ABSTRACT

BENNETT, ERIN MARIA. Hydrology and Water Quality Impacts of Site Preperation for
Loblolly Pine (Pinus taeda) and Switchgrass (Panicum virgatum) Intercropping in Upland
Forested Watersheds in Alabama. (Under the direction of Dr. Francois Birgand).

To fulfill alternative energy needs, the practice of biomass intercropping is considered
as a viable alternative to utilizing potential food producing agricultural land. This project
focuses on the hydrology and water quality impacts during establishment of switchgrass in
managed pine plantations. To document these impacts, five watersheds (8.0 — 26.7 hectares)
were established in a paired approach with five different land cover treatments in Greene
County, AL. These land cover treatments include: 18 year reference pine stand, switchgrass
only, thinned pine with switchgrass intercropping, newly established pine with switchgrass
intercropping, and young pine stand with undergrowth. Data for two pretreatment years and
one establishment year were available for analysis.

From continuous flow data and flow proportional composite sampling a suite of indicators
were used to detect and quantify impacts. Even though there were quantifiable differences in
the hydrology, only event cumulative and maximum flows significantly differed, leading to
the overall conclusion that there were no obvious treatment hydrological effects.

Clear increases in cumulative loading of water quality parameters (total suspended solids,
total phosphorus, and dissolved organic carbon) in post-treatment were observed. Their
timing coincided with the timing of the land treatments such that one could conclude that
land management practices, which caused soil disturbance and with little ground cover
during the establishment of the biomass treatments, significantly altered exports of total
suspended solids on these treatment watersheds. This biomass establishment period is
vulnerable and may vyield detrimental effects which must be taken into account on the overall
environmental sustainability of the intercropping practices. The fact that the switchgrass may
not establish needs to be considered and more extensive best management practices should

be used to alleviate these potential water quality impacts.
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CHAPTER 1: An Overview of the Potential Hydrology and Water
Quality Impacts of Loblolly Pine (Pinus taeda) and Switchgrass
(Panicum virgatum) Intercropped Systems in Upland

Southeastern Forested Watersheds

Abstract

To fulfill alternative energy needs, the practice of intercropping switchgrass with loblolly
pine trees is considered a viable alternative to using food producing agricultural land.
Without proper management and crop selection, increased production of biofuel crops can
have detrimental impacts on hydrology and water quality due to the net increase in these
lands. In this study the bioenergy feedstock crop switchgrass (Panicum virgatum) is
intercropped with loblolly pine (Pinus taeda L.). The economics of these intercropped
forestry-biofuel management systems have been found to reduce economic risks of
implementing a new crop and maximize yields by sharing agricultural lands. These
intercropped systems alleviate detrimental environmental effects by providing environmental
benefits that include more efficient nitrogen cycling, improved water quality, diversity of
vegetation, carbon sequestration in the soils, and potential wildlife habitat. There is the
potential for competition between the loblolly pine and switchgrass crops but these
competitive interactions are still being researched. The goal of this research is to document
the hydrological and water quality impacts at the watershed scale of switchgrass
intercropping in these managed southern loblolly pine forests using a paired-watershed
approach. With the results, criteria for environmental sustainability will be defined to provide

recommendations on sustainable biomass practices.



Introduction

The rise of global and domestic energy demands have led to increased research on a
transition from fossil fuels to alternative energy sources. Fossil fuels are projected to be
depleted in a matter of decades at the current consumption rates (Goldemberg, 2007).
Agriculture based sources, like biofuels, have become an important means of replacing fossil
fuels for energy and reduce dependency on foreign oil. Cellulosic ethanol is a fuel made from
inedible plant material such as wood, grass and residues from harvest. The Energy
Independence and Security Act of 2007 calls for the production of 15.2 billion gallons (Bgal)
of biofuels by 2010 and 36 Bgal of biofuels by 2022. Fifteen Bgal of the 2022 mandate is to
be corn ethanol and 21 Bgal is to be advanced biofuels derived from feedstocks such as
switchgrass and soybeans (United States Congress, 2007). To fulfill alternative energy
needs, the practice of intercropping biofuel feedstocks with pine stands is considered as a
viable alternative to utilizing potential food producing agricultural land for these crops.
Without proper management and crop selection, increased production of biofuel crops can
have detrimental impacts on hydrology and water quality due to the net increase in these
lands (Robertson et al., 2011). Biofuel feedstock production, in the form of switchgrass, may
induce potential environmental problems. There is bare ground during switchgrass
establishment which could possibly increase soil erosion and increase the amount of runoff
from the site (Love and Nejadhashemi, 2011). Fertilization of these switchgrass crops may
cause potential nutrient leakage which would increase the loading of nutrients to surrounding
surface waters (Nyakatawa et al., 2006). Equipment traffic that implements and harvests the
switchgrass can cause soil compaction and reduce infiltration which may increase the runoff
from the site (Nettles, 2011). The goal of this research is to document the hydrological and
water quality impacts at the watershed scale of biomass intercropping in managed southern
pine forests.

Biomass production may have impacts that resemble those of agricultural production.
Agriculture is a large source of nutrients, sediment, and pesticide runoff which can lead to
the pollution of water bodies (Mann and Tolbert, 2000). Nitrate (NO3), the stable form of



inorganic nitrogen in aerobic environment, is found in excess concentrations in the water that
has percolated through fertilized agricultural soils. Nutrient runoff, predominately in the
form of nitrogen (N) and phosphorous (P), has been linked to eutrophication in water bodies.
Phosphorus can be transported through sediment losses in agricultural sites. Eutrophication
is the process by which bodies of water acquire high concentrations of nutrients which can
facilitate the excess growth of algae. As the algae die and decompose, organic matter and
decomposing organisms deplete the water bodies of available oxygen causing the death of
organisms (Art, 1993). The recurrent and annual presence of the hypoxic zone in the
northern Gulf of Mexico has been linked to excess nutrients from anthropogenic activities
and particularly agriculture. This area with little to no oxygen disrupts the marine ecosystem
and reduces fish catches (Rabalais, 2002). Marine toxicity and the detrimental human health
effects (e.g. methemoglobinemia in infants) are the reasons why nitrate is ranked as a
common and problematic pollutant in surface and ground water (National Research Council,
1985).

Alley Cropping of Loblolly Pine and Switchgrass

Alley cropping is defined as growing an additional crop in between rows of trees and can be
implemented by forest landowners in the southern US (Scott and Tiarks, 2008). In this study
the bioenergy feedstock crop switchgrass (Panicum virgatum) is intercropped with loblolly
pine (Pinus taeda L.). In contrast to corn ethanol, food crops are not used or displaced, there
is no irrigation and chemical requirements are low. Loblolly pine is the main timber species
in the majority of forests in the southern United States occupying more than 13.4 million ha
(Schultz, 1997). Loblolly pine is known to respond quickly and well to silvicultural
treatments (Albaugh et al., 2004; Jokela et al., 2004). Switchgrass is a perennial warm
season C4 grass and has been found to be an ideal biofuel crop due to its environmental and
production benefits (Chamberlain et al., 2011; Nelson et al., 2006; Powers et al., 2011; Faus
et al. 2009; Wright and Turhollow, 2010; Parrish and Fike, 2007). This practice is feasible
based on the idea that while pine trees are less than 10 years old, they are short enough to



provide non-limiting light for growing and harvesting switchgrass and that there is enough
area (acreage and density wise) in the Southern US of young pine plantations to contribute

large amounts of biomass production to alleviate the future energy crisis.

Economic Benefits of Alley Cropping of Loblolly Pine and
Switchgrass

The Food, Conservation, and Energy Act of 2008 (United States Congress, 2008) provides
incentives for the establishment and production of cellulosic crops for bioenergy by assisting
agricultural and forest land owners and operators with collection, harvest, storage, and
transportation of material for use in a biomass conversion facility. Zinkhan and Mercer
(1997) found that alley cropping in the southern USA has economic benefits that include
increased returns, diversification, and less waiting time for income productions. These
intercropped forestry-biofuel management systems have been found to reduce economic risks
of implementing a new crop and maximize yields by sharing agricultural lands (Blazier,
2009). Competitive prices for switchgrass in bioenergy production range from $40 to $70
Mg (Mitchell et al, 2008; Mooney et al., 2009; Perrin et al., 2008). Susaeta et al. (2011)
showed that intercropping switchgrass with loblolly pine is only profitable if switchgrass
prices are > $30Mg ™ and if competitive interactions between crops are minimal.
Switchgrass is a more promising bioenergy feed crop in comparison to other herbaceous
species including sorghums, reed canarygrass, wheatgrasses, and other crops due to high
productivity over varying climates as well as having low water and nutrient requirements
(Wright and Turhollow, 2010). Switchgrass, in addition to providing environmental benefits,
was found to be more productive than continuous corn or corn-soybean in lowa (Powers et
al., 2011). Faus et al. (2009) concluded that switchgrass and other lignocelluosic options
deliver more biofuel energy with lower requirements for agricultural land, agrichemicals, and
water. Though switchgrass is highly productive, it can be hard to establish (Parrish and Fike.
2007). If switchgrass is not established within one year, the economic viability of it as a

biomass feedstock decreases (Sanderson, et al., 1996).



Competition

Though biomass intercropping provides less competition for biofuel production in potential
food producing agricultural land, there is still competition between the loblolly pine and
switchgrass crops. Since pine and switchgrass will be planted together, there is a potential for
competition for water, nutrients and light which could affect the productivity of both species
(Zhao et al., 2008; Jokela et al. 2010). Lin et al (1999) found that shade from the pine trees
can hinder the production of switchgrass. In the study, when there was 50% shade there was
a reduction of 49% ground dry weight production and when there was 80% shade there was a
reduction of ground dry weight production of 81%. This competition for light in these
intercropped forestry-biofuel management systems can be managed through the design of the
cropping system (Jose et al., 2004). Switchgrass, if well managed, is able to out-compete
weeds (Parrish and Fike, 2005). The competitive interactions between loblolly pine and

switchgrass are still being actively researched.

Environmental Benefits of Alley Cropping of Loblolly Pine and
Switchgrass

The production of bioenergy crops could possibly threaten environmental quality,
specifically water quality, through the possible pollution of surface and groundwater through
the fertilization of these crops (Nyakatawa et al., 2006). These detrimental environmental
effects could be alleviated through alley cropping. There are many environmental benefits to
alley cropping which include more efficient nitrogen cycling and improved water quality
(Zamora et al., 2009; Jose et al., 2004). Loblolly pine was found to recover leached N and
reduce the amount of N leaching in to ground water (Zamora et al., 2009). Trees act as a
potential “safety net” in intercropped systems because their deep roots retrieve nitrate-N and
other nutrients that have leached below the rooting zone of the crop intercropped within the
trees (Jose et al, 2004). In addition to these benefits, Blazier (2009) found that the diversity
of vegetation in intercropped forestry-biofuel management systems provide other

environmental services that include capturing carbon from the atmosphere and storing it in



the soil and potential wildlife habitat. Reduction in nitrogen loading has the potential to
improve water quality. Using cellulosic crops, like switchgrass, for biofuel production may
decrease nitrogen loading to the Gulf of Mexico relative to corn by 20% since corn requires
larger inputs of fertilizer (Costello et al., 2009). Cellulosic biofuel crops have other
environmental benefits including zero-net emissions of greenhouse gases and improved soil
quality (McLaughlin et al., 2002). Alley cropping may also prevent these biofuel crops from
being planted on marginal lands which can have detrimental effects on water quality due to
the biogeochemical imbalances in the land (Chamberlain et al., 2011; Robertson et al., 2011;
Love and Nejadhashemi, 2011).

Water Balance and Hydrologic Flashiness

Site preparation operations and bare ground during establishment of the switchgrass and
equipment traffic to harvest the switchgrass afterwards may affect the water balance
contributing to changes in the hydrologic cycle. Water from precipitation is either released
back into the atmosphere as evapotranspiration (ET), infiltrates in to the soil profile which
eventually contributes to groundwater, or goes as overland flow towards water bodies such as
streams or lakes (Figure 1.1). These components of the water balance are potential gains or
sinks for the outflow from the watersheds (Fangmeier et. al, 2006). The water balance with

these potential gains and sinks is described by Eqg. 1.
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Figure 1.1. Schematic of the main components of the water balance at the hillside/watershed

scale

P=Q+ET+ AS+RG (Eq. 1)
P = Precipitation (mm)
Q = Ouflow (mm) Sum of Surface runof f and groundwater
ET = Evapotranspiration (mm)
AS = Change in storage (mm)

RG = Regional Groundwater which bypasses outflow (mm)
The bare ground during the establishment of the switchgrass and the equipment traffic to
harvest the switchgrass may also affect the hydrologic flashiness by increasing the intensity
of the surface runoff.
The term flashiness is defined by Baker et al. (2004) as the frequency and quickness of short
term changes in streamflow, especially during runoff events. These short term changes and
runoff events are depicted in the hydrograph shown below (Figure 1.2). In Figure 1.2, the

hydrograph (flow out of the watershed) is variable due to storm events. There are high peaks



(high pulses) in the flow and sharply increasing/decreasing rise/fall rates in the hydrograph

that can be quantified into hydrologic flashiness.
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Figure 1.2. Representative hydrograph portraying the variability of flow out of a watershed

and its impact on cumulative flow volume

This flashiness is quantified using flashiness indices. With over 200 flashiness indices
defined, many papers have been dedicated to find indices that are not redundant (Gao et. al.,
2009; Monk et. al., 2007; Olden and Poff, 2003). The indices used to quantify flashiness in
this project include: Richard-Baker Index (Baker et al., 2004), Vs (Moatar and Meybeck,
2007), flow-duration curves (Searcy, 1959), indicators of hydrologic alterations (IHA
parameters) (Ritchter et al., 1996), and the detection and time difference of start and peaks of

hydrographs, all the details of which are presented in the next chapters.



A Paired Watershed Approach to Study Potential Impacts of
Alley Cropping Loblolly Pine and Switchgrass

The paired watershed design is a common approach to detect and measure treatment impact
on the land (Chang, 2013). In this design, a reference and one or several more watersheds
with comparable land cover, size, soil types, topography, and climatic conditions are
monitored during pre-treatment and post-treatment periods. Watersheds are monitored in a
preliminary calibration period (pre-treatment) to characterize the hydrology of all
catchments. Typically, a relationship is determined between the watersheds during this
calibration period. Impacts of changes in land cover in post-treatment are generally detected
when there is a change in the flow relationship(s) between the reference and the treatment
watershed(s), before and after treatment.

The paired-watershed design has advantages that include minimized climate and inter-basin
variability and distinguishes natural temporal variation in watersheds (Andréassian, 2004;
Chang, 2013, pp. 451-453; US EPA 1993). Smaller watersheds (< 1000 ha) are more
frequently used in paired watershed studies but often have watershed-leakage problems,
causing errors in the water balance (Bosch and Hewlett, 1982). One of the challenges is to
ensure that the watersheds in the calibration period act similarly because a poor correlation
between watersheds during this time would make it difficult to detect differences between the
pre- and post-treatment periods (Andréassian, 2004). It is recommended that for the
calibration (pre-treatment) period, each watershed should be close to steady-state by having
the same land cover for a number of years prior to the study. The number of years to reach
steady-state varies between watersheds but usually lasts seven or more years depending on
the study period, data variability and the level of precision desired (Chang, 2013). All these
factors need to be considered when designing a paired watershed study.

Catchlight Energy, LLC, a Chevron/Weyerhaeuser joint venture, is looking at the
environmental effects of cellulosic biofuel growth in a forest setting across the southeastern
United States. Three field regions were chosen to address the environmental impact in a
paired watershed approach in: Carteret County, North Carolina, Greene County, Alabama,
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and Calhoun County, Mississippi. In each field region, four to five watersheds having
separate biomass treatments are being studied ranging from 8 to 40 hectares in area. In our
study watersheds in Greene County, Alabama field region there are five watersheds labeled
GR1 (GR stands for Greene County), GR2, GR3, GR4, and GRREF ranging from 7.6-26.1
hectares in area. During the pre-treatment period (March 2010-March 2012), 2-4 year young
pine stands with undergrowth were established in GR1 to 4 while a 16 year older pine stand
was established in GRREF. After implementation of the treatments (March 2012), GR1
remained a young pine stand with normal understory, GR2 is thinned pine management
intercropped with switchgrass, GR3 is newly established pine with switchgrass
intercropping., GR4 is switchgrass only, and GRREF remained a reference stand . These
reference and treatment watersheds will be analyzed to determine watershed differences in
the pre-treatment period and then to determine treatment effects in the post-treatment period.

