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Abstract
The Massachusetts Sustainable Water Management Initiative (SWMI) is a
policy framework intended to prevent further degradation of fluvial
environments while balancing societal needs for water. The policy has faced
criticism from both environmentalists and municipal water suppliers
questioning the fairness and effectiveness of the policy. The question addressed
by this thesis is whether the SWMI framework can reasonably be expected to
accomplish its stated goals. This thesis answers the question in two parts. Part I
is a policy evaluation that will summarize the stakeholder critiques and place
SWMI in the broader context of modern water management strategies. The
research is based on an examination of the literature as well as interviews with
policy and stakeholder experts. Part II evaluates the SWMI policy
quantitatively. Multivariate regression is used to estimate streamflow depletion
by groundwater wells in Beaver Brook, and Billings Brook, in Sharon, MA,
and evaluate the potential benefits of SWMI mitigation options. This thesis
concludes that SWMI meets the standards set by peer state water management
policies and can reasonably be expected to meet its stated goals. The thesis also
concludes that multivariate regression is an effective method for estimating
streamflow depletion, and is more cost effective and versatile than
conventional analytical streamflow depletion modeling methods.
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Part I: Policy Evaluation of the Massachusetts Sustainable Water Management Initiative
1.

Introduction

The Massachusetts Sustainable Water Management Initiative (SWMI) Framework is the
current iteration of an ongoing effort by state agencies to develop a new water supply
regulation regime. The question originally addressed by this thesis was whether the
proposed policy framework is flawed, and if so, what strategies should be employed to
improve it. Over the course of research it became clear that, with complex multiobjective policies such as SWMI, it is difficult to define what constitutes flawed policy.
Furthermore, the regulations to be promulgated on the basis of the SWMI framework
have not been finalized and were not available for review at the time of this writing.
Without the finalized regulations it is impossible to say with certainty exactly how SWMI
will ultimately be implemented. An evaluation and critique of technical aspects of the
proposed policy is also outside the scope of this research.
Part I of the thesis will instead place SWMI in the broader context of modern water
management strategies. The research is based on an examination of the literature as well
as interviews with policy and stakeholder experts. Section 2 will review historical and
existing Massachusetts water management policy, and summarize the goals and key
aspects of SWMI. Section 3 provides context for SWMI by explaining how other modern
state water management policies implemented during the last decade or so operate, and
consider the advantages and limitations of each of the policies. Section 4 is an evaluation
of the public response to the SWMI framework and the perspectives of the stakeholders
on the various sides of this policy debate. Section 5 will synthesize the points made in the
previous sections, and probe further into the implications of key aspects of the SWMI
policy. Section 6 will conclude the paper by summarizing key points and making
2

recommendations for both policy makers and stakeholders to potentially maximize the
environmental and social outcomes of SWMI.
Table 1: Table of Acronyms
Acronym
AMWS
ARI
BC
BMP
DEP
ELOHA
EEA
GWL
IRWA
IWRM
IWMM
LID
LRC
MACC
MWWA
MWRA
MWWA
PFMIF
SC
SDM
SWRCB
SWMI
SYE
USGS
WMA
WRC
WMAP

Acronym Legend
Association of Massachusetts Wetlands Scientists
Adverse Resource Impact (Michigan)
Biological Categories
Best Management Practice
Department of Environmental Protection
Ecological Limits of Hydrological Alteration
Executive Office of Energy and Environmental Affairs
Groundwater Withdrawal Level
Ipswich River Watershed Association
Integrated Water Resources Management
Integrated Water Management Model
Low Impact Development
Living Rivers Council (California)
Massacusetts Association of Conservation Commissions
Michigan Water Withdrawal Assessment Process
Massachusetts Water Resources Authority
Massachusetts Water Works Association
Policy For Maintaining Instream Flows (California)
Streamflow Criteria
Streamflow Depletion Methodology (Rhode Island)
State Water Resources Control Board (California)
Sustainable Water Management Initiative
Sustainable Yield Estimator
United States Geological Survey
Water Management Act (1986)
Water Resources Commission
Massachusetts Water Management Act Program
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2.0 Massachusetts Sustainable Water Management Initiative
2.1 Historical Massachusetts Water Policies
On the issue of surface water rights Massachusetts has historically been a “reasonable use
doctrine” state. Abutters to water ways were allowed to divert water as long as this
diversion did not diminish the ability of downstream users to likewise utilize the
waterway. Groundwater was managed (or more accurately, not managed) by allowing
landowners to use groundwater under their property without any restrictions (Lukas,
1982). Modern Massachusetts water supply policies are viewed as attempting to adapt
these historical water rights to the demographic reality and environmental awareness of
the late 20th century.
Recent Massachusetts water supply legislation was prompted by severe droughts that
occurred in the 1960s and 1970s. The first of these modern laws to be enacted was the
Wetlands Protection Act of 1972. Local conservation commissions were empowered to
regulate activities within and surrounding wetlands including groundwater and surface
water extraction. The 1996 amendment to the Wetlands Protection Act – the Rivers
Protection Act -- expanded the conservation commission’s jurisdictions to include riverfront areas, such that groundwater pumping adjacent to waterways was also subject to
regulation if it was found to impact streamflow (Gold, 2010).
The Interbasin Transfer Act of 1984 empowered the Water Resources Commission
(WRC), a division of the state Executive Office of Energy and Environmental Affairs
(EEA), to prohibit significant (usually greater than 1 million gallons per day- mgd)
transfers of water or wastewater between watersheds. The evaluation of interbasin
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transfers is based on environmental criteria including impacts on instream flow (Gold,
2010).
To this point, it was now possible for local conservation commissions to regulate
pumping in wetland or riparian areas, and for the state to veto significant withdrawals of
water across watershed boundaries (Gold, 2010). However, groundwater pumped from
outside of wetlands can still impact riparian habitats, and the state did not yet have a
comprehensive method to regulate streamflow and groundwater withdrawals throughout
Massachusetts (e.g., between areas of the same watershed).
In 1986 the Massachusetts Water Management Act (WMA) was passed. This legislation
established a system for the management of large water withdrawals (Gold, 2010). The
WMA is the foundation for SWMI, and a fairly detailed review of the legislation
including its goals, powers, and requirements is warranted. This will provide a basis for
comparison to evaluate how SWMI is intended to improve upon this regime.
2.2 The Water Management Act and the Water Management Act Program
The WMA states that the Department of Environmental Protection (DEP) and WRC are
jointly responsible parties in pursuing the goals and executing the requirements of the
Act. The goal of the WMA is to ensure that adequate volume and quality of water exists
for citizens present and future. Moreover, there should be sufficient water to be protective
of the natural environment while allowing for sustainable economic growth. Pursuant to
this goal, DEP and the WRC are required to plan and manage programs to assess water
use and plan for future water needs. This is accomplished by adopting principles,
policies, and guidelines for the “comprehensive and systematic planning and
management of water withdrawals and use in the commonwealth” (WMA, 1986).
5

The WMA establishes an advisory committee within DEP to review, advise, consult, and
provide recommendations regarding the standards, rules, regulations, and methods
developed by DEP. This committee is required to have at least 11 members and include a
representative from the various impacted sectors of society. These sectors are mandated
to include the Associated Industries of Massachusetts, the Massachusetts Municipal
Association, a representative from a watershed association, a water works industry, an
agricultural association, a consumer organization, an environmental organization, a water
well driller association, a regional planning agency, and two representatives of the public
knowledgeable about environmental and water management affairs (WMA, 1986).
The WMA requires the establishment of a permitting system for large water withdrawals.
The Act established a 100,000 gallon per day (gpd) threshold above which existing water
users (water users prior to the WMA) must register their extraction points and adhere to
reporting requirements. New withdrawal points – those withdrawal points installed after
passage of the WMA – whose extraction volumes exceed the threshold must obtain a
permit from DEP, subject to restrictions, and adhere to reporting requirements. This is an
important point, because large water withdrawal points installed prior to 1986 are
effectively “grandfathered” into the system and do not require permits.
Withdrawals less than 100,000 gpd but greater than 10,000 gpd are also not required to
obtain permits, but must register their extraction points and adhere to reporting
requirements. The thresholds are applied to the total volume extracted by the applicant
per water source. Water source is defined as an aquifer or body of surface water in a
single hydrological system.
The WMA empowers DEP to change these thresholds to be protective of any given water
resource to protect public health, safety, and welfare. The WMA required that DEP draft
6

