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1 Introduction 
Phosphorus levels in the Vermont portion of Lake Memphremagog are on 

average nearly 18 ug/l which is higher than the water quality standard set for 

the lake of 14 ug/l.  Elevated levels of phosphorus contribute to infrequent 

Cyanobacteria blooms but also support excessive plant and algae growth that 

limits the quality of the lake for recreational use.  A Total Maximum Daily Load 

(TMDL) is required by the Clean Water Act to set a limit of phosphorus 

that can enter the lake from its watershed and still meet this Water 

quality standard.  Lake Memphremagog is an international waterbody with over 73% of its surface area in 

Quebec, while 27% is in Vermont.  While most of the lake surface area is in Quebec, the majority of the Lake 

Memphremagog watershed lies in Vermont (71%).  Although the Lake Memphremagog TMDL is only focused on 

the Vermont Lake it is necessary to model the entire lake and watershed to understand the load reductions 

required to meet the lakes water quality standard.  The Vermont portion of the watershed covers most of 

Orleans County including the three major lake tributary rivers: The Black, Barton, Clyde in addition to the smaller 

Johns River.  Smaller shoreline areas drain directly to the lake 

including Newport City and Town and the Town of Derby. 

The purpose of this report is to document the modeling steps 

that were taken in support of developing the Lake 

Memphremagog TMDL.  This monitoring and modeling was 

done by Vermont Watershed Management Division staff in 

collaboration with a number of organizations in both Quebec 

and Vermont including joint water sampling efforts and an 

extensive collaborative phosphorus land use modeling effort 

funded through the MRC du Memphremagog which was 

adapted for use in this TMDL modeling effort.  Many aspects of 

this modeling effort closely follow what was done for the Lake 

Champlain TMDL, however the shorter length of the water 

quality sampling record and lower sampling intensity and the 

larger extent of the Lake and watershed in Quebec increase 

modeling uncertainties.  In addition to this, the approach to 

modeling watershed loading used in this effort was a Land use 

based phosphorus export model and not the Soil and Water 

Assessment tool model used for Lake Champlain.  This report is 

broken into sections describing how information was collected, 

analyzed and how modeling was done including: 

¶ Estimating flow into the lake 

¶ Bathymetric features of the lake  

¶ Chloride loading estimates from tributaries 

¶ Phosphorus loading from tributaries 

¶ Land use phosphorus export model 

¶ In-Lake phosphorus measurements 

¶ Lake Modeling approach  

¶ Scenario tool development. 

Lake Memphremagog Cyanobacterial bloom  

Land use in 
the Lake 

Memphremagog 
watershed 
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2.1 Sources for measured tributary inflows to Lake Memphremagog 
USGS Gages ς Barton, Black, Clyde (64.8% watershed); Missisquoi (used for regression) 
Barton estimated prior to 7/16/2010 Log Barton= 0.70565(Log Black +.5 Log Clyde) - 0.00931 R2=.94 (at 
outlet) 
 

VT DEC Gage ς Johns River 2008-2013 (1.4% watershed) or Johns discharge=0.005231*Black 
(cfs)0.803245 R2=.78 
 
Quebec CEHQ ς Coaticook River (used for regression) 
 
Precipitation and evaporation in Lake Memphremagog(5.5% watershed) - Estimates of precipitation 
directly to the lake (and islands) based on size of each lake segment times precipitation based on mean 
of three rain gages: Magog  (in city of Magog on north end, maintained by Environment Canada), 
Georgeville (eastern shore about midway up lake, maintained by Environment Canada) and Newport 
(at south end of lake, provided by NOAA National Climatic Data Center).  Average monthly pan 
evaporation at Essex Junction with a pan coefficient of 0.79 is used for months with measurements 
available, otherwise used Burlington Mean Monthly pan evap estimated with the penman-monteith 
calculations (and pan coefficient of 0.79). When converted to daily evaporation yields depths of less 
than 0.005m. 