Management of Alley Cropping Loblolly Pine and Switchgrass
and the Potential Impacts

In order to successfully establish switchgrass, weed control is essential (Parrish and Fike,
2005). In our study watersheds, post-emergent herbicide was sprayed for weed control
before the treatments were established. In this study the switchgrass in the watersheds was
established in mid-May 2012. To establish the switchgrass in between the rows of pine trees,
the area was disked and broadcast planted 1/8 inch in to the soil. Already existing pine
stands, after a certain age, will need to be thinned in order to provide essential sunlight to the
switchgrass. In this study some existing pine stands were removed in order to establish new
pine stands with intercropped switchgrass. These trees were sheered with a VV-blade on a
bulldozer and were piled elsewhere by a bulldozer with a rake. Harvesting of the switchgrass
occurs once a year in September or October. In the project, in August 2013, the switchgrass
had not been harvested because establishment was not successful the first year due to a
compromised seed crop. When harvested in the future, the switchgrass will be cut with a

bush hog and baled with a hay baler. Since the switchgrass did not establish the first year,
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fertilization also did not occur. In the future, fertilization will occur in the last week of March
or first week in April and 50 pounds of nitrogen per acre (56 kg.ha™®) will be applied.

The timing of site preparation, planting and harvesting operations may have a large effect on
hydrology and water quality. The equipment traffic during the site preparation, planting and
harvesting operations for the switchgrass in the intercropped systems will potentially reduce
infiltration due to soil compaction (Nettles, 2011). These effects may be alleviated in
intercropped systems due to the fact infiltration can increase at the roots of mature pine trees.
Flow is funneled preferentially along tree roots to aid with water movement through the soil
medium (Johnson and Lehmann, 2006). These changes in infiltration could cause differences
in the general water balance and hydrologic flashiness of watersheds by altering the outflow
and its intensity. The bare ground during the establishment of switchgrass could potentially
increase sediment loading, cause differences in the water balance, and increase hydrologic
flashiness due to the absence of ground cover. In a study conducted by Butler et al. (2006),
having no ground cover (bare ground) can increase runoff volume and the loading of
sediment and phosphorous by two-fold in comparison to areas with 45, 70 and 95% land
cover. The absence of ground cover will also cause for a decrease in evapotranspiration (ET)
due to the lack of vegetation which could potentially increase the outflow from the
watersheds. As stated previously, the loading of water quality parameters is expected to
increase for treatments, like switchgrass, that require fertilization because it is similar to
agricultural crops. The fertilization and priming effects of the soil will facilitate the
biogeochemical processes that occur in the watersheds. These priming effects include
wet/dry periods, temperature fluctuations, plowing and other environmental factors
(Kuzyakov et. al., 2000). The timing of management operations can affect the hydrology and
water quality of the system. If the switchgrass is implemented during a wet year, equipment
traffic could potentially have a larger impact on water quality for the sediment based water
quality parameters due to the land disturbance and previous rainfall altering the structure of

the soil. If the switchgrass is not established properly in the first year, there will be more time
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with no ground cover which could potentially increase outflow, hydrological flashiness, and

decrease ET.

Conclusion

To fulfill alternative energy needs, the practice of bioenergy feedstock intercropping in forest
settings is considered as a viable alternative to utilizing potential food producing agricultural
land. In this study, the bioenergy feedstock crop switchgrass (Panicum virgatum) is
intercropped with loblolly pine (Pinus taeda L.). Loblolly pine is the main timber species in
the southern US and is known to respond quickly and well to silvicultural treatments while
switchgrass is a perennial warm season C, grass and has been found to be an ideal biofuel
crop due to its environmental and production benefits. These intercropped forestry-biofuel
management systems have been found to reduce economic risks of implementing a new crop
and maximize yields by sharing lands with other agricultural crops. Since pine and
switchgrass will be planted together, there is a potential for competition for water, nutrients
and light which could affect the productivity of both species. These interactions between
pine and switchgrass are still being actively researched.

Equipment traffic, bare ground during the establishment of switchgrass, and fertilization to
manage biomass intercropping could potentially have effects on the environment. These
impacts include differences in the water balance, increased hydrologic flashiness, and
potential nutrient leakage. These effects may be alleviated in intercropped systems due to the
fact infiltration can increase at the roots of mature pine trees and that the trees act as a “safety
net” because their deep roots may retrieve nitrate-N and other nutrients that have leached
below the rooting zone of the switchgrass.

The goal of this research is to document the hydrological and water quality impacts at the
watershed scale of switchgrass intercropping in these managed southern loblolly pine forests
using a paired-watershed approach. With the results, criteria for environmental sustainability

will be defined to provide recommendations on sustainable biomass practices.
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CHAPTER 2: Hydrology Comparisons during a Pre-treatment
Period for a Paired Upland Southeastern Forested Watersheds’
Study

Erin Bennett, Francois Birgand, Chip Chescheir, Elizabeth Allen, Timothy Appelboom,
Robert Lagacé and Jami Nettles

Abstract

To fulfill alternative energy needs, the practice of biomass intercropping is considered as a
viable alternative to using food producing agricultural land. In Greene County, located in
Northwest Alabama, five watersheds labeled GR1, GR2, GR3, GR4, and GRREF ranging
from 7.6-26.1 hectares in area were instrumented for hydrology and water quality research.
Watersheds GR1 to GR4 were 4-6 year old young pine stands with undergrowth, while
GRREF was an 18 year old established pine stand during the pre-treatment period.
Hydrology data collected for these watersheds include velocity, stage, and climate. This
article reports the analysis of hydrological baseline relationships between these five
watersheds observed during the two year pre-treatment period. Similarities and differences
were established in the study watersheds in the pre-treatment period with similar land cover
to serve as a basis to detect if the differences seen in post-treatment are watershed and/or
biomass treatment effects and how they evolve over time.

The indicators of sustainability used to compare watersheds in pre-treatment in this paired
watershed study include flow, flashiness indicators, and watershed physical parameters. The
flashiness analysis suggested that GR4 and GR1 consistently remained the least flashy while
GR3 and GR2 were flashiest of the watersheds with the same land cover treatment for the
majority of the flashiness indicators for the two pre-treatment years. Even though there are
quantifiable differences in the flashiness and timing of events between the pre-treatment
years, only their cumulative annual flows significantly differed, which can be explained by

physical parameters (rainfall and watershed slope). Overall, the initial ‘hydrological
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signature’ of all watersheds could be established rather successfully even with variability
between the watersheds, at least on a relative basis, and future deviations from the trends

established may be indicative of treatment effects post-treatment.

Introduction

The rise of global and domestic energy demands have led to increased research on a
transition from fossil fuels to alternative energy sources. Fossil fuels are projected to be
depleted in a matter of decades at the current consumption rates (Goldemberg, 2007).
Agriculture based sources, like biofuels, have become an important means of replacing fossil
fuels for energy and reduce dependency on foreign oil. The Energy Independence and
Security Act of 2007 calls for the production of 15.2 billion gallons (Bgal) of biofuels by
2010 and 36 Bgal of biofuels by 2022. Fifteen Bgal of the 2022 mandate is to be corn
ethanol and 21 Bgal is to be advanced biofuels such as switchgrass and soybeans (United
States Congress, 2007). To fulfill alternative energy needs, the practice of biomass
intercropping with pine stands is considered as a viable alternative to utilizing potential food
producing agricultural land for these crops. This article documents the hydrological and
water quality impacts at the watershed scale of site preparations for biomass intercropping in
managed southern pine forests observed after two years of pretreatment and one year of
treatment implemented in the field.

Without proper management and crop selection, increased production of biofuel crops can
have detrimental impacts on hydrology and water quality due to the net increase in these
lands (Robertson et al., 2011). Biomass production, in the form of switchgrass, may induce
potential environmental problems. During switchgrass establishment there is bare ground
which can increase soil erosion and increase the amount of runoff from the site (Love and
Nejadhashemi, 2011). Fertilization of these switchgrass crops may cause potential nutrient
leakage which would increase the loading of nutrients to surrounding surface waters

(Nyakatawa et al., 2006). Equipment traffic that implements and harvests the switchgrass
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can cause soil compaction and reduce infiltration which may increase the runoff from the site
(Nettles, 2011).

Catchlight Energy, LLC, a Chevron/Weyerhaeuser joint venture, is looking at the
environmental effects of cellulosic biofuel growth in a forest setting across the southeastern
United States. Impacts on hydrology, water quality, soil productivity, carbon, and wildlife are
being researched as a part of this joint venture. Three field regions were chosen to address
the environmental impact in a paired watershed approach in: Carteret County, North
Carolina, Greene County, Alabama, and Calhoun County, Mississippi. In each field region,
four to five watersheds having separate treatments are being studied ranging from 8 to 40
hectares in area.

The paired watershed design is a common approach to detect and measure treatment impact
on the land (Chang, 2013). In this design, a reference and one or several more watersheds
with comparable land cover, size, soil types, topography, and climatic conditions are
monitored during pre-treatment and post-treatment periods. Impacts are typically detected
when there is a change in the flow relationship(s) between the reference and the treatment
watershed(s), before and after treatment. The paired-watershed design has two distinct
advantages that include minimized climate variability and inter-basin variability
(Andréassian, 2004; Chang, 2013; US EPA 1993).

However, this method is not flawless as smaller watersheds (< 1000 ha) are most frequently
used in paired watershed studies which often have watershed-leakage problems, causing
errors in the water balance (Bosch and Hewlett, 1982). Additionally, it can be difficult in
small watersheds to extract among the general ‘hydrological noise’ clear indications of
treatment effects. Rather than just one flow relationship, a suite of hydrological indicators
obtained on each watershed during the pre-treatment phase may help discern treatment
effects.

This article reports the analysis of hydrological baseline relationships between five
watersheds in Greene County, AL observed during the two year pre-treatment period.
Similarities and difference are established in the study watersheds in the pre-treatment period
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land cover is similar to serve as a basis to detect if the differences seen in post-treatment are

watershed and/or biomass treatment effects and how they evolve over time.

Hypotheses

One hypothesis is that higher sloped watersheds with similar land cover will have more
runoff (cumulative flow). Watersheds with similar watershed slope, tree age, and soil as the
reference watershed will have stronger flow correlations. With increasing watershed slope,
there will be an increase in hydrologic flashiness in the study watersheds. Since the tree age
differs between study watersheds, another hypothesis is that tall and more mature trees in
similar watersheds will reduce cumulative flow and hydrologic flashiness. The reference
watershed (GRREF) will have different hydrology than the other watersheds due to mature
pine trees that facilitate infiltration and reduce peak flows.

Methods

The challenge is to compare watersheds to establish relationships in the pre-treatment
(calibration) period to later be used to establish treatment differences between the
watersheds. These relationships can be established between flow, flashiness indicators, and
watershed physical parameters. The classical relationship between flows between a reference
and other watersheds was used. A suite of reported indicators of flashiness were used as it is
expected that land management associated with switchgrass in hillslope watersheds would
create the conditions conducive to flashier hydrology. The flashiness indicators were
calculated for the entire year, yielding one value per watershed per year, and also on a small
number of events, from which statistics could be derived. All flashiness indicators were then
ranked so as to obtain a composite relative indicator of flashiness of the watersheds. Because
absolute values seem to differ from one watershed to the next, the rankings of the indicators

were used.
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Site and Watershed Description

In Greene County, located in Northwest Alabama, five watersheds labeled GR1 (GR stands
for Greene County), GR2, GR3, GR4, and GRREF ranging from 7.6-26.1 hectares in area are
shown below in Figure 2.1. During the pre-treatment period (March 2010-March 2012), 4-6
year old young pine stands with undergrowth were established in GR1 to 4 while an older
pine stand (18 years old) was established in GRREF. Soils on the hillslopes and summits of
the watersheds are predominately Faceville fine sandy loam (Fine, kaolinitic, thermic Typic
Kandiudults) with lesser amounts of Smithdale fine sandy loam (Fine-loamy, siliceous,
subactive, thermic Typic Hapludults). Ochlockonee fine sandy loam (Coarse-loamy,
siliceous, active, acid, thermic Typic Udifluvents) and Falaya fine sandy loam (Coarse-silty,
mixed, active, acid, thermic Aeric Fluvaquents) are located in the floodplain areas.
Watershed details are summarized below in Table 2.1. Pines in GR3 and 4 were 2 years

older than in GR1 and 2, and this impacts calculations for PET (details below).
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Table 2.1. Watersheds’ description for pre-treatment period (March 2010 — March 2012)

Watershed Surface Average Year Pine | Length:Width
Area (ha) Slope (%) | Established Ratio
GR1 11.6 12.7 2008 2.34
GR2 26.7 11.9 2008 3.19
GR3 25.9 12.6 2006 2.65
GR4 16.5 11.4 2006 2.30
GRREF 8.0 9.9 1994 1.87

Data Collection

Flow Data

Trapezoidal wooden flumes have been installed at the outlet of each of the watersheds to
funnel water into sections of know known dimensions to measure flow using the stage rating
and index velocity method (Birgand et al., 2005; Levesque and Oberg, 2012). Flow was
calculated from high resolution (2-minute) stage (m) and velocity (m.s™) data using an 1ISCO
flow meter (750 Area Velocity Flow Module, Teledyne ISCO, Lincoln, NE, USA). Data
were retrieved during the two-week field servicing of the stations. Two-minute time steps
were found to be the best compromise between flow representativeness and data resolution.
These tasks are detailed in full in Appendix A: Correcting Hydrology Data and a summary is

provided here.

Flow (Q) was calculated as the product of the cross-section average corrected velocity
(calculated from the sensor velocity serving as index velocity) and the wetted cross sectional
area (A), itself calculated from the measured stage (h) and the geometries of the flumes.

Before data could be used for analysis, however, a thorough 9-step data process was
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established to filter out outliers and noise, correct for stage drift, create rating curves, and fill
in gaps when the ISCO flow meters failed. The data used to fill in missing flow meter data
came from additional water stage sensors (HOBO U20 Water Level Data Logger, Onset,
Cape Cod, MA, USA ) installed as backup. Most of the data processing was performed using
AQUARIUS software (AQUARIUS, Aquatic Informatics, Vancouver, British Columbia,
Canada) after comparison with manual stage and flow data recorded every two weeks.
During low flow conditions, stages could fall below minimum levels for which velocity
could not be reliably measured. These gaps were filled by extrapolating from relationships
established between stage and velocity, and values found were verified against manual flow
data. The naturally noisy velocity readings were smoothed using moving averages. The
relationships between the cross-sectional average velocities and the ISCO sensors or index
velocities were derived from manual gauging (using the velocity area method; ISO 748,
2000) and velocity measurements. An additional correction for stage was performed since
that the stage where velocities were measured (10 cm upstream the instrument) and stage at
the instrument were different because of the hydraulic drop downstream the flumes. A fully
detailed correcting and calculating flow procedure for the watersheds can be found in

Appendix A: Correcting Hydrology Data.

To analyze the variability of watersheds and establish correlations in the calibration period,
the relationship between the cumulative daily and weekly flow from one watershed was
compared with the cumulative daily and weekly flow from the reference watershed GR1.
GR1 was chosen as the reference watershed in this study because it remained a young pine
stand after treatments were implemented in March 2012 for GR2-GR4. It also was in close
proximity to GR2-GR4 which limited climatic variability between this paired watershed
study. A logarithmic transformation was taken of the flow data and linear relationships were
analyzed for flow values higher than those for which the combined flow volume
corresponded to less than 2% of the total cumulative volume in a given period to decrease the

noisiness that occurs in these low flow periods.
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Weather Data

Weather data was collected every fifteen minutes for GR1 to 4 (HOBO U30 Cellular Data
Logger, Onset, Cape Cod, MA, USA) located between the four watersheds. The weather
data included precipitation (mm), atmospheric pressure (kPa), solar radiation (W.m), wind

speed (m.s™), gust speed (m.s™), wind direction, temperature (°C), and relative humidity (%).
Hydrology

Paired flow relationships

To analyze the variability of watersheds and establish correlations in the calibration period,
the relationship between the logarithms of the daily flow volumes from one watershed was
compared with the logarithms of the daily flow volumes from the young pine reference
watershed GR1. GR1 was chosen as the young pine reference watershed in this study
because it remained a young pine stand after treatments were implemented in March 2012 for
GR2-GR4, and thus corresponds to the normal practice to establish a pine plantation. It also
was in close proximity to the other treatment watersheds where climatic variability was
expected to be limited. The linear relationship of the logarithmic transformation of the daily
flow volumes was analyzed for flow values higher than those for which the combined flow

volume corresponded to less than 2% of the total cumulative volume in a given period.

Water Balance
The water balance was evaluated using Eq. 1. Precipitation (P) equals the sum of the flow
out of the watershed (Q), the evapotranspiration (ET), and the change of storage (AS) in the
soil or bedrock that can also indicate bypass flow and error in ET. These components of the
water balance are expressed in water depths (mm).

