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WRIGHT-PIERCE = Memorandum

Engineering a Better Environment

Date: 14 June 2023 (revised 16 October 2023)

Project No.: 13351F

To: Carole Ridley, Pleasant Bay Alliance
From: Mike Giggey
Subject: Pleasant Bay Watershed Permit

Potential Modifications related to Dis-aggregation of Pleasant Bay Sub-watershed

There have been several discussions at recent Watershed Work Group meetings about the need to
reevaluate the nitrogen loads and nitrogen removal requirements associated with the “Pleasant Bay” sub-
watershed. In the Targeted Watershed Management Plan, this sub-watershed was treated as a single
sub-watershed, because then-available data required the aggregation of loads and thresholds for four
sub-watersheds from the 2006 MEP report. The TMWP refers to the “Pleasant Bay” sub-watershed as the
aggregate of Pleasant Bay Main, Little Pleasant Bay, Tar Kiln Stream, and The Horseshoe. This memo lays
out a methodology for disaggregating the data and presents the resulting changes that will be needed in
the TMWP.

Attached to this memo are two tables. Table 1 presents calculations to support the disaggregation using
the same attenuation rates as the TWMP. Table 2 presents the same data, but with a change in the
attenuation percentage for Tar Kiln Stream, from no attenuation to 60% attenuation. (The change in Tar
Kiln Stream attenuation could not be easily made if the four sub-watersheds are taken as a whole. The
change in Tar Kiln Stream attenuation was the primary motivation for the disaggregation.)

Both Tables 1 and 2 have two parts. Part A presents the nitrogen loads, thresholds and removal needs as
shown in the TWMP. Part B presents the data when “Pleasant Bay” is broken into its four pieces. The
format of these tables matches the layout of TWMP Tables A-2 and A-3, as well as the important TWMP
Table 2.

Dis-aggregation of “Pleasant Bay” Subwatershed

In compiling data for this analysis, SMAST was able to provide the attenuated loads for the four separate
sub-watersheds, data that were previously unavailable to the Alliance. The analysis of those data revealed
the need to refine the load estimates used in the TWMP. That refinement relates to how the data from
the 2006 MEP report were combined with the data from the 2010 SMAST technical memoranda related
to changes in the Harwich loads. As shown in Table 1, this refinement results in an unattenuated nitrogen
load for the four sub-watersheds that is 332 kg/yr less than used in the TWMP. Table 1 shows how that
change affects the four towns. Harwich’s attenuated loads decreases by 442 kg/yr, and the other towns
all see small increases. With respect to nitrogen removal needs, Table 1 shows how these refinements
decrease the removal need by 350 kg/yr, with most of the benefit accruing to Brewster.

In summary, the dis-aggregation and data refinement decrease the attenuated load in these four sub-
watersheds from 15,694 kg/yr to 15,362 kg/yr, a 2% decrease. The nitrogen removal need decreases
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from 5,593 kg/yr to 5,243 kg/yr, a 6% reduction. Across the entire watershed, the load reduction is about
1% and the change in removal need is about 2%.

Revisions to Tar Kiln Stream Attenuation

Table 2 presents these data in the same format, with the only change being the attenuation rate in the
Tar Kiln Stream sub-watershed. The attenuated load in this sub-watershed decreases by 1,369 kg/yr,
from 2,281 kg/yr to 912 kg/yr, a 60% reduction. Most of the load in this sub-watershed originates in
Brewster, where the attenuated load reduction is 1,265 kg/yr.

The change in nitrogen removal requirement is not so straight-forward. With no attenuation in the Tar
Kiln Stream sub-watershed, the attenuated load was 374 kg/yr higher than the threshold. Incorporation
of the 1,369 kg/yr attenuation decreases the attenuated load to less than one-half the threshold load,
taking away any removal need.

Taken together, the disaggregation process and the use of the 60% attenuation factor for Tar Kiln Stream
result in a 1,700 kg/yr reduction in attenuated load and a 724 kg/yr reduction in load removal need.
Overall, Brewster is the primary beneficiary, seeing a 662 kg/yr reduction in its removal requirement for
these four sub-watersheds, compared to the TWMP which aggregated the sub-watersheds, and gave no
credit for Tar Kiln Steam attenuation.

There has been significant discussion of this approach and these data, and | believe that this memo
presents data that have benefited from multiple reviewers. Nonetheless, all interested parties should
review this memo and attached tables and offer any further comments that are pertinent. | will draft a
paragraph for the Watershed Annual Report that summarizes this analysis and notes the intent of the
Towns to include these adjustments in a revised permit.

Additional Discussion—16 October 2023

In the discussions of the disaggregation process, SMAST provided the attached Figure 1 to illustrate the
allocation of attenuated watershed load to the Pleasant Bay Main and Little Pleasant Bay sub-
embayments. To enable the calibration of the linked model, SMAST reallocated 25% of the loads from
certain sub-watersheds (red-shaded in Figure 1) to the Little Pleasant Bay sub-embayment. This
reallocation occurred in both the original MEP work (reported in 2006) and in the update conducted by
SMAST as reported in 2021. The reallocation includes loads from sub-watersheds in Harwich and Chatham
that otherwise would directly impact the Pleasant Bay Main sub-embayment. This explains the
attribution of 922 kg/yr in attenuated loads from these two towns to Little Pleasant Bay.

WRIGHT-PIERCE = 2 of 2
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PLEASANT BAY ALLIANCE

Sub-Watershed Loads, Attenuation and Removal Requirements, kg/yr
Table 1: Full Disaggregation of PB Sub-warershed

Unattenuated loads
Attenuation
Attenuated loads
Threshold loads
Load removals

Basis;

Wednesday, June 14, 2023

Ne TKS attenuation

MEP 2006 and SMAST 2010

MEP 2006, SMAST 2010, 2021
MEP 2006 and SMAST 2010

MEP 2006 and SMAST 2010
Recomputed for PB sub-embayment

TKS--0%

Modified as per HW memo of 22 Dec 2022

5,243 kgfyr total

5,593 TWMP

Subembayment

Brewster Chatham

Harwich Orleans

TOTAL

A. Basis for TWMP; 4 sub-embayments aggregated into one called "Pleasant Bay"; no TKS attenuation

Pleasant Bay (including Little Pleasant Bay, Horseshoe, Tar Kiln)--(same % removal for all towns)

Unattenuated Watershed Load 6,212 1,526 4,743 4,055 [6,536
Attenuation 2% 135 0% 0 4% 190 13% 517 5% 842
Attenuated Watershed Load 6,077 [,526 4,553 3,538 15,694
Threshold Load 3,913 981 2,932 2,275 10,101
Removal Requirement 35.6% 2,164 357 545 35.6% 1,621  33.7% 1,263 3560 5,593
B. All four sub-embayments considered separately, no Tar Kiln Stream attenuation
Pleasant Bay Main
Unattenuated Watershed Load 3,085 1,212 3,740 [,951 9,088
Attenuation 101 0 170 239 510
Attennated Watershed Load 2,984 1,212 3,570 1,712 9,478
Threshold Load 1,910 776 2,285 1,096 6,067
Removal Requirement 600 1,074 360% 430 360095 1,285 360% 616 360% 3,412
Little Pieasant Bay
Unattenuated Watershed Load 1,024 381 561 1,538 3,504
Attenuation 34 0 20 80 134
Attenunated Watershed Load 990 381 341 1,458 3,370
Threshold Load 562 216 307 828 1,913
Removal Requirement 43295 428 43am 165 43.2% 234 432% 630  432% 1,457
Tar Kiln Stream
Unattenuated Watershed Load 2,109 172 2,281
Attenuation 0 0 0
Attenuated Watershed Load 2,109 172 2,281
Threshold Load 1,763 144 1,907
Removal Requirement 16.4% 346 16.4% 28 16.4% 374
The Horseshoe
Unattenuated Watershed Load 431 431
Attennation 198 198
Attenuated Watershed Load 233 233
Threshold Load 233 233
Removal Requirement 0% 0 0% 0
Aggregated Pleasant Bay
Unattenuated Watershed Load 6,218 1,593 4,301 4,092 16,204
Attenuation 135 0 190 517 842
Attenuated Watershed Load 6,083 1,593 4,111 3,575 15,362
Threshold Load 4,235 992 2,592 2,300 10,120
Removal Requirement .4% 1,848  377% 601 36.9% 1,519 s 1,275 3409 5,243
Change in atten. load 6 67 -442 37 -332
Summary of Removals
Aggregated Pleasant Bay--TWMP 2,164 545 1,621 1,263 5,593
Fully disaggregated Pleasant Bay 1,848 601 1,519 1,275 5,243
difference--kg/yr -316 36 -102 12 -350
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Sub-Watershed Loads, Attenuation and Removal Requirements, kg/yr
Table 2. Full Disaggrvegation of PB Sub-Watershed Tar Kiln Stream attenuation at 60%

Unattenuated loads
Attenuation
Attenuated loads
Threshold loads
Load removals

Basis;

MEP 2006 and SMAST 2010

MEP 2006, SMAST 2010, 2021
MEP 2006 and SMAST 2010

MEP 2006 and SMAST 2010
Recomputed for PB sub-embayment

TKS--60%

Wednesday, fune 14, 2023

Modified as per HW memo of 22 Dec 2022

4,869  kg/yr total

5,593 TWMP

Subembayment

Brewster Chatham

Harwich Orleans

TOTAL

A. Basis for TWMP; 4 sub-embayments aggregated into one called "Pleasant Bay"; no TKS attenuation

Pleasant Bay (including Little Pleasant Bay, Horseshoe, Tar Kiln)--(same % removal for all towns)
Unattenuated Watershed Load 6,212 1,526 4,743 4,055 16,536
Attenuation 2% 135 0% 0 4% 190 13% 517 5% 842
Attenuated Watershed Load 6,077 1,526 4,553 3,538 15,694
Threshold Load 3,913 981 2,932 2,275 10,101
Removal Requirement 69 2,164 357 545 356% 1,621 3s7% 1263 356w 5,593
B. All four sub-embayments considered separately and Tar Kiln Stream attenuation = 60%
Pleasant Bay Main
Unattenuated Weatershed Load 3,085 1,212 3,740 1,951 9,988
Attenuation 101 0 170 239 510
Attenuated Watershed Load 2,984 1,212 3,570 1,712 9,478
Threshold Load 1,910 716 2,285 1,096 6,067
Removal Reguirement 0% L0074 360m 436 3sow 1,285 360w 616 600 3,412
Little Pleasant Bay
Unattenuated Watershed Load 1,024 381 561 1,538 3,504
Attenuation 34 0 20 80 134
Attenuated Watershed Load 990 3s1 541 1,458 3,370
Threshold Load 562 216 307 828 1,913
Removal Requirement 43,2% 428 4329 165 4324 234 q33% 630 4329 1,457
Tar Kiln Stream
Unattenuated Watershed Load 2,109 172 2,281
Attenuation 0% 1,265 66% 103 1,369
Attennated Watershed Load 844 69 912
Threshold Load 1,763 144 1,907
Removal Requirement none 0 none { none 0
The Horseshoe
Unattenuated Watershed Load 431 431
Attenuation 198 198
Attenuated Watershed Load 233 233
Threshold Load 233 233
Removal Requirement 0% 0 0% 0
Aggregated Pleasant Bay
Unattenuated Watershed Load 6,218 1,593 4,301 4,092 16,204
Attenuation 1,400 0 190 620 2,211
Attenuated Watershed Load 4,818 1,593 4,111 3,472 13,993
Threshold Load 4,235 992 2,592 2,300 10,120
Removal Requirement 29 1,502 3w 601 je9% 1,519 359% 1246 348% 4,869
Change in atten. load -1,259 67 -442 -66 -1,700
Summary of Removals
Aggregated Pleasant Bay--TWMP 2,164 545 [,621 1,263 5,593
Fully disaggregated Pleasant Bay 1,502 601 1,519 1,246 4,869
difference--kg/yr -662 56 -102 -17 -724
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Figure 1. Pleasant Bay Subwatersheds contributing N Loads directly to Little Pleasant or Main Bay.
Subwatersheds that contribute nitrogen loads directly to the Little Pleasant Bay are shown in pink (100%
of their load), purple (a portion of their load), and 25% of the Pleasant Bay LT 10 subwatershed (red) The
subwatersheds that contribute nitrogen loads directly to the Main Bay are shown in dark green (100%
of their load) or tan (a portion of their load), and 75% of the Pleasant Bay LT 10 subwatershed (red).
Light green subwatersheds discharge to subembayments, where N loads then interact with the Main Bay
and Little Pleasant Bay through tidal exchange. SMAST - 2023
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WRIGHT-PIERCE = Memorandum

Engineering a Better Environment

Date: 11 July 2024 (Revised 4 September 2024)

Project No.: 13351E

To: Carole Ridley, Pleasant Bay Alliance
From: Mike Giggey
Subject: Changes to the Pleasant Bay Watershed Permit

Summary of Town Estimates of Watershed Growth

One important step in updating the Pleasant Bay Watershed Permit is to estimate the increases in
watershed nitrogen loads that have occurred since the 2006 MEP report, and to consider possible load
increases into the future. This memo presents a summary of the growth estimates prepared by the four
watershed towns to allow this factor to be considered in the upcoming modifications to the Watershed
Permit.

Comments were received from DEP and the Commission on the 11 July 2024 draft of this memo, and it
has been updated to address those comments.

Brewster, Harwich and Orleans have prepared reports to address the Watershed Permit changes they
expect, and growth estimates are included in those reports. Chatham is preparing a similar report and has
provided its growth projections while preparation of the full report is in progress.

The 2006 MEP report is based on water consumption data from the period of 2002 to 2004. In 2010,
SMAST updated the Harwich watershed loads to reflect better land use data and a longer period of water
use data. Taken together, those two SMAST documents establish the watershed loads that are the basis
of the Targeted Watershed Management Plan and the Watershed Permit. SMAST completed an update
to the MEP work in 2021 (the SNEP report) that includes watershed loads based on water consumption
data for 2011 to 2015. The 2021 SMAST report thus provides some indication of growth in watershed
loads from approximately 2003 (the midpoint of the MEP data) to 2013 (the midpoint of the SNEP data).

The general intent of the four towns is to look 20 years or more into the future so their nitrogen
management plans can readily accommodate future growth. Looking 20 years beyond the existing
Watershed Permit (2018) takes you to 2038. Looking 20 years beyond the expected date of modification
of the permit (2024) takes you to 2044.

The towns’ approaches to estimating growth in watershed nitrogen loads are summarized as follows:

Brewster Horsley Witten, in its June 13, 2024 report, estimated a 99 kg/yr increase in attenuated
watershed load in the Pleasant Bay sub-watersheds through the SNEP report. Horsley Witten also
estimated that full development in these Brewster sub-watersheds would add another 388 kg/yr of
attenuated nitrogen load from 78 homes and seven commercial/industrial parcels. Wright-Pierce has
adjusted those numbers to 124 kg/yr and 429 kg/yr, respectively, so that the growth estimate is based on
the same attenuation for Tar Kiln Stream as the Watershed Permit. The 429 kg/yr nitrogen load from
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future development is based on the full build-out in the Pleasant Bay watershed, which may not occur
during the timeframe of the permit.

Chatham GHD developed a growth estimate based on two parts. Water consumption data for the four-
year period of 2019 to 2023 was evaluated to determine how wastewater flows have increased since the
2009 CWMP, which was based on early 2000s data, much like the MEP report. That analysis indicated
that septic nitrogen loads have increased by about 6%. The 2009 CWMP estimate of build-out was
deemed adequate for current use, indicating a further growth of about 18% through build-out. Applying
these growth percentages to the Watershed Permit loads results in a build-out total load of 20,670 kg/yr.

Harwich In its March 22, 2024 memo, Harwich presented estimates of 1) loading increases that occurred
between the MEP report and the year 2020 (675 kg/yr), and 2) future increases for the period of 2020 to
2040 (568 kglyr). These estimates were prepared by GHD and the Harwich Water & Sewer Department.

Orleans AECOM reported growth estimates in its February 22, 2024 memo. Orleans used the load
increase computed from the MEP and SNEP reports (480 kg/yr) and added 400 kg/yr to account for new
homes expected on vacant lots in Pleasant Bay sub-watersheds in the 30 years following the basis of the
SNEP estimate, that is, through 2043.

The growth estimates of the four towns are summarized in Table 1.

Table 1. Attenuated Watershed Loa@rewster| Chatham Harwich Orleans Total
Increases by Town, kg/yr

TWMP/Watershed Permit (2003) 6,359 16,572 10,929 14,643 48,503

Adjustment for dis-aggregation 6 67 -442 37 -332

Growth: from 2003 124 958 675 480 2,237
to 2013 | to 2021 to 2020 | to 2013

Growth: from 2013/2020/2021 to 429 3073 568 400 4,470
planning horizon

Total growth (2003 to planning hor}) 553 4,031 1,243 880 6,707

Updated loads for revised permit 6,918 20,670 11,730 15,560 54,878

Growth as % of TWMP loads 8.7% 24.3% 11.4% 6.0% 13.8%

Planning Horizon Build out | Build out 2040 2043

WRIGHT-PIERCE =
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Across the four towns, it is estimated that attenuated watershed loads have increased by 2,237 kg/yr
since the basis of the Watershed Permit, and that future growth will be an additional 4,470 kg/yr. With
these increases, the attenuated watershed load will have increased by about 14% from 48,503 kg/yr to
54,878 kglyr. The percentage load increase is largest in Chatham (24%) and smallest in Orleans (6%).

The attached graphic illustrates the key dates associated with past nitrogen load estimates and shows the
specific planning horizons adopted by each town. These are attenuated nitrogen loads, based on the
same attenuation percentages used in the current Watershed Perit, for consistency. For all towns, the
first segment of growth also includes the small correction in watershed loads associated with the dis-
aggregation of the Pleasant Bay sub-watershed.

SNEP Report

Basis (2013)

Amended Watershed
«+e+ Permit (2024)

Watershed
e+e+ Permit (2018)

«+++ MEP Report (2006)
«+++ SNEP Report (2021)

+130 : +429 Build-out
Brewster @ S S <
6359 6,489 R : 6,918
: +1,025: : : +3,073 Build-
Chatham ® : : NP uild-out
16,572 : P 17,597 ¢ 20,670
Harwich
: +517 I :
Orleans ® : & - : oL PN
14,643 15,160 15,560
2000 2010 2020 2030 2040 2050

Growth in Attenuated Watershed Loads, kg/yr
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Once DEP and the Cape Cod Commission complete their reviews of this memo, it will then be a
straightforward matter to translate the load increases into changes in the towns’ nitrogen load removal
requirements. That important step will include revisions in attenuation percentages for Muddy Creek, Tar
Kiln Stream and Pochet Neck from those used in the TWMP.

In 2023, the towns agreed to a proposed small change in watershed loads associated with the dis-
aggregation of the previously-combined Pleasant Bay sub-watershed. Table 1 includes the reduction of
332 kgl/yr from that dis-aggregation process. (See the Wright-Pierce memo of 14 June 2023, revised 10
October 2023.)

