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1. Introduction to the study 

Introduction 

Many stream ecosystems have been degraded, over time, through riparian zone 

disturbance. The depletion of the riparian buffer by clear cutting and row-crop agriculture 

can lead to insufficient stream shading environments. Headwater streams rely strongly on 

the riparian zone for the regulation of thermal radiation and photosynthetically active 

radiation (PAR) along with reducing the amount of nutrients transported into the water 

column. Agricultural landscapes can have high inputs of nutrients from fertilizers and 

direct sun exposure that cause harmful effects on stream ecosystem productivity. 

Excessive nutrients and rising temperatures can alter ecosystem function by shifting the 

balance of primary production and respiration. With a depleted canopy cover and high 

nutrients, algal communities can dominate slow moving sections of the channel during 

late summer under low flow conditions. Excessive algal biomass is responsible for low 

oxygen contents at night due to high respiration rates and inhibited photosynthesis. 

Nuisance growth of filamentous and sestonic algae could be prevented if riparian canopy 

cover is restored and maintained.  Overall, stabilizing metabolism and decelerating 

increases in stream temperature could benefit intolerant species like brook trout 

(Salvelinus fontinalis) and pollution sensitive macroinvertebrate populations.  

Literature Review 

Temperature 

Aquatic ecosystems have been degraded dramatically by removing terrestrial 

vegetation in the riparian buffer for agricultural purposes. Removal of vegetated canopy 

cover can result in direct sun exposure and heating of the water column (Moore et al. 

2007). There is a growing body of evidence that suggests stream water temperature is 

increasing, which may have direct effects on aquatic organisms (Moore et al. 2007; 

Kaushal et al. 2010). Temperature is an important aspect of stream ecology that 

determines the overall health of aquatic ecosystems (Coutant 1999). Water temperatures 

are increasing in many streams and rivers by an annual rate of 0.009-0.077°C yr-1 and are 

correlated with an increase in air temperatures (Kaushal et al. 2010; Webb and Nobilis 
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2007; Kundzewicz et al. 2008; Friberg et al. 2009). Air temperature has been shown to be 

a strong predictor of water temperature in streams and rivers (Webb and Nobilis 2007). 

The effects of global warming on increasing temperatures at the Earth’s surface are 

undeniable (IPCC 2007). This can be seen in the Hudson River watershed, where there 

has been no statistical change in stream flow, and no increase in deforestation, but there 

was an increase in historical water temperatures corresponding with increases in 

historical air temperatures in this region (Burns et al. 2007). Other streams and rivers 

flowing through agricultural landscapes may have been influenced by the simultaneous 

heat effects of climate change and land-use change (Brazel et al. 2000; Kalnay and Cai 

2003). Human-accelerated environmental changes and the simultaneous effects of climate 

change and land-use alteration on water temperature needs to be considered when 

investigating changes in stream temperatures. If water temperatures continue to increase 

due to global warming and deforestation, then effects may be seen in eutrophication, 

altered biologic productivity and stream metabolism, and loss of aquatic biodiversity and 

sensitive species (Caissie 2006). 

 Stream thermal processes responsible for increasing water temperatures are 

related to energy inputs. Radiation inputs to a stream surface include incoming short-

wave solar radiation (direct and diffuse) and net long-wave radiation emitted by the 

atmosphere and the riparian forest canopy (Benyahya et al. 2012). Canopy cover will 

reduce the direct component of solar radiation, which will be scattered and transmitted 

through the canopy as diffuse radiation (Moore et al. 2007).  Research has shown that 

solar radiation is the dominant component of the total energy flux, followed by net long-

wave radiation. Two studies from Webb and Zhang (1997 and 1999) showed that solar 

radiation, more specifically short-wave radiation, was the most important component in 

both heat gain and heat loss in streams. Reductions in solar radiation under forest cover 

range from more than 90% with dense canopies (Young and Mitchell 1994; Chen et al. 

1995; Brosofske et al. 1997; Davies-Colley et al. 2000). The forest canopy changes the 

distribution of light because plant foliage absorbs and reflects the various wavelengths 

(Federer and Tanner 1966; Yang et al. 1993). 
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 Long-wave radiation, in fact, can increase stream temperatures by the deflection 

of radiation from the Earth’s surface off the canopy cover and return it back to the stream 

or soil surface. Long-wave radiation to the forest floor increases as the canopy density 

increases because the forest canopy acts as an incubator and has a higher emissivity 

(Reifsnyder and Lull 1965). Although this increase in long-wave radiation offsets the 

reduction of stream temperature below the forest canopy at night, the daytime net 

radiation below forest canopies is substantially lower than in an open canopied stream. 

Forest canopies also tend to reduce the diel air temperature range compared to large open 

areas. Maximum difference between the open area and the area under forest canopy, in 

daytime air temperature varied from 3° C (Brosofske et al 1997; Davies-Colley et al. 

2000; Spittlehosue et al. 2004) to 6° C or more (Young and Mitchell 1994; Chen et al. 

1995; Cadenasso et al. 1997). At night, air temperatures in forest areas are typically about 

1° C higher than in the open (Chen et al. 1995; Spittlehouse et al. 2004). Surface and near 

surface soil temperatures show the largest difference between forest and open sites, being 

up to 10 to 15° C lower under forest canopies during the daytime and 1 to 2° C higher at 

night (Chen et al. 1995; Brosofske et al. 1997; Spittlehouse et al. 2004).  

These studies place importance on the use of riparian vegetation in protecting 

streams from direct sun exposure (Moore and Spittlehouse 2005). Previous studies have 

determined the impact of timber harvesting and forest removal on water temperatures. 

These studies have shown increasing water temperatures with a decrease in canopy cover 

from the riparian buffer zone (Hewlett and Fortson 1982). Brown and Krygier (1967) 

showed an increase of 7.8° C in mean monthly maximum temperatures in Oregon’s Alsea 

River Basin whereas Swift and Messer (1971) showed an increase of 6.7 °C in the 

Coweeta experimental basin in North Carolina. Some studies even examined 

microclimatic conditions within riparian buffers such as a study in northern California 

that determined above stream air temperatures measured in the early afternoon decreased 

with increasing buffer width at rate of about 1.6° C per 10 – 30 m of buffer. Stream 

temperatures with 150 m wide buffers were about 6° C lower than the streams with no 

buffer present (Ledwith 1996).   
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Studies have demonstrated the vulnerability of small streams to direct sun 

exposure by the depletion of canopy cover. Mitigating extreme temperatures can be 

accomplished through best management practices (BMP) such as the establishment of 

riparian vegetation; however, this could take many years before significant changes are 

observed. A study by Murray et al. (2000) documented that it takes between 5 to 15 years 

for streams to recover to their natural thermal regime after restoring riparian vegetation.  

Hydrologically altered watersheds experience undulating flow regimes with 

periods of high peak discharge during storm events and prolonged low flow conditions 

during droughts. Stream temperature is dependent on the amount of heat load coming into 

the stream as well as stream discharge given that temperature is proportional to the 

amount of heat energy divided by the volume of water (Poole and Berman 2001). 

Therefore, any alteration of heat load (e.g., thermal radiation) or discharge (e.g., water 

level) will influence water temperature. Other studies have established the importance of 

discharge on temperature dynamics in streams. A reduction of discharge, resulting from 

water withdrawals (e.g., irrigation) or naturally low flows typically observed in summer 

months, has been shown to affect water temperatures (Morse 1971; Bartholow 1991). 

Bartholow (1991) studied the impact of low flow conditions and demonstrated that an 

increase in riparian vegetation provided little cooling, but an increase in discharge would 

maintain acceptable water temperatures. Sinokrot and Gulliver (2000) found a gradual 

decline in the number of days with temperature exceeding 32° C in the Platte River by 

increasing river discharge. The literature suggests that a stream having low flow 

characteristics in the summer months can be susceptible to increasing temperatures 

leading to low dissolved oxygen conditions; however, altering flow regime for mitigation 

may be impractical. Restoring natural flow regimes can be accomplished through 

retention ponds, restoring natural meandering stream channel, and the restoration of 

historically degraded wetlands. With low flows in summer months, common in lower 

order streams, mitigation must focus on lowering water temperature through riparian 

buffer zone shading for practical reasons. However, it is important to understand the 

dynamics of flow regimes on temperature and algal growth as this may identify 

particularly vulnerable periods for a given stream.  
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Contrary to low flow conditions, periods of intense and prolonged precipitation 

events that substantially increase discharge can influence the stream temperature regime. 

This is mainly targeted at where additional water enters the system. Streams can receive 

majority of their discharge from overland runoff, groundwater inputs, or a combination of 

both. Malard et al. (2001) studied stream temperature and determined that water 

temperature is strongly influenced by the direction and intensity of surface water to 

groundwater exchanged. When cool water enters a stream from groundwater inputs, the 

temperature decreases, not because heat energy is lost, but because the concentration of 

heat energy is diluted (Poole and Berman 2001). Research has documented the 

importance of groundwater diluting the concentration of heat energy in a stream (Malard 

et al. 2001; Johnson 2004; Arscott et al. 2001).  

Water temperature can directly control dissolved oxygen availability and 

influence metabolic activity. Van’t Hoff’s rule draws a relationship between biological 

activity and water temperature by stating that biological activity doubles for every 10° C 

increase of water temperature (Brown and Krygier 1967). This increase in biological 

respiration relates to oxygen consumption and can become problematic where dissolved 

oxygen is already depleted due to high temperature and at night when there is no 

opportunity for photosynthetic production. This process is exacerbated with the 

molecular characteristics of water. As water temperatures increase, its ability to hold 

oxygen decreases, which increases the rate at which nutrients are converted to readily 

available forms (Karr and Schlosser 1978). 

Ecosystem Metabolism 

In addition to clear cutting and depletion of canopy cover causing elevated 

temperatures, the potential for photosynthetically active radiation (PAR) to stimulate 

primary producers can cause shifts in ecosystem metabolism and alter dissolved oxygen 

dynamics (Mulholland et al. 2001). The simultaneous effects of increases in direct inputs 

of PAR and increases in nutrients from runoff associated with agricultural watersheds can 

force a pristine, first order stream into eutrophication (Karr and Schlosser 1978). This 

nutrient driven process of eutrophication can be exacerbated with increasing water 

temperatures resulting in a cyclic pattern or feedback loop (Demars et al. 2011).  
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Measurements of ecosystem metabolism are useful in determining the factors 

controlling nutrient dynamics and dissolved oxygen levels. Whole-system metabolism is 

driven by gross primary production (GPP), ecosystem respiration (ER), and reaeration 

rates, which is the exchange of oxygen with the atmosphere (k). The sum of each causes 

changes in the dissolved oxygen concentrations over a daily time step (Riley and Dodds 

2012). Odum (1956) first introduced the methodology of measuring stream metabolism 

by diel trends in dissolved oxygen.  There are four main processes that affect dissolved 

oxygen concentrations in lotic systems: (1) the release of oxygen from photosynthetic 

primary production during the day by benthic plants and phytoplankton; (2) the uptake of 

oxygen from respiration of benthic organisms, planktonic organisms, and chemical 

oxidations; (3) exchange of oxygen with the atmosphere; and (4) exchange of oxygen 

from groundwater.  

Rates of GPP are influenced by the availability of light (Mulholland et al. 2001; 

Fellows et al. 2006) and nutrients (Hall and Tank 2003). PAR is strongly correlated with 

GPP (Mulholland et al. 2001), which will stimulate primary production in open-canopied 

systems with direct solar radiation exposure. ER involves both autotrophic and 

heterotrophic respiration, which is influenced by nutrients (Mulholland et al. 2001; 

Hoellein et al. 2007), water temperature (Sinsabaugh 1997; Uehlinger et al. 2000), and 

organic matter availability (Roberts et al. 2007). ER will substantially increase with the 

amount of microbial activity found in the sediments (Logue et al. 2008). Organic matter 

in the streambed can contribute a considerable fraction (e.g., > 80% in some streams) to 

stream respiration (Grimm and Fisher 1984). The majority of organic matter can be 

stored within the streambed, indicating its importance as a site of metabolism and nutrient 

cycling in certain stream ecosystems (Mulholland et al. 1997). Organic matter can be 

replenished by the breakdown of senescent autotrophic biomass; therefore, ecosystem 

metabolism can become unbalanced by excessive primary production as seen in many 

eutrophic streams receiving full sunlight (Jones 1995; Young and Huryn 1999). In these 

scenarios, primary producers can achieve excessively high biomass potentials and 

decomposition of senescent primary producers can promote microbial respiration rates 

(Robinson et al. 2003). An increase in sediment deposition, even when low in organic 
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matter content, may enhance conditions that promote microbial metabolism (Cardinale et 

al. 2002). Cardinale et al. (2002) attributed this effect to changes in near-bed flow 

velocity and turbulence intensity. Added sediment increases benthic porosity, which 

increases flow exchange between the surface water and sediments that stimulate bacterial 

activity. Above all else, microbial respiration can be an important heterotrophic 

component in streams, which can drastically influence dissolved oxygen dynamics 

(Logue et al. 2008). 

Similar to temperature, discharge rates can be a primary factor controlling 

metabolism values in stream systems. Dodds et al. (1996) studied the effects of flood 

events on primary producers in a prairie stream and concluded that biomass of algae was 

reduced greatly by high precipitation levels due to scouring of sediments and sestonic 

algae (Fisher and Grimm 1988; Uehlinger 1991; Biggs et al. 1999; Lohman et al. 2011). 

Young and Huryn (1996) studied metabolism during two consecutive summer periods 

with contrasting discharge years (average 1993-1994 = 76.8 m3 s-1; 1994-1995 = 6.6 m3 s-

1). They found that during the first summer with high discharge, only the upper 22% of 

the stream reach was autotrophic, while the second summer, with low discharge, 

indicated autotrophic production throughout the entire continuum. Therefore, during late 

summer, eutrophic streams are particularly vulnerable to high periphytic and sestonic 

algal biomass resulting from low flow conditions. Temperature, PAR, and nutrients can 

cause algal populations to dominate when velocity is slowed allowing for the 

accumulation of primary producers and increase respiration in shallow depths with high 

temperature. This situation can cause unsuitable environmental conditions for the 

biological communities that inhabit the stream.  