2 Estimating Flow for Tributaries and direct drainages to Lake 

Memphremagog. 
 

Goal: Estimate mean daily discharge from all portions of the Lake Memphremagog watershed as 
needed for a model of chloride and phosphorus in Lake Memphremagog.   
 
Timeframe for developing Phosphorus / flow relationships for tributaries in: 
Vermont from 2005-2013 
Quebec from 1998 ς 2013 
Timeframe for Correlations between Gages and Hydrotel model output: 1/1/1990 - 12/14/2010 
Flows estimated from: 1990-2013 
 

2.2 Modeled or estimated flows 

Hydrotel modeled discharge from 1/1/ 1990-12/14/2010 (16.5% of watershed).  Discharge was 
estimated by CEHQ for many of the subwatersheds in the watershed using the Hydrotel hydrologic 
model.  Modeling used a number of input parameters including soils, land use, precipitation and then 
calibrated the model to the estimated flows to lake Memphremagog outside the Black and Clyde River 
watersheds and validated the model using the Black and Clyde Rivers.    
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Figure 1.  Regressions between hydrotel discharge and Coaticook or Missisquoi Gauged discharge from 1/1/1990 ς 
12/14/2010.  Vale relationship was typical of tributaries except West which had a poor relationship. 

 
Flows projected for hydrotel watersheds 12/15/2010-12/31/2012 (16.5% of watershed).  Flows for 13 
watersheds that were modeled through hydrotel were filled in beyond the hydrotel record based on 
the best regression with the hydrotel estimated flows and the Coaticook, Missisquoi, or Black gages.  
All watersheds had best regression with Coaticook gage  (R2 between .52 and .61) except Halls Creek 
which had a better relationship with Black River and West which had poor regressions with all three 
gages as shown in Figure 1.  Due to this uncertainty a DA Ratio with Coaticook gage was used for 
estimating the West discharge.  
 
Flows estimated for Québec watersheds not broken out in Hydrotel model (3.5% of watershed).  

Flows for nine watersheds that were not broken out in the Hydrotel analysis and West drainage were 

estimated based on drainage area ratio with the Coaticook River.  Johns River could not be used due to 

short overlap with phosphorus sampling data (Johns River monitoring began in 2008 and phosphorus 

data go back to 1998) and centroid of Coaticook watershed was closer then Black River (25-41km vs. 

38-54 km) to the centroid of all nine watersheds. An evaluation of flow on the Johns River gage 

compared to estimate discharge based on a drainage area ratio with the Black River or through 

hydrotel model shows that between these two methods of estimating flow the Hydrotel model 

performs slightly better than the DA Ratio but both are close in all measures.  Low bias in DA ratio may 

be due to rain event in August that hit Johns but not the Black River. 
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Figure 2. Comparison of measured Johns Discharge vs discharge modeled through hydrotel model or based on drainage 

area ratio with the Black River. 

Table 1.  Statistical comparison of measured discharge on Johns with discharge modeled through Hydrotel and based on 
drainage area ratio with the Black River  

  Hydrotel DA w/ Black 

R2 0.64 0.62 

Nash-Sutcliff Coefficient of Efficiency 0.62 0.60 

Root means squared error 0.29 0.30 

Bias 1.07 0.90 

Peak-weighted root mean sq error 0.52 0.55 

 
Flow estimates for direct lake watersheds 1990-2012 (8.1% or watershed) - Flows for direct 
watersheds were estimated based on drainage area ratio with the Johns River.  Johns River was chosen 
as a proxy for these watershed based on watershed centroid being closest to all segments and the fact 
that the watershed size of all direct watersheds was also closer in size to the Johns River watershed 
then either the Black or Coaticook watersheds.  Flows from these watersheds are only used in the lake 
model from 2010-2012.  The Johns River measured discharge and estimated discharge based on 
drainage area ratio with the Coaticook are quite close. 
 

