06 46.39 26.47 22.16 14.44 0.32 43.99 16.81 1.16
6/18/06 40.04 21.21 na 9.7 0.33 41.63 15.24 1.57
6/19/06 46.45 22.43 na 10.34 0.33 47.23 17.06 1.65
6/20/06 30.57 14.49 na 6.44 0.33 33.99 12.33 1.92
6/22/06 40.31 25.59 na 10.16 0.34 49.81 16.95 1.67
6/23/06 59.31 3541 30.51 19.45 0.34 60.18 20.49 05 1.
6/24/06 39.80 23.13 22.09 13.71 0.34 39.52 13.35 97 0.
6/25/06 20.19 11.92 10.30 5.65 0.35 22.45 7.24 1.28
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Figure 3.1. Light availability in rivers. & is the total amount of light that 15 available
to the river before any shading from topography and riparian vegetation. X, is the
amount of light that reaches the water surface after shading from topography and
riparian vegetation, where 2 15 the shading coefficient X, i the amount of light that
enters the water column after reflection at the air-water interface, where # 13 the
reflection coetficient. &, 15 the amount of light that reaches the riverbed after
attenuation from the water column, which 1z dictated by the optical water quality (via
the diffuse attenuation coefficient, £;) and water depth (7).
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A. BSC- closed canopy B. DR- open canopy

Figure 3.2 Hemizpherical canopy photos of transects at Big Spring Creek (BSC; A)
and Deep Eiver (DE; B). The orientation of the BEC transect 18 West-East (azimuth =
0% and the orientation of the DE transect 15 South-North (azimuth = 0%). Both
transects are forested The DE transect has an open canopy because of its greater
width, 24 m compared to & m for the B5C transect. The dotted white line represents
the sunpath.
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Figure 3.3, Big Spring Creek (BSC) and Deep River (DR) study reaches, BSC's
wetted surface 12 superimposed onthe aerial photo to illustrate its width and planform,
The dam iz the upstream extent of the study reach for both sites, Sampling stations

are where discharge was measured and temporal benthic light availability was
assessed,
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Figure 3.4, Longtudinal profile of Big Spring Creek (A) and Deep Eiver (B). Note
the different x- and yv-axes between the study sites.
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Figure 2.8, Magnitude-frequency distributions of benthic light avalability (5, ;) at
Big Spring Creek (A) and Deep Eiver (B). Histograms were constructed from Monte
Carlo simulations using 10,000 iterations for each site.
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Figure 32.11. Effect of channel orientation (1.e., compass direction) on shading
coefficients (5), which were derived from Gap Light Analyzer software and canopy
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Figure 3.13. Benthic light availability along the river continuum of an idealized 10t
order river with a continueus forested riparian cornidor. Benthic PAR (&} ;) was derived
trom Equation 2, where &, 15 above-canopy PAER, X, 15 the amount of PAE that enters
the water column after terrestrial shading and reflection, and e %2 is the inverse
exponential product of depth () and the diffuse attenvation coefficient (£;). The
product of &% is a dimensionless propottion, with a value of ~1 in the headwaters and
avalue of ~0 at the outlet. The influence of aquatic attenuation thus increases in the
dowmnstream direction, whereas the influence of terrestrial shading decreases in the
dewnstream direction
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CHAPTER IV. LIGHT ALONG THE RIVER CONTINUUM

1. INTRODUCTION

Rivers are the ultimate integrator of landscapedlgdy, geomorphology,
ecology, and anthropogenic land-use. Alterationthé¢ landscape thus result in changes
to the river’s character, and these changes camdpagated upstream and downstream
of the disturbance. This view of the river as atomium where every point along the
channel is inextricably linked through upstream dodinstream forcings and feedbacks
was first described using a process-based anddy<&K. Gilbert (1877). Later,
Leopold and Maddock (1953) empirically illustratbat certain physical characteristics
of a river (width, depth, and suspended sedimen¢eatration) increase along its
continuum (from headwaters to mouth) systematicaitiz increasing flow. While
Gilbert’'s work laid the foundation for river continm studies, it was the hydraulic
geometry concept of Leopold and Madddock that destnated the utility of using the
river continuum framework for applications in geamimology, hydrology, and ecology.

The hydraulic geometry concept provided the themakbasis for the River
Continuum Concept (RCC; Vannote et al. 1980), wiiichonceptualized rivers as
continuous, integrated systems in which the ecolsdgrgely influenced by upstream
processes, and (ii) provided generalizations otiageends in organic carbon dynamics,

ecosystem metabolism, and invertebrate communitgtsire. The RCC shifted the scale



of focus of fluvial ecosystem studies from transextd reaches to the entire river
continuum (Minshall et al. 1985). It was also @fi¢he driving forces behind the current
paradigm in fluvial ecology of using a landscapel(@sin-scale) perspective of rivers
(Fisher 1997, Wiens 2002). This landscape ecopmygpective has been applied to a
multitude of ecological investigations, includirgeteffects of hydrology on primary
production (Stanley et al. 2004), land-use changeater chemistry (Lookingbill et al.

In review), and channel network configuration obitet availability (Benda et al. 2004).
Yet, the effects of hydrology, geomorphology, aaad-use on the primary energy source
of fluvial ecosystems — light — have not been gifi@dtat the basin-scale.

The amount of light a river receives constraingraghic status through
photosynthesis and biotic behavioral adaptatiora(\te et al. 1980) and influences
temperature fluctuations, photochemical reactiansg, photodegradation of suspended
matter (Wetzel 2001). Benthic (or riverbed) liglviilability is mainly governed by
terrestrial shading (via topography and vegetatan aquatic attenuation (via turbidity
and water depth) (Julian et al. In review-b). R@C and other studies (e.g., Bott et al.
1985) suggest that the longitudinal profile of ienitight follows a parabolic trend
where benthic light is low in the upper reaches tuerrestrial shading, low in the lower
reaches due to aquatic attenuation, and high imibddle reaches where the combined
effects of shading and turbidity are lowest (Figliye This prediction, however, has not
been empirically tested. Further, the effect afiscape alteration on benthic light
availability along the river continuum, taking irdecount both terrestrial shading and

aguatic attenuation, has not been quantified.
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Spatial and temporal trends in benthic light a\aliey have been altered by
various anthropogenic disturbances (Davies-Colteal.€2003), but most intensively by
agricultural practices. Accelerated soil erosiamagriculturalization has been the main
contributor of increased turbidity to most riversand the world (Walling and Fang
2003), which decreases benthic light availabiligotigh enhanced aquatic light
attenuation. Agricultural land conversion has alsosed the widespread removal of
considerable portions of riparian forest (MEA 2Q08hich increases benthic light
availability through reduced shading. These dli@na are likely to be discontinuous in
space and time (Lookingbill et al. In review), fuet complicating trends in benthic light
availability.

Despite the fundamental role of light availabilityfluvial ecosystems and its
sensitivity to anthropogenic disturbances, lightlgs in rivers have been mostly
neglected because (i) light has not been widelg@ted as a limiting resource in riverine
ecosystems in comparison to nutrients and haljifethe optical water quality of rivers
is highly variable and difficult to characterizeyda(iii) boundary conditions (banks,
riparian vegetation) make ambient light measureméifticult (Davies-Colley et al.
2003). There has been a recent increase in revéight studies, some of which have (i)
demonstrated the role of light as a limiting reseun rivers (Davies-Colley et al. 1992,
Hill et al. 1995, Rier et al. 2006), (ii) synthesikzthe controls and spatiotemporal
variability of optical water quality over a widenge of rivers (Julian et al. In review-a),
and (iii) provided a reach-scale empirical modeldoantifying light availability in rivers
(Julian et al. In review-b). However, a quantitatiandscape perspective on riverine

light regimes has not been presented. Becausegdrimary dependence of many
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ecosystem processes on light availability, basateslight budgets would provide a
useful tool to address many of the current questioriluvial ecology.