P=Q+ET+ AS (1)
Evapotranspiration is the sum of evaporation and plant transpiration from the surface to the
atmosphere. The ET between the study watersheds with similar treatments could differ due to

the differences in tree age, but was not directly measured. The potential evapotranspiration
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(PET) was calculated as a proxy using the Penman — Monteith combination equation (Eq. 2)

(Penman, 1965), although it is well known that ET tends to be generally lower than PET.
A(Rn—G)+ 86400*p*cp*(e5—ea)

PET = (2
A+ ')/(1 +a)

Where, A is the slope of the saturation vapor pressure curve (kPa.C'l); R, is the new radiation
flux density to the plant canopy (MJ.m-2.d-Y); G is soil head flux density (MJ.m-2.d-%); p is
the density of air (kg.m°); Cp is the specific heat of air (MJ.kg™'C-Y); e, is the saturation vapor
pressure of air (kPa); e, is the actual vapor pressure of air (kPa); r, is the aerodynamic
resistance to vapor and heat diffusion (s/m); y is the psychrometric constant (kPa.C™), and r.
is the bulk stomatal (canopy) resistance which accounts for tree height and leaf area index
(LAI) (s/m). Regression relationships using solar radiation to determine net radiation were
used to correlate with the measured net radiation from the site to have a more accurate
representation of net radiation from the site. The precipitation was collected at the weather
station. The cumulative flow and differences between precipitation and flow plus PET were
analyzed to see their ranking and if there were relationships between the watersheds and

relationships with the physical parameters of these watersheds.

Flashiness

Hydrology of small watersheds is characterized by short term changes in streamflow
associated with discontinuous rainfall events. The rapid rise and subsequent fall of the
hydrographs depend on rainfall intensity but also watershed characteristics. The more
ephemeral these events, the ‘flashier’ they are. The term flashiness is defined by Baker et al.
(2004) as the ‘frequency and rapidity of short term changes in streamflow, especially during
runoff events.” Methods to measure ‘flashiness’ have been previously established and
deemed indicative of hydrological behavior. Hydrologic flashiness can be calculated in many
different ways. Some of these include timing to peaks, high pulse frequency and duration,
and rise/fall rates. The Indicators of Hydrologic Alteration (Richter et al., 1996) and the
Richards-Baker (R-B) index (Baker et al., 2004) are common ways of calculating flashiness.

Some of the selected indicators of hydrologic alteration, to portray flashiness, are shown
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below in Table 2.2. The 80™ percentile was used to compare these IHA parameters because
it accurately portrayed the pulses of some of the multi-peaked events. Instantaneous low flow
values, which accounted, when combined, for less than 2% of the cumulative volume in a
given period were removed in the flashiness calculations to remove the hydrologic noisiness

that can be seen in low flows that do not contribute that much to the overall flow.

Table 2.2. Selected indicators of hydrologic alteration portraying flashiness (Ritcher et
al.,1996)

IHA Parameter Description

Number of occurrences for which flow remains
High pulse count above a defined high pulse (ie.75", 80", 90",

and 95" percentile)

Mean duration of high pulses within each year

High pulse duration )
(min)

Mean of all positive/negative differences

Rise/Fall rate ) P
between consecutive flow values (L.s™.min™)

Number of negative and positive changes in

Number of flow reversals
rates

Baker et al. (2004) created a flashiness index (R-B index) based on average daily flows (Eqg.
2). The R- B index is calculated by dividing the pathlength of flow oscillations for a time

interval where flow (q) is in m3.s™ by the total flow volume. Flashy streams have high R-B
index values but it should be noted that the smaller the increment between consecutive flow
data, the higher the value. In this article the R-B index was calculated based on two-minute
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resolution flow values. R-B index has less inter-annual variability than other indicators
making it suitable for detecting steady changes in flow regimes associated with altering land

use and in land management practices (Baker et al., 2004).

_ _ Sl ail
R — B Index 0 3)

Other flashiness indicators that were analyzed in this paper include Vs (Moatar and
Meybeck, 2007) and the detection of start and peaks of hydrographs. Ve is the percentage
of the total annual amount of flow that occurred in X% of the time corresponding to the
highest flow. Vy is obtained by sorting flow values from highest to lowest and calculating
the cumulative flow corresponding to the cumulative probability of occurrence from 1 to
100% for the individual years. Two percent (2%) was chosen as an indicator of reactivity for
our watersheds because it offered largest discrimination among watersheds for the highest
flows and because V2q, has been previously used for other applications (Moatar and
Meybeck, 2007).

All these flashiness indicators were calculated using the entire range of flow data for each
pre- and post-treatment year yielding one flashiness indicator value for each year and each
watershed. The relative ranking (1 to 5, from least to most flashy, respectively) for each
indicator was derived. Since the rankings varied from one indicator to the next, a composite
value was also calculated for each watershed and each year as the sum of the ranks for all
indicators.

To capture the variability of the hydrological response, some indicators (i.e., R-B Index, rise
and fall rates, number of flow reversals, cumulative flow, and maximum flow) were derived
at the event level, for ten events per year per watershed, so as to obtain a distribution of
values from which statistics could be derived. The events chosen had the same beginning
and end times for all watersheds and included both simple and complex events. Simple
events exhibited a single rise and fall of the hydrograph, corresponding to one rainfall pulse.
Complex events could contain multiple peaks, rises and falls, corresponding to several
consecutive rainfall pulses, from which indicators such as flow reversals could also be

calculated.
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To further evaluate whether treatment would modify the hydrological response to rainfall,
several hydrograph timing indicators were measured on simple hydrographs. Over the three-
year period, only 10 simple pre-treatment and 6 simple post-treatment hydrographs were
observed. The event timings included (sensu Dingman, 2002) the lag-to-peak (T,p) i.e., the
time between the beginning of rainfall to the time of the peak of the hydrograph, the time of
rise (Ty) i.e., the time between the beginning and the peak of the hydrograph, and the
response lag (T.r) i.e., the time between the beginning of rainfall and the time of the
beginning of the hydrograph. The values were extracted using the VisuHydro program

(personal communication, Robert Lagacé, Université Laval, Québec, Canada).

Statistics

For the event flashiness indicators described above, the data was analyzed using Analysis of
Variance (ANOVA) with watershed, events and year as random variables to represent a
population of watersheds. The watershed variances were compared for the two pre-treatment
years to analyze differences and to detect whether the years were significantly different from
one another. Statistics were performed in SAS (SAS, SAS Institute Inc., Cary, NC, United
States) using the proc mix procedure. For the hydrograph timing indicators, a paired t-test
was conducted, with GR1 as the reference watershed, to analyze whether the differences
between timing to peaks in the study watersheds with similar land cover were significant.
These differences are to serve as a basis to detect if the hydrological responses in post-
treatment are indicative of treatment or rather indicative of the initial watershed hydrological

signature.

Results

Year 1 (March 2010-March 2011) and year 2 (March 2011-March 2012) were respectively
dry and wet years (compared to the average yearly rainfall of 1361 mm in Greene County,
AL), for which 1002 and 1498 mm of precipitation were recorded (Figure 2.2A). The March

to March hydrologic year was chosen because data collection began in March 2010,
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implementation of the treatments began in March 2012 and the largest flows occur during the

February-March periods and can be considered to serve as a reset for a new hydrologic year.

Hydrology

Before any analysis could be performed, the majority of the effort was spent on correcting
flow data. Comparison in cumulative flow between uncorrected and corrected data for year 1
shows that the absolute percent differences ranged from 2% (GR1) to 56 % (GRREF), which

supports the need for this tedious but essential part of the work (Table 2.3).

Table 2.3. Raw and corrected cumulative flows from March 2010 — November 2011

WS Raw Cumul Q (mm) Corr Cumul Q (mm) Percent Diff (%0)

GR1 588 601 -2.2

GR2 353 409 -13.7

GR3 519 543 -4.4

GR4 375 310 21.0
GRREF 667 428 55.8

The cumulative flows out of the watersheds and runoff coefficients were calculated and are
illustrated in Figure 2.2A and Table 2.4. A strong relationship was found between
cumulative flow and the average slope of the watersheds established in young pine (Figure
2.3) for both pre-treatment years. The steepest (12.7%) and young pine reference watershed
GR1, always had the highest runoff coefficient (0.34). GR4, with the smallest slope also had
lowest runoff coefficients (17-18%). The mature pine reference GRREF, which has lower

slope (8%), did not follow the relationship and yielded more water than expected.
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All watershed streams were intermittent, flowing between 60 and 98% of the time (Figure
2.4). The percentage of time the watersheds had flow increased from the dry to wet pre-
treatment year. GRREF remained stable while there were larger increases for the other
watersheds. Among the young pine watersheds, GR3 flowed the most often while GR4
flowed the least of the time. GR1, which flowed no more that 83% of the time, still yielded
most volume, indicating a more intense hydrological response to rainfall, compared to the
other watersheds.

All watersheds exhibited the typical two distinct cumulative flow responses to cumulative
rainfall. In the fall and in winter months, cumulative flow had a linear response with
cumulative precipitation. During the growing season when ET was very significant (Spring
and Summer), no significant flows were measured, all curves exhibiting flat plateaus (Figure
2.2B), although the slight incline of the GR3 curve during the growing season suggests that
baseflow significantly contributed to the overall cumulative volumes for this watershed. At
the inversion of the ET-P balance in the fall, GR1 to 3 responded similarly abruptly to
rapidly reach the winter linear trend, while more than 150 mm more rainfall was needed for
flow to significantly start for GR4 and GRREF (Figure 2.2B).
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Figure 2.2. A) Cumulative flow and precipitation as a function of time and B) Cumulative
flow as a function of cumulative precipitation, from all study watersheds for the dry and

wet (respectively left and right of vertical lines) pre-treatment years

Table 2.4. Cumulative flow and runoff coefficient for all study watersheds in pre-treatment

Watershed | CumlQ (mm), RC Mar 2010- | CumlQ (mm), RC Mar 2011-
Mar 2011 Mar 2012
GR1 341,0.34 510,0.34
GR2 221,0.22 366, 0.24
GR3 293,0.29 466, 0.31
GR4 178,0.18 253, 0.17
GRREF 260,0.26 308, 0.20
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Figure 2.3. Cumulative flow as a function of the slope of the study watersheds with similar

Figure 2.4. Percentage of time study watersheds flow in pre-treatment for the dry (year 1 —

1002 mm of precipitation) and wet year (year 2- 1498 mm of precipitation)
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The logarithmic relationship between the cumulative daily and weekly flows from each
watershed was compared with the cumulative daily and weekly flow from the reference
young pine watershed GR1 and shown below in Figure 2.5 and Figure 2.6. GR2 and GR3
have a greater correlation (R?) with GR1 than GR4 and GRREF. Using a 95% slope
confidence interval for daily logarithmic cumulative flow values, the slopes between the wet
and dry pre-treatment years were only significantly different in GR3 with a decrease of slope
from the dry to wet pre-treatment year. There were no significant differences between the
slopes of the weekly logarithmic cumulative flow values (Table 2.5).
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Figure 2.5. Logarithmic daily cumulative flows from the study watersheds as a function of
the young pine reference GR1 watershed for both pre-treatment years with linear regression
performed for flow corresponding to greater than 2% of the cumulative volume in a given
period. The vertical line represents this threshold above which the linear regression was

calculated. Equations for the linear models are shown on the graphs above.
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Figure 2.6. Logarithmic weekly cumulative flows from the study watersheds as a function of
the young pine reference GR1 watershed for both pre-treatment years with linear regression
performed for flow corresponding to greater than 2% of the cumulative volume in a given
period. The vertical line represents this threshold above which the linear regression was

calculated. Equations for the linear models are shown on the graphs above.



Table 2.5. Slope values and 95% slope confidence intervals for the linear model of the
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relationships between daily and weekly logarithmic cumulative flow values with GR1 as a

reference
Daily Flows
Pre-treatment — Year 1 Pre-treatment — Year 2
WS Slope, R2 95% Conf | Slope, R2| 95% Conf
Interval Interval
GR2 0.89,0.71 | (0.79,0.95) |0.88,0.73 | (0.81,0.94)
GR3 1.18,0.71 (1.07,1.29) | 0.99,0.63 (0.90,1.08)
GR4 1.86,052 | (1.61,2.11) |1.87,060| (1.682.1)
GRREF | 1.69,0.39 | (1.39,1.98) |1.74,053| (1.53,1.96)
Weekly Flows
GR2 0.95,0.75 | (0.75,1.15) |0.93,0.78 | (0.78,1.09)
GR3 1.29,0.79 | (1.04,1.54) |1.08,0.71| (0.86,1.30)
GR4 2.05,0.60 (1.42,2.67) | 1.82,0.63 (1.37,2.27)
GRREF | 168,056 | (1.13,2.23) |1.63,056| (1.152.11)

Water Balance

The water balance was analyzed using the outflow of the watersheds, Penman-Monteith PET,

and the precipitation. Components for the water balance for GR1 is shown below for the wet

and dry pretreatment years (Figure 2.7). The flow, PET, and change in storage for all

watersheds are shown in Table 2.6. The change in storage, which is an error term that

includes change is soil storage and regional groundwater flow, is negative for the majority of

the time in the watersheds implying that the precipitation is less than the combined outflow

and PET. The difference between combined outflow and PET and precipitation is less during
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the wet pre-treatment year. The PET (accounted for in the canopy resistance) increases as the
height of the trees increases. GR3 and GR4 have higher PET due to the trees being two years
older than the GR1 and GR2 trees.
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Figure 2.7. Water balance with Penman-Monteith PET for GR1 for the dry (left) and wet

(right) pre-treatment years
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Table 2.6. Flow, potential evapotranspiration, and change in storage (mm) for the water

balance in each of the study watersheds for pre-treatments years (year 1, year2)

WS Q (mm) PET (mm) AS (mm)

GR1 341, 510 1357,1322 -696,-334

GR2 221, 366 1357,1322 -576,-189

GR3 293, 466 1471,1390 -762,-357

GR4 178, 253 1471,1390 -647,-144

GRREF 260, 308 1714,1551 -972,-360
Flashiness

The RB-Index (RB), V2, and the IHA parameters (i.e., the number of high pulses above the
80™ percentile, the mean duration of each pulses above the 80™ percentile, the average
rise/fall rates, and number of flow reversals between consecutive 10 minute intervals) are
shown below in Table 2.7 for both pre-treatment years. The lag-to-peak (T.p), the time of rise

(Tr) and the response lag (T.r) are shown in Table 2.8.



Table 2.7. Flashiness indicators for all study watersheds for pre-treatment years
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WS RB | N 80th Mean Avg Rise | AvgFall | Voo, N
High | 80th Dur Rate Rate FlowRev
Pulse (min) | (Ls™min®) [ (Ls™.min®) 10min
Year 1 : March 2010-March 2011
GR1 0.0090 67 865.5 0.0213 -0.0193 0.260 18486
GR2 0.0116 133 533.2 0.0257 -0.0241 0.252 | 24091
GR3 | 0.0100 76 1145.6 0.0286 -0.0264 0.272 | 29296
GR4 | 0.0081 61 745.7 0.0194 -0.0176 0.386 12462
GRREF | 0.0111 119 377.6 0.0214 -0.0201 0.321 12838
Year 2 : March 2011-March 2012
GR1 0.0128 147 483.4 0.0328 -0.0294 0.305 | 26092
GR2 0.0142 110 710.8 0.0443 -0.0400 0.262 | 31500
GR3 | 0.0158 | 161 509.4 0.0554 -0.0503 | 0.301 | 38538
GR4 | 0.0092 77 655.5 0.0205 -0.0170 0.329 15230
GRREF | 0.0163 92 575.1 0.0371 -0.0300 | 0.420 | 11766
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Table 2.8. Average and standard deviation over 10 simple events of the chosen hydrograph

timing indicators obtained over the 2 year pre-treatment period (Avg,SD)

WS T, (hr) Trr (hr) Top (hr)
GR1 2.93, 1.69 4.20 ,2.45 7.13,4.01
GR2 3.63,2.16 3.35,2.26 6.98, 3.70
GR3 3.74, 1.47 4.18,2.78 7.92,3.88
GR4 2.90, 1.47 4.22,2.79 7.12,3.75
GRREF 3.03, 1.49 4.28,2.91 7.30, 3.68

The results obtained for each year suggest that for the indicators chosen, the ranking from the
relatively less to relatively more flashy watershed changes from one indicator to the next and
from year 1 to year 2. For all indicators, the highest ranking would suggest flashier systems.
In the wet pre-treatment year (year 2), the RB index is largest for GRREF (0.0163) and the
smallest for GR4 (0.0092). For the dry pre-treatment year, GR2 (0.0116) had a higher RB
index than GRREF (0.0111). GR1 had the smallest RB index after GR4 for both pre-
treatment years. In the dry year GRREF and GR2 had the highest number of pulses and
shortened durations while GR4 followed by GR1 had the lowest number of pulses and
highest durations for the 80™ percentiles. Using number of high pulses and the duration of
these pulses in the wet pre-treatment year, GR3 and GR1 would be ranked as flashiest while
GR4 would remain the least flashy. GR3 had the largest rise and fall rates and GR4 has the
smallest rise and fall rates pre-treatment followed by GR1 for both pre-treatment years. GR4
and GRREF have the largest Vg, or largest percentage of flow occurring in 2% of the time
corresponding to the highest flow, while GR2 has the smallest Vyy, for both pre-treatment
years. GR3 had the largest amount of flow reversals while GR4 had the least for the dry year
and GRREF had the least for the wet year.
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These results illustrate that there is no obvious and absolute indicator or flashiness. As a
result, ranking of flashiness indicators from flashiest (5) to least flashy (1) were calculated
(shown below in Figure 2.8 and Figure 2.9 for both of the pre-treatment years) and summed
for the suite of flashiness indicators so as to obtain a more robust composite indicator of
overall flashiness (Figure 2.10). For the first dry pre-treatment year GR3 and GR2 were the
flashiest while GR1 and GR4 were the least flashy. In the wet pre-treatment year GR3
remained the flashiest and GR1 and GR4 were the least flashy. GR4 remained least flashy
and stable for the wet and dry pre-treatment years.

