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ABSTRACT

A knowledge of spatial and temporal patterns of sediment yields and an
understanding of the factors that determine those patterns have theoretical, environmental
and socio-economic significance. To assess the change in sediment yields (in both space
and time) a data base of 193 river gauging sites spanning the eastern provinces of Canada
and eastern United States was compiled. The original source of the data was the United
States Geological Survey data base (obtained from a Hydrosphere Data Inc. cd-rom) and
Environment Canada (HYDAT) data base, which included stream discharge, sediment
loads and basin areas, with record lengths of one year through 42 years. The resuits
indicate non-stationarity in spatial patterns of yields and oscillations in the time series(for
stations with at least 15 years of record length). The temporal trend spans eastern North
America, indicating the significance of climatological conditions (wetter or dryer than
normal weather conditions). The shifting spatial patterns can additionally be attributed to
changes in land use and land disturbance. The magnitude differences between sediment
yields across the study area (with a general inverse relationship of increasing sediment
yield with decreasing latitude) are also attributed to availability of erodible material.

Since the 1970s, many of the gauging stations have been closed, making long-term
time series analysis difficult. As time goes on, the availability of basic hydrologic data and
subsequent analysis become even more important in furthering our theoretical knowledge

of global environmental change, and in planning and design of reservoirs and dams.
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CHAPTER 1

INTRODUCTION

1.1 Aims and Purpose of the Research

Geomorphology: “...the core of the subject is the comprehension of the form
of the ground surface and the processes that mould it” (Goudie, 1994, p.228). The
form of the ground surface is modified by both mechanisms of uplift and land
surface degradation. It is a goal for the geomorphologist to understand the
relationship between uplift and erosion in order to further comprehend the form of
the ground surface. Is a landscape in decay, or are forces of uplift outweighing
erosion? Attempts to assess the different rates of denudation and uplift have
certainly been made (Schumm, 1963; Ahnert, 1970; Yoshikawa, 1985). And yet,
although researchers have long known that erosion and tectonics continuously
shape Earth’s surface, our understanding of the innumerable associated processes
remains inadequate (Stallard, 1995).

A range of approaches (e.g. thermochronology and calculations of offshore
sediment volumes) can provide estimates of longer-term denudation rates.
However, it is generally accepted that data for contemporary rates derived from
sediment and solute discharges of rivers generally provide one of the most

valuable sources of denudation estimates, especially for linking variations in
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denudation rates to controlling variables (Summerfield & Hulton, 1994). Sediment
and solute yields (t km? a' ) may be converted into volumes of material removed
(m® km? &' ) and subsequently into depths of material removed (i.e. mm ka'). Itis
usual to then convert the stream load to an equivalent volume of solid rock by
assuming a mean rock density (bulk density: which is generally given as 2.65 Mg
m3) (Gregory & Walling, 1973). When the accuracy of sediment yields are
questioned, this will inevitably affect the reliability of estimates of denudation. If
denudation rates are extrapolated backwards in time to obtain estimates of
landscape development, an understanding of the temporal patterns of fluvial
sediment loads is imperative. Our understanding of the spatial and temporal
characteristics of sediment loads remains vague, and yet studies of denudation
continue to rely on sediment yield values. Sufficient data are now available for
regions of the globe to undertake more thorough considerations of the patterns of
yields through time and space.

The purpose of this thesis is to study fluvial suspended sediment yields

through the investigation of:

. spatial sediment yield patterns from eastern North America
. temporal sediment yield patterns from eastern North America
. factors which may explain the spatial and temporal variations

The consequence of this study will be a better understanding of the spatial and

temporal patterns of sediment yields at a regional scale.



1.2 Importance of the Research

A knowledge of sediment yield patterns and an understanding of the factors
that determine those patterns are important for a number of reasons. The following
sections will describe the theoretical, environmental and socio-economic

significance of patterns of sediment yields.

1.2.1 Theoretical Implications

Fournier (1960) emphasized that sediment yield data for the world's rivers
provide a valuable means of studying the global denudation system. Many
researchers have estimated denudation using suspended sediment yield as their
indicator of surface lowering (Dole and Stabler 1909; Fournier 1960; Schumm
1963; Judson and Ritter 1964; Ahnert 1970; Yoshikawa 1985; Bartolini et al. 1996).
Denudation, the laying bare of underlying rocks or strata by the removal of
overlying material, is dependent upon two things: the intensity with which the
different agents operate, singly or collectively; and the ability of the ground surface
and the underlying materials to withstand the stresses generated (Ollier, 1981). The
intimate connection between the nature of the applied force and the actual
resistance of earth materials makes it difficult to produce realistic generalizations
about denudation rates. Quantitative models of landscape evolution depend on
estimates of the rates at which landscape change occurs (Summerfield & Huiton,
1984). The accuracy of these models depends on realistic estimates of sediment

yields, which are utilized to estimate denudation rates. The importance of
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understanding sediment yield patterns goes beyond estimating rates of erosion and
denudation. There has also been an increasing awareness of the significance of
determining sediment loads of rivers for the purpose of assessing material transport
to the world's oceans (Curtis et al.,1973; Milliman & Meade, 1983), geochemical
cycling (Walling & Webb, 1987), and the supply of material to the coastal
environment (Meybeck, 1997). Recent interest in the broader context of global
environmental change promoted by the International Geosphere Biosphere
Programme (IGBP) has also directed attention to the potential relationship between
climate change and sediment fluxes (Walling, 1997b). Sufficient data has now been
collected in order to estimate better the temporal and spatial variation of sediment
yields. An increased understanding of patterns of yields can then be used with more

confidence for theoretical applications.

1.2.2 Environmental Implications

It has been said that streams are the gutters down which flow the ruins of the
continents (Leopold et al., 1964). The visible signs are obvious: muddy water,
choked ditches, silted streams. The downstream resuit of soil erosion and increased
sediment loads of rivers is water pollution. Eckholm (1976) contended that
“...excess sediment is the major form of human-induced water poliution in the world
today” (p.128). Sediment is estimated to be the largest single water pollutant by
volume - at least 700 times that of sewage (N.S. Department of the Environment,

1988, p.7b). Increases in sediment loads can result in degradation or destruction



5
of fish and wildlife habitat. Subsequent sedimentation of lakes reduces mean depth
and volume and provides substrates for nuisance aquatic plants. Increased
sediment yields from river basins as a consequence of accelerated erosion caused
by vegetation clearance, land use change, and other forms of catchment
disturbance have been increasingly recognized as a major environmental problem

in many areas of the world (Walling, 1997b).

1.2.3 Socio-Economic Implications
Sediment transport by rivers has an important social and economic
dimension that adds to the importance of this study. Turbidity caused by excess
sediment in water destroys the aesthetic attraction of lakes and streams, thereby
spoiling recreational activities such as swimming and fishing. Deterioration of the
quality of municipal water supply for extended periods eventually resuits in the
necessary implementation of sophisticated and expensive water purification
treatments (Walling & Webb, 1996b). Increasing sediment loads in rivers can cause
sedimentation of reservoirs and navigation channels and impairment of irrigation
techniques. Mahmood (1987) estimated that major reservoirs of the world are losing
their storage capacity at the rate of 1% or 50 km®> per year ($6 billion annual

economic loss) as a result of sedimentation.
Against this background, the theoretical and applied importance of this
research can be placed into context, given that the following questions remain

unanswered:
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(1) How different were sediment yields in the past (from those calculated at

present)?
(2) How different are they today (from those calculated for the past)?
(3) How might they change in the future? (Walling, April 28, 1997a)

1.3 Previous Suspended Sediment Load Research

1.3.1 The Global Scale

Global database compilations of suspended sediment have been undertaken
by a number of researchers (e.g. those listed in Table 1.1) for a variety of purposes,
such as estimating denudation, determining the sediment discharge to the oceans
and mapping global patterns of sediment yields. These databases have been
lacking in their geographical coverage. Of the 193 locations from eastern North
America utilized in the analysis for this research, Table 1.1 includes the number of
those locations included by each of the noted authors. Some of the authors listed
in Table 1.1 (e.g. Milliman & Meade, 1983; Meade et al., 1990) were conducting
regional analyses, which one would expect to inciude more detailed data coverage,
although this is not the case. An example of the global database coverage in such
studies (Table 1.2) includes the names of rivers used in two global studies of
sediment yields (Fournier, 1960; Holeman, 1967). The rivers used in this thesis are
noted in bold lettering. Drainage basin area and period of record, if noted by the
author, are included in addition to the estimates of sediment yield for both authors.

Additional authors could not be included in this table for the



AUTHOR # of rivers from eastern N.A. in study
Dole & Stabler (1909) 16
Judson & Ritter (1964) 9
Holeman (1967) 2
Curtis et al. (1973) 5
Meade (1982) 9
Milliman & Meade (1983) 1
Dedkov & Mozzherin (1984) ca. 12 (U.S. and Canada)
Jansson (1988) 13 (4 of these in eastermn Canada)
Meade et al. (1990) 4
Milliman & Syvitski (1992) 9

Table 1.1: Global and regional studies utilizing sediment load data and the
corresponding number of locations from this research included in those studies.
(All locations are in the United States portion of the study area with the two noted
exceptions.)

following reasons:

. raw data were not included in their study
. drainage area was not included, from which to determine sediment yield
. sediment yield was recorded in imperial units, without the raw data from

which to convert to metric units (without tonnage of sediment or basin area

included).

The table is organized according to increasing sediment yields based on Fournier's
database (these locations were not utilized by Holeman) and then in increasing
sediment yield for both Holeman and Fournier. Several comments can be made
about Tables 1.1 and 1.2. A notable observation is the lack of coverage from

eastern North America. Although much of the data had been available, only a small
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number of the 193 sites with sediment load data included in this study have been
used. Of those that have been included by previous authors, many of the locations
are found on large rivers, with a general lack of coverage for smaller rivers . So
few locations from eastern North America (not to mention much of the globe) have
been included in giobal evaluations of sediment yield patterns that over-
generalization has been conducted at the largest scale. Nine locations spanning all
of continental eastern North America do not account for all climatic regimes, types
of geologic material and terrain. Since fluvial sediment loads are influenced by
numerous factors, these among them, the few locations which have continuaily
been used in such studies do not represent the complete picture of global patterns
of sediment yields.

Almost forty years ago, Fournier had access to a limited data set (96 rivers).
Most of these were from North America, no data were available for Africa, South
America or Australasia and data for Asia mostly included rivers from the Yellow
River basin which has very high sediment loads (Walling & Webb, 1996b).
Subsequent analyses have used more extensive databases (Walling & Webb,
1983; Dedkov & Mozzherin, 1984, Jansson, 1988) resulting in more meaningful
maps of global suspended sediment yield patterns. Despite this major expansion,
the existing global data-base still possesses many limitations in terms of providing
a comprehensive and reliable basis for investigating the global denudation system
(Walling & Webb, 1996b). Data collection in many parts of the world either does

not exist or is inadequate. The reliability of the data that are collected in many
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regions may also be questioned. Variations in the application of load calculation
procedures has also been a problem, resulting in significantly different estimates
of sediment yield (Walling, 1984; Walling & Webb, 1981, 1985, 1988). Broad trends
have been explained based primarily on variations in precipitation and runoff
(Langbein & Schumm, 1958; Fournier, 1960; Douglas, 1967; Jansson, 1988). More
recently, the importance of relief influencing sediment yields has been reported
(Pinet & Souriau, 1988; Milliman & Syvitski, 1992; Summerfield & Hulton, 1994).
These resuits are highly generalized and more work is required to clarify the
relative importance of relief, climatic and other factors that account for variations

in sediment yields.

1.3.2 The Regional Scale

Some researchers have investigated suspended sediment yields in specific
regions across the globe. Meade (1982) studied the sediment loads of rivers in the
Atlantic drainage of the United States, emphasizing the sources, storage and sinks
of the material, rather than the temporal and specific spatial nature of the data
collected in this region. Milliman et a/. (1987) investigated the changes in sediment
loads of the Yellow River in China. Ashmore & Day (1988) and Church et al. (1989)
considered sediment loads for basins in western Canada. Abernethy (1990)
assembled data for a number of small catchments in Southeast Asia. Alford (1992)
reported on the Chao Phraya river basin of northern Thailand. Stone & Saunderson

(1996) detailed the patterns of sediment yields in southern Ontario. And yet, a clear
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understanding of the temporal and spatial patterns of sediment yields continues to
elude us. There remains a need to undertake a comprehensive review and
synthesis of the available data for regions throughout the world. The present
availability of a spatially and temporally detailed regional database allows for the
re-evaluation and revision of our understanding of sediment yields for one particular

region (which is discussed in Chapter 2).

1.3.3 Sources of Error in Estimates of Sediment Yields

Sources of error in studies of sediment yields range in scale and magnitude.
This research addresses some of the problems encountered in earlier suspended
sedimentyield studies. Errors which can not be eliminated and are inherent in such

research will be addressed.

1.3.3.1 Errors in Previous Studies

Some of the early global sediment yield estimates were based on limited
databases (i.e. Fournier, 1960). The expectation might be that the spatial and
temporal coverage since that time has become more detailed and databases are
now significantly larger than those available to earlier researchers. Despite a major
expansion in the availability of sediment load data as a result of the implementation
of the IGBP programme, the existing global database still possesses many
limitations in terms of providing a comprehensive andreliable basis for investigating

sediment yield patterns across the globe (Walling & Webb, 1996b). Under-
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representation and lack of detail in many studies have resuited in large-scale
generalization. Although more recent studies (e.g. Dedkov & Mozzherin, 1992) have
resulted in improved representations of the generalized global pattern of
suspended sediment yield, considerable scope now exists to refine these
representations and estimates. The possibility to undertake a detailed study of
regional patterns of yields is also much improved. Previous researchers did not
have access to the length of record that has now been collected and compiled. In
addition to mapping general patterns of sediment yields and determining
denudation rates and fluxes of sediment to the world's oceans, such studies also
strove to account for influencing factors such as relief, climate, geology and tectonic
stability (Langbein & Schumm, 1958; Fournier, 1960; Strakhov, 1967) . Given the
complexity of the controls involved, and the under-representation of many regions
of the globe, clear relationships between the myriad factors have not been
established. Changes and influences of human land uses and activities on
sediment yields have also been lacking in previous studies. There is a gap in the
present state of knowledge regarding the degree to which sediment loads of the
world's rivers have changed within the recent past in response to the impact of both
human activity and other aspects of environmental change (Walling, 1997b).

In addition to these limitations in the earlier research, the accuracy and
reliability of the sediment load data itself have been questioned (Walling & Webb,
1981; Milliman & Meade, 1983; Walling, 1984). The admittedly variable quality of

the data in global studies of sediment yields is often a result of differences in
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measurement techniques and in sampling procedures. The data in this thesis have
been collected according to standard federal techniques and methods across state
and provincial boundaries (U.S. DH-48, U.S. DH-42 or U.S. D-49 sediment
samplers). However, data for global studies require rivers from developing countries
which often have had questionable accuracy. Compounding the problem in global
studies still further is the inability to gain access to original data; quoting published
reports has resulted in the utilization of recycled data (Milliman & Meade, 1983). All

data used in this study are original.

1.3.3.2 Limitations in the Present Research

There are several limitations to conducting a large-scale research project
such as this. The spatial coverage of the gauging stations is not even across the
region. Even though all stations which were available were utilized, large areas of
spatial interpolation exist. There are more gauging stations with sediment load
information in some states (e.g. Pennsylvania) than others (e.g. Delaware,
Massachusetts). This may partially be attributed to the relative size of those states.
The differing spatial coverage of the gauging sites can also be a result of differing
state jurisdictions and mandates for coliecting this specific information. The gauging
stations also have differing record lengths. Not all of the 193 gauging locations
have overlapping coverage. The number of gauging stations with sediment load
data is not constant through the duration of coverage in the study area (1930 -

1993). Coverage ranges from a high of 58 locations in 1974 to a low of 1 station in
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1930-33 and 1944-47 (Figure 1.1). Suspended sediment load data collection
peaked (globally) through the 1970s followed by a subsequent decline into the
1990s. The reason for the drop in data collection was a belief that the ‘general
picture” (Grabs, 1999) was known, and that knowledge could simply be

extrapolated into the future.

# of Gauging Stations in Operation
co 38848883

1930 1945 1960 1975 1990
Year

Figure 1.1: Number of gauging stations with sediment load data for each of
the years of record in this study (1930-1993).

As of 1993 (the most recent year in the data set) there were only three stations
collecting suspended sediment load data.

There remain issues which have been addressed by other authors (i.e.
Walling, 1983; Walling & Webb, 1987) that are inherent in this study as well. If
sediment loads are to ultimately be used as indicators of rates of erosion and soil
loss, improved knowledge of the processes of sediment delivery is required to
understand the lag between on-site erosion and the sediment yield at the outlet of

the drainage basin. It is also important to stress that this study, in considering
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suspended sediment loads, does not attempt to make estimates of regional
denudation since bedloads and dissolved loads are not included in the dataset. The
bedload and dissolved loads transported by the rivers in the study area have not
been included primarily because they have not been measured or even estimated
for most sites. Infrequent samples would be unlikely to provide a meaningful
representation of the pattern of variation. In addition to this, there remain questions
regarding the source of the dissolved constituents of river water. Sources of solutes
include rock weathering, atmospheric fallout of material of both oceanic and
terrestrial origin, atmospheric gases, and decomposition and mineralization of
organic material (Walling & Webb, 1986). Suspended loads in rivers may be
anthropogenically-induced, but the source of the sediment is earth material. When
the solutes are anthropogenic, these are entirely new inputs to the system and
therefore additional care would be required in eventual estimates of denudation.

Limitations due to computational errors are also inherent in the mapping
methodology. The technique employed in the production of surface maps of
sediment yields (multiquadric interpolation, which is discussed in detail in Chapter
2) provides an exact surface, yet there remain errors between points. Among the
various interpolation techniques that are available, the technique utilized in this

analysis is believed to be most accurate (Chapter 2).

1.4 Summary

This thesis is an investigation of a regional dataset of suspended sediment
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yields. The reliability of studies which use sediment yield data is critical, since this
information can ultimately form a basis for theories of landscape evolution as well
as the effects of human activities on the land surface. In addition, sediment
transport by rivers has an important social and economic dimension related to
problems such as reservoir siltation as well as wide-ranging environmental
implications, which underscores the importance of this study. Important
uncertainties regarding the reliability of suspended sediment data exist because of
differing periods of record, non-stationary river behaviour, and data reliability
(Walling & Webb, 1996b).

The structure and organization of the thesis is as follows: Temporal and
spatial patterns of sediment yields are presented at the regional-scale across
eastern North America (Chapters Three through Seven). The stationarity of the data
is explored (Chapter Four) and conclusions regarding the characteristics of the data
will be made (Chapter Three). Explanations for the temporal variability of the data
are suggested based on factors such as discharge and precipitation (Chapter
Seven). Explanations for the spatial variability of the data are explored based on
factors such as the human use of the land. This human influence may manifest itself
in different ways, as is illustrated in Chapters Five (urbanization) and Six
(agriculture). This unique mix of environmental and anthropogenic forces is

explored through-out the thesis.



CHAPTER TWO

THE STUDY AREA

2.1 Choice of Area

The area under investigation covers provinces and states from eastern North
America, including the provinces of Newfoundland, New Brunswick, Prince Edward
Island and Nova Scotia and the states of Georgia, South Carolina, North Carolina,
Virginia, Delaware, New Jersey, New York, Maryland, Maine, Massachusetts.
Connecticut, and Pennsylvania. This region was selected for a number of reasons.
Foremost, data was available for most states and all provinces in eastern North
America, spanning a 42-year period in some locations. Few studies (as noted in
Chapter One) had undertaken to investigate sediment yield in the eastern United
States, and even fewer in the Canadian provinces. In compiling the datasets of the
eastern U.S. and Canada, the purpose was to investigate the regional patterns of
yields within this study area. In addition, the eastern region of North America held
particular interest to the author, having lived in Nova Scotia for an extended period

of time.

2.2 Availability of Eastern North American Suspended Sediment Load Data
The original sources of the daily suspended sediment load data were the

United States Geological Survey (USGS WATSTORE database) and Environment

20
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Canada (Surface Water and Sediment Data from the Water Survey of Canada).
The data were available in compiled spreadsheet form in cd-rom format from
private firms. The data for the eastern United States, which included all of the
gauging sites in the eastern United States (up to and including 1992), were
acquired from Hydrosphere Data Products Inc., based out of Boulder Colorado.
After having been initially dismayed at the prospect of accessing and retrieving
digital data from several states and databases, or retrieving the data from the
USGS WATSTORE database, a time-intensive and often cumbersome task, this
source was most useful. Similarly, the Canadian data (up to and including 1994)
were retrieved from Greenland Engineering Group, based out of Toronto, Ontario.
The original source for this database was Environment Canada’s Water Resource
Branch HYDAT files. All stream gauging sites in Canada are compiled on this cd.
Both databases included all stream gauging locations and were searched for the
locations with suspended sediment load data that had been collected continuously
(at most locations twice daily) for at least one full year. Absent from the data set
were the states of Maine, New Hampshire, Rhode Island, Vermont and Florida.
Alternate sources of data were sought for these states. However, the sediment load
information has either not been collected (e.g. Florida) or is in limited supply.
Maine, for example, has only two stations which have collected sediment load data,
and these were discontinued after one year of data collection (Nielson, 1996). Many
of the states had numerous gauging stations, but only a few (2.47%) collected or

had collected sediment data (Table 2.1). Scattered sites had samples of solute and
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bedload, but these were infrequent and insufficient to undertake any detailed

investigation.

State Total # of Stations | Stations with Sed. Data
Connecticut 255 7
Delaware 116 2
Georgia 775 13
Maine 203 2
Maryland 610 13
Massachusetts 306 2
New Jersey 596 15
New York 890 20
North Carolina 855 10
Pennsylvania 925 60
South Carolina 596 4
Virginia 626 16
Total 6753 167

Table 2.1: Total number of USGS gauging stations in the States investigated in this
study, and the number of stations in each of those States with sediment load data.

Figures 2.1 and 2.2 show the locations of the gauging stations which were used in

this study.
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Figure 2.1: Location of Gauging Stations in the Eastern United
States with 1-9 years, 10-20 years and >20 years of Continuous
Sediment Load Data
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Figure 2.3: The Hydrology of the Eastern United States:
Major Drainage Basins
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2.3 Characteristics of the Region

2.3.1 Hydrography of eastern North America

The eastern United States can be divided into four major hydrographic
regions (Figure 2.3). The New England region, approximately 153 000 km?, extends
through Maine, New Hampshire, Massachusetts, Rhode Island and Connecticut.
Eleven of the total 193 gauging sites are situated within this region, primarily along
tributaries to the Merrimack and Hudson Rivers. The Delaware-Hudson region,
approximately 80 000 km?, extends through eastern New York, Pennsylvania, New
Jersey and Delaware. Approximately 58 of the gauging sites are located in this
region, primarily on tributaries to, and main channels of the Hudson and Delaware
Rivers. The Chesapeake region covers 148 000 km? including south-central New
York, central Pennsyivania, Maryland and northern Virginia, with a total of
approximately 70 gauging sites. The sites in this region are mostly located on the
tributaries to, and main channels of the Susquehanna, Juniata and Potomac Rivers.
The South Atlantic region is 440 000 km?, stretching from southern Virginia through
North and South Carolina, Georgia and Florida. Approximately 30 gauging sites are
located within this area, primarily along the James, Roanoke, Neuse, Pee Dee and
Savannah Rivers.

Figure 2.4 shows the major drainage patterns of the Atlantic provinces and
locations of rivers with gauging stations situated on them. The drainage divides
generally trend through the centre of New Brunswick, with channels flowing either

to the Bay of Fundy or Gulf of St. Lawrence, and through the centre of Nova Scotia,
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dividing the channels flowing to the Bay and those flowing to the Atlantic Ocean. In
Newfoundland the channels in the west flow to the Guif of St. Lawrence, the rivers
traversing the central lowlands and northeast coast flow to the north Atlantic and
the rivers flowing down from the western mountains to the Avalon reach the Atlantic
Ocean.