Here, we demonstrate how basin-scale riverine kghilability can be
characterized using the reach-scale benthic lighiability model (BLAM; Julian et al.
In review-b) in a GIS framework and incorporatihg frinciples of hydraulic geometry
(sensu Leopold and Maddock 1953). We then usext8sbased model to quantify
benthic light availability and gross primary protian (GPP) along the continuum of a
6"-order river in an agriculturally-dominated basitdaest the predictions of the RCC.
Finally, we use this GIS-based model to investiglageeffects of agriculturalization on

light regimes of rivers.

2. STUDY AREA

The Baraboo River provides an ideal case studgwvestigate light along the
natural river continuum (sensu the RCC) becausenifise 187-km mainstem is free-
flowing with no impoundments. It historically hathe dams on its mainstem, but all
have been removed, the last one in 200DNR2006). Baraboo River is d'@®rder
stream that begins in the Western Uplands of Wisicomear Kendall, WI and meanders
through the Driftless Area of central Wisconsindrefit empties into the Wisconsin
River near Portage, WI (Figure 2). It drops invaléon from 420 to 235 m above mean
sea level over its length of 187 km. Its 1,690*kirainage basin is mostly agriculture
(47%), followed by forest (31%), grassland (15%gtland (5%), urban (1%), and barren
(1%) WISCLAND1993). The pre-settlement landcover was dominlayesbuthern oak

forest (white, black, and red oaks) in the uplasid oak savanna (bur oak, white oak,
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bluestem) in the lowlands (Curtis 1959). Thenigracorridor of Baraboo River is
currently composed mostly of mixed-hardwood foeesd various grasses. The
hydrology of the basin is dominated by thunderstbontal systems, resulting in a
relatively flashy hydrologic regime, although se@sdlooding is common in spring due
to snowmelt events. The flow gage (USGS #05405808K 160 (160 river kilometers
downstream of the headwaters) represents the deanstextent of our analysis (Figure

2).

3. METHODS
3.1. Modeling Basin-Scale Benthic PAR

The benthic light availability model (BLAM; Juliagt al. In review-b) calculates
the amount of photosynthetically active radiatiBAR) at the riverbedH,eg by
incorporating the terrestrial and aquatic contarienthic light availability:

Epoy = (E,, X SXT)x €7@ (4.1)

whereEcan is above-canopy PAR in molfday?, sis the shading coefficient,is the
reflection coefficientKq is the diffuse attenuation coefficient for undetevePAR in nt,
andy is water depth in m. This empirical model wasiglesd for the reach scale, where
Kg is assumed to remain constant amllectively includes shading from topography
and riparian vegetation. In order to apply thiprapch to the basin scale, we (i) allowed
Kq to vary along the river; (ii) divideslinto the topographic shading coefficies) @and

the vegetation shading coefficies)( wheres = s x s,; and (iii) used a GI1S-based

analysis.
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The conceptual framework of our GIS-based appréachuantifyingEpeqis
presented in Figure 3. We overlaid a hydrograpdtaset of the Baraboo River onto a
digital elevation model (DEM) and landcover claissifion map (LCM) to calculate
ands,, respectively. We then conducted a synoptic suof¢he Baraboo River,
measuring channel width and depth, turbidity, aaopy structure. We incorporated

these empirical data into our GIS framework andiusguation 1 to derivEpeq

3.2. Model Parameters
3.2.1. Above-Canopy PARE(an)

Above-canopy PARH:,,) is the amount of light available to the river tref any
terrestrial shading. We modelEg,, with Gap Light Analyze(GLA; Frazer et al. 1999),
using the parameters in Table 1 and the centdreofitainage basin as our location and
elevation. We kepE.an Spatially constant across the basin so that vangin the other
parameters could be assessed independently. Ft#mvw& derived an average daily
Ecan, in mol m?day?, for the Baraboo River Basin during May 15 — SBpvthich
corresponds to the period of greater than 90%desd index (i.e., at least 90% of the
leaves were on the trees). In order to assegsitige ofE,.q We also obtained actual
daily Ecan values from a USDA weather station located in Da¢l (WI102; USDA

2007), which reported 3-min averages of 20-secingadrom aLl-COR quantum sensor.

3.2.2. Topographic Shading Coefficies) (

Topography is the first terrestrial control thaduwees the amount of light

available to the river. We calculated daily averadthe proportion of PAR available to
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the river after topographic shading) usBglar Analyst 1.gFu and Rich 2000; Table 1),
which uses a view-shed algorithm to compute th@qntion ofE.,, that reaches the
surface of every cell in a DEM after shading effdecbm elevation, shadows, and
atmospheric conditions. We used a USGS DEM (¢ed:80 x 30 m) in combination
with a raster of the Baraboo River mainstem (ciek:s30 x 30 m) to extragt for each
30-m segment of the river. We created this riaster by converting the DNR
hydrogaphy dataset of the Baraboo River (scalet,Q®) into a raster usirgyc Hydro
(Maidment 2002).Arc Hydroalso assigned every cell in the river raster amathal
channel orientation (i.e., flow direction) basedtlba eight compass directions. For
example, a river cell flowing into a cell directhglow it (N-S) had an orientation of 180°.
Because each river cell had some sinuosity, we aliwed raster river distance to actual
distance by assigning horizontal/vertical cellsl@B°, 90-270°) 33.6 m and diagonal
cells (45-225°, 135-315°) 47.5 m. These distangs® calculated using the Pythagorean
theorem and assuming the total distance adds upGd&m. From this mainstem river

raster, we calculated a longitudinal profilesphlong the Baraboo River.

3.2.3. Vegetation Shading Coefficiest)(

After topographic shading, the next control thaluges the amount of light
available to the river is riparian vegetation. Yéculated daily averagg(the
proportion of PAR available to the river after vesg®n shading) using a LCM of the
Baraboo River Basin (WISCLAND 1993) in combinatwith canopy photos analyzed
with GLA (Frazer et al. 1999; Table 1), which computespttoportion ofE.,, that

reaches the water surface after shading by thepganidigital hemispherical canopy
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photos were collected using\gkon Coolpix 450Qvith fisheye lens. We took canopy
photos at eight transects along Baraboo River ¢Eiglion Aug 18, 2006. Transects
were selected based on changes in channel widtbarapy structure. The canopy
photos were corrected for topographic shading biditig thes value fromGLA by s (s,
=s/ s), which we obtained from the longitudinal profdés. By performing this
correction, we prevented topographic shading fremdpincorporated twice.

We used the canopy photos to construct empiri¢atio@ships betwees, and
channel width and orientation (Figure 4). Activennel width (sensu Osterkamp and
Hedman 1977) was measured at the transect of ¢mtb j[pcation. From these
measurements, we constructed a width rating cuasedon distance from the
headwaters and assigned every cell in the rivéeraswidth based on this rating curve.
We calculated the variation g with channel orientation by rotating the canopytols
in 45° increments and then reanalyzin@sibA (sensu Julian et al. In review-b). Each
curve in Figure 4 was derived from least squareggpoegression of four canopy photos.
Half-canopys, curves were derived from transects where one baskforested and the
other deforested. To normalize the half-canopyt@hove rotated each photo so that the
forested bank was on the right bank looking doveastr (i.e., for a channel orientation of
90°, the south bank was forested). Full-cangmurves were derived from transects
where both banks were forested. Due to limitedahopy photos from the Baraboo
River, two of the full-canopy photos were obtairfiein Deep River, NC, which was also
a 6"-order river with a similar riparian corridor (mitdhardwood forest) and channel

width (~40 m; Julian et al. In review-b).
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Using the LCM, each cell in the Baraboo River rastas classified as having a
full-canopy, half-canopy, or no canopy. Canop\ssifications were assigned on the
basis of whether or not a forest landcover cell agdjacent to the river cell. For
example, a river cell with a forest landcover egljacent to its right bank and a non-
forest landcover cell adjacent to its left bank wkssified as having a half-canopy.
Using the river raster’s attributes of width, chaharientation, and canopy cover, we
calculateds, for each river cell based on the curves in Figuréor cells with no canopy

(i.e., neither adjacent cell was a forest landchwee used as, of 1.0.