Increases in water temperature and nutrient inputs can affect stream metabolism 

by shifting the balance of primary production (autotrophy) and respiration (heterotrophy) 

(Bunn et al. 1999). At broad scales, stream the ratio of GGP to ER (P/R) should reflect 

autotrophic and heterotrophic interactions (Vannote et al. 1980). This ratio will change 

with stream order, diel cycles, seasonal cycles (Minshall et al. 1985), and anthropogenic 

influences (Griffiths et al. 2013). Increases in P/R have been related to open forest 

canopy allowing light penetration to stimulate GPP in watersheds affected by human 
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activity (Minshall et al. 1985). Streams with an open canopy and agricultural land use are 

assumed to be autotrophic because of the removal of riparian vegetation provides an 

increase in light availably for primary producers along with nutrients that stimulate the 

biomass of primary producers (Wiley et al. 1990). The use of the terms autotrophic and 

heterotrophic is often incorrectly compared to allochthonous and autochthonous material. 

In a stream where all respired organic matter is autochthonous, it will have a P/R equal to 

or greater than one, and even small allochthonous inputs to the system would result in 

P/R < 1 (Minshall 1978; Rosenfeld and Mackay 1987; Meyer 1989). Many studies have 

found P/R ratios > 1 with consistently high levels of GPP in streams draining row crop 

agriculture (Wiley et al. 1990 > 15 g C m-2 d-1; Griffiths et al. 2016 0.1 – 22 g O2 m
-2 d-1) 

and in an open canopy developed pasture (Young and Huryn 1999 3.6 g O2 m
-2 d-1). P/R 

exceeding one emphasizes the importance of autochthonous sources of carbon in fueling 

autotrophic metabolism along with the availability of light penetration. Griffiths et al. 

(2013) found that an agricultural stream was heterotrophic for half of the year and was 

autotrophic primarily in late spring and summer. Thus, agriculturally influenced streams 

may switch from being more reliant on autochthonous production in the spring and 

summer to being more reliant on allochthonous inputs in fall and winter. An environment 

dominated by autotrophy in the spring through summer can cause harmful dissolved 

oxygen levels at night when respiration exceeds primary production.  

Comparison of landuse 

Adequate temperature and dissolved oxygen dynamics are often observed in 

forested streams and less so in agricultural streams for a variety of reasons. Comparing 

forested and agricultural streams can give insight as to certain characteristics needed for 

restoration techniques. Headwater streams draining row-crop agriculture are biologically 

active systems with unbalanced levels of GPP and ER compared to forested streams 

(Griffiths et al. 2013). For example, the mean daily rates of GPP calculated from 

continuous monitoring of metabolism are generally higher in agricultural streams (0.1 - 

22 g O2 m
-2 d-1, Griffiths et al. 2013; 16.2 g O2 m

-2 d-1, Bernot et al. 2010; 11 g O2 m
-2 d-1, 

Mulholland et al. 2001) than rates reported in a forested streams (GPP = 1.4 g O2 m
-2 d-1, 

Roberts et al. 2007; 0.1 g O2 m
-2 d-1 , Bernot 2010; < 0.1 g O2 m

-2 d-1, Mulholland et al. 
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2001). These results concluded that higher metabolic rates in agricultural streams are 

likely due to high light availability with an open canopy and higher dissolved nutrient 

concentrations resulting from fertilizer runoff. The streambeds of the agricultural streams 

are typically covered with deep organic matter accumulations, likely enhancing ER. This 

is documented in studies explaining higher ER rates in agricultural streams compared to 

forested streams, although ER does not respond as dramatically as GPP does with land 

use alterations (Mulholland et al. 2001) The differences between forested and agricultural 

streams are substantial when comparing metabolism rates. In order to maintain pristine 

headwater streams, it is strongly encouraged to reduce open canopied agricultural land 

use practices in the riparian zone in order to eliminate harmful environments for 

freshwater organisms. 

Seasonal patterns of GPP also differ between agricultural streams and forested 

streams. Griffiths et al. (2013) observed that agricultural streams will have prolonged 

periods of elevated primary production beginning in spring and continuing through fall 

when light availability is high, and filamentous algae and macrophytes are visually 

dominant on the benthos. The beginning of this period of elevated autotrophic production 

appears to be controlled by hydrology. Specifically, at the end of the early spring storm 

season, more stable hydrologic patterns retuned by mid spring and this corresponded with 

rapid increases in GPP that persists throughout the summer (Griffiths et al. 2013). 

Forested streams have a more consistent rate of GPP throughout the growing season 

(Roberts et al. 2007; Mullholand et al. 2009) with slightly elevated levels of GPP before 

leaf emergence.  Although primary production differs between forested and agricultural 

streams, light availability remain strong predictors of primary production in any stream 

ecosystem. In addition, another factor that can alter metabolism in any stream ecosystem 

is nutrient availability. Typically, high concentrations of nutrients are observed in 

agricultural streams (David et al. 1997; Royer et al. 2004, 2006), which will cause large 

vascular plants and filamentous algae to proliferate (Wiley et al. 1990; McTammany et 

al. 2007; Bernot et al. 2010).  

ER has different trends in relation to GPP but will also vary among seasons. In 

forested streams, ER is often elevated in autumn because of large organic matter inputs 
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associated with the breakdown of leaf litter (Roberts et al. 2007). Agricultural streams 

typically lack surrounding vegetation and the pulse of leaf litter is minimal. The main 

source of ER in agricultural streams is from autochthonous inputs, which remains 

relatively consistent throughout the entire growing season. Griffiths et al. (2013) found 

that patterns of ER tended to mimic GPP in agricultural streams, especially during the 

growing season. A quantile regression indicated that up to 72% of primary production 

was immediately respired by heterotrophs; therefore, autotrophy was a strong predictor of 

ER (Griffiths et al. 2013).  ER may also vary with temperature when the seasons change 

although this is a secondary factor. Studies have found an effect of temperature on ER 

(Sinsabaugh 1997; Yvon-Durocher et al. 2012; Beaulieu et al. 2013). Other variables 

such as allochthonous inputs or increased nutrients can be a more dominant driver of ER 

(Mulholland et al. 2001; Roberts et al. 2007). Ultimately, it appears availability and 

source of organic matter is an important characteristic in understanding respiration 

dynamics. 

Stream Ecology 

Many biological aspects of a stream ecosystem are strongly linked to water 

temperature and it is important to fully understand the biological implications related to 

the stream thermal regime. Increasing temperatures can influence the growth rate (Elliot 

and Hurley 1997; Markarian 1980), distribution, and abundance (Ebersole 2001) of 

aquatic organisms. Many organisms have a specific range of temperature tolerance and 

their population is affected when temperatures exceed this range (Countant 1977).  

Results from Markarian (1980) showed a link between degree-days and growth of many 

aquatic insects, and specifically observed that insects have an increased growth and 

survival rate at lower temperatures. Temperatures can also influence the distribution of 

organisms that use cold water as refuge (Matthews et al. 1994). When faced with a 

choice, trout seem to prefer cool water, even if it is low in oxygen (Matthews and Berg 

1997). The River Continuum Concepts (Vannote et al. 1980) outlines the importance of 

temperature on the distribution of aquatic organisms. The River Continuum Concept 

relies on the change in P/R. The area in which a stream shifts from heterotrophic to 

autotrophic is dependent upon the degree of shading (Minshall 1978).  
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Studies have shown that the combined effects of increased temperature and low 

dissolved oxygen (< 5 mg L-1) can be detrimental to aquatic organisms. Lowell and Culp 

(1999) demonstrated in a manipulation study that after two weeks in low dissolved 

oxygen environments, mayfly (Baetis tricaudatus) grazing intensity was reduced by 80%, 

while survival was reduced by 60-90%. This study also observed, under stressful 

conditions, that mayflies move up in the water column into regions of higher current 

velocity, which would make them more susceptible to predation (Lowell and Culp 1999). 

Mayflies are known as an indicator species of aquatic ecosystems because of their 

sensitive life history characteristics. The abundance, or lack of, can explain the dynamics 

of a freshwater ecosystem. Low dissolved oxygen levels can also inhibit the growth and 

survival of many fish populations. A study showed that fish eggs and embryos were the 

least tolerant to low oxygen concentrations corresponding to maximum tolerable water 

temperatures (Elshout et al. 2013). This can be detrimental to the recruitment of 

intolerant fish species, which could potentially affect the survival of certain species if 

conditions continue with a linear trend.  

 Brook trout (Salvelinus fontinalis), are sensitive, intolerant organisms from the 

family Salmonids and have a substantial influence ecologically and economically. Trout 

unlimited (2008) stated that brook trout provide $1.1 billion a year in Wisconsin, 

Minnesota, and Illinois as a popular sport fish. The species is extremely important 

ecologically as an apex predator in most of the systems it occupies. It provides a 

connection among macroinvertebrates, terrestrial vertebrates, and other fish by mostly 

preying on aquatic organisms (e.g., macroinvertebrate including larval midges, scuds, and 

blackfly larvae) in June and then switching to mostly terrestrial organisms (e.g., adult 

blackflies, adult mayflies, and adult dragonflies) in August (Sotiropoulos et al. 2008). 

Considering the specific life history traits of this species, there could be detrimental 

ecologic and economic effects if populations were to decline. Brook trout can be seen as 

an indicator species as they are intolerant of warm water and pollution (Wehrly and 

Wang 2007). Thus, restoring their habitat to provide suitable temperature and dissolved 

oxygen concentrations is highly recommended in mitigating against their population 

decline. Restoration of adequate temperatures should focus on reducing direct solar 



 

 

12 
 

radiation by increasing canopy cover. The optimum temperature for brook trout is 10-16 

°C and stressful temperatures range from 22-24 °C. Brook trout will avoid temperatures 

that exceed 24 °C and temperatures over 26 °C can be lethal (Wehrly and Wang 2007). 

These toxic temperatures can limit the distribution and habitat for brook trout 

populations. For example, Stranko et al. (2008) identified a reduction in brook trout 

population in Maryland resulting from deforestation and urbanization. Hudy et al. (2008) 

identified agricultural land cover as a major impediment for brook trout populations, 

given that agricultural land cover reflects areas of higher temperature. A study by Cross 

et al. (2013)  concluded that temperature would not surpass suitability thresholds for 

brook trout if riparian areas were completely forested, provided initial stream 

temperatures were adequate and all other factors remained constant (i.e., discharge, 

stream size, and average air temperatures). In addition, agricultural land use can impair 

habitat due to increased deposition of sediments being transported off the landscape 

(Hudy et al. 2008; Stranko et al. 2008). Deweber and Wagner (2015) found a positive 

association between brook trout and coarse soils (high permeability) in the surrounding 

landscape. This was mainly attributed to the fact that fine soils can negatively affect 

feeding and reproduction by embedding sediment, covering eggs, and impeding 

groundwater exchange (Argent and Flebbe 1999; Sweka and Hartman 2001).  

 Temperature can also play a substantial role during spawning when many 

intolerant species are vulnerable to disturbance. Brook trout spawn in the fall from 

September to November when water temperatures are usually around 15 °C. Deposited 

eggs are buried in about 4-20 cm of sediment, which places importance on the 

availability of high quality coarse sediment that provides adequate dissolved oxygen 

concentrations (Carlander 1969.). Brook trout have a lower fecundity (300 to 1,200 eggs), 

so the population relies on suitable environmental conditions for eggs hatching aside 

from the larger eggs and yolk sacs after hatching (Karas 1997).  

 The effects of dissolved oxygen on brook trout populations have also been 

acknowledged in the literature. Specifically, Spoor (1990) manipulated varying levels of 

dissolved oxygen in tanks and discovered that brook trout fingerling avoided oxygen 

concentrations below 4 mg L-1 and preferred 5 mg L-1 and above. Other studies have 
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confirmed that constant low dissolved oxygen levels (≤ 4 mg L-1) can restrict salmonid 

growth and developed (Whitworth 1968). Exposure to dissolved oxygen of 3 mg L-1 can 

even alter the protein composition of sensitive fish species and reduce survival. 

Restoration  

The effects of intensive agriculture on headwater ecosystems have been 

documented, but restoration projects are difficult to implement in these landscapes and 

the effect of restoration on metabolism is rarely studied. Research has mainly focused on 

the impact of riparian vegetation on metabolism in forested and undisturbed streams (Bott 

et al. 2006). Studies that have explored the effect of restoration in regards to canopy 

cover have mainly looked at streams with low nutrient loads. A study by McTammany et 

al. (2007) researched the recovery of stream metabolism from historical agriculture in the 

Appalachian Mountains.  They found that inorganic nutrients, PAR, temperature, 

suspended soils, and benthic algae were significantly higher in agricultural streams than 

in forested streams, which is consistent with previous literature (Mulholland et al. 2001; 

Webster et al. 1995; Young and Huryn 1999; McTammany et al. 2007; Bott et al. 2006; 

Bunn et al. 1999). In addition, the study found that nutrient concentrations and suspended 

solids were higher in recovering streams than forested streams reflecting lingering effects 

of agriculture despite reforestation (Quinn et al. 2010). Agriculturally influenced 

watersheds will have nutrients remain elevated for decades following restoration (Swank 

and Vose 1997); However, light and temperature rebound relatively rapidly to restoration 

attempts (Marks and Bormann 1972; Nitousek and Reiners 1975; Webster et al. 1983). 

GPP was similar in recovering streams compared to forested streams, suggesting that 

shading caused by reforestation might reduce primary production levels to pre-

agricultural levels. GPP and P/R were strongly correlated with PAR, temperature, and 

algal biomass, suggesting that reduced light limited primary production in all the streams 

in their study (McTammany et al. 2007). This was discovered in other studies that 

documented blocking PAR in agricultural streams, through shading, decreased GPP 

concentrations (Mulholland et al. 2001; Webster et al. 1995; Young and Huryn 1999; 

McTammany et al. 2007; Bott et al. 2006; Bunn et al. 1999). High algal productivity in 

agricultural streams is associated with high light intensity and nutrient concentrations 
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(Corkuum 1996) and algal growth in the absence of light limitation has been strongly 

correlated with nutrient concentrations (Logman et al. 1992; Mosisch et al. 2001). One 

important factor to note is that although McTammany et al. (2007) identified 

agriculturally influenced streams in their study, the SRP values were relatively low 

(average concentrations of 8-9 µg L-1) compared to agriculturally influenced streams in 

the Midwestern United States. The streams used in the study by McTammnay et al. 