=2 L
>
-
s
T 4
7
©
93 L
I —4—GR1
-
82 * —B—GR2
-
© GR3
('8
n 1
wn == (GR4
:500 T T T T ) == GRREF
s R-BIndex High Pulse  Rise/Fall V2% Flow
e Count and Rates Reversals
Duration

Flashiness Indicators

Figure 2.8. Ranking of flashiness indicators (flashiest (5) to least flashy (1)) for the dry pre-
treatment year (March 2010-March 2011)
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Figure 2.9. Ranking of flashiness indicators (flashiest (5) to least flashy (1)) for the wet pre-
treatment year (March 2011-March 2012)
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Figure 2.10. Combined indicator of flashiness for pre-treatment years
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Using the hydrograph timing indicators (Table 2.8), the timing from the beginning of runoff
to the peak of the event (T,), GR4 had the shortest time of rise while GR3 had the largest
time of rise. For the response lag (T.r) or the time between the beginning of rainfall to
beginning of runoff, GR2 had the shortest timing while GRREF had the largest timing. For
the lag-to-peak timing from the beginning of rainfall to the peak of the event (T.p), GR2 had
the shortest while GR3 had the largest.

When analyzing on an event basis the flashiness indicators for ten events per year, the
variances between watersheds increased from the dry to wet pre-treatment years for all
flashiness indicators. The variance between watersheds was significant for cumulative flow
but not for any other indicators. The average event cumulative flow is shown below in Table
2.9. These values follow the hierarchy of the cumulative flow values in the dry pre-treatment
year with GR1 having the highest event cumulative flow values and GR4 having the least
event cumulative flow values.

Analyzing the simple events for the hydrograph timing indicators for the pre-treatment
period, the variances of the watersheds were significantly different from zero for the lag-to-
peak (Table 2.9). GR2 had the smallest lag-to-peak times while GR3 had the largest. Upon
analysis of the time of rise using GR1 as the reference watershed, GR2 and GR3 had
significantly greater times of rise than GR1. GR3 also had a significantly greater lag-to-peak

compared to GRL1.
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Table 2.9. Average event cumulative flow and lag to peak (standard deviation) for ten

selected events per year for all study watersheds

WS Average Event Cumulative Flow (mm) | Average lag to peak
(hr)

GR1 16.3 7.13,4.01

GR2 10.4 6.98, 3.70

GR3 15.2 7.92, 3.88

GR4 10.2 7.12,3.75

GRREF 13.3 7.30, 3.68

Discussion
Hydrology

The cumulative flows from the watersheds are positively correlated with the watershed
average slopes. Despite similar land cover, the hydrologic processes are still dictated by the
topography of the land. Despite very similar slopes between GR3 and GR1, the latter
yielded more water in a smaller percentage of the time. The larger percentage of the time for
GR3 probably corresponds to the observed significant summer baseflow for this watershed
(Figure 2.2B). The switch rank in the cumulative flow of GRREF in the dry pre-treatment
year may be associated with the observation that there is a flatter area upstream that contains
water even when the outlet of the watershed is dry. This indicates a possible connection with
an aquifer that is transporting water from outside the watershed into GRREF and increasing
the cumulative flow in this smaller area and sloped watershed (7.95 ha, 9.9%). GR4 only
flowed 78% of the time during the wet pre-treatment year which is much less than the other

watersheds (Figure 2.4). It also had reduced cumulative flows and runoff coefficients in



47

comparison with the other watersheds. This could be due to infiltrating water leaving as
groundwater flow which bypasses the outlet of the GR4 watershed.

Though paired watershed studies are designed to remove climate and watershed variability
(Chang, 2013), this study illustrates how flow relationships may not always be very strong
with this study design. The slopes are different from one watershed to the next, which
illustrates that the watersheds hydrological signatures before treatment are different. There
were relatively strong flow correlations between GR2 and GR3 watersheds with GR1 with R?2
values ranging from 0.63-0.73, but those for GR4 and GRREF with R? values ranging from
0.39-0.60 were not as strong (Figure 2.5 and Figure 2.6). This could be due to many reasons
including leakage that is common in small watersheds (Bosch and Hewlett, 1982), not
enough time in the calibration period, differences in the ages of the trees in the watersheds,
and dissimilarities in the soils and slopes of the watersheds. Chang (2013) recommends that
for the calibration (pre-treatment) period, each watershed should be close to steady-state by
having the same land cover for a number of years prior to the study. The number of years to
reach steady-state varies between different watersheds but usually lasts about seven or more
years depending on the study period, data variability and the level of precision desired. Our
study had less than the recommended seven year period, a four to six year period, to reach
steady-state by having the same land cover that may have caused for more variability
between watersheds due to a lack of steady-state conditions. In young pine plantations where
pines grow at more than 50 cm per year and where undergrowth is at its peak, conditions are
never at ‘steady state’. GR2 has similar tree age when compared to GR1 which reduces the
variability between these adjacent watersheds. The similarities in slopes between GR1 and
GR3 help reduce the variability between watersheds but GR3 has older trees than GR1. The
significant decrease in slope from dry to wet pre-treatment year could be due to the fact the
GR3 trees are two year older than GR1 trees which facilitates more infiltration at the roots
(Johnson and Lehmann, 2006).. The differences in soils, slopes, and tree age in GR4 and
GRREF as well as the possible sinks and sources in these watersheds provide for more
variability in their flows when compared to GR1. This variability can be quantified with the
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lower correlations when these watersheds are compared to GR1. In the study watersheds
higher slopes caused increases in cumulative flow. There were some strong relationships
with flow in the study watersheds using a reference watershed but differences in the slopes,
soils, duration of flow, and potential gains and sinks in these watersheds cause for higher

flow variability during this calibration period.

Water Balance

There is an apparent water deficit during the majority of the time for both pre-treatment
years. This could be due to many factors including uncertainty in weather measurements to
calculate PET or that the PET did not accurately model the actual ET (AET) in these
conditions. Some of the net radiation values measured in this region were slightly higher
than expected and may have increased the PET calculated values. ET decreases when trees
are under water deficit or surplus and the PM Model does not account for these times of
water stress and assumes the trees are not limited by water. This can be seen in (Figure 2.7)
for the water balance during the dry pre-treatment year with PET consistently greater than the
rainfall. These discrepancies make it difficult to draw any conclusions about the water

balance.

Flashiness

There were increases in each of the flashiness indicators from the dry pre-treatment year to
the wet pre-treatment year. The ‘flashiest watershed’ depended on what indicator was being
used. GR4 and GR1 consistently remained the least flashy while GR3 and GR2 were
flashiest of the watersheds with the same land cover treatment (Figure 2.10). Flashiness is not
correlated with the slope since the watershed with the highest slope (GR1) was considered
one of the least flashy watersheds. Some of these indicators may not accurately portray
differences in watersheds due to differing topography and channel geometry in these
watersheds that make the watershed hydrologic regime different. Some of these indicators
are used to detect changes in hydrology due to altering land use and in land management

practices. The fact that GRREF is potentially gaining water from another source and that
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GR4 may experience water losses influences the calculations of these flashiness indicators.
Since GR4 and GRREF flow for a lower percent of the time (Figure 2.4), the V2, indicator
may be biased and not an ideal hydrological parameter in these intermittent streams. Indeed,
in 2% of the total time, relatively more flow will occur since there is less time when the
watershed is flowing. It is possible that for these intermittent and very flashy systems, V2,
may be more an indicator of intermittence than of flashiness.

When looking at the ranking between timing to peaks, GR4, the least flashy watershed, has
the shortest timing to peaks. The idea that flashy watersheds would have shorter timing to
peaks during an event is not necessarily true and the timing to peaks can be dictated by the
amount of cumulative flow. The less the cumulative flow out of the watershed, the less time
it would take to reach the peak. This shorter timing to peak may rather be an indication of
small response to rainfall on cumulative flows and not the rapidity of response to the rainfall.
Time of rise is not an ideal indicator of flashiness unless the watersheds and cumulative
outflows are similar because time of rises will differ due to watershed characteristics such as
watershed slope. We can conclude that even though there are quantifiable differences in the
flashiness between the watersheds that have similar land cover in pretreatment, only their

cumulative flows significantly differ with relations to their slope.

Conclusion

To fulfill alternative energy needs, the practice of biofuel feedstock intercropping in forest
settings is considered as a viable alternative to utilizing potential food producing agricultural
land. In this study, the bioenergy feedstock crop switchgrass (Panicum virgatum) is
intercropped with loblolly pine (Pinus taeda L.). Loblolly pine is the main timber species in
the southern US and is known to respond quickly and well to silvicultural treatments while
switchgrass is a perennial warm season C,4 grass and has been found to be an ideal biofuel
crop due to its environmental and production benefits.

In order to study the hydrology and water quality effects of biomass intercropping, a paired
watershed study was established in Greene County, Alabama with five watersheds labeled
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GR1 (GR stands for Greene County), GR2, GR3, GR4, and GRREF ranging from 7.6-26.1
hectares in area. During the pre-treatment period (March 2010-March 2012), young pine
stands with undergrowth were established as GR1 to 4 while an older pine stand was
established as GRREF. Similarities and difference were established in the study watersheds
with similar land cover in the pre-treatment period to serve as a basis to detect if the
differences seen in post-treatment are watershed and/or biomass treatment effects and how
they evolve over time. The cumulative outflow, flashiness, and timing to peaks of the
watersheds were measured and calculated for the study watersheds to quantify differences in
the hydrology and characterize the nature of the hydrologic events.

A clear hierarchy was established in water yield, percentages of flow time, water losses or
external contribution. The strong dependence of water yield to watershed average slope was
clear for the young pine watersheds (GRL1 to 4) but the mature pine stand (GRREF) did not
follow this trend. The flashiness analysis suggested that GR4 and GR1 consistently remained
the least flashy while GR3 and GR2 were flashiest of the watersheds with the same land
cover treatment for the majority of the flashiness indicators. Differences in flashiness values
for each indicator yielded different rankings in the flashiness scales, illustrating the difficulty
to obtain a robust indicator. A composite flashiness indicator, devised as the sum of rankings
for all indicators, was found to better fit robustness needs.

Overall, the initial ‘hydrological signature’ of all watersheds could be established rather
successfully even with variability between the watersheds, at least on a relative basis, and
future deviations from the trends established may be indicative of treatment effects post-

treatment.
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CHAPTER 3: Hydrology and Water Quality Impacts of Site
Preperation for Loblolly Pine (Pinus taeda) and Switchgrass
(Pancium virgatum) Intercropping in Upland Forested
Watersheds in Alabama

Erin Bennett, Francois Birgand, Chip Chescheir, Elizabeth Allen, Timothy Appelboom,
Robert Lagacé and Jami Nettles

Abstract

To fulfill alternative energy needs, the practice of intercropping biofuel feedstock in forest
settings is considered a viable alternative to utilizing potential food producing agricultural
land. This project focuses on the hydrology and water quality impacts during establishment
of switchgrass in managed pine plantations. To document these impacts, five watersheds
(8.0 — 26.7 hectares) were established in a paired approach with five different land cover
treatments in Greene County, AL. These land cover treatments include: 18 year reference
pine stand, switchgrass only, thinned pine with switchgrass intercropping, newly established
pine with switchgrass intercropping, and young pine stand with normal undergrowth.
Hydrology and water quality data include velocity, stage, climate, and flow proportional
composite sampling for such water quality parameters as NO3, NH4", TN, TSS, TP, and
DOC.

The indicators of sustainability used to compare treatments in this paired watershed study to
a reference include flow, flashiness indicators, watershed physical parameters, and material
balance and loads. Relationships that were established in the pre-treatment (calibration)
period were used to establish treatment differences between the watersheds. For the two pre-
treatment years GR3 and GRREF were the flashiest while GR1 and GR4 were the least
flashy. In the post-treatment year GR3 remained the flashiest but for GR4, where the
switchgrass only treatment was implemented, flashiness increased the most, ranking second

when compared to the other watersheds. GR1, which did not undergo any treatment, became
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the least flashy. Even though there are quantifiable differences in the flashiness and timing
of events between the pre and post-treatment, only event cumulative and maximum flows
significantly differed, which can be explained by physical parameters (rainfall and watershed
slope). The treatments that were applied to the watersheds did not dictate changes in the
hydrologic processes.

Clear increases in cumulative loading of water quality parameters (total suspended solids,
total phosphorus, and dissolved organic carbon) were observed in the post-treatment period.
Their timing coincided with the timing of the site preparation operations such that one could
conclude that soil disturbance and sparse ground cover during the establishment of the
switchgrass treatments, significantly altered exports of total suspended solids on these
treatment watersheds. Biofuel crop establishment is a vulnerable period that may yield
detrimental environmental effects. These impacts need to be considered when evaluating the
overall environmental sustainability of intercropping practices. The fact that the switchgrass
may not establish quickly needs to be considered and best management practices need to be

used to alleviate these potential water quality impacts.

Introduction

The rise of global and domestic energy demands have led to increased research toward a
transition from fossil fuels to alternative energy sources. Fossil fuels are projected to be
depleted in a matter of decades at the current consumption rates (Goldemberg, 2007).
Agriculture based sources, like biofuels, have become an important means of replacing fossil
fuels for energy and reduce dependency on foreign oil. The Energy Independence and
Security Act of 2007 calls for the production of 15.2 billion gallons (Bgal) of biofuels by
2010 and 36 Bgal of biofuels by 2022. Fifteen Bgal of the 2022 mandate is to be corn
ethanol and 21 Bgal is to be advanced biofuels derived from feedstocks such as switchgrass
and soybeans (United States Congress, 2007). To fulfill alternative energy needs, the
practice of intercropping biofuel feedstock with pine stands is considered as a viable
alternative to utilizing potential food producing agricultural land for these crops. This article
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documents the hydrological and water quality impacts at the watershed scale of site
preparations for switchgrass intercropping in managed southern pine forests observed after
two years of pretreatment and one year of treatment implemented in the field.

Without proper management and crop selection, increased production of biofuel crops can
have detrimental impacts on hydrology and water quality due to the net increase in these
lands (Robertson et al., 2011). Biofuel feedstock production, in the form of switchgrass, may
induce potential environmental problems. During switchgrass establishment there is bare
ground which can increase soil erosion and increase the amount of runoff from the site (Love
and Nejadhashemi, 2011). Fertilization of these switchgrass crops may cause potential
nutrient leakage which would increase the loading of nutrients to surrounding surface waters
(Nyakatawa et al., 2006). Equipment traffic that establishes and harvests the switchgrass can
cause soil compaction and reduce infiltration which may increase the runoff from the site
(Nettles, 2011).

Biomass production may have impacts that resemble those of agricultural production.
Agriculture is a large source of nutrients, sediment, and pesticide runoff which can lead to
the pollution of water bodies (Mann and Tolbert, 2000). Nitrate (NO3’), the stable form of
inorganic nitrogen in aerobic environment, is found in excess concentrations in the water that
has percolated through fertilized agricultural soils. Nutrient runoff, predominately in the
form of nitrogen (N) and phosphorous (P), has been linked to eutrophication in water bodies.
Phosphorus can be transported through sediment losses in agricultural sites (Rabalais, 2002).
Catchlight Energy, LLC, a Chevron/Weyerhaeuser joint venture, is looking at the
environmental effects of cellulosic biofuel growth in a forest setting across the southeastern
United States. Impacts on hydrology, water quality, soil productivity, carbon, and wildlife are
being researched as a part of this joint venture. Three field regions were chosen to address
the environmental impact in a paired watershed approach in: Carteret County, North
Carolina, Greene County, Alabama, and Calhoun County, Mississippi. In each field region,
four to five watersheds having separate treatments are studied ranging from 8 to 40 hectares

in area.
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The paired watershed design is a common approach to detect and measure treatment impact
on the land (Chang, 2013). In this design, a reference and one or several more watersheds
with comparable land cover, size, soil types, topography, and climatic conditions are
monitored during pre-treatment and post-treatment periods. Impacts are typically detected
when there is a change in the flow relationship(s) between the reference and the treatment
watershed(s), before and after treatment. The paired-watershed design has two distinct
advantages that include minimized climate variability and inter-basin variability
(Andréassian, 2004; Chang, 2013; US EPA 1993).