Throughout the eastern states and provinces mean annual precipitation
typically varies from 1200 to 1600 mm a™' (Lins, 1990), although local lows can
reach 900 mm a™'.The form of precipitation varies considerably. Regions north of
approximately 35° N latitude experience extended periods of subzero temperatures
(with higher latitudes having the most extended periods). The major impact of
temperature on the hydrology of any region is a change in runoff, as water is
temporarily stored as snow and ice. When precipitation occurs as snow, ice forms
on stream channels, lakes and ponds, and to a certain extent in the soil. The flow
regimes of streams resuit in low runoffs during winter and major runoffs in spring or
early summer when the snow and ice melt (Riggs, 1990). The mean annual
discharge does not vary according to latitude, however the annual, seasonal pattern
does differ as a direct result of the presence (at higher latitudes) or absence (at
lower latitudes) of spring thaw. Figure 2.5 illustrates the difference between the
hydrographs of a relatively high latitude basin and a relatively lower latitude basin.
In environments with a clear seasonal variation in precipitation or temperature,
stream flow (and consequently sediment yield) will be expected to vary fairly

systematically throughout the year, being highest during the wet season or during
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the period when Iower temperatures reduce water Iosses through

evapotranspiration (Summerfield, 1991).
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Figure 2.5: Mean monthly discharge for Northeast Brook, Newfoundland (Latitude:
505544 N), shown with a solid bold line, and for the Little River, Georgia (Latitude:
333646 N), shown with a dashed line.
2.3.2 Surficial Hydrogeology and Aquifers of eastern North America

Depths of unconsolidated sediments tend to decrease with increasing
latitude, as a result of the Pleistocene ice sheets which occupied much of the higher
latitudes of eastern North America. In the Maritime provinces, surficial bedrock
outcrops fringe the entire province of Newfoundland and the Highlands of Cape
Breton and intermittent outcrops extend through eastern sections of Nova Scotia.
Unconsolidated material is found through central Newfoundland, most of Nova

Scotia and New Brunswick and all of Prince Edward Island, although the depth is

limited in many areas. Surficial deposits are primarily sands and gravels of glacial
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origin, but are generally small in size and of limited distribution, being confined to
valleys. The thin layer of till that covers most of the Maritimes is a relatively poor
aquifer (Fisheries and Environment Canada, 1978). In the New England states
(Maine, New Hampshire, Massachusetts, Connecticut, Rhode Isiand, Vermont and
New York) the surficial aquifer system also consists primarily of glacial deposits.
Coarse-grained outwash and ice-contact deposits partially fill deeply incised
bedrock valleys throughout the region. Reworked outwash partially fills valleys
south of the glacial limit in western New York. Depth of unconsolidated material
ranges from approximately 3 to 330 m (USGS, 1995). The unconsolidated deposits
of Quaternary age are also located in the northern and western sections of the
middle, eastern states (Pennsylvania, New Jersey, Delaware, Maryland, Virginia
and North Carolina). There is a large range in depth of unconsolidated materials
throughout this region. The aquifer system is thinner where parts of the underlying
crystalline rock surface have been upwarped (e.g. Cape Fear Arch in North
Carolina) and thicker where the crystalline rocks have been downwarped (e.g.
Salisbury Embayment in Maryland/Delaware). Depths of unconsolidated material
in this region range from approximately 390 to 1050 m, aiso tending to thicken
towards the coast (USGS, 1997). The mountainous regions, however, have small
surficial bedrock outcrops and thinner aquifers beneath ridges and hilitops, whereas
thickest sequences tend to be located in valleys. In the southernmost section of the
study area, in South Carolina and Georgia, greatest depths of unconsolidated

material extend to 1500 m on the coastal plain (USGS, 1996).
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2.3.3 Geology of eastern North America

The Appalachian Mountains form the dominant topographic feature of the
region, lying between the interior of North America to the west, and the Coastal
Plain to the east. The southern segment of the Appalachian Mountains can be
divided into four geologic provinces. The Appalachian Plateau in the west is
comprised predominantly of Paleozoic sedimentary rocks. The Ridge and Valley
province and the Blue Ridge province, to the east of the Appalachian Plateau, are
predominantly igneous, Paleozoic rocks, and the Piedmont province is made up of
metamorphosed Paleozoic and Precambrian rocks. The northern segment of the
Appalachians cannotbe readily divided into subdivisions, ranging from sedimentary
rocks in the west to igneous, metamorphic, and sedimentary rocks in the east (Fig.
2.6 and 2.7). The rocks in this region range in age from Precambrian to early
Mesozoic, but those of Cambrian through Devonian age are the most widespread.
Precambrian through Triassic age bedrock extends throughout the eastern
Canadian provinces. Igneous and metamorphic rocks dominate the southern and
eastern regions of Nova Scotia, while sedimentary rocks dominate Prince Edward
Island, and New Brunswick. The oldest rocks in the Atlantic Provinces are found
in southern New Brunswick, small outcrops in northern Nova Scotia and Cape

Breton and the west and east coasts of Newfoundland (Gardner & Sevon,1989).
Figure 2.8 indicates the locations of the major geologic divisions along eastern
North America, which have been classified based on the geologic maps discussed.

The Pleistocene continental ice sheet covered the entire northern segment
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Figure 2.8: Major Geologic Divisions Along Eastern North America
(Source: Gardner and Sevon, 1989)
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of the Appalachians, and extended approximately as far as latitude 38° N. As a
result, continental glaciers planed off soil, weathered bedrock and redeposited
these materials as a thin mantle of glacial debris over the bedrock surface.
Sheetlike Quaternary glacial outwash deposits mantle Cape Cod and overlie
Cretaceous Northern Atlantic Coastal Plain sediments on LongIsland, Block Island,
Martha's Vineyard, and Nantucket Island. Quaternary age material extending
through Delaware, eastern Virginia, North and South Carolina and Georgia was
primarily deposited in shallow marine environments when sea level was higher
relative to the land surface than at present, or in the floodplains and deltas of the

rivers that drained this portion of the landmass (Rodgers, 1970; USGS, 1997).

2.3.4 History of European Settlement

“...the...plantation harbors often silted full and became land themseives, so that
at a place like Port Tobacco, you can walk through fields where once the little
ships sailed in and out fetching hogsheads of cured brown weed for the pipes

and snuff boxes of Europe” (Graves, 1966).

It is also important to have a brief understanding of the history of European
settlement in the region under investigation in order to account for the potential
human influence on otherwise natural loads of fluvial sediment. Many of the rivers
flowing to the Atlantic have a long history of use and abuse. The earliest settlers
arriving in the 18th century moved to various locations along the east coast: Acadia

and Louisbourg in Nova Scotia and Boston and New York City. As a result, the
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population of eastern North America continued to grow and ultimately placed
pressure on the natural environment. The eventual growth of cities and industries
has caused an alarming encroachment upon, and destruction of much of the natural
world. In 1790, only 5% of the United States population lived in urban areas; in
1920, more than half lived in urban areas, but by 1990, 75% of the American
population lived in areas classified as urban (Johnson, 1997). The population of the
eastern United States has exploded far more than that of Atlantic Canada (Table

2.2), with stresses to the natural systems of those states associated with that

explosion.
POP. BY YEAR (1000s)

STATE/PROVINCE 1790 1850 1900 1950 1990
Delaware 60 n/a 180 320 670
Maryland 320 n/a 1190 2340 4780
Pennsylvania 430 n/a 6300 10500 11880
Washington, D.C.* n/a n/a 280 800 610
Nova Scotia n/a 280 460 640 900
New Brunswick n/a 190 330 500 720
Newfoundland n/a n/a n/a 360 570
Prince Edward Isle. n/a 60 100 100 130

Table 2.2: Changes in population since colonial times in selected States and the
Eastern Canadian Provinces (*National Capital).
(Leacy, 1983; Johnson, 1997).
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Figure 2.9: Alexander Wyant's (Hudson River School) “Tennessee” (1866),
from the Cumberiand Plateau (Howat, 1987).
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Figure 2.10: A Series of Four Engravings made in 1850 Chronicle Changesin
Land Use and Vegetation on one New York Farmstead (Thomas, 1956).
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The population of Washington D.C. alone has been larger than each of the
Maritime provinces, with the exception of a decline in the population in Washington
D.C. from 1950 to 1990. This resulted from individuals moving out of the city limits,
but continuing to work in the city itself. The population of Maryland, on the other
hand, had increased two-fold within the same period of time.

America’s natural environment inspired artists of the Hudson River School
in the mid-1800s (Figure 2.10) in addition to the settliers converging on eastern
North America. Within a century, however, land clearance (Figure 2.11) and strip
mining of coal changed the landscape, causing “soil erosion, stream poliution, the
accumulation of stagnant water and the seepage of contaminated water,
[increasing] the likelihood of floods, [destroying] the value of land...” (Howat, 1987).
It was the fertility of the soil itself that drew the English and Scottish to the Piedmont
region. They later spread out across the Blue Ridge into the wide, rich trough of
the Ridge and Valley, where they eventually met German settiers moving down from
Pennsylvania (Graves, 1966). While inland the settlers shared in the prosperity of
the fertile land, the inhabitants of the Coastal Plain were profiting from the tobacco
boom. Towards the middle of the 19th century, the shift away from agriculture in
many areas of the eastern United States had already begun. The industrial
revolution was taking place in the New, as well as the Old World. This “New World”
was now one of industries and conquests, factories and frontiers. The urban sprawi
of American cities had begun, while the eastern provinces of Canada did not share

in this population revolution (Graves, 1966).
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2.3.5 Suspended Sediment Yield

Sediment loads were obtained from the United States Geological Survey
(USGS) and Environment Canada. In both the United States and Canada, most
suspended sediment samples were collected with the U.S. DH-48, U.S. D-43, or
U.S. D49 sediment samplers, which were developed by the Federal Inter-Agency
River Basin Committee (1952). The first of these samplers requires suspension on
arod and is usually used when a stream is wadable. The other two are suspended
on cables extending from bridges or cableways. All three are nozzle-type samplers
that were designed to collect a water-sediment mixture whenever the nozzle is
submerged at an intake velocity that approximates the horizontal velocity of the
stream at the nozzle intake. The samplers are generally lowered and raised at a
constant rate while they collect a depth-integrated sample of a water-sediment
mixture from the stream surface to within centimetres of the streambed (Colby,
1963). Data reliability in studies of sediment loads of rivers has been discussed by
several authors (Kleiber & Erlebach, 1977; Walling, 1977; Dickinson, 1981). These
authors, however, were primarily concerned with data estimated by rating curves
as well as questionable data collection techniques in many developing countries.
In the eastern United States and Canada, daily samples were taken at each of the
study sites with the standard suspended sediment samplers.

The resulting sediment loads were converted to sediment yields (t km™? a™).
Twice daily sampled sediment loads were given in both the USGS and Environment

Canada datasets, in addition to the basin area. From this information the
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discharges could be averaged for each year and then averaged for the entire period
of record. When divided by basin area, this provided a yield of sediment for each
location. Drainage areas ranged from just under 1 km? (Nursery Run at Cloverly,
Maryland) to almost 30 000 km? (Potomac River at Washington, D.C.). The
gauging stations used in this study collected daily information on stream discharge
as well as sediment load. Stream discharges ranged from 0.128 m* sec’ (Northeast
Pond River, Newfoundland) through 41 000 m*® sec’ (Susquehanna River at
Conowingo, Maryland). Duration of coverage ranged from one complete year of
record to forty-two years of record (Appendix A). It was discovered that sediment
yields varied in both time and space along eastern North America, and that in some
locations, sedimentyields were far greater than had been anticipated. These results

are discussed in Chapters Three through Eight.

2. 4 Methodology

2.4.1 Methods of Spatial Interpolation

The maps of sediment yield patterns throughout this thesis were generated
using Hardy’s (1971) multiquadric (MQ) spatial interpolation technique. There are
numerous spatial interpolation techniques which have been used for geographical
applications. With sufficient data, any interpolation procedure will give good results
because the sampled surface is known so well. It has been found, however, that
some techniques work more accurately and efficiently than others (Shaw & Lynn,

1972; Franke, 1982). In terms of visual smoothness, goodness-of-fit, flexibility and
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variable distribution of data, the multiquadric method of analysis is an invaluable
analytical technique. Interpolation methods against which muitiquadric interpolation
has been compared include inverse distance weighted methods, rectangle based
blending methods, and Foley's method (Franke, 1982).

Interpolation begins with the idea that a measurement at a point is a unit of
information that describes the value of some quantity at that particular location and,
with less certainty, a limited section of the surrounding area. This proximal region
has been termed the kernel of influence (Hardy,1971). The surface representing a
set of spatially-extended data is therefore a collection of these kernels. The
difference between one interpolation technique and another is related to the
manner in which the influence of the datum is assumed to decline for more distant
interpolation points, and the computational maneuvers necessary to process the

elected influence function (Watson, 1992).

2.4.2 Multiquadric Method

Hardy’s(1971) multiquadric technique is a global interpolation procedure,
in which the interpolant is dependent on all data points, and addition or deletion of
a data point, or the repositioning of a data point, will affect the entire domain
(Franke, 1982). A local method, on the other hand, is typically thought of as
meaning that addition or deletion of a point, or a change in one of the coordinates
of a datum, will affect the interpolant only at nearby points, and the interpolant will

be unchanged at distances greater than some given distance. The multiquadric
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method was originally used to represent topography ( Hardy, 1971), but it has been
adopted in other areas of data interpolation, such as areal distribution of rainfall
(Shaw & Lynn, 1972), mining apglications (Sirayanone, 1988), computational fluid
dynamics (Kansa, 1990) and more recently for fluid speed (Saunderson, 1992), fluid
vector applications (Saunderson & Brooks,1994), drumlin field investigations
(Conrad, 1994) , fluid patterns around woody channel debris (Beebe, 1997) and

sediment yield patterns (Conrad & Saunderson, 1999).

2.4.3 Solution of the Equations

Maps depicting spatial variation of suspended sediment yield were
generated using the multiquadric (MQ) method of interpolation. Hardy’s (1971) MQ
method can be used to generate surfaces where z = f(x,y), z being the scalar
dependent variable and x, y the locational coordinates of z. Mapping the regional
pattern of time-averaged yields (t km? a™') required, as a first step, solution of the

following multiquadric equation:

n

3 o flx,x)2+ ()1 =z, 2.1)

J=1

where ¢; is a coefficient representing the slope of a cone whose apex is at the
(known) location [ x;, y ], and having known height. Interpolation of any intermediate

values for sediment yields (z,) was then derived from the equation:
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> ol -x, )2 +(3,-y ) 3=z, (2.2)

J=1

with the column vector of coefficients ¢; being the solution of a set of simultaneous,

linear equations (Saunderson, 1994).

2.5 Discussion and Summary

This thesis is a detailed investigation of the patterns of fluvial suspended
sediment yields in eastern North America. Aithough other researchers (e.g. Meade,
1982) have considered sediment yields in areas of this region, a detailed
investigation has not been previously undertaken. The availability of a database
spanning both time (up to 42 years) and space facilitates this investigation. The
importance of the results which will be discussed in the following chapters is not
only in the context of understanding sediment yields of rivers in eastern North
America, but also in elucidating the complexity of the temporal and spatial patterns

of yields, and the factors causing those patterns.



CHAPTER 3

REGIONAL PATTERNS OF YIELDS

3.1 Introduction to Regional Analysis of Suspended Sediment Yields

Suspended sediment data have been used to assess regional and global
patterns of erosion (Walling and Webb 1996a). This chapter reports on the regional
patterns of sediment yield for a selected section of the study area and the
implications of using different record lengths when generating maps of variations
in suspended sediment yield. Aithough long-term records are probably required to
establish any trends in sediment yields (Walling 1997), the length of sampling
interval required to identify the presence or absence of trends is still an open
question. In a spatial context, the initial question is: What will maps of sediment
yields look like when different time-averaged yields are used to produce the
patterns? To-date, other researchers (i.e. Dedkov & Mozzherin, 1984; Jansson,
1988) have generated single maps illustrating sediment yield patterns, but if yields
are non-stationary, then patterns might be expected to change.

If a period of record has been one of stable conditions within and across the
drainage basins (that is, the record has “stationarity”: highs/lows do not change

location through the period of study), the record would be expected to show the

45
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average sediment load of the rivers under those conditions, and the accuracy of the
average would be related directly to the length of the period of record (Meade et
al.,1990). If the period of record has been one of changing conditions within and
between basins (non-stationary), then patterns of yields would be expected to shift,
and the non-stationarity of the data could be used as a guide to the effects of
changing basin conditions (e.g. land use, climate). Changes inevitably occur over
space and time, with the changes perhaps leading ultimately to a state of
equilibrium. The length of record, however, may not be sufficient to fully elicit the
non-stationary behaviour. Important questions to ask, then, are: How representative
are the sediment loads of the time period covered in this thesis of fonger-term
loads; and would further data collection generate different results than the ones
from this research?

This research relies on the available collected lengths of records at the
gauging sites. In most cases, gauging locations have closed as sufficient records
are believed to have been collected (e.g. Nova Scotia Department of the

Environment, 1988).

3.2 Sediment Yields of Eastern North America

Once each of the sites with sediment load information were compiled (from
the data sources described in section 2.2), yields could be calculated. For each

location, total annual loads were given. These were converted from imperial to



47
metric units for the American portion of the study area. Basin areas were also given,
and again converted for the American portion of the study area. These values were
entered into a database and then converted to sediment yields. By calculating the
total tonnage of sediment for the entire period of record, dividing by the basin area,
and the number of years of record, a yield was calculated for each site (t km?a').

Intervals of record ranged from one to 42 years. Table 3.1 gives a
breakdown of the number of sites and years of record (by state and province). Most
stations have less than ten years of record, but some have more than 20 years.
Some states have many more years of record than others (e.g. Pennsylvania vs.
Maine). There are large ranges and variability in suspended sediment yields within
and between data sets from the rivers of eastern North America. For example, the
graph of suspended sediment (Fig.3.1) for the Potomac River in Maryland, U.S.
shows an example of variability in the suspended load over time. Had data
collection at this station been concluded prior to the dramatic event indicated by the
peak on the graph (Nov. 1985), the yield calculated at this station would have been
very different. It is difficult to ascertain the reason for such a dramatic increase in
the sediment load. A hurricane event would have been a likely causal factor,
however the most recent hurricane in the area struck a full month (Hurricane Gloria,
on September 27, 1985) prior to the peak in sediment. The focus of this chapter is
the initial investigation of sediment yields of eastern North America, which is
followed by a discussion of the complex causal factors for the temporal and spatial

patterns of yields for seiected areas in subsequent chapters.
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Figure 3.1: Time-Series of Suspended Sediment Loads (tonnes) from
1960 through 1992. The extreme peak took place in November, 1985.
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State/Province Sed. Yield Max. Yield Min. Yield
Connecticut 20 30.6 9.3

Delaware 119.9 173 66.7
Georgia 62.3 152.9 1.5
Maryland 62.9 155.4 57
Massachusetts 13.8 18.4 92
New Jersey 18.8 58.3 22
New York 108.5 425.2 4.6
North Carolina 157.3 1017 17.5
Pennsyivania 1144 1436.2 12
South Carolina 126 21.8 34
Virginia 372.9 3156.7 3.2
Eastern States: 96.7 3156.7 1.5
New Brunswick 25.2 69.4 2
Newfoundland 12.9 30.7 35
Nova Scotia 124 348 56
Prince Edward Isiand 222 40 10.6
Atlantic Provinces: 18.2 69.4 2

Table 3.2: Sediment Yield for the Individual States and Provinces.

Overall sediment yield, maximum and minimum yield averaged for the entire U.S.
and Canadian sections of the study area are in boid for comparison.
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The sediment yield for each state and province and the maximum and
minimum yields within that state or province are shown in Table 3.2. Sediment
yields for the 15 states range from 12.6 to 372.9 t km? a'. Maximum yields (from
the 165 individual U.S. sites) ranged from 18.4 to 3156.7 t km?a’’. Minimum yields
(at a station) ranged from 1.5 to 66.7 t km? a”'. Sediment yields for the 4 provinces
range from 12.4to 25.4 t km?a'. Maximum yields (from the 28 individual Canadian
sites) ranged from 30.7 t0 69.4 t km?a™'. Minimum yields (at a station) ranged from
2t0 10.6 tkm2a™. Several observations can be made based on the sediment yields
across the regional study area. Sediment yields for the eastern United States are
larger than those of the Atlantic provinces (factors which might explain this
observation are discussed in Chapters 5-8). Sediment yields of the individual states
are also greater in most cases than the yields of the individual provinces. Maximum
yields are aiso greater for most of the eastern states. Minimum yields across the
study area are comparable, with the exception of Delaware, which has a larger
minimum yield for all gauging sites in that state (66.7 t km2a™). Figure 3.2 shows
the relationship between sediment yield and latitude. All of the gauging sites were
used in plotting the graph, and there appears to be a general trend of decreasing
sediment yield with increasing latitude, graphically portraying the relationship which

the initial calculations had shown.
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Figure 3.2: Relationship between Sediment Yield and Latitude
(degrees,minutes,seconds)for Eastern North America.

There are numerous explanations for the inverse relationship of increasing
sediment yield with decreasing latitude. In conjunction, three main factors stimulate
this relationship: climatological conditions (the influence of seasonality with the
ground frozen for extended lengths of time with increasing latitude); geological and
geomorphological conditions (the aquifer depth increases with decreasing latitude,
a consequence of the presence, in higher latitudes, of the Wisconsinan glaciation
or absence, in lower latitudes, of the Wisconsinan glaciation); and land use (more
land is affected by intensive agricultural activities in the lower latitudes). The
contrast between the higher yields in the eastern United States and the lower yields
in eastern Canada has been noted by Stichling (1973), and is discussed further in
Chapter 7.

The sediment yield values indicate that the sediment yield of the eastern US

and Canada may also be much greater than previously calculated (Table 3.3).
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Author/Year Susp. Sed. Yield Estimate: t/ sq.km/ yr.
Fournier (1960) 10-60

Strakhov (1967) 10-50

Milliman & Meade (1983) 17

Dedkov & Mozzherin (1984) 50- 100

Walling & Webb (1987) 10 - 500

Lvovitch et al. (1991) 20 - 200

Conrad & Saunderson (1998) 1.5 - 3160

Table 3.3: Estimates of suspended sediment yield in eastern North America
according to various authors

There are a number of reasons which can explain these larger estimates. The first
difference is one of research area. All researchers (Table 3.3) derived their
sediment yield estimates from a global area, whereas in the present study,
sediment yield was determined over a smaller, regional area (meaning that more
sites from eastern North America were included in this study than for those studies
encompassing the entire globe). Sediment yields were calculated using the
standard estimate of ¢ kma™ at the sample stations. The difference in the present
approach is the increased number of sites (193) utilized in calculating sediment
yields. At the global scale, however, researchers (such as those in Table 3.3)
generally use only a few sites in each region. Milliman & Meade (1983), for
example, used only two data points when determining the sediment yield for the
same portion of the globe as the present study. Sites on major rivers of the world
are generally used, with smaller rivers and tributaries excluded. The result has
been aregional, and probably worid-wide underestimation of the world's sediment
yields. The more data sites, the closer the spatial average will' be to the true

sediment yield of any region. Small rivers and tributaries (including some from
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eastern North America), with smaller floodplain storage than major rivers, can
have larger sediment yields. In fact, a number of small rivers may contribute as
much or more sediment than large ones. Stave Run near Reston, VA, with a basin
area of only 0.2 km?, has a sediment yield of 3157 t km? a!, whereas the Hudson
River in New York State, with a basin area of 12 000 km? has a yield of only 20 ¢t km
2al

The final difference is temporal. Not only are more data points over a smaller
area included in this study, but a longer period of time is also covered. A probiem
with estimates of global suspended sediment yield can therefore be seen when
comparing the results to a detailed regional analysis. Differences in values of these

magnitudes remain a problem when researchers are using different rivers spanning

different time periods at different scales.

3.3 Spatial Analysis

Multiquadric surfaces were generated (Conrad & Saunderson, 1999) initially
of the eastern United States section of the study area with sufficient data (therefore
New England is missing from the maps). The Canadian portion of the spatial
analysis is discussed in Chapter 6. Maps of sediment yields averaged over five-
year, ten-year, and total intervals of record were produced. The pattern of
suspended sediment yields based on five years (those sites with any full five-year
coverage), of record (Fig. 3.3) shows largest yields associated with tributaries of the

Potomac, (~ 400 t km™ a') and in the western corner of Virginia, associated with
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Figure 3.3: Sediment Yield Patterns Based on a Five Year Time-Average
(max. Yield = ~580tkm?a’)
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Ohio River tributaries (~ 580 t km? a''). The area around Washington, D.C. also
has five-year high sediment yield values. Figure 3.4 shows the results of mapping
suspended sediment yields which have been averaged over a ten-year interval of
record. This map depicts a smaller region since there are now fewer stations which
have a continuous ten-year record. The regions around Washington, D.C. and
Reston, Virginia still emerges as high yield regions on the ten-year record, with
largest yields of up to ~ 250 t km? a”'. Figure 3.5 is based on 79 of the total 189
stations (every second record in the entire data set). Lengths of record ranged from
one to 42 years. Yields are now as high as ~ 900 ¢t km2 a' which are found in
Pennsylvania, where tributaries to the Susquehanna yield large amounts of
sediment. There is a marked difference between Figure 3.3, the map of five-year,
time-averaged yields, and Figure 3.5, the map of entire length of record. For
example, there are large yields in North Carolina, whereas the former high yield
centred around Washington is no longer evident. These results indicate that the
spatial patterns of suspended sediment variability will change depending on the
number of years of record used. In addition, the spatial pattern will be affected by
the timing of the record. Different results would be expected for records spanning
a wet decade compared to a dry decade, for example.
These maps of sediment yields with varying time-averages (Figures 3.3,3.4,
and 3.5)show that spatial patterns of yields are time-dependent. These maps,
however did not, for all sites, have over-lapping years of coverage. One might

therefore suspect that different climatological conditions in different years might
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change the results that were observed in those figures. A five-year map of sediment
yields (with all of the thirteen stations used to generate the map having a time-
averaged sediment yield for 1959-63) was also produced (Figure 3.6). The pattern
of yields for this map has changed from that of Figure 3.3, with highest yields now
extending into north-central North Carolina (the Yadkin River, with the maximum
yield of 257 t km? a'). A ten-year map with over-lapping coverage could not be
produced, since there were insufficient sites with the same 10 years of coverage.
One might suspect, with new stations opening, old ones closing, meteorological
conditions varying from one year to the next, and human activities varying from one
year to the next, that time-averaged maps of sediment yields will change. This facet
of spatial sediment yields should be accounted for when observing global or
regional maps of yields, which are often presented as the pattern of yields, and
indirectly, of erosion. If yields are always changing with time, then different maps
will always result. Perhaps, then, it is most reliable to produce sediment yield maps
with as much detail as possible (as many stations and longest lengths of record
available) to provide an overview of the spatial variations, keeping in mind that the
pattern could shift as a consequence of a change in weather or land use that occurs
tomorrow. A further investigation of the temporal patterns of yields and changes in
spatial patterns of yields from one year to the next is made in the subsequent
chapters (Chapters Four and Five respectively). Prior to this, the variability and
reliability of the actual yields that were calculated over different lengths of time (by

use of a statistical analysis) are discussed in the following section.
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SITE YEARS OF RECORD SPAN SEDIMENTYIELD SD
Great Egg Harbour, NJ 5 1965-70 19 1.4
Edisto, SC 5 1967-72 34 1.1
Choptank, MD 11 1980-91 6.2 38
Susquehanna, MD 9 1984-92 8.3 44
Coginchaug, CT 6 1980-87 12.3 3.9
Delaware, (@Dunn.)NJ 10 1965-76 12.8 6.2
Salmon, CT 8 1982-90 14.2 115
Yantic, CT 5 1975-80 15.4 6.4
Baldwins C, NJ 7 1962-69 16 8.8
NB Rock, MD 10 1967-77 16.8 13.3
Merrimack, MA 5 1967-72 18.5 47
Chicod, NC 10 1976-86 21.2 19.2
Pee Dee, SC 5 1967-72 21.8 53
Patuxent, MD 6 1985-91 219 6.8
Passaic. NJ 5 1963-68 22.2 8.5
Bixler Run, PA 16 1954-70 23.3 7.7
Juniata, PA 40 1951-91 26.3 17.2
James (Buchanan), VA 5 1951-56 334 184
Corey, PA 11 1956-68 35.7 23.7
Delaware, (@Trenton), NJ 32 1949-81 36.4 22.8
Littie, NC 15 1961-76 374 26.7
Potomac, MD 31 1960-92 38.9 35.1
Susquehanna, PA 14 1963-78 419 35.2
Mohawk, NY 5 1954-58 438 344
Steam Valley, PA 5 1972-77 459 4.4
Conococheague, MD 13 1967-80 46.8 294
Elk, PA 13 1954-67 47.2 315
James (Scottsville), VA 5 1951-56 476 26.1
Monocacy, MD 9 1960-69 50.8 9.8
Roanoke, VA 26 1954-81 525 42.3
Rapidan, VA 5 1951-56 549 30.8
Rappahannock, VA 42 1951-93 55.8 326
Stoney BR.,NJ 1 1959-69 57.4 18.3
Monongahela, PA 6 1973-79 58.4 18.2
NB Potomac, MD 16 1964-78 616 249
Conogo (Trib.1) PA 7 1969-76 62.6 46.7
Brandywine, PA 15 1963-78 63.4 31.9
Brandywine, DE 31 1947-80 67.9 4.7
S. Yadkin, NC 9 1958-67 742 329
Stony Fork (Eiliottsville), PA 8 1977-80 82.6 38.7
Dan, VA 26 1954-81 87 44 6
Stony Fork, PA 12 1977-90 89.7 337
Blockhouse Cr., PA 5 1972-77 95.3 73.2
Blockhouse,(Buttonwood) PA 5 1972-77 100.9 91.2
Enlow Fork, PA 5 1980-85 100.9 56.3
Blockhouse, (Liberty) PA 5 1972-77 102.7 93.4
Yadkin, NC 41 1951-92 137.9 60.8
Conogo (Trib.3) PA 7 1969-76 143.6 104.8
Tioga, NY 5 1974-80 1736 70.7
NW B Anacostia, MD 13 1962-75 246 94.8
Snakeden (@Reston), VA 5 1973-78 399.8 103.9
Levisa Fork, VA 9 1973-81 578.9 367.3

Table 3.4: Eastern United States: sites with at least five years of record, with the
years of coverage. Sediment yields and standard deviations (SD) for the full time of

coverage are given.
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3.4 Statistical Analysis of Sediment Yields
Standard deviations and standard errors of estimate were calculated for
stations with at least five full years of record. Many of the stations in the database
contain record lengths that are less than five full years so that the problem with
confidence limits arises. The station with the highest sediment yield (Stave Run)
includes only one full year of record, and yet there is little way of knowing how
representative this high yield (>3000 t km? a’") is of yields that might be determined
in any other given year. Standard deviations (S.D.) within the database are high in

many cases (Table 3.4), increasing with increasing sediment yield (Figure 3.7).