rules by January 1, 1991, and those rules must be reviewed at least every 5 years to
ensure the necessity and adequacy of the drafted rules (WMA, 1986).
The most controversial language in the Act is likely the definition and application of the
term “safe yield.” The WMA states that when drafting conditions for the permitting of
water withdrawals, the permits must consider, “the water available within the safe yield
of the water resource from which the withdrawal is to be made”. The “safe yield” is
defined in the WMA as,
“the maximum dependable withdrawals that can be made continuously from a
water source including ground or surface water during a period of years in which
the probable driest period or period of greatest water deficiency is likely to occur;
provided, however, that such dependability is relative and is a function of storage
and drought probability.”
In the regulations promulgated from the WMA, this verbose definition is broken into
component parts that explain further how the safe yield concept will be utilized.
However, safe yield is just one of several considerations that must be considered when
permitting withdrawals. In Section 7 of the WMA, there are ten additional factors that are
required for consideration (with no order of prioritization) in the permitting process.
These relate to consideration of environmental impacts, protection of drinking water
supplies, water quality, environmental resources, and economic interests impacted by
withdrawals. Factor 8 specifies that reasonable conservation practices should be included
in the permit conditions (WMA, 1986).
As stated above, once the legislature passed the WMA it became the responsibility of the
DEP and WRC to draft rules and regulations to advance the goals of the Act. These rules
were codified as 310 CMR 36: Massachusetts Water Resources Management Program.
To that end, the DEP developed a system for documenting baseline water usage in
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Massachusetts and determine water withdrawal permitting procedures and criteria (DEP,
1986).
The withdrawal threshold was set at 100,000 gallons per day, on average, for year-round
users (36.5 million gallons per year) above which users are required to obtain permits.
Seasonal users are allowed the same per day average over a three month period, equating
to an allowance of 9 million gallons over three months period. Reporting requirements
for extraction points are detailed. Permitting may be subject to limitations, stipulations, or
require conservation procedures as deemed necessary by DEP. Notification requirements
and procedures for public commenting and hearings concerning the withdrawal permits
are detailed (DEP, 1986).
Definitions, including that of safe yield, remain unchanged from the WMA. As
mentioned above, the Water Management Act Program (WMAP) details six factors that
may be considered by DEP in evaluating safe yield.
These factors are:


the natural variability of streamflow and aquatic habitat protection;



the water balance of the water source;



the hydrologic impacts of proposed, existing and permitted withdrawals;



the safe yield of any isolated or severely impacted subbasin within the water
source;



any information or guidelines developed by the Department of Conservation and
Recreation (DCR) or the WRC; and



any other or additional information deemed applicable or relevant by the
Department.
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The ten additional factors from Section 7 of the WMA are present almost verbatim.
2.3 Events Precipitating The SWMI Process
In 2003, DEP imposed conservation restrictions on the town of Hamilton’s withdrawal
permit, including a decreased cap on summer withdrawals from the Ipswich River.
Hamilton appealed the new restrictions, but this appeal was denied in 2006. The town
then sought judicial review. In July 2007 the trial court affirmed DEP’s restrictions, but
required that DEP recalculate the safe yield of the Ipswich River based on updated data
and methodology. This decision was upheld by the appeals court in April 2009, and in
October 2009 DEP announced the new safe yield definition as,
“the amount of water that would be present during a drought year.”
This drew the ire of environmental groups, including the Conservation Law Foundation,
Ipswich River Watershed Association (IRWA), and Clean Water Action, all of whom
resigned from the Water Resources Management Advisory Committee in protest. This
resulted in DEP suspending the use of this new safe yield definition, and committing to
work with stakeholders in the development of new regulations based upon a new
methodology for determining safe yield (Gold, 2010).
The WRC convened the first SWMI meeting in early 2010 to obtain advice on how best
to modernize the DEP water management regulations with up to date science and
management techniques. WRC also sought to examine new potential policy responses to
stressed environmental conditions exhibited by Massachusetts fluvial environments. A
steering committee of senior staff from the EEA, DEP, the Massachusetts Division of
Fish and Wildlife (DFW), and the DCR established a Technical Subcommittee and
Advisory Committee. The Technical Subcommittee consisted of representatives from
watershed groups, water suppliers, consulting firms, and state agencies, and was
9

responsible for reviewing scientific and technical information and making
recommendations to the Advisory Committee. The Advisory Committee consisted of
policy oriented experts from many of the same groups, and also academic and
commissioners from each of the involved state agencies. The Advisory Committee
provided recommendations to the Secretary of Environmental Affairs (Corson-Rikert,
2011).
The result of this work was the Massachusetts SWMI Draft Framework, made available
to the public on February 3, 2012. After a public comment period, the final
Massachusetts SWMI Framework was made available on November 28, 2012. No
substantial changes were made from the Draft to the final frameworks. The foundation
for the SWMI Safe Yield definition was established from a set of scientific articles
authored by USGS and other scientists. The principles introduced by these articles will be
summarized here, followed by an explanation of how these concepts manifest in the
SWMI redefinition of Safe Yield.
2.4 SWMI Scientific Foundation
Davies and Jackson (2006) developed a descriptive model called the Biological
Condition Gradient (BCG) to describe how ecological attributes change in response to
stressors. The intent of the model was to provide a tool for resource managers to evaluate
the comparative ecological conditions of different habitat areas, and to help prioritize
management actions. Ecological attributes were divided into six tiers, or categories,
establishing a complete gradient for describing whether a biological system is in a state of
no stress (natural condition) or greater stress (significant habitat or water quality
alteration resulting in low ecosystem function). The model was designed to synthesize
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existing data and field observations, and accepted interpretations of biological
degradation (Davies and Jackson, 2006).
Poff et al. (2010) synthesized individual case studies into a scientific framework that
supports and guides the development of environmental flow standards at a regional scale.
This important framework is referred to as the ecological limits of hydrologic alteration
(ELOHA) and is structured as a three tiered process:
1. Scientific evaluation of a river’s flow regime in terms of the flow
hydrograph, a classification of the river by hydrologic and morphological
characteristics, and analysis of anthropogenic flow alteration.
2. Evaluation of streamflow-ecology linkages to understand the flow alterationecological response relationship.
3. Integration of social values and management needs to determine acceptable
ecological conditions for the river. Having determined the acceptable
ecological outcomes, environmental flow standards can be instituted, and
policy to drive these standards can be implemented and enforced.
ELOHA also recommends that periodic monitoring be conducted to determine if the
policy is accomplishing its intended goals, and, if goals are not being met, the
management strategies should be adapted to better accomplish the objectives. Another
point to note is that Poff et al. explains that ecological responses must be defined not only
in terms of the amount of water in a river, but also disruption of the frequency, duration,
and timing of hydrological events by human alterations of river basins (Poff et al., 2010).
Archfield et al. (2010) of the United States Geological Survey (USGS) developed a tool
called the Sustainable-Yield Estimator (SYE). The SYE is a computer program that can
11

estimate a daily time-series of unaltered flow for stream basins based on physical and
climatic variables. The estimation of unaltered streamflow is accomplished using a
statistical regression method coupled to a flow-duration curve estimator. Altered flows
accounting for current withdrawals and flow returns are then factored into the estimator
to predict the existing flow duration curve. This is possible even in basins lacking stream
gauges. The estimator makes certain assumptions, including that there are no time-lag
effects of groundwater withdrawals. The paper states that the SYE is accurate for basins
in Massachusetts between 4 and 294 square miles. The SYE then calculates the
sustainable yield of a basin based on flow targets input by the program user (Archfield et
al., 2010). It should be noted that many subbasins, including the study areas investigated
in Part 1 of this thesis, are smaller than the lower range of the SYE tool.
Weiskel et al. (2010) assessed the degree of anthropogenic stream-basin alteration in
1,429 subbasins in Massachusetts. The study compiled a set of stream-basin alteration
indicators, classified in four groups: streamflow alteration, flow and habitat impacts from
dams, impervious cover extent and habitat fragmentation, and water quality impairments.
Streamflow alteration was determined using DEP withdrawal data, and private well
withdrawals and septic return flows estimated from census data, together with the SYE
estimator. Dam impacts were determined by calculating dam storage/subbasin capacity
ratios and dam density. Impervious cover was calculated as a percentage of land cover.
Water quality was characterized using the 2002 Massachusetts List of Impaired Waters.
The degree and spatial distribution of the anthropogenic basin alterations were reported,
with streamflow alteration reported for various time-periods and scenerios (Weiskel et
al., 2010).
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The USGS report by Armstrong et al. (2011) titled, “Factors Influencing Riverine Fish
Assemblages in Massachusetts,” investigated the impacts of environmental and
anthropogenic indicators on 21 different fish species. The study utilized statistical
methods to evaluate environmental and anthropogenic variables to determine what factors
best explain the differences found in fish populations in Massachusetts basins. The study
utilized anthropogenic indicator data compiled in the report by Weiskel et al. (2010). It
was reported that that the percent of impervious cover in a watershed and the percent of
flow alteration in a stream are the most significant factors influencing the relative
abundance of fish in Massachusetts streams. More specifically, a significant reduction of
fish species was found when withdrawals exceed 50 percent of August median flow, and
impervious cover exceeds 15 percent of land area. Few fish will remain in basins when
withdrawals approach 100 percent of August median flow, and impervious surfaces cover
25 to 30 percent of a basin. Increases of flow were also found to have negative impacts
on fish populations (Armstrong et al., 2011).
2.5 The SWMI Framework
2.5.1