Town nitrogen management plans must be flexible enough to deal with future load increases, given that
those increases are somewhat speculative, both in quantity and in timing. The future growth estimates
reported here represent about 10% of the projected future nitrogen removal requirements, in the
aggregate. When judging the progress of a town’s compliance with the modified permit, it will be
important to recognize that about 90% of the needs are firm, and about 10% are uncertain, in the
aggregate. It is expected that actual growth will be regularly monitored, and these projections will be
updated every five years.

Below are excerpts from Town reports describing methodologies for estimating growth in watershed
loads.

Brewster(from Pleasant Bay Watershed 2024 Permit Update by Horsley Witten Group (HW), June 13,
2024)

“HW worked with Ed Eichner of TMDL Solutions, LLC to refine buildout data for Brewster. This was done |
two phases:

1. development that took place between the original 2006 MEP model and the 2021 SNEP model that
provided updated information on developed properties; and
2. future buildout for properties developed from the 2021 model into the future.

The original MEP model used development information from 2006 and the SNEP model was based on lan
use data from 2018. The updated existing conditions SNEP model included nitrogen loads from new
development since 2006 and also used updated information on the reduced fertilizer loading rates at
Captains Golf Course. Therefore, to calculate the loads associated with just the new development, HW
adjusted the golf course fertilizer use to match that in the MEP model and compared the changes in load
between the MEP data and the SNEP data. Based on this analysis, there was an additional 99 kg/yr of loa
across Brewster from new development during that time frame. Table 1 shows the distribution of this new
load throughout the Brewster subwatersheds. The SNEP model also included updates to the water use
data for individual parcels, including those that were connected to Town water after the original MEP
model was developed.

WRIGHT-PIERCE = 40f 7
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To calculate the additional buildout after the SNEP model, the Town reviewed the buildout information
originally developed by TMDL Solutions, LLC and made adjustments based on which parcels can still be
developed. Overall, the Town calculated that there can be an additional 78 homes built in the watershed
as well as seven commercial/industrial parcels.

Using this information, TMDL Solutions, LLC updated the buildout information included in the SNEP
buildout model. The nitrogen load for this future development was then calculated by comparing the
SNEP existing conditions model results to the updated buildout results. Overall, there can be an additiona
388 kg/yr of nitrogen associated with this future development in Brewster. The majority of this new
development will be in the Pleasant Bay Man and Little Pleasant Bay subwatersheds.”

Chatham

GHD updated its 2009 CWMP analysis to estimate growth that has occurred since the early 2000s. The
2009 CWMP was based on water consumption data from the early 2000s, and the 2024 evaluation was
based on water consumption data for the period 2019 to 2023. The growth in septic load in the Pleasant
Bay watershed was found to be 5.8%. GHD also investigated the impact of residential irrigation by
reviewing the properties that have separate irrigation water meters. Although the use of irrigation meters
is not yet universal, early data indicate that 8% of the total water consumption may have been used for
irrigation in the 2019-t0-2023 period. The standard 10% consumption use factor was used to compute
current nitrogen loads.

A review of the build-out analysis presented in 2009 CMWP indicated that it is a reasonable basis for
updating the Pleasant Bay Watershed Permit. The septic nitrogen load is projected to be 17.9% higher at
build-out than it was during the 2019-t0-2023 period.

It is estimated that the total nitrogen loads will increase at the same rate as the septic loads, so the same
5.8% and 17.9% increases are appropriate for extending the Watershed Permit total loads from their 2003
basis out until Chatham’s full build-out:

X 2009 CWMP (early 2000s basis) 16,572 kg/yr attenuated watershed load
X 2024 analysis (2019 to 2023 basis) 17,530 kg/yr attenuated watershed load
X Build-out 20,670 kgl/yr attenuated watershed load

This same approach was used for each of the Pleasant Bay sub-watersheds impacted by Chatham.

Harwich(from Harwich Water & Sewer Department memo dated March 5, 2024)

“As a mechanism to inform the design & limits of the Phase 3 wastewater collections system, the Town
engaged its consultant GHD to perform a comprehensive evaluation of growth by sub-watershed. This
evaluation considered both “past growth” occurring between the years 2007 — 2020, and “future growth”
anticipated to occur within a 20-year planning horizon. The resulting data were converted to an annual N
load and added to the previously defined removal requirements in {TWMP} Table 2 to derive new N removal
goals. The growth projections were based on allowances for the development of vacant parcels and an

WRIGHT-PIERCE =
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increase in water usage for all parcels (based on historical water use data trends). These new N removal goals
were then used to evaluate the effectiveness of the Phase 2 & proposed Phase 3 sewer service areas and their
ability to maintain continued compliance with the watershed permit & associated regulations. The table
below summarizes the findings from this comprehensive evaluation and serves to inform & support
recommendations for modifications to Harwich commitments in Phase 2 (years 2024-2028) TWMP
Implementation Schedule.”

2007 2007 to 2020 2020 Planning Horizon (2020 - 2040)
. Estimated N Removal
TWMP Table 2| EStimated | 5059 Through TWMP NRemoyal | .| + N Removai to
Growth - Beyond Future Growth
N Removal Removal . Meet 2040
Requirements Gl Target Bhass 210 | Qubiie =% Planning Horizon
q(k P 2020 | f' ) Phase 2|1Phase 3| 1o | Meet2020 | (2020-2040) |27 ef o)
9y (kalyr) aly (kglyr) | (kglyr) Target (kg/yr) get (kaly
Subwatershed
Lower Muddy Creek 986 387 1,373 916 847 1,763 -389 103 -286
Upper Muddy Creek 584 52 636 1,215 235 1,450 -814 165 -649
Pleasant Bay 1,620 189 1,809 0 1,674 | 1,674 -34 206 17
Round Cove 1,209 46 1,255 0 1,308 | 1,308 -53 94 41
[Total Pleasant Bay 4,399 675 5,074 2,131 4,063 | 6,194 -1,290 568 -723
Notes:
1. Unattenuated nitrogen load values were calculated based on 2018-2020 Harwich water use data and a 90% water to wastewater conversion
factor. Unattenuated total nitrogen loads were converted to attenuated total nitrogen loads using the attenuation factors outlined in the '"MEP Tech
Memo - MEP Scenarios to evaluate water quality impacts of the addition of a 24 ft culvert in Muddy Creek Inlet', prepared by SMAST and dated
October 5, 2010.

Orleangfrom AECOM report dated August 20, 2024)

“The current Pleasant Bay Watershed Permit is based on watershed loading data that were presented in
the MEP report of 2006 which was based on 12 months of water consumption data for Orleans in
2002/2003. Orleans recognizes that watershed loads have increased since then and that there is potential
for further growth through the next few decades. Accordingly, Orleans has estimated growth of nitrogen
loads in Orleans in two parts:

1. Growth from the time of the 2006 MEP analysis to the updated loads presented in the SMAST 2021
report, and

2. Growth beyond the levels reported in the SMAST 2021 report to a future planning horizon of about
20 years from now.

Orleans consultant Wright-Pierce calculated the first segment of growth by subtracting the attenuated
watershed loads in the 2006 MEP report from those computed in the 2021 SMAST report. For Orleans,
that increase in watershed load is 480 kilograms/year (kg/yr).

The second segment of growth was based on the Town Planner’s analysis conducted in late 2023.
Historical data show the Orleans has historically grown at a rate of about nine dwellings per year in the
Pleasant Bay watershed. As available parcels decline, it is expected that the future Pleasant Bay growth
rate will be only about five dwellings per year, or about 150 units over a 30-year period. About one-third
of those parcels are expected to be served by planned expansions of the public sewer system (with septic
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nitrogen transported outside the Pleasant Bay watershed), and about two thirds (100 homes) will
contribute additional nitrogen loads to Pleasant Bay. A recent land set-aside has taken about 20 potential
parcels from the vacant parcel inventory. Orleans’ consultant Wright-Pierce has calculated that the net 80
new unsewered homes are estimated to contribute 5.0 kg/yr (including 4 kg/yr septic and 1 kg/yr
fertilizer/stormwater load) in attenuated load to Pleasant Bay, or about 400 kg/yr over the loadings from
the 2021 SNEP report.

Planning for current and future nitrogen needs will be based on the 2006 MEP loads, plus 480 kg/yr
estimated by SMAST and 400 kg/yr estimated by the Town for a planning horizon 20 years from now
{2043}. The MEP total watershed loading of 14,700 kg/yr from Orleans will be increased by 880 kg/yr to
15,580 kglyr, a 6% rise, to account for Orleans’' growth. The Town intends to update this growth estimate
periodically and report revised figures every 5 years.”

WRIGHT-PIERCE =
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REVIEW OF ESTIMATED ATTENUATED NITROGEN LOADS
TO PLEASANT BAY SUB-EMBAYMENTS

Treatment of Attenuation in the Linked Watershed-Embayment Model

The Massachusetts Estuaries Project (MEP) is based on modeling the relationship
between nitrogen-generating activities on th e land and impacts to estuarine embayments
that receive water (and nitrogen) from the land  (Howes et al., 2001, 2006). Processes on the
land surface are addressed by a land-use-bas ed watershed model. Groundwater flow was
modeled by the U.S. Geological Survey (USGS) (Walter et al, 2004; Carlson et al., 2017) and
the results were used to subdivide the land into  subwatersheds, each leading to an estuarine
embayment, freshwater pond, or public-supply we Il. Data on land use was then used to
estimate the amount of nitrogen that would be  generated within each subwatershed. This
nitrogen load was then routed through succ essive downgradient subwatersheds until it
reached the estuary. As discussed further be low, nitrogen attenuation is assumed to occur
within each freshwater pond along this travel path.

The estuarine portion of the model is a sophisticated representation of the bay using
two simulation models. A hydrodynamic mode | using the RMA-2 computer code simulates
how water flows within the estuary in response  to tides and a water quality model using the
RMA-4 code simulates the fate and transport of sa linity and total nitrogen within the estuary.
The two models share a common representation of the estuary as a two-dimensional array of
finite elements, a spatially flexible representation that allows detailed representation of
small coastal embayments and tidal streams. Together, these two models make up the
embayment portion of the linked watershed-embayment model.

Attenuation, the topic of this report, is re  presented in only the watershed portion of
the linked model. The linked watershed-embay ment model takes no credit for the small
amount of nitrogen attenuation that occurs  within the groundwater aquifer. However,
groundwater on Cape Cod is often intercepted by kettle-hole lakes and ponds. Groundwater
flows through the ponds as surface water only to  re-enter the aquifer on the lake’s or pond’s
downgradient side (Walter et al., 2011). A sign ificant amount of nitrogen can be removed by
biochemical processes in the lakes, ponds, and wetlands that intercept groundwater. These
complex biochemical processes are captured in a simplified way in the linked watershed-
embayment model through an attenuation coeffici ent—a number that represents the fraction
of the incoming nitrogen removed in the freshwater body.



An important distinction in the original linked watershed-embayment model is that
attenuation is modeled only in freshwater bo dies (Howes, 2021, personal communication).
Attenuation coefficients are not applied to tida | waters according to Howes. (As discussed
below, this approach was modified in updates subsequent to the original 2006 study.) Tidal
waters included in the embayment model of Pl easant Bay are shown color-coded according to
salinity in Figure 1. While attenuation coeffi  cients were not applie d to tidal waters, the
embayment model accounted for benthic proce sses that affect nitrogen concentrations.
Samples of bay mud were analyzed in the labo ratory to determine the amount of nitrogen
passing between the bay mud and water column as benthic flux within the estuary (Howes
et al., 2006, Section 1V.3) and those exchanges are included in the embayment water quality
model. While the benthic flux is positive  for most subembayments (meaning nitrogen goes
into the water from the mud), for a few subem bayments it is negative. Howes et al. (20086,
pg. 79) state that bay sediments “with anetin  put to the sediments serve as an ‘in embayment’
attenuation mechanism for nitrogen.” Thus, acco rding to Howes et al. (2006) attenuation is
accounted for in the embayment, but by a differe nt algorithm than for freshwater bodies. The
embayment water quality model does not include a process model for nitrogen. In essence,
nitrogen is treated as a passive tracer, unalte red by biochemical reactions in the bay, but
transported and diluted by currents.

As indicated above, the land draining to Pl easant Bay is subdivided into multiple
subwatersheds based on groundwater modeling completed by the U.S. Geological Survey.
The landscape of Cape Cod is dotted by many lakes and ponds, each of which captures flow
from a separate subwatershed. Outflow from a lake or pond is often then divided among
many other downgradient subwatersheds. This can lead to startling complexity. Consider
the portion of the watershed that flows from th e eastern side of The River (Figure 2). The
tidal subembayment Kescayo Gansett Pond (also called Lonnie’s Pond) receives outflows from
freshwater Baker Pond (via subwatersheds 38 and 37), Crystal Lake (via 38), and Pilgrim
Lake (via 38 and 40). But outflow from Bake r Pond also flows into Crystal Lake (via
subwatersheds 5 and 6) and Pilgrim Lake (via 28 and 13). Water flowing out from Baker
Pond thus reaches Kescayo Gansett Pond by th ree different pathways, each of which would
experience a different net attenuation. The path way into Baker Pond is similarly complex.
It receives inflow from Little Cliff Pond both directly and through Higgins Pond. Little CIiff
Pond receives inflow from Cliff Pond which in  turn receives inflow from Ruth Pond. Adding
to the complexity, a significant portion of the  outflow from Cliff Pond goes to the watershed
to the north, which eventually drains to the north shore of Cape Cod. A portion of the outflow
from Baker Pond also flows to the north ev entually draining to Nauset Harbor.



Figure 1
Embayment model with predicted salinity concen trations (Howes et al, 2006, Figure VI-7).



Figure 2
Portion of the subwatershed draining to The River.
Numbers indicate subwatershed number as assigned by Howes et al. (2006).



Each of the water bodies referenced above is assigned an attenuation coefficient in the
watershed model. However, the complexity of the drainage patterns makes it difficult to
determine the contribution of attenuation by each  freshwater body to each receiving tidal
subembayment. For example, the net attenuati on of the nitrogen going to Keysaco Gansett
Pond occurs in seven different ponds compounded by passage through as many as five ponds
sequentially.

The various flow pathways are tracked in pa instaking detail in the watershed model.
Howes et al. (2006, Table IV-5) summarize the nitrogen loads to Pleasant Bay and its
numerous subembayments tallied by the watershed model in their so-called “rainbow table.”
This 48-line table is, however, only a summary of a much larger table that is included on the
Pleasant Bay Data Disk that accompanied the 2006 report. That table includes 145 lines to
track subwatersheds plus an additional 71 lines so lely to track lakes and ponds. | attempted
to construct a summary of the effect of attenuat ion on the load reaching each subembayment
but soon realized its construction would take  many more hours than the project budget would
support. Table 1 is a higher-level summary of the attenuation contribution of each water
body. The various types of water bodies are di fferentiated by color-coded shading, a scheme
that is used throughout this report.

The loads shown in Table 1 correspond to th e loads presented as “Present N Loads”
by Howes et al. (2006, Table IV-5). The total load shown in Table 1 to be removed by
attenuation (3,656 kg/year) exceeds the differe nce (3,166 kg/year) between the attenuated
(78,001 kg/year) and unattenuated loads (81,167 kg/y ear) in Table IV-5 of Howes et al. (2006)
because some ponds tributary to other ponds ar e not explicitly tracked in Table IV-5. For
example, the attenuation in far-upstream Ruth Pond is not tracked in Table IV-5 although
the attenuated loads from Ruth Pond are corre ctly carried through the load budget shown in
Table IV-5.

As can be seen in Table 1, an attenuation factor of 50% is used for all lakes and ponds
except Stillwater Pond which was the subject of detailed field investigations discussed
further below.



Table 1
Contribution of Ponds, Lakes, and Wetlands to Nitroge n Load Attenuation in 2006 Model (Howes et al., 2006).
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Table 1 should be viewed in comparison to the total load predicted to reach Pleasant
Bay by Howes et al. (2006). The amount of nitrogen attenuated in freshwater ponds and
lakes within the watershed (3,656 kg/year) is le ss than 5% of the total load that is predicted
to reach the bay (78,001 kg/year). That sa id, the loading distribution is uneven and
attenuation at some water bodies (for exampl e, Muddy Creek, Pochet Neck, and Tar Kiln
Marsh) could be a significant factor in the load that reaches Pleasant Bay. Also noteworthy
in Table 1 are the water bodies that are not included in computing attenuation. Among the
water bodies that are not considered to con tribute to attenuation are Kescayo Gansett Pond,
Arey’s Pond, Upper and Lower Muddy Creek, and Frost Fish Creek. These water bodies,
which are shown in Figure 1 to be brackish, are included in the embayment model but not
the watershed model. Nitrogen attenuation in these water bodies, if any, is captured by the
benthic flux in the embayment water quality mo  del and not by attenuation in the watershed
model. Although not treated as a part of the embayment model, attenuation was also not
considered for Tar Kiln Marsh or Pah Wah Pond Bog.

Although error checking was not an intended  part of this review, | was required to
review the rainbow table and its supporting calculations in great detail in order to
understand how attenuation factored into the nitro  gen loads as they cascaded from pond to
pond within the watershed. | came to apprec iate that the table was constructed with great
care and attention to detail. | found no errors  in my review, which | find extraordinary given
the complexity of the table and of the ni trogen-load bookkeeping that underlies it.

Revisions to the MEP Model

The original MEP model (Howes et al., 2006) has subsequently been revised. Eichner
et al. (2010a) presented a revised excerpt of th e “rainbow” loading table for Muddy Creek and
Round Cove while Eichner et al. (2010b) in corporate attenuation into the Muddy Creek
calculations. Howes et al. (2021) completed a wh olesale revision of the model to incorporate
new information on land and water use as well  as new findings concerning attenuation. The
2010 and 2021 revisions are discussed in the following paragraphs.

Eichner et al. (2010a) revisited loading esti mates for Muddy Creek after receiving new
information on land and water use for Harwich. They used this information to construct a
revised “rainbow table” for Muddy Creek and Ro und Cove, with substantially higher loads
than in the original 2006 study. The caption on  the rainbow table states (Eichner et al.,
2010a, Table 1): “Muddy Creek attenuated loads do not include attenuation assigned to



within the wetlands and sediments of the Mudd vy Creek.” The memorandum indicates that
attenuation rates of 57% and 2% were applied to Upper and Lower Muddy Creek respectively
(Eichner et al., 2010a, pg. 2) but the attenuated loads are not presented other than for the
portion of the watershed within Harwich (Eichner et al., 2010a, Table 2).