However, this method is not flawless as smaller watersheds (< 1000 ha) are most frequently
used in paired watershed studies which often have watershed-leakage problems, causing
errors in the water balance (Bosch and Hewlett, 1982). Additionally, it can be difficult in
small watersheds to extract among the general ‘hydrological noise’ clear indication of
treatment effect. Rather than just one flow relationship, a suite of hydrological indicators
obtained on each watershed during the pre-treatment phase may help discern treatment
effects.

This article reports the analysis of hydrologic and water quality relationships between five
watersheds in Greene County, AL observed during the pre (March 2010 — March 2012) and
post (March 2012 — March 2013) -treatment periods. Similarities and differences are
established in the study watersheds in the pre- treatment period when land cover is similar.
Hydrological and water quality differences seen in post-treatment when land cover is
changed are documented and compared to determine if differences are due to watershed or
treatment effects. The treatment period analyzed during this study includes the time when

the switchgrass was being established.

Hypotheses

It is hypothesized that differing land cover treatments will lead to different hydrology in the
study watersheds. The cumulative flow between the watersheds will differ after the

treatments are established due to bare ground during implementation, machinery compaction,
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and infiltration at the roots of pine trees. Flashiness will increase from pre to post-treatment
in watersheds that have a change in treatment.

The chemical processes that occur in the watersheds will differ based on land cover
treatment; which will lead to different water quality parameter loading. Different hydrology,
fertilization rate, and seasonal differences during the hydrologic year will lead to differing
total cumulative loading for different water quality parameters in the watersheds.
Establishment of the land cover treatments will contribute to increased loading of water
quality parameters including total suspended solids, total phosphorous, total nitrogen and
dissolved organic carbon due to land disturbance. The temporal dynamics of water quality
parameters’ loading will change among treatment due to hydrology, temperature, land cover,

and land use practices.

Methods

Relationships were established in the pre-treatment (calibration) and post-treatment periods
to determine whether differences were due to treatment between the watersheds. These
relationships were established between flow, flashiness indicators, watershed physical
parameters and cumulative loading of water quality parameter, in an effort to obtain a suite of
tools from which indicators or converging trends would be indicative of significant treatment

effects.

Sites and Treatment Description

The study watersheds are located in Greene County, in Northwest Alabama. Five watersheds
labeled GR1 (GR stands for Greene County), GR2, GR3, GR4 and GRREF ranging from 7.6-
26.1 hectares in area were monitored from March 2010 to March 2013. Watersheds GR1,
GR2, GR3, and GR4 were all adjacent to one another while watershed GRREF was located
3.8 km away. During the pre-treatment period (March 2010-March 2012), 4-6 year old
young pine stands with undergrowth were growing on GRL1 to 4 while an older pine stand
planted in 1994 was growing ion GRREF. After implementation of the treatments (March
2012), GR1 remained a young pine stand with understory and the site was not disturbed by
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any equipment, GR2 was thinned young pine management intercropped with switchgrass,
GR3 was newly established pine with switchgrass intercropping, GR4 was switchgrass only,
and GRREF remained a reference stand. Soils on the hillslopes and summits of the
watersheds are predominately Faceville fine sandy loam (Fine, kaolinitic, thermic Typic
Kandiudults) with lesser amounts of Smithdale fine sandy loam (Fine-loamy, siliceous,
subactive, thermic Typic Hapludults). Ochlockonee fine sandy loam (Coarse-loamy,
siliceous, active, acid, thermic Typic Udifluvents) and Falaya fine sandy loam (Coarse-silty,
mixed, active, acid, thermic Aeric Fluvaquents) are located in the floodplain areas.
Watershed details are summarized in Table 3.1.

Many land management operations were used to establish the various treatments. Post-
emergent herbicide was sprayed for weed control before the treatments were established at
GR2, GR3, and GR4. In GR3 and GR4 the existing pine stands were removed in order to
establish a new pine stand with intercropped switchgrass in GR3 and the switchgrass only
treatment in GR4. These trees were sheered with a bulldozer with a V-shear blade and were
piled in windrows by a bulldozer with a rake. The existing pine stand at GR2 was thinned
before switchgrass was planted in order to provide essential sunlight to the switchgrass. The
switchgrass in the watersheds was established in mid-May 2012. The planting area for the
switchgrass was disked and seed was broadcast planted 1/8 inch into the soil. The
switchgrass had not been harvested or fertilized by May 2013 because establishment was not
successful in any of the watersheds the first post-treatment year due to compromised seed

stock.



Table 3.1. Watersheds' Description for Pre and Post-treatment

Watershed | Surface | Average | Length:Width
Area (ha) | Slope (%) Ratio
GR1 11.6 12.7 2.34
GR2 26.7 11.9 3.19
GR3 25.9 12.6 2.65
GR4 16.5 114 2.30
GRREF 8.0 9.9 1.87

Watersheds and Outlets in
Greene County, AL Project

Legend
@ Outlets

N
. Map Created By: Erin Bennett

Date Created: 11/27/11
Data Source: NCSU BAE Dept

Lat: 32.9555
0 500 1,000 Meters
Long: -88.0087

Figure 3.1. Location of study watersheds and their outlet in Greene County, AL
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Data Collection

Flow Data

Trapezoidal wooden flumes have been installed at the outlet of each of the watersheds to
funnel water into sections of know known dimensions to measure flow using the stage rating
and index velocity method (Birgand et al., 2005; Levesque and Oberg, 2012). Flow was
calculated from high resolution (2-minute) stage (m) and velocity (m.s™) data using an 1ISCO
flow meter (750 Area Velocity Flow Module, Teledyne ISCO, Lincoln, NE, USA). Data
were retrieved field servicing of the stations every two weeks. Two-minute time steps were
found to be the best compromise between flow representativeness and data resolution.
However, before analysis, large amount of work was needed to process the data. These tasks

are detailed in full in the appendices and have been summarized in the previous chapter.

Weather Data

Weather data was collected every fifteen minutes for GR1 to 4 (HOBO U30 Cellular Data
Logger, Onset, Cape Cod, MA, USA) located between the four watersheds. The weather
data included precipitation (mm), atmospheric pressure (kPa), solar radiation (W.m), wind

speed (m.s™), gust speed (m.s™), wind direction, temperature (°C), and relative humidity (%).

Water Quality Data

To calculate cumulative loading, water quality data was collected using flow proportional
composite sampling. Between two consecutive field servicing intervals, automatic samplers
(ISCO 6712) were triggered by the ISCO flow meters to sample after a cumulative threshold
flow volume passed through the flume. Each sample was discharged into a single bottle,
resulting in a mixed or composite sample at the end of each period. The flow thresholds
varied between watersheds and during the period of year so that the composite bottle would
best capture all the storm events. The composite bottles were fit with 2 mL of 95-98% pure
concentrated sulfuric acid vials distributed vertically on a ladder. This system allowed
dispensing sulfuric acid proportionally to the composite sample volume (every 0.5 L) to keep

the pH below 2 to minimize nutrient decay over time. The composite sample was taken from
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the field at each servicing interval (two weeks) and analyzed for concentrations (mg.L™) of
nitrate (NO3 - N), ammonium (NH4" - N), total Kjeldahl nitrogen (TKN), total suspended
solids (TSS), total phosphorous (TP), and dissolved organic carbon (DOC).

Hydrology

Paired Flow Relationships

To analyze the variability of watersheds and establish correlations in the calibration period,
the relationship between the logarithms of the daily flow volumes from one watershed was
compared with the logarithms of the daily flow volumes from the young pine reference
watershed GR1. GR1 was chosen as the young pine reference watershed in this study
because it remained a young pine stand after treatments were implemented in March 2012 for
GR2-GR4, and thus corresponds to the normal practice to establish a pine plantation. It also
was in close proximity to the other treatment watersheds where climatic variability was
expected to be limited. The linear relationship of the logarithmic transformation of the daily
flow volumes was analyzed for flow values higher than those for which the combined flow
volume corresponded to less than 2% of the total cumulative volume in a given period to

limit hydrologic noise that occurs in lower flows.

Water Balance
The water balance was evaluated using Eq. 1. Precipitation (P) equals the sum of the flow
out of the watershed (Q), the evapotranspiration (ET), and the change of storage (AS) in the
soil or bedrock that can also indicate bypass flow and error in ET. These components of the
water balance are expressed in water depths (mm).

P=Q+ET+ AS (1)
Evapotranspiration is the sum of evaporation and plant transpiration from the surface to the
atmosphere. The ET between the study watersheds with similar treatments could differ due to
the differences in tree age, but was not directly measured. The potential evapotranspiration
(PET) was calculated as a proxy using the Penman — Monteith combination equation (Eq. 2)

(Penman, 1965), although it is well known that ET tends to be generally lower than PET.
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86400*p*Cp* -
ARy—G)+ p*cp*(es—eq)

PET = a (2)

A+ y(1+-<
Ta

Where, A is the slope of the saturation vapor pressure curve (kPa.C™); R, is the new radiation
flux density to the plant canopy (MJ.m-2.d-); G is soil head flux density (MJ.m-2.d-%); p is
the density of air (kg.m°); c, is the specific heat of air (MJ.kg™C-'); e is the saturation vapor
pressure of air (kPa); e, is the actual vapor pressure of air (kPa); r, is the aerodynamic
resistance to vapor and heat diffusion (s/m); y is the psychrometric constant (kPa.C™), and r,
is the bulk stomatal (canopy) resistance (s/m). During the project the net radiation being
measured was higher than what on the site due to equipment limitations. Regression
relationships using solar radiation to determine net radiation were used to correlate with the
measured net radiation from the site to have a more accurate representation of net radiation
from the site. The precipitation was collected at the weather station. The cumulative flow
and differences between precipitation and flow plus PET were analyzed to see their ranking
and if there were relationships between the watersheds and relationships with the physical

parameters of these watersheds.

Flashiness

Hydrology of small watersheds is characterized by short term changes in streamflow
associated with discontinuous rainfall events. The rapid rise and subsequent fall of the
hydrographs depend on rainfall intensity but also watershed characteristics. The more
ephemeral these events, the ‘flashier’ they are. The term flashiness is defined by Baker et al.
(2004) as the ‘frequency and rapidity of short term changes in streamflow, especially during
runoff events.” The methods to measure ‘flashiness’ have been previously established and
deemed indicative of hydrological behavior. Hydrologic flashiness can be calculated in many
different ways. Some of these include timing to peaks, high pulse frequency and duration,
and rise/fall rates. The Indicators of Hydrologic Alteration (Richter et al., 1996) and the
Richards-Baker (R-B) index (Baker et al., 2004) are common ways of calculating flashiness.
Some of the selected indicators of hydrologic alteration, to portray flashiness, are shown

below in Table 3.2. Instantaneous low flow values, which accounted, when combined, for



less than 2% of the cumulative volume in a given period were removed in the flashiness

calculations because low flows have more hydrologic flow that could alter the flashiness

indicators but do not have a large contribution to the overall flow.

Table 3.2. Selected indicators of hydrologic alteration portraying flashiness (Ritcher et
al.,1996)

IHA Parameter

Description

High pulse count

Number of occurrences for which flow
remains above a defined high pulse (ie.
75" 80™, 90™, and 95" percentile)

High pulse duration

Mean duration of high pulses within

each year (min)

Rise/Fall rate

Mean of all positive/negative differences
between consecutive flow values (L.s

! min

Number of flow reversals

Number of negative and positive

changes in rates
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Baker et al. (2004) created a flashiness index (R-B index) based on average daily flows (Eqg.

3). The R- B index is calculated by dividing the pathlength of flow oscillations for a time

interval where flow (q) is in m3.s™ by the total flow volume Flashy streams have high R-B

index values but it should be noted that the smaller the increment between consecutive flow

data, the higher the value. In this article the R-B index was calculated based on two-minute

resolution flow values. R-B index has less inter-annual variability than other indicators
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making it suitable for detecting steady changes in flow regimes associated with altering land

use and in land management practices (Baker et al., 2004).

_ _ Ihilamai]
R — B Index 0 3

Other flashiness indicators that were analyzed in this paper include Vs (Moatar and
Meybeck, 2007) and the detection of start and peaks of hydrographs. Vye is the percentage
of the total annual amount of flow that occurred in X% of the time corresponding to the
highest flow. Vy is obtained by sorting flow values from highest to lowest and calculating
the cumulative flow corresponding to the cumulative probability of occurrence from 1 to
100% for the individual years. Two percent (2%) was chosen as an indicator of reactivity for
our watersheds because it offered largest discrimination among watersheds for the highest
flows and because V2% has been previously used for other applications (Moatar and
Meybeck, 2007).

All these flashiness indicators were calculated using the entire range of flow data for each
pre- and post-treatment year yielding one flashiness indicator value for each year and each
watershed. The relative ranking (1 to 5, from least to most flashy, respectively) for each
indicator was derived. Since the rankings varied from one indicator to the next, a composite
value was also calculated for each watershed and each year as the sum of the ranks for all
indicators.

To capture the variability of the hydrological response, some indicators (i.e., R-B Index, rise
and fall rates, number of flow reversals, cumulative flow, and maximum flow) were derived
at the event level, for ten events per year per watershed, so as to obtain a distribution of
values from which statistics could be derived. The events chosen had the same beginning
and end times for all watersheds and included both simple and complex events. Simple
events exhibited a single rise and fall of the hydrograph, corresponding to one rainfall pulse.
Complex events could contain multiple peaks, rises and falls, corresponding to several
consecutive rainfall pulses, from which indicators such as flow reversals could also be

calculated.
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To further evaluate whether treatment would modify the hydrological response to rainfall,
several hydrograph timing indicators were measured on simple hydrographs. Over the three-
year period, only 10 simple pre-treatment and 6 simple post-treatment hydrographs were
observed. The event timings included (sensu Dingman, 2002) the lag-to-peak (T,p) i.e., the
time between the beginning of rainfall to the time of the peak of the hydrograph, the time of
rise (T,) i.e., the time between the beginning and the peak of the hydrograph, and the
response lag (T.r) i.e., the time between the beginning of rainfall and the time of the
beginning of the hydrograph. The values were extracted using the VisuHydro program

(personal communication, Robert Lagacé, Université Laval, Québec, Canada).

Water Quality Calculations and Analyses

The concentration of the water in the composite sample theoretically represents a close
approximation of the flow weighted concentration. The total cumulative loading for each
field servicing period was calculated as the product of the composite sample concentrations
by the cumulative flow volume calculated over the same period. This calculation was

performed for every time interval and summed together on a yearly basis using Eq. 3.

CumulL = Y;L; = );0.1=V;(; 3
where Cumul L is the cumulative loading (kg.ha™); L; is the loading corresponding to the i
field servicing interval (kg.ha); V; is the flow volume corresponding to the i servicing
interval (mm); C; is a parameter concentration in the composite bottle corresponding to the i

servicing interval (mg.L™)

The annual total cumulative loadings for all water quality parameters were compared
between treatments at the end of each year. Additionally, the trajectory of the cumulative
loading versus cumulative volume relationship for each treatment was studied to detect
process changes through time. In this analysis, the slope between two consecutive points
corresponds to the flow weighted concentration (Peu et al., 2007; Brown et al., 2012).
Similar slope between consecutive points are thought to indicate similar processes in the

watershed. Sudden and/or gradual changes in the slope are indicative that the processes at
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play in the watershed are changing (Peu et al., 2007; Brown et al., 2012). A non-reactive
parameter would only be entrained by flow, and the shape of such graph would be linear.
However, a linear line for a known-to-be reactive parameter would be indicative of a non-
limiting stock in the watershed, which would be proportionally entrained by flow and its
reactivity would be overwhelmed by the leachable stock. Trends in the curve such as
convex/concave patterns suggest diminishing/increasing size of a stored quantity to be
leached. These differences may occur during fertilization, surface runoff or different priming
effects of the soil. These priming effects include wet/dry periods, temperature fluctuations,
plowing and other environmental factors (Kuzyakov et. al., 2000). Break points in the data
observed to correspond to the times when land management events occurred were taken as

strong evidence for treatment impacts.

To further verify that break points in the cumulative load vs cumulative flow curves were
primarily due to treatments, and not climatic events, paired load relationships were derived
between all the young pine and switchgrass treatments (GR1 to 4) and the stable older pine
reference watershed (GRREF). To do so, daily cumulative loadings for each water quality
parameters and each watershed were calculated by numerically resampling of the linearly

interpolated measured discrete cumulative loadings.