(2007) did observe a significant change in metabolism by allowing riparian vegetation to 

recover to pre-agricultural influence; however, with nutrient concentrations relatively 

low, it is unknown how shading will effect streams with increased rates of nutrients that 

stimulate primary production. Reduction of GPP from shading has been documented in 

other streams although phosphorus concentrations never reach eutrophic levels 

(Mulholland et al. 2001, SRP = 14 µg L-1; McTammany et al. 2007, SRP = 8-9 µg L-1 and 

; Bott et al. 2006, TP = 5-20 µg L-1; Mosisch 2001, SRP = 1-28 µg L-1 ).  Thus, there is a 

lack of knowledge in how eutrophic streams (TP: > 100 µg L-1; TN: > 5 mg L-1) will 

recover if canopy cover is re-established. Therefore, this research will fill a crucial 

knowledge gap to the literature in regards to stream metabolism in agricultural systems.  

Summary 

There is an immense amount of knowledge on the effects of temperature and 

metabolism on freshwater ecosystems and the importance of canopy cover. This has been 

studied extensively in naturally forested systems and there is even a limited pool of 

information available for artificial shading in non- agricultural settings.  Unfortunately, 

there is no insight on the effects of altering the light regime in an agricultural setting that 

has both an open canopy and rich in nutrients. Previous studies have determined the 

detrimental effects of agricultural fertilizers in freshwater ecosystems, but there is little 

knowledge relating to how stream shading can mitigate the stressors brought on by 

intensive agricultural land use.  
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Objectives 

1. Quantify the effect of artificial shading on water temperature in a low order, 

eutrophic stream. 

2. Quantify the effect of artificial shading on stream metabolism in a low order, 

eutrophic stream. 

3. Identify stream attributes controlling stream metabolism in a low order, 

eutrophic stream. 

4. Compare metabolism values and organic matter accumulation relationships 

along a stream continuum between stream channel and settlement ponds in a 

restored stream system. 

2. Methods 

Experimental Design  

The effects of stream shading on temperature, dissolved oxygen dynamics, and 

stream metabolism were tested by the implementation of artificial stream shading on a 

low order, high nutrient, restored stream (Figure 1). The same stream channel located 

directly upstream of the shaded reach was used as a control and received no artificial 

shading (i.e., a full open canopy). A reference stream was assessed that is under a 

naturally forested riparian land use regime. In addition, metabolism was also monitored 

on two irrigation ponds, although there was no replication and therefore no statistical 

analysis completed on the ponds. This did however allow us to present casual analysis of 

how the ponds interacted with the stream channel and provide a supposition of the 

metabolism dynamics in the entire restored section of the stream. The sampling locations 

were selected based on access to sampling sites, landowner cooperation, and land use 

characteristics (Figures 2 and 3). The treatment shade cloth, which blocked 70% of 

incoming light, was implemented on a 100-m section of the stream channel. Length of 

shading along the stream reach was based on findings from Riley and Dodds (2013) who 

determined that 20 m was the minimum length required to detect significant changes in 

dissolved oxygen concentrations. To check for feasibility, 10 m of the stream channel 

was shaded late in summer of 2015. Preliminary results documented that within 35 days, 

maximum daily water temperatures were roughly 8 °C lower and dissolved oxygen was 
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1.1 mg L-1 lower in the shaded reach compared to the control reach (Figure 4). From the 

findings, the length of shading was set at 100 m to ensure that the shading would 

significantly alter stream dynamics and that there would be ample sampling access for all 

test parameters. Each of the three streams had five sampling events of metabolic activity 

for replication. Thus, repetition in this study is achieved over time. Although using time 

as a replicate is not recommended due to a potential lack of data independence, it is 

necessary due to the unique study site characteristics and lack of site access, which is 

typical in restoration projects.  

Study Sites 

The artificially shaded (hereafter referred to as shade), control site, and the two 

irrigation ponds are located at Lost Creek (44°31'56.22"N, 89°28'15.09"W) and the 

reference reach is located along the Little Plover River (44°28'12.96"N, 89°30'17.47"W), 

which are both in Portage County, Wisconsin. Both sites are located in the same glacial 

outwash plain in central Wisconsin that is dominated by sand deposits. Portage County is 

comprised of sandstone and unconsolidated aquifers, occasionally permitting strong 

connection to groundwater where water tables are shallow (WIDNR 2002). In this region 

of central Wisconsin, land use is mainly comprised of row crop agriculture (e.g., corn and 

potato). Based on sampling during 2015-2016 study period, both Lost Creek and the 

Little Plover River would be characterized as meso-eutrophic in trophic status. During 

preliminary sampling in 2015, elevated nutrients were documented in Lost Creek (TN = 

11.2 mg L-1, and TP =116 µg L-1), while sampling was not completed for Little Plover 

River in 2015due to a study design change that resulted in the use of a different reference 

location in early 2016. In 2016, nutrient concentrations were still relatively elevated at 

Lost Creek (TN = 12 mg L-1, and TP = 56 µg L-1) and the Little Plover River (TN = 7 mg 

L-1, and TP = 27 µg L-1), although there was a slight dilution effect from high 

precipitation and discharge events throughout the 2016 field season.  

The control and shaded reaches, along with two studied irrigation ponds were 

located along Lost Creek, 10 miles east of Stevens Point, WI. In the southern portion of 

the site where the control reach, shaded reach, and two irrigation ponds were established, 

sinuosity was 1.20, slope was 0.0028 m m-1, and the sediment was dominated by sand 
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(D50 = 1.1 mm). The control reach was located upstream of the shaded reach and consists 

of 100 m of open channel. It had a baseflow discharge of approximately 40 L sec-1 and a 

width to depth ratio of 17. In March of 2016, immediately downstream of the control 

reach the shaded reach was established. 100 m of 4 m wide, 70%-shaded cloth was 

installed approximately 1.5 m above the water. In the shade reach, the baseflow discharge 

was 55 L sec-1 and the width to depth ratio was 12. The first irrigation pond was located 

100 m upstream of the control site and had an average depth of 1.21 m, 30 m width, and 

35 m length. The second irrigation pond was located 150 m downstream of the shading 

with an average depth of 1.08 m, 21 m width, and 40 m length.  

Lost Creek is a wetland restoration site that was restored in 2008. Historically, the 

site consisted of intensive agricultural land use that was ditched to promote drainage, 

along with seven ponds for irrigation demands. The restoration activities consisted of 

nearly 121 ha of restored wetlands and approximately 1,830 m of restored headwater 

stream. The restoration was originally focused solely on the wetland mitigation site; 

however, because the ditches contained reproducing brook trout (Salvelinus fontinalis), 

the restoration project was expanded to include re-routing the ditches around the wetland 

perimeter. This included the involvement of the irrigation ponds sporadically placed 

along the stream channel, causing drastic shifts in water velocity and volume of water for 

different habitats suitable for a wide range of life history stages. After restoration, 

surveys were conducted in 2011 and 2013 and determined that brook trout young of the 

year were surviving in the restored reach. Currently, the restored section of Lost Creek is 

a first order stream that has no mature tree cover. Livestaking of dogwood and willow 

were conducted upon restoration; however, augmented efforts and investments towards 

restoring mature vegetation for future canopy cover could yield positive results in the 

overall health of the stream and viability of aquatic organisms.  

The reference site was located on the Little Plover River, which is approximately 

7 km south of Lost Creek and is located in Portage County, Wisconsin.  The Little Plover 

River, at the reference sampling location, is a second order stream and had adequate trees 

in the riparian zone providing significant canopy cover. The forest was a mixed 

deciduous community and the tree species adjacent to the stream typically were 
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composed of species such as Acer rubrum, Fraxinus americana, Betula papyrifera, 

Fraxinus pennsylvannica, and Pinus banksiana. In the reference reach, baseflow was 

slightly higher than Lost Creek at approximately 150 L sec-1. The width to depth ratio 

was 8.75, the slope was 0.0059 m m-1, and the sediment was predominantly sand (D50 = 

0.85 mm). 

Field and/or Laboratory Methods 

Metabolism 

Sampling for this project was from June to October in the summer of 2016 and 

stream metabolism was measured once per month at all sites. Whole-stream metabolism 

was measured using the in situ open system, 2-station diel oxygen change method (Odum 

1956; Marzolf et al. 1994) during consistent streamflow conditions. Dissolved oxygen 

and temperature were monitored at 15-min intervals over a 72-h period using YSI 

Professional Series Optical Dissolved Oxygen Instruments (Yellow Springs, Ohio, USA). 

Each site had two YSI’s, one at the upstream transect (0 m) and one at the downstream 

transect (100 m). Deployment locations on the irrigation ponds were in the middle of the 

pond and at the outlet.  All dissolved oxygen probes were calibrated in water-saturated air 

and logged for 30 min to check for calibration error prior to deployment. Calibration 

error was detected by inserting both dissolved oxygen probes (upstream probe and 

downstream probe) together in the stream channel and logging for 30 min. After 30 min 

of logging, if the difference between the two YSI’s was greater than 3% of each other, 

then equipment was recalibrated, logged for 30 min, and rechecked until both YSI’s were 

within the 3% limit. The distance between the upstream and downstream stations, where 

probes were deployed, was 100 m at the control and reference locations and 50 m at the 

shaded reach to increase the time that a parcel of water was exposed to the stream 

shading. Travel time ranged from 7-20 min among the sites with the longest travel time at 

the control reach and both reference and shaded averaged at 8 min. Probes were 

positioned on the stream bottom pointed upstream at approximately half the water 

column depth. Probes were zip-tied to a cinder block to ensure stabilization over the 

entire 72 h deployment period. Given the channel depth where deployments took place, 

the size of the cinder block alone was sufficient in achieving half the water column depth.  
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 Changes in dissolved oxygen are considered the result of stream metabolism (i.e., 

GPP and ER) and the reaeration flux of oxygen (k). Thus, reaeration must be quantified 

to make accurate estimates of metabolic rates. Studies have demonstrated the benefits of 

using a direct approach to measuring reaeration coefficients (Grant and Skavroneck 1980; 

Wanninkhof et al. 1990; Marzolf et al. 1994); however, this method involves more time 

and money than modeling (Atkinson et al. 2008 and Dodds et al. 2008). For this study, 

the direct approach of sampling directly in the field with a volatile gas (i.e., propane) and 

conservative tracer mix was completed for every deployment over the course of the 

study; however, given specific difficulties with propane detection (see appendix) the 

night-time regression equation developed by Genereux and Hemond (1992) was used to 

calculate reaeration for statistical analysis. A study comparing several methods to 

calculate reaeration in streams concluded that the nighttime regression appeared to be the 

most robust and reliable alternative to use (Aristegi et al. 2009). 

 Direct measurements for estimating reaeration coefficients in the field used a 

volatile gas (e.g., propane) and a conservative tracer mix (e.g., bromide and chloride), for 

lateral inflow estimates (McTammany et al. 2007). The propane was released into the 

stream using one 4.7-gallon propane tank with a 2-stage regulator and three diffusors. 

Diffusers were anchored to the stream bottom in the thawleg and the propane tank was 

anchored to the stream bank. To allow for additional mixing, Styrofoam was placed over 

the three diffusors for deflection of diffused propane back into the stream channel overall, 

maximizing the contact between the propane and the water surface. To determine 

groundwater dynamics along a study reach a conservative tracer (i.e, bromide) was 

injected and subsequently measured at an upstream and downstream location. Bromide 

solution was pumped into the stream at a constant rate (1 liter per second) using an FMI 

variable rate pump (Fluid Metering, Inc., Syosset, New York). The bromide solution was 

made using 150 g of bromide in 8 liters of water and stirred over night. In order to 

monitor the homogeneity of the concentration of bromide solution in the stream channel, 

approximately 3,200 g of NaCl was combined into the solution and was monitored using 

an YSI specific conductance probed that was deployed at the downstream end of the 

stream and monitored every 30 seconds. Once both injections started (propane tank and 
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bromide/salt solution), travel time was calculated using a rhodamine B tracer slug. A 

solution of 10 g of rhodamine B in 500 ml of water was dropped in the upstream transect 

and time was tracked until the rhodamine solution was visually documented at the 

downstream transect; overall, 100 m between upstream and downstream transects. 

Velocity was then calculated by distance (m) over time (sec). After rhodamine was 

documented at the downstream transect, a wait time of 15 min was required to allow for 

complete mixing of the injected substances in the water column. Creating a pinched point 

in the stream channel where the injection of the bromide solution occurred allowed for a 

higher velocity and assisted in the mixing process. After 15 min, the first, in a series of 

three, grab samples took place. Grab samples were collected at the upstream (10 m 

downstream of the injection location) and downstream transect (where specific 

conductance probes were deployed) simultaneously. Grab samples were taken at half the 

depth and at areas in the stream that were relatively naturally channelized for a more 

representative sample of the solution mixed in the stream channel. Samples for bromide 

analysis were filtered with a 0.45 µM membrane filters and analyzed on a Metrohm ion 

chromatograph. The change in concentration from the upstream to downstream sampling 

point was calculated to determine groundwater dilution rates. To sample for propane, 40 

ml of stream water was sampled using a syringe with a stopper at half the depth in the 

thawleg. After stream water was drawn up in the syringe, the syringe was closed and 

carried well away from the stream bank to avoid propane-contaminated air, and 20 ml of 

air was drawn up in the syringe. The 40 ml of stream water and 20 ml of air was then 

agitated by hand for 5 min to allow for movement of propane into the headspace. After 5 

min, 1 ml of the headspace in the syringe was transferred into a vacuumed airtight vial. 

Three grab samples/syringe samples were taken at 15 min intervals. A total of six grab 

samples and six propane filled vials were transported back to the lab and analyzed. 

Propane was analyzed on a SRI gas chromatograph and bromide was filtered with a 0.45 

µM membrane filters and analyzed on a Metrohm ion chromatograph. The following 

equation was used to calculate reaeration rates (Marzolf et al. 1994). 
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Equation 1: Reaeration coefficient 

𝑘 = (
𝑃𝑟𝑜𝑝𝑎𝑛𝑒𝑢𝑝 𝑥 𝐵𝑟𝑑𝑜𝑤𝑛

−

𝑃𝑟𝑜𝑝𝑎𝑛𝑒𝑑𝑜𝑤𝑛 𝑥 𝐵𝑟𝑢𝑝
−

) 

 

Where, propaneup is the concentration of propane on the upstream station and 

propanedown is the concentration of propane on the downstream station. Br-
up is the 

concentration of bromide on the upstream station and Br-
down is the concentration of 

bromide on the downstream station. k = reaeration coefficient.  