Eichner et al. (2010b) evaluated the potent ial impact of a restoration project then
being contemplated for Muddy Creek. They added no new analysis of attenuation but
presented modified loads for Upper and Lower Muddy Creek. Loads were not presented in
the form of a rainbow table but were provided in  Table 1 in a different format and in units of
kg/day rather than kg/year. Detailed versions of the watershed loading tables, as included
on the data disk for the 2006 report, are not available for the 2010 updates which precludes
my detailed analysis. But the aggregated wate rshed loads presented in Table 1 of Eichner
et al. (2010b) are directly comparable with thos e in the prior rainbow tables. The total load
for Upper Muddy Creek is simply the attenuated lo  ad (“Atten N Load”) in Table 1B of Eichner
et al. (2010a) reduced by an attenuation facto r of 57% and that for Lower Muddy Creek
reduced by an attenuation factor of 2.5%. These are essentially the same attenuation factors
as those stated in Eichner et al. (2010a) and this is consistent with a statement by Eichner
et al. (2010b) that they did not alter the at tenuation coefficients in their new analysis.
Significantly, in using these attenuation fact ors for Muddy Creek, Eichner et al. (2010b)
stepped away from the prior practice of appl ying attenuation factors only to freshwater
bodies. Eichner et al. (2010a, Table 2) show a negative benthic flux term for Upper Muddy
Creek and in this way attenuation occurs in  both the watershed and embayment models,
which may constitute double-counting. Eic hner et al. (2010b) also used the embayment
model in evaluating the proposed restoration and found that nitrogen concentrations would
be lowered in Muddy Creek as the result of in  creased tidal flushing (rather than by increased
attenuation).

In the spring of 2016, the Muddy Creek Marsh Restoration Project was completed
(Ruthven and Kelley, 2017). Two 2.5-foot-wide, 100-foot long box culverts were replaced by
a 22-foot-wide single-span bridge that allowed much greater tidal flow with the goal of
restoring a salt marsh habitat to Upper Muddy Creek. Howes (2021, personal
communication) said that opening up the hy draulic connection between Upper and Lower
Muddy Creek made both portions into salt mars hes and thus excluded the saltwater portion
of Muddy Creek from the attenuation calculations.



Contribution of Ponds, Lakes, and Wetlands to Nitroge

Table 2

n Load Attenuation in 2021 Model (Howes et al., 2021).
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Howes et al. (2021) report on an update of the Pleasant Bay study that incorporates
new information on land and water use as we |l as findings on attenuation developed since
the 2006 MEP study. Nitrogen loads were revise d throughout the Pleasant Bay watershed,
in many case substantially. A portion of the da ta disk for this study was available for review,
allowing detailed deconstruction of the role of attenuation in the model. Table 2 is a revised
tabulation of the contribution of ponds, lakes, and wetlands to attenuation in the 2021 update
and is directly comparable to the summary of the 2006 study in Table 1. As can be seen, the
computed watershed loads to attenuating water bo  dies increased by almost 4000 kg/year. As
a result, the load removed by attenuation also  increased, from 3700 kg/year to 5400 kg/year,
but this increase of 1700 kg/year of attenuation is less than half the increase in load and the
attenuated load predicted in 2021 is higher than that predicted in 2006.

As far as the attenuation provided by indi  vidual water bodies in the 2021 update, the
percentage of attenuation remained at 50% for the freshwater ponds and lakes. The only
changes from the 2006 attenuation factors were to Upper Muddy Creek, which changed from
0% to 10%, and Tar Kiln Stream, from 0% to 60%.

Attenuation in Muddy Creek thus changed si  gnificantly in 2021 from what used in
2010 (57% in Upper and 2.5% in Lower). This apparently reflects the reversion of Muddy
Creek to more of a salt marsh following the Mu  ddy Creek Restoration Project. The salt marsh
portion of the creek is assumed to have zero attenuation and the small attenuation for Upper
Muddy Creek (10%) captures attenuation in fres hwater wetlands upstream of the saltwater
portion. Attenuation is no longer considered for Lower Muddy Creek in the 2021 update.

The evolving analysis of attenuation in Tar  Kiln Stream is further discussed below.

Review of Attenuation Factors

Attenuation is computed in the MEP waters hed model as the difference between the
mass of nitrogen that flows into the surface-wa ter body and the mass of nitrogen that flows
out divided by mass that flows in:

_otJBHKSEJC I=O0OF1QPBHKSEJC I=00
#PPAJQ=PEKIE S5 RKkSETC =60 (1)

Attenuation is expressed as a percentage and re presents the percentage of the mass entering
the water body that is removed by enviro nmental mechanisms within the water body.
Attenuation is also expressed in the literature as  an area-specific rate, that is the rate of
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attenuation per unit area of sediment or water bo  dy. That formulation of attenuation is used
to compute nitrogen exchange with benthic se diment in embayments and Pleasant Bay for
the MEP embayment model

Nitrogen is attenuated in the environment most |y by two processes. In environments
that are devoid of oxygen, such as pond and wetland mud, nitrate nitrogen is converted to
nitrogen gas and removed from the water body by a process known as denitrification.
Elsewhere in the pond or wetlands, growing plant s and algae take up nitrogen to fuel growth
processes, converting inorganic nitrogen to or ganic nitrogen. Subsequent settling of dead
organisms removes organic nitrogen by sediment ation. The importance of denitrification,
sedimentation, and other less important proce sses varies with the ty pe of water body, the
time it takes for water to pass through the  water body (hydraulic residence time), the
magnitude of the nitrogen loading to the water  body, and the biochemical characteristics of
the water body.

The scientific literature reports widely vary  ing degrees of attenuation in water bodies
of the same type and between different types of water bodies (Table 3). Jansson et al. (1994)
contend that lakes are generally more effecti ve than wetlands in removing nitrogen because
they have longer travel times even though wetlands have higher area-specific attenuation
rates. Saunders and Kalff (2001), who give regression relations between area-specific
attenuation and nitrogen load, show wetlands  have area-specific attenuation rates about
twice as high as lakes. Seitzinger (1988) indi cates that coastal marine sediments have higher
area-specific attenuation rates than lake and ri  ver sediments, but that all vary widely.

Saunders and Kalff (2001) develop regression equations for nitrogen retention (i.e.,
attenuation) in wetlands and lakes. Their equation for lakes is:

# L tawu Erduv. (2)
where, Ag is the area-specific attenuation rate [g-N/m  2/year], and
L is the area-specific loading rate [g-N/m 2/year].

11



Table 3
Attenuation Factors from the Literature.
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Saunders and Kalff (2001) fit this equation to  a dataset of 23 lakes with a coefficient of
determination (R 2) of 0.80. Saunders’ and Kalff's equation for wetlands is:

# LravtEraxv. 3

which was fit to a dataset of 23 wetlands with an R 2 value of 0.82. Moriasi et al. (2015) rate
R2 values greater than 0.7 as “very good” for nitro  gen prediction in wate rshed models so both
the lake and wetlands equations should have satisfactory predictive ability.

If Equations 2 and 3 are multiplied by the ar  ea of the pond or wetland, they become
equations for the attenuation as a fractional value that is a function of the total annual
nitrogen loading. Thus, they show that attenuat ion in highly loaded lakes is proportional to
about 34% of the annual loading and in highly loaded wetlands to about 64% of the annual
loading. These are comparable to the 50% attenuation used by Howes et al. (2006) for
attenuation in lakes and wetlands.

Steingruber (2020) also evaluates regression equations for predicting total nitrogen
attenuation in lakes. She bases her equations on the areal hydraulic load, which is the water
flow rate divided by the pond area. She eval uates ten alternative equations, some of which
require data not available for the Pleasant Bay watershed from the MEP study or other
sources. Of the equations she evaluates, th e applicable equation providing the best fit (R 2 =
0.64) is:

4 Lravv Fraty* Ef#u{ (3)
where, R is the attenuation rate [%];
q is the areal hydraulic load [m/year]; and,
Lom is the area-specific load of dissolved inorganic nitrogen [kg/year]; and,
Loy is the area-specific load of total nitrogen [kg/year].

Since the loading to lake and ponds in the Pleasant Bay watershed is presumed to be
predominantly dissolved inorg anic nitrogen in groundwater, L = L, in this application.

This equation is based on data from 39 lakes and reservoirs.

For Pleasant Bay, Howes et al. (2006, Secti on 1V.2) determined attenuation in selected
freshwater water bodies that were the subjec t of field-monitoring programs for 16 to 24
months. The outflowing nitrogen mass was comp uted from their measurements. Flow was
monitored continuously by measuring water le vel with a recording gauge and translating
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water level into flow rate using a rating cu rve. The concentrations of nitrogen and other
water-quality attributes were measured in wa  ter samples collected weekly. Mass flow was
determined by multiplying the measured water flow by the nitrogen concentration

interpolated between the weekly concentration measurements.

The inflowing mass to each water body wa s taken as the estimate developed from
land-use-based nitrogen loading analysis with in the watershed model (Howes et al., 2006,
Section 1V.1). Those nitrogen loads are presente d in the “rainbow table” (Howes et al., 2006,
Table IV-5).

The attenuation factors determined by this methodology are inherently but
necessarily approximate. Measuring the nitro gen load that flows into water bodies via
groundwater is a practical impossibility and thus approximations are required. Estimating
the mass into the ponds using the watershed model is one of only a few practical alternatives
and has the advantage of being consistent wi th the loads that form the basis for the
subsequent TMDL and Watershed Permit (MADEP, 2007, 2018). The outflowing mass is
determined by field measurements, but using ni  trogen concentrations that are measured only
weekly and which show significant fluctuation. The fluctuations do not appear to be
systematic seasonal variation but rather predomi  nantly simple statistical “noise.” (The data
record for each water body is examined in more detail below.) Attenuation is therefore
calculated based on the difference between a noisy number and an estimated number, and
therefore is itself highly appr oximate. It is important to recognize that the resulting
estimates of attenuation are necessarily, but unavoidably, highly uncertain.

Attenuation in Specific Water Bodies

Howes et al. (2006, Section IV.2) report on detailed assessments of attenuation in five
water bodies: Pilgrim Lake ( tributary to Kescayo Ganse tt Pond), Pah Wah Pond Bog
(tributary to Pah Wah Pond), Tar Kiln Marsh whic ~ h discharges to Pleasant Bay, Lovers Lake
and Stillwater Pond which discharge, in that se  quence, to Ryder Cove, and Frost Fish Creek
which discharges to Bassing Harbor. In a ddition, Eichner et al. (2018, 2019) assessed
attenuation in Uncle Harvey’s Pond and Pilgrim Lake, and White et al. (2008) and Eichner
et al. (2010a, 2010b) assessed Muddy Creek. These assessments are reviewed in the
following.

Pilgrim Lake. Pilgrim Lake is unlike many of the other ponds and lakes in the
watershed in that it has a surface-water outl et that drains into Kescayo Gansett Pond.
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Howes et al. (2006) monitored the outflow from June 2002 to October 2003 and used the
twelve-month record from O ctober 2002 to October 2003 to assess attenuation. A continuous
record of flow and weekly measurements of total nitrogen and combined nitrate and nitrite
are plotted in Figure 1V-8 of the 2006 report. ~ The raw field data were not available for my
analysis. The plotted record shows higher flow during the winter and spring, consistent with
seasonal groundwater flow patterns, and occa sional spikes of flow apparently due to
stormwater inflows. The resolution of the gr aph is insufficient to determine the extent to
which measured nitrogen concentrations coincide with stormwater flows. Visual inspection
of the graph indicates that total nitrogen co ncentrations fluctuate in a seemingly random
pattern between about 0.5 and 1.3 mg/L with three outliers between about 1.6 and 2.3 mg/L.
The average concentration is 0.8 mg/L (Howes et al., 2006, Table IV-7). The load calculated
to flow from Pilgrim Lake is 285 kg/year compared to an unattenuated load of 562 kg/year
(Eichner et al., 2019, pg. 57; Howes et al., 2006, pg. 50). The measured load is only about
50% of the estimated load, which implies an attenuation rate of 50%. Based on the range in
the observed concentrations, the attenuation rate  likely lies within a range between 17% and
68%. This should be considered an extreme range since it is based on the minimum and
maximum concentrations (excluding outliers ) and not a statistical determination of
concentration variation. Attenuation is often  expressed in the literature in terms of grams
of nitrogen per square meter per year. For Pilg rim Lake, with an area of 38 acres (per
MassGIS, 2019), the nitrogen attenuation rate is 4.3 g-N/m  2/year, which is on the modest side
compared to values from the literature in Table 1.

Pah Wah Pond Bog. The outflow from this small freshwater bog was monitored from
June 2002 to April 2004; data for the year between September 2002 to September 2003 were
used to compute attenuation. The patterns of fl  ow and concentration for this site (Howes et

al., 2006, Figure 1V-9) were similar to those for  Pilgrim Lake except that the spikes in flow
associated with surface-water runoff were cons iderably milder. The concentration of total
nitrogen averaged 1.6 mg/L (Table IV-7) and, bas ed on visual inspection, ranged between
about 0.6 and 2.6 mg/L excepting one high and three low outliers. The average measured
flow (388 m3/day) exceeded that predicted by the watershed model (271 m 3/day). The load
predicted by the watershed model was 710 kg/y ear while the measured load was only 229
kgl/year (Howes et al, 2006, pg. 55), implying an attenuation rate of 60%. Considering the
uncertainty associated with the range of obse rved concentrations, the attenuation rate could
be as high as 88% or as low as 52%. With an area of 15 acres, Paw Wah Pond Bog has an
attenuation rate of 7.9 g-N/m ?/year.
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Tar Kiln Marsh. The outflow from Tar Kiln Marsh, which is a salt marsh, was

monitored between July 2003 and May 2005. Atw elve-month record from May 2004 to May
2005 was analyzed to determine an attenuation coefficient (Howes et al., 2006, pg. 57). Water
quality samples were collected at low tide when the marsh outlet lies above the tide and
freshwater flows from the marsh. The measur ed outflow matched the flow predicted by the
watershed model within 9%. Total nitrogen  concentrations in the outflow were high,
averaging 0.69 mg/L. As with the other fiel d measurements plotted by Howes et al. (2006),
nitrogen concentrations varied seemingly randomly, between about 0.3 and 1 mg/L, based on
visual inspection. The measured outflow lo ad was 764 kg/year, compared to 2258 kg/year
estimated in the watershed model. This is eq uivalent to an attenuation rate of 66% (Howes
et al., 2006, pg. 58, give a slightly different value of 69%). Accounting for the range in
observed concentrations, the attenuation rate  could vary between 51% and 85%. In fact
however, no attenuation was included in the 2006 analysis for Tar Kiln Marsh. Howes et al.
(2021, pg. 14) explain “In the MEP, gauge read ings and water quality samples within the Tar
Kiln Marsh stream had a 69% nitrogen attenuatio  n rate, but the stream was not assigned an
attenuation rate in the modeling because of unce rtainty in the stream data.” Howes et al.
(2021, pg. 14) indicated that a subsequent stud y (Howes et al., 2020) showed the original
attenuation coefficient to be reasonable and 60% attenuation was employed in the 2021
update of the Pleasant Bay analysis (Howes et al., 2021). MassGIS (2019) gives the area of
Tar Kiln Marsh as 8.1 acres, for an ar ea-specific attenuation rate of 45 g-N/m  2/year, which is
somewhat high compared to values in Table 3.

Lovers Lake. Lovers Lake discharges via a surface-water stream to Stillwater Pond.
The outflow was monitored from November 2000 to Summer 2002 but with significant
interruptions due instrument failures (Howes et al., 2006, pg. 60). A composite year of record
(Figure IV-12) was constructed by filling gapsin  the available record with data from the same
calendar period of other years. The flow hydrograph showed typical seasonality and
relatively minor apparent influence from surf  ace runoff. The measured flow from Lovers
Lake was equal to 91% of the inflow computed by the watershed model. Visual inspection of
measured total nitrogen concentrations shows mo re scatter, and likely outliers, than at the
locations discussed above. Concentrations most ly varied between 0.3 and about 1.0 mg/L,
but with concentration excursions as high as 2.3 mg/L. The average outflow concentration
was 0.85 mg/L (Howes et al., 2006, pg. 61). The predicted load from the watershed was
reduced in Lovers Lake from 559 to 296 kg/yea r (converted from units of g/day in Table IV-
9), an attenuation of 47%. This equates to an area-specific attenuation of 1.7 g-N/m  ?/year
over the 37-acre lake.

16



Stillwater Pond. The outflow from Lovers La ke flows into Stillwater Pond from which

it discharges to Ryder Cove. The flow from Stillwater Pond was monitored during the same
period as Lovers Lake and was also assessed us ing a coinciding constructed composite record.
The measured flow from Stillwater Pond was only  about a third (34%) of the inflow computed
by the watershed model (Howes et al., 2006, Table 1V-9), suggesting that much of the outflow
from the pond is by groundwater. Table IV-9 gives the average nitrogen load discharged from
Stillwater Pond as equivalent to 262 kg/yr. Pr  esuming this represents only 34% of the pond’s
outflow, the total outflow load would be 770 kg/d ay, slightly higher than the inflow load of
751 kg/day and implying about a 2.5% addition of nitrogen (i.e., negative attenuation).
Nonetheless, Table 1V-9 states the attenuation as 7%, a value | am unable to replicate from
the numbers in the table and report or the data disk. This attenuation was approximated as

5% in the watershed model (Table 1).

Frost Fish Creek. Although Frost Fish Creek is tidal, Howes et al. (2006, pg. 66)
evaluated attenuation for this water body also. The monitoring program for this water body

differed from those above due in part to its tida | character. Flow measurements were made
over two tidal periods each on four separate da ys (about four days’ time in total), showing an
average flow of 1097 m 3/day, which is roughly similar to that predicted by the watershed
model, 1274 m3/day. Freshwater flow per tidal period ranged between 900 and 1258 m 3/day.
Water quality samples were collected hourly duri  ng ebb and flood tide and half-hourly at the
turn of tide and analyzed for total nitrogen concentration. Based on a comparison of
measured nitrogen load to that estimated by the watershed model, Howes et al. (2006, pg.
67) concluded that there was no nitro gen attenuation in Frost Fish Creek.

Uncle Harvey’s Pond. As part of a diagno stic study for Uncle Harvey’s Pond, Eichner

et al. (2018) constructed nutrient budgets for ni  trogen and phosphorus. Based on the mass
of nitrogen in the pond estimated from measur ed springtime concentrations (47 kg) and the
computed hydraulic residence time of the pond (0.86 year), Eichner et al. computed an
average nitrogen loading of 54 kg/year after attenuation. This was compared to an
unattenuated loading of 130 kg/year (Eichner et  al., 2018, pg. 60), a value updated from the
rainbow table in Howes et al. (2006) based on new information on land use. The difference

in load equates to nitrogen attenuation of 58%.  The average nitrogen loading was calculated
from the springtime nitrogen mass, which vari  ed between 32 and 65 kg over the years 2002
to 2017, with an average of 47 kg. This va riation implies an extreme maximum range in
nitrogen attenuation between 50 and 75% over the 16 years of available data. Eichner et al.
(2018, Figure 1V-10) show values for the spri ngtime nitrogen concentration for 11 of those
years. A statistical analysis of those data pl ace the 95% confidence interval for attenuation
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between 56% and 62%. The average attenuat ion of 76 kg/year is equivalent to an area-
specific attenuation rate of 3.0 g-N/m ?/year over the 6.4-acre pond.