SWMI Categorization of Streams and Withdrawals

To reiterate, the SWMI Framework is not legislation that replaces the Water Management
Act. Instead, the Framework is intended to provide DEP and the WRC with guidelines
and rules for updating the WMAP with a new methodology for calculating safe yield, and
reviewing and issuing withdrawal permits. All information from this section is interpreted
and paraphrased from the MA SWMI Framework Summary of November 28, 2012
(EEA, 2012a).
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The SWMI Framework follows the ELOHA recommendation to begin a management
process by classifying the river system. A Biological Categories Table – similar to the
system introduced by Davies and Jackson (2006) – has five tiers that classify the
ecological health of a basin in terms of relative fish species diversity and fish community
health. The term “relative” is important here. The categories reflect the ecological health
of the river compared to an unimpaired river. The metric for the categorization is %
Alteration of the Range of Fluvial Fish Relative Abundance, with Biological Category
(BC) 1 having a range of 0 to 5% Biological Alteration, and BC 5 having a range of 65%
to 100% Biological Alteration. Armstrong et al. (2011) determined the degree of
biological alteration for each basin in Massachusetts, and the threshold values used in the
SWMI framework are derived from data in this report.
A set of Streamflow Criteria (SC) refers to a threshold value equal to the amount of
streamflow alteration that would trigger a change (referred to as backsliding) in BC
during August median flow. These criteria are set at the levels of 3%, 10%, 25%, and
55%. Therefore, if a stream has its natural August median flow altered by greater than
3%, it would be expected that the stream would backslide from BC 1. If the streamflow
alteration is greater than 3% but less than 10% of August median flow, the stream would
backslide to BC 2. A 55% or greater reduction of August median flow from would cause
a basin to backslide from BC 4 to BC 5 (the most seriously impaired basin category).
The SC are used to categorize the requested withdrawal into Groundwater Withdrawal
Levels (GWL). GWL 1 indicates that, even if the requested amount were permitted, the
total amount of groundwater withdrawals in the basin would result in less than a 3%
alteration of natural median August flows. Therefore, withdrawals in GWL 1 are not
expected to cause the BC of the river to change from the existing BC1. However, all
14

other GWLs indicate that groundwater extraction is causing some level of biological
impairment in the basin.
Under the SWMI framework, safe yield is now calculated as 55% of the drought basin
yield, plus reservoir storage volumes. The drought basin yield is calculated as the average
of monthly Q90 flow statistics. A monthly Q90 flow statistic is a volume of streamflow
that is exceeded 90% of the time during that month over the period of record (44 years).
For the purposes of WMA permitting, the total of all allocations within a basin in a
calendar year are summed to determine whether safe yield is exceeded.
The framework includes a method for evaluating a requested groundwater withdrawal
against the existing use of water by the permittee with a concept called the baseline
withdrawal. The baseline withdrawal is the higher of 2003-2005 average water use, or
2005 water use, plus a 5% allowance for economic growth. There are qualifiers that
prevent the baseline from exceeding both the existing permitted volume and the twentyyear projected water need forecast. Baseline also cannot be lower than a permittee’s
registered withdrawal volume. For multi-basin public water systems, the baseline is
calculated separately for each basin, and cumulatively for the entire system.
2.5.2

SWMI Permitting

In the previous section, it was explained how SWMI devised methods for categorizing
streams and withdrawals. In this section, it is explained how these concepts will be
applied to modifying the WMAP for the review of withdrawal requests and issuing of
permits. Note that SWMI is intended to be enforced for existing and future permitted
users, and is not planned to be applied to registered users – registered users being those
whose withdrawal points were installed prior to the WMA in 1986.
15

The SWMI Framework devised a 3-tiered system for determining the stringency of the
permit review process. When a new or increased withdrawal is requested, the first step
requires that the permittee work with MassDEP to determine the BC and GWL of the
supply basin(s), the baseline volume, and whether the requested volume would cause
backsliding of BC or GWL. Withdrawal requests qualify for Tier 1 review if the request
would not increase use above baseline. Tier 2 applies to requests that increase use above
baseline, but would not result in backsliding of GWL or BC, and Tier 3 indicates that a
request would cause backsliding of GWL and/or BC.
All permittees are required to implement demand management to encourage
conservation. In Review Tier 1, basins in GWL 4 or 5, or those containing cold water
fisheries, permittees must conduct a desk top pumping evaluation to identify if there is a
better way environmentally to withdraw their water, and consult with agencies to devise
and implement a plan for minimizing the environmental impact of the withdrawal.
Review Tier 2 includes the minimization plan requirement, plus additional conditions. If
a cold water fishery is present, or the basin falls into BC 1-3, the permittee must
demonstrate that no feasible less-harmful resource alternative exists, and mitigation
measures must be implemented in consultation with agencies to ensure that streamflow
requirements are being met. Review Tier 3 requires that no feasible less-harmful
alternative water source exists. Additionally, basins in GWL 4 and 5, BC 1-3, or
containing a cold-water fishery, must devise and implement a minimization and
mitigation plan.
A permitee required to implement mitigation measures may choose from six
mitigation/offset categories with required actions detailed in Table 6, or may propose
other measures to the Department for consideration. These categories include surface
16

water releases to improve instream flow, improving wastewater systems, improvement of
stormwater and impervious cover impacts, water supply improvements, habitat
improvements, demand management, and other proposed improvement projects. The
permittee must demonstrate that the chosen mitigation measures will result in a gallonfor-gallon replacement for as much of the withdrawal as required. Where gallon-forgallon replacement is not easily determined, equivalent measures may be undertaken in
consultation with the agencies.
The SWMI Framework changes the triggers for implementing more stringent water use
restrictions. Formerly based on the State’s Drought Management Plan, which uses an
index of seven different factors, the new method would be based entirely on streamflow
at a local USGS stream gauge. More stringent restriction will be required of all permit
holders when a gauge indicates that streamflow has decreased below the median value of
annual 7-day low-flows for the period of record, referred to as the “7-day low-flow
statistic”. Once the value has been triggered, water users will be required restrict
nonessential outside water-use to no more than one day per week.
Another aspect of SWMI is encouragement for developing “redundant” water sources.
The concept is that an additional well (or wells) would be located in the same subwatershed as an existing well. These sources would not be permitted to provide additional
water, but would instead be used for public health and safety reasons (for instance, if the
original well cannot be used) or to provide some environmental benefit. Total
withdrawals from the original well and its redundant wells must not exceed the three-year
rolling average of withdrawals from the sub-watershed.
An element of the Final Framework that was not present in the draft version calls for
Basin Planning Consultation. Basin-wide outreach workshops have been held in the past
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to explain the permit renewal process and answer questions for basin stakeholders
including municipal officials, watershed organizations, and other impacted groups. The
revised consultation process will include a review and explanation of the water needs
forecasting process, WMA permit renewal process, and the science and policy of SWMI.
Points of note include a discussion of opportunities to address cumulative basin impacts,
and identification of ways in which communities can act collectively to lower
minimization or mitigation costs. The example provided in the Framework is adoption of
a multiple-municipality approach to developing a new water supply or connecting to an
existing system.
The implementation section of SWMI includes pilot testing of the framework in four
different Massachusetts communities in parallel with codifying regulations. The pilot
testing includes two primary phases. The first phase was completed during the summer of
2012 by two firms in consultation with DEP and EEA. Beyond pilot testing, the
Framework establishes that DEP will establish a process for permittees to conduct sitespecific studies. These studies are intended to evaluate specific streamflow and aquatic
habitat conditions.
2.5.3