Statistics

For the event flashiness indicators and hydrograph timing indicators described above, the
data was analyzed using Analysis of VVariance (ANOVA) with watershed, events and year as
random variables to represent a population of watersheds. The watershed variances were
compared for the second pre-treatment (year 2) and post-treatment years (year 3) to analyze
differences and to detect whether the years were significantly different from one another. The
interactions between watershed and year were analyzed for significance between year 2 and
year 3 to determine if there was a treatment effect. Statistics were performed in SAS (SAS,

SAS Institute Inc., Cary, NC, United States) using the proc mix procedure.
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Results

The goal of this article is to document the effects of site preparation for switchgrass
intercropping with loblolly pine stands on hydrology and water quality. For this work, two
pre-treatment (year 1 and 2) and one post treatment (year 3) years were available for
hydrology and only one pre- and one post-treatment (year 2 and 3) year for water quality.
The March to March hydrologic year was chosen because data collection began in March
2010, implementation of the treatments began in March 2012 and the largest flows occurred
during the February-March periods and can be considered to serve as a reset for a new
hydrologic year. Year 2 (March 2011-March 2012) and year 3 (March 2012-March 2013)
were both similarly wet, 1498 and 1577 mm (5% difference) and much wetter (50% more)
than year 1 (1002 mm) which makes the comparison between year 2 and 3 particularly
relevant (Figure 3.2A). The average yearly rainfall for Greene County, AL is 1361 mm.

Hydrology

Despite very similar rainfall amounts, the pattern of precipitation was starkly different
between year 2 and 3. In year 2, about 1000 mm of the rainfall occurred during the first six
months and the remaining 500 mm occurred in the last six. In year 3, it took almost 9
months to reach the 2000 mm mark and over 500 mm fell in the remaining 3 months (Figure
3.2).

Five percent more rainfall in year 3 generated between 27% (GR3) and 50% (GRREF) more
flow in year 3 than in year 2 (Figure 3.2 and Table 3.3). There is a strong relationship during
the pre-and post-treatment years between cumulative flow and the average slope of the
watersheds (Figure 3.3) was confirmed for the post-treatment year. The mature pine stand
(GRREF), however, did not follow this trend. The ranking of cumulative flows did not
change from the second pre-treatment year to the third post-treatment year and were ranked
from largest to smallest: GR1, GR3, GR2, GRREF, and GR4. The young pine reference
watershed GR1 was the steepest (12.7%) watershed and always had the highest runoff

coefficients (34-44%). GR4, with the smallest average slope also had lowest runoff
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coefficients (17-23%) while the mature pine reference GRREF, which has lower slope (8%),

yielded more water than GR4.

All watershed streams were intermittent flowing between 60 and 98% of the time (Figure
3.4). Water flowed almost continuously at GR3 (more than 97% of the time for the three
years). The percentage of time the watersheds had flow increased from the dry to wet pre-
treatment year. The exception was GRREF for which 500 mm difference in rain did not
change the percentage of flow time, suggesting an external source of water during the dry
year. Flow percentage decreased between year 2 and year 3 for GR4 probably due to the
difference in rainfall occurrence pattern in year 3 described earlier. GR3 flowed the most
often while GR4 flowed the least often. GR1, which flowed no more that 88% of the time,
still yielded most volume, indicating a more intense hydrological response to rainfall,
compared to all the other watersheds. GRREF flowed much more of the time in year 3 (86%
vs. 74%), a 16% increase, in year 3. This may be due to a nearby aquifer thought to
contribute to flow generation as suggested above, which might have been recharged in year 2
and would contribute proportionally more in year 3 in the second consecutive wet year
(Figure 3.2B).
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Figure 3.2. A) Cumulative flow and precipitation as a function of time and B) Cumulative

flow as a function of cumulative precipitation, from all study watersheds for the pre-

treatment year 2 and post- treatment year 3 (respectively left and right of vertical lines).

The blue box indicates when treatments operations occurred in the watersheds.

Table 3.3. Cumulative flow and runoff coefficient (RC) for all study watersheds in pre-

treatment and post-treatment

Watershed CumlQ (mm), RC - Year 2 CumlQ (mm), RC - Year 3
GR1 510, 0.34 691, 0.44
GR2 366, 0.24 495, 0.31
GR3 466, 0.31 594, 0.38
GR4 253, 0.17 366, 0.23
GRREF 308, 0.20 465, 0.29
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Figure 3.3. Cumulative flow as a function of the slope of study watersheds with similar land

cover for both pre and post-treatment years. GRREF is not included in the functions.
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Figure 3.4. Percentage of time study watersheds flow in pre and post-treatment for the dry
pre-treatment year 1 (1002 mm of precipitation),wet pre-treatment year 2 (1498 mm of

precipitation) and post-treatment year 3 (1577 mm of precipitation)

The logarithmic relationship between the daily and weekly flow volumes from each
watershed were compared with the cumulative daily and weekly flow from the reference
young pine watershed GR1 (Figure 3.5 and Figure 3.6). GR2 and GR3 have stronger
correlations (higher R?) with GR1 than do GR4 and GRREF. Using a 95% slope confidence
interval for daily and weekly logarithmic cumulative flow values (Table 3.4), no significant
differences between the slopes of the daily or weekly logarithmic cumulative flow values for

all three years were found.
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Figure 3.5. Logarithmic daily flow volumes from the study watersheds as a function of the
young pine reference GR1 watershed for both pre-treatment years and the post treatment year
with linear regression performed for flow corresponding to greater than 2% of the cumulative

volume (at GR1) in a given period. The vertical line represents this threshold above which
the linear regression was calculated. Equations for the linear models are shown on the graphs

above.
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Figure 3.6. Logarithmic weekly cumulative flows from the study watersheds as a function of
the young pine reference GR1 watershed for both pre-treatment years and the post treatment
year with linear regression performed for flow corresponding to greater than 2% of the
cumulative volume in a given period. The vertical line represents this threshold above which
the linear regression was calculated. Equations for the linear models are shown on the graphs

above.
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Table 3.4. Slope values and 95% slope confidence intervals for the linear relationships

between logarithmic daily and weekly flow volumes with GR1 as a reference

Daily flows

Pre-treatment-Year 1 Pre-treatment-Year 2 Post-treatment-Year 3
WS Slope, | 95% Conf | Slope, R* | 95% Conf | Slope, R | 95% Conf
R Interval Interval Interval
GR2 | 0.89,0.71 | (0.79, 0.95) | 0.88,0.73 (0.81,0.94) 0.87,0.82 | (0.82,0.93)
GR3 |1.18,0.71 | (1.07,1.29) | 0.99,0.63 (0.90,1.08) 0.94,0.69 | (0.86,1.02)
GR4 |1.86,052 | (1.61,2.11) | 1.87,0.60 (1.68,2.1) 1.66,0.69 | (1.52,1.80)
GRREF | 1.69,0.39 | (1.39,1.98) | 1.74,053 | (1.53,1.96) | 1.39,0.43 | (1.19,1.60)
Weekly flows

Pre-treatment-Year 1 Pre-treatment-Year 2 Post-treatment-Year 3
WS | Slope, R® | 95% Conf | Slope, R® | 95% Conf | Slope, R® | 95% Conf
Interval Interval Interval
GR2 | 0.95,0.75 | (0.75,1.15) | 0.93,0.78 (0.78,1.09) 0.86,0.87 | (0.75,0.97)
GR3 | 1.29,0.79 | (1.04,1.54) | 1.08,0.71 (0.86,1.30) 0.93,0.72 | (0.73,1.12)
GR4 | 2.05,0.60 | (1.42,2.67) | 1.82,0.63 (1.37,2.27) 1.47,0.67 | (1.12,1.81)
GRREF | 1.68,0.56 | (1.13,2.23) | 1.63,0.56 (1.15,2.11) 1.44,0.63 | (0.85,1.44)

Water Balance

The water balance was analyzed using the outflow of the watersheds, Penman-Monteith PET,
and the precipitation. The water balance for GR3 is shown below for the pre and post-
treatment years 2 and 3 (Figure 3.7). The change in storage is negative for the majority of
the time in the watersheds meaning the precipitation is less than the combined outflow and
PET combined except in GR4 (Table 3.5). In GR3, for the post-treatment year (Figure 3.7),
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the difference between the combined outflow and PET and the precipitation is less than the
second pre-treatment year due to the lack of vegetation for the later part of the post-treatment
year (Figure 3.7). The PET increases as the height of the trees increases. GR3 and GR4 have
higher PET in pre-treatment due to the trees being two years older than the GR1 and GR2

trees in pre-treatment.
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Figure 3.7. Water balance with Penman-Monteith PET for GR3 for the second pre-treatment
year (March 2011-March 2012) and post-treatment year (March 2012-March 2013)
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Table 3.5. Flow, potential evapotranspiration, and change in storage (mm) for the water
balance in each of the study watersheds for the second pre-treatment year (March 2011-
March 2012) and post-treatment year (March 2012-March 2013) (year 2, year 3)

WS Q (mm) PET (mm) AS (mm)

GR1 510, 691 1322,1194 -334,-307

GR2 366, 495 1322,1194 -189,-111

GR3 466, 594 1390,1002 -357,-18

GR4 253, 366 1390,43 -144,1169

GRREF 308, 465 1551,1361 -360,-249
Flashiness

The RB-Index (RB), V2, and the IHA parameters (i.e., the number of high pulses above the

80™ percentile, the mean duration of the pulses above the 80" percentile, the average rise/fall

rates, and number of flow reversals in a 10 minute window) are shown below in Table 3.6 for

both pre-treatment years and the post treatment year. The lag-to-peak (T.p), the time of rise

(Tr) and the response lag (T.r) are shown in Table 3.7.
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Table 3.6. Flashiness indicators for all study watersheds for pre- (March 2011 — March 2012)
and post-treatment (March 2012-March 2013)

WS RB N 80th Mean Avg Rise Avg Fall V2o N
High 80th Dur | Rate (L.s" | Rate (L.s FlowRe
Pulse (min) 'min™) 'min™) v 10min
Year 2: Pre-treatment: March 2011 - March 2012
GR1 | 0.0128 147 483.4 0.0328 -0.0294 0.305 | 26092
GR2 | 0.0142 110 710.8 0.0443 -0.0400 0.262 | 31500
GR3 | 0.0158 161 509.4 0.0554 -0.0503 0.301 | 38538
GR4 | 0.0092 77 655.5 0.0205 -0.0170 0.329 | 15230
GRRE | 0.0163 92 575.1 0.0371 -0.0300 0.420 | 11766
F
Year 3: Post-treatment: March 2012 - March 2013
GR1 | 0.0119 91 763.1 0.0395 -0.0354 0.284 | 27654
GR2 | 0.0137 110 799.9 0.0511 -0.0458 0.276 | 29178
GR3 | 0.0197 157 501.8 0.1116 -0.0782 0.376 | 23984
GR4 | 0.0229 62 787.5 0.0841 -0.0623 0.452 | 12670
GRRE | 0.0158 104 550.5 0.0440 -0.0374 0.361 | 13044
F
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Table 3.7. Mean and (standard deviation) of lag-to-peak (T.p), the time of rise (T;) and the

response lag (T r) over 10 simple events obtained over the pre-treatment period and 6 simple

events over the post-treatment period (pre, post)

WS T, (hr) Trr (hr) Tyrp (hr)

Pre Post Pre Post Pre Post
GR1 [2.93(1.69) | 4.14 (2.05) | 4.20 (2.45) | 4.07 (2.57) | 7.13(4.01) | 8.21(3.21)
GR2 |[3.63(2.16) | 475(2.74) | 3.35(2.26) | 4.49(2.71) | 6.98(3.70) | 9.24 (4.50)
GR3 |[374(147)[322(173)| 4.18(2.78) | 454 (2.23) | 7.92(3.88) | 7.76 (3.13)
GR4 |2.90(1.47) [ 3.61(3.10) | 4.22(2.79) | 4.19(2.64) | 7.12(3.75) | 7.80 (3.44)
GRREF | 3.03(1.49) | 5.37 (3.61) | 4.28(2.91) | 3.62(2.53) | 7.30(3.68) | 8.99 (4.49)

The results suggest that depending on the indicators chosen, watersheds appeared to be more
or less relatively flashy. For the R-B index there was a decrease for watersheds GR1, GR2,
and GRREF but there was an increase in GR3 and GR4 from pre to post-treatment years.
GR4 had a much larger relative increase than GR3. When analyzing the rank of the R-B
index for the watersheds for pre versus post-treatment GR4 went from having the lowest R-B
index value in pre-treatment to having the largest R-B index value in post-treatment in
comparison to all other watersheds.

The high pulse count decreased or remained the same for GR1, GR2, GR3, and GR4 while it
increased for GRREF for most of the percentiles. The duration increased for all watersheds
except for GRREF. GR3 and GR4, according to this indicator, seemed to become less flashy
by a decrease in high pulse count and an increase in duration. GRREF became flashier while
GR2 had an increase in high pulse count but also an increase of duration. When looking at
the rank of the high pulse count and duration for the watersheds for pre versus post-
treatment, in pre-treatment GR1 and GR3 were the flashiest but in post-treatment GR1
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became less flashy than GR3 in comparison to all other watersheds. GR4 was the least
flashy for both pre and post-treatment.

There was an increase of rise and fall rates for all watersheds due to the fact there was more
precipitation in the post-treatment year. There were larger increases in rate for GR3 and GR4
with GR4 having the largest increase. Analyzing the rank of the rise and fall rates for the
watersheds for pre- versus post-treatment, GR3 has the largest rise and fall rates and GR4
went from the smallest rise and fall rates in pre-treatment to the second largest rise and fall
rates in post-treatment. GR1 has the smallest rise and fall rates for pre and post-treatment.
There is a decrease in the amount of volume that occurs in 2% of the time for GR1 and
GRREF and an increase for all other watersheds. GR4 has the largest increase. GR4 and
GRREF seem to have the largest percentage of flow in 2% of the time for pre-treatment but
in post-treatment GR4 and GR3 have the largest percentage of flow in 2% of the time. There
was an increase in flow reversals for GR1 and GRREF and a decrease for GR2, GR3, and
GR4. When comparing the rank of flow reversals for watersheds pre- versus post-treatment,
GR3 had the largest amount of flow reversals pre-treatment while GR2 and GR1 had more
flow reversals post-treatment.

These results illustrate that there is no obvious and absolute indicator or flashiness, and that
the watersheds behave relatively similarly. As a result, ranking of flashiness indicators from
flashiest (5) to least flashy (1) were calculated (shown below in Figure 3.8 and Figure 3.9 for
the second pre-treatment year and post-treatment year) and summed for the suite of
flashiness indicators so as to obtain a more robust composite indicator of overall flashiness
(Figure 3.10). For the second pre-treatment year GR3 and GRREF were the flashiest while
GR1 and GR4 were the least flashy. In the post-treatment year GR3 remained the flashiest
but GR4, where the switchgrass only treatment was implemented, flashiness increased the
most, ranking second when compared to the other watersheds and GR1, which did not
undergo any treatment, became the least flashy. Interestingly, the combined flashiness

indicator for GRREF suggests a relatively flashy system.
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Figure 3.10. Combined indicators of flashiness for pre- and post-treatment years

On simple events, there was an increase in the time of rise (T) and the lag-to-peak (T.p) for
all watersheds except GR3 between pre- and post-treatment. When comparing the rank of the
hydrograph timing indicators for watersheds pre versus post treatment, the previously found
flashiest watershed GR3 went from have the longest T, and T_p to having the shortest T, and
Tip in post-treatment (Table 3.7). This decrease in the timing to the peak and change of
ranking could be due to GR3 becoming flashier, which would correspond well to a watershed
where a large percentage of the soil has remained bare.