Muddy Creek. As discussed above, Muddy Cr eek has been addressed by a series of

reports. White et al. (2008) evaluated the character of the wetlands in the two portions of
the creek: Upper Muddy Creek which had low salinity and Lower Muddy Creek which was
considerably saltier. At the time, the two porti  ons of the creek were separated by a culvert
that restricted tidal flows between Upper and  Lower Muddy Creek. White et al. (2008, pg.
12) conducted one-day field studies in June and July 2008 to measure the flow of water, salt,
and nutrients through a complete tidal cycle. From the June and July measurements, they
found attenuation factors of 55% and 57% for Up per Muddy Creek and factors of 41% and 1%
for the combined effects of Upper and Lowe r Muddy Creek. They attributed the large
difference in the combined attenuation to the  fact the creek holds a large volume of water
compared to the tidal exchange. Thus, monitoring tidal flow during a single tidal cycle could
be unrepresentative of the system’s average behavior.

Summary. Table 4 summarizes the attenuation coefficients determined for the
specific water bodies discussed above with loads presented in consistent units (the
unspecified incoming load for Stillwater Pond wa s back-calculated). The loads into the water
bodies are those used in the original analyses of the field data and are similar but not
identical to the 2006 loads in the Table 1. Wi th the exception of Stillwater Pond, attenuation
in the lakes and ponds varies between 47 an d 58%, lending credence to the generic 50%
attenuation rate used by Howes et al. (2006). Nonetheless, the low observed attenuation in
Stillwater Pond and potential ranges in attenuation discussed above point out that
attenuation in any particular pond may vary subs tantially from year to year and differ from
50%.

Wetlands show greater variability than lakes in Table 4, but some were more difficult
to monitor because of reversing tidal flow.  Pah Wah Pond Bog, Upper Muddy Creek, and Tar
Kiln Marsh posed the least monitoring issues  and showed generally higher attenuation than
the lakes. Lower Muddy Creek showed less attenuation and it was highly variable. Frost
Fish Creek showed negligible attenuation, butis  not a wetland per se. Rather, it is a tidal
basin with a fringing salt marsh according to Howes et al. (2006, pg. 66). As such, it would
not be considered within the watershed porti  on of the linked watershed-embayment model.
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Table 4
Attenuation Factors for Specific Water Bodies.
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Evaluation of Waterbody Attenuation Factors

Lakes. Virtually all of the attenuation in the Pleasant Bay linked watershed-
embayment model occurs in lakes which, with  the exception of Stillwater Pond, Howes et al.
(2006) assume remove 50% of the incoming nitro gen load. The technical literature indicates
that attenuation in lakes is a function of th e lakes’ characteristics including the nitrogen
loading rate (Saunders and Kalff, 2001) and hydr aulic residence time (Steingruber, 2020). |
applied the empirical equations developed by these authors to the water bodies in the
Pleasant Bay watershed, with the results shown in Table 5. (More detail is included in Tables
Al and A2 appended to this report.) Table5 includes Frost Fish Creek Pond, a pond tributary
to Frost Fish Creek that is identified by Wa Iters and Masterson (2011) but not included in
the MEP model.

The area-specific loading rates in the Plea sant Bay tributary lakes and ponds are,
with a few exceptions, 20 g/m 2/year or less, which is on the lower end of the range evaluated
by Saunders and Kalff (2001), O to 160 g/m 2/year. As shown in Table 5, the average
attenuation coefficient predicted using the Sa unders and Kalff equation for the lakes and
ponds (but excluding wetlands) is 80%, substant ially higher than that used by Howes et al.
(2006). This suggests that the approach used for the linked watershed-embayment model is
conservative and employs lower attenuation rate s than may actually apply. That said, the
Saunders and Kalff equation predicts complete attenuation of nitrogen in lakes with very
light incoming load per unit area (less than 4 g-N/m  2/year), which includes many of the lakes
in Table 5. It might be a useful exercise to test this result in one of the actual lakes. Pore-
water sampling on the downgradient side of a lake using push-point samplers as used in
Ashumet Pond by Stoliker et al. (2016) could be a relatively inexpensive means to evaluate
nitrogen concentrations in the groundwater exiting the lake.

Applying the Steingruber equation to the  lakes and ponds tributary to Pleasant Bay
predicts attenuation factors in a range betwee n 37 and 84% with an average attenuation of
65% (Table 5). As with the Saunders and Kalf f (2001) predictions, this average attenuation
is higher than the 50% figure used by Howes at al. (2006) but not as high as that based on
Saunders and Kalff (2001). Unlike the results from the Saunders and Kalff equations, which
are approximately 50% or higher for all ponds and lakes, the Steingruber equation predicts
one lake with attenuation less than 50%, Pilg rim Lake at 37%. Also unlike Saunders and
Kalff, no lakes are predicted to attenuate 100 % of the load with the Steingruber equation.
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Table 5
Computed Attenuation Factors for Pleasant Bay La kes and Wetlands based on Empirical Equations.
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While the predictions using the Saunders and Kalff (2001) and Steingruber (2020)
regression equations provide a useful touchstone , it is important to recognize they are based
on curve-fitting to a relatively small number of data points and are highly approximate.
Despite this qualification, the results in Tabl e 5 confirm that the 50% attenuation rate used
by Howes et al. (2006) is reasonable but conservative.

One aspect of lake attenuation that | was asked to examine is the potential for
groundwater underflow—i.e., flow groundwater  beneath lakes such that the groundwater
does not discharge into the lake. This is a demonstrated phenomenon elsewhere on Cape
Cod; for example, a contaminant plume from the Massachusetts Military Reservation was
discovered to pass beneath Ashumet Pond and in stead discharge to downgradient Johns Pond
(Savoie et al., 2000). In the context of the linked watershed-embayment model, the concern
was that groundwater underflow could lead to  an incorrect accounting of the nutrient load
entering and being attenuated within ponds or lakes. My review of reports on the
groundwater modeling that supported the MEP  study (Walter et al, 2004; Carlson et al.,
2017; Walter and Masterson, 2011) indicates there is little likelihood of unaccounted
underflow. The USGS groundwater model is a three-dimensional model that is able to
discern water intercepted by lakes and ponds from that which flows below. Although
subwatersheds are mapped in two dimensions (as, for example, in Figure 2) the horizontal
extent of the watersheds was determined in  the model by back-tracking groundwater from
the ponds and lakes and thus reflects the three- dimensional aspects of their capture zones.
This is reflected by the limited extent of wa tersheds draining to lakes and ponds. For
example, the subwatershed for Ruth Pond en ds a relatively short distance upgradient.

In the final analysis, the use of a 50% attenuation coefficient for lakes and ponds
appears to be reasonable, likely conservative, but also uncertain. Table 1 shows that
attenuation within the watershed model, which is predominantly from lakes and ponds,
accounts for less than 5% of the total watershe d load. Thus, total nitrogen attenuation in
lakes and ponds is well within the margin of  error of the loading estimates made by the
watershed model.

Freshwater Wetlands. Howes et al. (2006) include only a few wetlands in the

attenuation calculations in the MEP watershed model (Table 1). This is consistent with
Figure 3, which shows that freshwater wetlan ds are less prevalent in the watershed than
lakes and ponds. The extents of water bodies in Figure 3, including the shoreline of Pleasant
Bay, are based on current data from MassGIS (2019).
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Figure 3
Wetlands within the Pleasant Bay watershed (MassGIS, 2019).
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Some mapped wetlands were not considered in the watershed model including those
to the east of Quanset Bog, north and south of Round Cove, and south of Ryder Cove. These
wetlands may provide limited additional attenuat  ion. However, they were not included in
the USGS groundwater model (Carlson et al ., 2017) and adding them to the watershed
loading model would require considerable additi onal effort. By their nature, wetlands are
shallow features on the landscape and thus can be expected to intercept less groundwater
than deeper lakes and ponds. Thus, their exclusion is unlikely to be significant.

Salt Marshes. As discussed above, tidal wa ter bodies are included in the embayment
portion but not the watershed portion of the li  nked watershed-embayment model. As such,
attenuation is not considered for salt marshes and tidal water bodies as it is for lakes and
ponds. Although not attenuation per se, the embayment model does include a benthic load
term to account for the nitrogen load either added or removed by interaction between the
water column and the bay mud. The bent hic load is negative—and would attenuate
nitrogen—in Pochet Neck, Lowe r Muddy Creek, Chatham Harbor Channel, Frost Fish Creek,
Bassing Harbor, and Chatham Harbor in the or  iginal MEP model (Howes et al., 2006, Table
VI-2). Elsewhere the benthic load is positi ve and creates additio nal nitrogen loading to
Pleasant Bay. Benthic loads were revised in the recent update based on new field sampling
and laboratory measurements (Howes et al., 2021) . The field data reported in Table 1I-7 of
Howes et al. (2021) shows Arey’s Pond, Round Cove, Upper Muddy Creek, and portions of
Pleasant Bay with negative benthic loads. The reversal of a number of benthic loads
illustrates the uncertainty of the benthic load estimates. Seemingly contrary to the field
data, none of the benthic loads listed in Tabl e IV-2 as inputs to the embayment model show
negative values. Some of this may be becaus e Table V-2 aggregates water bodies, resulting
in net positive rates, but this would still not explain the discrepancy between the tables for
Round Cove.

While the benthic load does account for nitrogen uptake by bay sediments, the
biochemical process differs from that captured in the watershed model. The benthic loads in
the embayment model envision an exchange betw een the sediments and bay water driven by
diffusion and chemical gradients, but not involv ing active flow of groundwater. This is
implicit in the methods used to quantify the be  nthic load: laboratory tests that measure the
exchange between collected sediment and overlying stirred water (Howes et al., 2006, pg. 76).
Attenuation in ponds, lakes, and freshwater  wetlands results from a different dynamic: the
flow of groundwater through anoxic lake-botto m sediments in which denitrification removes
nitrogen. (Sedimentation is also an attenuation  process in lakes). The key difference here is
between a model with the active flow of groundwater (attenuation in lakes, pond, and
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freshwater wetlands) and without the active flow  of groundwater (benthic exchange in tidal
waters).

The different dynamics envisioned between freshwater and saltwater bodies are
generally consistent with the known characte ristics of submarine groundwater discharge.
While groundwater discharges to the bay just as it discharges to lakes and ponds, most of the
flow is to a narrow strip of water along the shoreline (Knee and Payton, 2011). In one example
from Cape Cod, Michael et al. (2003, 2005) mo nitored groundwater di scharge into Waquoit
Bay within tens of meters from the shoreline. Assuming a relatively narrow discharge zone
into the bay, attenuation of groundwater nitrogen  would be most likely in shoreline fringing
salt marshes and less likely in the more offsho re basin. Figure 3 shows that salt marshes
are limited on the western shore of Pleasant Bay but more prevalent along the eastern side
of the bay. Areas where groundwater is likely to pass through salt marshes, particularly
Pochet Neck, should be considered as potent ial sites for attenuation similar to that in
freshwater bodies. A calculation of attenuation fo r Pochet Neck is further discussed below.

Attenuation in salt marshes should be cons idered only in those circumstances where
groundwater discharge is likely to be dominant over benthic exchange—i.e., in salt marshes
within the designated watersheds or that fringe  the bay. In other words, in water bodies that
lie on the land side of the solid-blue shoreline in Figure 3. As an example, as a shallow inland
wetland Muddy Creek likely experiences groundwa ter discharge over most if not all of its
area. My recommendation for Muddy Creek is that only the attenuation associated with
groundwater discharge should be considered (i.e., in the watershed model) and not
attenuation associated with benthic exchange (in the embayment model). The inclusion of
attenuation for Muddy Creek by Eicher et al.  (2010b) and Howes et al. (2021, Table II-7) in
addition to the negative benthic exchange alre ady considered for that waterbody seems like
double-counting.

Uncertainty in Attenuation

As is implied by the preceding discussion , there is considerable uncertainty in the
prediction of attenuation coefficients for any  particular waterbody. Unfortunately, it is
difficult to quantify that uncertainty with the fe w data available. Saunders and Kalff (2001)
give the standard estimate of error (SEE) for ea ch of their equations (also called the standard
error of regression). This co rresponds to the standard deviation of the prediction error and
can be used to set plus-or-minus bounds on th e predicted attenuations. Plus or minus the
SEE corresponds to the 68% confidence limits; plus or minus twice the SEE corresponds to
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the 95% confidence limits. Saunders and Kalff (2001) give the SEE for lakes as 8.3
g-N/m?2/year and for wetlands as 13.8 g-N/m ?/year.

Applying the SEE to Muddy Creek gives a 68 % confidence interval of 50 to 79% for
Upper Muddy Creek (vs. attenuation of 64%  predicted by the Saunders and Kalff (2001)
model) and 53 to 76% for Lower Muddy Creek (vs. predicted 64%). For Tar Kiln Marsh, the
range is 35 to 95% (vs. predicted 65%). But fo r most other water bodies, the 68% confidence
interval (i.e., plus or minus the SEE) is0to 10 0% or nearly so (Table Al). This extreme range
illustrates the considerable uncertainty in the pred ictions, but is of little practical utility in
setting attenuation factors. The range largely stems from the fact that the Pleasant Bay
lakes and ponds are lightly lo aded compared to those considered by Saunders and Kalff
(2001), and thus lie in a portion of their dataset with great sensitivity.

In contrast to the situation with the Saunders and Kalff (2001) equation, the Pleasant
Bay lakes and ponds lie more within the midrange of the data used by Steingruber (2020) to
develop her equation. While she does not pr ovide goodness-of-prediction information, the
range of the predictions made with her equat ion for the Pleasant Bay lakes and ponds—37%
to 84% attenuation—can be taken generally indi cative of the potential uncertainty in the
attenuation in lakes and ponds.

Conclusions and Recommendations

This review has found the treatment of attenuation in the linked watershed-
embayment model developed by the Massachusetts Estuaries Project to be generally sound.
Attenuation coefficients for lakes and ponds ar e reasonable, probably conservative, but also
uncertain. As such, they should be used with  caution in planning future measures to control
nitrogen discharges. As stated by Bierman et al. (2011), “A healthy recognition that there is
uncertainty would encourage planning bodies to pursue an adaptive monitoring and
management strategy as they move forward to understand and remedy the impacts of
nitrogen on bays and estuaries. Such an adaptive strategy is wise in light of the uncertainties
in predicting the response of bays and estuarie s to future load reductions.” Plans to manage
nitrogen within the watershed should thus include a margin of safety in their considerations.
Values provided above place that margin as very roughly plus and minus 50% of the
attenuation factor. For example, for the 50%  attenuation factor used for lakes, a range of
25% to 75% could be considered.
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The scope of work for this review asked fo r specific attention to Tar Kiln Marsh,
Muddy Creek, and Pochet Neck, which are addressed in the following:

€ Tar Kiln Stream, to which Tar Kiln Mars h is tributary, has one of the higher
watershed loads shown in Tables 1 and 2. | found the revised attenuation
factor assigned by Howes et al. (2021) to Tar Kiln Marsh, 60%, to be consistent
with literature sources and founded on act ual field studies. | see no reason to
alter that attenuation factor but every reason  to consider it to be uncertain just
as the attenuation assigned to lakes and ponds is uncertain.

€ Attenuation in Muddy Creek is a puzzle. On the one hand, it is considered a
salt marsh and part of the embayment model and thus should have no
attenuation assigned (although its benthic  flux load could be negative and thus
attenuating). On the other hand, Eichner et al. (2010b) assigned Upper Muddy
Creek an attenuation factor but, as | under stand it, only to capture attenuation
in freshwater wetlands upstream of the  salt marsh. However, the physical
setting of Muddy Creek implies that it receives groundwater inflow
throughout. As such, attenuation, rather  than benthic exchange, is likely the
dominant process in Muddy Creek. If this is so, then it would be appropriate
to assign an attenuation factor to Mu ddy Creek much as attenuation factors
have been assigned to freshwater bodies throughout the watershed. As seen
in Tables 1 and 2, Muddy Creek receives a large nitrogen load and thus
attenuation within Muddy Creek could have significant implications for
meeting nitrogen goals. Unfortunately, the attenuation in Muddy Creek is
unknown—past field studies have given inconsistent results and the road
crossing between Upper and Lower Mu ddy Creek has been substantially
altered since those field studies were co nducted. As shown in Table 5, the
current attenuation factors (10% and 0% for Upper and Lower Muddy Creek)
are much less than those predicted by the Saunders and Kalff (2001) equation
(64%). For all of these reasons, | recommend that consideration be given to
new field studies to better quantify atte nuation in Muddy Creek. A new field
study to evaluate attenuation in Muddy Creek could be a cost-effective
investment given the potential substantia | costs to otherwise reduce loads to
Muddy Creek.