 

 The nighttime regression technique was used to calculate reaeration and was 

calculated by using the dissolved oxygen data from the deployments, specifically during 

the night on the falling limb of the diel curves (Genereux and Hemond 1992). A 

regression is developed using the dissolved oxygen rate of change and dissolved oxygen 

saturation deficit. Rate of change was calculated using the dissolved oxygen 

concentration over an hour time step in mg L-1, (O2 mg L-1) t1 – (O2 mg L-1) t0. The 

saturation deficit was calculated by subtracting the observed dissolved oxygen saturation 

from 100 during the same time period used for the rate of change calculation. The 

selected time period for this regression technique was a one-hour block of time during the 

nighttime falling limb on the dissolved oxygen diel curve and usually occurred between 

19:00 and 21:00. Selection of the hour time period was based on the rate of change 

transitioning from positive to negative. Thus, with 15 min intervals, five instantaneous 

data points were used for the regression with rate of change on the x-axis and saturation 

deficit on the y-axis. The slope of the regression equation was used as the reaeration 

coefficient, typically between 0.01 and 0.05. 

 Measurements of metabolism depend on deviations in actual stream oxygen levels 

from saturation calculations derived using ambient water temperature and barometric 

pressure (Young and Huryn 1998). Saturation concentration is the dissolved oxygen 

concentration in the stream at 100% saturation for a given water temperature and 

barometric pressure. Dissolved oxygen saturation calculation are as followed: 
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Equation 2: Dissolved oxygen saturation equation from temperature and pressure.  

𝑆% =

[
 
 
 
 
 
 
 

𝐶𝑡1 × 𝐸𝑋𝑃 ((7.7117 − 1.31403 × ln(𝐶𝑡1 + 45.93)) × 1 − 𝐸𝑋𝑃 (11.8571 − (
3840.7

(𝐶𝑡1 + 273.15)2)))

− (
(

216961
(𝐶𝑡1 + 273.15)2)

𝑃𝑎𝑡𝑚 × (1 − (0.000975 − (0.00001426 × 𝐶𝑡1)))
)

+

(

 
 ((0.00000006436 × (𝐶𝑡1)

2) × 𝑃𝑎𝑡𝑚)

(1 − 𝐸𝑋𝑃 (11.8571 −
3840.7

(𝐶𝑡1 + 273.15)
))

)

 
 

−

(

 
 
 
 
 (

(
216961

(𝐶𝑡1 + 273.15)2)

𝑃𝑎𝑡𝑚
)

(1 − (0.000975 − (0.00001426 × 𝐶𝑡1)))

)

 
 
 
 
 

+ (0.00000006436 × (𝐶𝑡1)
2)

]
 
 
 
 
 
 
 

 

Where, S% is the percent dissolved oxygen saturation, Ct1 is temperature at time 1 and 

Patm is barometric pressure 

 From there, a saturation deficit can be calculated by subtracting the observed 

dissolved oxygen saturation from 100. Variations in oxygen concentrations that are not 

explained by physical factors (e.g., temperature, pressure, reaeration) are attributed to 

stream metabolism (GPP and ER). Metabolism measurements were calculated from a 24-

hr time period. The change in dissolved oxygen was calculated by using the rate of 

change (O2 mg L-1) t1 – (O2 mg L-1) t0 and correcting for reaeration. Reaeration 

corrections are as follows: 

Equation 3: Reaeration corrections for metabolism values. 

𝐺𝑃𝑃𝑘/𝐸𝑅𝑘 = 𝑘 ∗ 1.0241𝐶𝑡1−µ𝐶∗𝑆𝑑
 

Where, k = reaeration coefficient, Ct1 = temperature at time 1, µC is average 

temperature over the deployment period, and Sd is the saturation deficit. 
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 GPP was calculated by integrating the reaeration corrected change in dissolved 

oxygen from dawn to dusk. Dawn and dusk were determined using data from a PAR 

sensor that was monitored continuously just above the stream surface at each site (HOBO 

PAR, Onset Corporation, Bourne, Massachusetts). ER was calculated by using reaeration 

corrected change in oxygen during the nighttime hours and during daytime hours, a linear 

extrapolation of metabolic flux was used to estimate daytime ER. Estimates of GPP and 

ER were converted to an aerial measurement by dividing by mean depth along the reach. 

Average reach depth was determined from 10 transects evenly spaced along each stream 

reach. GPP and ER were used to calculate net ecosystem production (NEP = GPP – ER) 

and the ratio of GPP to ER (P/R). In our study, we took the absolute value of the GPP to 

ER ratio to always present P/R as a positive value.  

 Groundwater inputs into a stream reach during a deployment can provide bias to 

estimates of ER and GPP (Hall and Tank 2005). Groundwater seepage with low dissolved 

oxygen can cause you to overestimate ER and underestimate GPP. Groundwater 

discharge was determined using bromide injections from the reaeration direct 

measurements and determining dilution factors of bromide from the upstream reach to the 

downstream reach (
𝐵𝑟𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚  − 𝐵𝑟𝐷𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚

𝐵𝑟𝑈𝑝𝑠𝑡𝑟𝑒𝑎𝑚 ) ∗ 100. Groundwater contributions were 

calculated using stream discharge and percent groundwater contribution. The 

groundwater contribution was then multiplied by the area (m2), using stream length and 

average stream width. Average stream width was determined from 10 transects along 

each stream channel. Area multiplied by groundwater discharge was used in the 

correction factor (Qq) outlined by Hall and Tank (2005). In addition, groundwater 

dissolved oxygen concentrations were also needed for Hall and Tanks correction factor 

and was measured during each deployment period with two mini-piezometers installed in 

the upper third and lower third of each reach. Groundwater was drawn from the mini-

piezometers using a peristaltic pump and power drill. Water was transported straight from 

the pump to into a YSI calibration cup. This allowed the groundwater to continuously 

flow pass the DO probe and not be exposed to the atmosphere.  Finally, GPP and ER 

values were corrected for groundwater using the approach developed by Hall and Tank 

(2005) when groundwater contributions exceeded 7% of total discharge.  
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Physical and Chemical Measurements 

Physical and chemical attributes were monitored at the same time as metabolism 

at each stream reach. Discharge was calculated with a Flow Tracker (Xylem Analytics 

SonTek San Diego, California) using a cross sectional area of the stream channel 

following typical USGS 6/10th depth protocol. Grab samples for water chemistry were 

collected, brought back to the laboratory and stored at 4°C. Total phosphorus and total 

nitrogen, in unfiltered samples, were first digested using the alkaline persulfate digestion 

method, which involves converting all forms of nitrogen and phosphorus to the oxidized 

state using a chemical oxidant, temperature, and pressure (Hosomi and Sudo 1986). After 

digestion, samples were then analyzed on a Lachat QuikChem 8000 with color binding 

technology using molybdate for phosphorus color reagent and sulfanilamide for nitrogen 

color reagent. Soluble reactive phosphorus and nitrate samples were filtered through 0.45 

µM membrane filters and analyzed on a Lachat QuikChem 8000. Continuous temperature 

measurements were collected at all sites in three locations along each reach (0 m, 50 m, 

100 m transects) at 30-min intervals from May to October using Tibbit v2 temperature 

loggers (HOBO temp; Onset Corporation, Bourne, Massachusetts) to document any 

season-long trends in temperature. 

Chlorophyll a and organic matter content were also sampled at the beginning of 

deployments. Unglazed ceramic plates were installed on the sediments on May 12, 2016 

to collect periphytic algal growth. Each site had four plates installed at three locations 

along each reach (0 m, 50 m, 100 m transects) resulting in 12 total plates in each reach. 

At the time of deployment for stream metabolism measurements, one plate from each 

transect (0 m, 50 m, 100 m) was randomly picked (n=3) for destructive sampling. 

Periphytic algae growth was scoured off each plate by placing a cut syringe barrel (which 

resulted in a 1 cm2 surface area) with an O-ring glued to the edge. With the barrel pressed 

firmly onto the ceramic tile, deionized water and a brush were used to create a slurry. 

This slurry was then collected with a syringe and subsequently filtered using a 5.0 µm 

nitrocellulose filter in the field using a a cassette filter apparatus. Filters were then 

wrapped in aluminum foil, transported back to the laboratory, and froze at -18°C until 

analysis. The day prior to analysis, sample filters were placed in 13 mL of 90% acetone, 
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sonicated for 30 min, and stored overnight at -18°C. The next morning the samples were 

autoclaved at 20° C for 30 min and when necessary diluted with 90% acetone to be in 

calibration range. Samples were analyzed using a TD-700 Turner Designs Flurometer. 

Organic matter samples were collected at each transect (0 m, 50 m, 100 m) along each 

stream reach. This sampling consisted of coring the top 5 cm of sediment in both the 

thalweg and side channel at each transect location resulting in six samples collected per 

stream reach. Samples were brought back to the lab and dried at 105°C for at least 24 

hours to determine dry mass. Next samples were combusted at 550°C for 6 hours. The 

difference between dry mass and combusted mass was due to the loss of organic matter. 

Percent organic matter was calculated as the difference between dry mass and combusted 

mass divided by the dry mass. 

Statistical Analysis  

Data were analyzed using a 1-way analysis of variance (ANOVA) to compare 

differences in groundwater corrected metabolic variables (GPP, ER, and NEP) among the 

reference, control, and shaded reach (n=5) using IBM SPSS (α = 0.05). All data were 

checked for normality and heterogeneity of variances before analysis, and no 

transformations were needed. Post hoc analyses were completed using Tukey tests. To 

determine what stream attributes were related to metabolism, a redundancy analysis 

(RDA) was conducted using Canoco 5.0. The response variables used for this test were 

groundwater corrected GPP, ER, NEP, and P/R. The independent variables used were 

percent organic matter, periphytic chlorophyll a, soluble reactive phosphorus (SRP), and 

PAR. All data were centered and standardized prior to testing. Randomization tests were 

conducted on both the first canonical axis and the summation of all axes using 9,999 

permutations. Metabolism in the irrigation ponds was conducted only once and thus with 

no replication we could not conduct statistical analysis.  
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Figure 1: Artificial stream shading (experimental reach) located at Lost Creek restoration 

site Portage County, WI.  
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Figure 2: Location map of the artificially shaded irrigation pond and stream reach and 

control sites at Lost Creek, WI.  

 
Figure 3: Reference site on the Little Plover River, WI. 
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Figure 4: Temperature (°C) on Lost Creek, Portage County, WI. Artificial shading 

implemented with 70% shade cloth on 30 ft. of a stream reach for 56 days from the end 

of August to early October. Maximum difference between shaded canopy and open 

canopy was 8°C on 10/11/2015.  
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3. Influence of shading on stream temperature and dissolved oxygen in an agriculturally 

influenced stream in central Wisconsin, USA. 

Abstract 

Headwater streams with a forested riparian zone and canopy cover have regulated stream 

temperatures and stream ecosystem metabolism because of shading. Agricultural 

practices have dramatically altered riparian corridors with the removal of mature 

vegetation, which consequently alters natural stream processes. The objective of this 

study was to investigate the effects of shading on dissolved oxygen by examining stream 

temperature and ecosystem metabolism in an agriculturally influenced, low order stream. 

We examined three stream reaches; two in a recently-restored stream (Lost Creek) and 

one in a nearby unimpacted reference stream (Little Plover River). The two reaches in 

Lost Creek included a 100-m artificially-shaded stream reach and a control reach 

immediately upstream of the shaded reach. The Little Plover River included one 

reference reach with a fully forested canopy. Both streams are located in agricultural 

watersheds and based on phosphorus levels would be classified as meso-eutrophic. Each 

stream reach was assessed during stable flow conditions once each month between June 

and October of 2016. Rates of gross primary production (GPP), ecosystem respiration 

(ER), and net ecosystem production (NEP) were determined using the open system, two-

station diel dissolved oxygen change method, and reaeration (k) was calculated using the 

nighttime regression method. Based on stream discharge data, we corrected metabolism 

values for groundwater when inputs exceeded 7% (Hall and Tank 2005).  We also 

measured water temperature, PAR (photosynthetically active radiation), soluble reactive 

phosphorus (SRP), periphytic chlorophyll a content, and organic matter content at each 

site as potential controlling variables. Surprisingly, no significant differences were 

observed in maximum water temperatures among the three sites; however, GPP levels 

were significantly lower (ANOVA F2,14 = 45.45; p < 0.001) in the artificially shaded 

reach and the reference site compared to the control indicating that shading reduced GPP. 

ER was not significantly different among the reaches and remained relatively low, which 

resulted in the control reach having a highly positive and significantly higher NEP 

(ANOVA F2,14 = 17.656 p < 0.001) compared to the shaded and reference reaches. 
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Redundancy analysis revealed that GPP and NEP were strongly correlated with PAR. 

Our findings suggest that shading can improve dissolved oxygen dynamics in an 

agriculturally-influenced stream by lowering GPP.  

Introduction 

Forested headwater streams rely on the riparian zone and canopy cover to regulate 

essential stream processes that influence the aquatic organisms that inhabit stream 

ecosystems (Osborne and Kovacic 1993). The transition of land use from natural forest or 

native grassland to row crop agriculture, however, has influenced many aquatic 

ecosystems with the removal of riparian zones along with the widespread increase in 

levels of nitrogen and phosphorus (Lowrance et al. 1984; Foley et al. 2005). In the United 

States from 2008-2009, 46% of river and stream length was in poor biological condition 

resulting from many anthropogenic activities that cause stress to freshwater ecosystems, 

including agricultural practices (EPA, 2016).  

  Removal of vegetation in a stream riparian zone can influence the amount of 

nutrients transported into the water column along with the amount of shading provided to 

the stream (Lyons et al. 2000; Dosskey et al. 2010).  Increased rates of thermal radiation 

and photosynthetically active radiation (PAR) can influence the water temperature and 

autotrophic biomass (Robinson and Minshall 1986; Moore et al. 2005; Kundzewicz et al. 

2009). The simultaneous effects of excessive nutrients in the water column along with 

direct sunlight can lead to eutrophication and a stream dominated by autotrophic biomass 

causing instability of dissolved oxygen (Karr and Schlosser 1978; Dodds et al. 2002).  

 Temperature is an important factor in controlling major stream processes such as 

metabolism, decomposition rates, solubility of gases, and biotic diversity. Sensitive, cold-

water species, including salmonid fishes, are adversely impacted by high stream 

temperature (McCormick et al. 1972). High temperatures can also increase susceptibility 

to disease and potentially serve as a barrier for migrating species that require specific 

habitats for different life history stages (Beschta et al. 1987; Ebersole et al. 2001). 

  Incoming solar radiation is the major source of thermal energy in streams (Brown 

and Krygier 1970; Sinokrot and Stefan 1993; Webb and Zhang 1999; Webb and Nobilis 

2007). Clear-cutting riparian forests for the purposes of agriculture can directly affect the 
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amount of solar radiation coming into the system and result in rising stream temperatures. 