400

300 ¢

200 t

100 ¢

Standard Deviation

- - s 4
19 16 263 459 574 87 1736
Sediment Yield

Figure 3.7: Standard Deviation vs Sediment Yield(stations listed in Table 3.4).

In addition, standard deviation varies depending on the number of years
used to calculate the sediment yield. Table 3.5 (those stations with at least ten
complete years of record) indicates how S.D. changes when calculated for different
record lengths. In many cases the S.D. for shorter record lengths is smaller. When

adding confidence limits the resuits are very different. In Table 3.6 (those stations
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with at least 30 complete years of record), the range of values calculated according
to the standard errors of estimate is included in brackets adjacent to the S.D. for
those years of coverage. These values show the range of sediment yields with a
95.4% confidence limit (although the non-normality of the data reduces the
confidence somewhat). There is, therefore, a 0.954 probability that a given
sediment yield will be +/- those values in brackets. The smaller the value, the
smaller the standard error of estimate of the standard deviation. This table shows
that the probability of a sediment yield being larger or smaller than the mean is
greater for the shortest record lengths. In addition, the calculated values for a
twenty-year and full-coverage average(30-42-years) are in many cases, very

similar, or the same (bold values in Table 3.6).

SITE S.D.(Syrs) S.D.(10yrs) S.D.(15yrs) S.D.(20yrs.) S.D. (full record)
Brandywine, DE 29.4 (36.8) 27 (24) 30.9 (22.4) 27.7 (17.6) 34.7 (17.6)
Potomac, MD 5972 12 (10.8) 18.9 (13.6) 20.2 (12.8) 35.1(17.6)
Delaware, (@Trenton), NJ 21.3 (26.6) 30.3 (26.8) 27.8 (20.4) 26.4 (16.8) 22.8 (11.4)
Yadkin, NC 47.9 (59.8) 58.6 (52) 54.1 (39.2) §5.7 (35.2) 60.8 (26.8)
Juniata, PA 9.4 11.6) 9.8 (8.8) 11.3 (8.4) 11.1 (7.2) 17.2 (7.6)
Rappahannock, VA 21.3 (26.8) 24.6 (22) 23.1 (16.8) 23.1 (14.8) 32.6 (14)

Table 3.6: Stations with at least 30 years of record. Standard deviation is noted for
5-, 10-, 15-, and 20-year record lengths. The values in brackets are the ranges of
sediment yields for those record lengths based on a 0.954 probability, calculated
from the standard error of estimate.
3.5 Interpretation of Results

To account for global or regional variations in sediment yield, the complexity

of the controls involved must be considered. Present-day sediment yields are
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influenced by natural factors, anthropogenic factors, or combinations of natural and
anthropogenic factors. These influences may be grouped into four major categories:
climate, geology (including soil type), relief, and land use (Walling & Webb 1987,
Meade et al.,1990). The relationship between spatial sediment yield paiterns and
contributing factors at the regional scale is apparent. For example, in an initial
investigation of the possible relationship between discharge and suspended
sediment load, plots were compared for those stations with at least five years of
continuous data. Results show that the peak discharge and peak sediment load
correlate (e.g. Figure 3.8) in approximately half of the sites (out of 48 stations,
maximum peak discharge and maximum peak sediment load matched at 21 of the
sites). To some extent, however, the sediment load and discharge will inevitably
be correlated because sediment load is the product of the discharge and the
concentration. Meteorological conditions explain high discharges of water and
sediment in approximately half of the cases. If climatic factors influence the
sediment yields in approximately half of the cases, how significant are the geologic,
relief, and land use factors? Many of the channels in the eastern regions of the
United States (Figure 2.4) traverse thick outwash and coastal deposits (Figures 2.3
and 2.6). Generally, lower sediment yields are typical of rivers in areas that were
stripped of sediment during the last glaciation. The influence of human activity in
the high yield area surrounding Washington has been noted by Costa (1975,
p.1285), who suggested that construction activity, which was rapidly increasing in

the 1960s and 70s, “...may help to explain some of the amazingly large sediment



67

's1eak usayy pue 'ua) ‘any 1oj pue ‘piooas Jo ybuey Iin} 8Y) 10) SPiBIA Juawipas jo
uosyedwo ‘piodas Jo sseak Ussly Jey) 10w YIM SUOHE]S 'S'N wajsey ;¢ 9|qey

18 LS8 9v0l €16 oz VA"Y ueg
S'ZS T 98s 2’29 74 VA'Y @joueoy
8'sS Sor  10S voy A VA'""Y doouueyeddey
£'€e PZZ  8he 882 ol vd"Y Jeixg
€9 At AT 9'9¢ oy vd'¥ ejleunr
¥'€9 vE9 €65 8'6¢€ Gl vd"J sumipuesg

Lewl 96El 86hl L9l A ON"Y upjpep
v'LE v'ie 4 €9t Sl ON'""Y sl
9.8 L'y eev 6oy € IN'Y e1emejag
ey 968  #0¢ L'ee FA Q'Y sewojoq
199 929 S'PS 6'€9 (4% 30"0 sumfpuesg

plodeyupu3 ‘sAg) ‘'skg), ‘RKG:PoIA PeS  piodey "SIAR (8104 Swiey uopns




68
loads...". Expanding urban land uses in this heavily populated region, as well as the
availability of soft, erodible alluvium, are probable factors contributing to these high
yields. In chapters § and 6, the influence of natural and anthropogenic factors on
sediment yields is investigated in more detail.

Perhaps a critical minimum number of years of data collection is necessary
in order to account for temporal fluctuations in suspended sediment load. Four of
11 stations with a minimum record of 15 years (Table 3.6) have higher yields for the
longest interval available. Seven of 11 stations have lower values. These
differences over time were thought to perhaps be a result of land use changes,
including reservoir development. Further analysis of station data is conducted in the
following Chapter to address the statistical variation in the time-series and to

deduce whether these variations possibly relate to land use change.

3.6 Summary and Discussion

Sediment yield data for the world’s rivers can provide a valuable means of
studying the global denudation system. Regional patterns of sediment yields in a
selected portion of eastern North America were presented in this chapter and it was
shown that patterns of yield will vary depending on the length of data collection and
which years are used to caiculate the time-averaged sediment yields. These maps
are novel in that comparisons of patterns based on differing record lengths were
made, as well as because of utilizing more data than had previous authors.

Highest yields were located in the area surrounding Washington, D.C. in
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both the five-year and ten-year time-averaged yield maps (Figures 3.3 & 34) A
general inverse relationship of decreasing sediment yield with increasing latitude
(Figure 3.2). The questions at the beginning of the chapter that were posed were;
How representative are the sediment loads of the time period considered in this
thesis of longer-term loads, and would further data collection generate different
results than the ones from this research? By calculating the standard error of
estimate (S.E.E.) for the differing lengths of data collection for sediment yields, it
was found that the S.E.E. appeared to remain the same or closest to that of the full
record length after twenty years of record (Table 3.6). This might lead one to
conclude that at least a twenty-year period of coverage is required for sediment
yields to be indicative of longer-term yields. Most stations do not have this length
of record, however. The temporal characteristics of sediment yields are investigated

in further detail in the following chapter (Chapter 4).



CHAPTER 4

STATIONARITY OF DATA OVER TIME

4.1 Time Series Analysis

To investigate changes in the sediment load data over time, time-series for all
of the stations were produced. A common trend was not observed, nor could trend
lines be plotted for any of the graphs. Contrary to Walling’s (1997b) findings for a
number of rivers in eastern Europe, no patterns of either increasing or decreasing
loads could be discerned. The sites with at least fifteen years of record (Table 4.1)
were selected in order to conduct a more detailed time series analysis for these station
locations. Sites with fewer than fifteen years of record were not used, since patterns
over time would not be evident from the short record lengths. A total of sixteen sites
representing three provinces and six states was used for further analysis (Table 4.1).

Time-series analysis is the analysis of data in which time is an independent
variable. A time series may be composed of only deterministic events, only stochastic
events or a combination of the two. Most generally a hydrologic time series will be
composed of a stochastic component superimposed on a deterministic component. For
example, a series composed of average daily temperature at some point would contain
seasonal variation, the deterministic component, plus random deviations from the

seasonal values, the stochastic component. The deterministic components may be
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classified as a periodic component, a trend, a jump or a combination of these (Haan,

1977).

STATION NAME YEARS OF RECORD
Annapolis River, N.S. 18
Kennebecasis River, N.B. 21
Petitcodiac River, N.B. 16
North Brook, P.E.I. 15
Wilmot Creek, P.E.I. 15
Brandywine Creek, DE 32
Potomac River, MD 32
Delaware River, NJ 32
Little River, NC 15
Yadkin River, NC 42
Brandywine Creek, PA 15
Juniata River, PA 40
Bixler Run, PA 16
Rappahanock River, VA 42
Roanoke River, VA 26
Dan River, VA 26

Table 4.1: Sites in eastern North America with fifteen or more years of continuous
sediment load data.
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4.1.1 Smoothing of Suspended Sediment Loads and Discharge Data

Raw data tend to be composed of two components: the “signal” generated by
the investigated process and the “noise” caused by random interference. Smoothing
is an effective way to reduce noise in time series data, especially for the purpose of
graphical clarity. The principle is that noise tends to occur at high frequencies and
hence has inconsistent effects on adjacent observations: consequently, it can be
reduced by “averaging out” over a short series of observations (Swan & Sandilands,
1995). Smoothing of the data was produced by applying a moving-average on the
annual data values. Moving average analysis smooths fluctuating data points by
plotting progressive averages. Starting with the first point in the series. n,, an average
of a specified period of points is constructed. If the period of time is three, for

example:

N,=n+n,+n,/3 (4.1)

would be the first point in the smoothed series and:

N,=n,+n,+n,/3 (4.2)

would be the second point in the smoothed series, and so on in this manner. In this

way, each point is tempered by previous points and data is smoothed to show a
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general trend. Periodic variations will be eliminated when the smoothing period equals
the period of the periodic component; thus the choice of smoothing interval is not an
arbitrary decision. If the smoothing interval is less than the period, the periodic
component will be dampened (McCuen & Snyder, 1986). Amoving-average of several
years length was tested on the raw data. Four through ten-year averages were tested
on discharge and sediment load data at all sixteen sites. Four through twenty year
averages were tested on the sites with the longer years of record. The longer
averages were not tested on the sites with shorter record lengths (<25 years) since
any trend was completely removed. At approximately twenty years the “signal” was
also removed for those sites with longer record lengths (Figure 4.1).

In order to observe whether any kind of trend in the data exists, the same
moving-average was used to compare all sixteen sites. An interval of seven years was
selected for two reasons. First, it neither entirely removed the signal in the data nor
continued to make it too “noisy” to observe the trend. Second, a length of seven years
has also been successfully used for other hydrological applications (McCuen &
Snyder, 1986). Figures 4.2, 4.3, 4.4 and 4.5 illustrate the resuits of the 7 year moving
averages for the raw sediment load data. The line on the individual graphs is the
smoothed trend and the scattered points on the graphs are the raw data points. In
Figure 4.2, Bixler River, PA shows a falling limb throughout the 1960s. Dan River, VA
has a high, followed by a dip between 1965 and 1970, rising through the 1970s,
followed by a dip into the 1980s. Brandywine Creek, DE also dips at 1970 and rises

immediately thereafter. The Juniata River, PA also dips towards1970, rises to a peak
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around 1975 and continues to fall through 1990. In Figure 4.3, the Potomac River, MD
has a gently rising trend climbing from 1970, dropping around 1985 and then rising
again around the early 1990s. The Roanoke River, VA has a falling limb from 1960
through 1970 followed by a rise and subsequent decline through 1980. The
Rappahanock River, PA has a marked oscillation with a low between 1965 and 1970
and peak around 1975 with a subsequent drop. The Yadkin River, NC, also has a
marked oscillation, with a pattern very similar to that described for the Rappahanock.
The trends in Figure 4.4 may initially seem dissimilar to those in the previous two
figures, however, the length of record for these four sites was not as long. The Little
River, NC does indicate a low around 1967 with the initiation of a rising limb towards
1974. The Petitcodiac River, N.B., has a gentle rise from 1970 through 1980, where
it appears to begin a descent. North Brook of P.E.I. appears to have a near horizontal
trend, as does the Wilmot River, also of P.E.l. These two locations may have been the
exception to the selection of a 7 year mean, since, with only 15 original raw data
points, the trend, if any, has potentially been masked. In Figure 4.5, the Annapolis
River, N.S. indicates a rise from the 1970s through 1980 and a subsequent decline.
Brandywine Creek, PA appears to have an almost steady rise through 1967 to 1975.
The Kennebecasis R., N.B. has a slight rise from the 1970s to about 1980, followed
by a slight decline. Finally, the Delaware R., NJ shows a falling limb from 1950 to a
low around 1965, followed by a rising limb towards 1975, with another drop around

1980.

Several observations can be made based on the graphs in Figures4.2, 4.3 4.4
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and 4.5:

> there is an almost universal low around 1967

> the data does not illustrate a random pattern

> the data is non-stationary

> the data may be illustrating a decadal cyclicity even though the limited length

of the time series does not allow this to be conclusively determined
> the sites with data prior to 1970 show a drop in sediment yield that might have
been interpreted as a declining trend (e.g. Fig 4.2, Bixler R., PA) had these
sites not been placed into the context of the pattern observed at other stations
with a longer record
» the sites with data after 1970 show a rise in sediment yield that might have
been interpreted as a continuously rising trend (e.g. Fig 4.4, Little R., NC).
The fact that three provinces and six states all illustrate this common pattern
points to possible external forces driving the temporal behaviour of sediment loads.
Regardless of the magnitude of sediment ioads (i.e. 24 tonnes per annum at Annapolis
R., N.S. vs S million tonnes per annum at the Potomac R., MD) the pattern can be
seen. Similar plots of discharge for all of the same locations were made in order to
observe whether discharge had a similar temporal behaviour.
Figures 4.6, 4.7, 4.8 and 4.9 are 7 year average plots of discharge. The lines
are the 7 year averages and the scattered points are the raw data. When the plots of
discharge are compared to the plots of sediment load, an astoundingly similar pattern

can be seen. There is an almost identical trend in every case. In fact, for some
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locations (i.e. Yadkin R., NC, with a 42 year record) the plots of sediment load and
discharge are almost indistinguishable. No previous research has illustrated such a
trend (Walling, 1998).

Believing that this might be a more general phenomenon, plots of two western
rivers were made (the Oldman River in Alberta, and the Saskatchewan River in
Manitoba). The same trend was not obvious, however these are glacially-fed channels
and might be expected to have dissimilar trends. The sediment loads of three rivers
in Ontario were then plotted (Figure 4.10; Big Creek, the Humber River, and the
Ausable River, with 21, 29, and 25 years of record respectively). The increase in
sediment yields from the 1970s through to the peak in the 1980s and subsequent
decline can also be observed for these gauging locations, meaning that the trend
observed from eastern North America may extend throughout an even larger regional
area.

4.1.2 Autocorrelation of Suspended Sediment Loads

The stations with the longest records ( Yadkin R., NC; Juniata R., PA; and
Rappahanock R., VA, with 42, 40 and 42 years respectively) all appear to illustrate a
cyclicity in the data. The other stations have not had data collected for a long enough
period for the full pattern to emerge. On relatively short time-scales, cycles are well-
known in ordinary experience: daily, tidal, lunar and yearly cycles are understood.
Decadal cycles have not been documented in hydrological systems. In order to test
the three stations which might be illustrating a cyclicity, a further statistical analysis

was necessary. Autocorrelation involves correlating a sequence of data with a time-



i Big Creek, Ont.

|
7 Year Mean i
50000 i
. !
40000 - B i
g |
- ° ‘
= 30000 - - [ S -
§ . - [ ./..—c\' -\'-—0\. . i
§ 20000 - TSt . T
3 . |
10000 ~ ® i
) !
' 0 1967 72 7 82 a7 :
i Year i
; |
Humber River, Ont. |
: 7 Year Mean i
| !
i 40000 - - '
| : . - |
i - .'.-:.... i
‘ 3 30000 — . . . j
; _%_ - - H ".,.‘ -
i - . | ] ] -
i gzoooo ~ .® - ."-_._
E . L] .- - »
Eioooo - * - (

[=]

1988 69 72 75 78 81 84 a7 90 a3

: Ausable River, Ont.
1 7 Year Mean
x 100000 !
i . - - -
5 __ 80000 —
L E - s
H S [ ] :00 -
© 2 80000 = —— -
1 - L
§ w0 - . e TEE 7T
I -
n -
20000 ~

T )
1970 72 74 76 78 80 82 84 86 88 90 92 94
Year
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Big Creek, Humber River, and Ausable River, Ontario.
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Figure 4.11: Autocorrelation of Sediment Load Data for the Yadkin River,

NC (1950 - 1992).
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offset copy of itseif (McCuen & Snyder 1986). For example, when sediment loads are
high for given years, would high yields in adjacent years also be expected? The
analysis actually examines the change in correlation as the separation distance
increases. The separation distance is referred to as the lag, and the plot of the
correlation coefficient versus time lag is called a correlogram. If a sequence of data
is correlated with itself, the result is a correlation coefficient of 1.0. The actual process
of correlation involves calculation of duplicates of the time series which are displaced
relative to one another. The two sets of numbers to be correlated are arrived at by
pairing each value y; with y,,, where i gives the time or position in the time series and
Tis an integer value of displacement (the lag). The correlation coefficient between the
time series and a displaced copy of itself is known as the autocorrelation coefficient,
r,. Itis calculated at successive lags (or sliding the time series past itself) and the
resulting series of r, reveals information about the structure of the data by plotting the
I, vs. T on a graph (autocorrelogram). This analysis was conducted for the three
previously mentioned stations with the use of a statistical package (SPSS). The
results of this analysis are presented on the following pages (Figures 4.11, 4.12 and
4.13). In all of these figures, the first column is the lag (7), the second column is the
autocorrelation coefficient (r,). A similar pattern emerges for both the Yadkin and
Rappahanock Rivers, with the autocorrelation coefficient rising initially toward 0.25
and then dipping around -0.25 through a lag of 10, and then rising again, although not
as much as the initial lags of the autocorrelogram. The pattern for the Juniata River

is somewhat different, with a pattern not emerging as distinctly as the previous two
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rivers. This makes sense given the more dramatic oscillation of the time-series for the
Yadkin and Rappahanock Rivers (Figure 4.2). The observed autocorrelation could be
real cyclicity or due to random effects. A longer time-series would certainly clarify this,
as a Fourier analysis could not be conducted due to the insufficient length of the time
series (there should be at least 50 observations in the time series) (McCuen & Snyder,

1986).

4.2 Discussion of the Temporal Results

Given the temporal patterns of sediment loads and stream discharge, one
needs to explore those factors which may have changed over time to explain these
trends. It might be suspected that human alterations of the landscape have caused
such variations, but given the similarities between the discharge and sediment load
trends, it might also be suspected that climatic factors have resulted in the observed
temporal trends. It is also quite likely that human activities superimposed on the time
series will amplify or lessen the pattern of loads that is occurring as a result of climatic
factors. A human activity such as construction, occurring at a location in time where
a peak in the time series exists may result in a magnified sediment load. It is unlikely,
given the varied locations of the stations (spanning several states and provinces and
having extended the analysis outside of the study area) that a human “intervention”
occurred which could have affected all of the rivers at approximately the same time.
Global warming’'s impact on the hydrology at the regional scale is a possible

exception, but further research is required to elucidate the existence of such a
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relationship. It was thought that dam and reservoir construction and resuiting
management of those structures could perhaps be a contributing human factor for the
observed trends. An investigation of a U.S. database (U.S. Army Corps of Engineers,
National Inventory of Dams CD-ROM) showed that nine of the eleven U_S. sites in the
database had dams prior to the period of data collection, with no co-ordinated or

synchronized period of dam construction, closure or regulation (Table 4.2). Therefore,

any effect that the dams have had will undoubtedly have pre-dated collection of the

sediment load and discharge data.

STATION NAME PERIOD OF | DAMS YEAR(S) OF FUNCTION
DATA CONSTRUCTION
Brandywine C. DE 1948-1980 1878 water supply
Potomac R., MD 1961-1993 5 1913,1930,1936, | recreation, flood
1953,1954 control, water
supply
Delaware R., NJ 1951-1983 n/a recreation
Little R., NC 1961-1976 1900,1917,1919, | recreation, hydro
1920,1927,1958
Yadkin R., NC 1951-1993 6 1897,1917,1919, water supply,
1927,1962 hydro
Brandywine C., PA 1964-1978 0 n/a n/a
Juniata R., PA 1950-1992 1 1906 hydro
Bixler R., PA 1954-1970 0 n/a n/a
Rappahanock R.,VA | 1950-1992 1 1925 water supply
Roancke R., VA 1955-1981 3 1906,1953,1964 hydro
Dan R., VA 1955-1981 6 1870,1904,1910, | recreation, hydro
1938(2),1975

Table 4.2: Dam and reservoir characteristics for selected sites in the eastern U.S.
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Since human factors were unlikely to account for temporal patterns over such a vast
areal extent, it was believed that climatic factors are likely causing the trends over
time. Since discharge is an estimate of the volume of flow of water, and is closely
linked to the overall hydrological cycle, the pattern of both sediment loads and
discharge are largely a function of meteorological conditions. Time series of
precipitation calculated for the same time period in the Northeastern U.S.(Groisman
& Easterling 1994) show that low values of precipitation were evident for the period
of approximately 1958-1968, which was followed by a wetter period leading into the
early 1980s, followed by a dramatic drop and then subsequent rise in 1990 (Figure
4.14; top line). This general precipitation pattern correlates with both the discharge
and sediment load patterns. Precipitation for the northeastern United States (top line
of the graph of Figure 4.14) shows a drop in annual precipitation(mm) into the 1960s,
followed by a rise in precipitation into the mid-1970s through early 1980s. This is a
trend that was also observed for both sediment loads and discharge for the same
period of time. The period from 1950 through 1970 was also a cooler, drier period
than the years immediately before or after. Figure 4.15 shows the annual temperature
anomalies (above or below average surface temperature).