€ Since it is part of the embayment model, Pochet Neck is not assigned an
attenuation factor in the MEP model. However, unlike most of the
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subwatersheds, Pochet Neck includes a si gnificant area of salt marsh (roughly
125 acres) within its mapped watershed to the landside of the shoreline in
Figure 3. As shown in Table 5, the loading equation from Saunders and Kalff
(2001) indicates this area would attenuate roughly 70% of the incoming
nitrogen load. Since the salt marshes are separate from the embayment,
including this attenuation would not co  nstitute double-counting with benthic
flux. | therefore recommend that an attenuation factor be added to the
watershed model for the Pochet Neck s ubwatersheds. In keeping with the
conservatism elsewhere in the model, an attenuation factor of 50% seems
reasonable.
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Table A1. Computed Attenuation Factors for Pleas ant Bay Lakes based on Saunders and Kalff (2001).
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Table A2. Computed Attenuation Factors for Pl

easant Bay Lakes based on Steingruber (2020).
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'‘DYLG 6FKOH]LQJHU 6HQLRU 5HVHDUFK $VVRFLDWH &63

‘DWH ODUFK UHYLVHG ILQDO

5( B3RFKHW 1HFN DQG 0XGG\ &UHHN 1LWURJHQ ODVV ([FKDQ

., ,QWURGXFWLRQ DQG %DFNJURXQG

Q WKH &RDVWDO 6\WWHPV 3URJUDP IURP WKH 6FKRRO I
80DVV 'DUWPRXWK &63 60$67 LQ SDUWQHUVKLS ZLWK WKH
3URMHFW 0(3 7HFKQLFDO 7HDP FRPSOHWHG DQ XSGDWH RI
WKURXJK D )< B6RXWKHDVW 1HZ (QJODQG :DWHUVKHG *UDQW"
%D\ $OOLDQFH 3%$ 7KLV XSGDWH Rl WKH 30HDVDQW %!
GHYHORSPHQW SURFHGXUHV SUHYLRXVO\ DSSURYHG E\ 0DV\
SURWHFWLRQ O0ODVV'(3 DQG WKDW VHUYH DV WKH EDVLV IRU
WKUHVKROG FRQFHQWUDMWLRQV\WD QFH QX W R JH® PO RIKG V XSG
LQFOXGHG UHYLVLRQV WR WKH 7DU .LOQ DQG O0XGG\ &UHHN Q
QLWURJHQ FRQFHQWUDWLRQV DERYH WKH UHFRPPHQGHG OH\

BXEVHTXHQW GLVFXVVLRQV DPRQJ 61(3 30HDVDQW %D\ SDUW/¢
WR PHDVXUH WKH QLWURJHQ H[FKDQJH LQ 0XGG\ &UHHN DQ
FKDUDFWHUL]DWLRQ RI WKH FRQGLWLRQV LQ WKHVH SRUWLR
DQ\ 1 DWWHQXDWLRQ WKDW PD\ EH ORZHULQJ 1 ORDGV WR OF
IURP 3RFKHW &63 60$67 SURMHFW VWDII FRPSOHWHG QLWUT
WKUHH FRPSOHWH WLGDO F\FOHV DW ERWK ORFDWLRQV WR |
7HFKQLFDO OHPR VXPPDUL]J]HV WKH UHVXOWV RI WKHVH PHI
JXLGDQFH IRU PRGHOLQJ DQG IXWXUH PDQDJHPHQW GHFLVLR
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,, OXGG\ &UHHN 1LWURJHQ ODVV ([FKDQJH

0XGG\ &UHHN LV D FRPSOH[ FRDVWDO HFRV\VWHP WKDW KI
FKDUDFWHUL]DWLRQ 'XULQJ WKH 0(3 0XGG\ &UHHN IXQFWLR
IOXVKLQJ LQ LWV XSHBEERRNWKHARWUNVRMRULFDO GLNH $vV D V
QLWURJHQ DQG EDVHG RQ WKH DYDLODEOH ZDWHUVKHG ZDWF
DQG ORZHU SRUWLRQV RI 0OXGG\ &UHHN DWWHQXDWHG DQG
LOSXWYXHVH DWWHQXDWLRQ UDWHYV ZHUH EDVHG RQ DOO RI \
LQFOXGLQJ PHDVXUHG ZDWHU FROXPQ ZDWHU TXDOLW\ GDWL
QLWURJHQ DGGLWLRQV DQG WLGDO IOXVKLQJ ZLWKLQ 0XGG\

Q &63 60$67 FRPSOHWHG D PRUH UHILQHG DVVHVVPHQW
RUGHU WR HYDOXDWH ZKHWKHU D QHZ ZDWHU FRQWURO VW
KLVWRULFDO GLNH VHSDUDWLQJ XSSHU DQG ORZHU 0XGG\ &U|
HOHYDWLRQV DQG GHWHUPLQLQJ SODQW W\SHV WR WKH IUH
V\VWHP FROOHFWLRQ FKDUDFWHUL]DWLRQ DQG LQFXEDW
QLWURJHQ DGGLWLRQV WR WKH ZDWHU FROXPQ FROOHF\
FRPPXQLWLHV LQ VHGLPHQW VDPSOHV DERYH DQG EHOR?Z
H[FKDQJH VDPSOLQJY DW WKH GLNH DQG WKH 5RXWH RXW C
LQ YDULRXV SRUWLRQV RI WKH ZHWODQG FRPPXQLW\ DQG ZC
DQG WKH PHDVXUHG FKDQJHV GXH WR WKH EUHDFK DQG F

, Q 0(3 VWDII UHFHLYHG D UHTXHVW IURP WKH 7RZQ RI +DL
PRGHOLQJ RI XSGDWHG ZDWHUVKHG ZDWHU XVH DQG ODQG XV
RI 0OXGG\ &UKMHNQJ WKH RULJLQDO 0(3 WKH 7RZQ RQO\ KDG R
GDWD DQG WKH 7RZQ KDG FROIOHFWHGKWRKXHH DG GDWIDR
ZDQWHG WR UHYLHZ WKH LPSDFW RI D PRUH FRPSOHWH GDWD
GDWD SURYLGHG E\ WKH RWKHU WRZQV GXULQJ WKH 0(3 DVV
RWKHU LQIRUPDWLRQ VXSSOLHG E\ WKH 7RZQ D FKDQJHYV L
FRQGLWLRQV DW WKH :HTXDVVHWW ,0Q E QLWURJHQ ORDG |
I[URP D FUDQEHUU\ ERJ LQ /RZHU 0XGG\ &UHHN ZDWHUVKHG Wi
RI' LQQRYDWLYH DOWHUQDWLYH VHSWLF VI\VWHPV LQ WKH 8SS
ODQG XVH FRYHUDJHV IURP 7TKH QHW UHVXOW RI LQFRUS
KLIKHU ZDWHUVKHG QLWURJHQ ORDGV ZKLFK LQ WXUQ UH
0XGG\ &UHHN WR PDWFK PHDVXUHG 0(3 ZDWHU TXDOLW\

DQG DWWHQXDWLRQ LQ /RZHU 0XGG\ &UHHN 7TKH 8SSHU 0>
ZKDW PLJKW EH H[SHFWHG LQ VDOW PDUVKHV 7KH RYHUDO
QLWURJHQ WKUHVKROG FRQFHQWUDWLRQV UHPDLQHG VLPLC
GHFUHDVHG WKH ZDWHUVKHG ORDG UHGXFWLRQV UHTXLUHG
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0XGG\ &UHHN /RZHU 0XGG\ &UHHN VDZ QR FKDQJH LQ ZDWHU
WKH WKUHVKROG FRQFHQWUDWLRQ

, Q WKH 0XGG\ &UHHN V\VWHP ZDV VXEVWDQWLDOO\ DOWH
EULGJH DW WKH VA\VWHP LQOHW %DVHG RQ WLGDO PHDVXUHF
WKLV LQFUHDVHG WKH 0XGG\ &UHHN WLGDO SULVP YROXPH E
ZDWHU ZLWKLQ WKH &UHHN V\VWHKHYRPD O WHMVMWLRQV GIRFI
RWKHU DOWHUDWLRQV LQ WKH ODUJHU 30HDVDQW %D\ V\VWI
PDWFK PHDVXUHG ZDWHU TXDOLW\ PHDVXUHPHQWY LQ 8SSHL

UHVSHFWLIKMLNWONLQGLQJ PHDQV WKDW WKH 8SSHU &UHHN V\\
PDUVK DQG PRUH OLNH DQ HQFORVHG EDVLQ DOWKRXJK LW L
OLNH 5RXQG &RYH RU 5\GHU &RYH ZKHUH IULQJLQJ ZHWODQG
RlI WKH 0(3 XSGDWH LW ZDV XQFOHDU ZKHWKHU WKH 0XG
WR D QHZ HTXLOLEULXP IROORZLQJ WKH LPSDFWV RI WKH QH.

,Q RUGHU WR SURYLGH PRUH UHILQHG XQGHUVWDQGLQJ RI W
FRQGXFWHG WKUHH PHDVXUHPHQWY Rl QLWURJHQ PDVV H[FK]
ORFDWLRQ RI IRUPHU GLNH GLYLGLQJ 8SSHU DQG /RZHU 0XG
EHWZHHQ WKH 0(3 ZDWHUWUVYXHIE GHDURUPRH@®WY LQFOXGHG K
WUDQVHFWYV DW WKLV ORFDWLRQ XVLQJ DQ HOHFWURPDJQHMW
FRQWLQXRXV VWDJH UHFRUGHU O0XGG\ &UHHN KDG D PD[LPX
PLQLPXP WUDQVHFW RI IW DW ORZ WLGH 9HORFLW\ UHD
UHJDUGOHVV RI WKH WUDQVHFW ZLGWK 7KHVH PHDVXUHPHQ

7KHVH IORZ WUDQVHFWY ZHUH FRXSOHG WR ZDWHU TXDOLW\ "
KLIJIK WLGH ORZ WLGH 2Q HDFK VDPSOLQJ GDWH VDPSOHYV
ORFDWLRQV DORQJ WKH WUDQVHFW WKHQ SRROHG IRU D VLQ.
GDWHYV VDPSOHVIEHUH :PRROHUHFXNVHEIEL W\ VDPSOHYVY ZHUH DV
6\VWHPV $QDO\WLFDO /DERUDWRU\ DW 60%$67 80$66 'DUWPRXYV
XVHG IRU 3OHDVDQW %D\ ZDWHU TXDOLW\ PRQLWRULQJ SURJ
1 DQG QLWUDWH QLWULWH 1 GLVVROYHG QLWURJHQ SDUWLF
RUWKR SKRVSKDWH FKORURSK\OO D VDOLQLW\ DQG VDOLQL

0XGG\ &UHHN 7LGHV

JORRG DQG HEE FXUUHQW YHORFLW\ PHDVXUHPHQWY ZHUH F
0XGG\ &UHHN WR GHWHUPLQH IORZ FKDUDFWHULVWLFV GXUL!
ZHUH WKHQ LQWHUSRODWHG ZLWK VWDJH GDWD WR \LHOG D C
&UHHN 7RWDO IORZ LQWR WKH XSSHU FUHHN ZDV FDOFXODMW
TRWDO IORZ RXW ZDV FDOFXODWHG IURP VODFN KLJK WLGH
PHDVXUHG E\ D WLGH JDXJH GXULQJ HEE UHDFKHG WKH VDPH
ORZ WLGH JORZ HVWLPDWHY GXULQJ IORRG DQG HEE WLGH)\
LQWR DQG RXW RI 0XGG\ &UHHN WUDQVHFW VLWH GXULQJ W
GDWHYV ‘DWD I[URP HDFK FROOHFWHG ZDWHU VDPSOH ZDV S
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J)LIXUH O0XGG\ &UHHN /RFDWLRQ RI 1ILWURJHQWHUYVTKBRKD®YJ
VDPSOHYV IORZ YHORFLWLHY DQG VWDJH UHDGLQJV ZHUH FR(
WLGH KLJK WLGH ORZ WLGH GXULQJ WKH WKUHH HYHQWYV D
0XGG\ &UHHN \HOORZ FLUFOH LQ ILJXUH +RXUO\ PHDVXUHF
WKLV ORFDWLRQ GXULQJ WKUHH WLGDO F\FOHV LQ -XQ
VDPSOHYV SHU GDWH ZHUH FUHDWHG IURP SRROHG VDPS
$ FROQOWLQXRXV VWDJH UHFRUGHU ZDV DOVR GHSOR\HG GXULC

7TDEOH 0XGG\ &UHHN VDPSOLQJ GDWHV IRU ZDWHU TXDOLMW
RQ VDPS(@HFXK ZDWHU TXDOLW\ VDPSOH FRQVLVWHG RI ZDWHU
DORQJ WKH WUDQVHFW 1RWH WKDW 7'1 LV 7RWDO 'LVVRO
FDUERQ DQG LWURJHQ &B/SLUFHORWDO FKORURSK\OO

$VVD\V
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FDOFXODWH D PDVV IOX[ IRU HDFK VDPSOLQJ HYHQW 7KHVH
IOX[ IRU WKH HQWLUH WLGDO F\FOH )URP WKHVH IOX[ GDWD
VDOW DQG QXWULHQWY ZHUH FDOFXODWHG

$ FRQWLQXRXV VWDJH UHFRUGHU DQG D VWDII JDXJH ZHUH
VDPSOLQJ HYHQWY LQ FORVH YLFLQLW\ WR WKH WUDQVHFW
PHDVXUH WKH GLIIHUHQFHVY EHWZHHQ WKH WLGHV RQ HDFK
EHWZHHQ SUHGLFWHG 30HDYVD QW BOH YWKIHUHY ZDQ/GDOR B G Q KQH
GHOD\ IURP WKH 30HDVDQW %D\ VWDWLRQ WR 0XGG\ &UHHN L

KRXUV DQG PLQXWHV $XJIXVW 7KH HYHQLQJ ORZ WLGH

PLQXWHYV ZKLOH WKH GHOD\ LQ KLJK WLGH ZDV FRQVLVWH

PLQXWHYV 7TKH -XQH WLGHYVY ZHUH PHDVXUHG WZR GD\V I
-XO\ ZDV WZR GD\V DIWHU WKH ILUVW TXDUWHU PRRQ QHDS
GD\V EHIRUH D IXO0 PRRQ VSULQJ WLGH

7TDEOH 0XGG\ &UHHN PHDVXUHG WLGH KHLJKW FRPSDUHG
/LGHVY ZHUH FRPSDUHG WR SUHGLFWHG WLGHYVY DW D 30HDVD
ZLWK WKH FRUUHVSRQGLQJ ODJ WLPHV 7LGH UDQJHV RQ WK

‘D) /L 3UHG WL OHDV WL *DXJH 'HE IDJK P (

/IR.
+L.
/R.

/IR.
+L.
/R.

/IR.
+L.
/IR.

—tt> "ffe f-1" Z—5

:DWHU IOX[ GDWD JHQHUDOO\ VKRZHG WKDW WLGHV LQ 0XG
YHORFLWLHY ZHUH DSSOLHG WR WKH FURVYVY VHFWLRQDO DUH
RI ZDWHU WKURXJK WKH FXOYHUW 7TKH ITORRGLQJ WLGH LQW
GDWHV ZDV VKRUWHU LQ GXUDWLRQ DQG W\SLFDOO\ VWURQJ!

SHDN IORZ UDWH RQ WKH IORRGLQJ WLGHV ZHUH OLWHL

- X0\ DQG 'V RQ$UBXMORZ UDWH HEELQJ IURP 0XGG\ &UI

GXUDWLRQ DQG W\SLFDOO\ ZHDNHU 7KH PD[LPXP HEELQJ IOF
/I'V RQ -XO\ DQG I'V RQ $XJIXVW

7KH KRXUO\ IORZ UDWHV ZHUH WKHQ LQWHUSRODWHG ZLWK V
VLQJOH WLGDO F\FOHV WR \LHOG DQ HVWLPDWH RI WRWDO ZI
LOQWR WKH XSSHU FUHHN GXULQJ WKH WLGDO F\FOH ZDV FDO
WLGH 7TRWDO IORZ RXW RI WKH XSSHU FUHHN ZDV FDOFXOD
WKH WLGDO KHLJKW UHDFKHG WKH VDPH OHYHO DV WKDW UHI
E\ D WLGH JDXJH GXULQJ HEE :DWHU IOX[ GXULQJ IORRG W
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PHWHUV$®IXVW DQG -XO\7DBEM SR HDX[ GXULQJ WLGDO
ORQJHU GXUDWLRQ WKDQ GXULQJ WLGDO IORRGLQJ DQG UH"
WR $XIXVW DQG -XQH UHVSHEWLYHO\ $V D UF
WKHUH ZDV D QHW IOX[ Rl ZDWHU RXW Rl WKH XSSHU PDUVK F
EH H[SHFWHG JLYHQ ZDWHUVKHG LQSXWV WR WKH PDUVK DO
WLGHV RWEKHBUMNFWRUWDWLRQ ZLQGYV HYDSRWUDQVSLUDWL
FDQ KDYH D ODUJH GD\ WR GD\ LPSDFW )RU H[DPSOH WKH
&UHHN RQ -XQH FRXOG EH GXH WR WKH LOQFKHVJIRIUBDLQ V
'HSHQGLQJ RQ WKH FKDUDFWHULVWLFV RI LQGLYLGXDO VD
LQ OHVV ZDWHU OHDYLQJ WKDQ HQWHULQJ GXH WR HNDSRW
VKRXOG EH QRWHG KRZHYHU WKDW WKH ZDWHU IOX[ HQWHU

ZDV ; ; ODUJHU WKDQ WKH H[FKDQJH LQ
7TDEOH 0XGG\ &UHHN FXPXODWLYH ZDWHU YROXPH IOX[ IR
-X 0O\ DQG $XDWWHW IOX[ LQ DQG RXW YDULHG ZLWK IOX[ RXW

WKH WKUHH VDPSOLQJYV )ORRG GXUDWLRQV ZHUH OHVV WKH
LQ GXUDWLRQ RI WKH WZR FRPSRQHQWY 9ROXPH UHDGLQJV
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JLIXUH '‘DLO\ SUHFLSLWDWLRQ DPRXQWYV DQG WKH 0OXGG\ &

'‘DLO\ UDLQ WRWDOV ZHUH PHDVXUHG DW &KDWKDP $LUSRI
&UHHN VDPSOLQJ HYHQWYVY RFFXUUHG RQ -XQH - X0\ DQG



0XGG\ &UHHN IXWULHQW )OX]
0XGG\ &UHHN QXWULHQW IOX[ PHDVXUHPHQWY VKRZHG WKDW
UHVXOWYV VXJIJHVWLQJ WKDW 0XGG\ &UHHN LV QRZ IXQFWLRC
FKDQJHV LQ WKH 5RXWH EULGJH 6DOW PHDVXUHPHQW)
PDVV RQ -XQH JUHDWHU LPSRUW PDVV RQ -XO\7DBEQB FOR
7KHVH W\SHV RI IOXFWXDWLRQV XVXDOO\ RFFXU LQ V\VWH
LQ WKH VA\VWHP ZKLFK RIWHQ RFFXUV LQ VDOW PDUVK V\VWH
LPSDFW WKH ZHWWLQJ DQG GU\LQJ RI WKH PDUVKHV 7KLV V
IOX[HV

1LWURJHQ I0OX[ VKRZHG VRPH RI WKH VDPH VRUW RI IOXFWXD
HQWHULQJ LW RQ WKH IORRG WLGH GXULQJ -XO\ PHDVXUHPH(
$XIXVW ,Q DOO IOX[ UHDGLQJVY WKH 71 PDVV OHDYLQJ WKH
ZDWHUVKHG LQSXW 7KLV ILQGLQJ VXJIHVWYV WKDW WKH VHG
FROXPQ ZKLFK LV FRQVLVWHQW ZLWK KLJKO\ YDULDEOH VH
FROOHFWHG LQ 8SSHU 0X,G/GDAQVRHMDQVY WKDW QLWURJHQ 10>
FORVHO\ DSSUR[LPDWHV FRQGLWLRQV LQ WKH ODLQ %D\ ZKI
ZDWHUVKHG LQSXWV 1LWURJHQ FRQFHQWUDWLRQV DW PLG

ZDWHU TXDOLW\ PHDVXUHPHQWYV XVHG }lQ X\NUKH X &
7KLV VXJIJHVWV WKDW WKH LQFUHDVH LQ PDVV RYHU ZDWHUYV
ZDWHU HQWHULQJ DQG OHDYLQJ WKH &UHHN

, ] VDOW PHDVXUHPHQWY DUH EDODQFHG WR WU\ WR DFFRXQ\
WKH -XQH IOX[ PHDVXUHPHQWY VKRZHG D QHW UHPRYDO R
ZKLFK J ZHUH ELRDFWLYH 1 ',1 321 I WKLV ZHUH FRQYHLU
EH D NJ 71 UHPRYDO 7KLV 71 UHPRYDO UDWH ZRXOG PDW

30HDVDQW %D\ 8SGDWH RI ZDWHUVKHG QLWURJHQ ORDGL(
0XGG\ &UHHN EDVHG RQ D DWWHQXDWLRQ UDWH

. WKH VDPH VRUW RI VDOLQLW\ EDODQFLQJ LV GRQH RQ WKH
UHPRYHG DQG WKH QHW 71 IOX[ H[SRUWHG IURP 0XGG\ &UHHN
VIVWHP 7KHVH IOX[ PHDVXUHPHQW VKRZHG DQ LQFUHDVH F
O0XGG\ &UHHN J RI ZKLFK ZHUH ELRDFWLYH 1  %DVHG RQ
IURP 8SSHU 0XGG\ &UHHN WR /RZHU 0XGG\ &UHHN ZRXOG EH
LQSXW ,W LV XQFOHDU ZK\ WKHVH PHDVXUHPHQWY DUH GLII}
OLNHO\ GXH WR WKH GLIIHUHQFHV LQ ZDWHU QLWURJHQ UHW
DQG VDOW LQ DQG RXW RI WKH V\WVWHP ZDV ORZHU WKDQ -}
FKDUDFWHULVWLFVY IORRG WLGH ZDV  PLQXWHV VKRUWHU

DOVR VKRZ D QRWDEOH LQFUHDVH LQ '21 DQG D GHFUHDVH
IOXFWXDWLRQ LQ WKH SK\WRSODQNWRQ SRSXODWLRQ VFRXU
IDVWHU IORRG WLGH YROXPH DQG RU DFWLYDWLRQ RI ',1 XS
ELRWD 7HPSHUDWXUHV KDG DOVR LQFUHDVHG EHWZHHQ Wk
SOD\LQJ D UROH LQ WKHHFXFEDIQQJHWR®MGMMGREWQW DQG

LQWHUDFWLRQV
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7TDEOBSSHU 0XGG\ &UHHN VDOW ZDWHU DQG QXWULHQW IOX[ GXULQJ WKUHH

6DOW EDODQFHG ZDWHU YROXPH DQG QXWULHQW PDVV LQWR

IORRG WLGH DQG

KRXUO\ FRQVWLWXHQW ZDV LQWHUSRODWHG IRU HYHU\ WHQ PLQXWHV EDVHG RQ

KLIK WLGH

EHHQ EDODQFHG

$XIXVW

LQ SDUHQWKHVHYV

VKRZHG D QHW H[SRUW Rl 71 RXW RI WKH &UHHN

IRU ,Q WRWDOV DQG KLJK WLGH WR VODFN ORZ IRU WKH 2XW WRWDOYV
I1HIJDWLYH QHW I10X][

LQGLFDWHY UHWHQW

HYHQWYVY KDG WRWDO QLWURJHQ DWWHQXDWLRQHWSB @R [IOAD WK®IJ - XWEH

I.

