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Signs of stress in our watersheds

¨ Fluvial erosion and transport of sediments from:
¤ Streambank erosion

¤ Road Ditches

¤ Agricultural Fields

¤ Stores of in-channel sediments 
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All land uses contribute some 
amount of nutrients to the 
Lake. Even forests and other 
undeveloped lands provide a base 
level of nutrients. Lands that have 
been most disturbed, particularly 
urban areas and agricultural land, 
contribute the greatest amount. 
The application of fertilizers also 
increases the risk of nutrient 
contamination of runoff.

WHERE DOES THE PHOSPHORUS 
COME FROM?   

Tributaries deliver nutrients and 
other materials to the Lake from 
runoff in the watershed (called 

nonpoint source pollution) along with 
discharges from wastewater treatment 
facilities (WWTFs) and other discrete 
sources (point sources) (Figure 4). The 

Lake's watershed is 18 times larger than 
the area of the Lake itself, so runoff from 
the watershed has a major impact on 
water quality. Therefore, while scientists 
and resource managers monitor the 
phosphorus levels in the Lake, much of 
the work they do to improve these levels 
is done on the ground in the watersheds 
upstream. And while water quality 
monitoring data show steady or slightly 
increasing phosphorus concentration 
trends in the Lake, some recent analyses 
suggest that, apart from the impact of 
the 2011 floods, phosphorus loads deliv-
ered from tributaries are decreasing.

A recent analysis by the Vermont 
Agency of Natural Resources (VT 
ANR) suggests that, despite increased 
conversion of land to development 
in the Basin, phosphorus loads from 
tributaries to most regions of the Lake 
were stable or decreasing from 1991 to 
2008. This is further supported by a US 
Geological Survey (USGS) study that 
shows decreasing phosphorus concentra-
tions in several tributaries since 1999, 
most notably the LaPlatte and Pike 
Rivers and Otter Creek, when annual 
variations in flow are accounted for 
statistically. 

Taken as a whole, these results indi-
cate that we have at least held the line 
on phosphorus loading to Lake Cham-
plain over the 1991-2010 period, and 
there are indications that phosphorus 
reduction actions are starting to produce 
detectable results in several watersheds. 
It will still take time, however, for these 
observed reductions in the watersheds to 
become visible in the Lake itself.

One notable challenge in the man-
agement of phosphorus in Lake Cham-
plain is the relationship of phosphorus 
loading to river flow (Figure 5). The 
historic spring Lake flooding of 2011, 
followed by Tropical Storm Irene in Runoff from agricultural fields is a significant source of phosphorus loading to the Lake.

Why do we use “concentration” 
and “load”?

When a sample of water is collected and 
brought back to the laboratory for analy-
sis, the “concentration” of phosphorus in 
the sample is measured. The concentra-
tion is the amount of phosphorus per 
unit volume of water, typically reported 
as micrograms of phosphorus per liter 
of water, or µg/l. When that sample is 
collected from a stream with a measured 
flow (a measured volume of water moving 
down the stream at a measured speed), 
that concentration can be converted into 
a “loading rate,” expressed in units such 
as metric tons of phosphorus per year. 
The phosphorus “loading rate” is the 
concentration of phosphorus in the stream 
at a given time, multiplied by the amount 
of water moving through the stream at 
that time and location. “Tributary load-
ing” generally refers to both the portion 
of phosphorus that comes from nonpoint 
sources and from WWTFs; phosphorus 
contributions from upstream wastewater 
discharges are subtracted from the total 
phosphorus load to determine an estimate 
of the nonpoint source load. Load informa-
tion is very important for determining the 
amount of phosphorus delivered to the 
Lake by a stream over a period of time. 
Since measuring stream flow allows us to 
calculate the amount of phosphorus being 
delivered to the Lake, it is important to 
maintain a network of stream flow gages 
in the Basin to augment concentration 
measurements.
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How do we determine from where riverine sediments originate?

¨ Sediment Tracers

Kristen 
Underwood ¨ Sediment Budget

¨ Watershed Modeling

¨ Repeat Surveying

Stryker et al.
2017
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What if we let the watershed tell us what is going on?



What if we let the watershed tell us what is going on?

¨ What if we could monitor only the outlet of the watershed and be 
able to infer sediment dynamics within the watershed?

DTS-12 In-situ 
Turbidity Sensor

ISCO Autosampler 
and Datalogger
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Sediment Connectivity and Sources in Watersheds

Fryirs, 2013 ESPL

VARIABLE

• Sediment Source Areas 

• Location

• Supply

• Connectivity

• Susp. Sediment Yield

• SS – Q Relationships

Fryirs, 2013 ESPL



A close look at hydrological events
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Streamflow (m3/s) 
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¨ Shepard Brook
¤ Aug 4, 2015

¤ Sep 22, 2013       

An Example: Two storm events to illustrate event sediment dynamics
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¨ Shepard Brook
¤ Aug 4, 2015

¤ Sep 22, 2013       

An Example:Two storm events to illustrate event sediment dynamics
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An Example:Two storm events to illustrate event sediment dynamics

¨ Connected, 
rainfall activated, 
nearby sediment 
sources important

¨ Streamflow 
activated (channel 
network) 
sediment sources 
important



What are hysteresis patterns? 
Two methods of categorizing hysteresis
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Class I - Linear Class II - Clockwise

Class III -
Counterclockwise

Class IV – Linear 
then Clockwise

Class V –
Figure-Eight

Garnett 
Williams, 
USGS, 
1989

¨ Visual Patterns ¨ Metrics 
(e.g. Hysteresis Index) 

Lloyd et al. 2015
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An Example: Looking back at the two storm events
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2A

2D

¨ 2 storm events 
Shepard Brook
¤ Aug 4, 2015

¤ Sep 22, 2013       
Clockwise HI

0.27

0.21



Patterns of 
Hysteresis
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¨ 14 Types 
recognized in 
data from
Mad River 
watershed

¨ How to 
automate? 



An automated classification system

¨ Pattern recognition challenge
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Example of classification of storm events

Machine Learning

Restricted Boltzmann 
Machine
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Expand research out into new watersheds

¨ Range of:
¤ Land Use/Cover
¤ Geology
¤ Soils
¤ Drainage Area
¤ Topography
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Seasonal trends in hysteresis types
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Mill Brook, Shepard Brook, Folsom Brook, and Freeman Brook

Also identified trends in 
hysteresis patterns by:
• Site
• Drainage Area Size
• Sediment Load



In summary

¨ Pattern = f (source proximity, connectivity, … , supply)

¨ Hysteresis analysis can guide identification of sediment sources
¨ High-frequency SS data

¨ New types of patterns
¨ Machine learning methods capable 

of automating classification
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Differences among watersheds
22



Sediment load by hysteresis type
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Effects of spatial scale on hysteresis type
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¨ Clockwise types (Class II) most common in tributaries
¨ Mad River more varied in hysteresis types observed
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Hydrology of monitoring period
26 600+ events identified



Hydrological event analysis
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