Sediment yields throughout the eastern region of North America share a
general pattern of higher yields in the early 1960s, a period of lower yields between
1965-70, followed by subsequent higher yields into the 1980s. Regardiess of relief,
geology, or land use, the trend emerges. Climatological factors can be attributed to

the trends, but the precise mechanisms are complex. A similar trend in the
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temperature anomalies can also be seen (Figure 4.15) and the trend for the
precipitation graph (Figure 4.14) is also evident, although the data is a little “noisy” the
decline around 1960-70, followed by an increase in the 1980s can still be observed.
The relationship between wetter years and increased sediment loads in riversis clear.
Discharge and velocity increase and consequently the ability of the river to remove
and transport more sediment also increases. The relationship between warmer years
and higher precipitation and sediment loads is less clear. Is the relationship a
coincidence or can conclusions be drawn from the coincident highs and lows? The
consequence of warmer surface temperatures has been noted (Robinson &
Henderson-Sellers, 1999), with responses being more severe floods, more severe
droughts, more frequent heavy rains, or a combination of these. Karl et al. (1996)
concluded, for the conterminous United States, that the1970s were a decade of below
average precipitation and temperature and the 1980s a decade with at least 4%
greater precipitation and temperature. It is possible that the combination of warmer
(with shorter lengths and depths of frozen ground) and wetter (with increased
discharge) years through the 1960s and 1980s resuilted in higher sediment loads.
Extreme weather events could also have resulted in higher yields throughout those
decades. Hurricane activity, which undoubtedly has had an impact on fluvial discharge
and sediment loads has also been documented. During the late 1960s/ early1970s,
few severe storms threatened the east coast of North America, in stark contrast to the
severe hurricanes of the 1950s (Barnes, 1995). The period between 1953 and 1960

saw nine major hurricanes hit the east coast. Since 1886, the greatest number of
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intense hurricanes to strike the Atlantic coast (categories 3 to 5) recorded in one year
was seven, which was recorded in 1961 (Environment Canada, 1999).

The non-stationarity of the spatial patterns of sediment yields has been
discussed and initial maps of yields presented (Chapter 3) and the temporal trend of
sediment loads across the study area has been noted in this chapter. Differing spatial
patterns have emerged but similar temporal patterns have been observed. With initial
explanations for the temporal patterns given, further explanations for the spatial
patterns are required. In the following two chapters, selected basins are used to

investigate more closely the reasons for the magnitude differences.



CHAPTER 5

CASE STUDY: SELECTED HIGH YIELD BASINS DRAINING TO
CHESAPEAKE BAY

“The Potomac rises in the mountains, is fed by wooded streams, and picks up
the rolling Shenandoah. Farms dot its banks...and thirsty towns, too. Rich in
history it runs through our Nation’s capitai. Here it broadens, becomes navigable
and its plantation ports mark the way to Chesapeake Bay. But, strip mines scar
the soil and poliute the water. Rural slums blight its banks while industry darkens
the air. Raw sewage adds its share to the river's befoulment. Erosion muddies its
clear streams...”

(U.S. Federal Interdepartmental Task Force on the Potomac, 1966)

5.1 Introduction

“...clean up the river and keep it clean...”
President Johnson, 1965

The words of the then President of the United States of America came to
fruition in the U.S. Federal Interdepartmental Task Force on the Potomac (1966).
Certainly the Potomac's pollution must have become severe for the President to
acknowledge the issue, or perhaps this may be documented as the largest case of
‘not-in-my-backyard” on record. The Potomac River Basin was to be studied in
detail in the 1960s and 1970s. A number of research initiatives considered the
effects of construction on fluvial sediment loads, specifically in channels draining
the Potomac Basin (Wolman & Schick, 1967; Vice,et al., 1969). The occurrence of
unusually high sediment loads was recorded as being a consequence of

construction activities. Work was also undertaken, however, to understand the

98
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Figure 5.1: NASA Space Agency Shuttle image looking south from
Chesapeake Bay, illustrating the sediment-laden flows of the water
entering the Bay. (Source: Space Shuttle Earth Observations Project.
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effects of agriculture (e.g. Costa, 1975). High sediment loads of the tributaries to
the Potomac were attributed to human inputs. Research and initiatives then began
to decline into the latter decades of the twentieth century. As a result of the
deterioration of the ecosystem of the Chesapeake Bay, noted in the early 1980s in
the form of nutrient enrichment, toxic substances, sediment, and over-harvesting
of shellfish and finfish, the Chesapeake Bay Program (CBP) was initiated in 1987.
The on-going goal of this muiti-agency restoration effort has been to reduce
controllable nutrient loads in the estuary by 40% by the year 2000 (USGS, 1 998).
The Potomac River and its drainage basin is one of a number which empties into
Chesapeake Bay (Figures 5.1 and 5.2), the largest estuary in the United States and
one of the most productive in the world (CBP, 1999). The United States Geological
Survey has operated a network of sediment stations in the basins draining to the
Chesapeake for over fifty years.

The growth and development of the United States has been dependent on
the availability of water resources. As the population grew during the late 1800s,
people began to move west into more arid regions where the flow of rivers was less
dependable than in the humid east (USGS, 1998). The necessity of reliable water
supplies led to the need for streamflow data with which to design storage and
distribution facilities. In 1889, the first stream-gauging station operated in the U.S.
by the United States Geological Survey (USGS) was established on the Rio
Grande, New Mexico. The establishment of this early station was part of an initiative

to train individuals to measure the flow of rivers and streams and to define standard
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stream-gauging methods. By 1994, 7292 continuous-record stream-gauging
stations were being operated in the United States, Puerto Rico, and the Trust
territory of the Pacific Islands (USGS, 1998). This chapter summarizes the spatial
and temporal patterns of suspended sediment yield in the basins draining to the
Chesapeake, as a result of the high yields noted in this region in previous chapters,

and attempts are made to account for those patterns.

5.2 Sediment Yields of Rivers Draining to Chesapeake Bay

Of the 165 gauging stations used in this study for the eastern United States,
18 lie within the boundaries of the Potomac River Drainage Basin, which had been
determined to have the highest sediment yields in the regionai study area for the
period of investigation. Chapter Three illustrated the patterns of sediment yields for
the eastern United States, and high values were found to exist in this area draining
to Chesapeake Bay. This chapter will discuss in greater detail the sediment yields
of this region and attempt to account for factors which may explain the high yields.

Table 5.1 provides information on the sites within the Potomac Basin.
Sediment yields for the period of coverage range from 3 tkm2a™! (NF Shenandoah,
VA) to 3156 t km? a' (Stave R., VA). Periods of continuous record fall within the
years 1951 to 1992. The number of stations operating during a given year within
this period varies, however. Figure 5.3 shows the number of stations operating
during each year from 1960 to 1992, with the highest number of stations in

operation during 1974.
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Figure 5.3: The number of stations operating in the Potomac drainage basin from
1960 to 1992. 1974 had the largest number of stations in operation.

These stations, along with stations lying outside the Potomac basin were used as
the basis for generating multiquadric surfaces. Maps of annual sediment yield
patterns were produced (every year from 1960 to 1990). The first map in Figure 5.4
shows the pattern of sediment yield for the 1960-61 water year. The highest yields
are indicated by black, and lower yields progressively move through shades of grey
to white, the lowest yield. In 1960-61 the highest yields are situated around the
Yadkin River Valley in central North Carolina. The yield remains highest in that area
until the following year, where in 1962-63 the highest yield shifts to the Potomac
River Valley near Washington, D.C. The reason for this shift may not be so much
that the yield has decreased in North Carolina, as that new gauging stations have

now begun collecting information around Washington, where yields have always
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been high. Yields in the Potomac drainage basin remain the highest for the eastern
states from the 1962-63 water year until the 1973-74 water year.

Figure 5.5 shows yields for the eastern United States for the 1972-73 and
1973-74 water years. The high yield in 1972-73 is concentrated in a small area
around Washington, D.C. and Reston, VA. The pattern in this year is reflecting the
extremely high yield at one station (Stave Run, near Reston, VA). Data continues
to be collected at this station the following year, but the highest yield shifts to
Pennsylvania, in tributaries to the Susquehanna. With the exception of a brief
return to highest yields in the Potomac (Figure 5.6:1985-86), patterns of annual

yields are not iocated in this region again.

5.3 Factors Influencing the Patterns of Sediment Yields

Why are high sediment yields located in the Potomac River Basin in the
years 1962 - 19737 Why do high yields shift from this area to other basins from
1973 - 1985, only to reappear for a year and then move to other areas again for the
remainder of the period of record under investigation? The answer lies partially in
the duration of coverage at the gauging stations. Some of the gauging stations
within the Potomac Basin were not initiated until the 1980s. Some were closed in
the late 1970s and others were only in operation for a short period of time, such as
the station which recorded the highest yields for any period along the entire eastern
region of North America (Stave Run, VA). Other factors have played a role in the

initially high (1962-1973) and subsequent low (1974-85) yields of the Potomac
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region.

5$.3.1 Human Factors Influencing Sediment Yields

Early in 1965, President Johnson gave John Udall, Secretary of the Interior,
the responsibility of preparing a plan to make the Potomac a cleaner rriver. By 1965,
many problems had already been noted in the Basin, problems that “...urgently
need decision and action” (Udall, 1966, p.iv). Sedimentation was noted as one of
several problems spoiling the river and its estuary. Udall initiated a 10 year
program for stepping up Federal, State and local land use adjustment and land
treatment activities, in order to wipe out pollution, and to provide an adequate water
supply (Task Force report, 1966). It would seem that the high yields in the area of
the Potomac River Basin are coincident with the Task Force report. High yields are
evident in the area from 1963 to 1973, approximately ten years into the mandate
of the Task Force. The “...marked reduction of erosion and sedimentation in the
Basin...” (Task Force Report, 1966, p. 10) was to be accomplished through
watershed planning and improvement, erosion control during highway and road
construction, soil surveys, cropland and pasture improvement, and improved forest
practices and management. Forest fire protection was also noted as being an
essential element in reducing erosion and sediment. The implementation of the
program was intended to “...eliminate nearly half of the sediment that is presently
being discharged into the estuary...” (Task Force Report, 1966, p. 10), a resuit
which certainly did not come to fruition. Figure 5.7 is a time-series plot of one of the

gauging stations within the Potomac basin. A declining trend in suspended
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sediment loads is not apparent, and a large increase can be seen around 1972.
Time-series plots were generated for each station within the Potomac basin and a
decline in sediment loads was not noted with the exception of one. Changes in
sediment loads through this period of time have been noted elsewhere (e.g.
Trimble, 1981; 1983) in the United States, as a consequence of the effects of land
use changes on sediment yields, and as a resuit of changes in sediment storage

capacity.

NW Anacostia R., MD
Suspended Sediment

Figure 5.7: Times series of suspended sediment for the Northwest

Branch of the Anacostia River, Maryland (1962-1975).
Figure 5.8 is a plot of the north branch of the Potomac River, near Cumberland,
Maryland. A visible decline can be seen from the years of 1967 through 1977, which
lies within the time period that the Potomac was being “cleaned up”. Sediment

loads increase again, however, in 1978.
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NB Potomac R., MD
Suspended Sediment

120000

Suspended Sediment (tonnes)

Figure 5.8:Time series of suspended sediment for the North Branch of the
Potomac River, Maryland (1964-82).

The need for such a Task Force on the Potomac was primarily a result of
human activities in the area that can be outlined from the region’s history. The first
disruptions to the land draining to Chesapeake Bay can be traced to the political
upheaval in Europe and failures in Continental tobacco markets in the late 17* and
early 18" centuries. The repercussions of these events meant that Americans would
need to provide for themselves, and did so by moving towards new and financially
important crops such as wheat and other grains (Boyd, 1968; Carr etal., 1991 ). With
grain came a technological innovation (the iron moidboard plough, which turns the
soil rather than just breaking ground) which significantly changed the agriculturai
practices of the Chesapeake Bay area. Repeated deep tillage of the soil and
increased levels of soil eroded off the landsurface were the end resulits (Bosch,
1992).

Erosion, the results of which could be seen in the muddied water of the

Potomac and its tributaries, was initially considered a rural problem, but with the
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increase of various kinds of urban construction, the largest sedimentation rates in
the basin have been noted on land stripped of vegetation for roadbuilding and
homebuilding as well as commercial construction, especially in the Washington
metropolitan area (Task Force Report, 1966). The equivalent of many decades of
natural or even agricultural erosion may take place during a single year from areas
cleared for construction. In the 1960s, the cities of Baltimore and Washington and
their associated suburban areas were rapidly expanding. The populations of both
cities exceeded 2 million by that time. Estimates of sediment yields for rural and
wooded regions had been determined to range from 200-500 t mi2 a™' (70-175t km
> a’). Wolman & Schick (1967) calculated sediment yields from areas in the
Potomac Basin undergoing construction to range from 1000-100 000t mi2 a™' (350-
35 027 t km? a™'). Wolman and Schick’s results were limited and the estimates of
yields in areas undergoing construction appear inflated. However, even a large
reduction in their reported values indicates that construction certainly is an
important factor in increasing sediment loads in river channels, and the quantity of
sediment derived from areas undergoing construction is from 2 to 200 times as
large as that derived from comparable areas (similar precipitation and soils) in a
rural or wooded condition.

Vice et al. (1969) noted the importance of construction as an influence on
sediment yields. Areas of low yields existed near land covers consisting of forest,
grass, and established urban areas. Areas of intermediate yield were near

cultivated landscapes and gravel pits, and areas of high yield were situated near



113

3000000
2750000 +
2500000 +
2250000 +
e 2000000 }
= 1750000 +
1500000 +
1250000 |
1000000 +
750000 +

T

T

Populatio

500000 }
250000 }

PSP — T T T YT T T T YTy

0 e
1700 1770 1840 1910 1980
Year

Figure 5.9: Population growth in the Patuxent River Basin from 1700 to 2000
(From: USGS, 1998). .

exposed and disturbed soils in construction areas. Construction activities in the
Washington area during 1960 through 1964 consisted of three highways, interstate
highway 495, an airport highway, state highway 123, a subdivision and a number
of industrial construction zones. The conversion of rural land to urban use during
this period is certainly seen in the high yields centered around this area in Figure
5.4.

The human influence on sediment yields of the rivers flowing to Chesapeake
Bay can be attributed to increases in population (Figure 5.9) and the resulting
pressure that human-related activities exert on the landscape. The form of human
influence has changed over the course of history throughout the basins draining to
the Chesapeake. In the late 1600 and early 1700s, large plantations were
beginning to dot the once entirely forested landscape. Increases in population and

economic demand meant that by the middie of the 1700s, crop rotation had been
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also eliminated and soils were in production without rest. Although agricuitural
practices were much improved (including crop rotation, better ploughing and
planting grasses and clovers) by the 1800s, larger numbers of people also resulted
in more land clearance (Bosch, 1992). From the middle of the 1800s through to the
early 1900s, the population was increasing and farming was a successful
enterprise. Agricultural practices throughout this period resulted in environmental
degradation and deforestation (Carr et al.,1991). By the middle of the twentieth
century, the source of the human influence on the landscape had changed. Most
areas of land throughout the drainage basins of the region were no longer
dominated by agriculture as urban and suburban growth increasingly expanded with
construction activities, now providing a major source of sediment to the rivers and
streams flowing to the Bay. Sediment being transported into rivers and streams as
a result of land use change can continue to have an effect on sediment yields
several years beyond the time of actual disturbance since sediment can remain in

storage for extended lengths of time (Trimble, 1981;1983).

§.3.2 Geological Factors Influencing Sediment Yields

The Potomac and other rivers flowing to Chesapeake Bay are situated on
varied geology and geomorphology. The Potomac basin is situated on Valley and
Ridge (Ordovician in age), Blue Ridge (Precambrian), Piedmont (some
Precambrian, mostly Cambrian to Mesozoic) and Coastal Plain (Cretaceous to

Tertiary) Physiographic Provinces. These provinces follow the general trend of the
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Atlantic Coast (Figure 2.8). The Precambrian igneous and metamorphic rocks make
up the Blue Ridge Province, and these crystalline rocks are generally resistant to
erosion and weathering (Trapp & Horn, 1997). This is reflected in the lowest yield
of the Potomac basin at the north fork of the Shenandoah River (3.26 t km? a™),
which flows over the Precambrian bedrock channel. High yields were calculated for
those gauging stations situated in the Piedmont Province of the Potomac (e.g.
Stave Run: 3157 t km? a’', Smilax Branch: 345 t km2 a”', and Snakeden Branch:
400 t km? a, all of which are locations in Reston, VA). The Piedmont Plateau
ranges from the fall line in the east to the Appalachian Mountains in the west. The
fall line marks the transition from Piedmont to Coastal Plain. Waterfalls and rapids
clearly mark this line, with cities such as Washington, D.C., Baltimore, MD, and
Richmond, VA developing along the fall line taking advantage of the potential water
power generated by the falls (Chesapeake Bay Program, 1999). Several types of
crystalline rock, including schists, slates, marble and granite underlie the eastern
side and sandstones, shales and siltstones the western side. Overlying the
basement rock are thick deposits of sediments. These deposits thicken towards the
fall line and onto the coastal plain. In addition, extensive thick sedimentary deposits
are concentrated in the Delaware through Chesapeake region (Figure 5.10). Thick
accumulations of erodible material are therefore available to supply sediment to the

rivers traversing this terrain (Trapp and Horn, 1997; USGS,1997).
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5.3.3 Relief as an Influence on Sediment Yields

The Potomac region is an unglaciated surface of highlands to the west and
lowlands extending to the coast. Highest peaks in the region are about 1025 metres
towards the western section of the Potomac basin (Ross, 1995). The narrow
section of mountain ridges in the west gives way to lower lying elevations of the
Piedmont and Coastal Plain. Only the easternmost sections of the Appalachian
Mountains are to be found within the Potomac basin (Figure 5.11). It has been
questioned whether relief, by itself, is an independent influence on sediment yields
(Meade et al.,1990) because it is difficult (as with many contributing factors) to
differentiate the effects (as expressed in increased sediment yields) of one factor
from another. For example, how much of a larger sediment yield is due to relief
alone and how much is related to a greater erodibility of material?

Figure 5.12 illustrates the composite of a pattern (1987-88) of sediment yield
and elevation. The points with the adjacent years also on the map indicate the
locations of highest yields in other years. The relief and geology of the area remain
the same (at this time-scale) but the factors that do vary from one year to the next

are either human land-use changes or hydrological/climatoiogical.

5.3.4 Hydrologic Factors Influencing Sediment Yields
Average annual precipitation ranges from less than 90 centimetres in parts
of western Maryland to a 100 cm average annual precipitation in the remainder of

the basin. Average annual precipitation reaches highs of approximately 200 cm in



120
the western region of North Carolina, where the highest peaks of the Appalachian
Mountains are found. The Valley and Ridge Province, which comprises a large area
of the Potomac River basin, has the lowest average annual precipitation values in
the eastern States, primarily a result of being in the rain shadow of the Appalachian
Plateau. Ross (1995) referred to the area as a desert. Mean annual precipitation
is also nearly evenly distributed throughout the twelve months of the year.
Intensities, however, may be much higher in the summer months. Some of the
winter precipitation is in the form of snow, but snow cover rarely persists overnight
(Wolman & Schick, 1967).

With increased precipitation comes increased fluvial discharge, enabling the
river to physically remove and transport larger amounts of sediment. Time series
graphs of sediment loads and fluvial discharge were produced for all of the sites in
the eastern United States. Peak sediment loads correspond with peak discharge
43.75% of the time. Within the Potomac basin, peak sediment loads correspond
with peak discharge 67% of the time. Figure 5.13 provides an example of a plot for
one of the sites within the basin (NB Rock C.,MD). The close relationship between
high discharge and sediment load can be clearly seen by the correlation of peaks

in 1972. Higher discharges in 1971 and 1975-76 are also associated with higher

sediment loads.

5.4 Summary and Discussion

In most areas, research has indicated that the influences of different factors
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Figure 5.13: Discharge and sediment load trends for the North Branch Rock
Creek, MD for 1968 - 1977, with corresponding peaks between 1972-73.
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on sediment yield are difficult to discriminate from each other (Dickinson & Wall,
1977, Jordan, 1979; Osterkamp, 1976: Slaymaker & McPherson, 1977). Several
factors combine to explain why sediment yields in the Potomac River drainage
basin are, in many cases, much higher than those yields determined for other parts
of eastern North America. Large amounts of relatively easily eroded sediment are
available to streams and rivers flowing across the region. The depth of deposits of
erodible sediment just beyond the fall line are also found in other areas along the
coastal plain of eastern North America, and yet sediment yields do not reach the
highs that have been found in the Potomac basin. Coupled with the large supply of
available sediment has been the dramatic increase in population throughout many
of the basins flowing to the Chesapeake Bay. The disruptive and destructive land
uses associated with more people have caused sediment to be removed from the
land and to empty into rivers and streams. Initial agricuitural disturbance, with land
clearing and deforestation, followed by urban growth, with construction activity,
have provided a mechanism for the natural supply of underlying sediment to be laid
bare for removal.

Within the basins flowing to Chesapeake Bay, variations in magnitudes of
yields also exist. On the contemporary time-scale investigated here, the geological
and relief factors remain relatively constant. The factors which change from one
year to the next are human changes in land use and climatological/hydrological. At
aregional scale of analysis, the overall averaged values of sediment yields can be

attributed to variations in geological and topographical factors, nevertheless, the
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spatial and temporal patterns of highs and relative lows will change from one year
to the next as a function of land use changes and varying meteorological
conditions.

The following chapter will investigate a region of the study area which has
been found to have relatively low sediment yields. Chapter Seven is then a

comparison between regions of high and iow yields.



CHAPTER 6 ,

CASE STUDY: SELECTED LOW YIELD REGION: ATLANTIC CANADA

6.1 Introduction

Detailed investigations of patterns of sediment yields in Canada are
limited. Stichling (1973) was the first to consider regional patterns within
Canada. However, many of the present Water Survey of Canada sediment
sampling stations were not installed at the time of his work. A number of
researchers have reported on the regional yields from basins in western and
central provinces of the country (Slaymaker, 1972; Ashmore & Day, 1988;
Church, et al., 1989; Stone & Saunderson, 1996). A detailed investigation
of the yields of the Atlantic provinces has never been conducted.

The Water Survey of Canada has operated a network of sediment
stations in drainage basins of Newfoundiand, Nova Scotia, New Brunswick
and Prince Edward Island for over thirty years. This chapter summarizes the
spatial and temporal patterns of suspended sediment yield in the basins
draining this region of eastern North America, and attempts are made to

account for those patterns.

124
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6.2 Sediment Yields of the Atlantic Provinces

There are twenty-eight stations within the Atlantic provinces which
have at least one complete year of sediment load data. The sediment load
data for the eastern provinces was obtained from Greenland Engineering
Group, a private company which has consolidated hydrometric and sediment
data from all of Environment Canada’s monitoring stations on a cd-rom. All
of the eastern provinces were searched for sites with at least one full year
record of suspended sediment load data. Once compiled, sediment loads
were converted into sediment yields as outlined in Chapter 3 (page 48). The
stations with sediment loads in the eastern provinces are listed in Tabie 6.1
and their locations are shown in Figure 2.2. Unfortunately, gauging stations
do not exist for the central region of Newfoundiand, southern Nova Scotia
and northern New Brunswick. Figure 6.1 illustrates the distribution of the
record lengths: 43% fall in the 9 - 16 years of coverage range, and only 18%

of the stations cover a 1 - 3 year period of record.

T L

Q |
B 16 >16

I
! 3 YmJRceotd

Figure 6.1: Frequency of gauging stations witr) various lengths of data
collection (years of record) for the Maritime Provinces.
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Table 6.2 shows the differences in yields between the provinces.
Provincial mean yield is highest in New Brunswick ( 25 t km? a™), followed
by Prince Edward Island ( 22 tkm2 a™'), and Newfoundiand and Nova Scotia
with 13 and 12 t km™ a™ respectively. Yields in the Atlantic provinces range
from a maximum of 69 t km? a"' (Holmes Brook, New Brunswick, Station
#01AJ007) to a minimum of 2tkm a' (SW Miramichi River, New Brunswick,
Station #01BO001). Mean sediment yield for the entire eastern States (96.7
t km? a”) is five-fold that of the eastern provinces (18.2 t km?2 a'). The
maximum yield for the eastern States ( 3156.7 t km a) is forty-five-fold that
of the eastern provinces (69.3 t km? a') whereas minimum yields are

approximately the same.

Province Mean Sed. Yield Max. Yield Min. Yield
Nova Scotia 124 34.8 56
Newfoundland 12.9 30.7 3.5

New Brunswick 252 69.3 2

Prince Edward Island 22.2 40 10.6
Atlantic Canada 18.2 69.3 2

Eastern States 96.7 3156.7 1.5

Table 6.2: Mean, maximum and minimum sediment yields for each of the
Atlantic provinces and overall values compared to those for the eastern
United States.

The sediment data from Table 6.3 were used to generate muiltiquadric

surfaces of yields for the sample space between longitudes 68 ° W and
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53 ° W and between latitudes 45 ° N and 51 ° N. Longitudes and latitudes
within this region provided cartesian coordinates for each sample location
and yields provided the scalar quantity to be mapped.

Figure 6.2 shows the spatial pattern of sediment yields for the entire
period of record for data in the Atlantic provinces. Highest yields are
indicated by black (darkest shades), with lower values in shades of gray and
lowest yields in white. The highest yield on this map can be seen by the
black portion of western new Brunswick, representing Holmes Brook. Lowest
yields on this map can be found to the south (26 km?) of the high yield area
(Nashwaksis R., Station #01AK005) and to the east (5050 km?) of the high
(SW Miramichi R., Station #01BO001).

As was the case with the eastern U. S. maps, patterns of yields vary
depending on the number of years of record that are used to produce the
maps. Figure 6.3 shows a map of the same study area, generated using a
five-year suspended sediment yield. The high in the western region of New
Brunswick is no longer evident, with the highest yield now found in Cape
Breton (April Brook, Station #01FB0O0S). Figure 6.4 shows the patterns of
yields using a ten-year suspended sediment yield. The surface area that is
interpolated has now become smaller as a result of fewer gauging stations
with at least ten years of record. The highest yield has shifted to Prince
Edward Island (Wilmot R., Station #01CBO004). This shift in relative highs

and lows can be attributed to changing conditions across the region in
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addition to the changes in station locations in operation.

6.3 Factors Influencing Sediment Yields in eastern Canada

Even though the sediment yields of Atlantic Canada are, in many
instances, much smaller than the yields of the eastern States, there is also
considerable spatial variance within the provinces themselves. Factors
explaining this spatial variation include geology, physiography, climate and
hydrology, in addition to human influences. To better understand the

importance of these factors, a discussion of each follows.