3.2.4. Reflection Coefficient), Diffuse Attenuation CoefficienK(), and Depthy()

After terrestrial shading by topography and ripanagetation, the amount of
available light is further reduced by reflectiorttad air-water interface. We used a daily
average (the proportion of PAR that enters the river afedftection) of 0.88, which we
obtained from a previous study in a nearby basiha@d et al. In review-b).

Once light enters the water column, it is attendi@eponentially with depth at a
rate defined bKy. We estimate#&y along the Baraboo River from nephelometric
turbidity (T,) measurements, whekg = 0.17T, (Julian et al. In review-b). We measured
T, with a HACH 2100P turbidimeter from water sampteBected at 22 locations along
the Baraboo River on Aug 13, 2006 during baseflbigure 2). From these
measurements, we constructeldgaating curve based on distance from the headwaters

The amount of light that reaches the riverbedtisnaltely dictated by the depth of
the river §). We quantified/ at each photo location, using the average of 3dep

measurements taken in the center of the channetawtiannel widths apart. From these
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measurements, we constructegirating curve based on distance from the headwaters
(sensu Leopold and Maddock 1953). All empiricahdaollected along the Baraboo

River was georeferenced in GIS usinGarmin GPS.

3.3. Model Assumptions

We used Equation 1 in conjunction wkh,, from GLA, the longitudinal profile
of s, thes, curves in Figure 4, anof 0.88, theKq rating curve, and thgrating curve to
calculateEpeq for every cell (n = 3980) in the Baraboo Riverteas These values &heq
are daily averages, in mol'nday*, based on the average ddfiy, for May 15 — Sep 15,
2006. The cell size of the river raster set thagigpresolution oEpeqgat ~30 m. Our
calculation ofEpeqassumed that width, depth, and turbidity increasetsistently in the
downstream direction. Therefore, local variationwidth, y, andKy were not taken into
account. Our calculation sf assumed (i) the LCM accurately delineated riparian
forests, and (ii) canopy structure (height, densitss constant for all forested riparian
cells. Because empirical data was collected frioencenter of the channel during

baseflow Epeqis only representative of the channel centerlimend) baseflow.

3.4. Model Simulations

In addition to characterizing the broad spatiatgratof light regimes along the
river continuum, the GIS-based model can be usesdiositivity analyses such as the
effect of landscape alteration on benthic lightilality. We assessed the effect of
agriculturalization orkpeq for Baraboo River by conducting three model sirtiafes.

The objective of the first model simulation waséproduce pre-agricultur&,.qalong
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the Baraboo River, where its entire riparian zoas ¥orested and its optical water
guality was pristine. We obtained pristikgvalues from a longitudinal survey of water
clarity along the Motueka River (Davies-Colley 199 relatively undeveloped basin in
New Zealand where most of its area was conservéimh (55%), followed by
production forestry (25%) and low intensity sheaftle farming (19%) (Basher 2003).
We converted water clarity measurements (via bthsek method) tdy using the
conversion factors in Davies-Colley et al. (20037¢@). Our justification for using the
Motueka River Basin is that it had a similar ar24.80 knf) and shape (pear-shaped) as
the Baraboo River Basin. To simulate a longitullyneontinuous riparian forest along
Baraboo River, we created a modified LCM where g@eljacent cell to the river raster
was classified as forest.

The objective of the second model simulation wagetoerate post-agricultural
Epeq With a riparian buffer along the Baraboo River.aendpresent-day optical water
guality and a continuous forested riparian bufferewised. We simulated the continuous
riparian forest using the method above, but used&gtvalues from our longitudinal
survey of turbidity along the Baraboo River rattiean the pristiné&y values. The
objective of the third model simulation was to gete deforested post-agricultuia.q
along the Baraboo River, where present-day opivear quality and a continuous
deforested riparian zone were used. To simulatngpletely deforested riparian zone,
we created a modified LCM where every adjacenttoethe river raster was classified as
non-forest. These three model simulations, alortly the actual longitudinal profile of
Epeq for the Baraboo River, were compared to assesmbpariations ofEpeqin response

to changes in riparian vegetation and optical wateity.
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3.5. Primary Productivity

Gross primary production (GPP) can be predicted WAR measurements and
community-specific photosynthesis-irradiance (elationships (Jassby and Platt 1976).
We used the periphyton assemblage of cyanobacetewar measure of GPP because it is
the predominant periphyton in agricultural stream/isconsin (Scudder and Stewart
2001). Photoinhibition for benthic cyanobacterasvassumed negligible (Dodds et al.
1999), and therefore the method of Jassby and RRi6) was used in combination with
the P-1 areal parameters for riverine cyanobac{®ads et al. 1999). In this model,
GPP was calculated as biomass carbon-specific gyttvesis in g C thd*, with a
conversion factor of 0.375*Cor C. PAR measurements were obtained from thBAJS
weather station (WI02; USDA 2007) for the day ofgA@1, 2006, which was equivalent
to the daily average PAR for the study period (89nbl m? d*) and had varying
cloudiness. We calculated GPP in 3-min intervats then integrated to obtain daily

values of GPP for each cell in the river raster 3080).

4. RESULTS
4.1. Empirical Parameters from Synoptic Survey
4.1.1. Channel Geometry

Active channel width along the Baraboo River comtim increased
systematically at a rate of 0.23R¥, with a maximum of 40 m at RK 160 (Figure 5A).
Baseflow channel depth also increased systematiaghl rate of 0.06R¥®, with a

maximum of 1.5 m at RK 160 (Figure 5B). Vertichbhanel incision was minimal in the
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upper reaches of Baraboo River, but did increassdgiy in the downstream direction,

attaining a maximum of 4 m at RK 160.

4.1.2. Optical Water Quality

The headwaters of Baraboo River were opticallyrolgth a minimumtT, of 1.44
NTU, which converted to Ky of 0.24 m'. Between RK 6 and RK 7%, increased
rapidly in the downstream direction (Figure 6A)heTlower reaches of Baraboo River
were very turbid with a maximuff, of 36.23 NTU Kq = 6.16 ni). After RK 74,T,
leveled off and then decreased slightly over tise18 km of the study area. The spatial
trend inT, was largely dictated by the locations of majdsutary junctions (Figure 2),
where tributaries were a source of suspended phatées (Julian et al. In review-a). The
trend inKy along the Baraboo River continuum was best charaed by a third-order

polynomial ¢? = 0.93, Figure 6A).

4.2. Modeled Parameters from GIS Analysis
4.2.1. Incoming PAR

Between May 15 and Sep. 15, 2006, daily above-caR#R [Ecan) in central
Wisconsin fluctuated considerably in response tgiag degrees of cloudiness, ranging
from 5.04 (complete overcast) to 59.91 métdt (full sun). AveragdEc.,was 41.98 +
13.88 mol nfd™* (mean +sd). GLA-modeledE.., for this same period was 39.85 mal m

2d?, only a 5% difference than the measured average.