The SWMI Pilot Tests

Phase I of pilot testing the SWMI framework was conducted during the summer of 2012
by Comprehensive Environmental, Inc. (CEI), and Tighe & Bond, Inc. Only the draft
Phase 1 report was available at the time of this writing. The information in this section
was interpreted from this draft report. The pilot test communities were Amherst,
Danvers-Middleton, Dedham-Westwood, and Shrewsbury. The scope of the Phase I
report includes a three-part evaluation, including:
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1. Accounting for wastewater discharges and developing a methodology to credit
wastewater discharges to offset groundwater withdrawals;
2. Evaluating measures to minimize impacts of existing withdrawals in Flow Level
4 and 5 subbasins; and
3. Evaluating options for mitigation/offsetting. The consultants also conducted
meetings with the public water supply agencies, watershed groups, and
stakeholder committees in each town to present findings and gather feedback.
The consultants addressed the three concepts in considerable detail in the Phase I report
(CEI, 2012) that will not be rehashed in this report. However, there were some key points
made in the recommendations that are worth noting.
It was found that demand management for indoor use offers little benefit when compared
to demand management of outdoor/irrigation water use.
Stormwater credits have significant and wide-ranging potential to improve aquatic
habitats by reducing heat and pollutant load, reducing stream velocity, and increasing
baseflow. However, a better tracking tool is needed, as well as uniform reporting
requirements. While there is potential for habitat improvement credits, implementing
these measures would require more hands-on consultation from regulatory agencies than
other more direct mitigation measures.
The consultants determined that there are multiple opportunities to restore hydrologic
balance by interbasin disposal of stormwater and wastewater. It was noted that these
transfers, which would require interconnecting the water and wastewater infrastructure of
multiple towns across basin boundaries, would potentially be subject to the Interbasin
Transfer Act. This would make such a scheme bureaucratically unwieldy, however, if the
regulatory mechanisms of the Interbasin Transfer Act and SWMI could be integrated in
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some fashion, the potential hydrological benefits could be significant. The Interbasin
Transfer Act was the only statute that the consultants identified as currently conflicting
with SWMI implementation.
Another innovative idea recommended in this report is the concept of intrabasin credit
trading. With many public water supplies within each basin, there are multiple
intervention points for improving habitat and streamflow. Exchanging of credits among
communities and suppliers may have the potential to maximize investment efficiency,
while simultaneously improving biological integrity outcomes.
Phase II has been completed but the summary report was unavailable at the time of this
writing. The Phase II report is expected to include a summary of:
1. Supplemental activities from Phase 1;
2. Desktop pumping evaluation, optimization, and evaluation of alternative
sources;
3. Mock permitting exercises and consultation with EEA agencies;
4. Review of data and preparation of a scope of work for site-specific
studies;
5. Creation of a SWMI evaluation data checklist; and
6. Coordination with public water utilities, watershed groups, and EEA
agency staff (EEA, 2012a).
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3.0 Other State Approaches to Sustainable Water Management
Other states have made efforts to quantify and reduce the impacts of water supply
withdrawals on the environment. Like SWMI, these measures are technically complex,
and the minutia of the policies cannot be detailed here. It should be noted that the
political and hydrogeological/ biological landscapes vary from state to state (as well as
within states) such that direct policy comparisons are not always applicable. Nonetheless,
when evaluating SWMI, it is instructive to consider the policy mechanisms that other
states have implemented, or those in the planning stages, for a variety of reasons:
1. To consider whether SWMI meets the standards set by modern water
resource policy;
2. Whether the outcomes of similar policies have been considered successful;
3. What are some of the lessons learned from the challenges that the similar
policies have faced both in the processes of being passed, and the processes
of implementation.
The interviews in particular were intended to provide an understanding of whether the
policies are being viewed as innovative and successful, and also to learn where these
policies might be improved. The names of the interviewees remain anonymous to allow
government employees and others to provide honest assessments of policy, programs,
and execution without fear of retribution. By reviewing the scientific foundations and
policy instruments, understanding how well the policies are working (if already
implemented), and considering the unique challenges that each state faces, it is hoped that
we can see where SWMI stands among its peers.
It is recommended that readers interested in instream flow policies implemented in other
states refer to an excellent comparative analysis study by Kendy et al. (2012). That study
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reviews nine different case studies in the United States, and details the key aspects of this
new wave of water resource policy. This thesis chapter utilizes Kendy et al. (2012) in
addition to source material, interviews with state water policy experts, and includes the
fascinating case of a policy implemented in California in 2010, only to be rescinded in
2012 due to litigation.
3.1

Michigan Water Withdrawal Assessment Process

Two Michigan water policy experts were interviewed for this section, including a former
State of Michigan scientist currently working in the environmental non-profit sector
(Michigan Policy expert), and a scientist currently working for the State of Michigan
(Michigan scientist). A comprehensive and detailed explanation of the Michigan Water
Withdrawal Assessment Process (MWWA) is the paper, “Michigan’s Water Withdrawal
Process and Internet Screening Tool” by Hamilton and Seelbach (2011).
The MWWA was one of, if not the first comprehensive water withdrawal policy in the
United States designed with environmental standards in mind (Michigan Policy expert;
Michigan Scientist). The motivation for implementing the policy stemmed from a 2006
state law – the law itself resulting from interstate Great Lakes compacts - requiring a
comprehensive assessment of how water withdrawals individually and cumulatively
cause harm to the health of rivers and streams in Michigan (Kendy et al., 2012). The law
used a biological standard to define an “adverse resource impact” (ARI) and prohibited
water withdrawals that would cause an ARI.
A multi-stakeholder advisory council was convened for the purpose of recommending a
workable definition of ARI and a process to assess all proposed large quantity
withdrawals to the legislature. This broadly represented stakeholder process was reported
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to be instrumental in the success of the policy. The stakeholders groups selected their
own representatives at the policy development meetings, and had true ownership over the
process. All parties were committed to creating a scientifically-based policy, and this
commitment to shared values around scientific principles, and regular meetings, resulted
in a process that all parties were comfortable with (Michigan Policy expert).
Michigan water policy has benefitted from long-term collaboration of governmental
agencies and universities. This relationship resulted in the development of databases for
fish population studies, and the relationship to flow volumes and temperature (Michigan
scientist). The MWWA began with an initial suite of baseline studies. This included
delineation and characterization of stream segments, a statewide hydrogeological
inventory investigation, and establishment of a database of median flow for the month of
lowest flow for each segment (referred to as the “index flow”). Statistical analyses of
watershed characteristics were used to estimate the index flow for ungauged segments.
Computer modeling based on the previously described baseline studies determines the
impact of groundwater pumping on a given stream segment (Kendy et al., 2012).
In concert with the hydrological characterization, MWWA includes characterization of
11 river types with regards to influences on fish species assemblages, for the purposes of
evaluating whether “adverse resource impacts” are occurring, or would be caused by
additional water withdrawals. Each river type may have different fish species with
different sensitivity to withdrawals; therefore, each river type has a different gradational
curve for evaluating withdrawal impacts. The stream type characterization has been
integrated into an online database, and prospective users can access the database and
determine whether their requested withdrawal is likely to have an “adverse resource
impact” that will influence whether their request would be authorized (Kendy et al.,
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2012). Prospective users have the opportunity to invest in site specific studies at their
own expense if they believe the models do not accurately reflect the conditions at their
withdrawal location (Michigan scientist).
Previous to the MWWA, the amount of water withdrawn was not statutorily regulated
(Michigan policy expert). The MWWA has won numerous awards for being an
innovative governmental process (Michigan policy expert) and at least initially was
viewed as a success by all the stakeholder groups (Michigan Policy expert; Michigan
scientist). However, now that the policy has been in place for several years and irrigation
for agriculture has continued to expand, some basins are reaching their withdrawal limits,
impacting a number of users. This has resulted in some regulated water users beginning
to question the models and restrictions (Michigan scientist).
Initially well-funded, the program has experienced budget cuts and reportedly has been
implemented with a “skeleton crew” (Michigan policy expert). Additional funding for
staff would allow for more timely review of withdrawal requests. Funding would also
allow more extensive data collection – including hydrological and geological data, and
well as streamflow and stream temperature – to increase the sophistication and potential
accuracy of the models. Implementation was complicated by a phased-approach
(Michigan Scientist). In addition, compliance with withdrawal registration standards is
unknown. Water users are required to report whether the specifications of the completed
withdrawal point (well depth, pump size, etc.) differ from the intended specification
stated in the withdrawal request application. When the post-construction reporting
requirements are not complied with, it is difficult to say with certainty to what degree the
regulations are having a beneficial impact (Michigan scientist). For more information
regarding the
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3.2