6.3.1 Geological Factors Influencing Sediment Yields

The Appalachian orogen forms the dominant topographic feature of
the Maritime provinces. A number of distinct geological zones or terranes
have been defined in this region (Figure 6.5 and Figure 2.7). Along the
western side of the Appalachian orogen, the Palaeozoic rocks overlie a
Grenville gneissic basement. This part of the orogen is known as the
Appalachian miogeocline (Williams, 1995). The Appalachian miogeocline,
or Humber Zone, comprises the Palaeozoic passive margin of eastern North
America. The outer zones, moving east from the Dunnage, through the
Gander, Avalon and the Meguma Zones, are suspect terranes, accreted to
North America during the closing of the Paleozoic lapetus Ocean. These

zones are delimited by rapid facies contrasts and contrasting basement
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relationships.

The Humber Zone is primarily comprised of Palaeozoic rock
(Cambrian through Carboniferous). Small sections of Precambrian
sedimentary, metamorphic and volcanic rock may aiso be found in this
region. The Dunnage Zone is entirely Palaeozoic, primarily Ordovician and
Silurian in age. The Gander Zone is comprised of Ordovician through
Carboniferous age rock. The Avalon Zone ranges in age from Precambrian
granite and granitic gneiss to Upper Precambrian through Ordovician. This
section of the Atlantic provinces has the oldest geologic history of the region.
The Meguma Zone is primarily Ordovician in age.

The Palaeozoic volcanic and sedimentary bedrock in regions of the
Gander Zone is less resistant to weathering than the Precambrian outcrops
of quartzite, mica schist and gneiss in the Avalon Zone. The underlying
material is of greatest significance to fluvial sediment loads where
unconsolidated till or alluvium deposits are thin or rivers traverse a bedrock
channel (i.e. western Newfoundland). In such locations the sediment loads
will be low. For other rivers which traverse relatively thick deposits of
unconsolidated material in the Avalon Zone (e.g. Prince Edward Island,
much of New Brunswick) the underlying bedrock is of less contemporary
significance, as a consequence of being located at greater depths. Sediment
loads in these rivers will be larger than those flowing over bare bedrock or

thin covers of unconsolidated material.
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6.3.2 Physiographic Factors Influencing Sediment Yields

The Appalachians’ hummocky nature contrasts with the St. Lawrence
Lowlands to the northwest and the smooth flat surface of the Atlantic
Continental Shelf to the southeast. Highest elevations are in the west and
northwest where the rocks of the miogeocline form local highlands. Regions
with elevations above 200m include most of Newfoundiand, sections of
Cape Breton and western Nova Scotia, and western New Brunswick. Moving
east from the miogeocline, the land slopes gently southeastward to the
coast. Lowlands of the Canadian Appalachian region occur around the Gulf
of St. Lawrence.

Glacial advances and retreats during the Quaternary Period have had
a profound effect upon the landscapes of the eastern Provinces. The
physiography of the Canadian Appalachian region is a glaciated surface of
highlands, lowlands, valleys and fiords. Glacial erosion and deposition
contributed to the present landscape by surficial modification of former
features (Williams, 1995). Pleistocene ice sheets advanced south and
southeastward across the region, with much of Newfoundland being scoured
by the ice moving across the land, but in other areas of New Brunswick,
Prince Edward Island and Nova Scotia, a veneer of glacial till of varying
thickness (up to 300 m in some areas) was deposited (Stea, et al.,1992).

The thickness of sediments (e.g. ground moraine and other deposits of
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glacial origin) varies considerably across Provinces. The stations in
Newfoundland and Cape Breton are located in areas with bedrock or a thin
or discontinuous layer of till, while the stations in the remainder of Nova
Scotia, Prince Edward Island and New Brunswick are located in areas of
varying thicknesses of till, glaciofluvial deposits and alluvium (Agriculture
Canada, 1977). The patterns of sediment yields (Figure 6.2, 6.3, & 6.4)
indicate consistently high yields towards central and western New
Brunswick, where glacial and alluvial deposits are thick and elevations are
high. High yields emerge in other areas of the provinces, such as Prince
Edward Island (which is typified by a large availability of erodible material)
towards Cape Breton in Nova Scotia (which is typified by higher elevations).
The eastern region of Newfoundland also has a high yield for the five-year
time-average yield (Figure 6.3). This is an upland area with a dearth of
readily available erodible material. Explanations for the higher yields may be
related to local land disturbances. Over the course of ten years, the geology
and physiography of the eastern Canadian provinces will not have
significantly altered, and yet the patterns of sediment yields change over the
course of this time-scale. This means that they can not solely be attributed

to geologic and physiographic factors.

6.3.3 Climatic and Hydrologic Factors Influencing Sediment Yield

Precipitation highs of over 1600 mm a™ occur in the Cape Breton



139

highlands and the highlands of Newfoundland. “Lows” of less than 1000 mm
a' are located in Prince Edward Island, northwestern New Brunswick and
north-central Newfoundland, although 1000 mm is still a significant amount.
Average annual precipitation throughout the maritimes does not vary
significantly across the provinces (Figure 6.6).

Discharge varies from 0.1 m® sec™” for the Emerald Brook, Prince
Edward Island, which has the smallest drainage basin area (5.59 km?) to
72.8 m® sec™ for the Southwest Miramichi River in New Brunswick, which has
the largest drainage basin area (5050 km?). To investigate the relationship
between discharge and sediment loads, time series graphs of both were
produced for each of the twenty-eight sites, with peak sediment load
corresponding with peak discharge at seventeen of the twenty-eight sites,
or 60.7% of the time. High sediment loads are therefore not always a result
of high discharge. This points to the fact that other variables must also be
considered when attempting to account for the variation in sediment yields.
it should also be kept in mind that “correlation is not causation” (Ehrlich &
Enhrlich, 1996, p.29). The intensity of a river's discharge will only have
correspondingly high loads if there is material to erode.

Figure 6.7 provides an example of a plot for one of the twenty-eight
sites (Fraser Brook, N.S.). The close relationship between high discharges
and sediment loads can clearly be seen in 1967 and 1972. Some years,

however, do not have as strong a relationship. In 1969, for example,
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discharge rises, while the sediment load is lowest for the entire period of
record. Conversely, in 1974, sediment load rises above the previous year

while discharge declines.

Fraser Brook, N.S. (1;“7 -71%)

Sediment Load and Discharge
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Figure 6.7: Time-series of discharge (A) and sediment load (W) for the
Fraser River, Nova Scotia from 1967 through 1975.

The range of discharge values compared to the range of sediment
loads should also be noted. A small change in discharge results in a
relatively large change in sediment load. Coefficients of variation of annual
sediment loads and discharge were calculated for the stations with longest
record lengths (Table 6.4 gives the results of the calculations).
A number of observations can be drawn from these results; with large
coefficients of variation in both sediment loads and discharge, there would
be large annual variations in temporal trends as well as non-stationarity of

spatial patterns, with highs shifting from one region to another. In addition,
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Station Load (tonnes) Flow (cumec) # of years
NOVA SCOTIA:

Annapolis R. 31.50% 24.20% 18
Sharpe B. 47.80% 18.20% 6
Pembroke R. 22.50% 17.50% 8
Fraser R. _ 40.60% 12.50% 9
Salmon R. 39.20% 18.60% 5
Kelley R. 51.20% 23.20% 12
Middle R. 45.60% 19.70% 11
April B. 63.70% 12% 10
NEW BRUNSWICK

Nashwaksis R. 53.20% 17.30% 13
Kennebecasis R. 42.40% 24% 21
Peticodiac R. 36.70% 24% 16
Paimers Cr. 42.90% 20% 7
NEWFOUNDLAND

Waterford R. 50% 13% 9
Northeast Br. 38% 12.60% 9
Harrys' R. 33.70% 14.80% 8
Highlands R. 36% 20% S
PRINCE EDWARD ISLAND

North Br. 81.80% 15.40% 15
Wilmot Cr. 53.50% 20.20% 15
Emeraid Br. 95% 20% 7
Brudenell R. 51.40% 24% _12]

Table 6.4: Coefficient of variation for sediment load (tonnes) and discharge
(cumec) for selected stations in eastern Canada. Variation of sediment loads are

consistently greater than variation of discharge.
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the variations of discharge are consistently lower than the variations of
sediment loads. Discharge is primarily influenced by meteorological
conditions, while sediment loads, in addition to being influenced by
meteorological conditions and discharge (transport conditions), are affected
by land disturbance (supply conditions). Higher percentages of variability in
the sediment loads can therefore be traced to larger numbers of factors
influencing the loads than influencing the discharges. The variations in
sediment loads cannot be attributed to geologic conditions, changes in soil
characteristics or physiography as the time-scale is not long enough for
significant changes to have been made. The higher percentages for
sediment loads must therefore be attributed to climatological, hydrological

and anthropogenic factors.

6.3.4 Human Factors Influencing Sediment Yield

In addition to the underlying geologic and natural hydrologic factors
which can account for spatial and temporal patterns of sediment yields,
humans, too, may influence the magnitude of yields. The removal of forest
cover and conversion of land can accelerate the process of erosion
tremendously (Stichling, 1973). Table 6.5 shows the population in 1986 at
or near each of the gauging stations in the Atlantic provinces (McCalla,

1991, McManus & Wood, 1991).
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Site # Population Site # Population
(#s of people) (#s of people)
1 1000 - 3499 15 1000 - 3499
2 3500 - 9999 16 0-100
3 0-100 17 25 000 - 74 999
0-100 18 3500 - 9999
5 0-100 19 0-100
6 0-100 20 1000 - 3499
7 0-100 21 1000 - 3499
8 0-100 22 3500 - 9999
9 500 - 1500 23 0-100
10 20 000 - 25 000 24 3500 - 9999
11 5000 - 16 000 25 3500 - 9999
12 96 000 (St. John's) 26 3500 - 9999
13 96 000 27 1000 - 3499
14 1000 - 3499 28 1000 - 3499

Table 6.5: Population of people (in 1986) at or near each of the gauging
stations in eastern Canada.

The magnitude of the human influence on sediment yields will be discussed

in Chapter Seven.

6.3.5 Other Factors Influencing Sediment Yields: Bank Erosion
Although difficult to quantify for the entire region, some examples of
the potential magnitude of bank erosion can be provided for selected
stations. Bank erosion along the Kennebecasis River, N.B. (Site #01AP004),
for example, was deduced to be a primary source of the recorded sediment
loadings (Pol, 1987). Stream bank erosion on a meandering stretch of the

Annapolis River, N. S. (Site #01DC005) was also noted, with slumping and
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trampled soil primarily a result of cattle crossing the river (Environment
Canada, 1988). Bank slumping was recorded along the Wilmot River, P.E.I.
(Site #01CBO004) as a result of the direct access to a relatively long portion
of the bank of the Wilmot by cattle. Research in the relatively new field of
“zoogeomorphology” has noted that trampling by animals can lead directly
or indirectly to erosion. It can be a direct agent of erosion when trampling
along the edge of a stream, pond, turf terrace, or erosion pan causes hoof
or paw chiseling and bank sloughing and erosion (Butler, 19995). Infact, “...it
is believed that most of the river sediments in the Wilmot basin are produced

by the agricultural activities and by stream bank erosion” (Pol, 1988, p. 7).

6.4 Agriculture Canada: Parameters Outlined for Soil Erodibility
Agriculture Canada has produced Water Erosion Risk Maps of the
Maritime Provinces (Coote et al.,1991), with polygons on each map
corresponding to a database that contains attributes of its soils, crop cover,
crop management, and the Universal Soil Loss Equation (USLE), which
includes numerous parameters (e.g. erosivity of rainfall, soil erodibility,
slope length and steepness, crop cover and management, and conservation
practice).Spatial patterns of sediment yields, which indirectly give an
indication of the patterns of erosion, were compared with the attributes of the

database to determine the relationship between sediment yields and factors

such as those just noted.
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Data were collected from Agriculture Canada and the Canada Soil
Inventory, compiled in a Water Erosion Risk Map of the Maritime Provinces
(Coote et al.,1991) and in the Soil Landscapes of Canada map series
(Hender & Woodrow, 1989). Each of the gauging stations in Nova Scotia,
New Brunswick, and Prince Edward Island was located on the map sheets
and information was obtained and recorded in Table 6.6. As a Water Erosion
Risk Map has not been produced for Newfoundland, the Soil Landscapes of
Canada (Newfoundland) map was utilized. Information on dominant and
subdominant soils and slope angle was obtained from this map. Percentage
of farmland was obtained from census data. The information in this table is
not for the entire drainage basin of the gauged rivers, rather for polygon
areas designated by Agriculture Canada. The polygons are indicative,
however, of the physical and agricultural characteristics of the land area
nearest to the gauging station in addition to being representative of the

drainage basin (Shelton, 1998) as a whole.

6.4.1 Parameters of the Universal Soil Loss Equation (USLE)

The Water Erosion Risk Map of the Maritime Provinces (Coote et
al.,1991) and Soil Landscapes of Canada map series (Hender & Woodrow,
1989) rely heavily on the Universal Soil Loss Equation (USLE), which is
comprised of numerous parameters relating to physical and human attributes

of given locations. The equation, developed by Wischmeier and Smith
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(1965) has been applied widely in the United States and Canada. Agriculture
Canada (Coote et al.,1991) points out that these values should not be used
Quantitatively, but qualitatively to compare polygons by erosion risk class.

In the Universal Soil Loss Equation:

A=R;K-LS-C-P (6.1)

A is the predicted water erosion rate, R, is the erosivity of rainfall and
snowmelt and winter runoff, K is soil erodibility, LS is a slope length and
steepness factor, C is a crop cover and management factor and P is a
conservation practice factor. The reliability of such an equation to estimate
a risk of erosion may be questioned. When comparing sediment yields (an
indirect measure of erosion) to risk of erosion, a relationship does not
appear to exist. Some of the lowest yield regions are estimated by the
Agriculture Canada maps as having a severe risk of erosion (e.g. sites 19,
6, 2). The sites with the highest sediment yields (sites 14, 15) have risks
ranging from severe to moderate (Table 6.6). Infact, many of the parameters
of the USLE do not correlate with the calculated values of sediment yields.
The USLE indicates erosion on the plot level, whereas sediment yield
indicates output from the drainage basin. Trimble (1981;1983) has also
noted the difference between erosion rates (from the USLE) and sediment
yields. The USLE parameters will be discussed briefly, followed by

agricultural characteristics that were related to sediment yields.
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6.4.1.1 Land Management

The fifth column of Table 6.6 provides land management
characteristics ranging from moderate to excellent. As outlined in the USLE,
land management land management refers to a cropping practice factor (C)
for each crop and crop group in each region. The C factor expresses the
expected erosion under a given crop cover as a proportion of that expected
onbare, unprotected soil. The weighted polygon mean C factor, grouped into
five classes (excellent, good, medium, poor and inferior), indicates the
effectiveness of cropping practices in protecting the soils from water erosion.
A classification of excellent is indicative of a factor <0.10, with examples
being hay, tree fruits, vines, grass, pasture and sod. A classification of good
is 0.10 - 0.19, with similar land use as a classification of excellent. A
moderate/ medium classification is 0.2 - 0.39, indicative of land uses such
as spring and fall-sown cereals, potatoes, and nursery crops. Mean values
for the Maritime Provinces are presented in Table 6.7. Absence of a
classification for protection by crop management in Table 6.6 indicates too
few crop data to make an estimate for that region. This situation often
applies in forested areas, which are also usually indicated by a value of 1
(Coote, et al.,1991). Land management is a qualitative value, grouped into
large categories that do not bear a relationship with sediment yield values
alone. Management classifications of “excellent” might be expected to have

lowest sediment yields. This, however, this is not the case.
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Crop or crop group Mean annual C factor
Grass hay, pasture 0
Sod 0.02
Hay (alfalifa) 0.02
Tree fruits, grapes 0.05
Small fruits 0.10
Nursery crops 0.20
Fall-sown cereals 0.26
Spring-sown cereals 0.28
Potatoes 0.37
Corn for grain 0.41
Corn for silage 0.46
Canola, peas, beans

soybeans, buckwheat 0.50
Tobacco 0.65
Vegetables 0.71
Fallow 1.00

Table 6.7: Mean annual C factor (expresses expected erosion under a given
Crop cover as a proportion of that expected on bare, unprotected soil) for
various crop types (Coote et al., 1991).

6.4.1.2 Soil Erodibility

If the soil is more erodible, one would expect to find higher yields in
areas of more erosive material. Estimates of soil erodibility for the polygon
areas have been conducted by Agriculture Canada, based on Wischmeier
and Smith (1978). The soil erodibility factor, K, represents the rate of soil
loss per unit area. Calculation of a K value is based on five parameters:
percent silt plus very fine sand (0.05t0 0.10 mm), percent sand greater than
0.10 mm, organic matter content, structure, and permeability (Wall, 1997).

A K value is calculated for a specific soil, using the following equation
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(Wischmeier & Smith, 1978):
K=27.66M''4(107%)(12-a)+0.0043(b-2) +0.0033(c-3) (6.3)

where M is percentage of (silt + very fine sand) x (100 - percentage of clay),
a is percentage of organic matter, b is a soil structure code (varies from 1 to
4), and c is a soil permeability code (varies from 1 to 6). The value and
reliability of such an equation might also be questioned when comparing
sediment yields to soil erodibility. Soil erodibility (K) values appear to have
no relationship to sediment yields (Table 6.6). K values of 0.3, for example,

have associated sediment yields of 5.87 to 69.38.

6.4.1.3 Distribution of Slopes

Table 6.6 also provides a “slope factor” (LS) for the sites in Nova
Scotia, Prince Edward Island and New Brunswick and slope percentage for
sites in Newfoundland. The slope factor (LS), calculated in polygon areas for
the three provinces, accounts for the effects of slope angle and length on
erosion (Coote, 1997). The LS factor components have various effects on
soil erosion and ultimately sediment loads. A slope’s steepness may cause
more runoff, with soil being rapidly removed. The relationship between
steepness and runoff is influenced by a number of other factors, however,
such as crop type, surface roughness, and soil saturation. Slope length is

measured from the point where surface flow begins to where a) the runoff is
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concentrated into a channel, or b) the slope gradient decreases and
deposition of eroded sediment occurs. Runoff and erosion generally
increase with increasing slope length. A greater accumulation of runoff on
longer slopes increases detachment and transport potential.

Type of slope also influences the amount of erosion and material that
will be supplied to a river channel. Concave slopes generaily have lower
erosion rates (i.e. lower LS values) than a uniform siope of the same
average gradient, since the gradient (and transport capability and erosion
potential) will decrease with distance from the top of the slope. Convex
slopes, on which gradient increases with distance from the top of the slope,
on the other hand, will generally have a higher rate of erosion than uniform
slopes (Coote, 1997). Figure 6.8 shows the graph that is used to obtain LS
values. Generally, a larger LS value is indicative of higher slope angles and
often shorter slope lengths. The higher the LS factor, the greater the erosion
potential, however, there are numerous other factors which also require
consideration when correlating sediment loads to slope angle and length.
Similar slope factors do not necessarily mean similar sediment yields in the
rivers draining those slopes. Crops located on the slope (e.g. corn vs. root

crops) are likely to be even more significant (Shelton, 1998).

6.4.1.4 Dominant Soil Cover

Dominant soil (DS) is that soil, if any, which occupies more than 40%
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of the polygon area. Subdominant soil (SDS) occupies 15 - 40% of the
polygon area. If there is no subdominant soil noted in Table 6.5, this means
that the dominant soil type occupies at least 85% of the polygon area. Table

6.8 shows the major soil groups with the codes and classes for each of those

soils.
Surface texture class:
Soil Group Code Class
Sands S Sand
LS Loamy sand
GS Gravelly sand
LFS Loamy fine sand
GLS Gravelly loamy sand
Sandy Loams SL Sandy loam
FL Fine sandy loam
GSL Gravelly sandy loam
VGSL Very gravelly sandy loam
CBSL Cobbly sandy loam
Loams L Loam
CBL Cobbly loam
GL Gravelly loam
CBGL Cobbly gravelly loam
SIL Silt loam
GSIL Gravelly silt loam
Clay loams CL Clay loam
SCL Sandy clay loam
SICL Silty clay loam
GCL Gravelly clay loam

Table 6.8: Major soil groups and codes and classes for each of those soils
(Coote et al., 1991).

Looking at Table 6.6, dominant soil type (DS) and subdominant soil (SDS)

alone do not appear to have a strong relationship with sediment yield. A
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much more detailed investigation of the specific particle sizes, and
seasonality of movement of various particle sizes would be required to draw
conclusions regarding the actual relationship between yield and dominant
soil cover. However, by looking at dominant soil cover and yield, a general
relationship can not be found. Gravelly loam, for example, which is the
dominant soil type in the highest yield locations (e.g. site 14, with a 69.4 ¢
km*? a' yield and site15, with a 59.9 t km™ a’' yield) is also the dominant soil
in regions with lower yields (e.g. site 2witha 5.9 t km™? a' yield). Generally,
soils with a high percent content of silt and very fine sand particles will be
most erodible on the basis of soil characteristics alone (Walil, 1997). This
relationship was not observed for the dominant soil cover and sediment
yields calculated in those regions. Each of these factors alone is actually
unlikely to account for higher or lower yields; rather a combination of factors

is likely to be responsible.

6.4.2 Influence of Crop Type on Sediment Yleld

Farmland (FL %) was prepared from air photos taken between 1969 -
1974, which is a time period that generally falls within the period of
suspended sediment data collection. Area of polygon covered by farmland
ranges from less than 10% to 80 - 100%. By looking at column three in Table
6.6, an obvious relationship between percentage of farmiand and sediment

yield is not apparent. One might have expected to see larger yields in those
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areas with larger percentages of farmland cover. The regions with highest
sediment yields are found in locations with only 30 - 49.9% farmland (FL)
whereas low yields can be found in locations with 80-100% farmiand. SL (%)
is the percentage of swamps and lakes, or internal drainage in the region.
A relationship between sediment yield and internal drainage can not be
identified as a result of the lack of information at so many of the gauging
sites.

It was hypothesized that if the amount of farmland is not immediately
related to sediment yield, the fype of crop dominating the drainage basin
might be. To further investigate the relationship between type of crop and
sediment yield, detailed information on crop types in the polygon areas was
obtained from Agriculture Canada. The results of this compilation are
presented in Table 6.9. The crop types are listed in columns ranging from
those crops that are least likely to be susceptible to erosion (alfalfa) to those
most likely to be susceptible to erosion (vegetables and summer fallow). The
values are percentages of the polygon areas that are occupied by those crop
types. The bold and enlarged values are the stations with the highest
percentage of the given crop type. Total crop percentages (Table 6.9) and
farmland percentages (Table 6.6) do not have the same vaiues, as farmland
will encompass that iand owned by farmers, which may not necessarily be
cropland. The stations with the highest percentages of both buckwheat and

potatoes/beets also had the highest sediment yields.
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Figure 6.9: Relationship between sediment yield and

% crop cover in eastern Canada
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Total crop cover (per cent) was plotted against sediment yield values

(Figure 6.9) to determine a relationship between % of total crop cover and

sedimentyield. No linear relationship between totali crop cover and sediment

yield was found (r* = 0.14). Coefficients of determination (r*) between

sediment yield and percentage of each crop cover are listed in Table 6.10.

CROP
Alfaifa

Hay
Pasture
Sod

Tree Fruits
Berries
Cereal
Potatoes/Beet
Corn
Buckwheat
Tobacco
Vegetables

Summer Fallow

% Crop Cover

r 2
0.004
0.06
0.03
0.007
0.029
0.01
0.04
0.355
0.0008
0.578
0.006
0.003
0.033

0.14

Table 6.10: Crop type and r? indicating the significance of
percentage of each crop cover and sediment yield.

It was concluded that no significant linear correlation between

sediment yield and crop cover exists, with the exception of buckwheat. This

means that as the % of buckwheat increases, so does sediment yield,

although this relationship is not strong.

6.5 Summary and Discussion

The sediment yields of eastern Canada are often magnitudes lower
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than those of the eastern States. Patterns of suspended sediment yields in
the Maritimes indicate that there are /oca/ highs and lows, however with
myriad factors that account for these spatial variations. Sediment yields were
found to be non-stationary in nature, with changing spatial patterns
depending on the length of the time-averaged yield (Figures 6.2,6.3 & 6.4).
Conditions which change in this time-scale (decades) to cause the changing
patterns to emerge include meteorological conditions (changing precipitation
from one year to the next), hydrological conditions (changes in discharge)
and changes in land use or land disturbance (i.e. changes in crop cover).
Conditions which remain relatively static over this length of time are geology,
physiography, and soil type and availability. Comparisons between these
potential causal factors and sediment yields were made throughout the
Chapter and the factors which relate most strongly to sediment yields are
hydrologic factors (discharge) and crop type (buckwheat).

Information was obtained from Agriculture Canada, but the
USLE parameters could not be related directly to sediment yields. This is
primarily a function of the USLE being rather arbitrary and quite general in
scope, in addition, the relationship between soil erosion and sediment
yield is not a straightforward one. Percentage of farmland was not directly
related to sediment yield, but type of crop cover was found to have an
influence. Both sites with highest yields in the Maritime provinces (Holmes

Br. atHolmesville and atMoose Mtn.) have highest percentage of buckwheat
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and potatoes and beets.

The spatial patterns and temporal trends of sediment yields have
been observed to change. The magnitude of sediment yields in the Atlantic
Canadian provinces is consistently lower than those of the more southern
United States (i.e. the latitudinal variation observed in Figure 3.2). These
regional-scale variations in magnitudes of sediment yields are more likely to
be due to large differences in climatic conditions as well as differences in
numerous geologic factors (including soil availability). In a smaller regional
setting, such as the eastern Canadian provinces alone, there are still large
differences in geologic factors. The climatic variability within this regional
setting, however, (similar lengths of seasons, similar amounts of mean
annual precipitation) is less than that found across the larger regional setting
of the whole of eastern North America.

Numerous factors contribute to the amount of sediment being carried
by a river. The driving force is the discharge of the river. If wet
meteorological conditions (whether days or years), the result of which is
increased river flow, are co-incident at locations that have a large sediment
availability, the ground is unfrozen and there is a disruptive dominant land
use in the drainage basin (e.g. crop type or construction activity), then

sediment yields will be high.