4.2.2. Terrestrial Shading
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The topographic shading coefficies) fluctuated around a mean of 0.990-01
(Figure 7). Most of this 6% shaded PAR occurredusk when the Western Uplands
blocked incoming PAR from the western horizon. Tdwe values ofs; were associated
with high cliffs or hills. For example, the sectiof river with the greatest topographic
shading (RK 32s = 0.75) was located on the north side of KimbBllsf, a hill that was
30 m higher than the river’s elevation. The exeshdection with high topographic
shading (RK 112-119) traversed through the Upperdues of the North Range Baraboo
Hills, where high cliffs bordered the river. Thigimvalues of, which were mostly
located near the headwaters and lower reachesireddn relatively flat areas where
topographic shading was minimal. Overall, topofraghading along Baraboo River
was low, with only locally significant effects.

Riparian vegetation along Baraboo River was higlalyable and discontinuous
(Figure 8). Along the 160-km study area, 90.5 kad ho canopy (neither bank forested),
31.0 km had a half-canopy (one bank forested, @amé& deforested), and 38.5 km had a
full-canopy (both banks forested). Most of thd-filnopy sections were located in the
last 50 km of the study area.

The planform of Baraboo River was extremely sinyoesulting in frequent
changes in channel orientation (Figure 2). Of3/880 river raster cells, channel
orientation changed 1,958 times. A majority of thannel sections had either a 90°
(29%) or 135° (25%) orientation, which is consisteith the NW-SE basin orientation.
For full-canopy sections, the effect of channeéntation on the vegetation shading
coefficient &) was minimal near the headwaters and increasddimgteasing channel

width (Figure 4A). For example, there was no défece ins, between 90° and 180° at a
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width of 1 m, but at a width of 40 m, for 90° was 0.14 greater than for 180°. This
divergent trend irs, for full-canopy sections resulted from closed gaas at small
channel widths mitigating the effect of channekatation (Julian et al. In review-b).
Overall, E-W channels (e.g., 90°) had the higegsand N-S channels (e.g., 180°) had
the lowests, for full-canopy sections.

For half-canopy sections, the effect of channedr@ation ors, was considerable
at all channel widths (Figure 4B). For exampleréwas a 0.20 difference shbetween
270° and 90° at a width of 3 m, and there was 4 Qifference irs, between 270° and
90° at a width of 40 m. This approximate parallehd ins, for half-canopy sections
resulted from the absence of a closed canopy atlaaynel width. Overall, channels
with northern forested banks (e.g., 270°) had igkésts,, and channels with southern

forested banks (e.g., 90°) had the lowsg$or half-canopy sections.

4.3. Benthic PAR along Baraboo River

Benthic PAR Epeg along Baraboo River was highly variable, but gathe
decreased in the downstream direction (Figure dMaximum Epeq (33.05 mol rif d%)
occurred at RK 0.5, which was deforested=1.00) and optically cleakg = 0.29 m").
Minimum Epeq (< 0.01 mol nifd™) occurred at RK 112 and remained essentially fmaro
the remainder of the downstream study area. Atghint in the river, the high turbidity
of the water columnKy = 5.70 ) negated any effects of the terrestrial controls
(topography, riparian vegetation, or channel geoyhein benthic light availability.

Upstream of RK 112, riparian vegetation was resjid@$or most of the spatial

variability in Epxegalong the Baraboo River continuum. For example, agdjacent cells at
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RK 0.5 (one with no canopy, one with half-canopyhwhe same orientation (90°),
width (0.11 m)y (0.04 m),s (0.95), andKq (0.29 m') displayed an order of magnitude
difference inEpeq(33.05 vs. 3.27 mol ihd™, respectively). Following riparian
vegetation, channel orientation caused the nextgsé variation ifEpeqalong the
continuum. For example, two nearby cells at RKdrte at 90°, one at 180°) with the
same riparian vegetation (half-canopy right bankgith (3.48 m)y (0.35 m),s(0.94),
andKq (0.59 m") displayed a 29% difference Beq(8.30 vs. 10.73 mol ihd™?,
respectively). Topography caused considerabld thffarences irEpeq Kimballs Bluff
at RK 32, for example, reducé&eyfrom 15.91 to 12.67 mol fd™ over a distance of
0.1 km & was the only parameter that varied over this digq  Because widtly, and
Kq were modeled using rating curves, variabilitfyay caused by variations in these
parameters was not assessed.

AverageE,gqfor the entire 160-km study area of Baraboo Rwas 5.97 9.48
mol m?d™. This value was calculated usingB&a, of 39.85 mol rifd™, which assumed
an intermediate level of cloudiness. Although iHostrated, atmospheric conditions
considerably affedE,eq Under full sun conditionsEa, = 59.91 mol rifd?), average
Epesalong Baraboo River was 8.9714.25 mol nifd™. Under complete overcast
conditions Ecan = 5.04 mol nf d), averageE,eqalong Baraboo River was 0.8914#42

mol m?d?, a 90% decrease from full sun conditions.

4.4. Benthic PAR under Model Simulations

4.4.1. Pre-agricultural Benthic PAR
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The longitudinal distribution dEneqalong Baraboo River with a completely
forested riparian corridor and pristine optical @ajuality followed a parabolic trend
whereEyegwas low in the headwaters, high in the middle heacand low in the lower
reaches (Figure 9B.1). The valuefafsbegan with 2.80 mol ihd™ at RK 0, attained a
maximum of 17.28 mol ihd™ at RK 52, and ended with 9.74 mofui* at RK 160.
Because riparian vegetation remained constant dl@gontinuum, this trend &keq
was dictated by the trends of channel width (FidguAg depth (Figure 5B), anidy
(Figure 6B). Inter-sectional variability (i.e.,rieal scatter around the mean) was caused
mostly by channel orientation (Figure 4A) and ocwaally by topography (e.g., RK 32).
This variation inEpeg With channel orientation increased with distance/istream,

attaining a maximum difference of 2.36 mof o' between adjacent cells.

4.4.2. Post-agricultural Benthic PAR with RiparBuaffer

The longitudinal distribution dEyegalong Baraboo River with a completely
forested riparian corridor and degraded opticakwgtiality followed a parabolic trend
whereEyegWwas low in the headwaters, high in the middle heacand essentially zero in
the lower reaches (Figure 9B.2). The valu&gfbegan with 2.79 mol id™ at RK 0,
attained a maximum of 10.98 molad™ at RK 11, and reached a minimum of < 0.01
mol m?d* at RK 110 where it remained for the last 50 knikelthe previous simulation
where riparian vegetation remained constant albagontinuum, this trend &eqWas
dictated by the trends of channel width (Figure ,5fepth (Figure 5B), anidy (Figure
6A). The higheKq values in this simulation due to degraded opticaer quality

mitigated the effect of channel orientationEyq(i.e., less vertical scatter around the
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mean), with only a maximum difference of 1.24 métdt between adjacent cells.
Compared to the pre-agricultural simulati&geqin this simulation had a lower peak that

was shifted 41 km upstream.

4.4.3. Post-Agricultural Benthic PAR with No Ripeami Buffer

The longitudinal distribution dEneqalong Baraboo River with a completely
deforested riparian corridos,(= 1.00) and degraded optical water quality folldvee
logarithmic trend wher&gpeqwas very high in the headwaters and decreaseddgthnce
downstream (Figure 9B.3). The valuemfgbegan with 33.75 mol fd™ at RK 0 and
reached a minimum of < 0.01 mol4d™ at RK 116 where it remained for the last 44 km.
Unlike the two previous simulations, there was ipanian corridor and therefore this
trend ofEpeqWas dictated solely by the trends of channel dépilure 5B) andKy
(Figure 6A). Without a forested canopy, there wa®ffect of channel orientation on
Epes and thus inter-sectional variability was causalélg by topography. Compared to
the pre-agricultural simulatioligpeqin this simulation had a much higher peak that was

shifted 52 km upstream all the way to the headwater

4.4.4. Longitudinal Primary Productivity

Benthic GPP fluctuated considerably in the headwaieBaraboo River, ranging
from 0.3 to 2.4 g C iid™ over the first 0.5 km (Figure 10). This variatyiliesulted
from abrupt changes i,q Caused by the discontinuous riparian corridor.thscanopy
opening increased with distance downstream (vieeased channel width), the

variability in GPP decreased. The magnitude of @RB decreased in the downstream
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direction with decreasinBpeq (Figure 9A); however, their rates of decline weog¢
longitudinally equivalent. Over the first 30 knpagially-averaged GPP decreased by 3%
whereas spatially-averagég.qdecreased by 32%. Over the next 30 km, the two
variables decreased by similar amounts, 78% and®2%PP andE,e4 respectively.