'LITHUHQFHYVY LQ WLGDO FKDUDF

RI IORRG DQG HEE F\FOHV DUH VKRZQ HQ HBHUQWKER Q. XQR R X QQ & RWW H@J | D RS RAJUA L
LQ ZDWHUVKHG LQSXWV HWF OLNHO\ DFFRXQW IRU YDULDWLRQV LQ PDQ\ RI WK
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YLIXUH 7LPH &RXUVH 7RWDO 1LWURJHQ DQG %LRDFWLYH 1
&UHHN 7LGDO )OX[ 6XUYH\V -XQH )ORRG\WLBEXRBERINVWG XQ
WLPH SRLQWYV %LRDFWLYH 1 FRQFHQWUDWLRQ LQFUHDVHG
$XIXVW VXUYH\V UHIOHFWLQJ UHODWLYHO\ JUHDWHU ZDWH¢
SHUKDSV EHFDXVH RI WKH JUHDWHU YROXPHV LQ WKLV VXUY
ZHUH FRQVLVWHQW WKH DYHUDJH PLG HEE FRQFHQWUDWLRQ)\
HW DO



7KH $XJXVW 10X[ PHDVXUHPHQWY KDG WKH EHVW EDODQFF
JHQHUDOO\ VKRZHG VLPLODU 71 PDVV HQWHULQJ DQG OHDY
EHWZHHQ WKH VDOLQLW\ FRUUHFWHG DQG QRQ FRUUHFWHG |

7KH QHW DQQXDO 1 GLIIHUHQFH EHWZHHQ IORRG WLGH DQ
ZLWK NJ ZLWK WKH VDOLQLW\ FRUUHFWHG HVWLPDWH DQC
$XIJXVW UHDGLQJV VKRZHG D QRWDEOH LQFUHDVH LQ '21 10
-XO\ DQG $XJXVW UHDGLQJV KDG D QRWDEOH GHFUHDVH L
VXJIJHVWLQJ DQ LQFUHDVH LQ SK\WRSODQNWRQ EXW 321 PDV
3HUKDSV WKH EHQWKLF LQIDXQD LV FKDQJLQJ LQ WKH V\VWH
LQIDXQD ZDV QRW XSGDWHG LQ WKH 8SGDWH

8SSHU 0XGG\ &UHHN &RQFOXVLRQV

7KH WKUHH IOX[ VXUYH\V FRPSOHWHG DW WKH ORFDWLRQ RI
0XGG\ &UHHN KDG GLIIHULQJ UHVXOWYV EXW WZR RI WKH WK
QLWURJHQ DWWHQXDWLRQ XVHG IRU 8SSHU 0XGG\ &UHHN LQ
PRGHO ZDV DSSURSULDWH



.., 3RFKHW 1HFN 1LWURJHQ 0DVV ([FKDQJH

3RFKHW 1HFN LV D FRPSRQHQW Rl WKH RYHUDOO 30HDVDQW ¢
QRUWK RI D SHQLQVXOD VSOLW E\ 3D\WRQ /DQH DQG 3RFKHW
ZDWHUV ZLWK IULQJLQJ VDOW PDUVKHV DQG DQ LQWHULRU \
0(3 DQG GDWD VKRZHG WKDW 71 FRQFHQWUDWLRQV KDG
QLWURJHQ FRQWULEXWLRQV PHDVXUHG DW WKH VDWPR QRWLC
DGGLWLRQV

,Q RUGHU WR SURYLGH PRUH UHILQHG XQGHUVWDQGLQJ RI
&63 60%67 VWDII FRQGXFWHG WKUHH PHDVXUHPHQWYVY RI QLW
$XIXVW DW WKH 0(3 GLYLGLQJ OLQH EHWZHHQ WKH 3R
SOHDVD QW XA\ OHDVXUHPHQWY LQFOXGHG KRXUO\ YHORFLW)
HOHFWURPDJQHWLF IORZ PHWHU ODUVK OF%LUQH\ )OR ODWE
VDPSOLQJ GDWH D PLQLPXP RI ZDWHU TXDOLW\ VDPSOHYV .
FROXPQ 7KHVH ZDWHU TXDOLW\ VDPSOHV ZHUH SRROHG IUF
DQG ZHUH FROOHFWHG RYHU D FRPSOHWH WLGDO F\FOH ORz

SRROHG ZHUH FROOHFWHG GXULQUDW®H WOWHWB PXD/VL WN\F
VDPSOHYVY ZHUH DVVD\HG DW WKH &RDVWDO 6\VWHPV $QDO\WI
XVLQJ WKH VDPH DVVD\ SURFHGXUHV XVHG IRU 3OHDVDQW %
ZHUH DVVD\HG IRU DPPRQLXP 1 DQG QLWUDWH QLWULWH 1 G
SDUWLFXODWH RUJDQLF FDUERQ RUWKR SKRVSKDWH FKORU

S3RFKHW 1HFN 7LGHV

JORRG DQG HEE FXUUHQW YHORFLW\ PHDVXUHPHQWY ZHUH F
3RFKHW 1HFN WUDQVHFW WR GHWHUPLQH IORZ FKDUDFWHUL"
GbwbD ZHUH WKHQ LQWHUSRODWHG ZLWK VWDJH GDWD WR \L
LOWR 3RFKHW 1HFN ZDV FDOFXODWHG EHWZHHQ VODFN ORZ
FDOFXODWHG IURP VODFN KLJK WLGH WR WKH SRLQW DW ZK
GXUuLQJ HEe UHDFKHG WKH VDPH OHYHO DV WKDW UHFRUGHC(
GXULQJ IORRG DQG HEE WLGHYVY ZHUH XVHG WR FDOFXODWH \
WUDQVHFW VLWH GXULQJ WKH WLGDO F\FOH RQ HDFK RI WKH
VDPSOH ZDV SDLUHG ZLWK WKH FRUUHVSRQGLQJ IORZ UDWH
7KHVH UHVXOWY ZHUH LQWHUSRODWHG WR \LHOG D WRWDO |
GDWD WKH PDJQLWXGH DQG GLUHFWLRQ RI WKH QHW IOX[ RI

$ VWDJH UHFRUGHU ZDV GHSOR\HG LQ FORVH SUR[LPLW\ WR
VDPSOLQJ HYHQWYV WR PHDVXUH WKH GLITHUHQFHYVY EHWZHHQ
WLGH GHOD\ EHWZHHQ SUHGLFWHG 3DHBYHD W HWWDH AMRIUGGHVG DR
ORZ WLGH OHYHOV KDG D WLPH GHOD\ UDQJLQJ IURP PLQXW
WR WKH FRUUHVSRQGLQJ SUHGLFWLRQV DW D WLGH VWDWLR
ZDV H[SHULHQFHG ZLWKLQ PLQXWHV RI WKH SUHGLFWHG KLJK
UDQJLQJ IURP WR PLOQXWHYV RQ WKH WKUHH GDWHV 7KH -
IXOO PRRQ VSULQJ WLGH ZKLOH -XO\ ZDV IRXU GD\V DIW
$XIXVW VDPSOLQJ RFFXUUHG IRXU GD\V EHIRUH D IXOO PRR
IW ZDV RQ $XJIXVW
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1HFN 5RDG
%ULGJH

RochetiRas

A

3120 ft

B SRR il
JLIXUH S3RFKHW 1HFN /RFDWLRQ RI 1LWURJHQ O0ODVV ([FKDQ

:DWHU TXDOLW\ VDPSOHV IORZ YHORFLWLHY DQG VWDJH UH
WLGDO F\FOH ORZ WLGH KLJK WLGH ORZ WLGH GXULQJ WKH
\HOORZ DUURZ LQ ILJXUH +RXUO\ PHDVXUHPHQWY ZHUH FR
GXULQJ WKUHH WLGDO F\FOHV LQ -XQH -X0\ DQCG
PLQLPXP RI SHU GDWH ZHUH FUHDWHG IURP SRROHG VDPS
$ FRQWLQXRXV VWDJH UHFRUGHU ZDV DOVR GHSOR\HG GXULQ
FUHHN IRU WKH 3RFKHW 1HFN V\VWHP HIWHQGYVY QRUWK RI WK



7TDEOH

DORQJ WKH WUDQVHFW
DQG QLWURJHQ &+/$ LVSWRPHIMAVFKORURSK\OO

SRFKHW 1HFN VDPSOLQJ GDWHYV IRU ZDWHU TXDOLW
VDPSODFK ZDWHU TXDOLW\ VDPSOH FRQVLVWHG RI ZDWHU FF

1RWH WKDW 7'1 LV 7TRWDO 'LVVROYHC

6DPS $VVD\V
‘DWH VDPS| 1+ | 32 | 12 12| 7'1| 32&1 &+/$| 6DOL| 9HORFLW\
TRWI

TDEOBRFKHW 1HFN PHDVXUHG WLGH KHLIKW FRPSDUHG WR S
86 +DUERUYV 30O0HDVDQW %D\ 6RXWK VWDWLRQ DQG WKH FRUU
DQG PHDVXUHG WLGHV 7LGH UDQJHV RQ WKH WKUHH GDWHYV

‘D) L B3UHG WL OHDV WL *DXJH 'HS /DJ KU

/IR.
+L.
/R.

/IR.
+L.

/IR.

/IR.
+L.
/R.

3RFKHW 1HFN :DWHU )OX]
‘DWHU IOX[ GDWD JHQHUDOO\ VKRZHG WKDW WLGHV DW WKH !
DV WKH\ ZHUH LQ WKH 0XGG\ &UHHN PHDVXUHPHQWY &XUUHI
VHFWLRQDO DUHD RI WKH FKDQQHO WR REWDLQ DQ LQVWDQ
IORRGLQJ WLGH DW WKH 3RFKHW 1HFN WUDQVHFW RQ HDFK
GXUDWLRQ DQG W\SLFDOO\ VWURQJHU LQ IORZ UDWH FRPSDL
WKH IORRGLQJ WLGHV ZHUH OLWHUV SHU VHFRQG / V
/ V RQ $XJXMWH )ORZ UDWH HEELQJ IURP 3RFKHW 1HFN
DQG W\SLFDOO\ ZHDNHU 7KH PD[LPXP HEELQJ IORZ UDWHYV |
/' V RQ -XO\ DQG /' V RQ $XIXVW

7KH KRXUO\ IORZ UDWHV ZHUH WKHQ LQWHUSRODWHG ZLWK V
VLQJOH WLGDO F\FOHVY DW WKH 3RFKHW 1HFN WUDQVHFW WR
DQG HEE WLGHYV 7TRWDO IORZ LQWR 3RFKHW 1HFN GXULQJ W
ORZ WLGH DQG VODFN KLJK WLGH 7RWDO IORZ RXW RI 3RFKF
WKH SRLQW DW ZKLFK WKH WLGDO KHLJKW UHDFKHG WKH VDP
WLGH DV PHDVXUHG E\ D WLGH JDXJH GXULQJ HEE :DWHU I¢
WR FXELF PHWBOGUV DPQG -XQH 7TDHYBHMBPWHUWHOO X[ GXUL
WLGDO HEE ZDV RI D ORQJHU GXUDWLRQ a KUV WKDQ GXUL



7TDEOH SRFKHW 1HFN FXPXODWLYH ZDWHU YROXPH IOX[ IRU

DQG $XJIXDWHU IOX[ LQ DQG RXW YDULHG ZLWK IOX[ RXW J
WKUHH VDPSOLQJVY (EE GXUDWLRQV ZHUH ORQJHU WKDQ IOR
LQ GXUDWLRQ RI HDFK RI WKH WZR FRPSRQHQWYV KU 9RO}
WLGHV

:DW 9ROX d] d]u
P dju-z v ZEWuU]V

-XQH
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1HW ) 606
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JLIXUH SRFKHW 1HFN FKDQQHO PHDVXUHG WLGH KHLJKW L

VLQJOH WLGDO F\FOH RQ WKUHH VDPSOLQJ HORRDWBWHXQ
VKRZ KLIJKHU IORRGY UDWHYV BXWGERYH HEELE EHIUKRGYG OK
GDWH LV VKRZQ E\ WKH UHG GRWV RQ WKH VWDJH JUDSKV 86



&UHHN )ORRG WLGH YROXPHV UDQJKG\IURPRG -XQWR UHV®H
ZKLOH HEE WLGH YROXPHV UDQJHGXIW\RP DQG -W®H UHPVSHF

&RPSDULVRQ RI IORRG DQG HEE WLGH YROXPHV VKRZHG WZR
HQWHUHG WKH V\VWHP WKDQ OHIW GLITHUHQFH RQ $XJXVW
WKLUG GDWH ZDV EDODQFHG GLITHUHQFH RQ -XQH *U
RI WKH LQFKHV RI UDLQ WKDW IHOXUHRPKHKQHW WRYVRXRIK
LQ WKH 3RFKHW 1HFN PDUVK ZRXOG EH FRQVLVWHQW ZLWK H
OLJKW FRQGODWLRIQWKH NH\ IHDWXUHV RI WKH 3RFKHW 1HFN

&UHHN V\VWHP LV WKH HIWHQVLYH PDUVK SODLQ HVSHFLDOC
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JLIXUH 'DLO\ SUHFLSLWDWLRQ DPRXQWY DQG WKH 3RFKHYV
'DLO\ UDLQ WRWDOV ZHUH PHDVXUHG IURP DQ 2UOHDQV P
7TRZQ &RYH FRFRUDKV RUJ GRZQORDGHG 3RFKHW 1HF
-X 0\ DQG $XJIXVW
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SRFKHW 1HFN 1XWULHQW )OX]|
ILWURJHQ PHDVXUHPHQWV DW WKH 3RFKHW 1HFN WUDQVHFW
PDQDJHPHQW , 1 ORDGYVY DUH FRQVLVWHQWO\ KLJKOHWH! ; G.
ZKLFK ZRXOG EH FRQVLVWHQW ZLWK WUDQVIRUPDWLRQV
JURXQGZDWHU WR RUJDQLF IRUPV WKDW RFFXU LQ VDOW PDlI
JUHDWHU ELRDFWLYH 1 ',1 321 RQ HEE WLGHV WKDQ HQWHU
QHW ELRDFWLYH 1 PDVV H[SRUW YDULHG ZLWKLQ D UHODWLY
7UDQVODWLQJ WKHVH PDVVHV WR DQQXDO ORDGV UHVXOWYV
FKDQJHV PRVW RI WKH LQFUHDVH LQ ELRDFWLYH QLWURJHQ

7KLY LQFUHDVH LQ 321 LV JUHDWHU WKDQ WKH SURMHFWH (
ZDWHUVKHG QLWURJHQ ORDG LQ WKH 3OHDVDQW %D\ 8S
ZDWHUVKHG LQSXW ZRXOG WHQG WR EH ',1 PRVWO\ QLWUD
GHQLWULILFDWLRQ DQG WKH UHVW ZRXOG EH WUDQVIRUPF
JURXQGZDWHU WKURXJK WKH VDOW PDUVKHYVY DW WKH PDUJLQ
RSHQ ZDWHUV RI 3BRFKHW 1HFN LW ZRXOG RQO\ DFFRXQW IRL
ELRDFWLYH 1 H[SRUWHG IURP WKH VI\VWHP 7KLV ILQGLQJ DO
I[JURP 3RFKHW 1HFN LV IURPAMVKAHPUHQDNY VRXWHANVVDOVR OLNHO
VI\VWHP KDYH GLIITHUHQW 1 F\FOHVY WKH PDUVK DERYH 3RFKH
ZDWHU VRXWK RI WKH URDG LV OLNHO\ IXQFWLRQLQJ PRUH O
DOVR QRWDEOH WKDW PXFK RI WKH '";,1 HQWHULQJ RQ IORRG
LQGLFDWLQJ ORFDO ZDWHUVKHG LQSXWV RXWVLGH RI 3RFKF
JURXQGZDWHU 12 WR HVWXDU\ 1+ 1 DQG UHDGLO\ DYDLODE

5HYLHZ RI 71 DQG ELRDFWLYH 1 FRQFHQWUDWLRQV GXULQJ |
WKUHH GDWHV VKRZHG WKDW PLG HEE FRQFHQWUDWLRQV WH
DW :02 ZKLFK LV WKH LQWHULRU 3RFKHW 1HFN VWDWLRQ D
SRUWLRQ RI 30HDVDQW %D\ MXVW RXWVLGH RI WKH 3RFKHW 1
J)LIXUH $YHUDJH ELRDFWLYH 1 IURP PRQLWRULQJ GD\
DQG PJ/ DW :02 $YHUDJH ELRDFWLYH 1 FRQFHQWUDWL
DQG $XJIXVW VDPSOLQJ GDWHV ZHUH PJ / PJ |/
&RUUHVSRQGLQJ 71 FRQFHQWUDWLRQV RQ WKH VDPSOLQ
PJ/ UHVSHFWLYHO\