Although direct solar radiation is the main factor controlling stream temperature, 

subsurface flow also affects stream temperature (Kasahara and Wondzell 2003; Malard et 

al. 2001; Johnson 2004).  

 There is an inverse relationship between temperature and dissolved oxygen, thus 

rising temperature can decrease dissolved oxygen contents in streams. Understanding the 

differential influences of solar radiation and subsurface flow on stream temperatures is 

important, especially in regards to dissolved oxygen and stream health.   

  Concerns about dissolved oxygen instability have led researchers to investigate 

stream health and restoration techniques to improve aquatic and riparian habitat. 

Measurements of ecosystem metabolism are useful in determining the factors controlling 

eutrophication and ecosystem instability (Mulholland et al. 2001). Estimates of stream 

metabolism are typically determined by examining changes in dissolved oxygen over a 

diel time step (Odum 1957; Marzolf et al. 1994). Stream metabolism involves the 

combination of gross primary production (GPP), ecosystem respiration (ER), and the 

exchange of oxygen with the atmosphere (k).  

Headwater streams with agricultural influences are biologically active systems 

with high rates of GPP and ER compared to forested streams protected by a riparian 

buffer (Zucker and Brown 1998; Dodds et al. 2006; Griffiths et al. 2013). This is most 

likely due to agricultural streams having higher light availably due to an open canopy 

(Hill et al. 1995; Mulholland et al. 2001; Fellows et al. 2006) and increased 

concentrations of dissolved nutrients (Grimm and Fisher 1986; Lamberti and Steinman 

1997; Hall and Tank 2003), overall causing autotrophic biomass to dominate the stream 

channel. Excessive autotrophic biomass causes ER to increase simultaneously with GPP 

by the organic matter availability produced by senescent primary production (Acuña et al. 

2007; Roberts et al. 2007) and, therefore, is affected by both allocthonous and 

autothonous material. Thus, anthropogenic alterations of nutrients and canopy cover can 

result in an ecosystem cascade.  

The effects of intensive agriculture on headwater ecosystems have been well 

documented, but restoration projects are difficult to implement in these landscapes and 
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the effect of restoration on stream metabolism is rarely studied. Previous research has 

mainly focused on the influence of riparian vegetation on metabolism in forested and 

undisturbed streams with relatively low nutrient loads (Wiley et al. 1990; Young and 

Huryn 1999; Mulholland et al. 2001; Houser et al. 2005; McTammany et al. 2007; 

Roberts et al. 2007; Bott et al. 2006; Bernot et al. 2010; Riley and Dodds 2012). Few 

studies have documented the restoration of agricultural land use with simply restoring 

canopy cover. McTammany et al. (2007) examined agricultural restoration in southern 

Application Mountains and found that stream ecosystem metabolism could recover from 

agricultural influences, particularly when shade provided by terrestrial vegetation is 

restored. However, sites in their study that were identified as agriculturally influenced 

would be classified as oligotrophic, based on their observed soluble reactive phosphorus 

(SRP) concentrations (8-9 µg L-1). In the Midwestern United States, which represents one 

of the most intensive areas of agriculture in the world (USDA Census of Agriculture 

2007), agriculturally-influenced streams have much higher phosphorus levels (Zucker 

and Brown 1998) and are classified as meso- eutrophic (Smith et al. 2003). Thus, there is 

a lack of knowledge in how streams influenced by intensive agriculture with high 

phosphorus levels (TP: 100 or > 150 µg L-1) will recover if canopy cover is re-

established. This research will fill a crucial knowledge gap in our knowledge about 

stream metabolism in agricultural landscapes.  

The objective of this study was to quantify the effect of artificial shading on water 

temperature and stream metabolism in a low order, agricultural stream and to identify 

which stream attributes controlled stream metabolism. To achieve these objectives, 

temperature and stream metabolism were monitored monthly between June and October 

in 2016 in three stream reaches. One reach consisted of a 100 m stretch that had artificial 

shading installed along Lost Creek and was used as the experimental site. A second reach 

immediately upstream of the experimental reach served as a control. The third stream 

reach was located approximately 7 km south in the Little Plover River, which has a 

forested riparian canopy and was served as a reference site. Both Lost Creek and the 

Little Plover River are located in watersheds dominated by agricultural land use, and 

based on historical water sample analysis would be classified as meso-eutrophic. Physical 
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and chemical attributes of each reach were collected during the same time metabolism 

was assessed and used to determine the factors controlling metabolism. We hypothesized 

that the shaded site would have lower GPP, ER, and water temperature compared to the 

control site but not as low as the reference site. We also hypothesized that PAR would be 

an important controlling variable on metabolism.  

Methods 

Study sites 

The study sites, an artificially-shaded reach (hereafter referred to as shaded) and 

control reach in Lost Creek (44°31'56.22"N, 89°28'15.09"W) and a reference reach in 

Little Plover River (44°28'12.96"N, 89°30'17.47"W) are in Portage County, Wisconsin 

(Figure 1). Both streams are located in the same glacial outwash plain in central 

Wisconsin that is dominated by sand deposits. Portage County is comprised of sandstone 

and unconsolidated aquifers, occasionally permitting strong connection to groundwater 

where water tables are shallow (WIDNR 2002). In this region of central Wisconsin, land 

use is mainly comprised of row crop agriculture (e.g., corn and potato). Based on 

sampling during the study period, both Lost Creek (TN = 12 mg L-1, and TP = 56 µg L-1) 

and the Little Plover River (TN = 7 mg L-1, and TP = 27 µg L-1) are meso-eutrophic.  

The control and shaded reaches were located in a section of Lost Creek that was 

restored in 2008. Historically, the site had intensive agricultural land use and was ditched 

to promote drainage. The restoration activities consisted of nearly 121 ha of restored 

wetlands and approximately 1,830 m of restored headwater stream. Currently, the 

restored section of Lost Creek has no mature tree cover. The NLCD (USGS, 2011) lists 

cultivate crops (73%) as the predominant land cover in the watershed. Other notable land 

cover groups include forested (19%), developed (5%), and wetland and open water (2% 

and 1%, respectively). Lost Creek is a first order stream that has a drainage area of 6.7 

km2. In the section where both the control and shaded sites were established sinuosity 

was 1.20, slope was 0.0028 m m-1, and the sediment was dominated by sand (D50 = 1.1 

mm). The control site was located upstream of the shaded site and consisted of 100 m of 

open channel. It had a baseflow discharge of approximately 40 L sec-1 and a width to 

depth ratio of 17. The shaded reach was established immediately downstream of the 
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control reach in March of 2016. A 100 m long by 4 m wide 70% shade cloth was 

installed approximately 1.5 m above the water. In the shaded reach, the baseflow 

discharge was 55 L sec-1 and the width to depth ratio was 12.  

The reference site was located on the Little Plover River, which is approximately 

7 km south of Lost Creek and is located in Portage County, Wisconsin. Little Plover 

River has a drainage area of 21 km2. Similar to Lost Creek, the NLCD (USGS, 2011) lists 

cultivate crops (65%) as the predominant land cover in the watershed while forested 

(27%), developed (7%), and wetlands (1%) are other notable land use groups. Little 

Plover River is a second order stream and the riparian zone provided significant canopy 

cover. The forest is a mixed deciduous community and the tree species adjacent to the 

stream are composed of northern hardwood forest species such as Acer rubrum, Fraxinus 

americana, Betula papyrifera, Fraxinus pennsylvannica, and Pinus banksiana. In the 

reference reach, baseflow was slightly higher than Lost Creek and was approximately 

150 L sec-1. The width to depth ratio was 8.75, the slope was 0.0059 m m-1, and the 

sediment was predominantly sand (D50 = 0.85 mm). 

Metabolism  

Sampling for this project was from June to October in the summer of 2016 and 

stream metabolism was measured once each month at all sites. Whole-stream metabolism 

was measured using the in situ open system, 2-station diel oxygen change method (Odum 

1956; Marzolf et al. 1994) during consistent streamflow conditions. Dissolved oxygen 

and temperature were monitored at 15-min intervals over a 72-h period using YSI 

Professional Series Optical Dissolved Oxygen Instruments (Yellow Springs, Ohio, USA). 

All dissolved oxygen probes were calibrated in water-saturated air and logged for 30 min 

to check for calibration error prior to deployment. The distance between the upstream and 

downstream stations, where probes were deployed, ranged from 50 to 100 m, and travel 

time ranged from 7-20 min among the sites. Probes were positioned on the stream bottom 

pointed upstream at approximately half the water column depth. 

 Changes in dissolved oxygen are considered to be the result of stream metabolism 

(i.e., GPP and ER) and the reaeration flux of oxygen (k). For this study, the night-time 



 

 

35 
 

regression equation developed by Genereux and Hemond (1992) was used to calculate 

reaeration by using the drop in dissolved oxygen at night   

 Metabolism was calculated for a 24-hr time period. The change in dissolved 

oxygen was calculated by taking the difference in dissolved oxygen over a one-hour time 

step and corrected for reaeration. Measurements of metabolism depend on deviations in 

actual stream oxygen levels from saturation calculations derived using ambient water 

temperature and barometric pressure (Young and Huryn 1998). Variations in oxygen 

concentrations that are not explained by physical factors (e.g., temperature, pressure, 

reaeration) are attributed to GPP and ER. GPP was calculated by integrating the 

reaeration corrected change in dissolved oxygen curve from dawn to dusk. Dawn and 

dusk were determined using data from a PAR sensor that was monitored continuously 

just above the stream surface at each site (HOBO PAR, Onset Corporation, Bourne, 

Massachusetts). ER was calculated by using reaeration corrected change in oxygen 

during the nighttime hours and during daytime hours, a linear extrapolation of metabolic 

flux was used to estimate daytime ER. Estimates of GPP and ER were converted to an 

aerial measurement by dividing by mean depth along the reach. GPP and ER were used to 

calculate net ecosystem production (NEP = GPP – ER) and the ratio of GPP to ER (P/R). 

In our study, we took the absolute value of the GPP to ER ratio so P/R was a positive 

value.  

Groundwater discharge was determined using bromide injections and dilution 

factors of bromide from the upstream reach to the downstream reach (Hall and Tank 

2005). In addition, groundwater dissolved oxygen concentrations were measured during 

each deployment period with two mini-piezometers installed in the upper third and lower 

third of each reach. Finally, GPP and ER values were corrected for groundwater using the 

approach developed by Hall and Tank (2005) when groundwater contributions exceeded 

7% of total discharge.  

Physical and Chemical Measurements 

Physical and chemical attributes were monitored in each stream reach 

concurrently with metabolism measurements. Discharge was calculated with a Flow 

Tracker (Xylem Analytics SonTek San Diego, California) using a cross sectional area of 
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the stream channel following USGS protocol (Turnipseed and Sauer 2010). Grab samples 

for water chemistry were collected, brought back to the laboratory and stored at 4°C. 

Total phosphorus and total nitrogen, in unfiltered samples, were first digested using the 

alkaline persulfate digestion method (Hosomi and Sudo 1986) and then analyzed on a 

Lachat QuikChem 8000. Soluble reactive phosphorus and nitrate samples were filtered 

through 0.45 µM membrane filters and analyzed on a Lachat QuikChem 8000. 

Continuous temperature measurements were collected at all sites in 3 locations along 

each reach (0 m, 50 m, 100 m transects) at 30-min intervals from May to October using 

Tibbit v2 temperature loggers (HOBO temp; Onset Corporation, Bourne, Massachusetts). 

Daily maximum values were collected for each day from the most downstream logger 

(i.e., 100 m) and used for statistical analysis. 

Chlorophyll a and organic matter content were sampled at the beginning of 

deployments. Unglazed ceramic plates were installed on the sediments on May 12, 2016 

to collect periphytic algal growth. Each site had 4 plates installed at 3 locations along 

each reach (0 m, 50 m, 100 m transects) resulting in 12 total plates in each reach. At the 

time of deployment for stream metabolism measurements, one plate from each transect (0 

m, 50 m, 100 m) was randomly picked (n=3) for destructive sampling. Periphytic algae 

growth was scoured off each plate by placing a cut syringe barrel (which resulted in a 1 

cm 2 surface area) with an o-ring glued to the edge. With the barrel pressed firmly onto 

the ceramic tile, deionized water and a brush were used to create a slurry. This slurry was 

then filtered using a 5.0 µm nitrocellulose filter in the field using a cassette filter 

apparatus. Filters were then wrapped in tin foil, transported back to the laboratory, and 

froze at -18°C until analysis. The day prior to analysis, sample filters were placed in 13 

mL of 90% acetone, sonicated for 30 min, and stored overnight at -18°C. The next 

morning the samples were autoclaved at 20° C for 30 min and when necessary diluted 

with 90% acetone to be in calibration range. Samples were analyzed using a TD-700 

Turner Designs Flurometer. Organic matter samples were collected at each transect (0 m, 

50 m, 100 m) along each stream reach. This sampling consisted of coring the top 5 cm of 

sediment in both the thalweg and side channel at each transect location resulting in 6 

samples collected per stream reach. Samples were brought back to the lab and dried at 
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105°C for at least 24 hours to determine dry mass. Next samples were combusted at 

550°C for 6 hours. The difference between dry mass and combusted mass was due to the 

loss of organic matter. Percent organic matter was calculated as the difference between 

dry mass and combusted mass divided by the dry mass. 

Statistical Analysis  

Data were analyzed using a 1-way analysis of variance (ANOVA) to compare 

differences in groundwater corrected metabolic variables (GPP, ER, and NEP) among the 

reference, control, and shaded reach (n=5) using SPSS (α = 0.05). All data were checked 

for normality and heterogeneity of variances before analysis, and no transformations were 

needed. Post hoc analyses were completed using Tukey tests. To determine what stream 

attributes were related to metabolism, a redundancy analysis (RDA) was conducted using 

Canoco 5.0. The response variables used for this test were groundwater-corrected GPP, 

ER, NEP, and P/R. The independent variables used were percent organic matter, 

periphytic chlorophyll a, soluble reactive phosphorus (SRP), and PAR. All data were 

centered and standardized prior to testing. Randomization tests were conducted on both 

the first canonical axis and the summation of all axes using 9,999 permutations. 

Results 

 During the study period, water levels did not follow a predictable seasonal pattern 

for central Wisconsin (Figure 2). Typically, precipitation peaks during spring and recedes 

throughout the summer undergoing vulnerable low flow conditions in late summer and 

early fall; however, the 2016 growing season experienced an inverse pattern of the typical 

precipitation trends. Early spring received relatively minor precipitation compared to the 

amount of precipitation documented over the entire growing season (April = 23 mm). 