The different trend in GPP over the first 30 kmufeesd from the asymptotic trend of the
P-1 curve for riverine cyanobacteria (i.e., abo®en®ol mi d*, GPP did not increase

significantly). GPP was extinguished by RK 10%tjb km upstream d,cq €xtinction.

5. DISCUSSION
5.1. Basin-Scale Benthic Light Availability

Along the river continuum, channel geometry (Figbréeopold and Maddock
1953) and optical water quality (Figure 6; Julidmle In review-a) display a high degree
of organization. These longitudinal trends of logromorphic controls provided the
foundation on which our basin-scale benthic lighgikbility model (Figure 3) was built.
Using this model and the Baraboo River as a casly stve quantified benthic PAR
(Epeg) @along a 160-km free-flowing mainstem channel fedan an agriculturally-
dominated basin. Overaly,.qdecreased in the downstream direction due prigntril
increasing<y, and there was considerable local variation cabyezhanges in
topography, riparian vegetation, and channel oatgont (Figure 9A). The three model
simulations revealed that alterations to the rggagommunity and optical water quality
(OWQ) can cause an order of magnitude chan@gdireduce or increase inter-sectional

variability in Eyeq and significantly alter broad spatial trend&gaq (Figure 9B).
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The RCC predicts that benthic light along a forésteer follows a parabolic
trend where it is low in the upper and lower reaclaad high in the middle reaches
(Figure 1). We found a similar trend for the mosiehulation with a forested riparian
corridor and pristine OWQ); however, the trend wassmooth (Figure 9B.1). There was
considerable inter-sectional variability due predwantly to changes in channel
orientation. This high variability is liable towse many more shifts in trophic status than
the RCC predicts (Vannote et al. 1980). Additibnadristine OWQ in rivers is rare.
Most landscapes have been affected by some defjae¢hoopogenic disturbance, which
degrades OWQ (Walling and Fang 2003, MEA 2005)eré&fore, even rivers with a
forested riparian corridor are more likely to haeE,eq peak in the upper reaches rather
than the middle reaches (Figure 9B.2). The actalales ofE,.qand the distance at
which it is eradicated (e.g., RK 112 for BarabowdR) will depend on basin
physiography and level of anthropogenic disturbarioeall, the longitudinal trend in
Epeqas proposed by the RCC is only valid for riverthvé continuously forested riparian
corridor, pristine OWQ, and no sinuosity.

One of the limitations of the RCC concerning lightilability is that it only
applies to rivers with a continuously forested niga corridor, which is becoming
increasingly rare due to large-scale deforestdfibtBA 2005). Because of gaps in
riparian forest, most rivers will probably have tigpatial variability irEyeq with a peak
near the headwaters, similar to the longitudingiigpa in Baraboo River (Figure 9A).

For non-forested rivers, such as prairie and deserams (see Wiley et al. 1990), we

expect the longitudinal profile &yeqto follow a logarithmic trend whetg,eqis high in
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the headwaters due to lack of riparian shadingdeudeases along the continuum due to
increasing turbidity and depth (Figure 9B.3).

Another limitation of the RCC is that it only apgdito a linear, uninterrupted
continuum. The non-impounded and non-engineeradacter of its mainstem channel
allowed us to conceptualize the Baraboo River ssamless continuum, which we
acknowledge is not characteristic of most rivévkost rivers have longitudinal
“discontinuities” caused by dams (Ward and Stanf®83), geomorphic heterogeneity
(Montgomery 1999), and confluences (Rhoads 198Tnéjr et al. 2006). An emerging
paradigm in fluvial geomorphology and ecology is@eptualizing the river as a series of
network links rather than a continuum (Rice e2801, Benda et al. 2004). Indeed,
Julian et al. (In review-a) found that the optieater quality of Baraboo River along its
continuum was heavily influenced by tributary inputVhile basin network
configuration does influence aquatic light atteraratilong the river, terrestrial shading
is only dictated by the local controls of topogrgimd riparian vegetation. Therefore,
our technique of using DEMs and LCMs to quantifydstrial shading could be applied
to entire river networks. Quantifying aquatic ligititenuation for river networks would
require more extensive empirical data in orderstgeas broad spatial variationg/iand
Kg. In summary, our GIS-based model uses both anreapand process-based
approach to characterize longitudinal trendgQf along the river continuum, and has

the potential to be applied to entire river netvgork

5.2. Effect of Agriculturalization on Benthic Ligivailability
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In this study, we assessed the effect of agricalization on benthic light
availability at the basin-scale using three modealutations. These three modeled
scenarios were (1) pre-agricultural Baraboo Ri{&yxpost-agricultural Baraboo River
with a riparian buffer, and (3) post-agriculturafboo River without a riparian buffer
(Figure 9B). In scenario 1, which represents theaBoo River before any anthropogenic
disturbancek,eq4followed a parabolic trend where it was higheghie middle reaches.
The peak in this curve at RK 52 is the point aldmgriver where the combined effects of
terrestrial shading and aquatic attenuation weeerainimum. This point therefore
signifies a threshold where terrestrial shadinpésdominant control dEpeq Upstream of
the peak and aquatic attenuation is the dominamttaloof E,eq downstream of the peak.
Statistical evidence for this relationship of doemhcontrols orfepeqiS presented in
Julian et al. (In review-b).

In scenario 2, which represents the Baraboo Rifter agricultural land
conversion and before removal of any riparian fisrebe peak ifE,egWas reduced and
shifted upstream. This reduction and upstreant shi,cqiS caused by accelerated soill
erosion from agricultural land use, which increasater turbidity and consequently the
dominance of aquatic light attenuationBgs Because of the exceptionally high
turbidity values of Baraboo River (Julian et alréview-a), the longitudinal trend Hyeq
for most rivers affected by agriculture (assumirgpatinuous riparian buffer) is likely to
fall somewhere between the curves of scenariosi2gRigure 9B).

In scenario 3, which represents the Baraboo Rifter agricultural land
conversion and complete removal of riparian forgsis parabolic trend iByeq Shifted to

a logarithmic trend wheré,.qwas much greater in the headwaters and decrebmegl a
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the river continuum. With the absence of riparragetation shading, aquatic light
attenuation became the dominant controEgg for the entire continuum. In addition to
changing the longitudinal distribution Bfeq this scenario also eliminated all inter-
sectional variability caused by channel orientati&ior a river with a mixed riparian
community such as Baraboo River, the curve in st@@arepresents the upper limit of
Epeq While the curve in scenario 2 represents the Idivet of E,.¢ Comparisons of the
four curves in Figure 9 reveal that agriculturaiiaa is likely to (i) increase the
magnitude oEpeqnear the headwaters due to riparian deforestdfipaecrease the
magnitude oEpeqin the lower reaches due to increased turbidity shift the peak in
Epequpstream due to increased dominance of aquatitditgnuation over terrestrial
shading, and (iv) increase reach-scale variabiity,.q due to a discontinuous riparian

community.