3RFKHW 1HFN &RQFOXVLRQV

7KH WKUHH IOX[ VXUYH\V FRPSOHWHG DW WKH 3RFKHW 1HFN
ZDWHUVKHG GHOLQHDWLRQ ZHUH UHODWLYHO\ FRQVLVWHQW
HISRUWYV PRUH ELRDFWLYH 1 WKDQ HQWHUV WKH V\VWH
ELRDFWLYH 1 LV ; WR ; JUHDWHU WKDQ WKH ZDWHUVKHG
ZLWKLQ WKH V\VWHP DUH DGGLQJ DGGLWLRQDO 1 WR IORRG W
LQ WKH QLWURJHQ UHIJHQHUDWLRQ PHDVXUHPHQWY IURP WK
7TKHUH PD\ EH GLIITHUHQFHYVY LQ KRZ DQG ZKHUH QLWURJHQ L\
HJDERYH DQG EHORZ 3RFKHW 5RDG WKH PDUVK DERYH WKI
WASHV RI UHILQHPHQWYV ZRXOG UHTXLUH PHDVXUHPHQWYV ZLW

A U XU X ] Zv EU v ~X <00 CX T1ifiX d o /sriU %X fAiX



7TDEORBRFKHW 1HFN VDOW ZDWHU DQG QXWULHQW IOX[ GXULQJ WKUHH6DOW EBDS DL
HEE WLGH

FRQVWLWXHQW ZDV LQWHUSRODWHG IRU HYHU\ WHQ PLQXWHYVY EDVHG RQ KRXUO\ VI
WRWDOV DQG KLJK WLGH WR VODFN ORZ IRU WKH 2XW WRWDOV

ZDWHU YROXPH DQG QXWULHQW PDVV LQWR

QHW

lOX]

DSSUR[LPDWHO\
RI WKHVH GDWHYVY DOVR KDG QHW 71 H[SRUW RI
1 LQESXWYV VXJIHVWLQJ WKDW WKH VHGLPHQWY LQ 3RFKHW 1HFN DUH WKH SULPDU\

EXW QHW ELRDFWLYH 1

LQ SDUHQWKHVHYV

v1 321

D

QG

HISRUW RI

IORRG WLGH DQG RXW RI

6DOW LV D FRQVHU
LQGLFDWHY UHWHQWLRQ RU DWWHQXDWLRQ ZLWKL
%LRDFWLYH 1 H
UHVSHFWLYHO\

71 H[SF
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YLIXUH 7LPH &RXUVH 7RWDO 1LWURJHQ DQG %LRDFWLYH
7LGDO )OX[ 6XUYH\V -XQH -XORRG DMQG B XIRFWMKUUHG WKUF
SRLQW GXULQJ HDFK VXUYH\ %LRDFWLYH 1 FRQFHQWUDWLI
JUHDWHU ZDWHUVKHG LQSXWV EXW DOVR LQSXWV IURP W
FRQFHQWUDWLRQV ZHUH UHODWLYHO\ FRQVLVWHQW RQ ERW
ZLWK ILQGLQJV LQ WKH 0(3 DQG WKH SULPDU\ UHDVRQ IRU UF
PRGHOLQJ %LRDFWLYH 1 FRQFHQWUDWLRQV LQ PLG HEE ZHU
HEE FRQFHQWUDWLRQV DW WKH LQQHU 3RFKHW 1HFN VWDWL
PLG HEE FRQFHQWUDWLRQ RI HWJDIOELRDFWLYH 1 +RZHV



ODULQH 6FUHGFHHGIRUG )D[

6FKRRO IRU  6RXWK 5RGQH\ JHHQFK %
DQG 7THFKQ®RMEWNRID FKXVHWW

S SQLYHUVLW\ RI
ODVVDFKXVHWWYV
(£ 'DUWPRXWK

7HFKQLFDO OHPRUDOGXP——

7R SOHDVDQW %D\ $OOLDQFH :RUNLQJ *URXS
&DUROH 5LGOH\ &RRUGLQDWRU 3OHDVDQW %D\ $OOLDQF

JURP (G (LFKQHU 3ULQFLSDO 70'/f 6ROXWLRQV $GMXQFW 3U]|
6HDQ .HOOH\ 3( 6HQLRU &RDVWDO (QJLQHHU 6XVWDLQECL

'DWH -XQH UHYLVHG ILQDO

5( ,PSDFW RI &KDQJHV LQ 7DU .LOQ DQG 8SSHU O0XGG\ &UHt
61(3 PRGLILHG 7DVN

, ,QWURGXFWLRQ DQG %DFNJURXQG
Q WKH &RDVWDO 6\WWHPV 3URJUDP IURP WKH 6FKRRO I
80DVV 'DUWPRXWK &63 60$67 LQ SDUWQHUVKLS ZLWK WKH

3URMHFW 0(3 7HFKQLFDO 7HDP FRPSOHWHG DQ XSGDWH RI
WKURXJK D )< 6RXWKHDVW 1HZ (QJODQG :DWHUVKHG *UDQW
%D\ $OOLDQFH 3%$ 7KLV 61(3 XSGDWH Rl WKH 30HDVDQW
PRGHO GHYHORSPHQW SURFHGXUHV SUHYLRXVO\ DSSURYFH
(QYLURQPHQWDO 3URWHFWLRQ ODVV'(3 DQG WKDW VHUYH D
ZDWHU TXDOLW\ WKUHVKROG FRQWHQMUNWLRQWXOWE QULRPU |
61(3 SURMHFW LQFOXGHG XSGDWHV WR WKH 7DU .LOQ DQG
UDWHV EDVHG RQ SRVW 0(3 GDWD DQG UHVSHFWLYHO

BXEVHTXHQW GLVFXVVLRQV DPRQJ &63 60$67 DQG 3%$ :RUNL
TXHVWLRQV DERXW WKH V\VWHP ZLGH DQG ORFDO LPSDFWV
0XGG\ &UHHN QLWURJHQ DWWHQXDWLRQ $V D UHVXOW RI WK
WR FRPSOHWH WZR DGGLWLRQDO ZDWHU TXDOLWM VFHQD
K\GURG\QDPLFV DQG ZDWHUVKHG QLWURJHQ ORDGV WR HYDC
D 5HGXFLQJ WKH 7DU .LOQ PDWWR D WWWGE QXWWRA QVR/ PHPWRL
E 5SHGXFLQJ ERWK 7DU .LOQ DQG 8SSHU 0XGG\ &UHHN DWW
UHVSHFWLYHO\
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., B6FHQDULR 61(3 H[LVWLQJ ZDWHUVKHG ORDGLQJ ZLW
DWWHQXDHVIDRP® DV 0(3
7KLV VFHQDULR XWLOL]JHG WKH H[LVWLQJ FRQGLWLRQV ZDWH
WKURXJK WKH 61(3 XSGDWH H[FHSW IRU FKDQJLQJ WKH 7DL
WR 7KLV FKDQJH LV D UHWXUQ WR WKH KLVWRULFDO 7C
LQ WKH RULJLQDO 0(3 30HDVDQW %D\ DVVHVVPHQW DQG WKH
WKH RULJLQDO 0(3 7DU .LOQ ODUVK VWUHDP KDG D FRQWL
VDPSOLQJ 7KHVH UHVXOWV ZHUH VI\QWKHVL]HG DQG UHSRU\
VXIILFLHQW XQFHUWDLQWLHYV LQ WKH GDWD DQG WKH FRQGL
WKDW OHG WR D GHFLVLRQ E\ WKH 0(3 7HFKQLFDO 7HDP WKD
VWUHDP EDVHG RQ 0(3 4%$33 JXLGDQFH WR HPSOR\ FRQVHUYI
ZHUH KLJK +RZHYHU LQ DQG SULRU WR WKH 61(3 XSGC
2U0HDQV &RQVHUYDWLRQ 7UXVW WR FRPSOHWH D PRUH UHII
ODUVK V\VIKHF UHYLHZ DGGUHVVHG VRPH RI WKH XQFHUW
DW WKH WLPH RI WKH 0(3 LQFOXGLQJ WLGDO IORZ FKDUDFW!|
VWDEOH DQG ZKHWKHU WKHUH ZHUH VLJQV RI LPSDLUPHQW
UHILQHG UHYLHZ DQG GDWD FROOHFWLRQ WKH 61(3 SURMF
DWWHQXDWLRQ ZLWKLQ WKH 7DU .LOQ ODUVK V\VWHP ZDV DS

JRU WKLV VFHQDULR WKH 61(3 ZDWHU TXDOLW\ PRGHO ZDV
ORDGV LQFRUSRUDWLQJ QR QLWURJHDDEW W HE&XBKDLRIH V. @ MW
PDGH LQ WKH K\GURG\QDPLF SRUWLRQ Rl WKH 61(3 OLQNHG
61(3 EHQWKLF QLWURJHQ ORDGV ZHUH QRW DGMXVWHG VLC
ORDG LQ WKH 61(3 PRGHO

&KDQJLQJ WKH 7DU .LOQ ODUVK DWWHQXDWLRQ IURP W R
OLWWOH WR QR LPSDFW RQ QLWURJHQ FRIDFGIH WOLRIBWIORIEV \
ELRDFWLYH QLWURUIH{EG ERQFO QMG DYRBIOD/QLF QLWURJHQ SDI
FKDQJHG E\ OHVV WKDQ DW IRXU RI WKH PRQLWRULQJ VW

RWKHU VWDWLRQV %LRDFWLYH QLWURJHQ FRQFHQWUDWL
FKDQJH DW DOO LG XYWHLVKMARHRPWERPH LV FRQVLVWHQW ZLW#
FKDQJH IURP WKH DWWHQXDWLRQ FKDQJH UHODWLYH W R
WKH SRUWLRQ RI WKH VIVWHP WKDW ZRXOG EH PRVWO\ LPSDI

. 6FHQDULR 61(3 HILVWLQJ ZDWHUVKHG ORDGLQJ ZLW
DQG DWWHQXDWLRQ LQ 8SHBWHDPHXBG\0&IJHHN
7KLY VFHQDULR XWLOL]J]HG WKH H[LVWLQJ FRQGLWLRQV ZDWH
WKURXJK WKH 61(3 XSGDWH DQG FKDQJHG WKH QLWURJHQ I
0XGG\ &UHHN WR WKH DWWHQXDWLRQ UDWHV XVHG LQ WKH R
UHVSHFWLYHO\ 7DU .LOQ ODUVK DWWHQXDWLRQ LV GLVF
DVVLIQHG D QLWURJHQ DWWHQXDWLRQ UDWH LQ WKH 0(3 D\
IOX[ K\GURG\QDPLFV SULRU WR WKH EUHDFK ZDWHUVKHC

AWIAD "d d Zv] o D U} v puX uPue-s id
X ,}JA «U DX "puv Eu C EU WX D v p-
KEo ve }ve EA 8]}v dEU*EX ifi %o %o X

X E <]Jov " 0§ D E*ZW Wo vS }luupv]s

U 7ifix d
} pe3]vU AWIAD Ad v X ] Zv GU dD >

I
u X



, Q UHILQHPHQWYVY WR 0XGG\ &UHHN ZHUH DGGHG WR W

XSGDWHG GDWD , Q WKH 7RZQ RI +DUZLFK SURYLGHG XS
WHDP DQG WKH ZDWHUVKHG QLWURJHQ ORDGY ZHUH DOWHUH
&UHHN ZDWHUVKHG , Q &63 60$67 FRPSOHWHG D UHILQH

&UHHN HFRV\WWHP LQFOXGLQJ PHDVXUHPHQWY Rl QLWURJH
VIVWHPKH XSGDWHG QLWURJHQ ORDGY DQG UHILQHG V\VWHP
WKH 0(3 PRGHO DQG DV D UHVXOW WKH QLWURJHQ DWWHQX
ZHUH DGMXVWHG WR PDWFK WKH PHB®SHHWGO X G GADSHHH N XDLC
DWWHQXDWLRQ ZDV FKDQJHG IURP  WR DQG /RZHU 0XGG\
7KH QHW UHVXOW RI WKHVH FKDQJHV ZDV WKDW /RZHU 0X
RI WKH ZDWHUVKHG VHSWLF ORDG WR PHHW WKH WKUHVKRO¢
UHGXFHG IURP WR 'XULQJ WKLV VDPH WLPH SHULRG 3
WKH LPSDFW RI LQFRUSRUDWLQJ D IW FXOYHUW DW WKH
DQWLFLSDWLRQ RI WKH FKDQJHV SODQQHG RQ 5RXWH 7
FRQFHQWUDWLRQ IURP DERYH WKH WKUHVKROG WR DER
DW WKH /RZHU 0XGG\ &UHHN VHFRQGDUR WKD® YHKWR @ &8 UHNVPDG.H
QLWURJHQ DWWHQXDWLRQ UDWHV EXW LW ZDV QRWHG WKDW
0XGG\ &UHHN VDOW PDUVKHV ZRXOG UHVSRQG WR WKH LQFUH
‘DWHU IW GXH WR WKH LQFUHDVH LQ WKH FXOYHUW ZLGYV
ZDV PHDVXUHG LQ WKH VWXG\ DQG LQFUHDVH QLWURJHQ
EHFDXVH DYDLODEOH PDUVK HOHYDWLRQ FRQWRXUV ZHUH JU

YRU WKH FXUUHQW VFHQDULR WKH 61(3 ZDWHU TXDOLW\ PF
QLWURJHDDBABBIGQFRUSRUDWLQJ QR QLWURJHQ DWWHQXDWLR
DWWHQXDWLRQ LQ 85 $HHRW IDXEE®\0& UFEBHNWWHQXDWLRQ UDWHV
WKH 61(3 XSGDWH RI WKH 30HDVDQW %D\ 0(3 PRGHO LQFOXC
IRU 7DU .LOQ ODUVK DQG 8SSHU 0XGG\ &UHHN DQG UH\
LQ WKH K\GURG\QDPLF SRUWLRQ RI WKH 61(3 OLQNHG PRGH!

7KH FRPELQHG LPSDFW RI FKDQJLQJ WKH DWWHQXDWLRQ UDW
&UHHN KDG WKH ODUJHVW LPSDFW DW WKH WZR 0XGG\ &UH
FRQFHQWUDWLRQ DW WKH 8SSHU 0OXGG\ &UHHN VWDWLRQ
FRQFHQWUDWLRQ DW WKH /RZHU 0XGG\ &UHHD BMWDWKRQ 3%
/IRZHU 0XGG\ &UHHN VWDWLRQ LV RQH RI WKH VHFRQGDU\ WK
WKUHVKROG FRQFHQWUDWLRQ RI PJ/ 7KLV WKUHVKROG
H[LVWLQJ FRQGLWLRQV DQG WKH FKDQJH LQ DWWHQXDWLRQ
7KH ELRDFWLYH 1 FRQFHQWUDWLRQ DW WKH 3%$ SULPDU\"
QRW FKDQJH FRPSDUHG WR WKH 61(3 XSGDWH DQG WKH 5\G

RYHU WKH SULPDU\ WKUHVKROG FRQFHQWUDWLRQ PJ/ F
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QLQH VWDWLRQV KDG LQFUHDVHV LQ ELRDFWLYH 1 FRQFHQMW
H[LVWLQJ FRQGLWLRQV FRQFHQWUDWLRQV EXW RQO\ WKH W
WKDQ 7KH VIVWHP ZLGH ELRDFWLYH 1 FROQFHQWWHWWLRQV

&RPSDULVRQ EHWZHHQ WKH UHVXOWY IURP 6FHQDULR VHH
WKH LQFUHDVHYV LQ ELRDFWLYH 1 FRQFHQWUDWLRQV DW ILY
FKDQJH LQ DWWHQXDWLRQ LQ 8SSHU 0XGG\ &UHHN 7KH UHPR
FRQFHQWUDWLRQV DW IRXU VWDWLRQVY DOEHLW DOO ZLWK

8SSHU 0XGG\ &UHHN DWWHQXDWLRQ LQ 6FHQDULR GLG QRYV
WKHVH IRXU VWDWLRQV 7TKH FKDQJH LQ WKH 8SSHU 0XGG\
FRQFHQWUDWLRQV DW /LWWOH 4XDQVHW 3RQG 5RXQG &RYH
0XGG\ &UHHN VWDWLRQV 7KHVH FKDQJHV DW WKH WKUHH QR
EXW UHLQIRUFH KRZ FKDQJHV LQ RQH SDUW RI WKH 30OHDVDQ



7TDEOH 1LWURJHQ /RDGV IRU 6FHQDULR 61(3
7DU .LOQ ODUVK DRW MWEXDVWIFRH@DULR DOO ZDWH
DWPRVSKHULF ORDGY DUH WKH VDPH DV WKRVH

8SGDWH +RZHV DQG RWKHUYV

QLWURJHQ ORDG ZDV FKDQJHG E\ UHGXFLQJ WKH
DWWHQXDWLRQ 7TKH 61(3
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7TDEOH ORGHOHG DYHUDJH ELRDFWLYH 1 ',1 3

61(3 H[LVWLQJ ORDGLQJ VFHQDULR ZLWIVQWHQDU .LOQ O
6FHQDULR ELRDFWLYH 1 FRQFHQWUDWLRQV DUH FRPSDUHG

ZKLFK LQFOXGHG D QLWURJHQ DWWHQXDWLRQ|LQ 7DU .L
VFHQDULR UHVXOWY DUH EDVHG RQ WKH XSGDWHG 30HDV
GXULQJ 61(3 7KH SULPDU\ VHQWLQHO WKUHVKROG VWD!
RUDQJH VHFRQGDU\ WKUHVKROG VWDWLRQV PJ/ WDUJ
VHQWLQHO VWDWLRQ WKUHVKROG LV VHW D§WAKH DYHUDJ
7KH FKDQJH LQ WKH 7DU .LOQ ODUVK IURP WR | UHVXOV
DW VWDWLRQV ZLWK DOO FKDQJHV OHVV WKDQ 7KHUH
SULPDU\ VHQWLQHO VWDWLRQV
( 61(3
PRQLWRE ﬁ;
6XE (PED\PHQW VWDML_E% ML@%?QDJE&DQJH
OHHWLQJKF 3%
OWJKVH#5DW 02
OWJKVH/RQQ ,Q 102
/IRQQ 3R 3%
$UH3R 3%
1IDPHTXRLW 5 :02
7KH 5 ORX 3%
3RF 8SSHL7RZQ /D 02
3RF %DVLQ# 102
JLWWOH 3C +H 3%
JLWWOH 3C 0ODLQ ¢ 3%
31:DK 31 3%
JLWWOH 4X 02
4XDQVH 102
5RXQG 3%
OXGG\ & 8SS 3% $
OXGG\ & /RZ 3%
30HDVI +H 3%
30HDVI 8SSHU 6VD( 3%
30HDVDQW %D\ R 3%
30HDVDQW %D\ Dt 3%
5\GHUV &R’ 3%
5\GHUV &R" &C
&URZV 3%
&KDWKDP 8SS 3%