However, early summer storm events caused water levels to reach the highest depths 

achieved during our sampling period, with May receiving 73 mm and June with the 

highest amount of precipitation (190 mm of rainfall) documented during the 2016 

sampling period. Following these early summer storm events, the water level in Lost 

Creek receded at a much slower rate than the Little Plover River. This resulted in higher 

than expected discharge values in Lost Creek through the July and August sampling 

events. We attributed the prolonged high discharge value in Lost Creek to the restored 



 

 

38 
 

wetland adjacent to the stream storing more surface water and slowly releasing it into 

stream channel via shallow groundwater. On the other hand, the Little Plover River, 

without the presence of adjacent wetlands, receded back to expected discharge rates at a 

much quicker rate. Overall, water levels in Lost Creek did not recede completely to the 

early June baseflow levels prior to intense storm events. July precipitation (72 mm of 

rainfall) caused the water table to stay persistently elevated. The water table receded 

slightly in August with only 24 mm of precipitation; however, a spike in precipitation 

was documented again in September and October (74 mm and 49 mm of rainfall, 

respectably), causing another increase in water depth. 

Overall, there were no statistical differences among daily maximum water 

temperatures among the streams. The reference site generally had the lowest maximum 

daily temperatures compared to the control and shaded (Figure 3). When comparing the 

shaded and control reach, an unexpected pattern emerged. Early in the sampling period, it 

appeared as if temperature was following our hypothesized pattern in that the control had 

warmer observed water temperature (see early June in Figure 3). However, by late June, 

water temperature in the shaded reach became more consistent with the control, and for 

the remainder of the study period the water temperatures in shaded were similar to the 

control.  

  Significant differences in GPP were found among the shaded, control, and 

reference reach (F2,14 = 45.45, p < 0.001). Post hoc tests revealed the shaded reach and 

the reference reach had statistically lower GPP levels than the control reach, whereas 

there was no difference between the shaded reach and reference reach (Figure 4). The 

lowest GPP detected was in the reference reach (0.35 ± 0.32 g O2 m
-2 d-1; all data 

hereafter are mean ± 1 standard deviation) and throughout the entire sampling period 

maintained levels well below 1 g O2 m
-2 d-1 (Table 1). Although GPP in the shaded reach 

(2.65 ± 0.99 g O2 m
-2 d-1) was higher than the reference, it was not significantly different, 

most likely due to the high variance. In the shaded reach, GPP was highest in June and 

appeared to gradually decrease throughout the summer (Table 1). Gross primary 

production was highest in the control reach (6.58 ± 1.48 g O2 m
-2 d-1) and approximately 

19-times higher than the reference reach and 2.5-times higher than the shaded reach. 
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Overall, GPP in the control reach maintained elevated rates throughout the sampling 

period (Table 1). No statistical differences were observed in ER among all three sites 

(Figure 4). Similar to GPP, we found the lowest ER values at the reference site (-0.28 ± 

0.23 g O2 m
-2 d-1) and values remained well below 1 g O2 m

-2 d-1 during the entire 

sampling period (Table 1). ER at the control and shaded site (-2.14 ± 1.01 and -2.19 ± 

1.10 g O2 m
-2 d-1, respectively) were slightly higher than the reference and showed little 

seasonal variability (Table 1).  

With no significant differences detected in ER, NEP values followed a similar 

statistical trend to GPP. Specifically, NEP was statistically different among the 3 sites 

(F2,14 = 17.66, p < 0.001) and was highest in the control but similar between the reference 

and shaded sites (Figure 4). We used NEP to examine seasonal trends because this metric 

balances GPP and ER (Figure 5). We used the reference site to identify a typical seasonal 

pattern and compared the control and shaded site to this benchmark. NEP at the reference 

site revealed that ER dominated metabolism in June, in July and August was controlled 

by GPP, and ER dominated metabolism through October (Figure 5). The shaded reach 

displayed some seasonality but it appeared that GPP was dominant only in September 

and in all other sampling months GPP and ER were potentially balanced (Figure 5). In 

contrast, metabolism in the control reach was strongly controlled by GPP throughout the 

entire sampling period (Figure 5). P/R ratio was the highest in the control reach (3.4) and 

lower in the shaded and reference reaches (1.5 and 2.0, respectively) over the sampling 

period. However, because P/R is derived by dividing the metabolism metrics by each 

other, the difference in magnitude between sites was masked with this metric. Therefore, 

we relied more on NEP to indicate seasonal differences in metabolism. 

  Physical and chemical variables were measured at each reach; although statistics 

were not conducted to compare these variables among the study reaches. Reaerations 

rates remained relatively low and did not drastically differ among sites or change 

seasonally. The control reach had the lowest reaeration rate (0.039 ± 0.008 hr -1), while 

the shaded and reference were quite similar to each other (0.044 ± 0.012 and 0.044 ± 

0.010 hr -1, respectively). As designed, the closed canopied sites had lower PAR 

(reference = 19 ± 10 µmol m-2 sec-1; shaded = 133 ± 54 µmol m-2 sec-1) compared to the 
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control reach (491 ± 178 µmol m-2 sec-1). This resulted in the control reach having 

approximately 20-times more PAR than the reference reach and nearly 4-times more 

PAR as the shaded reach. Following a similar pattern, periphyton biomass was highest in 

the control (97 ± 58 mg m-2) compared to the shaded site which was next highest (36 ± 25 

mg m-2), followed by the reference site which had the lowest biomass (19 ± 10 mg m-2). 

Because the shaded reach was immediately downstream of the control reach, SRP 

concentrations were nearly identical (41 ± 12 and 42 ± 11 µg L-1 for the shaded and 

control reach, respectively). The reference site had SRP concentrations (20 ± 6 µg L-1) 

that were roughly one-half that of the other two sites.  Organic matter content was low 

and consistent among all three reaches (1.6 ± 1.0, 1.1 ± 0.3, and 1.7 ± 0.6 % for the 

reference, shaded, and control reach, respectively). We did not statistically analyze the 

physical and chemical variables were measured at each reach. 

To determine if any stream characteristics correlated with metabolism (GPP, ER, 

NEP, and P/R) we conducted an RDA (Figure 6). Based on the small sample size for the 

analysis (n = 15), we limited the number of independent variables to the following: PAR, 

periphyton, SRP, and organic matter content. Independent variables explained 58.9% 

while the first and second axis explained 49.7% and 8.9%, respectively. Randomization 

tests of the first axis (F = 9.9, p = 0.002) and the summation of all axes (F = 3.6, p = 

0.004) yielded significant results. A triplot revealed GPP and NEP were strongly aligned 

with the first axis and that PAR was highly correlated with both of these variables (Figure 

6). In addition, we observed separation of the sites in the ordination diagram suggesting 

that the control site was explained by high GPP and NEP while the reference site was 

most likely exhibiting the lowest GPP and NEP values. 

Discussion 

Effect of stream shading on water temperature 

The lack of difference in daily maximum stream temperature among our three 

study sites suggests that stream shading was not the dominant factor controlling stream 

temperature. With the high amount of precipitation over the course of the study period, it 

is possible that groundwater exchange was the dominant factor controlling stream 

temperature (Figure 2). We believe that precipitation and its influence on water depths 



 

 

41 
 

accounts for why we were unable to document a water temperature effect among our 

study sites (Figure 3). The greatest disparity in water temperature occurred in the 

beginning of June when the water table was the lowest at Lost Creek. During this time, 

the control reach had a higher daily maximum temperature than the shaded reach, which 

is congruent with our hypothesis and suggests that the primary factor controlling water 

temperature is the shading applied to the stream and blocking thermal radiation 

(Rutherford et al. 1997; Moore et al. 2005).  However, with intense and prolonged storm 

events and elevated water depths, there was minimal to no separation of stream 

temperature among sites, suggesting that the surface water was influenced and even 

stabilized by cold groundwater inputs (Moore et al. 2007). Any alteration of heat load 

(i.e., thermal radiation) or discharge (i.e., water level) will influence channel water 

temperature (Poole and Berman 2001). Therefore, in Lost Creek we observed that 

groundwater was diluting heat energy in the control reach, which negated the effects of 

blocking incoming radiation at our shaded reach.  

Another condition that arose during the sampling period was towards the end of 

the sampling season, when air temperature started to fall, the shaded reach temperature 

surpassed the control temperature. This is a common trend that others have attributed to 

net-long wave radiation, which has a positive correlation with canopy cover (Reifsnyder 

and Lull 1965). Although we expected to see slight increases in water temperature due to 

net-long wave radiation acting as an incubator, the influences of groundwater appeared to 

assist in warming of the shaded reach to unexpectedly exceed the control reach in some 

instances. Typically, increases due to net-long wave radiation are not in sufficient 

amounts to demonstrate an overall increase in temperature over a daily time step; 

however, we discovered the importance of groundwater in stabilizing the environment 

along a stream continuum and the supplemental shaded to incubate the stream causing 

maximum temperature to surpass the control reach. 

Our study design was aimed at capturing the influence of low flow conditions on 

water temperature (Bartholow 1991; van Vilet et al. 2013). However, precipitation levels 

observed during this study negated the influences of shading when water depths were 

high. Based on our observations in early June, if Lost Creek would have reached low 
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flow conditions, we believe temperature results would have been different and the 

artificial shading would have provided a significant cooling effect on stream temperature. 

Effect of stream shading on metabolism 

Gross Primary production (GPP) 

Our results indicate that light (PAR) was a key variable affecting GPP. 

Specifically, we found that GPP can decrease significantly by reducing the amount of 

PAR in a high nutrient stream ecosystem. Our data showed that by providing shade to a 

high nutrient stream, we can decrease GPP to levels similar to a fully forested reference 

reach. These results were consistent with other studies that discovered shading decreases 

GPP (Mulholland et al. 2001; Young and Huryn 1999; McTammany et al. 2007; Bott et 

al. 2006; Bunn et al. 1999, 1998; Vannote et al. 1980; Mosisch et al. 2001). In these 

studies, PAR levels were primarily the result of land use and specifically the density of 

riparian tress or their establishment over time. What makes our study unique is that 

within one year we were able to manipulate shading within Lost Creek and immediately 

observed a large decline in GPP. This allowed us to conclude that PAR is a direct driver 

of GPP in the stream ecosystem we evaluated. In addition, our study suggests that 

shading in high nutrient streams may be even more important than shading in more 

pristine streams. Dodds et al. (1996) reported that GPP in an open reach of a prairie 

stream in central Kansas was 2.6 times greater than in a forested reach. In contrast, we 

observed that GPP was 19 times greater in our control reach compared to our forested 

reference reach. Thus, under higher nutrient conditions commonly observed in 

Midwestern streams influenced by agricultural land use, metabolism can be accelerated 

under open canopy conditions. 

As indicated by the RDA, periphyton biomass was the secondary factor related to 

GPP levels followed by SRP, which was weakly correlated. This finding is congruent 

with a study by Quinn et al. (2010), which concluded that periphyton productivity 

decreased with increasing shade. Chamber studies have revealed that stream periphyton 

will show light saturation of photosynthesis at an irradiances of 200-400 µmol m-1 s-1 

(Hill and Boston 1991; Hill et al. 1995). Accordingly, the shaded and reference reach had 

monthly PAR averages that never exceeded 200 µmol m-1 s-1, which created light 
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limitations for periphyton at these two sites. Conversely, the open canopied control site 

exhibited consistent light saturation as the lowest monthly average PAR was 253 µmol m-

1 s-1 in October. In regards to SRP, it is important to note that concentrations were similar 

between the shaded reach and the control reach and within each site were consistent 

seasonally due to both stream’s connection to groundwater. This consistency in SRP 

values mostly likely led to the weak relationship we observed in this study between SRP 

and GPP.    

With the wet conditions and high flows we observed during the study period, we 

were expecting to observe little differences between GPP at the shaded and control sites. 

Dodds et al. (1996) studied the effects of flood events on primary producers in a prairie 

stream and concluded that biomass of algae was reduced greatly by high precipitation 

levels due to scouring of sediments and sestonic algae (Uehlinger 2000, 2006; Uehlinger 

et al. 2003; Biggs et al. 1995; Lohman et al. 1992; Grimm and Fisher 1989). Young and 

Huryn (1996) studied metabolism during two consecutive summer periods with 

contrasting discharge years (average 1993-1994 = 76.8 m3 s-1; 1994-1995 = 6.6 m3 s-1) 

and found that during the first summer with high discharge, only the upper 22% of the 

stream reach was autotrophic, while the second summer, with low discharge, indicated 

autotrophic production throughout the entire study area. Based on these findings, we were 

expecting the high flows we observed would have influenced GPP. However, it appears 

in our sites, scouring may not have occurred or its influence was limited. Once again, we 

suggest that the strong connection to groundwater of both streams mitigated this effect by 

influencing discharge at a slower rate. In addition, the restored wetland surrounding the 

stream may have mitigated overland runoff and dissipated the energy associated with 

storm events. 

Ecosystem respiration (ER) 

There were no statistical differences found with ER among the study sites. This is 

consistent with other studies that have shown no increase or decrease in ER with 

agricultural activity and open canopies (Young and Huryn 1999; Houser et al. 2005). In 

general, GPP appears to be more sensitive than ER to differences in light regime and 

removal of riparian vegetation (Mulholland et al. 2001; Bunn et al. 1999, 1998), mostly 

because ER is generally driven by organic matter content (Mullholand et al. 2001; 
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McTammany et al. 2007; Butman and Raymond 2011). All of our study sites had 

relatively low organic matter content, which is common in sandy-bottomed streams with 

low potential for organic matter accumulation (Hedin 1990; Atkinson 2008). Our 

respiration rates (0.1-3.9 g O2 m
-2 d-1)  were similar to other studies reported for sandy 

dessert streams in Arizona (3.5 g O2 m
-2 d-1 ) by Uehlinger and Nageli (1998), a Kansas 

stream (2.4 g O2 m
-2 d-1) by Mullholand et al. (2001), and a New Zealand streams (2.0 g 

O2 m
-2 d-1) by Young and Huryn (1999). A first-order, sand-bottomed stream influenced 

by a surrounding wetland in Southeastern Virginia experienced respiration rates as low as 

0.072 g O2 m
-2 d-1 and the authors concluded organic matter content and nitrogen content 

explained 89-90% of the variation in respiration in the sediments (Fuss and Smock 1996). 