5.3. Other Disturbances on Benthic Light Availaili

There are several other widespread anthropogesticrdances that alter the light
regimes of rivers including urbanization, loggingning, dam construction, and dam
removal. Urbanization increases the turbidityieérs through increased surface soil
runoff (Wolman 1967) and decreases terrestrialisigatirough riparian deforestation
and channel widening associated with channel eioldbllowing increased surface
water runoff (Hammer 1972). These geomorphic charigpm channel evolution usually
extend upstream and downstream of the urban-impacea (Graf 1975, Simon 1992).
Before channel widening occurs during channel eianiiy channel incision usually

occurs (Harvey et al. 1984). This entrenchmenondt increases topographic shading

136



of the channel, but also increases vegetation sgdii causing riparian trees to lean
towards the center of the channel, which we obseirveome of the lower sections of
Baraboo River. Overall, urbanization is likely(tpincreaseEpeqin some reaches due to
reduced vegetation shading, (ii) decrelaggin others due to enhanced aquatic light
attenuation or enhanced topographic shading, ahth@rease the variability dEpeq

along the river continuum due to spatial discontinaf the previous two effects, similar
to Figure 9A.

Logging has similar effects dfyeqas agriculturalization where terrestrial shading
is reduced through riparian deforestation and aglight attenuation is enhanced
through increased surface soil runoff (Garman awdifg 1991, Sabater et al. 2000).
Whereas logging and agriculturalization gradualigrease turbidity along the river
continuum due to non-point source inputs, miningally is a point source for enhanced
aquatic light attenuation because of direct disgésito the river. Mining inputs have
been found to increase turbidity by an order of ni@gle over distances less than 2 km
(Davies-Colley et al. 1992). Dam constructionralteoth upstream and downstream
Epes Where the upstream reach has lottigg due to increased water depth and the
downstream reach has high&gq due to clearer water being discharged by the dam
(Williams and Wolman 1984). Dam removal has thpagite effect orepeq Where the
upstream reach has highgy.qdue to decreased water depth and the downstressh re
has lowerE,eqgdue to more turbid water being discharged fromfoneer reservoir
(Riggsbee et al. 2007). In addition to anthropagedisturbances, there are also natural
disturbances that can afféy.q including floods (Julian et al. In review-a) aahebris

flows (Simon 1992).
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5.4. Implications of Altered Riverine Light Regimes

Solar radiation dictates many of the abiotic aratibiprocesses in rivers (Wetzel
2001), and thus changes in benthic light availgbdre likely to have far-reaching effects
on fluvial ecosystems. The thermal regime of armig especially sensitive to changes in
light availability. Maximum water temperaturesunshaded reaches have been found to
be as much as@ higher than shaded reaches (Graynoth 1979, Guiah 1997,
Rutherford et al. 2004). Because of the effectwatker temperature on the behavior of
aquatic biota, dissolved oxygen concentrationggdnchemical reactions, and domestic
water use (Walling and Webb 1992, Wetzel 2001htlayailability indirectly affects all
of these phenomena.

The productivity of riverine ecosystems is driventhe solar energy utilized in
photosynthesis (Wetzel 2001), and thus the primasguctivity of rivers is greatly
affected by changes in terrestrial shading andditgb We found that GPP increased by
an order of magnitude over just 260 m in respoasgtrian deforestation in the upper
reaches of Baraboo River. Increasing turbidityngl8araboo River decreased GPP from
2.4t0 0 g C rif d* over a distance of 107 km. Other studies havadaimilar
relationships. For example, chlorophyll-a biom@dd-a) for unshaded reaches has been
found to be as much as 16 times higher than falesheeaches (Sabater et al. 2000,
Kiffney et al. 2004, Rier et al. 2006). Davies-églet al. (1992) found (iftneg andchl-a
were strongly correlated and (ii) increased tutlgifiom mining inputs decreasetil-a
by as much as 57%. Aquatic plant growth, as dectaty light availability, also

influences habitat availability (Humphries 199&)od webs (Hill et al. 1995), nutrient
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uptake (Sabater et al. 2000, Zahn 2007), partieutsdtter retention (Horvath 2004), and
organic compound degradation (Soda et al. 200y)quntifying the large-scale spatial
variation in benthic light availability, our basstale model can be used to understand the

nature of all the above phenomena from a landspapspective.

6. CONCLUSIONS

We coupled readily-available broad spatial datéwdsily-measured synoptic
data to quantify benthic light availability and GBPthe basin-scale. Our model output
(Figure 9) displays the spatial variation of beatight availability along the Baraboo
River for a range of boundary conditions. Few nsvieave pristine optical water quality
and completely forested riparian zones, and thezdfee trend of Figure 9B.1 is rare.
Rivers are more likely to posses the trend in Fedi&k where discontinuities in terrestrial
and aquatic controls cause high inter-sectionahidity in Epeq The dramatic
differences irEpeq between the four scenarios illustrate the serisitof riverine light
availability to environmental change, whether itasoval of riparian trees causing an
order of magnitude increasekleq Or accelerated soil erosion causing an order of
magnitude decrease ¢ Previous studies have demonstrated the consegsieh
altered light regimes on river ecosystems at thesiect and reach-scale. Using our
basin-scale benthic light availability model, resbars now have a tool to investigate
relationships between light availability and ecdsgs processes (e.g., GPP) along the

river continuum or throughout the river network.
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Table 4.1.Gap Light Analyze(GLA) andSolar Analys{SA) user-defined parameters.

Options not available in the software are labeleal™

Parameter GLA SA

Period May 15—-Sep 15 May 15— Sep 15
Projection Polar Polar
Orientation Horizontal Horizontal
Time step 1 minute 30 minute
Azimuth regions 36 8

Zenith regions 9 8

Solar constant 1367 W/m 1367 W/
Cloudiness Index 0.50 na
Spectral fraction 0.45 na
Beam fraction 0.50 0.50
Sky-region brightness UOC model UOC model
Clear-sky transmission 0.60 0.60

coefficient
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Figure 4. 1. Conceptual profile of benthic light availability along the continuum of a
forested river. The trends of terrestrial shading and aquatic attenuation were derived
from Wannote et al. (19800, The trend of benthic light was derived using the above
trends in the benthic light availability model (BLAN; Tulian et al. In review-b). Aquatic
attenuation {via turbidity and water depth) increases 1n the downstream direction,
whereas terrestrial shading (wia topography and wvegetation) decreases in the downstream
direction. Benthic light reaches a max where the product of riparian shading and aquatic
attenuation is the lowest.
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context for channel orientation.
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Figure 4.5, Longitudinal distribution of riparian forest along the Baraboo Eiver based
on the landcover classification map (WISCLAND 1993 Full-canopy sites are
transects with two forested banks Half-canopy sites are transects with one forested
bank and one deforested bank., Mo canopy sites are transects with two deforested banks.
Closely spaced wertical lines denote discontinuities in riparian type, and wide gaps
ketween vertical lines denote continuous patches of niparian type.
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V. CONCLUSIONS

RESEARCH OBJECTIVES AND THESIS STRUCTURE

The main objective of this research was to charaet¢he spatial and temporal
variability of benthic light availability in rivetsThe fundamental questions answered
were:

1. What are the dominant controls of benthic lightikality in rivers?

2. Do spatial and temporal variations in benthictigtailability follow general

trends?