Rhode Island Streamflow Depletion Methodology

The Rhode Island Department of Environmental Management (RI DEM) released a draft
Streamflow Depletion Methodology (SDM) in May 2010. The purpose of this
methodology is to establish the volume of water that can be extracted from a stream as a
direct or groundwater withdrawal in consideration of ecosystem requirements. The
methodology is applied in conjunction with the RI Water Resources Board’s planning
process. The RI DEM permitting program uses this for all new or increased water
diversions and withdrawals greater than 10,000 gallons per day (RI DEM, 2010).
The previous withdrawal permit limits were determined on a case by case basis, a process
criticized as taking too long, as well as being inconsistent and costly. According to an
interview conducted with a Rhode Island water policy expert (RI policy expert),
permittees have been responsible for conducting their own environmental impact studies,
resulting in complaints about the study requirements.
Development of the SDM was an 18-month public process involving RI DEM, the Water
Resources Board, and a subcommittee including water suppliers, scientists, and federal
and state agency representatives (Kendy et al., 2012).The process was reportedly highly
political and controversial (RI policy expert). Agriculture and water suppliers – who were
said to have considerable political influence – and the Water Resources Board aligned
somewhat opposite the environmental community and the RI DEM who were pushing for
greater environmental protections. A turning point in the negotiations occurred when the
environmental organizations formed the Coalition For Water Security, which created
political momentum and began to sway the opinion the Water Board (RI policy expert).
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Like SWMI, the SDM utilizes the Poff et al. (2010) ELOHA framework as a
foundational document, and the principle of maintaining a natural flow paradigm is
central to the policy. Also similar to SWMI is the importance of a study regarding the
response of fish assemblages to water withdrawals. In this case, the study was conducted
by Freeman and Marcinek (2006)(Kendy et al., 2012). The Freeman and Marcinek
(2006) study utilized similar data analysis methods to that of Archfield et al. (2012) and
found that, for the study area (located in Georgia), increasing withdrawals above 50% of
the seven-day, 10-year recurrence low flow (7Q10), and modification of flow regimes by
reservoir releases, has negative impacts on the assemblages of various species of fish
(Freeman and Marcinek, 2006).
The SDM recognizes that not all watersheds have the same ecological value, and
establishes ecosystem quality goals for each basin. Ecosystem goals are determined by a
GIS overlay of a set of ecosystem and social variables, with values assigned and summed
to reach a total metric score representing the watershed classification. Analysis is
conducted for each subwatershed. Based on the watershed classification, the allowable
amount of withdrawal from each basin can be calculated (Kendy et al., 2012).
Unlike the SWMI focus on the August Q90 flow, SDM utilizes the findings of Freeman
and Marcinek (2006) and attempts to prevent withdrawals in each basin from exceeding
50% of the 7Q10. Additionally, six bioperiods and four flow periods are described in
order to maintain seasonal streamflow variability (Kendy et al., 2012).
Unlike Massachusetts, RI has no grandfathered withdrawal sources, so all withdrawals
fall under the jurisdiction of the RI DEM. However, the SDM is currently being applied
only for the purposes of future water planning and water withdrawal requests, and so
while the RI DEM has the authority to throttle back withdrawals by existing users, if
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there is a demonstrated ecological harm, it has not done so yet. The SDM has been
viewed by the regulatory community in Rhode Island as a success, though there may be
opportunities to improve the process with more state specific studies such as those
conducted in Massachusetts. Additionally, the policy expert interviewed for this thesis
believes that the August Q90 is likely a more practical low-flow determinant that the
7Q10 (RI policy expert).
3.3

Connecticut Streamflow Standards and Regulations

Connecticut adopted new regulations in December 2011, titled “Stream Flow Standards
and Regulations”. The new rules classify rivers in the state according to the level of
development and streamflow alteration, with each classification having different
provisions. The rules govern the release of water from dams and reservoirs (CPA, 2011).
The driver for the new regulations resulted from environmental advocates convincing the
Connecticut legislature to update a 1971 environmental law. The amended law requires
that environmental flow regulations be promulgated for all rivers and streams in the state
while providing for other uses. The law required that the regulations be developed by an
advisory group with a broad range of stakeholders (Kendy et al., 2012).
According to an interview with a State of Connecticut scientist (CT scientist), the
Connecticut stakeholder process was time consuming and controversial. While the
regulations were required by law, there was considerable disagreement about what was
required. The committees originally considered regulation of both surface and
groundwater withdrawals, but there were differing legal opinions whether Connecticut
had authority to regulate groundwater. Connecticut law requires that before a government
agency implements a policy it must be approved by a subcommittee legislature, and the
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proposed policy that included groundwater withdrawal regulation was rejected twice.
Eventually, the Connecticut Department of Environmental Protection (CT DEP)
contacted the EPA Region 1 Alternative Dispute Resolution office, and an intense yearlong negotiation was conducted between environmental and water supplier
representatives (CT scientist).
The regulations that finally succeeded in passing the legislature did not include regulation
of groundwater withdrawals and instead apply to surface water releases from registered
diversions (CT scientist; CPA, 2011). The first step in the new policy is to classify
streams according to the allowable degree of flow alteration to maintain biological
integrity. There are four stream classifications with 18 different conditions used for
making the classification determination, and a public review process is mandated to occur
before the final classification is made. The hydrologic foundation for the classification
system utilizes a Safe Yield Estimator, based on the same Archfield et al.(2010) study
utilized by SWMI. The SYE allows exceedance probabilities to be estimated for different
times of the year, even in streams that are ungauged (Kendy et al., 2012).
The reservoir release rules are based on flow-response curves for fluvial dependent
species, and the requirements differ for each classification as to the degree and the
manner in which that dam releases must mimic the natural flow of the river (Kendy et al.,
2012). Depending on the stream classification, release considerations include up to six
different bioperiods with unique release demands (CT scientist). There are further
modifications to release demands if flow exceeds the Q25 value during the two-weeks
prior to the rearing and growth bioperiods (Kendy et al., 2012).
Certain exemptions exist for fire suppression and dams regulated by the Federal Energy
Regulatory Commission, and diversions for golf courses and agriculture are only required
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to comply with existing best management practices (Kendy et al., 2012). Also, the
regulations for dam releases do not come into effect until 10 years after the river
classifications have been completed, and the classifications are currently underway (CT
scientist).
Despite the difficult negotiation process and repeated rejection by the Connecticut
legislature, the new Connecticut Streamflow Standards represent incremental progress for
implementing scientifically based streamflow standards (CT scientist). The new rules are
both environmentally protective while factoring in the societal needs for dams and
diversions, critical in a state where 60 percent of the water supply comes from reservoirs
(Kendy et al, 2012).
3.4

Maine Instream Flows and Lake and Pond Water Levels

According to an interview with a Maine water policy expert (ME policy expert),
environmental flow policy requires an incentive, need, or crisis to create a policy
window. The window finally opened for Maine in the mid to late 90s when a series of
consecutive drought years occurred just as growth in the agricultural sector was
accelerating. Also at this time the Atlantic salmon was being listed as an endangered
species, creating the specter of federal regulation over irrigation activities (ME policy
expert).
In 2002 a state flow management law was passed by the Maine Legislature authorizing
the Maine Department of Environmental Protection (ME DEP) to develop rules that
would establish State water flow and water level criteria for all freshwaters. There had
previously been very little withdrawal regulation in Maine, but water users determined
that federal rules were not in their best interest, and this brought the parties to the
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negotiation table. As a result there was considerable stakeholder interest, and input was
made by groups including agriculture, public and private water suppliers, environmental
NGOs, golf courses, ski areas, pulp and paper industries, federal and state natural
resource agencies, etc. (ME policy expert).
The resultant policy is based on the concept of the natural flow paradigm (Poff et al.,
1997), with specific language to ensure that streams maintain the natural seasonal
variations of flow (ME policy expert). Maine designed the rule around six seasonal
aquatic flow periods of biological significance, and seasonal flow is defined as a median
flow value for each season. Instream flow or water levels are determined by one of three
methods: standard allowable alteration for the given stream category (explained below),
site specific studies, or by existing permits (MeGL, 2007).
The policy includes biologically-based characterization of streams according to
ecological attributes (ME policy expert) including natural flows, the uses of the resource,
and the State’s water quality classification system. Withdrawal impacts resulting from
surface water diversions or groundwater withdrawals are assessed individually and
cumulatively. Withdrawal limits and other use restrictions differ based on the stream
classification, with particular attention paid to those waters classified as “outstanding
natural resources” (MeGL, 2007).
Unique among other instream flow policies is that lakes and ponds are included in the
regulation, with ecological characterization of the water bodies, and seasonal variation of
water levels required to be protective of water quality, natural littoral resources, and
downstream aquatic resources (MeGL, 2007).
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Policy implementation has taken time. A five-year window was granted for users to meet
the new standards. If users are unable to meet the standards, but demonstrate that
progress is being made, additional five-year extensions are granted. Millions of dollars of
funding has been granted by the state and federal agencies to help water users to comply
with the regulations, and this funding has been very important for implementation,
particularly for agricultural users. Extensions have been granted for those that have not
obtained funding (ME policy expert).
Overall, the policy has been viewed as a successful step forward. The policy fits the
management philosophy of many environmental groups, and industry has learned to
adapt. The perception that federal intervention would occur in the absence of state
regulation resulted in water users determining that the state policy is a good deal for
them, too (ME policy expert).
3.5

The Policy For Maintaining Instream Flows (PFMIF) In Northern California

Coastal Streams
The PFMIF was adopted by the California State Water Resources Control Board
(SWRCB) in May 2010. The policy establishes principles and guidelines for maintaining
instream flows for the protection of fishery resources while minimizing the water supply
impacts on other beneficial uses such as irrigation, municipal and domestic use. The
SWRCB distributed a draft of the policy in December 2007 for public review and
comments, and provided an updated version of the proposed policy for public review on
April 27, 2010. There were substantial changes from the first draft to the next, and the
updated policy included some interesting proposals that are unique among the policies
described earlier in this report. The regulations are no longer in effect for reasons that
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will be stated later, and for that reason, this case study is a fascinating look at how wellintended and potentially innovative policy can fail.
3.5.1