CHAPTER 7

DISCUSSION OF REGIONAL YIELDS

7.1 General Patterns of Suspended Sediment Yields from Eastern North

America

Several maps depicting sediment yield patterns (Figures 3.3-3.6, 5.4-5.6,6.2-
6.4) have been presented throughout this thesis. This section serves to summarize the
general patterns of suspended sediment from eastern North America. In Chapters
Three (eastern United States) and Six (eastern Canada), various maps were
presented based on varying lengths of time-averaged sediment yields. The result was
a notable shift in patterns from one location to another. in the eastern United States,
for example, highest yields were found in the Washington, D.C. region and in the
western corner of Virginia when a five-year time-averaged yield was used. A one-year
record of sediment yields, however, produced a different pattern of high and low
yields, with the highest yields situated on the coastal plain of North Carolina.

In the time series, moving averages indicated that there were oscillations
between higher and lower yields. These trends were observed throughout the entire
regional study area. Two conclusions can immediately be drawn from these resuits:
sediment yields are non-stationary and sediment yields are sensitive to regional-scale

driving forces (climate). Each of these conclusions will be discussed in the following
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sections.

7.2 Non-stationarity of Sediment Yields

While numerous authors (e.g. those listed in Table 1.1) have produced global,
and to a lesser extent, regional maps of patterns of sediment yields, the results
presented here lead to the conclusion that individual maps of yields are actually “snap-
shots” in time. Ifthe maps were produced with a different set of data spanning different
years (e.g. different time-averaged yields), then the resulting patterns would be very
different (Conrad & Saunderson, 1999). This leads to the conclusion that sediment
yields are non-stationary, and as a result, factors which cause sediment yields to
change from one year to the next need also to be discussed.

In the span of forty years (with most sites having even fewer years of record
than this), geology, physiography, and soil availability remain relatively the same. As
high yields move in space, shifting around the map, the characteristics of the
underlying terrain are relatively unchanged. It was therefore concluded that yields
must be sensitive to climatic conditions and changes in land use, since these
phenomena do changeat the temporal scales considered. With patterns of yields
shifting, climatological (precipitation) and hydrological (discharge) factors would
account for a large degree of this non-stationarity. Comparisons of peak discharge and
peak sediment loads indicated a correlation between peaks approximately 50% of the

time.

Coefficients of variation of annual discharge and sediment loads indicated that
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the variability of loads was consistently greater than variability of discharge. There are
more complex causal factors to drive changes in loads than changes in discharge,
keeping in ind that the relationship between sediment loads and discharge is
expected, to some degree. The changes in magnitudes of sediment yields are not
solely attributed to changes in the magnitudes of discharge, however. The variability
in sediment loads at individual sites over the span of a few decades could not be
attributed to geologic characteristics of the underlying material since these features
do not vary in the course of ten or twenty years. Other features that do change,
however, are human uses of the land. In Chapter Five, urbanization and construction
were noted to have an influence on sediment loads in rivers, and in Chapter Six,
agriculture was discovered to have an influence on loads (with an increase in certain
crop types, yields increased). The results of the time-series also pointed to questions
concerning factors which could cause variations in yields through time, as well as

space.

7.3 Temporal Patterns of Sediment Yields

In Chapter Four, common trends were noted in the moving-average time-series
of sediment loads for stations spanning eastern North America. These sites all have
very different geologic conditions, soil availability and physiographic conditions, in
addition to differences in dominant land uses. It was apparent that climatic and
consequently hydrologic conditions were forcing trends (a general peak in the 1960s

followed by a dip into the 1970s and subsequent rise into the 1980s). Similar moving-
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average plots of discharge were produced, with the result being nearly identical
patterns. This further emphasizes the important and intimate connection between
precipitation, discharge, and ultimately sediment loads in rivers. Regardless of the
magnitude of the load and discharge, the same trend emerged. This should not
diminish the fact that there remain huge differences in the absolute yields, even
though their behaviour through time is closely connected to larger-scale atmospheric
conditions. The magnitude differences of the absolute yield values (i.e. Table 3.2)

should still be considered and attributed to other factors, as will be discussed in the

subsequent section.

7.4 Regional Sediment Yield Values

A general inverse relationship of decreasing sediment yield with increasing
latitude was noted for the gauging sites included in this thesis ( Figure 3.2). What could
drive this relationship? In Chapter Five, the basins draining to Chesapeake Bay were
used as an example of a generally high-yield area of eastern North America , and the
eastern Canadian provinces (Chapter Six) a relatively low-yield area. The magnitudes
of differences between the yields across the regional study area remain relatively

constant, with numerous explanations for the magnitudes of variation:

. Eastern Canada has a smailer population, and therefore less potential for

human disturbance to the land surface.

. Gauging stations are generally not located near or at major urban centres in
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eastern Canada, but this is a common occurrence in the eastern U.sS.

. During winter months, most basins in Canada are characterized by frozen and
snow covered surfaces, a consequence of which is reduced surface sediment
erosion for a large part of the year (Figure 7.1).

. Large expanses of thick, erodible soil are present throughout many of the
eastern States (south of the glacial limit) whereas many regions in eastern
Canada have thin soil horizons and bedrock surfaces.

. More land is affected by intensive agricultural and construction activities in

some areas of the eastern States.

By some reports, the greatest source of sediment in many channels in the eastern
States is the land which has undergone or is presently undergoing urbanization. When
exposed to rainfall, earth laid bare during construction erodes easily and contributes

sediment to waterways at rates that may approach 20 000 - 40 000 times the erosion

rate of farms and woodlands.

7.5 Discussion and Summary

There are two ways that sediment yields can be investigated in the regional
context of eastern North America: analysis of yields through time and space or
absolute sediment yield values (that are compilations of entire lengths of record
available). When yields are studied through contemporary lengths of time, trends in

the data are attributed to changes in climatic conditions and consequently discharge,
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Figure 7.1: Mean monthly suspended sediment load (tonnes) trends for the period
of 1982-86 for selected U.S. and Canadian sites

The top graph shows trends for the Kennebecasis River, New Brunswick (indicated with square
symbols on the graph), the Annapolis River, Nova Scotia (round symbols) and the Northeast Brook,
Newfoundland (triangle symbolis). The bottom graph shows trends for the Rappahanock River,
Virginia (square symbols) and the Choptank River, Maryland (triangle symbols).
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and changes in magnitude additionally attributed to land use changes or land
disturbance. When yields are analysed in a spatial context, patterns will shift as a
result of the space-time dependency. As such, climate, discharge, and land use will
also cause the spatial patterns of yields to shift.

The absolute values of sediment yields (i.e. as individually listed in Appendix
A and summarized in Table 3.2) provide the ranges of magnitudes between yields
calculated over various lengths of time. These differences in the absolute yields can
additionally be affected by geology, physiography, and soil availability. A composite
of natural and anthropogenic factors accounts for the varying magnitudes of yields
across the study area. An erodible soil cover in a basin typified by high fluvial
discharges and dominated by an urban or suburban environment undergoing intense
construction activity would result in high sediment yields. The rivers draining to
Chesapeake Bay flow across deposits that reach over 1000 m in depth, the ground is
typically unfrozen for the large part of the year, and the sites where data are collected
are often located in densely populated areas (e.g. the confluence of the Potomac and
Anacostia Rivers in Washington, D.C. and Reston, VA). Conversely, the rivers
draining the Atlantic provinces flow across thinner soil covers, and the ground is
frozen for at least part of the year, with gauging stations located in more rural areas.
The result is magnitudes of difference between sediment yields caiculated for these

geologically, geomorphologically and anthropogenically different environments.



CHAPTER 8

CONCLUSIONS

8.1 Contributions to Knowledge

This thesis has provided a regional study and analysis of spatial sediment yield
patterns from eastern North America, temporal sediment yield trends, and factors
which explain the spatial and temporal variations. The consequence is an enhanced
understanding of both the patterns of regional-scale sediment yields in space and
time. Detailed maps have been made of the eastern United States with the largest data
setto-date. The first detailed maps of eastern Canada were produced. Issues of length
of sediment yield record in generating maps were investigated. Given the theoretical
and applied importance of sediment loads in rivers, this is a significant contribution to
our knowledge of this regional environment. Through the investigation of the myriad
factors which can affect sediment loads in rivers, an understanding of the natural and
human impacts was developed. A time-series analysis of the temporal patterns of
sediment loads as well as discharge has also shed new light on their universal
change over this regional area, and perhaps extending to an even larger domain.

Through an investigation of the established research which had resuited in
maps of patterns of suspended sediment yields, several observations were made:

. most of the research had been conducted at larger (global) or smaller (basin)

168
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scales than the present analysis
. many of the estimates of yields at the global scale are questionable
. small numbers of sites utilized in generating global maps have resuited in
generalization over vast areas
. research conducted at the basin-scale might be considered to be more reliable,
but yet that scale is too small to make conclusions over a larger region.
Before drawing conclusions about estimates of denudation based on such studies of
sediment yields, numerous questions about the reliability of the sediment yield
patterns (both temporal and spatial) remained. Therefore, this research was
undertaken to investigate regional-scale yields, being both large enough to detect
larger spatial and temporal patterns, as well as small enough to be able to manage the
detail of the database. The end result would then be a better understanding of
sediment yields in time and space, so that they might be used with more assurance
and maps be viewed with some caution. In the case of the eastern Canadian
provinces, the first detailed maps of sediment yield patterns were produced.
Sediment yield resuits for the fifteen states were found to range from 12.6 to
372.9 tkm? a™'. Maximum yields ranged from 18.4to 3156.7 t kmr2 a'. Sediment yields
for the four provinces ranged from 12.4t0 25.4 t km? a™*, while maximum yields ranged
from 30.7 to 69.4 t km™ a”'. A general relationship of decreasing sediment yield with
increasing latitude (Fig.3.2) was discovered. The values calculated indicate that the
overall sediment yields of the eastern United States and Canada are, in some cases,

much greater than previously determined. Reasons for this are the increased number
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of sites utilized in calculating sediment yields in this study and spanning a longer
period of time. Over-generalization and smoothing of the data in former research
(especially at the global scale) has been a problem. Sites on “major” rivers of the world
had generally formed the basis of the dataset for such maps, with smaller rivers and
tributaries excluded. The result has been a regional, and possibly world-wide
underestimation of the world’s sediment yields. Small rivers and tributaries, with
smaller floodplain storage than larger rivers, can have greater sediment yields. It was
found that a number of small rivers may contribute as much or more sediment than
large ones. Stave Run, near Reston, VA, with a basin area of only 0.2 km?, was found
to have a sediment yield of 3157 t km? a', whereas the Hudson River in New York
State, with a basin area of 12 000 km? had a yield of only 20 t km? a'.

Results of the thesis (Chapters 3 and 6) indicate that the spatial patterns of
suspended sediment will change depending on the number of years of record used.
These maps are novel in that comparisons of patterns based on differing record
lengths were compared. One might have suspected that spatial patterns of yields
would vary, depending on the length of coverage, as a consequence of differences in
climate, precipitation, and changes in land use. After the initial documentation of this
phenomenon (e.g. Conrad & Saunderson, 1999), annual maps of yield were produced
and relative highs and lows were observed to fluctuate from one area to another. This
was attributed to gauging sites either opening or closing, as well as to meteorologically
different conditions from one year to the next. Global maps of sediment yields are

produced, however, as a point in time, and care and consideration must be taken
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when viewing such maps for other research purposes. The maps (as indicated from
this research) would appear quite different if they were produced using either a
different record length and/or spanning a different period of time, as a consequence
of the non-stationarity of sediment yields.

Initially, (Chapter 1) several questions were posed, including:
. how different are sediment yields today (from the past) and
. how might they change in the future?
Ultimately, how representative are the sediment loads of the time period covered in
this thesis of longer-term loads and would further data collection generate different
results?

Standard deviations and standard errors of estimate were calculated (Chapter
3) for stations with at least five full years of record. Many of the stations in the
database, however, had record lengths that were less than five full years, however.
The station with the highest sediment yield included only one full year of record, so
there was little way of knowing how representative the high yield at this site (>3000
t km? a’') was of yields that might be calculated at the same site in any other given
year. Standard deviations of sediment yields were calculated and found to be high in
many cases, increasing with increasing sedimentyield (Figure 3.6). The standard error
of estimate of the yields was also calculated, with values for a twenty-year and full-
coverage average (30-42 years) being the same or very similar (Table 3.6). By
calculating the standard error of estimate for the differing lengths of data collection for

the sediment yields, it was found that it appeared to remain the same or closest to that
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of the full record length after a twenty year length of time. This might lead one to
conclude that at least a twenty-year period of coverage is required for sediment yields
to be representative of ionger-term yields. The problem remains that most sites do not
have at least a twenty-year record. In addition to this finding, and contrary to Walling's
(1997b) findings for anumber of rivers in eastern Europe, no general patterns of either
increasing or decreasing loads could be discerned. After a twenty-year moving
average was applied to the raw data at all of the sites with long record length, the
noise in the time-series was removed (Figure 4.1). This observation, together with the
standard error of estimate values after a twenty-year period, leads to the conclusion
that perhaps a record length of twenty years is crucial for sediment yields to be
representative of ionger-term yields. Record lengths that are less than twenty-years
would likely not be indicative of longer-term yields.

Several observations were made based on the graphs in Figures 4.2,4.3,4.4

and 4.5:;

. there is an almost universal low yield around 1967

. the data does not indicate a random pattern

. the data is non-stationary, as shown by maxima that shift geographically over
time

. the data may be illustrating a decadal cyclicity, however a sufficient length of

continuous available data does not allow this to be conclusively determined
. the sites with data prior to 1970 show a drop in sediment yield that might have

been interpreted as a declining trend
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. the sites with data after 1970 show a rise in sediment yield that could have
been interpreted as a rising trend.
The fact that three provinces and six states all show a similar temporal pattern of
sediment yields and discharge points to climatic factors driving the behaviour of
sediment loads.

Sediment yields vary in both time and space. The mean sediment yield for the
eastern United States (96.7 t km? a") is five-fold that of the eastern Canadian
Provinces (18.2 t km? a'). The difference in magnitude of the maximum yield for the
eastern United States (3156.7 tkm™ a™") is forty-five fold that of the eastern Canadian
Provinces (69.3 t km? a'). The reasons that can account for the variations are
numerous. Peak discharge and peak sediment load were found to correlate
approximately half of the time, but the smoothed data showed astoundingly similar
trends of both discharge and sediment loads in the time-series. Although
meteorological conditions can explain the temporal trends as well as the fact that the
highest and lowest relative yield locations change from one year to the next, other
factors must be responsible for the magnitude differences between yields. A
composite of natural (e.g. precipitation and discharge)and anthropogenic (e.g.
population and land use factors) can explain the varying magnitudes of yields across
the study area. An erodible and abundant soil cover in a basin with high discharge and
situated in an urban location with intense construction activity or in a rural area with
a crop cover (e.g. buckwheat) that increases sediment transfer to rivers will result in

higher than average fluvial suspended sediment yields. A location with a human
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activity such as construction, occurring at a point in time where a peak in the time
series exists may resuilt in a magnified sediment yield. As was discussed in Chapter
B, it may also be that localized and unique events and characteristics in the immediate
vicinity of the gauging station may be important in explaining the magnitudes of
sediment yields. Bank erosion, both natural and as a result of cattle crossing a
channel upstream of a gauging station, may also cause dramatic results. The
explanations for the magnitude differences between sediment yields in eastern

Canada versus much of the eastern United States were given in Chapter Seven.

8.2 Removal of Mass by Rivers in eastern North America

Previous studies of global sediment yields had many limitations in terms of
providing a comprehensive and reliable basis for investigating the global denudation
system. The present study has aided in our understanding of the regional-scale and
in understanding the spatial and temporal behaviour of sediment yields. A map of
sediment yields prepared with all of the available data from all stations provides us
with an idea of sediment yields over a given area. It must be understood, however,
that once more data are included or other data removed, the patterns may be very
different. In addition, if sediment loads ultimately are to be used as indicators of rates
of erosion and soil loss, improved knowledge of the processes of sediment delivery
are required to understand the lag between on-site erosion and the sediment yield at

the outlet of the drainage basin.
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8.3 Future Research

Sediment yield data for the world’s rivers can provide a valuable means of

studying the global denudation system. A number of questions and concerns require

further investigation:

¢

The eastern region of North America has been modified significantly by
humans, making projection from post-colonial to geological time uncertain.
The present study has considered only suspended sediment and should be
compared with estimates derived from bed and solute loads to compare the
relative amounts transported by the various means.

Additional data should continue to be collected and added to the present
database to monitor change in both time and space and to observe whether the
present conclusions continue to hold true.

Regional-scale investigations of sediment yields elsewhere should be studied
to observe whether the conclusions drawn for this region are true of other
regions.

It is important for data to continue to be collected and analysed if sediment

loads in rivers are to be further related to factors such as climate, especially in light

of recent concerns regarding the relationship between climate change and the

terrestrial hydrologic environment. This thesis has contributed to such an

understanding, which emerged through the regional analysis of sediment yields in

space and time.



CHAPTER 9

LITERATURE CITED

Abernethy, C. 1990. The use of river and reservoir sediment data for the study of
regional soil erosion rates and trends. International Symposium on Water
Erosion.

Agriculture Canada 1977. Soils of Canada, Volume 1: Soil Report.

Ahnert, F. 1970. Functional relationships between denudation, relief, and uplift in
large mid-latitude drainage basins. American Journal of Science, 268, 243-263.

Ahrens, C.D. 1994. Meteorology Today: An Introduction to Weather, Climate, and
Environment, 5th ed., West Publishing Company, 591 p.

Alford, D. 1992. Streamflow and sediment transport from mountain watersheds of the
Chao Phraya basin, northern Thailand: a reconnaissance study. Mountain
Research and Development, 12, 257-268.

Ashmore, P. & Day, T. 1988. Spatial and temporal patterns of suspended-sediment
yield inthe Saskatchewan River basin. Canadian Journal of Earth Sciences, 25,
pp.1450-1463.

Barnes, J. 1995. North Carolina’s Hurricane History. The University of North Carolina
Press, 206 p.

Bartolini, C., Caputo, R. & Pieri, M. 1996. Pliocene-Quaternary sedimentation in the
Northern Apennine Foredeep and related denudation. Geological Magazine,
133(3), 255-273.

Beebe, J. 1997. Fluid patterns, sediment pathways and woody obstructions in the
Pine River, Angus, Ontario. Unpublished PhD Thesis, Wilfrid Laurier University.
243 p.

Bosch, D.J. 1992. Crop selection, tillage practices, and chemical and nutrient

applications in two regions of the Chesapeake Bay watershed. Virginia Water
Resources Research Center Bulletin No.176., Blacksburg, Virginia.

176



177

Boyd, T.H. 1968. The History of Montgomery County, Maryland; from its earliest
settlement in 1650 to 1879. Baltimore: Regional Publishing Company.

Bridges, E.M. 1990. World Geomorphology. Cambridge University Press, 260 p.

Butler, D. 1995. Zoogeomorphology: Animals as Geomorphic Agents. Cambridge
University Press, 231 p.

Carr, L.,Russell, R. & Waish, L. 1991. Robert Cole’s World: Agriculture and Society
in Early Maryland. Chapel Hill: University of North Carolina Press.

Chesapeake Bay Program, 1999. The Chesapeake Bay Program: An Overview.
Http://www.chesapeakebay.net/babyprogram/overview.htm.

Church, M., Kellerhals, R. & Day, T. 1989. Regional clastic sediment yield in British
Columbia. Canadian Journal of Earth Sciences, 26, pp.-31-45.

Colby, B.R. 1963. Fluvial sediments-a summary of source, transportation deposition,
and measurement of sediment discharge. Geological Survey Bulletin 1181-A.

Conrad, C. 1994. A test of the muitiquadric method of interpolation using drumlin data
from the Lunenburg, Nova Scotia and Peterborough, Ontario fields.
Unpublished M.E.S. Thesis, Wilfrid Laurier University, 93 p.

Conrad, C. & Saunderson, H. (1999). Temporal and spatial variation in
suspended sediment yields from eastern North America. From: Smith, et al.
(eds) Uplift, Erosion & Stability: Perspectives on Long-term Landscape
Development. Geological Society, London, Special Publications, 162, 1-10.

Coote, D. 1997. The slope factor. In RUSLEFAC: Revised Universal Soil Loss
Equation for Application in Canada. Unpublished Document.

Coote, D.,Gordon, R.,Langille, D.,Rees, H. & Veer, C. 1991. Water erosion risk:
maritime Provinces (map and document). Agriculture Canada Pub. 5282/B.

Costa, J. 1975. Effects of agriculture on erosion and sedimentation in the Piedmont
Province, Maryland. Geological Society of America Bulletin, v.86, pp.1281-1286.

Curtis, W.F., Culbertson, J.K. & Chase, E.B. 1973. Fluvial-sediment dischargetothe
oceans from the conterminous United States. U.S. Geological survey Circular

670, 17p.



178

Dedkov, A. P. & Mozzherin, V.T. 1984. Eroziya | Stok Nanosov na Zemle.
[zdatelstvo Kazanskogo Universiteta.

Dickinson, W.T. 1981. Accuracy and precision of suspended sediment loads. Erosion
and Sediment Transport Measurement. IAHS Publ. No. 133

Dickinson, W. & Wall, G. 1977. Temporal and spatial patterns in erosion and fluvial
processes. Research in Fluvial Geomorphology, proceedings, Guelph
Symposium on Geomorphology, 5% Norwich, England, Geo-Abstracts Ltd.,
pp.133-148.

Dole, R. & Stabler, H. 1909. Denudation. USGS Water-Supply Paper 234, pp.78-93.

Douglas, I. 1967. Man, Vegetation and the Sediment Yields of Rivers. Nature, 215,
925-928.

Eckholm, E.P. 1976. Losing Ground: Environmental Stress and Worid Food
Prospects. W.W. Norton & Co., NY.

Ehrlich, P. & Ehrlich, A. 1995. Betrayal of Science and Reason. Isiand Press,335p

Environment Canada. 1999. http:/Avww.ns.ec.gc.ca/weather/hurricanes/answers. htmi

Environment Canada. 1988a. Interpretation of sediment data. 1967-1 985, Annapolis
River, Nova Scotia. Environment Canada Doc. IW/L-AR-WRB-88-136.

Federal Inter-Agency River Basin Committee. 1952. The design of improved types
of suspended sediment samplers, /n: A Study of Methods used in Measurement
and Analysis of Sediment Loads in Streams. Rept.6, 103 p.

Federal Interdepartmental Task Force on the Potomac, United States Department
of the Interior. 1966. Potomac interim report to the President. U.S. Government
Printing Office, Washington, D.C.

Fournier, F. 1960. Cl/imat et Erosion. Presses Universitaires de France, Paris,201 p.

Franke, R. 1982. Scattered data interpolation: tests of some methods. Mathematics
of Computation, 38(157), 181-200.

Gardner, T.W. & Sevon, W.D. 1989. Appalachian Geomorphology, Elsevier,
Amsterdam.



179

Gellis, A. 1993. The effects of Hurricane Hugo on suspended sediment loads, Lago
Loiza Basin, Puerto Rico. Earth Surface Processes and Landforms, 18, 505-
517.

Geraghty, Miller, Van Der Leeden, & Trois. 1973. Water At/as of the United States.
A Water Information Center Publication, Washington, NY.

Gordon, R. 1979. Denudation rate of central New England determined from estuarine
sedimentation. American Journal of Science, v.279, pp.632-642.

Goudie, A. (ed.) 1994. (2nd ed.) The Encyclopedic Dictionary of Physical Geography.
Blackwell.

Grabs, W. 1999. Keynote speech, Global Data Bases, ICASVR, ICWQ, ICSW, ICCE,
WMO, IAHS/WMO Joint Working Group, IGBP-BAHC.

Grant, D. 1989. Quaternary geology of the Atlantic Appalachian region of Canada. In
Chapter 5 of Quaternary Geology of Canada and Greenland. R. Fulton (ed.).
Geological Survey of Canada, Geology of Canada, no.1.

Graves, J. 1966. A Potomac Essay: A river and a piece of country, /n: Potomac
Interim Report to the President, Federal Interdepartmental Task Force on the
Potomac.

Gregory, K.J. & Walling, D.E. 1973. Drainage Basin Form and Process: A
Geomorphological Approach. John Wiley & Sons, NY.

Groisman, P. & Easterling, D. 1994. Variability and trends of total precipitation and
snowfall over the United States and Canada. Journal of Climate, 7, 184-205.

Haan, C.T. 1977. Statistical Methods in Hydrology. lowa State University Press,
378 p.

Hardy, R.L. 1971. Muitiquadric equations of topography and other irregular surfaces.
Journal of Geophysical Research. 76(8), 1905-1915.

Hender, F. & Woodrow, E. (Compilers). 1989. Soil landscapes of Canada:
Newfoundland (map and document). Agriculture Canada Pub. 5241/B.

Holeman, 1968. The sediment yield of major rivers of the world. Water Resources
Research, 4:737-747.



180

Horel, J. & Geisler, J. 1997. Global Environmental Change: An Atmospheric
Perspective. John Wiley & Sons. Inc.

Howat, J. 1987. Introduction: American Paradise: The World of the Hudson river
School.

Hoyt, D.V. & Shatten, K.H. 1997. The Role of the Sun in Climate Charige. Oxford
University Press.

Jansson, M. 1988. A global survey of sediment yield. Geografiska Annaler, 70A, 81-
98.

Johnson, O. (ed.) 1997. /nformation Please Almanac, Houghton Mifflin Co., NY.

Jordan, P. 1977. Relation of sediment yield to climatic and physical characteristics in
the Missouri River basin. US. Geological Survey Water Resources
Investigations 79-49, 26 p.

Judson, S. & Ritter, D.F. 1964. Rates of regional denudation in the United States.
Journal of Geophysical Research. 69(16), 3395-3401.

Kansa, E.J. 1990. Muitiquadrics - a scattered data approximation scheme with
applications to computational fiuid dynamics I: Surface approximations and
partial derivative estimates. Computers & Mathematics with Applications. 19,
127-145.