3. How is benthic light availability affected by antimogenic influences?
These questions were not dealt with separatelydividual chapters, but instead were
addressed collectively and hierarchically. Thecpsses that affect benthic light
availability in rivers are scale-dependent, andefwee required assessment across a
range of spatial and temporal scales. Accordingky structure of this thesis followed a
transition from small to large spatio-temporal esal

Investigations began at the transect-scale (ilateaal slice of channel with no
longitudinal length). For a river transect at dntiadescales (hourly-daily), the terrestrial
controls on benthic light availability (topographiparian vegetation, channel geometry)
are fixed, whereas the aquatic controls (opticdkwaquality, hydrologic regime) are

highly variable (Table 5.1). The first analysesghlealt with optical water quality and



its variation with hydrologic regime (Chapter It the transect-scale, we assessed
optical water quality and hydrologic regime oveaage of temporal scales, from hourly
to monthly. Temporal optical water quality wasess®d for a small"2order river (Big
Spring Creek, WI) and a mediuni™6rder river (Deep River, NC) (stream size based on
the classification of Vannote et al. 1980). Saalip to the basin, we assessed optical
water quality along the continuum of a mediutfsaBder river (Baraboo River, WI) and
a large, P-order river (Wisconsin River, WI). We then comgmwour findings to
previous synoptic surveys to characterize broatlapeends of optical water quality.
Reach-scale (i.e., a length of river with no majtrutaries and longitudinally
consistent optical water quality) benthic light gaaility was assessed for a 1.3-km reach
in Big Spring Creek and a 5.8-km reach in Deep Ri@hapter 1ll). In order to quantify
the effect of all five hydrogeomorphic controls leenthic light availability, we
developed a model (BLAM) that calculated the amairstbove-canopy PAR (in
mol/n¥/day) that reached the riverbegh{y) after terrestrial shading and aquatic
attenuation. We used BLAM to characteri&gq spatially (along the reach) and
temporally (daily fluctuations in response to chesiqn water depth and discharge).
Basin-scale (i.e., the entire length of river frapadwaters to mouth) benthic
light availability was assessed by using BLAM iGES framework and incorporating the
principles of hydraulic geometry (sensu Leopold Batidock 1953). We used this GIS-
based model to quantifi,eqgalong the continuum of Baraboo River and investighe
effects of anthropogenic disturbances on lightmes of rivers (Chapter IV). In
summary, we analyzed the spatial variabilityegdy at the transect-, reach-, and basin-

scale, and the temporal variability ®f.q hourly, daily, and monthly.
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SPATIAL AND TEMPORAL TRENDS IN BENTHIC LIGHT AVAILABILITY

From meta-analyses, field studies, laboratory sjcind model simulations, we
found that the controls on benthic light availapiexhibited general trends, both
spatially and temporally. Temporally, optical wageality (i.e., water clarity) decreased
with increasing discharge due primarily to gream@ounts of particulates in the water
column and secondly to greater concentrations dDMIChapter 1l). Spatially, water
clarity generally decreased along the river contmwue to increased particulate inputs
from tributaries; however, in most rivers turbidigached a maximum and then
decreased due to increased groundwater dischadgeedmentation in the downstream
direction (Chapter I1). Benthic light availability directly proportional to optical water
guality (Equation 3.2), and therefore decreasegater clarity resulted in decreases in
Ebed

All investigations in this study occurred duringttummer when leaf area index
was greater than 90%, and therefore temporal trendgarian vegetation were not
assessed (Table 5.1). Temporal variations in t@mty and channel geometry were also
beyond the scope of this study due to their fixatlire within the timescale of our
analyses (Table 5.1). Spatial trends in channaingry generally followed the trends of
Leopold and Maddock (1953), where both width angtldéncreased in the downstream
direction due to increasing discharge (Chapter [We increase in depth enhanced the
effect of aquatic light attenuation in the downatredirection. The downstream increase
in channel width indirectly increasé&t.q by mitigating the shading by riparian

vegetation and topography.
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While the above trends are fairly intuitive and @deen illustrated by other
studies (but not collectively quantified), the fiésygpresented in this study on the effect of
channel orientation oByeqare novel (Chapters Il and 1IV). We found thaaichel
orientation could mitigate or exaggerate the eftéderrestrial shading, depending on the
riparian community and size of river. For smallers with a closed canopy and river
sections with no canopy, the change in the shachegficient €) with channel
orientation was minimal. But for large rivers wdh open canopy and especially river
sections with a half canopy, the changs with channel orientation was considerable.
For examples at 270° was 66% higher thammt 90° for a 3-m wide half-canopy transect
(Figure 4.4). We also found that for all canopyey, North-South orientated channels
consistently provided greater shading becauseeofiidfher opacity of the channel
margins and the smaller window for direct solaiatdn transmission (Figure 3.11).
Changes in channel orientation, as well as locahgks in the other hydrogeomorphic
controls, caused considerable variability in thegmiade ofEn.q0ver short distances
(Figures 3.9).

Model simulations revealed that the broad spatdtiern ofE,4for undisturbed
forested rivers (i.e., continuous forested corrigiod pristine optical water quality)
followed a parabolic trend wheEgeqwas low in the headwaters due to terrestrial
shading, low in the lower reaches due to aquatsnaation, and high in the middle
reaches where the product of terrestrial shadingagjuatic attenuation was lowest
(Figure 4.9B). Contrary to previous portrayaldasfgitudinal light profiles (e.g.,
Vannote et al. 1980), this trend was not smoother@& was considerable inter-sectional

variability due predominantly to changes in charoredntation. Topography also caused

159



considerable local differenceskgeq Because width, depth, and turbidity were modeled
using rating curves, variability iByeq Caused by variations in these parameters was not
assessed.

Through model manipulations, we found that anthggmic watershed
disturbances could alt&eq by an order of magnitude in the upper reaches and
dramatically shift longitudinal patterns (Figur&}. The riparian deforestation and
degraded optical water quality associated withcadiralization shifted the longitudinal
profile in Epeq for Baraboo River from a parabolic to a logarithrtrend, wherd&,.qwas
much higher in the headwaters and generally deedeasthe downstream direction.
Selective riparian deforestation also resultedigi Inter-sectional variability ifpeq
Because of the influence of benthic light availdpibn water temperature, water
chemistry, primary productivity, and biotic behavialtered light regimes likely impact

fluvial ecosystems considerably.

DOMINANT CONTROLS ON BENTHIC LIGHT AVAILABILITY IN RIVERS

The inherent complexity and interdependencies asgstems makes it is
impossible to quantify every forcing and feedbagklditionally, every landscape
possesses a uniqueness in which ecosystem proeeskt®geir controls vary greatly from
one ecosystem to the next (Phillips 2007). Theegfour approach to characterizing
benthic light availability in rivers was to identithe dominant controls. In this thesis, we
have demonstrated that the dominant control orhiiehgiht availability varied across

spatial scales (Table 5.2).
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The dominant control on spatial variationgEnyfor Big Spring Creek, our
prototype small river, was riparian vegetatiors narrow channel width (~7 m) resulted
in substantial overhead vegetation shading of inagr@AR, as much as 85% for
transects with a full canopy. Topography was nfaicéor onEyeq at Big Spring Creek
because of low relief; however, topography is pldpa dominant control in
mountainous and canyon rivers. The dominancepafian vegetation oByeq at Big
Spring Creek was also due to its shallow depthratadively clear water (i.e., low
aquatic attenuation), which is characteristic ostremall rivers (Leopold and Maddock
1953). The lack of aquatic attenuation resultedave-canopy PAR being the dominant
control on temporal variations Eyeg

The dominant control oByeqfor Deep River, our prototype medium river, was
water depth. Its turbid water resulted in 1By for deeper sections of the channel due
to increased aquatic attenuation. Pools deeparaim had effectively no benthic PAR.
The greater width of Deep River (~35 m) mitigated éffect of riparian shading, which
accounted for only 32% of the reduction of incomiH@R. For large rivers such as the
Amazon River (widthe 1 km), the effect of riparian shading Bg.qbecomes negligible
(Table 5.2). This mitigated terrestrial shadinguteed in hydrologic regime being the
dominant control on temporal variationsg.s In general, the dominance of the
terrestrial controls o&ypeqdecreases in the downstream direction due priyniaril
increasing width. Conversely, the dominance ofagigicontrols orEpeqincreases in the

downstream direction due to increasing turbiditgl depth (Table 5.2).
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FUTURE APPLICATIONS

This research investigated the link between riyglrdigeomorphology and
benthic light availability. While many of the geakprocesses and trends in riverine
light availability have been presented (Davies-€pll990, Kirk 1994, Smith et al. 1997,
Davies-Colley and Payne 2000, Vahatalo et al. 2008 was the first study to quantify
the combined effects of all five hydrogeomorphiatrols onEyeq This study also
presented the first reach-scale model that quastifenthic light availability, calculating
both spatial and temporal variability. Further, presented a basin-scale version of
BLAM, which we used to characterize broad spatehds inE,.¢ BLAM provides
researchers with a tool to investigate relationsiigtween light availability and
ecosystem processes at a transect, along a reatingpeghout the river network.