 

 

 

August events with high Johns 
flow not seen on black river. 
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Table 2. Methodology for estimating discharge for each tributary to Lake Memphremagog  

Tributary name 
area 
(km) Method for estimating Discharge 

Coaticook  514.0 Quebec Gage (used for estimating flows) 

Barton 429.5 USGS gage adjusted by 107.0% (after 7/16/2010) - correlation between Clyde and Black prior  R2=.94 

Black 350.1 USGS gage adjusted by 110.79% 

Clyde River 374.6 USGS gage adjusted by 101.78% 

Johns 25.2 
Vermont Gage 2008-2013  or regressed against Black River mean daily flow for missing 
data-  R2=.78 

Bunker 12.4 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 - R2=.60 

Castle River 37.8 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 - R2=.60 

Chateau 11.5 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 - R2=.58 

Cherry River 54.8 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 R2=.61 

de l'Anse 3.2 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 - R2=.60 

Fitch Trib 60.4 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 - R2=.56 

Halls Creek 11.4 
Hydrotel - Projected by regressing against Black mean daily flow 12/15/2010-12/31/2013 - 
R2=.56 

McCutcheon 12.9 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 - R2=.52 

McIntosh 13.7 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 -  R2=.60 

Powell 29.8 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 - R2=.60 

Taylor 16.4 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 - R2=.61 

Tomkin 20.3 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 - R2=.60 

Vale 13.3 
Hydrotel - Projected by regressing against Coaticook mean daily flow 12/15/2010-
12/31/2013 - R2=.61 

West 17.7 Not modeled well in hydrotel - Flows estimated using DA Ratio with Coaticook ς 3.43% 

Boynton  3.4 Not monitored or modeled - Flows estimated using DA Ratio with Coaticook - 0.65% 

Chemin Taylor  3.0 Not monitored or modeled - Flows estimated using DA Ratio with Coaticook - 0.58% 

Gale  17.3 Not monitored or modeled - Flows estimated using DA Ratio with Coaticook - 3.36% 

Glen  8.0 Not monitored or modeled - Flows estimated using DA Ratio with Coaticook - 1.55% 

Hermitage  1.5 Not monitored or modeled - Flows estimated using DA Ratio with Coaticook - 0.30% 

Limeklin  2.6 Not monitored or modeled - Flows estimated using DA Ratio with Coaticook - 0.51% 

Patterson  2.8 Not monitored or modeled - Flows estimated using DA Ratio with Coaticook -0.55% 

Price  2.2 Not monitored or modeled - Flows estimated using DA Ratio with Coaticook - 0.42% 

Saint Benoit  3.4 Not monitored or modeled - Flows estimated using DA Ratio with Coaticook - 0.67% 

Segment 1 unmodeled 24.0 Not monitored or modeled - Flows estimated using DA Ratio with Johns - 95.29% 

Segment 2 unmodeled 36.8 Not monitored or modeled - Flows estimated using DA Ratio with Johns ς 146.43% 

Segment 3 unmodeled 10.3 Not monitored or modeled - Flows estimated using DA Ratio with Johns ς 41.01% 
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Segment 4 unmodeled 5.6 Not monitored or modeled - Flows estimated using DA Ratio with Johns ς 22.24% 

Segment 5 unmodeled 30.6 Not monitored or modeled - Flows estimated using DA Ratio with Johns ς 121.71% 

Segment 6 unmodeled 16.2 Not monitored or modeled - Flows estimated using DA Ratio with Johns ς 64.50% 

Segment 7 unmodeled 10.7 Not monitored or modeled - Flows estimated using DA Ratio with Johns ς 42.70% 

Segment 8 unmodeled 6.2 Not monitored or modeled - Flows estimated using DA Ratio with Johns ς 24.57% 