Karl, T., Knight, W., Easterling, D. & Quayle, R. 1996. Indices of climate change for
the United States. Bulletin of the American Meteorological Society, 77, 279-292.

Kleiber, P. & Erlebach, W.E. 1977. Limitations of single water samples in
representing mean water quality. /nland Waters Directorate Technical Bulletin

103, Vancouver, B.C.

Langbein, W. & Schumm, S. 1958. Yield of sediment in relation to mean annual
precipitation. Transactions of the American Geoph ysical Union. 39, 1076-1084.

Leacy, F.H. (ed.) 1983. Historical Statistics of Canada (2nd Ed.). Statistics Canada,
Ottawa.

Leopold, L., Wolman, M.G. & Miller, J. 1964. Fluvial Processes in Geomorphology.
Dover Publications, NY.



181

Lins, H.F., Hare, F.K. & Singh, K.P. 1990. Influence of the atmosphere. The Geology
of North America, vol. O-1, Surface Water Hydrology. The Geological Society
of America.

Lvovich, M.l.,Karasik, G. Ya., Bratseva, N.L., Medvedeva, G.P. & Maleshko, A.V.
1991. Cotemporary Intensity of the World Land Intracontinental Erosion. USSR
Academy of Sciences, Moscow.

Mahmood, K. 1987. Reservoir sedimentation: impact, extent and mitigation. World
Bank Technical Paper no.71.

MccCalla, R. 1991. The Maritime Provinces Atlas. Maritext Pub., Halifax, N.S.

McCuen, R.H. & Snyder, W.M. 1986. Hydrologic Modeling: Statistical Methods and
Applications. Prentice-Hall, NJ.

McManus, G. & Wood, C. 1991. At/as of Newfoundland and Labrador.

Meade, R. 1982. Sources, sinks, and storage of river sediment in the Atlantic drainage
of the United States. Journal of Geology,S0, pp.235-252.

Meade, R.,Yuzyk, T.R. & Day, T.J. 1990. Movement and storage of sediment in rivers
of the United States and Canada: in Wolman, M.G. & Riggs, H.C. (Eds.) The
Geology of North America, vol.1: Surface Water Hydrology. Boulder. Geologic
Society of America.

Milliman, J.D. & Meade, R.H. 1983. Worid-wide delivery of river sediment to the
oceans. Journal of Geology, 91, 1-21.

Milliman, J.D., Qin, Y., Ren, M. & Saito, Y. 1987. Man's influence on the erosion and
transport of sediment by Asian rivers: the Yellow River (Huanghe) example.
Journal of Geology, 95, 751-762.

Milliman, J.D. & Syvitski, J. 1992. Geomorphic/tectonic control of sediment discharge
to the ocean: the importance of small mountainous rivers. Journal of Geology,

100, 325-344.
Nielson, J. 1996. Personal Communication

N.S. Department of the Environment, 1988. /nterpretation of sediment Data, 1967-
1985, Annapolis River, Nova Scotia. Environment Canada Doc. IW/L-AR-WRB-

88-136.



182
Ollier, C.D. 1981. Tectonics and Landforms. London: Longman.

Osterkamp, W. 1976. Variation and causative factors of sediment yields in the
Arkansas River basin, Kansas. Proceedings, Federal Interagency
Sedimentation Conference, 3 Denver. Water Resources Council
Sedimentation Commitee, p. 1-59 - 1-70.

Pinet, P. & Souriau, M. 1988. Continental erosion and large-scale relief. Tectonics,
7, 563-582.

Pol, R. 1987. Interpretation of sediment data, 1966-1984, Kennebecasis River, New
Brunswick. Environment Canada Doc. IW/L-AR-WRB-87-129

Pol, R. 1988. Interpretation of sediment data, 1972-1985, Wilmot river, Prince Edward
Island. Environment Canada Doc. IW/L-AR-WRB-88-137.

Riggs, H.C. & Harvey, K.D. 1990. Temporal and spatial variability of streamflow. The
Geology of North America. Vol. O-1, Surface Water Hydrology, The Geological
Society of America.

Robinson, P. & Henderson-Sellers, A. 1999. Contemporary Climatology, Longman.
Rodgers, J. 1970. The Tectonics of the Appalachians. Wiley-Interscience.

Ross, J. 1995. The Smithsonian Guide to Natural America: The Atlantic Coast & Blue
Ridge. Smithsonian Books, Washington, D.C.,285 p.

Saunderson, H. 1992. Muitiquadric interpolation of fluid speeds in a natural river
channel. In: Kansa. E. (Ed.) Advances in the Theory and Applications of Radial
Basis Functions. Computers & Mathematics with Applications, 24(12), 187-193.

Saunderson, H. 1994. Multiquadric surfaces in C. Computers & Geosciences, 20(7/8),
1103-1122.

Saunderson, H. & Brooks, G. 1994. Multiquadric sections from a fluid vector field.
Journal of Applied Science & Computations, 1 (2), 208-226.

Schumm, S. 1962. The disparity between present rates of denudation and orogeny.
Geological Survey Professional Paper 454-H.



183

Shaw, E.M. & Lynn, P.P. 1972. Areal rainfall evaluation using two surface fitting
techniques. Bulletin of the International Association of H ydrological Sciences,
27, 419-433.

Shelton, I. 1998. Personal communication.

Sirayanone, S. 1988. Comparative studies of kriging, multiquadric-bi-harmonic, and
other methods for solving minerai resource problems. Unpubl. PhD thesis, lowa
State University. 355 p.

Slaymaker, H.O. 1972. Sediment yield and sediment control in the Canadian
Cordillera. /n Mountain geomorphology. Edited by H.O. Slaymaker and H.J.
McPherson. Tantalus Research, Vancouver, B.C. Geographical Series, No. 14,
pp. 235-245.

Slaymaker, H.O. & McPherson, H.J. 1977. An overview of geomorphic processes in
the Canadian Cordiliera. Zeitschrift fur Geomorphologie, v.21, p.169-186.

Stallard, R.F. 1995. Tectonic, environmental, and human aspects of weathering and
erosion. Annual Review of Earth and Planetary Sciences, 23.

Stea, R., Conley, H. & Brown, Y. (Compilers). 1992. Surficial geology of the
Province of Nova Scotia. Nova Scotia Department of Natural Resources. (Map
92-3).

Stichling, W. 1973. Sediment loads in Canadian rivers. Fluvial Processes and
Sedimentation, Proceedings, Hydrology Symposium, The University of Alberta,
Edmonton, Alta.May 1973, pp.39-72.

Stone, M. & Saunderson, H. 1996. Regional patterns of sediment yield in the
Laurentian Great Lakes basin. International Association of Hydrological
Sciences Publication No. 236, 125-131.

Strakhov, N.M. 1967. Principles of Lithogenesis. Oliver & Boyd, Edinburgh.

Summerfield, M.A., 1991. G/oba/ Geomorphology. Longman, Singapore Pub. Ltd.

Summerfield, M.A. & Hulton, N.J. 1994. Natural controls on fluvial denudation rates

in major world drainage basins. Journal of Geophysical Research, 99, 13871-
13883.



184

Swan, A.R.H. & Sandilands, M. 1995. Introduction to Geological Data Analysis.
Blackwell Science.

Thomas, W.L. (ed.) 1956. Man’s Role in Changing the Face of the Earth, University
of Chicago Press.

Trimble, S.W. 1981. Changes in sediment storage in the Coon Creek Basin, Driftless
Area, Wisconsin, 1853 to 1975. Science, 214, 181-183.

Trimble, S.W. 1983. A sediment budget for Coon Creek Basin in the Driftless Area,
Wisconsin, 1853-1977. American Journal of Science, 283, 454-474.

United States Geological Survey. 1995. Hydrologic Investigations Atlas: Segment
730-M.

United States Geological Survey. 1996. Hydrologic Investigations Atlas: Segment
730-G.

United States Geological Survey. 1997. Hydrologic Investigations Atlas: Segment
730-L.

United States Geological Survey, 1998. Overview of the U_S. Geological Survey
Chesapeake Bay Ecosystem Program. http://chesapeake.usgs.gov/chesbay/
overview_cbep.htm.

United States Geological Survey, 1999. The U.S. Geological Survey
Chesapeake Bay Ecosystem Program. http://chesapeake.usgs.gov

Vice, R.B,, Guy, H.P. & Ferguson, G.E. 1969. Sediment movement in an area of
suburban highway construction, Scott Run Basin, Fairfax County, Virginia,
1961-64. Geological Water Supply Paper 1591-E. U.S. Government Printing
Office, Washington, D.C.

Walling, D.E. 1977. Assessing the accuracy of suspended sediment rating curves
for a small basin. Water Resources Research, 13(3), 531-538.

Walling, D.E. 1983. The sediment delivery problem. Journal of Hydrology, 65, 209-
237.

Walling, D.E. 1984. The sediment yields of African rivers. International Association
of Hydrological Sciences Publication No.144, 265-283.



185

Walling, D.E. April 28, 1997a. The Response of Sediment Yields to Environmental
Change. Presentation to the 5th Scientific Assembly of the International
Association of Hydrological Sciences, Rabat, Morocco.

Walling, D.E. 1997b. The response of sediment yields to environmental change.
International Association of Hydrological Sciences Publication No. 245, 77-
89.

Walling, D.E. 1997c. Personal Communication.
Walling, D.E. 1998. Personal Communication.

Walling, D.E. & Webb, B.W. 1981. The reliability of suspended sediment load
data. International Association of Hydrological Sciences Publication
No.133, 177-194.

Walling, D.E. & Webb, B.W. 1983. Patterns of sediment yield. In: Background to
Paleohydrology (K.J. Gregory, ed.), 69-100. Wiley, UK.

Walling, D.E. & Webb, B.W. 1985. Estimating the discharge of contaminants to
coastal waters by rivers: some cautionary comments. Marine Pollution
Bulletin, 16, 488-492.

Walling, D.E. & Webb, B.W. 1986. Solutes in river systems. /n: Solute Processes.
Trudgill, S.T. (ed.). Wiley.

Walling, D.E. & Webb, B.W. 1987. Material transport by the world’s rivers:
evolving perspectives. International Association of Hydrological Sciences
Publication No. 164, 313-329.

Walling, D.E. & Webb, B.W. 1988. The reliability of rating curve estimates of
suspended sediment yield: some further comments. International
Association of Hydrological Sciences Publication No.174, 337-350.

Walling, D. E. & Webb, B.W. (eds.) 1996a. Erosion and Sediment Yield: Global
and Regional Perspectives, International Association of Hydrological
Sciences Publication No. 236.

Walling, D.E. & Webb, B.W. 1996b. Erosion and sediment yield: A global
overview. International Association of Hydrological Sciences Publication No.
245, 77-89. 4



186

Watson, D.F. 1992. Contouring: A Guide to the Analysis and Display of Spatial
Data, Pergamon Press, NY, 321 p.

Williams, H. 1995. Introduction: Chapter 1. In Geology of the Appalachian-
Caledonian orogen in Canada and Greenland. Edited by H. Wiiliams.
Geological Survey of Canada, Geology of Canada, no.6, pp.1-19.

Wischmeier, W. & Smith, D. 1965. Predicting rainfall-erosion loss from cropland
east of the Rocky Mountains. U.S. Department of Agriculture, Agriculture
Handbook No.282, U.S. Government Printing Office, Washington, D.C.

Wischmeier, W. & Smith, D. 1978. Predicting rainfali-erosion losses - A guide to
conservation planning. U.S. Department of Agriculture. Agriculture
Handbook No.537, U.S. Government Printing Office, Washington, D.C.

Wolman, M.G. & Schick, A. 1967. Effects of construction on fiuvial sediment,
urban and suburban areas of Maryland. Water Resources Research, vol.
3(2), pp.451-464.

Yoshikawa, T. 1985. Landform development by tectonics and denudation. /n: Pitty,
A. (ed.) Geomorphology: Themes and Trends. Barnes & Noble, 194-210.



Appendix A:

Eastern United States and Canada Compiled Data Sets

187



188

90 /€6 25L0Z¥8 0V6.96 26'iee 11744711 91€£26¢ QW "MOIYIQ3YS YN 39016 ONF LY ¥ ADVOONOW 000€Y910
86'1L€6 802056} Z0SEC6YE #5002 SECELL0 S2916¢ QN 'SHO0Y 40 INIOd LV ¥ DVWO010d 0058£910
91'¥6S 2119660 8vELCE G9'16€ 826vL1.L0 15T6e QW 'M3IAYIVS LV O 3NOVYIHIOIONOD 00S¥i910
829821 ¥99.p 029¢€e2 2z'sas ¥Z9¥8.0 6L.€6€ QW 'ONVIHIENND ¥N Y OVNOLO0d BN 000€0910
9682 266068 v¥8| 80 6261 $£60620 000t6¢ OW 'NOLNVMS YN O 33418vH0 000,6510
0Le9t 89CLLVELLYL tey 9ti+9.0 12168¢€ OW '3IMOB YN ¥ IN3XNLVd Oyr¥6S10
6Z'9triv +8568'1912€64 S 1€04920 9z6¢€6E QOW 'OONIMONOD 1V ¥ YNNVHINDSNS 01€84S10
eriel ¥01192°€£002 ISt 014610 06658¢€ OW 'OHOBSNIIYO YN Y WNVLIOHD 00016¥10
NV3IW 31ViS
¥Z'L07) 880L°2286¥1) 82229 TYSSreo 0oovve 'VO ‘NOLIL LV HIANIY VONVSYNOD 000.8¢€20
0s'86vi yeerbazries 91919 656v¥80 ISEEVE V9 "13dVHO 3INId ¥VIN ¥IAIY IILLYMVYS00D 00scetzo
626519 8¥88E0L ISEVTI €005 6£80¥80 6£SEIC VO 'ANVETV 1V HIAI INITS 00525€20
ieezeee yzoLlieee ¥Svee LSE1Y80 Lievee 'VO ‘NIQOT1IND ¥Y3N ¥3AI INNA 00§r€20
9Y'6.04 ryECLER 0ESS 1oL 00Z0¢€80 rizroe VO "ITUANILYLS LV HIAIN YHYIVIV 00S21€20
8¢ 006¥ Z6€569.60¥ 80 6¥1 1¥€G280 ovzeee 'VO ‘NIT8Na 1v ¥3AIN 33IN0D20 0o0sczzzo
SLivrl 809919882 g'6ov Z291£80 IGheee 'VO ‘'OHOESNIIYO YVIN H¥IAN 3INODO0 00581220
62'90.2 ¥902'1296L¢ 8692 ri.E€60 61052¢ 'VO ‘'NOJVW LV H3AIY 339INWD0 000cizeo
6¥ 0S¢ 950585241855 ¥961 8502180 6zi1ce 'VO ‘N33 ¥V3IN ¥3AN 33HD3390 00520220
96'6£9 ¥re68c2 +0Sot 88'G6 S06£180 00952¢ 'VO ‘NIAVHTIN FAREELR-ED.:) 00086120
yevoe 9194 L1¥ LE9SL 89 €s5¢ tErrZe0 or9cee 'VO ‘NOLONIHSYM HVIN H3IAN 311N 005€6120
tovesl 8¥ G11999 91 LS¢ 14174 L2es¢¢ VO 1138 HV3IN ¥3AN QvOuE 00026420
961 9600€° L1 1 £E'SEL €Ze1€80 SE6ZTHE 'VO ‘NOTVAY ¥N (¥1 'ON SMS HBIN) 1ML ¥IFHD SWOL ' 00206420
Nvaw 31vis
oL'8Ly 9100.p 1819ELL £z89 GZveSL0 609¥6¢ 30 NOLONIWTIM 1V O NIMAONWVYE 00Si8ri0
99'¢9 9188061 €9012 ovig 808€5.0 256¥6€ 30 '3WaA00OM 1V D AV1D O3 00008¥10
NV3W 31vViS
8ZSivi ¥29.901£0. 8L 9tC S262€L0 LIGELY 12 'ITHASGHGTAVO 1V H JINOLYSNOH 00s00z10
66 8004 968011 GL9Lb 90625 L1zzeLo 9zZLS1Iv L0'39VTUA S1IV4 1V Y JINOLVYSNOH 00066110
LLv8l 9/62'52v8e 1L¢9 65922L0 147491 4 13 'NO1dWVH 1Sv3 HV3N ¥IAN NOWIVS 005€6110
6229 ¥Zr169'1H0S VIN €zereLo ZLIELY 12 '013143700IN LY H3AIY ONYHONIOOD £88261 10
§Z'i61 89¢€1°684L €292 greeeLo A4 4114 '10 'Y0O0HE QVOH8 1V ¥ JIINVIS 00sv81 10
69181 2€06! 69441 v6 6420220 leeely 10 "OMNVA 1V ¥ DIINVA 00522110
elve ¢6.6689.5 97 VIN SvLG1L0 9G451Y '10 "WD0LSA00M YN QY 11IH SATIHD 1V YOO8 AQONW SirsZiio
MOTd WY3H1S TVNINNY NvaW  (seuuo)) peo ‘pagielol  TYINOILVAII3 3AGNLIONOT  30NLILVY

JWVN NOILVLS

QI NOILYLS



189

Z912912912v28°0S 6S2€0'9142 6

I5.9¢r 60'966¥2 4%
1180180188ES8 S¥ 6529r6L21 ri
€04204204286529 652529922 -1
801801801 4259°2¥ 65552 €F |
IGEISEISEET9Y 22 6522€°106 L
L20420L2v€22 0L 6810L 8
£204204206S0L S 65219262 1)

€29
€L62.6216¥0Z v8 652€E'6LL1 i
ZEPZEPZEBOLS 9E) 652622512 €
64681681686125'¥ 6'zZ6Le) }
rISEISEISL19969 65205°16L¥ }
895295.95.9¢2G'| 65200929¢ i
9¥6SrE5¥.L856 GE 96tL1 i
Lo TATAX IR )] 65204'€262 i
9/96/95/91.€G8S 65209108 |
8018018048Z001 '8 65206 €989 |
9195195.951EZ 8t A TAN | 24 I
GEISLISE6SGE 001 69'€SL ‘
L¥SOrS0r6058 251 65204 '€0.LE i
91291291291¥L'L€ 6S011°C l
6611
45195L9S.v21L 99 65292 €8 [4
1180180100€0 €41 6S2CL121 l
0z

L62.6ZL62SHST LT 652¥9 6452 i
420420.206£€0 62 65290°Zr91 |
£.62.62.608.9°61 65200652 L

Ziee6 65¥81°LL L
6816816841019°0¢ 8EL ST I
895.95.95€99€ S 65682°1€C S
ErZeEPZErZ6198 2l 650Z¢€°26 t

ejwy bs/sauuo) {wybsjeasy oBeujeid  39VNIA0D J0 SHA



o
o))
—6.'9991
25962
ot'Lsel
¥y 06€
Yo¥LS2
SOy
€i'coe
Srsi
8£'289S
gsLize
Zr 6659

veor
65 vE
€00t}
L279911
v'ZeeL
rsol
8668
erc
Y02
0L's9
€Le.
S0'9rZ
010511
06'622
a1 Ll

2LSes
8e2L9L

092z
L+ 0
2091
08'e

2665 650..261
82ESOT 6L L0y
8vevL'Zipl9ie
9.69.9 96088
89616v 0915892
#8581 268
T6ES¥5'0819281
8098vL vi22
96996'28.8661
¥8.22'9099v6
9.56'2Zv001

¥Z9rGES 06¥E
ZIEIg596181
2£9961°78181
9598b'ZrbBELLC
¥9Z60EY Z61ELEL
8LELPL6
891£91°091
95802'96
89€Z€9'61C
yoreii L 0v6EL
9L0zZLpL'2L9
¥926'92052
gZieeveil
¥99€2'L902
2S€92.1°06182

2i68sL L2l9
96229'L69.201 |

912S0EE IGLRLE
26LG251'S6
¥989€.6 L¥bS
Z£80856 0181

Ziovs
AR 4]
0801
0Lkl
€99.L
ozel
S'v96
VIN
€16y
VIN
668

VIN
626
¥6'¥Z
VIN
VIN
6 9¥
ees
ro'iol
(%4
€29
0G4
10'szi
ozi
L'€se
1s5'e6l

v0'€e9
8Ls

§8'v9Z
oov
02
06¢

1206420
1205.20
€ecosL0
L2.8LL0
908€£90
0162220
LSL0LL0
SHiveL0
622v€L0
920v€.L0
806€EE€L0

£E€51620
6110620
Z09€v20
g4 0]
018050
8Ey0SL0
901620
GZ95¥.L0
6€L5¥L0
gs0vbL0
8rYoryl0
0125v20
GEELYL0
8y60r.0
€2e2rL0

6i12Z€L0
9621120

8r10LL0
$200440
c120220
8v50.L0

009rzy
cirvey
civeey
ozlozv
80002¢
1A T 4
chiozy
SPoeze
204¥2p
1¥3 24 4
80952Z¥

1744409
L1bS6E
Gi800¢
sicior
0v8S0Y
Zr626¢
Zrsese
Lyivee
LEEYEE
65610V
9zozov
(244304
SOESoY
1SS0Ly
LECrOr

sseiey
sreczy

G5C06€
S0.06¢€
60906¢
2E806¢€

AN SINHOW LNNOW V3N ¥IAIM 33S3IN3O
AN ONISSOYD SUINVHS LV NITFUD YOVHISYNVD
AN 37AIOVINOd LV ¥IAIN 3ISINID

AN 3TUASTIIM LV H3IAIY 33S3INIO

AN ONNIWIHD 1V W3AIY ONNWIHO

AN NOLOOHOD ¥V3IN X334 ¥3IZLIMS

AN A31GNIT 1V ¥3AIY VOOIL

AN HSNEGN3IHO 1SV3 ¥N ¥334D 1TIW

AN SI0HOD LV ¥3AIY NMVHOW

390148 ¥ 1Y AN QHOJHILYM L1V HIAIY NOSANH

AN H3LVMTNLS 1V HIAIN NOSANH

NV3IW 3LVIS

N 0¥OAS3IAIMS HV3IN ¥33HD NOOIOWY

N Q1313NOTOVH 1V ¥3AIN ¥3d0O0D

N 3TNANOLXI 1V ¥33HD SHIIMSSOHD

N NOAN3ML 1V H3IAN FWVMVI3a

N 01314NNNQ LY ¥ 3¥VMVI3Q

N YWHON L1V HIAIN 30NV

N WOS104 1V 43AN HOBHVH 993 1v3H9

N NATHOONE M3N 1V HONVHE 3TIWHNOS

N 3TTAYIINOIS 1V H1 ¥ HOBHYH 993 LVIHO

N NOL3ONINd 1V YOOMB ANOLS

N NOLONINNId ¥N 3%V NIMOTVE 1V %3340 SNIMOIVE
N NOINVLS 1V ¥ NVLINVY 8S

N STIV4 310417 1V H3AIS DIVSSVd

TN HYMHYIN HV3N H3AIY OdvYWVY

N WYHLYHD ¥V3N H3IAIN JIVSSVd

NV3IW 31V1S

VIN ‘NOLONINYVE LYIHO HVIN HIAN DINOLYSNOH
VW "T13MOT LV ¥3IAIN GHOONOD 18 HIAY NOVIWINYIW
NV3W 31ViS

QW '3TNIAST 0D YN Y VILSOIVNY 8 MN

QW 'ATHIA0TD LV NY AYISHNN

an '3TNAND0Y HN 9 ¥O0H BN

AW 'A3NT0 8N NY OHNESWYITIM

005.22v0
00042290
000£22v0
000122r0
0004€510
05042510
00502510
0516S€EL0
005.5€10
0LLSEELO
S60IECLO

0zZiLLrio
0S129010
00Sv9ri0
00S€SY10
05.2vv10
00Siivio
oooLirio
oLeoLri0
1040110
0001010
ZE600010
000.6€10
00S68€10
005.8¢€10
00S6.€10

00546110
000001 10

00505910
§8006910
oriivsio
689.¢910



191

118018018920'892
€l62L62LLE18'952
90ySOrSo9rze STy
9.95.96296550 65
18018018¥1E9 22}
2681681681E6¥Y 6¥
S0¥S0¥S099L¥ 251
£91291291209L L8
JLTALTALTANN £ R %
G6SP65¥ESZ9.LL 61
16T.62L6269L2°0)

88!