PFMIF Policy

The adopted version of the PFMIF provided a watershed-based approach to evaluate the
effects of multiple diversions projects on streamflow to ensure adequate instream flow for
fluvial fish, with a particular emphasis on protection of salmonid species. The SWRCB
would work with stakeholders to evaluate and implement reforms to the water right
permitting process (CalEPA, 2010a).
Policy principles include maintaining at least minimum instream flow requirements,
preventing excessive withdrawal rates, consideration of season flow variations and the
seasonality of flow requirements, the cumulative effect of diversions, and restricting the
construction of new dams. The policy provided recommendations, but not mandated
prescriptions, for how permittees could meet these principles. Acknowledging that the
region in question is diverse, allowances were made for alternative regional criteria based
on site-specific studies if the Deputy Director determined that the proposed alternative
criteria are scientifically sound (CalEPA, 2010a).
A potentially powerful aspect of the PFMIF is the watershed-based approach. The idea is
that when faced with multiple diversions in a single watershed, improved management
can take place when the various stakeholders work together within the framework of the
mandated flow criteria. Unique among the policies reviewed in this report, the PFMIF
contains provisions for the formation of watershed charters and coordinated permitting of
applications. Watershed charters establish formal organizations for the development of
technical documents, diversion management plans, and implementation of mitigation
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measures. Monitoring and reporting requirements for these groups are detailed. The
SWRCB reserved the right to revoke the charter if the group failed to meet its mandated
obligations. The PFMIF explains how enforcement of violations is handled, how
enforcement cases are prioritized, and the opportunities that are provided for offenders to
comply with the regulations (CalEPA, 2010a).
In addition to mandated local monitoring, the SWRCB was responsible for developing a
Regional Monitoring and Policy Effectiveness Review to evaluate the effectiveness of
policy standards. This review would be conducted 5 years after the implementation date
of the PFMIF, and periodically thereafter (CalEPA, 2010a).
3.5.2

Public Comments and Regulatory Response

In the final comment public comment round, an organization called Trout Unlimited,
with 17 co-signers including conservation and agricultural groups, submitted a letter
providing their approval of the new policy with minor wording change recommendations
(CEPA, 2010b).
However, not all conservation groups were in agreement on the final document.
Representatives from Living Rivers Council (LRC) objected to the policy, alleging that it
does not comply with the California Environmental Quality Act by failing to “identify
and analyze mitigation measures for significant environmental impacts”. Of particular
concern to LRC was that the policy applies only to surface water diversions and that as a
result of the new policy, groundwater withdrawals would increase, resulting in depletion
of many of the same streams in the affected regions. Despite the comments submitted by
the LRC, the policy was implemented without consideration of groundwater withdrawals
(CEPA, 2010b).
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LRC followed up their stated objections by suing the SWRCB. The case was heard in the
County of Alameda California Superior Court in May 2012. The judge agreed with LRC
on most points and ordered the SWRCB to rescind the PFMIF (LRC v. SWRCB, 2012).
As it turns out, the SWRCB does not have legal authority over groundwater, and so the
issues of groundwater were largely ignored in the policy formulation. According to a
California water policy expert, the SWRCB is now beginning the process of seeking
public comments for an amended policy that was unavailable at the time of this writing.
3.6

Conclusions

There a number of different lessons to be learned from an examination of these case
studies. First, the policy driver and the political context appear to have considerable
impact on the resulting regulations. The Michigan process was driven by state law
stemming from international obligations with regards to the Great Lakes, and the Maine
process was in part driven by the listing of Atlantic salmon as an endangered species. The
fear of federal regulation of water withdrawals is so strong among industry and other
users, that when given the opportunity to participate in a state regulatory process, there is
considerable buy-in. The Connecticut process was entirely driven by a state law, and the
resistance to regulation of withdrawals was stronger, ultimately limiting the policy to
surface withdrawals. The Rhode Island process was driven in part by industry, who
wanted a more streamlined permitting process with greater consistency. When the DEP
proposals met resistance by water users, environmental organizations formed a coalition
that became politically influential and succeeded in pushing the environmentally
protective policy through.
The availability of funding was also a theme that was noted in multiple case studies. In
Michigan, funding limitations have made implementation and enforcement activities
34

difficult for the regulatory agency. In Maine, progress has been made when funding has
been available for water users to minimize or mitigate their usage, but unfunded users
have been less successful in complying in a timely manner. In Rhode Island, funding for
scientific studies would allow more state-specific data collection, instead of relying on
studies in Georgia and now Massachusetts for understanding the streamflow/fluvial fish
assemblage relationship.
In California, the regulatory agency failed to address the concerns of a motivated
stakeholder, and a lawsuit resulted in the rescinding of the policy. Nonetheless, it is
interesting to note that while LRC objected to lack of inclusion of groundwater extraction
regulation, the concept of integrating cooperative watershed management into the policy
framework appeared to have support from such disparate stakeholders as fishing
advocates, conservation groups, and agricultural groups. This concept is explored further
in Section 6 of this thesis. The most important lesson that SWMI may take from PFMIF
is that while consulting with all stakeholders and ensuring that the rules are designed
according to the highest scientific and legal standards may be time consuming and
expensive, when the alternative is litigation, it is likely well worth it. By integrating
adaptive management concepts into the policy framework and establishing official
channels for basin stakeholders to communicate, fact-find, and cooperate, it should be
possible to improve outcomes for all parties involved, including the fishes.
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4.0 The SWMI Public Response
The draft SWMI framework was released on February 3, 2012, at which point a public
comment period was opened. Over the course of the following months EEA received
over 120 public comments from individuals and organizations. The comments spanned a
wide range of public and private interests. For those individuals and organizations that
did not have representation in the SWMI Technical and Advisory Committees, the public
comments are the only opportunity to express their grievances in an official capacity
prior to the roll-out of the final SWMI regulatory regime.
There is a considerable amount of information that can potentially be unpacked from the
comments and the agency response. The purpose of this section is to better understand
the perspectives and opinions of stakeholders regarding the proposed policy. However,
this section also attempts to understand the relationship of various groups of stakeholders
to the policy makers, the responsiveness of the policy makers to these stakeholder groups,
and how the policy is anticipated to change with the promulgation of regulations. Finally,
given the litigious events that resulted in the SWMI process, this section considers
whether there are indications in the public comments that stakeholders intend to disrupt
this policy, and evaluate their capacity to do so.
This section will begin with a review of literature regarding frameworks and methods for
evaluation of public comments to proposed environmental regulations, describe the
methodology used to evaluate SWMI public comments in this paper, and then discuss the
findings.
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4.1

Review of Literature

Golden (1998) examines who participates in rule-making processes, and who has
influence on the results, by examining public comments to proposed federal policies and
evaluating the rule-change outcomes. Golden found that there is typically significant
conflict, rather than consensus, among commenters, and when this is the case those
organizations who demonstrate support for the rule were most likely to have their
recommendations accounted for. Additionally, public interest groups were frequently
ignored unless these groups demonstrated consensus opinions through cooperation.
Businesses were not found to have undue influence at this stage of the rule making
process.
Qualitative data analysis consists of data reduction, data display, and conclusion drawing.
The first instance of data reduction in qualitative analysis occurs when selectively
choosing what data sources to be included in the sample for analysis. Further data
reduction occurs when summarizing and/or coding data, and then finally in choosing
what results to report. There are many different ways to approach each step of the
qualitative data analysis process (Miles and Huberman, 1994).
Various methodologies have been developed for analyzing public comments. Kugo et al.
(2005) utilized computer software to conduct word frequency and morphology analysis of
public comments submitted as text files. These words and phrases were then grouped into
five clusters according to the level of negativity. Dendorograms were utilized to evaluate
the subject matter which is the overall topic of concern for each of the keyword clusters,
and also sub-topics within each cluster. Ultimately, Kugo et al. (2005) concluded that this
text mining methodology – which integrates numerical methods with emotional intent –
is useful for eliciting the topics of greatest concern to the public.
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Proctor (1998) performed analysis of public comments regarding forest protection policy.
Proctor restricted analysis to those from individuals that submitted unique (non-form)
letters. Comments were aggregated into four clusters depending on whether the public
comment’s author lives inside or outside the region affected by the policy, and whether
that author supports more or less environmental protection. Each cluster was then coded
into sub-clusters that explain the justification used to support the position of the public
comment, spatial and temporal scope, ideas about forests, the role of people, and ethical
basis of the positions given by the public comment authors. Statistical analysis was
utilized to determine if the differences of opinion, regarding the sub-cluster topics, from
one cluster to the next were significant.
Finally, it seemed worth examining the post-public comment opportunities for
stakeholders to exert their influence by disrupting the regulatory outcome. Sabel and
Simon (2004) explained the role of litigation in public law, and supporting the value of an
“experimentalist approach” to legal intervention. Legal intervention can rearrange the
relationship between the defendant institution and marginalized stakeholders. The authors
conclude that destabilization by litigation creates opportunities for collaborative learning
and democratic accountability.
4.2