Despite the many advances in quantitative ecolomst fluvial ecosystem
models have been developed for hypothesis-testitngir than predictive tools (e.g.,
Poole et al. 2006). Because it is both a procassdand empirical model, BLAM has
the capabilities to be used for hypothesis-testimg as a predictive tool, and thus has a
variety of applications. The application of ecdsys dynamics to stream restoration is
an emerging theme with many unanswered questiBh&M offers to be a tool that can
assess the role of riparian structure in rivertleyailability and temperature.
Additionally, BLAM has the potential to address soof the limitations of remote
sensing applications such as spatio-temporal vifityain water column attenuation
coefficients and depth. Further, with increasieguyrbations (e.g., urban runoff) to

rivers progressively decreasing benthic light alality, BLAM offers to be a tool to
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establish optical water quality targets. FinaB{LAM provides a framework for future

models to assess the role of ultraviolet and ieftaadiation in riverine ecosystems.
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Table 5.1.Effective timescales for the hydrogeomorphic cdston benthic light
availability at a river transect, assuming no larsé-change.

Timescale

Hydrogeomorphic Hourly- Weekly- Yearly-
Control Daily Monthly Decadal
Terrestrial Controls

Topography Fixed Fixed Fixed

Riparian Vegetation Fixed Variable Fixed

Channel Geometry Fixed Fixed Variable
Aquatic Controls

Optical Water Quality Variable Variable Fixed

Hydrologic Regime Variable Variable Fixed

Table 5.2.Effectiveness of hydrogeomorphic controls on benlight availability along
the river continuum, assuming headwaters are Idaatenountains and the entire
riparian zone is forested.

Stream size (order)
Small (1-3) Medium (4-6)  Large (> 6)

Hydrogeomorphic

Control
Topography dominant minimal negligible
Riparian Vegetation dominant minimal negligible
Channel Geometry
Width dominant minimal negligible
Depth minimal dominant dominant
Planform minimal minimal negligible
Optical Water Quality
Particulates minimal dominant dominant
CDOM negligible minimal minimal
Phytoplankton negligible minimal minimal
Hydrologic Regime minimal dominant dominant

Notes: Stream size classification based on Vaneioaé (1980).
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APPENDICES

Appendix 1. Partitioned OWQ for Wisconsin River RV

RK c Cu G G a A a 3 b by by by
0 4100 0150  0.492 3.458 1.145 0.148 0.499 0.498 552.9 0.002 -0.007 2.960
63 6.183  0.150 1.174 4.860 1.878 0.148 1.143 0.587 054.3 0.002 0.031 4.273
76 5.442  0.150  1.590 3.702 1.829 0.148 1.391 0.290 133.6 0.002 0.199 3.413
112 9.620  0.150  1.123 8.348 1.974 0.148 1.200 0.625 477.6 0.002 -0.078 7.722
155 5.036  0.150  1.042 3.845 1.578 0.148 1.096 0.333 58.4 0.002 -0.055 3.512
167

7701 0150  0.946 6.606 1.925 0.148 1.094 0.683 765.7 0.002 -0.149 5.923
177 9.653  0.150  2.119 7.385 3.356 0.148 1.930 1.278 976.2 0.002 0.189 6.107
205 9.650  0.150  2.293 7.207 3.468 0.148 1.926 1.394 836.1 0.002 0.367 5.814
250 8.868  0.150  1.665 7.053 2.463 0.148 1.660 0.656 05.4 0.002 0.006 6.398
292  13.806 0.150  1.596 12.060 3.500 0.148 1.426 1.926 0.306  0.002 0.170 10.134
302 10351 0.150  1.773 8.429 3.248 0.148 1.643 1.456  1037.  0.002 0.129 6.972
356  11.532 0.150  2.773 8.610 3.995 0.148 2.339 1.508  5377. 0.002 0.433 7.102
444 9.120  0.150  2.422 6.548 3.200 0.148 2.144 0.908 5.920 0.002 0.277 5.641
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Appendix 2. Partitioned OWQ for Baraboo River (BR)

RK c Cu G o3 a A a 3 b by by by
1 2439 0150  0.411 1.879 0.922 0.148 0.590 0.184 171.5 0.002 -0.179 1.695
3 1593  0.150  0.567 0.877 0.896 0.148 0.684 0.064 970.6 0.002 -0.117 0.812
6 1.169  0.150  0.291 0.728 0.671 0.148 0.449 0.074 980.4 0.002 -0.158 0.655
7 2492 0150  0.508 1.835 1.080 0.148 0.694 0.238 121.4 0.002 -0.186 1.597
8 2.906  0.150  0.491 2.265 1.043 0.148 0.664 0.231 631.8 0.002 -0.173 2.034
9 3.281  0.150  0.733 2.398 1.526 0.148 0.879 0.499 551.7 0.002 -0.146 1.899
10

3.141 0150  0.619 2.372 1.647 0.148 0.879 0.621 941.4 0.002 -0.260 1.751
14 3.547  0.150 0.673 2.725 1.669 0.148 0.874 0.648 781.8 0.002 -0.201 2.077
22 1.987  0.150  0.539 1.298 1.115 0.148 0.760 0.207 720.8 0.002 -0.221 1.091
24 3.996 0.150 0.513 3.333 1.733 0.148 0.793 0.792 632.2 0.002 -0.280 2.541
26 3579  0.150  0.532 2.898 1.697 0.148 0.790 0.759 821.8 0.002 -0.259 2.139
27 3.817  0.150  0.538 3.129 1.536 0.148 0.772 0.616 812.2 0.002 -0.234 2.512
28 3.624  0.150 0.673 2.802 1.381 0.148 0.848 0.386 4.2 0.002 -0.175 2.416
38 4237 0150 0.524 3.563 1.580 (.148 0.714 0.718 2.657 0.002 -0.191 2.846
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40

72

74

113

115

142

150

160

181

7.460

29.265

28.589

34.281

29.463

38.293

34.738

34.489

25.248

0.150

0.150

0.150

0.150

0.150

0.150

0.150

0.150

0.150

0.608

0.610

0.601

0.590

0.578

0.681

0.649

0.665

0.628

6.703

28.505

27.838

33.542

28.736

37.462

33.940

33.674

24.471

1.944

3.851

3.609

3.966

3.742

4.373

4.664

4.106

3.648

0.148

0.148

0.148

0.148

0.148

0.148

0.148

0.148

0.148

0.775

0.789

0.814

0.757

0.702

0.809

0.789

0.728

0.681

1.022

2.915

2.648

3.061

2.892

3.417

3.727

3.230

2.819

165.5

5412

4.98P

0.313

5722

3.928

0.073

0.383

1.60D

0.002

0.002

0.002

0.002

0.002

0.002

0.002

0.002

0.002

-0.167

-0.178

-0.213

-0.167

-0.124

-0.127

-0.140

-0.063

-0.053

5.681

25.590

25.191

30.481

25.843

34.045

30.213

30.444

21.652