7DEOH 1LWURJHQ /RDGV IRU 6FHQDULR  61(3
7DU .LOQ ODUVK QLWURJHQ DWWHQXDWLRQ DQ
OXGG\ &UMRIWN WKLY VFHQDULR DOO ZDWHUVKHG
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7DEOH ORGHOHG DYHUDJH ELRDFWLYH 1 ',1 3
61(3 H[LVWLQJ ORDGLQJ VFHQDULR ZLWK QR 7DL
QLWURJHQ DWWHQXDWLRQ b© HISSHILLR OXIGRD FSMULH
DUH FRPSDUHG WR 61(3 H[LVWLQJ FRQGLWLRQV
D QLWURJHQ DWWHQXDWLRQ LQ 7DU .LOQ 0DU
0XGG\ &UHHN %RWK WKH 61(3 DQG WKH VFHQDU
%D\ ZDWHU TXDOLW\ PRGHO GHYHORSHG GXULQJ
VWDWLRQV PJ/ WDUJHW DUH VKDGHG RUDQ
WDUJHW DUH VKDGHG EOXH 7KH 5\GHUV &RYH V
WKH 3%$ DQG &0 FRQFHQWUDWLRQV 7KH FRP
DWWHQXDWLRQ LQ 7DU .LOQ ODUVK DQG 8SSHU
VWDWLRQV EXW RQO\ DW WKH 0XGG\ &UHHN VWD
8SSHU OXGG\ &UHHN 3%$ $ DQG DW /RZHU 0
&RYH SULPDU\ VHQWLQHO VWDWLRQ DYHUDJH FRQ
FRQFHQWUDWLRQ DQG WKH /LWWOH 30HDVDQW ¢
FKDQJH &RQFHQWUDWLRQV DW WKH VHFRQGDU\
PJ/ ELRDFWLYH 1 WKUHVKROG LQ WKLV VFHQD
JUHDWHU WKDQ WKH WKUHVKROG DQG WKKRD/M \O K N
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J)LIXUH 7L,GDOO\ DYHUDJHG %LRDFWLYH 1 FRQFHQWUDWLR
VIVWHP IRU 6FHQDULR 61(3 HILVWLQJ ZDWHUVKHG ORD:
DWWHQXDKWMVRQFRQFHQWUDWLRQVY DUH EDVHG RQ WKH 61(3

EDWK\PHWU\ DQG K\GURG\QDPLFV ZKLFK LQFOXGH WKH FI
QRUWK LQOHW /KH VHOHFWHG QLWURJHQ DWWHQXDWLRQ U
RULJLQDO 0(3 DVVHVVPHQW %LRDFWLYH 1 FRQFHQWUDWLEF
PROQLWRULQJ VWDWLRQV DQG GLG QRW FKDQJH DW WKH RWKF



YLIXUH 7LGDOO\ DYHUDJHG %LRDFWLYH 1 FRQFHQWUDWLR
VIVWHP IRU 6FHQDULR 61(3 H[LVWLQJ ZDWHUVKHG ORD:
DWWHQXDWLRQ DQG 8SSHU 0XGG\ &UHHMN DWW AR @ BAMQ R Q DUML
EDVHG RQ WKH 61(3 XSGDWH ZKLFK LQFOXGHG XSGDWHG I
LQFOXGH WKH FRQILIXUDWLRQ RI WKH SRVW EUHDFK
DWWHQXDWLRQ UDWHYV IRU 8SSHU 0XGG\ &UHHN DQG 7DU .LOC
0(3 DVVHVVPHQW 7KH ODUJHVW FKDQJHV LQ ELRDFWLYH 1 |
VWDWLRQV DW 8SSHU 0XGG\ &UHHN 3%$ $ DQG D

$QRWKHU RI WKH VWDWLRQV KDG FRQFHQWUDWLRQ FK
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This review was completed for the Pleasant Bay Alliance in response to a request to
evaluate two recent reports by the School of Marine Science and Technology (SMAST) of the
University of Massachusetts Dartmouth (Eichne  retal., 2023; Eichner and Kelley, 2023). The
SMAST reports build on prior work for the Massa  chusetts Estuaries Project (MEP) to develop
and apply a linked watershed-embayment model of Pleasant Bay (Howes et al., 2006; Howes
et al.,, 2011). In the first of the two recent reports, Eichner et al. (2023) presented results
from new field studies to assess nitrogen atte nuation in the Muddy Creek and Pochet Neck
sub-embayments of Pleasant Bay. Inthe seco nd of the two reports, Eichner and Kelley (2023)
completed new simulations with the MEP mode | incorporating different assumptions about
attenuation in the Tar Kiln Brook and Upper Muddy Creek sub-embayments. The second
report includes no new field data with  which to reassess attenuation for those sub-
embayments. For that reason, | am not providin g a review of that document. The remainder
of this review provides an in-depth look at the report by Eichner et al. (2023).

Eduard Eichner of SMAST reviewed drafts of this report and provided helpful
discussions and comments on the drafts.

Eichner et al. (2023) completed field studies at two transects to measure the fluxes of
water, salinity, and nitrogen components  between Pleasant Bay and tributary sub-
embayments over the course of several complete tidal cycles. Transects were established
between Upper and Lower Muddy Creek and between Pochet Neck and Pleasant Bay. These
measurements provided estimates of the net flux of nitrogen from which estimates of
attenuation could be inferred. Multiple steps were  involved in this process of collecting and

processing the data:

1. Continuous measurements were made of water elevation (i.e., tide) and hourly
measurements of current velocities. In  addition, hourly samples were collected for
analysis of salinity, nitrogen and phosphorus species, and chlorophyll-a.

2. The hourly current measurements were us ed to estimate the corresponding flow
through the transect. There is necessari ly a degree of approximation in this
calculation since current velocities can be measured only at selected locations within

the transect cross section.



3. The continuous stage measurements were then used to interpolate flow between the
hourly values to construct a continuous reco rd of flow and compute the total volume
of water passing through the transect on the ebb and flood tides.

4. The measured salinity and computed flows were then combined to compute salt fluxes
for the ebb and flood tides. Based on the salt fluxes, the flow volumes for the incoming
flood tide were adjusted up or down such that there was a balance between the
incoming salt on the flood tide and outgoing salt on the ebb tide. This procedure thus
corrected the estimated water fluxes based on the assumption that the total amount
of salt flowing into the sub-embayment woul d equal the total amount of salt flowing
out. This is a reasonable but approximate assumption; while salt content in the sub-
embayment could vary from tide cycle to tide cycle, variations are likely to be small.
Salinity-based corrections were as high + 29% and -26% for Upper Muddy Creek, but
only a few percent for Pochet Neck.

5. The salinity-corrected flows were then  combined with the hourly nitrogen
measurements to compute total nitrogen fluxes on flood and ebb tides.

The nitrogen fluxes computed from this  multi-step process provide a field-based
estimate of how much nitrogen passes into an d out of the sub-embayment on the incoming
flood tide and outgoing ebb tide, respectively . | use these newly-measured fluxes in the
analysis below to evaluate attenuation.

D e OV e

The Massachusetts Estuaries Project (MEP) linked watershed-embayment model
(Howes et al., 2006, 2021) considers several diff erent flows of nitrogen into sub-embayments.
Nitrogen enters sub-embayments via the flow of groundwater, a load that is computed using
the watershed model component of the linked mode |. Howes et al. (2021, Table 1I-5) tabulate
the annual watershed loads computed with the  watershed model for each subwatershed to
Pleasant Bay. (One note on terminology: load s and fluxes differ in that loads are measured
as mass but fluxes as mass per time. The annual loads tabulated by Howes et al. are reported
in kilograms per year and thus are fluxes us ing a strict definition of that term. For
consistency with Howes et al., 1| retain the term loads here.)  Nitrogen also enters each sub-
embayment from atmospheric deposition (atmos pheric load) and by nitrogen exchange with
the mud underlying the sub-embayment (benthic load). Howes et al. (2021, Table 1V-2)
provide these loads as well.



The fluxes of nitrogen into and out of a sub-embayment can be estimated as the
combination of the fluxes that go into the  sub-embayment from the watershed, atmosphere,
and with the incoming flood tide, the fluxes t hat go out with the outgoing ebb tide, and the
exchange of nitrogen with the mud in the bottom  of the sub-embayment (the benthic flux).
Benthic flux may be either positive (incoming) or  negative (outgoing) but is generally positive
within Pleasant Bay. This mass balance is shown in the equation below with benthic flux
included as an incoming flux. In principle, the fluxes into and out of the sub-embayment, if
fully accounted for, should balance. Equation 1 below defines any imbalance as “lost flux.”

Lost Flux = (Fluxes In) — (Fluxes Out)

(Watershed Flux + Atmospheric Flux + Benthic Flux + Flood Tide Flux) —
(Ebb Tide Flux) (@)

Flux may be lost due to errors in the estimates or measurements of the component fluxes.
Assuming there is no error, a positive value of the lost flux indicates that a portion of the
total load into the sub-embayment has been e liminated by various natural processes that
have not been fully accounted for. One particu lar unknown factor in the flux of nitrogen to
the sub-embayments is the degree to which th e watershed loads may be reduced (attenuated)
by biochemical processes in nearshore sediment s and wetlands as groundwater discharges to
the sub-embayment. Attenuation is factored into  calculations in the watershed component
of the MEP linked model and as such is applied only to the watershed and atmospheric loads.
However, achieving a balance of all fluxes to a sub-embayment may also require
reconsideration of the benthic load, which is a component of the embayment model component
of the linked model.
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The nitrogen fluxes to Upper Muddy Creek are compiled in Table 1 in units of
kilograms per day. Table 1 includes the wate rshed, atmospheric, and benthic loads derived
by Howes et al. (2021) plus the tidal fluxes de termined by Eichner et al. (2023) from field
data collection. The incoming and outgoing ti dal fluxes in grams over a tidal cycle were
divided by the time in hours between subsequent low tides so as to compute a rate in grams
per hour that was then conv erted to kilograms per year.



Table 1
Nitrogen Balances for Upper Muddy Creek
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The “Field measurements” columns in upper portion of Table 1 show that the total
nitrogen balance for Upper Muddy Creek is strongly influenced by nitrogen carried in and
out of Upper Muddy Creek with the tide. On  June 12 and August 9, 2022, the total nitrogen
(TN) carried into Upper Muddy Creek by the fl  ood tide exceeded the nitrogen carried out by
the ebb tide, indicating a net loss of nitrogen  within Upper Muddy Creek (“Net TN flux out”
is negative in Table 1). The opposite occurre d on July 10, which showed a relatively larger
net gain of nitrogen despite lesser in and out tidal fluxes.

The “Other incoming loads” columns of Tabl e 1 tally the watershed, atmospheric, and
benthic loads as reported by Howes et al. (2021) . (The atmospheric flux is separated out in
Table IV-2 by Howes et al. (2021) but is in fact included as part of the watershed load in the
underlying calculations and is thus modified by attenuation along with the watershed load.)

The “Mass balance” columns in Table 1 add up the various loads into Upper Muddy
Creek according to Equation 1. On all three dates, the total nitrogen flux into Upper Muddy
Creek exceeds the total out, indicating a netlo  ss of total nitrogen within Upper Muddy Creek.

Eichner et al. (2023) evaluate both total nitrogen and bioactive nitrogen in their
analysis of the results of the field survey. The bottom portion of Table 1 provides a mass
balance for Upper Muddy Creek based on only bi oactive nitrogen species. Bioactive nitrogen
(also called bioavailable nitrogen) is taken by Ei  chner et al. as the sum of inorganic nitrogen
and particulate organic nitrogen. Jgrgensen et al. (2014) also include a fraction of dissolved
organic nitrogen (DON) as bioactive, but the bioa ctive fraction of ocean-derived DON is small
and neglecting the contribution of DON to bioacti  ve nitrogen is a practical approach. In some
respects, bioactive nitrogen is a superior indi  cator of attenuation than total nitrogen in that
the watershed and atmospheric load are essentia lly all bioactive nitrogen while a substantial
portion of the nitrogen carried into the sub-em bayment by the flood tide is non-bioactive
dissolved organic nitrogen.

Table 1 shows a seeming discrepancy with re spect to benthic flux in Howes et al.
(2021). Table II-7 of that report shows the mean nitrogen flux from Upper Muddy Creek
sediments to be —2.7 mg N/m ?/day based on sediment sampling, where the minus sign
indicates that nitrogen is taken up by the se diments. However, Table V-2, which is the
source of the benthic loads in Table 1, shows the net benthic flux in Upper Muddy Creek to
be 1.255 kg/day—a positive rather than ne gative load. Eduard Eichner (personal
communication) explained that these are indeed op posite in sign since the benthic fluxes used



in the embayment model (Table IV-2) were adjusted in the process of calibrating the model
and superseded those determined from sediment sampling.

The two right-hand columns of Table 1 compute attenuation by comparing the lost
flux to the total incoming flux and to the wa tershed flux (including atmospheric flux).
Computing attenuation as a percentage of the tota | flux recognizes that attenuation processes
in Upper Muddy Creek are agnostic as to the so urce of nitrogen and will act on nitrogen from
the incoming tide and watershed loads alike. In this sense, the lost flux in Table 1 should be
taken as being lost from watershed and tidal fluxes more or less equally. This is also a
conservative approach in that it would tend to  lead to more stringen t measures to control
watershed nitrogen. The attenuation computed bas ed on total flux in varies between 6% and
39% over both total nitrogen and bioactive ni trogen. A rough average of 25% attenuation
appears justified based on Table 1.

An alternative but much less conservative in  terpretation is that based on comparing
the lost nitrogen to the watershed (including at mospheric) flux only. In Table 1, the field
surveys show the lost flux exceeded the wate rshed flux for total nitrogen on June 12 and
August 8 and for bioactive nitrogen on June 12.  These comparisons could be taken to imply
complete attenuation of the watershed total ni trogen load. However, the error in that
interpretation can be seen in the nitrogen concen trations provided by Eichner et al. in Figure
4. Figure 4 shows that nitrogen concentrations tend to be higher on the outgoing tide than
on the incoming tide, particularly for bioactive nitrogen. The difference is most dramatic
between the concentrations just before tidal re versals. Concentrations at the field transect
over the tidal cycle will represent a variat ion in the mix of inflowing Lower Muddy
Creek/Pleasant Bay water and outflowing Upper = Muddy Creek water. Concentrations at the
end of flood tide (at T5 and T6 in Figure 4) are most representative of Lower Muddy
Creek/Pleasant Bay water while concentrations at the end of ebb tide (at T12 to T14) are
most representative of Upper Muddy Creek wate r. Ebb tide tends to show much higher
concentrations of bioactive nitrogen than flood ti  de, implying that bioactive watershed fluxes
into Upper Muddy Creek are incompletely atte nuated. Dissolved inorganic nitrogen, which
is the form of nitrogen presumed to dominate the watershed load, shows a similar trend of
higher ebb tide concentrations (Eduar d Eichner, personal communication).

Based on Table 1, | recommend an attenuation factor of 25% for Upper Muddy Creek.
While there is variation in the results from the different field surveys and depending on
whether the analysis is made with total nitroge  n or bioactive nitrogen, the average of the
results points to attenuation in this genera | range. Attenuation of this magnitude is



unsurprising. A fair portion of Upper Mudd y Creek is wetlands (White et al., 2008) and
would be expected to assimilate nitrogen as plant life grows. This is in fact the concept behind
constructed wetlands as a best managemen t practice for stormwater treatment
(Massachusetts DEP, 2008) and that co ncept appears to apply here as well.
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The field surveys conducted in 2022 made measurements at the weir between Upper
and Lower Muddy Creek but not the culvert betw  een Lower Muddy Creek and Pleasant Bay.
Field surveys were completed at both transects in 2008 (White et al., 2008), but those precede
the reconstruction of the culvert at the mout h of Lower Muddy Creek. Tidal flushing has
increased dramatically since the culvert re construction and the older survey results
represent much different conditions than curren tly exist and are no longer applicable.

The two field surveys completed in June and July 2008 by White et al. (2008) showed
significant attenuation in Upper Muddy Creek ( 55% and 57%) but much less for Muddy Creek
as a whole (1% and 41%). Attenuation rates fo r Muddy Creek were revisited by Eichner et
al. (2010a) and Howes et al. (2021) after th e watershed loads to Muddy Creek were
recalculated based on updated information on wa ter use and land use. Loads increased from
the model by Howes et al. (2006), which led to still higher attenuation rates when compared
to the fluxes measured in the field; a footnote to Table 1I-3 in Howes et al. (2021) gives the
revised rates from 2010 as 2% and 59% for Mudd y Creek as a whole. These were further
revised by Howes et al. (2021) based on wate r quality data to 10% for Upper Muddy Creek
and 0% for Lower Muddy Creek. Unfortunately,  none of these previously determined rates
can still be considered applicable since cond itions in Muddy Creek have been changed.

In my previous analysis of attenuation (Shanahan, 2022), | used a formula from the
literature (Saunders and Kalff, 2001) to estimate  an attenuation factor of 64% for both Upper
and Lower Muddy Creek. As | note in my ear lier report, the estimate should be considered
“highly approximate.”

The fact that recent field surveys pointto  potentially significant attenuation in Upper
Muddy Creek since the installation of the ne w culvert suggests there may be attenuation in
Lower Muddy Creek as well. This conclusion is tempered by the observation that there is
less wetland area in Lower Muddy Creek than in  Upper (White et al., 2008). Nonetheless,
there may be value in conducting additional fi  eld studies to measure nitrogen fluxes across



a transect at the outlet culvert of Lower Muddy Creek and develop attenuation rates for
Lower Muddy Creek that refl ect current conditions.
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Field surveys were also conducted in 2022 at a transect at Pochet Neck (Eichner et
al., 2023). The field data were processed and anal yzed by Eichner et al. in the same way as
for Upper Muddy Creek.

A summary of the field-measured fluxes al ong with the watershed, atmospheric, and
benthic fluxes is provided in Table 2. The re sults for Pochet Neck differ significantly from
those for Upper Muddy Creek in that tidal fluxes ~ dwarf those from other sources, particularly
for total nitrogen. Watershed flux is less than  2.5% of the ebb tide flux during all three
surveys. This implies that the computed atte nuation will be very sensitive to errors in the
field-determined fluxes.

The results of the total nitrogen mass balances for Pochet Neck are mixed. The “lost
flux” for June 12 survey exceeds the total non- tidal flux, implying that those loads were
completely attenuated. However, the lost fluxes for the July and August surveys are
negative, implying zero attenuation plus potent ial additional incoming fluxes. The July and
August surveys are potentially more accurate than the June survey because the tidal fluxes
were less. However, any potential improvemen t in accuracy is minor since the watershed
flux remains a small fraction of the tidal fluxes during those surveys as well.

The mass balances for bioactive nitrogen in th e lower portion of Table 2 are relatively
consistent in that the lost flux is small  relative to the flood and ebb tide fluxes.

My conclusion from the collected data and the analysis above is that there is no clear
indication in the data that attenuation is re  ducing watershed loads from Pochet Neck.
However that conclusion comes wi th the strong caveat that the large tidal fluxes at the field
transects make any estimates of attenuation highly uncertain.
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