When analyzing on both simple and complex events, the flashiness indicators (list them here
again) for ten events per year and the hydrograph timing indicators for simple events for the
10 pre-treatment and 6 post-treatment events, the watershed variances increased for all the
years for all flashiness indicators (simple and complex events) and hydrograph timings
(simple events). This can probably be attributed to more rainfall in year 3 and higher amounts
in the last trimester. The variances between watersheds were significantly different for event
cumulative flow but not for any other flashiness of hydrograph timing indicators. The
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average event cumulative flow is shown below in There was an increase in cumulative and
maximum flow from the second pre-treatment year to the post-treatment year. There was no
interaction between watershed and year. This lack of interaction is indicative of no
statistically significant treatment effects for these flashiness indicators. For the hydrograph
timing indicators, none of the variances were significantly different from zero and there was
no interaction between watershed and year. This lack of interaction suggests that there were
no statistically significant treatment effects for timing to peaks of events. These values follow
the hierarchy of the cumulative flow values in the dry pre-treatment year with GR1 having
the highest event cumulative flow values and GR4 having the least event cumulative flow
values. The variance between year two and the post-treatment year were significantly
different for cumulative flow and maximum flow but not for any other indicators (Table 3.8
and Table 3.9). There was an increase in cumulative and maximum flow from the second
pre-treatment year to the post-treatment year. There was no interaction between watershed
and year. This lack of interaction is indicative of no statistically significant treatment effects
for these flashiness indicators. For the hydrograph timing indicators, none of the variances
were significantly different from zero and there was no interaction between watershed and
year. This lack of interaction suggests that there were no statistically significant treatment

effects for timing to peaks of events.
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Table 3.8. Average event cumulative flow for all study watersheds for year 2 (pre-treatment)

and year 3 (post-treatment)

WS Average Event Cumulative Flow (mm)
GR1 23.1
GR2 15.6
GR3 22.7
GR4 15.0
GRREF 18.3

Table 3.9. Average event cumulative flow and maximum flow for year 2 (pre-treatment) and

year 3 (post-treatment) in all watersheds

Year Avg Event CumulQ (mm) Avg MaxQ (m°.s?)
2 14.7 0.12
3 23.2 0.31

Water Quality

The cumulative loadings were analyzed for the water quality parameters and shown below

(Table 3.10) for the water quality constituents of: nitrate (NO3z™ - N), ammonium (NH," - N),

total kjeldahl nitrogen (TKN), total suspended solids (TSS), total phosphorous (TP), and total

organic carbon (TOC) for pre, post-treatment.
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Table 3.10. Cumulative loading of water quality parameters for all study watersheds for year

2 and year 3 (separated by a comma)

WS TSS NH,*-N NO;-N TKN |[TPCumIL| TOC
CumlL | CumlL CumlL CumilL (kg.ha™) | CumlL
(kg.ha™®) | (kg.ha™) (kg.ha™) (kg.ha™) (kg.ha™)
GR1 | 394,681 | 0.2533.69 | 0.176,0.488 | 2.53,0.984 | 0.933,1.68 | 385,638
GR2 497,1435 | 0.132,1.778 | 0.152,0.376 | 5.024,2.282 | 0.234,0.869 | 23.9,38.4
GR3 252,1899 | 0.179,3.115 0.610,1.02 11.40,1.86 0.372,1.36 21.3,58.4
GR4 96,814 0.292,5.86 0.363,0.835 1.56,1.29 0.214,0.353 | 17.1,22.0
GRREF | 109,389 | 0.168,0.488 | 0.172,0.188 5.71,0.21 0.283,0.164 | 21.4,20.7

As this manuscript was written, uncertainties persisted on the nitrogen concentration values

coming from the lab, and these results cannot be presented at this stage. Despite this

unfortunate fact, and before further clarification can be obtained, the inorganic nitrogen loads

seemed to be very small (less than 0.5 kg N/ha each for nitrate and ammonium), and should

not vary by orders of magnitude. There were increases in cumulative loading for all water

quality parameters from pre to post-treatment except for TKN, although the validity of this

statement for the latter parameter is uncertain. The sediment based water quality parameters

were analyzed for pre and post-treatment due to uncertainties in the nitrogen species

concentration measurements.

There was an increase in TSS from pre to post-treatment in all watersheds (Table 3.10). The

largest increases in TSS occurred in GR3 and GR4 from pre- to post-treatment. Other

sediment water quality parameters like total phosphorous (TP) and dissolved organic carbon

(DOC) followed similar trends (shown below in Figure 3.13).

Since GR3 was highly affected by the post-treatment period, a hydrograph and cumulative

loading for TSS in GR3 is represented in Figure 3.11. The majority of the TSS loading

occurred after the management practices.
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Figure 3.11. Hydrograph and TSS cumulative loading for GR3. The tick marks on the bottom
of the graph indicate when a flow proportional composite sample was taken. The vertical
dotted grey lines indicate when the station was serviced and the flow-proportional composite
sample was taken from the field to be analyzed. The dark vertical lines indicate when a

management practice occurred.

Large increases in the cumulative load curve on Figure 3.11 may be due to large increase of
flow and may skew the perception of a load increase. One way to remove this bias is to plot
cumulative loads as a function of cumulative flow volumes. In Figure 3.12, the solid lines
connecting points has been added for visual aid. The slope between consecutive points
represents the flow weight concentrations obtained from the flow proportional sampling.
Similar slopes are thought to indicate similar biogeochemical processes at play in the
watersheds. Sudden changes of slopes are indicative of drastic changes in the export of
material as a function of flow volumes (e.g. Peu et al., 2007; Brown et al., 2013)

The segmented lines for GR1 and GRREF show relatively small variations around the overall
trend. This is in sharp contrast with the lines for GR2, GR3, and GR4 for which the

cumulative load stays below the overall dotted trend line until the field operations occur
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(marked by vertical lines). Then the cumulative loads increase at a generally much higher
rate at least during several servicing intervals. The fact that TSS loads increased at a much
larger rate following field operations for GR 2 to 4, while this cannot be observed for GR1

and GRREF, is taken as a strong evidence of treatment impact.
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Figure 3.12. Cumulative sediment flux versus cumulative volume for all study watersheds with details in the text. The grey vertical
lines indicate land management treatments which included herbicide (solid line), thinning and shearing (medium dashes), disking
and switchgrass planting (short dashes), shearing and piling (dots and dashes), offset rip and planting (long dashes) and fertilizing

(thick dots and dashes). The solid thick black line represents the start of the treatment year. Measured cumulative loads are
marked by dots of changing grey scale, such that each dot and sequence of dots correspond between watersheds and can be

visually traced. A straight dotted line has been added for each watershed to show the overall trend over the two-year period.
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To further estimate the land management impact associated with switchgrass, and to compare
the increased exports to other references, the cumulative loads of GR1 to 4 were compared to
those of GRREF for TSS, TP and DOC (Figure 3.13). To do that, estimates of daily
cumulative load values were obtained by linear interpolation between measured consecutive
points such as those represented in Figure 3.11. The relative overall magnitude and the
relative dynamics of export can be derived with such an analysis. For all parameters
illustrated in Figure 3.13, the young pine and the three treatment watersheds exported more
than the 18-year old pine references (but for DOC at GR4), which was expected.

The young pine reference GR1 and the switchgrass only (poor stand establishment) GR4
exported about twice as much TSS as GRREF, while the proportions for the thinned
intercropped GR2 and replanted intercropped GR3 were ratios of more than three and four,
respectively. The total flow volume at the young pine reference was almost twice that of the
old pine reference, a lot of it attributed to steeper slopes in GR1. The apparent overall rate of
export for the young pine reference was 0.9 kg/ha per mm of flow not very different from
GRREF 0.6 kg/ha per mm of flow. In contrast the treatment watersheds TSS export rates
were 2.2 kg/ha per mm of flow, 2.0 kg/ha per mm of flow and 1.5 kg/ha per mm of flow,
respectively for GR2, GR3 and GR4, confirming the treatment impact on TSS. Despite very
similar state of the land in GR3 and GR4, the lower value for GR4 may be due in part to the
lower watershed average slope. The higher apparent export rate per mm of flow at GR2
compared to GR3, the former watershed less perturbed than the latter, is somewhat surprising
but in pretreatment the rate for GR2 was higher than GR3. Overall, and by comparison with
the young and older pine references, the effects of soil disturbance on TSS exports during
crop establishment were very significant, with export rates near or more than double those of

the references.

Patterns of exports for TP and DOC seem quite similar together but quite different from
those of TSS. The young pine reference generated the largest loads of TP and DOC both in
absolute value and per mm of flow, and about four times those of GRREF. GR3 and GR2
respectively exported about 3 and 2 times the TP and DOC loads of GRREF in absolute
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values and per mm of flow, while GR4 and GRREF had very similar numbers overall. The
apparent treatment effect observed on TSS exports is not visible for TP and DOC, as the
undisturbed GR1 and very disturbed GR4 yield highest and lowest exports, opposite to what
might have been expected. This suggests that the TSS export mechanisms are rather

dissociated to those of TP and DOC, the opposite of which was expected for the former.

The relative dynamics of the young pine and treatment watersheds can be described by the
general shape described by the consecutive daily load points in Figure 3.13. There is a clear
increase in TSS export for GR3, and for GR2 after a delay, but this is not as obvious for GR4
which dotted curve resembles that of GR1. There is a relatively steady increase of TP and
DOC loads for GR1 compared to GRREF. Prior to the treatments, the exports of TP and
DOC for GR2 and GR3 were quite comparable to those of GRREF and increased rapidly
after treatment. GR4 did not respond significantly differently from GRREF. The rather
steady increase of TP and DOC loads for GR1, and the apparent similar export dynamics
between TP and DOC for all watersheds suggests that the export of TP was less related to
soil surface erosion mechanisms and that both may depend on redox related mechanisms.
Overall, the conclusions for TP and DOC are not as obvious as those for TSS. The
intercropped watersheds GR2 and GR3 do export 2 and 3 times more TP and DOC than
GRREF, which is very significant, but there is not significant higher export for the not-
established switchgrass only GR4 compared to GRREF. Additionally, the undisturbed young
pine reference yielded the most TP and DOC, all of which suggesting that TP and DOC
exports in these watersheds could be more driven by internal redox processes and less by the

effect of crop treatments on the land.
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Figure 3.13. Sediment cumulative loading in watersheds compared to TSS cumulative loading in reference watershed GR1. Before
the dotted vertical black line is pre-treatment and after the dotted line is post-treatment. The solid vertical lines indicate land
management treatments as described in the text. The pre-treatment values are to the left of the thick black slashed vertical line and
the post-treatment values to the right with additional vertical lines described for Figure 3.12. A one to one dashed line

representing the cumulative loads at GRREF has been added for visual aid.
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Discussion

No Statistically Significant Hydrological Impacts

The challenge to measure potential treatment effects is to decipher clear indicators of
treatment effects among the natural variability of the hydrological responses between
watersheds and between years, in what might be referred to as the ‘general hydrological
noise’. A suite of tools was used to establish relationships among watersheds during the pre-
treatment and the post-treatment phases. Overall, we concluded that there were no
statistically significant hydrological impacts. However, results on water quality suggest that
there were detectable and quantitatively significant impact of the treatments, which had to be
generated in part by a change in hydrology. The lack of clear indication of hydrological
impact suggests that the changes in the hydrology were below our ‘detection limits’. This

may be attributed to a combination of factors.

There was a natural variability of the hydrological response to rainfall with a near 2:1 ratio
on the amount of flow generated between the dry and wettest year and nearly the same ratio
between the least and most sloped watersheds (Figure 3.3). This variability alone may easily
mask the additional treatment effects and no statistically significant differences due to
treatments were observed for the daily and weekly flow relationships between the young pine

and the other watersheds.

At the event scale, estimators of the flashiness indices, and hydrograph timings did not show
a clear treatment effect. Only the cumulative and maximum flows significantly differed from
year 2 to year 3 but this could be attributed to rainfall patterns and the signature response
with the watershed slopes. GR4 and GR3, which had little ground cover for a significant part
of year 3, did tend to exhibit flashier functioning. However, these changes were not large
enough to generate statistically significant differences overall. At the yearly scale, the study
of the overall flashiness showed first that there was no clear one indicator of flashiness,
which lead to the creation of a combined indicator thought to be more robust. There were

increases in each of the flashiness indicators from the second pre-treatment year to the post-
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treatment year, but which could be attributed to increased rainfall and rainfall intensity in the

latter quarter of year 3.

The lack of statistically significant treatment effects may thus be attributed to the natural
variability of the hydrological response associated with the natural topography and climatic
variability, possibly combined with tools not sensitive or robust enough to sort out the

treatment hydrological impact from the general ‘hydrological noise’.

Water Balance
In the data there is an apparent water deficit during the majority of the time for pre- and post-
treatment years. This could be due to many factors including inaccurate weather
measurements to calculate PET or that the PET did not accurately model the actual ET
(AET) in these conditions. Some of the net radiation values measured in this region were
slightly higher than expected and may have increased the PET calculated values. ET
decreases when trees are under water stress and the PM Model does not account for these
times of water stress and assumes the trees are not limited by water. Though there was more
rain in the second pre-treatment year and the post-treatment year when compared to the first
pre-treatment year, there still seemed to be some water limiting factors due to the water
deficit seen in
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Table 3.5. The treatment watersheds that had bare ground cover, due to the switchgrass not
implementing (GR3 and GR4), saw little to no water deficits in the post-treatment year due to
the lack of vegetation reducing the ET from the sites (Figure 3.7). These discrepancies make

it difficult to draw any conclusions about the water balance.

Flashiness

There were increases in each of the flashiness indicators from the second pre-treatment year
to the post-treatment year. This is to be attributed to increased rainfall and rainfall intensity
in the latter quarter of year 3. The ‘flashiest watershed’ depended on what indicator was
used.

The increases in the R-B index and changing in the ranking for GR4 from pre- to post-
treatment could be attributed to the sparse vegetation conditions which GR4 underwent
during the majority of year 3, and particularly since the switchgrass did not properly establish
in the first post-treatment year. The decrease in high pulse count and increase in duration
observed for GR1, 3 and 4 could be due more to higher rainfall in the post-treatment years
causing for longer pulse durations above the percentiles and consequently diminishing the
amount of high pulse counts, rather than a decrease in flashiness. GR2 had an increase in
high pulse count but also an increase of duration. This could potentially be that the trees that
were thinned still provided a buffer even after the switchgrass was planted. The large
increase of rise/fall rates in GR4 from pre- to post-treatment could also be due to sparse
vegetation conditions as stated above.

For V2, the decrease in volume that occurs in 2% of the time in GR1 and GRREF, which did
not undergo any treatments, can be attributed to the mathematical decrease of this indicator
with the increase of the number of flow days. The inverse pattern observed for GR3 could be
due to the slightly lower number of flow days, and/or to a much flashier system generating
higher peaks associated with the bare ground when the switchgrass was not able to establish
during the first post-treatment year.

The idea that flashy watersheds would have shorter timing to peaks during an event is not

necessarily true and the timing to peaks can be dictated by the amount of cumulative flow.
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The less the cumulative flow out of the watershed, the less time it would take to reach the
peak. This shorter timing to peak may rather be an indication of small response to rainfall on
cumulative flows and not the rapidity of response to the rainfall. Time of rise is not an ideal
hydrologic timing indicator of flashiness unless the watersheds and cumulative outflows are
similar. The decrease in the timing to peak for GR3 in pre- to post-treatment indicates that
there was an increase of the rapidity of water movement on this watershed to reach the outlet,
which concurs with the Vo, results, all of which could be attributed to the with bare ground
cover. The combined flashiness indicator buffers these effects and shows a more robust
ranking of flashiness.

Upon analysis of the combined indicator, it is fair to say that GR4 became relatively flashier
than the others from pre- to post-treatment, and this could be attributed to the sparse
vegetation conditions when the switchgrass did not establish. GR3 still remained the
flashiest when combining the indicators of flashiness while GR1 was the least flashy when
comparing pre- to post-treatment.

There seems to be clear indications that GR4 and GR3, which had bare ground cover for a
significant part of year 3, exhibited flashier functioning. However, these changes were not
large enough to generate statistically significant differences overall. Only the cumulative and
maximum flows significantly differed from year 2 to year 3 but this can be attributed to more
rainfall and the signature response with the watershed slopes. The lack of interaction between
watershed and year indicates that there is no statistically significant treatment effect for
flashiness and hydrograph timing indicators. This could be due to the fact that there was
more precipitation in the post-treatment year that affected the flashiness of the system, that
the slopes of the watersheds were still a main driving factor in the flashiness of these
watersheds and that there was still too much watershed variability to detect differences

between treatments.

Detectable and Significant Water Quality Impacts
While there were no drastic observable changes in the hydrology, the increases of cumulative

loading of water quality parameters in post-treatment were more definite. There was a TSS
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loading increase from pre- to post- treatment (Table 3.9). To eliminate the bias of increased
cumulative flow volumes increasing the cumulative loading from the watersheds, the
cumulative loading versus cumulative volume graphs for TSS showed that there were
increases in the flow-weighted concentrations (increases in slope) from pre- to post-treatment
(Figure 3.12). These relatively sudden increases appeared to be closely correlated in timing
with identified site preparation operations on the ground. This correlation was taken as
strong evidence that the observed material load increases were due to site preparation

operations during crop establishment.

More than twice the export rates for the treatment watersheds, attributed to treatments,
compared to the young and old reference pine is taken as evidence of a very significant
impact of site preparation for intercropped switchgrass. The higher potential for soil erosion
due to the higher slope in GR1 (sensu USLE, Wischmeier and Smith, 1978) was clearly
negated by the higher potential due to soil disturbance and reduced crop cover for the less
steep treatment watersheds. This reemphasizes the vulnerability during the crop
establishment period in these watersheds, regardless of their slopes. Actual site preparation
for establishment of switchgrass intercropping in Southern forests of the USA will likely be a
hybrid between the treatments at GR2 and GR3.Switchgrass will probably be sowed after
trees have been established for one to two years, thus the thinning of an older (6 year) stand
will not occur like at GR2 nor will removing and replanting the treesshortly (2 months)
before planting switchgrass will occur like in GR3. The observed effects on GR2 and GR3
suggest that in all cases, site preparation has the potential to have a detectable and significant
impact on TSS exports. This corresponds to previously reported results relating bare ground
and increased sediment loading (Butler et al., 2006), but also more generally to common
knowledge that erosion potential increases with decreasing soil coverage and increasing
slope as predicted by the USLE family models (e.g., Wischmeier and Smith, 1978; USDA
ARS, 2008; reviewed by Kinnell, 2010). With the production of corn as a biofuel crops there
are many studies that find increases in TSS due to the agricultural practices to produce these
crops when compared to biofuel crops such as switchgrass (Nyakatawa et al., 2006; Love and
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Nejadhashemi , 2011; Demissie et. al. 2012; and Gramig et. al., 2013). Cibineta et. al.
(2012) found that agriculture crops used for biofuels, like corn, are sensitive to watershed
characteristics like slope. With stormwater in trafficked, residential and commercial areas
with impermeable surfaces the event mean concentrations have been found to range from 19-
937 mg/L which is comparable to max concentrations seen during implementation of the
biomass treatments in the project of 800-1000 mg/L (Gobel et. al., 2006; Flint and Davis,
2007).