North Lake QC 9.6 Precipitation 

Center Lake QC 26.3 Precipitation  

Inner Fitch Bay 2.2 Precipitation 

Magog Lake segment 9.8 Precipitation 

South Bay 2.3 Precipitation 

South Lake QC 21.3 Precipitation 

South Lake VT 24.1 Precipitation 

Outer Fitch Bay 2.8 Precipitation 
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Figure 3.  Methodology for estimating discharge for tributaries, direct drainages and surface of Lake Memphremagog 

 

 

Flow Estimation Method 
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3 Bathymetry 
Lake Bathymetry was based on a digital elevation model from data collected by MDDEFP, EPA, VTDEC, 

and CHS.  The map was produced with a bench mark depth of 207.29 based on the Canadian datum for 

the gage in Quebec and equivalent to a depth of the USGS gage of 680.25.  The datum was adjusted for 

estimating lake segment volumes and cross sectional areas adjusted to mean water levels at the USGS 

gague in Newport Vermont from 2000-2013 of 681.99 or an increase in depth of .42m or 1.38ft.   

Table 3. Calculations to establish difference between bathometric chart datum and mean depth of .42M 

Data Elevation  Units 

chart datum 207.29 Meters 

Vt mean depth 2000-2013 207.87 Meters 

conversion to Quebec datum -0.160 Meters 

Quebec mean depth 207.71 Meters 

chart conversion to mean depth 0.41998 Meters 

rounded conversion 0.42 Meters 

 

Data collected in the Quebec portions of the lake were done at high resolution by CHS, areas of the 

Vermont portions of the lake were done by EPA and MDDEFP at high resolution and South Bay was 

surveyed by EPA and VT DEC at lower resolution but still sufficient for approximation of segment 

volumes and cross sectional areas.  Digital depths were not available for Fitch bay but volume was 

estimated using 6 foot contours that were published on a hard cover map that was scanned in and 

converting to depth in meters and used to estimate Fitch Bay volume.   

Lake areas were based on GIS shapefile of the lake split into segments at narrow locations or at the 

Vermont Quebec boarder as shown in Figure 1.  Lake volumes for each segment were calculated in GIS 

and plus 0.42 meters times the segment surface area.  In addition to this, cross sectional areas at the 

segment boundaries were calculated though a similar method in GIS with an addition of .42 meters but 

also the addition of width based on the slope of the lake near the shore at these cross sections.  The 

resulting cross sectional areas are listed in Table 4 and segment area and volumes are listed in Table 5. 

Table 4. Cross Sectional areas between lake segments. 

Segment boundary Area hm2 

South Bay ς South Lake VT 0.0437 

South Lake VT ς South Lake QC 2.090 

03 South Lake QC ς Center Lake 0.927 

05 Center Lake  ς North Lake 0.488 

06 North Lake ς Magog Bay 1.625 

04 Inner Fitch Bay ς Outer Fitch Bay 0.002 

08 Outer Fitch Bay ς South Lake 0.328 
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Figure 4. Lake Memphremagog lake segmentation used in 
modeling 
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Table 5. Morphologic features used in the modeling 

Segment Area (km) 
Volume 
(hm3) 

Mean 
depth 

2009-2012 annual 
Flow (hm3/yr) 

Residence 
time (yr) 

South Bay 2.27 7.42 3.26 543.3 0.014 

South Lake VT 23.80 160.65 6.75 878.7 0.183 

South Lake QC 20.92 169.10 8.08 978.3 0.173 

Inner Fitch Bay 2.21 6.34 2.87 60.6 0.105 

Outer Fitch Bay 2.71 29.79 10.99 66.4 0.449 

Center Lake QC 26.09 1307.09 50.11 1084.0 1.206 

North Lake QC 9.45 140.13 14.83 1112.9 0.126 

Magog 9.91 126.05 12.72 1181.2 0.107 

Total 97.36 1946.57 19.99 1181.2 1.65 
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4 Estimating Chloride loading to Lake Memphremagog. 
Timeframe for in-lake modeling: 1/1/2010 through 12/31/2012 
Timeframe for developing Chloride / flow relationships for tributaries in: Vermont from 2010-2013 
            Quebec from 2010 ς 2012 