Public Comment Analytical Methods

Lacking specialized computer software for analyzing qualitative data, and using pdf
copies of public comment submissions, the methods used to analyze public comments in
this study have been modified from those recommended by Kugo et al. (2005). Each
letter was read and analyzed for several factors. The first factor is an overall sense of
whether the letter found the proposed policy to be overly restrictive for water permit
holders. Second, key concepts were synthesized into keywords. This synthesis of
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concepts to keywords was a reading comprehension and judgment process. For instance,
a paragraph that argues against the merit of a foundational SWMI scientific study is given
the keyword Bad Science. Using principles from Proctor (1998), keywords were
clustered into three groups: what the author of the letter likes and dislikes about the draft
SWMI framework, and what the author most wants to change in the framework. In many
cases, the dislike and “want to change” keywords are inter-changeable between the
clusters. Each public comment letter was limited to about four keywords per group to
balance the influence of each comment at this stage. For those letters that were long and
contained many potential keywords, only the keywords that the letter appeared to find
most important were recorded. Table 2 explains the various keywords used.
Table 2: Public Comment Keyword Summary
Keyword

Keyword Explanation

Backsliding

Expression of organizational concern regarding the allowance of
categorical backsliding.

Bad Science

Organization distrusts or disagrees with the research that provides
the SWMI policy’s scientific foundation.

Baseline

Support for, or opposition to, inclusion of the water usage baseline.

BC/SC

Biological Categories/ Streamflow Categories: Organization supports
the inclusion of this management technique in SWMI.

Climate Change

Advocates for consideration of climate change impacts in SWMI.

Efficiency

Organization supports increased water efficiency measures or
conservation.

GSP

Organization advocates for greater, or increased, stream protection.

Impervious Surface

Organization advocates for greater consideration of impacts from
impervious surfaces.

Inclusion

Organization desires to be included in SWMI framework
development process.

Independent Review

Organization supports independent/ third party review of key
aspects of the SWMI policy.

Irrigation

Indicates support for, or opposition to, proposed restriction of lawn

39

Restrictions

watering; or proposed 7-day low flow calculation.

IWRM

Organization advocates for Integrated Water Resource Management.

Mitigation For All

Support for requiring mitigation of both permitted and registered
water sources.

More Water

Indicates support for allowing greater water withdrawals.

Regional Planning

Promotes regional planning and/or financial assistance and/or
greater use of MWRA water.

Pilot Testing

Indicates support for the use of pilot testing SWMI prior to full
implementation.

Restoration

Organization requests that stream restoration be required by SWMI.

Redundant Wells

Support for, or opposition to, the allowance/ promotion of redundant
wells.

Safe Yield

Indicates that the organization disapproves of the Safe Yield calculation.

Species Specific

Advocates for species-specific mitigation measure considerations.

Subbasin Scale

Supports greater inclusion of subbasin scale regulations.

Use of Science

Organization approves of SWMI research, but disapproves of how the
scientific principles were implemented in the SWMI framework.

The above methodologies were utilized for letters submitted by organizations only. The
reasoning for this decision is that organizations generally have greater collective
resources and expertise than individuals. Therefore, if there is potential for disruption of
the SWMI regulatory policy by lawsuit, the challenge would hypothetically come from
one of the organizations that submitted public comment. Organizations were clustered
into 10 groups. These groups are: communities (cities or towns), conservation
commissions, state governmental entities, independent scientific organizations, industry
advocates, local environmental organizations, national environmental organizations,
multi-stakeholder group partnerships, water suppliers, and watershed organizations.
Two additional factors were sought when reading each letter. Golden (1998) suggested
that cooperation between public interest groups increased their influence, therefore, it
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was noted when comments referenced other organizations as allies. Secondly, it was
noted whether the author indicated they felt excluded from the process, or actually
threatened to sue to disrupt the framework.
4.3

Results

4.3.1

Public Comments

Overall, 14 of the 59 comments found the draft SWMI framework to be overly restrictive
for permittees. Each of these 14 organizations fell into three organization groups: water
suppliers, industry advocates, and communities. Of the other 45 comments, 43 found
SWMI to be insufficiently protective of the environment.
Using keywords, I distilled the most frequently cited opinions of each organization group.
It should be noted that there was disagreement among the various organizations regarding
different aspects of the policy. Therefore, since the data presented in Table 3 is an
aggregate, some organizations within each group may disagree with aspects of the
aggregate opinion.
Table 3: Aggregate Stakeholder Concerns Per Organization Group
Organization
Group (Total#)
Towns (3)
Conservation
Commissions (9)
Government
Entities (2)
Industry
Advocates (7)
Local
Environmental
Orgs (9)
National
Environmental
Orgs (7)

Likes (# of
Comments)
Redundant wells
(1)

Dislikes (# of Comments)

Wants (# of Comments)

Too
restrictive?

Baseline (2); IWRM (2)

More Water (2)

Yes (3)

BC/SC (8)

Safe Yield (8)

GSP(7); Mitigation For All (4)

No (9)

SWMI science
(2)

Safe Yield (1)

GSP (1); Regional Planning (1);

No (2)

Pilot Testing (2)

Irrigation Restrictions (3);
Baseline (2); Use of Science (2)

Promote efficiency (3)

Yes (6)

BC/SC (3)

Safe Yield (7); Baseline (2);
Backsliding (2)

GSP (7); Independent Review
(2)

No (9)

BC/SC (3)

Safe Yield (6); Backsliding (3);
Irrigation Restrictions (3)

GSP (7); Independent Review
(2); Restoration (2)

No (7)
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Partnerships (3)
Scientific
Organization (1)
Watershed
Organization
(12)
Water Suppliers
(5)

SWMI science
(1)

Safe Yield (3)

BC/SC

Redundant Wells

BC/SC (6)

Safe Yield (7); Baseline (3);
Backsliding (2)

Site Specific (1)

Bad Science (4); Baseline (2)

Regional Planning (2)
Inclusion; Species Specific
Mitigation
Restoration (5); Subbasin Scale
(4); Climate Change (3)
Independent Review (3);
Impervious Surfaces (2)

There were three organizational groups that felt that SWMI is too restrictive of
permittees: towns, industry advocates, and water suppliers. All other organization groups
were of the opinion that SWMI is not overly restrictive of permittees. Six groups believed
that more stream protection, mitigation, or restoration requirements are necessary.
The biological and stream categories (BC/SC) were specifically cited as positive
developments by five of the ten groups. This number is increased to seven groups when
BC/SC is included with the SWMI science keyword. However, both the water suppliers
and industry advocates cited bad science or use of science among their complaints. Only
the communities were neutral on this issue.
The safe yield method was unpopular among those organizations that believed SWMI is
not adequately protective, with six of the seven organizations expressing dislike or desire
to change this calculation. A frequently cited justification for disapproval of safe yield
was that the method is based on the basin-wide scale, and would not be protective of
subbasin streams. Another frequently cited justification for disapproval is that the
calculation is an average of monthly Q90 values, versus using a fraction of the August
Q90, or having a seasonal safe yield. Another area of agreement among these groups is
that categorical backsliding should be prohibited, cited by watershed organizations and
both local and national environmental organizations.
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No (3)
No
No (12)
Yes (5)

There was an area of agreement between organizations that disagreed about whether
SWMI is overly restrictive of water users. Both environmental organizations and water
suppliers sought independent review of SWMI. There also was cross-aisle dislike of the
baseline concept, with water suppliers, industry advocates, and communities as well as
watershed organizations, and local and national environmental organizations. However,
the justifications for this dislike of the baseline differed significantly.
There were two organizations whose comments stood out from the others. One was the
lone scientific organization to write a comment: the Association of Massachusetts
Wetlands Scientists (AMWS). The AMWS was also the only organization to express
their disappointment to not have been included in the SWMI technical advisory process.
The MWRA was the only organization that appeared to support the SWMI process and
framework. This letter refrained from criticizing any existing aspects of the framework,
and instead recommended that regional approaches to water management be applied in
Massachusetts. MWRA expressed their ability to supply water to more communities, and
hoped that financial assistance would be extended to qualifying communities to connect
them to MWRA water lines.
The IRWA was the most frequently cited organization, with support coming from
conservation commissions (5), local environmental groups (3) and a watershed
organization. The Massachusetts River Alliance was cited by watershed organizations (5)
and a local environmental group. However, there were also 25 signatory organizations to
the Massachusetts River Alliance letter, including local environmental groups and
watershed organizations which wrote their own public comments. The Massachusetts
Association of Conservation Commissions (MACC) was cited by two conservation