Organic matter documented in our stream was extremely low with an average of all three 

sites at 1.5% organic matter with the highest at the control and reference sites (1.7% and 

1.6% respectively) and the lowest documented at the shaded site (1.1%). One concern for 

streams with high GPP and low ER, such as our study sites with sandy substrates, is that 

over time, accumulation of autotrophic biomass could lead to enhanced ER. If the 

accumulation of the autotrophic biomass leads to a substantial pool of organic matter, 

then ER could increase to the point where night-time dissolved oxygen levels could reach 

stressful levels for aquatic organisms.  

Net Ecosystem Production (NEP)  

With ER relatively minimal and constant among the study sites, NEP was driven 

by fluctuations in GPP. The highest NEP value was documented at the control reach (4.4 

± 0.4 g O2 m
-2 d-1), which is related to an open canopy allowing light penetration to 

stimulate GPP in a watershed affected by human activity (Minshall et al. 1985). Both the 

shaded and reference reaches had significantly lower NEP values than the control reach 

(0.4 ± 0.9 and 0.07 ± 0.4, respectively). Sites with relatively balanced NEP can be 

attributed to canopy cover limiting primary production and high allochthonous inputs 

(Webster and Meyer 1997; Hagen et al. 2010; Cummins 1974). Bunn et al. (1999) stated 

that GPP equaled ER at a canopy cover of about 57% and at canopy density less than 

50% a system was considered disturbed (GPP > ER). With the artificial shading blocking 

direct solar radiation, the shaded reach was relieved of drastic fluctuations in GPP levels, 

and overall had stabilized NEP levels, which were similar to the reference reach. In fact, 
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NEP in the shaded reach did not deviate far from zero and even experienced negative 

NEP levels in August and October (GPP < ER). 

Seasonal trends in NEP are determined by the factors controlling GPP, including 

PAR and SRP as well as temperature (Griffiths et al. 2013). Our reference site follows 

closely to the epitome of how forested streams function in relation to NEP.  The reference 

site revealed that ER dominated metabolism in June, was controlled by GPP in July and 

August, and then ended the season with ER dominating metabolism once again (Figure 

5). Overall, GPP increased gradually until it peaks in late summer and then declines from 

there. This is because GPP is closely tied to the seasonal trends of PAR and temperature. 

Canopy cover, however, can mitigate the excessive levels of GPP in a stream especially 

during vulnerable periods such as late summer with high temperatures and low flows 

allowing autotrophic accumulation.  

In the control reach, GPP dominated stream metabolism resulting in a highly 

positive NEP throughout the entire sampling period. Open canopied agricultural streams 

are assumed to be autotrophic throughout the spring and summer months with increased 

light availability for primary producers and high nutrient concentrations from fertilizer 

runoff (Wiley et al. 1990; Royer et al. 2004; Royer and David 2005). Overall, when 

canopy cover cannot reduce PAR, autotrophic biomass will dominate throughout the 

entire growing season. The shaded reach displayed some seasonality but it appeared that 

GPP was dominant only in September and in all other sampling months GPP and ER 

were relatively balanced. Although the shaded reach did not exhibit a seasonal trend, the 

reintroduction of a stream to a shaded environment takes time to transition and for 

metabolism to adjust (Murray et al. 2000). The ordination diagram from the RDA 

demonstrated clear separation of the shaded reach from the control but no overlap with 

the reference site. We suggest that this was due to the shaded site exhibiting a balance 

between GPP and ER by suppressing GPP and perhaps if the shading persisted this site 

could transition into a heterotrophic stream.  

Groundwater Corrections 

The amount of precipitation in the study period caused unexpected amounts of 

groundwater discharge into the study area. In all 3 study sites, groundwater discharge was 
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generally the highest in July and September. The influences of groundwater was the 

highest in the control reach with an average groundwater influence of 15%, while the 

shaded and reference site stayed relatively low (5%, 4%, respectively). Groundwater 

dissolved oxygen concentration was the lowest in the shaded reach (0.12 mg L-1) 

followed by the control reach (4.87 mg L-1), while the reference had the highest 

concentration of dissolved oxygen in the groundwater (7.53 mg L-1).  Groundwater 

corrections included 7 out of 15 sampling events that exceeded 7% groundwater 

influence. Hall and Tank (2005) recommended correcting for groundwater in all 

measurements that had groundwater influence exceeding 5%. However, after a 

substantial literature review, we determined this was the only paper available for 

correcting raw metabolism data for groundwater influence. Due to the low groundwater 

dissolved oxygen in the Lost Creek sites the application of the correction factor resulted 

in adjustments in the metabolism values by up to 55%. Based on these substantial 

adjustment factors we decided to approach groundwater correction conservatively and 

limit our use of the correction factor to situations when groundwater contributions 

exceeded 7%. This ultimately reduced the number of times we had to apply the correction 

factor on our data. By increasing the threshold to 7%, we did not correct metabolism in 

two measurements: the shaded reach in July with a groundwater influence of 7% and the 

reference reach in June with a groundwater influence of 5.5%. All measurements in the 

control reach were corrected for groundwater, while only one reference sample in July 

and one shaded sample in September required groundwater corrections. It was evident 

that groundwater contributions in our study sites affected stream metabolism and we 

suggest more research be conducted on how to adjust data. Hall and Tank (2005) have 

provided a framework to understand the importance of groundwater corrections; 

however, more research is needed. For example, the relatively low ER values we 

observed at our sites were pushing the lower limits of the correction tool developed by 

Hall and Tank (2005).  

Conclusions 

 The objective of this study was to determine the effect of stream shading on daily 

maximum temperature and stream metabolism. Although we examined metabolism 
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across a 5-month period we were specifically interested in observing what occurred 

during low flow conditions. The amount of precipitation documented over the course of 

the data collection caused unexpectedly high water levels throughout our study. These 

high water levels resulted in significant groundwater contributions that negated the effect 

of artificial shading on stream water temperature. However, we did observe short-lived 

decreases in maximum stream water temperature due to shading early in our study period 

during a time with the lowest amount of precipitation and minor groundwater influences.  

 Our results also suggest that stream shading can decrease GPP in a meso-

eutrophic stream to levels similar to a forested reach with a fully closed canopy. With ER 

relatively minimal and constant among all sites, NEP was driven by fluctuations in GPP 

and, therefore, we documented the shaded reach shifting towards a system experiencing a 

balanced NEP because of canopy cover resisting primary producers. Even with only one 

year of shading, we were able to experience a 2.5 fold reduction of GPP from the shaded 

and control reach. This is particularly important because the control reach was directly 

upstream of the shaded reach. Therefore, we can conclude that shading was the dominant 

factor driving our results and that shading can alter metabolism immediately. We were 

also able to manipulate GPP levels during periods of high flow and consequently ideal 

situations for a healthy stream metabolism. During periods of low flow and vulnerability 

to excessive temperatures and autotrophic biomass, we strongly believe that shading 

would provide significant reductions in GPP and help stabilize dissolved oxygen. Finally, 

we suggest more robust research be conducted on groundwater correction factors in 

stream across a larger spectrum of metabolism values (i.e., correction factors for streams 

with low ER). This was particularly important in our study sites in which high water 

levels caused higher than expected groundwater contributions.  
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Figure 1: Location map of shaded and control reach (Lost Creek) and the reference reach 

(Little Plover River). Outlines associated with each site represent its watershed boundary. 

Due to the close proximity of the control and shaded reach along Lost Creek it was not 

possible to distinguish these two sites on the site map. 

 Figure 2: Precipitation (mm) data with water depth (m) at Lost Creek and Little Plover 

River (USGS: 05400625) 

Figure 3: Average daily temperature comparing the reference, shaded, and control 

reaches from June-October, 2016 at the downstream end of the reach (100m transect).  

Figure 4: Mean monthly rates of gross primary production (GPP), ecosystem respiration 

(ER), and net ecosystem production (NEP). Bars with different letters are significantly 

different (Tukey’s p <0.05; n=5). 

Figure 5: Monthly NEP values in the reference, shaded, and control reach from June-

October 2016. 

Figure 6: Redundancy analysis (RDA) ordination diagram showing the reference, 

shaded, and control sites. Randomization tests of the first axis (F = 9.9, p = 0.002) and 

the summation of all axes (F = 3.6, p = 0.004) yielded significant results. Independent 

variables (PAR, periphyton, SRP, and organic matter content) are displayed in solid bold, 

while the dependent variables (GPP, ER, NEP, and P/R) are displayed in solid arrows. 

Independent variables explained 58.9% while the first and second axis explained 49.7% 

and 8.9%, respectively. 

Table 1: Monthly measurements of GPP and ER in the reference, shaded, and control 

reaches from June-October, 2016.  
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Table 1. 

 GPP (g O2 m
-2 d-1) ER (g O2 m

-2 d-1) 

 Reference Shaded Control Reference Shaded Control 

June 0.07 4.01 7.89 -0.25 -3.51 -3.89 

July 0.81 2.20 6.64 -0.11 -1.94 -1.43 

August 0.33 2.96 7.82 -0.20 -3.02 -1.99 

September 0.04 2.75 6.28 -0.17 -0.75 -1.50 

October 0.49 1.33 4.25 -0.68 -1.72 -1.90 
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4. Case Study: Metabolism in the Lost Creek Restoration Site 

Lost Creek is a wetland restoration site, approximately 16 km east of Stevens 

Point, Wisconsin, that was restored in 2008. Restoration consisted of nearly 121 ha of 

restored wetlands and approximately 1,800 m of restored headwater stream. Historically, 

the site consisted of intensive agricultural land use that was ditched to promote drainage, 

along with three ponds for irrigation demands (Figure 1). This site was originally planned 

to be a wetland mitigation site; however, because the ditches contained reproducing 

brook trout (Salvelinus fontinalis), the restoration project also included re-routing the 

ditches around the north and south edges of the wetland (Figure 2). In addition, 

background research on the property determined that the adult brook trout frequently 

inhabited the irrigation ponds. Therefore, during construction on the stream reaches, deep 

scours were either created or left in place along the stream to mimic these historical 

environments. 

Since the construction ended in 2010, monitoring of the site has occurred in both 

the wetland and the stream. Surveys have determined that brook trout young of the year 

are surviving in the restored reach. However, recent observations of the site have 

revealed specific characteristics of the stream that could be improved. Nutrient analysis 

explains a system that has lingering effects of cultivation and even current influences of 

surrounding agriculture in the drainage basin. Even with the restoration activities, the 

water chemistry in Lost Creek reveals a system that would be characterized as meso-

eutrophic in trophic status. During preliminary sampling in 2015, elevated nutrients were 

documented in Lost Creek (TN = 11.2 mg L-1, and TP = 116 µg L-1). In 2016, nutrient 

concentration were still relatively elevated at Lost Creek (TN = 12 mg L-1, and TP = 56 

µg L-1), although there was a slight dilution effect from high precipitation events 

throughout the 2016 field season. In addition, the site has no mature trees to provide any 

significant shading and consequently allows primary producers to dominate the stream 

channel. Live-staking of dogwood and willow were conducted upon restoration; however, 

augmented efforts and investments towards restoring mature vegetation for future canopy 

cover could yield positive results in the overall health of the stream and viability of 

aquatic organisms (see chapter 2). Excessive growth of primary producers in a normal 

stream channel would most likely lead to accumulation of organic matter in slow moving 
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micro-habitats where deposition occurs (e.g., pools). At Lost Creek, we propose that the 

created ponds are serving this purpose and allowing for the settlement of excessive 

organic materials. This accumulation of organic matter may be responsible for depleted 

dissolved oxygen levels that are harmful to sensitive species.  

In Lost Creek, drastic shifts in hydrology occur between the stream channel and 

the ponds and we believe this has altered the ecosystem metabolism along the stream 

continuum. A change in velocity, preceding a drastic increase in the allowable volume of 

water, can increase deposition rates and potentially intensify respiration rates. Although 

not common, streams can transition into more lentic environments (e.g., reservoirs). 

Research has shown in most reservoirs, the decrease in velocity of water allows for the 

settlement of suspended sediment, sestonic algae, scoured periphytic algal mats, and 

detached macrophytes to the bottom of ponds (Henderson and Bromage 1988; Laber 

2008). The accumulation of decomposing senescent matter causes respiration to increase 

and excessively exceed levels of primary production, especially when primary production 

is limited from light restrictions of turbidity and water depth (Grimm and Fisher 1984). A 

system dominated by autochthonous loading over extended periods could potentially 

cause harmful effects on poikilothermic organisms (Griffiths et al. 2013). However, the 

avoidance behavior mechanisms has not been widely studied in low order streams with 

connected ponds such as Lost Creek. Given the limitations of freshwater species under 

low dissolved oxygen stress, it is alluded that organism would avoid these environments 

or potentially become trapped in upper portions of the stream system unable to migrate 

along the stream continuum (Davis 1975; Kramer 1987).  

In order to determine the impacts on stream metabolism, an analysis of stream 

metabolism was completed along a continuum of Lost Creek. This study involved 200 m 

of stream channel, analyzed previously in chapter 2, along with two ponds, one pond 

upstream of the stream channel and one downstream of the stream channel. Preliminary 

data was collected on Pond 2 in August of 2015 and both ponds were studied in August 

of 2016. Analysis involved dissolved oxygen deployments at both ponds following the 

same procedures outlined in chapter 1 stream channels to determine metabolism. Organic 

matter samples were also taken from the bottom of both ponds in the thawleg at 5 
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transects spaced 10 m longitudinally apart using an Ekman Dredge.  For more 

information on specific details on site descriptions, methodology, and stream reach 

results, see chapter 1 methods section. Given the limitation of adequate replication, no 

statistical analyses were completed for the ponds. 

 In regards to metabolism, there were drastic changes between the stream channel 

and the ponds (Figure 3 and Table 1). The shift in metabolism can be best described as 

enhanced metabolism in the ponds. The stream channel had primary production 

exceeding respiration showing a positive NEP value and overall both GPP and ER values 

remained less than 8 g O2 m
-2 d-1. On the other hand, in the ponds, respiration exceeded 

primary production (i.e., negative NEP values) and both GPP and ER values were higher 

than 18 g O2 m
-2 d-1. We assume the enhanced GPP observed in the ponds was directly 

related to the larger surface area available for algal communities. The excessive 

respiration rates in the ponds are most likely related to the higher amounts of organic 

matter content documented in the ponds (Figure 4). There appears to be a relationship at 

Lost Creek between ER and OM in the stream and the ponds (Figure 5).  