4.1 Sources for chloride loading to Lake Memphremagog 
 

Vermont water quality sampling ς For the Barton, Black, Clyde, and Johns rivers (66.2% watershed) 
chloride loading was estimated using the relationship between chloride and discharge which was 
strong for all four tributaries.  Flux was used to estimate daily chloride loading which was done with a 
low coefficient of variation for each tributary. Sampling was done from 2010 through 2013 with a total 
number of chloride samples of 71 for the Black River, 72 for the Barton River, 73 for the Clyde River, 
and 62 for the Johns River all processed by the VT DEC laboratory.  Sampling frequency varied from 
monthly with high flow samples taken when flows were above the Q90% as measured at the Black 
River as has been done since 2013, Biweekly sampling plus samples taken when flows were above 90% 
discharge from 2010-2012.  Sampling on the Black, Barton, and Clyde Rivers was done using the DH 59 
άōƻƳōέ ǎŀƳǇƭŜǊ ŀǘ ǘƘŜ ŎŜƴǘǊƻƛŘ ƻŦ Ŧƭƻǿ ǘƻ ŎŀǇǘǳǊŜ ŀ ǎƛƴƎƭŜ ŘŜǇǘƘ ƛƴǘŜƎǊŀǘŜŘ ǎŀƳǇƭŜΦ  {ŀƳǇƭŜǎ ƻƴ ǘƘŜ 
smaller Johns River were taken as grab samples at the centroid of flow.  Quality assurance measures 
were met for phosphorus for all years with an average RPD of 1.68% and there were no instances of 
blank samples above detection. 

 
Figure 5. Relationship between chloride concentration and discharge on the Barton River from 2010-2013. 

 

Table 6. Chloride loading estimates using flux for the Black, Barton, Clyde from 2010- 2013 

River 
Number of 
samples 

Log/Log 
slope R2 

p > 
C/Q Load An. Var. 

Chloride 
mg/L C.V. 

Barton River 72 -0.247 0.730 0 2349573 19286091 7.99 0.024 

Black River 71 -0.3057 0.726 0 1584344 12522053 6.29 0.029 

Clyde River 73 -0.1937 0.693 0 2386620 27768150 8.18 0.028 

Johns River 62 -0.292 0.842 0 297354.4 154363 18.5 0.017 
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However, based on an evaluation of residuals it appears that there was a seasonal variation in the 
loading relationship with higher chloride levels for given flows with higher levels for a few weeks 
around showmelt and in the fall possibly related to chloride application to suppress dust on dirt roads.  
These seasonal changes appear to be different each year depending on the timing of snowmelt or 
major rainfall events such as in 2011 which appear to have reduced chloride levels for nearly a year 
possibly related to storage of low chloride water in lakes as well as ground water supplies. To address 
this seasonal variation an adjustment factor to the estimated concentrations was made based on the 
residuals when these were consistent over a period of time.   Figure 6 below shows the residual of the 
chloride concentration and the applied adjustment factor.  The second graph shows the measured 
chloride levels in the Barton River from 2011-2012 overlaid with the estimated chloride levels with and 
without the seasonal adjustment factors. 

 
Figure 6. Chloride residual on the Barton River based on relationship Cl = 14.603x Q-0.246 and the applied seasonal 
adjustment factor. 

 
Figure 7. Estimated chloride levels on the Barton River based on relationship Cl = 14.603x Q-0.246 along with the estimated 
concentrations with the applied seasonal adjustment factor and measured concentrations. 
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As you can see in Figure 8 below these adjustment factors are similar for many of the tributaries.  The 
general trend is higher chloride levels in the spring and fall although in the fall of 2011 the rain from 
tropical storm Irene after the major spring runoff event appears to have driven chloride levels down 
into the late fall and winter of 2011. 
   