Effects on N, P and C are not as clear. For nitrogen, despite uncertainties in the numbers
generated and consequently not reported here, the level of dissolved inorganic exports are
thought to be low. For TP and DOC, the exports seemed to have been discorrelated to those
of TSS, which was unexpected. Definite increases in TP and DOC loads were observed for
the intercropped treatments but their magnitude was less than that of the undisturbed young
pine reference. Our results suggest that there is potential for export of TP and DOC
associated with site preparation for switchgrass intercropping, but the exports may not be
strongly correlated to those of TSS. Phosphorus content of the top soils in the studied
watersheds are being investigated.

It is possible that the treatment effects observed with TSS may have been intensified due to
the fact that the largest storm events occurred during year 3 when site preparation operations
occurred and vegetation cover was low on the treatment sites. The indicators chosen to
detect hydrological impacts were averages over storms or long periods and the hydrological
effects of the few large storms which had the most impacts on TSS exports, may have been
‘diluted’ in the indicators chosen. This may explain the discrepancy between the lack of
statistically significant effect on hydrology and the definite effects on TSS exports. Because
the exports of TP and DOC seem less correlated to TSS export mechanisms, they may be
more susceptible to overall flow volumes, and less subject to a few large events, hence the
less distinct effect of treatment in line with the hydrological indicators.

The crop establishment period is clearly sensitive and needs to be taken into account for all
efforts (including modeling) predicting the impacts of biomass production and in our case
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biomass intercropping. The fact that the switchgrass may be slow to establish needs to be
considered and more extensive best management practices should be used to alleviate these
potential water quality impacts. Stream buffers are currently considered as an adequate best
management practice for pine plantations and intercropped systems, and they were
implemented in all studied watersheds. Our results show that this may not be enough,
particularly when switchgrass is slow to establish. Additional BMPs such as temporary

sediment fences should be considered to further protect the water quality of these watersheds.

Conclusion

To fulfill alternative energy needs, the practice of switchgrass intercropping in forest settings
is considered as a viable alternative to utilizing potential food producing agricultural land. In
this study, the hydrological and water quality effect of intercropping bioenergy feedstock
crop switchgrass (Panicum virgatum) with loblolly pine (Pinus taeda L.) was investigated
using a paired watershed approach, involving two intercropping treatments and one
switchgrass only treatment and two reference watersheds with 6- and 18-year old pine
plantations.

Quantifiable differences in the hydrology and flashiness between the pre and post-treatment
periods, but no clear statistically significant hydrological differences between treatments
could be detected. This was attributed to the difficulty of detecting treatment effects within
the general ‘hydrological noise’ associated with intrinsic physical differences between
watersheds, rainfall variability between treatment years, and low sensitivity of the indicators
chosen to detect changes. In contrast, there were clear effects on TSS exports associated
with soil disturbance and with the low vegetation cover during the establishment of the
switchgrass treatments. The loading magnitude and the dynamics of the loading increases
were taken as indicators of water quality impacts. Treatment effects on TP and DOC exports
were observed although were not as clear since their export mechanisms appeared to be
different than those of TSS.
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We conclude that the site preparation work and the ensuing periods of low vegetation cover,
make switchgrass intercropping susceptible to increased TSS loads at the small watershed
scale. The results from this study will be compared to the other paired watershed studies in
upland Calhoun County, MS watersheds and coastal plain watersheds in Carteret County, NC
to see if differences in hydrology and water quality can be detected during site preparation.
Research wiil continue on all three watershed studies to analyze the hydrology and water

quality dynamics as the treatments grow through time.
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Appendix A: Correcting Hydrology Data

In order to calculate flow out of the watersheds nine steps need to be followed:
1. Correct stage data

Remove velocity values based on stage

Correct velocity data

Calculate index stage

Create rating curve

Fill in velocity gaps with rating curve

Calculate index velocity

© N o g B~ DN

Calculate flow

9. Fillin flow gaps
1. Correct stage data:
When correcting stage, data outliers need to be removed and drift corrections need to be
performed if necessary on data from the ISCO flow meter (750 Area Velocity Flow Module,
Teledyne ISCO, Lincoln, NE, USA). Raw stage data from GR2 is shown below (Figure A.1)
in the AQUARIUS data correction toolbox (AQUARIUS, Aquatic Informatics, Vancouver,
British Columbia, Canada). Outliers are edited using trim correction as shown in Figure A.2.
Drift corrections are needed if the manual measurements for stage, taken by the field
technicians, differ greatly from the data measured by the ISCO meter. The manual
measurements and ISCO stage measurements are shown in Figure A.3. The green indicates
the raw data and the blue is the corrected data. The triangles are the manual measurements
and the raw data was drifted downwards (depicted by the arrows) to match the manual

measurements.
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Target: Stage.GR2_Mar2010-April2011.csv 0
*Corrected

Raw

Grading
Approval

Apr Jul Oct Jan 2011 Apr
2010 UTC-05:00

Figure A.1. GR2 raw stage from ISCO stage meter in AQUARIUS software

Target: Stage.GR2_Mar2010-April2011.csv 0

Raw *Corrected
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Figure A.2. Correcting outliers in GR2 stage data in AQUARIUS software



107

Target: Stage.GR1_RQ_NoSamplesTaken.csv ISCO

Raw *Corrected
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-0.02 A;prgtlaal
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Figure A.3. GR1 manual measurements (triangles) and raw (green) and corrected (blue) stage
data portraying drift corrections in AQUARIUS software

2. Remove velocity values based on stage:

The ISCO meter does not accurately measure velocities that have a streamline stage of less
than there centimeters. Due to this, the velocity measurements that are measured under a
stage of 3 cm need to be removed before creating a streamline velocity. The velocities read

from the ISCO meter without these inaccurate velocities are shown below in Figure A.4.
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Target: Discharge Velocity.2011_11_01_GR2_RV_3cm.csv RawVelocity

Raw

Apr Jul Oct Jan 2011 Apr
10 UTC-06:00

*Corrected

Figure A.4. Velocity data from GR2 with velocity values corresponding to stage less than
3cm removed in AQUARIUS software

3. Correct velocity data:

Once these inaccurate velocity measurements are removed, a streamline velocity can be
created. Since there is turbulence in the water, the velocity measurements are accompanied
with a lot of noise. To deal with this noise, outliers are removed through threshold trim and
moving averages are applied on the data. When moving averages are applied on all the data,
the velocity is not representative of hydrologic events as they tend to delay the start and
peaks of these event data. The events are then copy and pasted and resampled from the
original data to correct the event. A representative event correction for GR2 velocity data is
shown below. In Figure A.5, the top blue line is the corrected streamline velocity while the

red line is the raw velocity data.
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Target: Discharge Velocity.GR2_Mar2010-April2011_editedvelocity.csv Edited Velocity (m/s)

Raw *Corrected

1t
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—
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B
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20 Thu May 2010 UTC-06:00

Surrogate: Discharge Velocity.GR2_Mar2010-April2011_editedvelocity.csv Edited Velocity (m/s)
Discharge Velocity. GR2_Mar2010-April2011_editedvelocity.csv Edited Velocity {(m/s)
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12PM IPM 6PM 9PM 21 3AM GAM
20 Thu May 2010

Figure A.5. Streamline velocity correction of a hydrologic event in AQUARIUS software for
GR2

4. Calculate index stage:

After the streamline velocity is created then index stage needs to be calculated. The ISCO
meter measures stage at a different location than it measures velocity (Figure A.6). Since the
ISCO meter acts as a dam and the end of the flume controls the flow, the stage four inches
upstream (where velocity is being measured) is different from where the ISCO measures
stage. A relationship between the ISCO stage and 4 inches upstream stage was determined by
creating a dam in the watersheds and documenting the stage value differences between the

two locations. The wave relationships that occur are shown in Table A.1.
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Figure A.6. Side view of differences in where stage and velocity are measured by the ISCO

meter

Table A.1. Stage at the ISCO and stage 4 inches upstream relationships

WS Equation (m)

GR1 | IndexStage = 7336.4* SLStage>-3127.9* SLStage’+486.94*SLStage-
34.406*SLStage2+ 2.0361*SLStage + 0.0029; for SLStage < 0.109m

GR2 | -1598.9*SLStage®+909.68*SLStage” -
167.88*SLStage®+10.923*SL Stage? + 0.8003*SLStage + 0.0148; for
SLStage < 0.256m

GR3 | -10430* SLStage®+4696.5* SLStage™-
731.95*SL Stage®+45.401*SLStage? - 0.0002*SLStage + 0.0185; for
SLStage < 0.163m

GR4 | -214.08*SLStage*+92.283* SLStage>-12.599*SL Stage” +
1.6053*SLStage + 0.0074; for SLStage < 0.139m

GRREF | -8.9243*SL Stage” + 1.6033*SLStage + 0.0045; for SLStage < 0.048m

5 and 6: Create rating curve and fill in velocity gaps:

A rating curve can be created for the relationship between streamline velocity and index

stage (Figure A.7). Some values for index stage do not seem to follow the general trend and
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are removed below a visually chosen threshold line (Figure A.8) There are no velocity values
for stage less than the calculated index stage value based off of a three centimeter streamline
stage for each watershed because they were removed in an earlier step. There are three
methods to fill in these velocity values. The first method will assume that the velocities
remain constant from 0 to 3 cm, the second that they linearly decrease from 3 to 0 cm, and
the third uses the stage-velocity rating curve developed when stage is higher than 3 cm. The
method chosen here was a linear decrease indicated by the red regression in Figure A.8. The

velocity values that were removed are then filled in using this linear regression (Figure A.8).
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Figure A.7. Rating curve of streamline velocity vs. index stage
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Figure A.8. Representative rating curve with linear approximations to calculate index

velocities corresponding to lower stage values

7 and 8: Calculate index stage and flow:

During low flow, manual velocity measurements are taken using the stopwatch and bucket
technique where the time to fill a known volume is measured. When the flow increases, the
velocity-area method is used (ISO 748). The velocity is measured by a point velocity meter
(Marsh-McBirney, Inc.) at 40% of the stage (h) above the bottom of the flume corresponding
to virtual vertical columns of water (Figure A.9). In this project there are three columns that
are measured. The flow is calculated for each of the individual columns and summed
together for a total flow (Eq.1). Flow in each individual column is calculated by multiplying
the cross sectional area of the column by the point velocity measurement, as it has been
shown that the velocity at 40% of the depth is a good approximation of the average velocity
in virtual vertical trapezoidal columns (ISO 748). The flow is then divided by the entire
cross-sectional area (which is a function of the stage) to obtain the cross-sectional average
velocity (Eq. 2).
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Figure A.9. Components of the Marsh-McBirney method in trapezoidal flumes

Q = Xi=1 Qi = Vid; (1)
Vavg = % @)

This average velocity is then compared with the streamlined automatic velocity. A graph of
manual velocity measurements versus streamline velocity measurement (vgc) is shown in
Figure A.10. It has been shown that a linear regression can be used in flumes. The slope is
determined from the graph (a = 0.92) and then used to create index velocities for all the data
using Eq. 3. The flow is then determined, as stated previously, using Eq. 3 where Vg is

Vindex @nd area is a function of the corrected stage data (h).

Vindex = Q Vg (3)
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Figure A.10. Marsh McBirney manual velocity measurements versus streamline automatic

velocities to calculate index velocities.

9. Fill in flow gaps:

The ISCO meter does not always collect data so there may be some gaps in the data. If there
are gaps in the data they will be filled in using stage data collected from the HOBO water
level pressure transducer (HOBO U20 Water Level Data Logger, Onset, Cape Cod, MA,
USA) when the water enters the flume. A relationship is established for index stage and
HOBO stage measurements. This relationship is not as strong as the relationship between
streamline stage and stage four inches upstream due to the distance between the two
measurements. A linear relationship is still chosen to fill in the missing index stage values
(Figure A.11). Since there are no velocity measurements that correspond with this stage, a
rating curve for flow vs. index stage is created and a model is fit to the data. This model is
used to fill in the instantaneous flow values for the stage data that had to be calculated using
the relationship between index and HOBO stage (Figure A.12). A representative hydrograph
with the flow data gaps filled is shown in Figure A.13.
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Figure A.11. Representative index stage vs. hobo stage relationship
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Figure A.12. Representative flow vs. index stage relationship to calculate the flow from the
calculated index stage and the model fit to the data
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Figure A.13. Representative hydrograph with no gaps

Representative graphs are displayed below to show the difference between instantaneous
flow and cumulative flow calculated in a representative watershed without corrections
(Figure A.14) and with corrections (Figure A.15). There are large differences between the
cumulative outflows in raw and corrected hydrology data that makes correcting the data
necessary in order to eliminate measurement bias to accurately determine differences
between the watersheds. In the example below the percent difference between cumulative

flows for the raw and corrected hydrology data is 12%.



Q (L/s)

S
2 ﬂ - )
© - | lo
3
o
o 4 v
[(eo]
A o
3 '8
)
ssi
________________ :
_____ ro
vlr N
8
| O
N v :
| 8
o A L\.._J\_gL PR, L—"*““JkLu__U\‘ | i

117

— Q
S - CumulQ s
G el (Y]
o 1S
o = E
[{e}
E
Sz
8 T e . e g ST 2
= e e i e =
1S E
X S
S
N ',' »8
{ L S
= pL*_A, ] — -

03/10 05/10 07/10 09/10 11/10 01/11 03/11 05/11 07/11 09/11
Date

Figure A.14. Instantaneous and cumulative flow calculated in a representative watershed

without data corrections
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Figure A.15. Instantaneous and cumulative flow calculated in a representative watershed

with data corrections
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Appendix B: Correcting Data Graphs

Appendix B shows the graphs for each of the individual study watersheds for each section of

hydrology data corrected. These relationships were used to calculate flow and fill in data

gaps.
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Figure B.1. Streamline stage vs. index stage relationship for GR1 from March 2010-
November 2011
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Figure B.2. Flow vs. index stage relationship for GR1 from March 2010-November 2011
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Figure B.4. Streamline stage vs. index stage relationship for GR1 from November 2011- July
2012
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Figure B.5. Flow vs. index stage relationship for GR1 from November 2011 — July 2012
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July 2012 — April 2013

SLVelocity(m/s)

05

03
IndexStage(m)

=3
0.0

Figure B.6. Streamline stage vs. index stage relationship for GR1 from July 2012 — April
2013
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Figure B.7. Flow vs. index stage relationship for GR1 from July 2012 — April 2013
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Figure B.8. Index stage vs. stage measured at HOBO for GR1 from July 2012 — April 2013
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Figure B. 9. Streamline stage vs. index stage relationship for GR2 from March 2010-
November 2011
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Figure B.10. Flow vs. index stage relationship for GR2 from March 2010-November 2011
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Figure B.11. Index stage vs. stage measured at HOBO for GR2 from March 2010-November
2011
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Figure B.12. Streamline stage vs. index stage relationship for GR2 from November 2011-
July 2012
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Figure B.13. Flow vs. index stage relationship for GR2 from November 2011 — July 2012
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Figure B.14. Streamline stage vs. index stage relationship for GR2 from July 2012 — April
2013
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Figure B.15. Flow vs. index stage relationship for GR2 from July 2012 — April 2013
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Figure B.16. Streamline stage vs. index stage relationship for GR3 from March 2010-
November 2011
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Figure B.17. Flow vs. index stage relationship for GR3 from March 2010-November 2011
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Figure B.18. Index stage vs. stage measured at HOBO for GR3 from March 2010-November
2011
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Figure B.19. Streamline stage vs. index stage relationship for GR3 from November 2011-
July 2012
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Figure B.20. Flow vs. index stage relationship for GR3 from November 2011 — July 2012
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Figure B.21. Index stage vs. stage measured at HOBO for GR3 from November 2011 — July
2012
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Figure B.22. Streamline stage vs. index stage relationship for GR3 from July 2012 — April
2013
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Figure B.23. Flow vs. index stage relationship for GR3 from July 2012 — April 2013
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Figure B.24. Index stage vs. stage measured at HOBO for GR3 from July 2012 — April 2013
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Figure B.25. Streamline stage vs. index stage relationship for GR4 from March 2010-

November 2011
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Figure B.26. Flow vs. index stage relationship for GR4 from March 2010-November 2011
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Figure B.27. Index stage vs. stage measured at HOBO for GR4 from March 2010-November
2011
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Figure B.28. Streamline stage vs. index stage relationship for GR4 from November 2011-
July 2012
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Figure B.29. Flow vs. index stage relationship for GR4 from November 2011 — July 2012