Production of autotrophic biomass is explained in chapter 2. Due to the excessive 

amounts of nutrients from the surrounding land use along with the open canopy we were 

not surprised to see high rates of GPP in the control reach of Lost Creek. Overtime, this 

has led to autotrophy dominating metabolism, which is consistent with the documentation 

of sestonic algal growth and subsequently the strong association of periphytic algae with 

GPP at Lost Creek. However, the low organic matter contents found in the sandy bottom 

stream channel suggests that senescent autotrophic biomass is not staying within the 

stream channel. Instead, we believe the autotrophic biomass is being moved to 

downstream environments because of unstable substrates (Atkinson et al. 2008). When 

the stream channel transitions into the ponds at Lost Creek, velocity is reduced and 

settlement of scoured periphytic algae, macrophytes, and decaying plant matter occurs. 

This most likely explains the increase in organic matter found in the bottom of the ponds 

and corresponding high respiration rates (Wiley et al. 1990; McTammany et al. 2007). A 

limitation of primary production in the ponds from suspended sediments and water depths 

can exacerbate a negative NEP value (Young and Huryn 1996; McTammany et al. 2007).  



 

 

68 
 

A system with elevated respiration rates and low primary production leads to an 

overall deficit in the dissolved oxygen levels. This can become harmful to freshwater 

organisms when dissolved oxygen drops below 5 mg L-1 (Spoor 1990). In 2016, as 

documented in Chapter 2, high precipitation events remained throughout summer and 

never results in typical low flow conditions in late summer. However, the summer of 

2015 followed a typical seasonal pattern that experienced vulnerability to low flows 

towards the end of the growing season. We believe this resulted in pond 2 at Lost Creek 

experiencing harmful dissolved oxygen levels in August of 2015 (Figure 6). Over the 

course of the deployment period (8/25/15 – 8/28/15), the dissolved oxygen content was 

below 5 mg L-1 for over half the deployment period (65%). Dissolved oxygen 

environments below 5 mg L-1 have been documented to have harmful effects on brook 

trout, furthermore exposure to low dissolved oxygen levels over an extended period of 

time can cause avoidance behaviors and even mortality when environments are 

unavoidable. The minimum dissolved oxygen concentration was close to anoxia (0.87 mg 

L-1) and undeniably not the ideal situation for sensitive species in need of protection. 

Toxic dissolved oxygen levels that never exceed 3 mg L-1 persisted from midnight to 8 

AM and did not exceed 5 mg L-1 until 10 AM. Luckily, the ponds are well connected to 

high-oxygenated environments, considering the stream reaches never dropped below 5 

mg L-1, which provides an ample retreat from stressful environments. However, the 

ponds cannot serve their original designated use of providing habitat for adult life stages 

because the dissolved oxygen environments do not permit a stable environment for 

sensitive species. In fact, brook trout could even become trapped in upper portions of the 

stream system unable to migrate down the stream continuum. 

 The dependence of flow variation can alter the dynamics of pond metabolism by 

increasing or decreasing the volume and velocity of water, overall altering the time a 

parcel of water resides in the stream. Decreasing residence time stimulates the 

introduction of cold water, high oxygenation inputs and has the potential to flush organic 

matter accumulation. The increased movement through the pond is beneficial in limiting 

the amount of time that water is exposed to the enhanced respiring environment. The 

summer of 2016 was an unusually wet year with high amounts of precipitation. The diel 
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dissolved oxygen deployments displayed the ponds response to flushing with increased 

discharge rates and lower residence times. Thus in 2016, an overall wet year, both pond 1 

and 2 never experienced dissolved oxygen dropping below harmful levels (Figure 7) 

which we assume was due to increase flow throughout the season.  

Overall, the documented purpose of the ponds at Lost Creek are to provide 

suitable habitat for adult stages of brook trout. However, given the harmful dissolved 

oxygen levels documented for the ponds during a year with low flow, it is unlikely that 

these ponds can serve their purpose. With a longer residence time under low flow 

conditions, the pond is subject to stagnant conditions that are susceptible to increased 

respiration of organic matter. Even with a year of high precipitation, we still sampled 

elevated organic matter content, suggesting that flushing of the pond was not significant 

enough to reduce accumulation. Therefore, the ponds will continue to experience organic 

matter accumulations over time and could reach levels that, regardless of flow conditions, 

could create continuous low dissolved oxygen conditions. Therefore, it is crucial that 

organic matter accumulation be monitored along these ponds and that during low flow 

these locations may not be suitable habitat for adult brook trout.  
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Figure 1: Aerial image of Lost Creek prior to restoration activity. The yellow line marks 

the project boundary.  
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Figure 2: Lost Creek after restoration activity. Yellow line marks the project boundary.   
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Figure 3: Net ecosystem metabolism values (NEP) and percent organic matter at Lost 

Creek Portage County, WI. Stream channels values are average of the entire sampling 

period June – September 2016 (n=5). Pond 1 was sampled in August 22, 2016. Pond 2 

was sampled again on August 25, 2016. Pond 2* was sampled in August 25, 2015 

however, no organic matter samples were taken at that time. 
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Figure 4: Organic matter samples from August 2016 in the 100 m stream section (n = 6), 

pond 1 (n=5), and pond 2 (n=5).  
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Figure 5: Simple linear regression of average organic matter samples and ecosystem 

respiration (ER) from the stream, pond 1, and pond 2 in August 2016. 
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Figure 6: Dissolved oxygen (mg L-1) diel curve at Lost Creek on August 24 (pond 2) 

2015.  
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Figure 7: Dissolved oxygen (mg L-1) diel curve at Lost Creek on August 22 (pond 1) and 

August 24 (pond 2) 2016. 
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5. Conclusions 

 Results from this research suggest that stream shading has the potential to change 

stream temperature and stream metabolism. With the application of stream shading from 

June through October, we were able to immediately document a 2.5 fold reduction in 

GPP levels. This allowed us to confidently state that PAR is a direct driver of GPP in 

stream ecosystems. Therefore, deflection of direct solar radiation through riparian 

vegetation is strongly recommended in order to limit the exploitation of primary 

producers in eutrophic streams.  

 With intense and prolonged precipitation events over the course of the study, we 

documented the importance of water depth in stream temperature. During low flow 

conditions, we documented a reduction of stream temperature because of shading. 

However, with increase discharge, the thermal radiation is diluted and stabilized by 

groundwater in streams with shallow water tables and strong connection to groundwater. 

Thus, we conclude that when streams experience vulnerability to low flow conditions 

towards the end of the growing season, stream shading plays an important role in 

resisting rising water temperatures.  

 In regards to Lost Creek, we found that the ponds might be susceptible to harmful 

dissolved oxygen levels especially during low flow conditions in late summer. With low 

flow conditions, we documented dissolved oxygen levels reaching harmful levels with 

excessive respiration of organic matter. Accumulation of scouring senescent biomass will 

continue at an alarming rate, especially if the stream continues to export excessive 

senescent primary productive biomass. Given the limitations of brook trout physiology, 

the ponds cannot serve their original purpose during dry years under low flow conditions. 

Reservoirs that experience these situations often undergo dredging of organic matter 

accumulations; however, this can become expensive and unreasonable. Therefore, unless 

efforts are directed towards the accumulation of organic matter in the bottom of the 

ponds, then the ponds will continue to block access to downstream sections of the stream 

and are useless to the brook trout community.  

 Recommendations for further research should concentrate on expanding the 

importance of riparian buffers to adjacent streams. Given the findings of this study, we 

can conclude with high confidence that deflection of solar radiation is a direct influence 
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on the rate of primary production in eutrophic streams. Therefore, further research should 

be conducted on expanding the sample size to more streams under a variety of 

confounding variables. Essentially, this study only had two stream systems with one 

treatment of stream shading application. Thus, with increasing sample size, you can have 

a higher confidence level with a variety of different stream characteristics.  

 In addition to expanding the sample size of this study, the response of aquatic 

organism, including fish and macroinvertebrates, should be documented. The physical 

and chemical response is insufficient in providing evidence for the need of regulation of 

nonpoint source pollution along with land use related regulation. Regulatory state and 

federal agencies that involve the management of water resources often rely on the 

response of aquatic organism in order to make decisions on permitting or governmental 

law making. Therefore, we rely on the biological response to provide evidence of 

degraded freshwater ecosystems. Overall, the co-occurrence of physical/chemical 

restoration along with changes in population dynamics of aquatic organism can assist in 

restoration influences of our freshwater resources. 
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Appendix 1: Reaeration implications for stream metabolism studies. 

In order to calculate metabolism values, measurement of dissolved oxygen are 

recorded over a daily time step (Odum 1956; Marzolf et al. 1994; Young and Huryn 

1996). However, there are many different influences of dissolved oxygen in open systems 

aside from GPP and ER. There are four main processes that influence dissolved oxygen 

in lotic systems: (1) the release of oxygen from photosynthetic primary production during 

the day by benthic plants and phytoplankton; (2) the uptake of oxygen from respiration of 

aquatic organisms, planktonic organisms, and chemical oxidations; (3) exchange of 

oxygen with the atmosphere (reaeration); and (4) exchange of oxygen from groundwater 

contributions. Thus, reaeration must be quantified to make accurate estimates of 

metabolic rates (GPP and ER).  

Metabolism has been calculated in the past with chamber methods in order to 

eliminate extra influences of dissolved oxygen however, these estimates provide a 

substantial bias that does not truly reflect a stream (Mulholland et al. 2001). Studies have 

demonstrated the benefits of using a direct approach to measuring reaeration coefficients 

(Grant and Skavroneck 1980; Wanninkhof et al. 1990; Marzolf et al. 1994); however, this 

method involves more time and money than estimates from empirical equations 

(Atkinson et al. 2008). 

Direct measurements for estimating reaeration coefficients in the field used a 

volatile gas (e.g., propane) and a conservative tracer mix (e.g., bromide and chloride), for 

lateral inflow estimates (McTammany et al. 2007). The propane was released into the 

stream using one 4.7-gallon propane tank with a 2-stage regulator and three diffusors. 

Diffusers were anchored to the stream bottom in the thawleg and the propane tank was 

anchored to the stream bank. To allow for additional mixing, Styrofoam was placed over 

the three diffusors for deflection of diffused propane back into the stream channel overall, 

maximizing the contact between the propane and the water surface. To sample for 

propane, 40 ml of stream water was sampled using a syringe with a stopper at half the 
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depth in the thawleg. After stream water was drawn up in the syringe, the syringe was 

closed and carried well away from the stream bank to avoid propane-contaminated air, 

and 20 ml of air was drawn up in the syringe. The 40 ml of stream water and 20 ml of air 

was then agitated by hand for 5 min to allow for movement of propane into the 

headspace. After 5 min, 1 ml of the headspace in the syringe was transferred into a 

vacuumed airtight vial. Three grab samples/syringe samples were taken at 15 min 

intervals. A total of six grab samples and six propane filled vials were transported back to 

the lab and analyzed. Propane was analyzed on a SRI gas chromatograph and bromide 

was filtered with a 0.45 µM membrane filters and analyzed on a Metrohm ion 

chromatograph. The following equation was used to calculate reaeration rates (Marzolf et 

al. 1994). 

Equation 1: Reaeration coefficient 

k=((〖Propane〗_up  x 〖Br〗_down^-)/(〖Propane〗_(down ) x 〖Br〗_up^- )) 

 

Where, propaneup is the concentration of propane on the upstream station and 

propanedown is the concentration of propane on the downstream station.  Br-up is the 

concentration of bromide on the upstream station and Br-down is the concentration of 

bromide on the downstream station. k = reaeration coefficient.  

 For this study, the direct approach of sampling in the field with a volatile gas and 

conservative tracer mix was completed for every deployment over the course of the study 

(see chapter 1 for methods); however, using this method, we experienced implications 

with propane analysis. Specifically, the amount of propane pumping into the stream was 

not in sufficient amounts to detect concentrations in the stream channel. Although 

multiple strategies were used to provide ample propane into the stream channel, we did 

not receive detectable rates. For future studies, we recommend more than one propane 

tank to add additional propane in order to analyze samples in the lab within reasonable 

detection limits.  
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 Although the direct measurement of reaeration is preferred, empirical equations 

have been developed and studied for accuracy. Given the limitations we experienced for 

the direct measurement, we chose to use the night-time regression equation developed by 

Genereux and Hemond (1992) to calculate reaeration for statistical analysis on 

metabolism. A study comparing several methods to calculate reaeration in streams 

concluded that the nighttime regression appeared to be the most robust and reliable 

alternative to use (Aristegi et al. 2009). This equation is calculated by using the dissolved 

oxygen data from the deployments, specifically during the night on the falling limb of the 

diel curves (Genereux and Hemond 1992) (see chapter 1 for methods).  

 Modeled and observed values of reaeration were analyzed to understand the 

differences and similarities of methods in this study (Table 3). Modeled and observed 

values were checked for normality and an f-test determined the data contained equal 

variance.  A two-tailed t-test assuming equal variance (α = 0.05) was used on modeled 

and observed data. The modeled and observed data were not statistically different, overall 

showing a close similarity between the data sets. The month with the most agreeance 

between the modeled and empirical values was found in the month of September. 

Subsequently, the month of September also experienced relatively low flow conditions 

compared to other months with intense and prolonged storm events. Thus, with low flow 

conditions, the observed data were relatively similar to the modeled data. Therefore, 

reaeration must be measured at low flow conditions in order yield accurate results in 

direct measurements.  

 Aristegi et al. (2009) investigated the effects of reaeration on estimates of 

metabolism. They found that the choice of methods greatly affected the estimates of both 

primary production and respiration. After the analysis of 12 different methods for 

calculating reaeration they concluded the night time regression seemed to be the most 

robust and reliable alternative to direct measurements of reaeration. However, the direct 

measurements is the ideal method for calculating metabolism values and should also be 

considering when deciding among reaeration methods. Thus, we recommend that when 

measuring directly for reaeration, using two propane tanks would be a useful investment 

for researching stream metabolism. 
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Table 1: Observed and modeled reaeration coefficient. 

Month Site Observed Modeled 

June 

Reference 0.012 0.046 

Control 0.036 0.037 

Shade 0.036 0.063 

July  

Reference 0.032 0.034 

Control 0.011 0.045 

Shade 0.026 0.045 

August 

Reference 0.028 0.046 

Control 0.026 0.027 

Shade 0.013 0.040 

September 

Reference 0.080 0.058 

Control 0.052 0.038 

Shade 0.064 0.038 

October 

Reference 0.057 0.036 

Control 0.048 0.046 

Shade 0.049 0.033 
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