 
Figure 8. Seasonal adjustment factors applied for the Black, Barton, Clyde and Johns Rivers along with an average which 
was applied to other tributaries in the watershed. 

 

4.2 Castle and Cherry Rivers (5.2 % of watershed) 
There is less sample data to use for estimating chloride loading from Quebec Tributaries.  All the 
chloride samples were processed in the Vermont lab so no laboratory comparison was necessary.  The 
Cherry and Castle rivers have 22 and 26 chloride samples respectively with relatively good relationships 
with discharge estimated through the hydrotel model (R2 of .62 and .68 respectively) also showing 
inverse relationship with flow.  We had a frequency of data to add an adjustment for the Castle and 
Cherry Rivers for 2011 and 2012 and so a seasonal adjustment factor was applied to both of these 
rivers and an average of this was used for other tributaries in lake segments 5 and 6.    
 

4.3 Chloride from Small Quebec Tributaries (8.6% of watershed) 
We have Chloride data from 11 other smaller tributaries which range in number of samples of between 
5 to 12, and with relationships with discharge that have an R2 ranging from a low of .12 to a high of .83 
with most in the .5 - .7 range as shown in table 2.  Power relationships were used for each of these 
sites as this seemed to best describe the relationship between chloride and flow with the exception of 
the Fitch trib which seemed to be best described with a linear relationship.  A number of the sites had 
non-detects at high to moderate flow.  A ratio of the chloride from a nearby tributary at levels just 
above non-detect was made and this was used to estimate chloride levels below detection limits 
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assuming that this ratio was consistent which was the generally the case above the detection limit.  
This method was used for Bunker, Gale, and Powell tributaries.  This method assumes the relationship 
with discharge is similar between these tributaries and the tributary used to estimate the chloride at 
lower flows but seems better than picking an arbitrary number for non-detect values.  In addition to 
this, because the seasonal adjustments appear likely to apply across watersheds the average of the 
seasonal adjustment was applied to all the watersheds based on location.  For segments 1-2 an 
average of the Johns, Black, Barton, and Clyde was applied, for segments 3, 4, 8 and average of all 
adjustment factors was applied and for Segments 5 and 6 an average of the adjustment factor for the 
Cherry and Castle rivers was applied. 
 

Table 7.   Chloride relationship with flow for all monitored watersheds in Vermont and Quebec. 

watershed  equation N R2 Segment Country Ski 
Area 

Watershed 

area (km2) 
asphalt 

km/km2 
Mean 
Cl- mg/l 

Castle y = 22.2321x-0.8800 26 .68 7 Canada YES 37.8 1.19 29.31 

aux Cerises y = 17.672x-0.87 22 .63 7 Canada No 54.8 1.06 21.05 

Johns y = 16.052x-0.292 62 .84 2 Both No 25.2 1.23 17.71 

Vale y = 4.9632x-0.695 5 .73 3 Canada YES 13.3 0.34 12.95 

Fitch y = -1.518x + 12.210 12 .44 4 Canada No 13.6 0.51 9.49 

Clyde River y = 13.196x-0.229 73 .69 2 USA No 374.6 0.44 7.58 

Barton y = 14.603x-0.246 71 .73 1 USA No 429.5 0.50 7.43 

Château y = 2.4705x-0.709 5 .48 5 Canada No 11.5 0.32 6.28 

Black y = 12.524x-0.303 71 .72 1 USA No 350.1 0.29 5.97 

McIntosh y = 1.5769x-0.821 9 .12 6 Canada No 13.7 0.20 4.70 

West y = 3.7115x-0.266 5 .26 5 Canada No 17.8 0.20 4.38 

Taylor y = 2.1432x-0.418 6 .71 5 Canada No 16.3 0.21 3.17 

McCutcheon y = 2.1708x-0.329 11 .83 4 Canada No 12.9 0.28 3.14 

Tomkin y = 2.042x-0.17 10 .48 3 Canada No 20.3 0.12 2.29 

Powell y = 1.276x-0.921 8 .58 5 Canada No 29.8 0.03 1.74 

Bunker y = 0.7243x-0.397 11 .58 4 Canada No 12.4 0.00 1.30 

Gale y = 1.8758x-0.116 11 .79 4 Canada No 17.3 0.00 1.20 

 