§98¥98¥98800L 91
268168168¢€8Z¢C 1Y
2912912919vES 12
120.20L20619 L€
095.95496¢ErLLTI
6816816816065¢E €
18018018012212°
120.20.20.86L'Y
6168168162069°C1
4204204205¢2¢€ 95
rISCISEISELIL Y
1801801806216'12
€.6Z2.62.68869'G
€L62.62L6C18¥9'9
LYSOPSOVSILEZ 22

8tl

118018018012Z12°6
SOYSO¥SOvLSSh 8l

629

16TL62L6TLL6'SKL
CL6TL6TL6VPBY 2GS
8£8.€8.€8692891
2681681686.£'GS1

65291889t
65269'298
65295 '8rSZ
65226'ShL
65Z¥S 06+9
6.5106
652689661
6162252
66205'GE68
869611
652L0'21.6

65£.9°69
65ZE0'YY
65.80°L12
209641
Ser.0l
65280062
688'Lr)
6167002
9lyZ'y
65.SZSi4
6£625'9
652€.°08€
65285'€L61
6520804€
65200652

6528E°0¢tL
S9'+002

65159'bS
606060
6GL.C°2€
600€8'S

-— g N = © N M NN NN

N - -~

-



192

6ErL
86'66€
Te'L9s
0085251
ese
68l
ye 08y
S9'¥S901
SO’
L4 X1
ST cree
el L6E
6Z'€829

86891
9t'9
o Tre
Z62eoe
10€L
2526
6092
800§
¥6zzee
99°CEl

08's
€0'S
oty
sle
6Lb4
€5'S
198642
19'9i¢
89'G561

9s29ri IELl
#9801 L '¥£08)
91926 0990V
9691 06¥0CLCY
Z1686p 218kl
yorvye LELL
26€6580°050.1
959 viviiLL
2128920291
9€L20'6026
9EL9Z ¥30¥6L
¥»62806 S£990L
PriZyETr60E

grzseziizLL
Z6LLEVO'SYEY
9.50'6¥262S
8020506 '€0100¥6€
9569106991 |
950€18'€290Z
956188 /91121
ZS£0v0 806€2
89£0'9.2162
¥0E¥90'9.6€€

¥81.156 062
8099Z0°GI¥
¥29591 96¢
9G280€'261
96F9LE GIOP
89£992°'00S
peIS0'PPSSL02
pozZeeL 1612
88851 'v6LL9¥C

08L
1288
ril0zi
6Z'LEy
VIN
VIN
120K 4%
8e'v69
so'sect
G'Leel
VIN
SP oSt
#9'€62

820561
9.6
2999
§9'9¢9
86'cee
VIN
VIN
VIN
LE08
8L 6bC

008
008
008
008
oo8
0z0i
vZore
98'09S
11°00S

8zZivrLLO
8210820
8E0¥8.L0
012€920
6£529.0
€162920
€662940
829290
665920
#500240
920€9.0
SESESLO
605050

€ES€280
00Y0180
#£6£080
01€2080
¥2rs8.0
61E€9.L0
6v¥¥9.0
erElLLO
00ZeLL0
Zri0620

8081920
1521920
1281920
80¥19.0
££619.0
6¢119.0
orl€2L0
0eLbLL0
L2svLL0

czETY
gorziv
6¥ESON
62.500
SSI0Ly
£Sloly
344134
SSShiv
1411434
LZivly
44114
60256€
Y0oLy

100€S€
141747
1¥0SSE
reisse
02809¢
gieese
6vErSE
Lreese
8EESSE
201€9¢

oveszy
Teesey
teesey
ceerey
101G2b
Siivey
osoiey
9£00¢eY
rossey

'Vd 'OAONIY HVIN ¥IFHD SNVIWOM ONNOA

Vd "'ONINOHVYIWINNIS 'NHO9 4

Vd '43IMO08 1V ¥IAIY YNNVHINDSNS HONVYE LSIM
vd 'ITIANVA LV H3AIY YNNVHINOSNS

'Vd '13341S LHON MO138 NNY SNV 1ddV

'Vd '13341S 1HOI 3A08Y NNY SNYW31ddY

'Vd 'OUNESN00T8 ¥VY3N ¥33HO ONIMSI4

Vd ‘'VANVMOL 1V ¥3AIH YNNVH3NDSNS

'Vd 'OUNASINIVIN HV3IN NNY X713

'Vd 'O4NESINIVW HVIN 3¥33HD AJH0D

'Vd 'JYAVS LV ¥ YNNVHINOSNS

'Vd ‘QHO4 SAAVHO 1V ¥33HI INIMAONVYE

Vd dVO HI1VM IHYMVII0 HVIN H¥3IAIY JHVYMVYIIa
NV3IW 31V1S

O N Y3340 AIN34 1V ¥3AIM Qvoua HONIYS

"3 'N 'INIOd ANOLS "HN Y3340 QUiHL

3 N 3TIASHIONW HVIN HIAIY NDIQVA HLNOS

3 N 3937100 NINOVA LV H3AIN NINAVA

O N ANOLIV4 JONVHO ¥VIN HIAN 311

3 N T1IANIMS HV3N TYNVD 3vwad 1y

O N HOH HVIN dNYMS NVA

O N NOSJNIS HV3N 09.1 HS LV ¥D QOJIHD

"0 'N 'O¥O8YVL 1V YIAIY HYL

O N TN SIIHOIW LV ¥3AIY ODAH

NV3WN 31ViS

AN HIBWY 1V HLNOW LV XOOUE NISANHINIE NVA
AN H3EWY LV YOOUS HIBWY

AN ANIOd ¥3QV1 1V 00H8 MO 1M

AN AIMIVA OOSILO 1V 8D QY¥O44VdS

AN 3A0YO 301 1V HLNOW LV dOooud 301

AN QHO4VdS YN QY AFTNONE L1V X¥IFHO QNO4IVdS
AN ¥31SIHIOY LV HIA 33SINTO

AN LLNBYHVO LV NIFHD WILVO

AN NOAY 1V H3AIY 33S3N3D

00959610
000¥¥S10
0001 ¥S10
0050510
0126£S10
0026€S10
0006£510
00S1£S10
00021510
00591510
0S0§1S10
00018¥10
00zorri0

0008Y¥€0
00¥64 120
00084420
00§91 120
02258020
855¥8020
155¥8020
09198020
005€8020
00€42020

SL691002¥0
5289100200
S0Z910¥ZY0
0S10v2Y0
S0€SI0PZP0
Srio¥Zro
ooozeevo
0o0soczro
0058Z¢v0



193

T29129129199Y ¥l
9r6SPESPLIOIZ YL
120.20422816'¥2
616816816¥60S ¥L
1801804 ZL¥Z IEYL
8£09.€8.£2086 290
€0420.2042¥10'2)
O¥6SPESYEITLE TY
1204202206LL0°LY
801801801 Y00 CY
9¥6SPESYESYLT ¥O
14738 %)
€162L62.6915°S1

DY A-1)

YISEISEISELL Lhl
6Y98Y09r98Z.0°2¢
rISEISEISLL61'0L
ZENZENZEOIEL TV
13748 743 243 - W1
y8.L8.88L11558S
¥8.£8.82020°21L01
S98Y98Y98026. 7
1801801805905 L1
6y9898099€60 22

G680l

Z912912912v819 6
291291291vE26'12
SeisclseleeL962
90¥S0¥S0PS0909 v
162.62.625¥5 011
YZEVZERZETLSL O
A4 XA XA 1 1Y AT
16Z16C16TL8E0'1T
681681681690 v82

859611
65255 ¥E9
65258618

8'65062

69951'G

6ELSP'Y
65299604

€T¥6102
gi¥roz
86S'1E
6520L ' rSETY
65Zecers
65205°1 266

652v8°0SL4
618ESZI
65Z¥S'26L
65202°S06S
658E2'802
6szzioll
652L5°6S
65255941
652L6'€59S
65269 r6¥

96Zi sl
696556
62£99'6
662.8°0Z
61229
6ISEL'S
652€568€9
65200815
65C.0°CLEr

N® e 0D NN NNNN -

(2]
-

™M @ ;M NN

N N &N N ON N N N



194

144
00448
6L L8YL
192581
15°ErS
29'65
£6'612
9E'L6¢

0zt
€zl
6V LS
ss'181

I5'tS
¥S'¥9l

1z89

29veEYe

650

't

80’}

sl

90't
¥6299

8261
v 162y
6955601

£0'65

€80}

ee'se
7N

91’0

94’0

€8'el

£5'65

Zvoy

266259261
¥06€0L 9€69V¢
8CIE9ELNION
809ZE ¥LISOL
80201 S66¥C
89£06Z 68¥1
¥96..6'6€L0.2
Zicizo6eL8
9e1685'2L22
96186591292
g5zeL L i6bLLE
zieive'eLenl
ZETS8G'66SS1
895520'1EEBY
9.608. 86€9
2106 ¥659066€
t1619'686
9699r €641
266206219
918+88°2201
880610L'¥18
TS6LEG LLver
vavooz Live!

9585919'81.5v16

cerre8ientil
¥9829Z 6259¥
¥eLESE'SLIE
PHECIE ¥ZI6L
896692 9tv!
82522161
9./5965'.6
809Z+5 0EPCL
clieooeee
9598'62Z€S1

VIN
¥l '€L6
Lol
¥y 6101
Ze'8z01
269814
VIN
€9'5¥2
oiv
totLe
8995t
VIN
005
005
VIN
10062
sS oy
VIN
VIN
VIN
968y
VIN
109
€6'E9¢
coey
G8'1¥0l
VIN
VIN
VIN
VIN
VIN
VIN
91'985
61645

6¥Lv8L0
0rez6L0
PXALYY
TTLS6L0
rriveL0
€0616.0
£¥619.0
6£91920
0265520
157¥9L0
6£v£9.0
¥2L29.0
0¥z29.0
1622920
€5€29L0
11€59.0
1595910
1545920
§5459L0
§€859.0
8£659.0
8020.L0
60vZLL0
9¥.0..0
9€£259L0
gseLLL0
€060.20
2060240
9090.20
6081240
ov8l1..0
9281120
zeoeiLLo
219¢eL20

€eoolr
ov6sor
0S61L4¥
GLoziy
14°: 1414
601Gy
(¥4 49
ootoor
L¥800¥
¥1556€
60r20¥
6ZLE0N
SizZeor
crzeor
Lyeeor
Lisiov
sosior
irLior
rrLior
teLLoy
Loy
oisior
sizzor
Trezor
£oasov
sceciy
6£6ZLY
evezily
rovely
X 44
S0LELY
1GeElY
veeoiy
90E0LY

vd ‘3TIALNOYL ¥N NNY ¥3AV3E

'Vd 'STWVHO 1S 1V X334 HNVEaIY

'Vd "'OUNASN00J 1V YA NONVTD

'Vd 'VOILN 1V %334 HONIHA

'Vd 'ITNAISNOY LV ¥IFHD 10

'Vd 'ITUASONNOA 1V ¥33¥D MVHLSNIIONE

Vd 'IOHO4 JILHVI 1V 333D vANDId

'Vd 'HILSVYONVY 1V ¥3AIY VOOL1SINOD

vd"0 VOO1S3NOD 31N

'Vd "NHOA HVIN X3340 SNYOA0D HONVYE HLNOS
OY3dYVHO 'Vd ‘NYIAVL HIdHVH LV ¥I3HO VHVIVMS
Vd 'O43803NS YN ¥IFHD YHYLVMS

Vd 'JA0Y9 3NId 1V ¥ VHVLVMS 311U HIMOT

Vd ‘3AOYHO 3INId 1V $68 3D0INE AMH 8Y HO VIVIVMS
Vd ‘3NIAVH MO138 ¥ YHVIVMS

'Vd 'O¥NASINYVH 1V HIAI YNNVHINDSNS

'Vd 'VION3 ¥N € 'ON 811 %3340 13ININDOAONOD

'Vd 'VION3 "UN 82 'ON '8itiL 4D 13ININDOJONOD

'vd ‘'VION3 ‘UN VZ ‘ON ‘811 ‘4O 13NINDOJONOD

'Vd 'VION3 ‘4N Z ‘ON ‘8181 ‘D 13NINSOAONOD

'Vd ‘VION3 YN | ‘ON 8141 %3349 L13NINDOTONOD
'NMOLSIOOH HN 948 TW MOTHM LV ¥D 13NINSOTONOD
'Vd 'I1ASAOT ¥N NNY ¥31XI9

018dMIND 'vd "LHOdM3IN 1V H3AI YLVINNT

Vd ‘OHNESIMIT LV HIAIN VNNVHINDSNS HONYYHE 1S3M
'Vd "YILNID HSNONIT HVIN Y334 ISNOHND0E

'Vd ‘GOOMNOLLNG 1V NNY AITIWVA WY3ILS

'Vd ‘Q00OMNOLLNG LV ¥D 3SNOHN001E

'Vd ‘ALY3811 1V 8141 ¥D ISNOHNJ018

Yd 'SIMHOW HVIN NNY ¥ 1LLVY

Vd 'WININY Hv3N NNY QOOMSSYE

Vd ‘WIHLINY YY3IN NNY ANVS 3A08Y ¥33UD NOSTIM
'Vd ‘GHVHONVIE 1V ¥3340 HSHVW

vd 'QHYHONYIE LV %3340 319v3 0vE

eezecoeo
0052¢€0€0
005620€0
000¥20£0
005070£0
0055100
18091510
00594510
6809.610
00054510
000€LS10
0E02ZLS10
0002.540
61612540
12812510
00504540
00£04540
09204510
0€zoLsio
00Z0L510
00104510
08669510
00529510
00029510
005€SS10
00569510
0SEEVSI0
0069510
0016¥S10
TTrersio
LIv8rsio
80¥8¥S10
00LL¥S10
00S.¥510



195

€0.20.20Lp.i59°€E
6.E8.€8.EvETY €9
162.6ZL62.ELZ'V2
118018018rE0S 6E
PiSELISEISLLEOGY
L8v9BYO8YPELY LI
18¥98¥98¥20¢€ 90
¥SOPSOYSE8El ¥OL
€162.62€£9L 061
GEISCISEIGIB0 vy
1204204212} 801
616816816ZZYr vy
6r98r98r99£LS 85
1804801801929'G8
£L62.6ZL109€°CS
0.¢8.E0LET899'SY
SEISEISEEZYICPI
18¥98¥9895¥9'L12
CLYZENZENZC0Z S0
ZErTErZEZEYS 0C)
ISEISEISESSB0'89
CEVZENZEYOONr9 LE
€0420.20.¥68Z €2
180180180€61€92
AN ZAN 740 111 Y
9.96495189¥0€ S6
ZSELSELSE6ETE Sy
91Z91Z9186¥8 001
yrZErZErIGEsL v9
229129129¢€L6L €2
¥SO¥SOPS00SS0 €L
1SELIGEISELB) LE}
91Z912912¥059'I€
£L62L6T1609v 'L}

6LLS
TS'L9¢EL
£10602
652992
L
6e'ice
ceese
91'6£8
8£L0°St
€o'cot
teLe
sl'ize
AR
yto'98l
116611
6iv29
g6 o
GE89't
€l
¥896°1
€v66'4
143311
Se'8¢
989994
creeLt
£vo'L6
90E8'€l
ISL°LS
oL6Le
268280
£9Lv'l
ye9'Ze
61ZbLL
1088

:-—ﬂﬂ-—‘ﬂ.—.—-—.—v—.—ﬂ'v—

- © v v v~

e ©
T -

- N M N = O 0D O O N



6¥ €651
% n—.mom
— 90Cl
oy LLe
89,82
09'95L2
£9'080¢
o6rist
8¢t 5225
8L'vore
9L 'tLs
18989
gL 9ee
et
9.0
o
ilo
LY €68
66261

L2209
82°00004

szey
9y 62921
6¥'602
8061
€80t
SL 6t
809
95'¢
80¢t
08l
60'S
1109812
¥i'¥89
sv'vy

960¥1'26409.
91#2ZZ LOVEDS
y06.9¥ vZiEe
¥99.2'066.00¥
8Yoree 91 Zrs
9LSLEPSPIYEYI
261691 G9E61501
gcce Lo6vect
2€96'580628¢
88v6'801868
pzzelesee
809068€ 02599.¢
96vb'SC88LI
ZEL'9ZLOVOY
ZS1ES1 960V
vzoL08rLL
¥81551'80€1
2e6'16v9
968'G.Z119

reoerzvzizel
2/8€69'18€68¥Z

96¥59' 1 286y
809¥ ZZIv999
ri0EL L8L0Y
80r66% 99¥Y
ZEvB6E 9292
96091 ¢Zre
vogLez zeie
910965°0209
Z51.9e'8eL2)
2EY0ZB'€992
255¢€81'961
2ePY 69L206€
80v180'5Z8YPI
9.6860'L818

e5 9611
952611
VIN
lt'998
5’886
1 X443
66°L0¢€
I €0§
81 €52
6208
Y 24
£5'¢se
€080Z
VIN
VIN
65 '95¢
S2'.9¢
€0'v6¥
8L '69p

90z
e€Lve

VIN
91204
VIN

VIN
VIN
VIN
VIN
VIN
VIN
VIN
VIN
g0 v8il
VIN

205v280
SOYEZ80
62T1280
SPiizZeo
¥€£.10280
€2506.L0
8Zy¥8L0
L1620
0t628.0
Sror6.0
1£85.L0
0S8¥.L0
6546440
2020220
€v0Z.L0
¥022.20
alzTLLo
1402820
0rzZ18.0

0£€2080
GG2€6.0

£592080
0€156.0
6552640
6£526.0
§6EZ6.0
¥0026.0
Z1€0080
0180080
¥£9€6.0
ri5€620
1E¥E6L0
229620
§i658.0
85058.0

GS8E9E
1£9€9¢
Srozie
elizie
csiiLe
ceeese
parGoe
9190L¢
0SipLe
osieLe
111%4: 1
osiese
0eseee
9rseet
arssec
01.58¢
95958¢
9casee
05vS8e

ori0te
SLZive

90856¢
8cezor
0r6S6€
60100¥
GSE00t
12sooy
trLG6E
6ELY6E
809v6¢
ISSH6E
1S9r6e
25e€0b
80L10V
6¥.S0¥

NV3W 31ViS

VA ‘ANY3d4 SHIIJS 1V HIAIN HONIND

VA ‘ALID 31VO HVIN ¥IAIN NOLSTOH 4N

‘YA 'AVMVYNOD LV %3389 AVMYNOD

VA ‘3O0Y 918 1V ¥HO4 VSIAT1

VA 'AGNNYO HVIN YHO4 VSIATT

VA 'S30Vd LV HIAIN NVa

VA 'HdTOONVY LV HIAIH (NOLNNVLS) INONVOY
VA 'VASIAVLIV LV HIAIY IXONYOY

VA '3TNASLL0OS 1V HIAINY SIWVF

VA ‘NYNVHONG LV H3AIM STNVF

VA 'H3d34IND YV3IN ¥3AINY NVAIdVY

VA ‘'NOLONIWIY 1V HIAIY HOONNVHVdJIVY
VA ‘3TNAAIXIY LV HIAIN 132VH

00 'HSVM 1V ‘390148 NIVHO 1V ¥ OVWO10d
VA ‘NOLS3Y LV HONVYHE NIGINVNS

VA ‘NOLS3Y 1V HONVYHE XVINS

VA 'NOLS3Y ¥V3N NNY IAVLS

VA 'OHNESVYLS HVIN YA HYOONVYNIHS 3 N
VA "IVAOY INOY 1V HIAIM HYOANYNIHS 4 S
NV3IW 31VIS

"0'S SNVHAIO N ¥3AIN 01S103

0S '33033d 1V ¥3AIN 330 33d

NVaW 31V1S

£0S # Vd ‘AFINIZ LSIM HV3IN Y404 MOINT
'Vd ‘NI0A0VHE 1V HIAIN VISHYONONOW

£2# 311S--390148 ILIHM LV %3340 NVION!

91 31IS  Vd ‘ITUATVWHON ¥N NNY ¥V1dOd
9# 31IS-Vd '140HO13IW LV HO NOIJWVHD

£# 311S--Vd 'STUW SANOT LV ¥I NVIONI

Ny Vd ‘ITUASHYYID LV NNY 3TLSYD
e Vd 'ABYI HV3IN ¥33¥O AF1ILIHM
(15) ¥d ‘ITIASLLOINI HVIN WHOS ANOLS
(29) vd '3av19 NOSBIO YN 8IYL ¥HO4 ANOLS
Vd ‘'NOLONIWYVA HV3IN Y403 ANOLS

'Yd 'NOLONISNIX MIN 1V ¥ ANFHOI TV

'vd '3IVANYIS LV HIAIY ¥IFHIANOLS

vd 'NNY 919 YN 4D ONINOHVW 83

000£25€0
00006¥€0
§08202€0
008202¢0
005202¢€0
00652020
00099020
00509020
00062020
00561020
00529910
000¥9910
005€9910
0869¥910
¥oL5v910
S62Z¥¥910
1627910
000¥€9L0
0001€910

00054120
oo0otEizo

S8S111E0
000580€£0
L€2280¢€0
0612800
0Z1280€0
020280£0
0€0tL0£0
0.9Z10£0
S$%0.0€0
0Z¥0.0£0
S1$0.0€0
S296¥0£0
0000¥0€0
i IAARN Y]



197

6Lt

€EYZENZEN0880'98
1$196196.006°L0}
18018019222 °8¢EL)
80180180L€€6'0LS
STEPTIENZETLLO 6B
6.E8.€8.E9010°/8
2681681686ELY S
CrTErZeErzesty 26
€L62L62LLLS9'LY
268168168.220 CC
616816016866 ¥S
6168168160.¥8'GS
1801804806¥¥1 09
¥8.LEBLEBLIEYE VY
L¥SOYSOP698E 00F
16216216982 9v¢
OreSYEGZIPL OGLE
26916816816992'C
£0420£20L¥€16°LY

9zl

48Y90VI8Y99ESY €
€L6T.6TL6T69L'12

el

YISEISEL6G26 001
96v¥ 85
89€8.£8.€29.9°2L1
cl6TL6TLIrZE BY
zeor €L
€0220.20L¥SPL €S
18v98Y98ZEZI ¥6i
919G195.+096'96)
13 24N ZAX ZAFAY Y]
90¥S0YS0Y10L0°S8
8018018019611 '¥Z
9PESPESPLVEL EY
896296/91586'¢€21
IS6E'eS

re'916Z
erorLi
99161
€T69L
$9'809
S'v099
erolLL
lS'eeor
9g'zL8tl
STriES
gy zzzi
9'5094
ce'ers
£'99662
19v0°C
88200
22020
Zi 6861
8Lz6zy

LoLoL
169822

6,986
€8'20064
802'9¢c¢
169922
Zhlse
990's¥
6t80'91
Soir sl
9692 61
1802
Siv9
§8.62
60'68911
¥99°'9,

mrrNeTuumnmeTJoovowvwonoe~rareran

o O

Nermerer D oOoN- - w-0w0n



198

NAW 3SOOW 1V

16'65 1€6 20t £161-2.6) Ty} 8€9€L9  9vOEoY HO0OHE SINTOH 900rvi0
I1UASIWIOH dvaN

8¢'69 ey 820 €L64-2L61 cle EISELO  ¥EVESY NOOHE SINIOH LOOFVL0

aN
IIvasinio Lv

1e've S912 520 8261-6964 9 0£8019 €SELOY NOOHE NV 5008410
NIND0Y LV NOLIId

F2 41 9lE11 602 0861-0261 26 1S9¥Z9  05625¥ 40 ¥3AN 31001 ¥004010

QY04 3TN 1HOI3 LV .

yo's g6LZy 66t 9861-6261 LAY G029  OISESY  (N3IIUD TUW) ¥ AINI3IN " 1007010
QIVEIHOYY ¥V3N

$6'S 1'ivs +20 S.64-2961 10l S00LE9  GEOZGY NOOME YISVYS £00HAI0
AVHYNW LV

oz osiLe 6801 2161-8961 £9¢ SGZIE9 60225V Y¥3AIN NOWVS Z00HAL0
JIAYIANI O LV

66'S 0S6€ T A 9961-8261 £EL 629529  ¥SGISY YA NOYBWIJ 8109410
SOAOT AV

18'S Sole 220 ¥161-6961 189 2 T A U NOOYE IdYVHS $000010
LOWIIM LY

616 09€06 s6zl $861-8961 ors L¥1059  659SYY Y3AIY SITOJYNNY 5000010

SN
30149UN 1V

£L0¢ 9L5¥1 62¢ 1861-6161 LS EHPPZS  SYIELY H3A QHOFHILYM 800WZ20
QUNOJ LSYIHLYON 1V

St 10011 8210 8161-0.6) £9¢ pL0S2S  908ELY "4 ONOd LSVIHLIYON 900W220
AMH YOVNYD-SNVYL

6 60€S 897 9864-2861 2L YOLb8S  E££908Y 1V ‘4 SONVIHOIH 200v220
390148 AVMHOIH

S0t 0y8€S 99'vZ 1861-0861 ov9 Bv128S  IEHESP MO138 ¥ SAHYVH 100r+20
NOLMDIQQ0Y ¥VIN

£y 895 6F 1861-Z861 00Z ¥$9095  ¥PSS0S NOOHE 1SYIHLHON Z00QAZO

074N

Ay ‘bsp)  (seuuoy) 'qas 03S/W J18ND Quo23N 'a3as  (wy ‘bs) yauy
QV13IA'Q3S  'dSNS WVIOL IOYVHOSIONVIW °INOD 40Qa0I¥3d  IFOVNIVMA ONO1 IV JWVYN NOILVLS 'ON NOILVLS



199

€

L6l

66z

(¥4

oy

901

st

STl

9re

€L0t

6€'9

1561

ocre

9690

6'0tll

2'990F

orzLe

S'Li6

sZot

09168

orie

00101

00660

8'6eze

06502

8.0

9.0

10

90

660

8e0

60

e

687

9L

(1874

Zs0

Si'8

1861-0861

8161-1961

1861-G.61

9861-2L61

9861-2.61

T161-8961

¥16)-8961

£861-8961

9861-5861

G861

1861-1964

8.61-9961

8.61-9.61

i'ee

656

¥4

1414

YA

T

L6€

994

0605

ool

692

0st

€26¢€29

868€29

62ELe9

85.€£€9

SE6EL9

¥196€9

650EY9

€10169

66€069

9E6¥59

S09€S9

S0Z¥99

86.2.9

10219y

20Zi9y

L1244

6¥0Z9r

SEETIY

909E9Y

yiessy

LE95Sr

LE929r

OLY¥SY

L0z¥Sy

90209y

12029y

TI3AN3ANYE LY

¥ M3IN3IANYE
TIINIANYAE HVIN
"H TNIN3ANYA
AIVHING ¥VIN
NO0YHE 0IvH3INA
‘Y TIVM HV3N
HOO0HE HLHON
AITIVA 1OWTIM
HVIN Y 10WTIM
31NSU3IN3 UN
NI3YD 1713INS

Y31S3IHOHOA YN
HIIUO SHIWTVd
JVIQOJiL3d UN
H3AIY OVIGOJIL 3d
ITNASYHIIE LV

‘4 HONVYE V0D
INNIOVI8 LV
‘H IHOINVYHIN MS
INOVHOJY 1V

"H SISVOIBINNIN
QavOY TVAOY tN

SISNVMHSVYN 8 3100IN

Wv3y1sa10d 1v

Wy3YHLS 03ININOVYI38

¥003010
. £003010
' 9008010

5008010
¥0049010

¥00VOi0
1ad

¥00N8Lo
zZoonaio
100s410
1000810
#00dvi0
S00XV10

0l0rvio



	Spatial and temporal patterns of fluvial suspended sediment yield from eastern North America
	Recommended Citation

	tmp.1317312388.pdf.xYC_q