4.4 Unmonitored watersheds (14.5% watershed) ς Finally to fill in for unmonitored watersheds a 
nearby watershed which has a similar length of paved road per watershed area was used.  The 
watersheds used to estimate loading for each subwatershed is shown in Table 2 below.  Watersheds 
chosen to estimated loads for other watersheds were chosen based on length of road per watershed 
area which correlated very closely with mean chloride concentration from 2010 - 2012.  Figure 9 below 
shows this relationship separately for Vermont and Quebec watersheds with the Vermont watershed 
having a lower mean chloride concentration per linear km of road and also separates out the Vale and 
Castle Rivers which both have ski area development and significantly higher mean chloride 
concentrations per Km of paved road than other sites.  Chloride use tends to be high around ski areas 
including large ski area parking lots not included in the road length and there may also be increase 
application rates due to heavy use in winter. Because of this these two watersheds with ski areas were 
excluded from the correlation estimating loading in unmonitored watersheds without ski areas. 
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Figure 9.  Mean Chloride Concentration vs Km of paved road per Km2 of watershed showing with Vermont and Quebec 

watersheds and watersheds seperated between those with ski area development. 

 

  
Figure 10. Mean Chloride Concentration vs Km of paved road per Km2 of watershed with all watersheds together. 
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Table 8.  Proxy watersheds used to estimate chloride for watersheds based on linear km of paved roads per Km2.  Two 

watersheds unmonitored areas in Segment 7 in Magog, and 1 in VT had to be further adjusted because no nearby 

watershed had a similar km2 paved road per km2 

1 Unmonitored seg 7 chloride concentation was estimated as cerises instead of Ceries * 2.5 as predicted by 
regression with paved roads because outlet chloride concentration was significantly higher than at Magog Bay 
suggesting chloride might short circuit this lake segment and go directly into outflow channel. 

subwatershed 
name 

asphalt 

km/km2 

Proxy Proxy Asphalt 

Km/km2 

Segment Countr
y 

Ski 
Area 

Watershed 

area (km2) 

unmon seg 7 2.68  Cerises*  2.51 1.06 7 Canada No 10.4 

Halls Creek + 
Seg 2 1.38 Johns  1.23 2 Both No 48.2 

unmon seg 1 0.98 Johns  1.23 1 Both No 24.0 

de l'Anse 0.87 aux Cerises 1.06 6 Canada No 0.6 

Hermitage 0.72 Fitch 0.51 7 Canada No 1.5 

unmon seg 6 0.71 Fitch 0.51 6 Canada No 16.6 

unmon seg 4 0.71 Fitch 0.51 4 Canada No 4.8 

Patterson 0.48 Fitch 0.51 5 Canada No 2.8 

Price 0.33 Château 0.32 6 Canada No 2.2 

Chemin 
Taylor 0.32 Château 0.32 6 Canada No 3.0 

Saint-Benoit 0.30 McCutcheon 0.28 5 Canada No 2.6 

unmon seg 5 0.28 McCutcheon 0.28 5 Canada No 32.3 

unmon seg 3  0.14 Tomkin 0.12 3 Canada No 12.1 

unmon seg 8 0.07 Tomkin 0.12 8 Canada No 7.0 

Limekiln 0.00 Gale 0.00 3 Canada No 2.6 

Boynton 0.00 Gale 0.00 5 Canada No 3.4 

Glen 0.00 Gale 0.00 5 Canada No 8.0 
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Figure 11.  Methodology for estimating Chloride for tributaries, direct drainages and surface of Lake Memphremagog 






































































































