43

commissions, and MWRA was cited by one partnership. The Massachusetts Water
Works Association (MWWA) was cited by two communities and a water supplier.
4.3.2

Response to Public Comments

The MWWA contracted the environmental consultant firm TRC to write a report, titled
“Assessment of Fisheries Data and Related Steam Flows in MA”, ostensibly to verify the
findings of the Armstrong et al. (2011) report on which the BC/SC were based. In
MWWA’s comments, it was asserted that the scientific findings of Armstrong et al.
(2011) are invalid. In response to this assertion, EEA and DEP obtained two independent
reviews of the Armstrong et al. (2011) report. The reviewers included the primary author
of the Poff et al. (2010) report, who is a professor of biology at Colorado State
University. The other reviewer was Dr. A.J. Paul, an instream flow needs biologist in the
Alberta Fish and Wildlife Division.
Both reviewers found the TRC paper to be flawed, and mostly inaccurate. Poff found
Armstrong et al. (2011) to be a sound science-based tool for comparing basins across the
state, though at each particular local site, the reality of fish assemblages may deviate from
the average expectation. Paul determined that Armstrong et al. (2011) was “robust and
sound,” and that the findings of the study were properly applied to the BC/SC.
Unfortunately, neither of these independent studies verified the efficacy of the safe yield
methodology which was of concern to many of the organizational groups. EEA and DEP
did write a very comprehensive response addressing many of the issues raised by the
public comments. The letter largely served as a justification of decisions made in writing
the draft policy, but also notes those changes that were made for the final version of the
framework. The topics covered include safe yield, biological categorization of streams,
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streamflow criteria, permitting tiers table, transition rule for surface waters,
offsets/mitigation, applications of the low-flow statistic for water use restrictions,
redundant wells, pilot studies, and incentives/funding sources (EEA, 2012c).
Topics of concern in the public comments that were addressed in the final framework
include: inflow/infiltration were added to the mitigation table, the potential increase of
withdrawals over the baseline was reduced from 8% to 5%, allowances will be made for
communities demonstrating strict conservation practices prior to baseline period, pilot
studies will provide additional input for clarifying mitigation measures and
methodologies for site specific studies, the tier review table was simplified from four to
three tiers, and $11 million will be made available over five years to assist water users
implement minimization and mitigation measures. Finally, it was made very clear that
SWMI is not intended to restore streams, and is instead designed to allow water use while
minimizing the future deterioration of environmental conditions.
4.4

Conclusions

The most striking aspect of the EEA/DEP response to public comments was the
requesting of two biology experts to review the Armstrong et al. (2011) report and the
TRC study. In this case the stakeholder MWWA, who contracted TRC, was able to
receive considerable attention from the government. However, the claims made by
MWWA did not hold up under scrutiny, and the organization did not receive the
concessions that it had requested.
Reduction of the withdrawals allowed over baseline from 8% to 5% may be considered a
stream protection measure as requested by environmentally minded groups. Guidance for
site specific study methodologies and increased baseline allowances were requested by
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communities. Funding to assist water users to implement mitigation measures was
recommended by MWRA, and benefits the water suppliers and other water users that
would be responsible for the mitigation. Inflow/infiltration improvements being added to
the mitigation measures table was requested by a watershed organization. It appears that
no single organization or organization group was the sole beneficiary of the SWMI
framework changes. From the analysis of public comments and examination of changes
made from one version of the framework to the next, it is not clear that any one
organization or interest group has significant influence over the regulatory outcomes. It
appears the EEA and DEP are developing rules and policy largely independent of any
particular stakeholder influence.
A concern does arise from the comment by the AMWS. This organization expressed
frustration with having been left out of the SWMI process. The organization also has
considerable scientific expertise. Other organizations such as the IWRA may have greater
financial clout, more extensive documented support networks (according to mentions in
the public comments), and greater litigation experience. However, AMWS fits the profile
of an organization that has potential to disrupt the SWMI regulatory scheme to gain a seat
at the table and an opportunity to influence the water management regime. Efforts to
obtain comment from the organization were unsuccessful.
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5.0

Synthesis

Previous sections of this thesis have evaluated different contextual aspects of the SWMI
policy. Included in Part I was a review of historical water resource policy in
Massachusetts, a review of the proposed policy and associated documents, an exploration
of similar policies in other states, and an evaluation of the letters submitted by
organizations during the SWMI public comment period. In addition to this information,
interviews were conducted with several expert water resource stakeholders in
Massachusetts. The interviews included one expert from a local Massachusetts
environmental advocacy coalition, one national environmental advocacy organization,
two water suppliers, one water supplier advocacy organization, one local conservation
advocacy organization, one watershed advocacy organization, and an expert each from
Mass DEP, EEA, and the Department of Fish and Game. Note that in Part II of this
thesis, the comparative flow impacts of various mitigation measures are quantified for the
Beaver Brook watershed in the Town of Sharon.
As stated previously, with complex multi-objective policies such as SWMI, what
constitutes flawed policy is not so easily defined. This section will evaluate SWMI based
on the data sources examined throughout this report.
5.1

Other State Approaches to Sustainable Water Management

In Section 3.0 of Part I, instream flow policies in Michigan, Rhode Island, Connecticut,
Maine, and California were reviewed. While several of the state policies are based on the
same principles, such as ELOHA and the Natural Flow Regime, the differing political
settings, regulatory environments, hydrogeological conditions, and wildlife requirements
have resulted in unique policies being crafted for each state. The policy experts
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interviewed in each state were confident that their state was among the leaders for
crafting effective modern water allocation or instream flow policies. Assuming this to be
the case; it is clear from reviewing these state policies, the SWMI foundational
documents (summarized in Section 2.3), and the SWMI framework (summarized in
Section 2.4), that the scientific underpinning and regulatory approach used for SWMI is
among the leading edge of modern water policies in the United States.
What is notable about all other state policies is the sole focus on instream flow based
performance measures and mitigation of direct impacts from withdrawals. Topics as
wastewater and stormwater/impervious cover were not covered by any of the documents
about other state’s policies reviewed for this report. These topics were also at no point
mentioned by the other state policy experts during the interviews. While it is likely that
stormwater/impervious cover and wastewater return flows are addressed by other policies
in these other states, the impacts are addressed by entirely separate regulations. On this
basis, it appears that integration of instream flow, stormwater/impervious cover, and
wastewater return flows, is at the very least uncommon in state-level water policy. While
the primary focus of SWMI conforms to the standard set by other states with the
emphasis on instream flow impacts by groundwater withdrawals, it appears to be unique
among its peers with the inclusion of indirect flow impacts in the mitigation measures
menu.
5.2

The SWMI Public Response

Public comments submitted in response to the February Draft SWMI were reviewed and
aggregated in Section 4.0 in this part of the thesis. There were some important
observations made through analysis of the public comments, review of the agency
response to comments, and interviews with state policy experts.
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It was noted that stakeholder organizations tend to identify trusted representatives,
establishing either formal or informal coalitions. The forming of coalitions to gain
concessions is a strategy that has been recognized as effective in the literature (Golden,
1998) and this is demonstrated in the case of Rhode Island, when environmental groups
gained regulatory traction after establishing the “Coalition for Water Security” (Section
3.2). In Massachusetts, the organizations with coalition power – based on statements in
the public comments - appear to be the IRWA, the Massachusetts Rivers Alliance, the
MACC, and the MWWA. A few changes were made to the final SWMI framework based
on comments received, but no single stakeholder group appeared to have more influence
at that point in the process than any of the others.
Sabel and Simon (2004) wrote that litigation is a method that can be employed by
marginalized stakeholders to exert their influence by disrupting the regulatory outcome.
Litigation was in fact one of the key factors which resulted in the SWMI process being
initiated in the first place (Section 2.3) and during interviews with policy experts in MA
DEP and EEA, there was recognition that litigation was very likely to be employed
against SWMI at some point after its implementation. As stated in Section 4, review of
public comments suggested that the AMWS is the one organization that best fit the
profile of a marginalized stakeholder who might utilize litigation to exert their influence
on the process, though they could not be reached for comment. It should be noted that
none of the comments submitted by organizations, and in none of the interviews
conducted with stakeholders, did anyone state that they intended to employ litigation to
block the policy.
In public comments and interviews, there has been considerable concern about the Safe
Yield among virtually all stakeholder groups outside of DEP and EEA. Unfortunately,
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while independent experts confirmed that the BC/SC were correctly implemented (Paul,
2012; Poff, 2012) these reviews did not include an evaluation of the Safe Yield
calculation. An expert third party study such as that by Paul (2012) and Poff (2012) – as
requested by multiple stakeholders – would be an appropriate measure to limit litigation
focused on the efficacy of Safe Yield, and potentially the Low Flow Statistic.
The interviews conducted with environmental and watershed organizations in
Massachusetts indicated that while SWMI, from their perspectives, is not perfect, and
more should be done to protect and restore river habitats, and to extend the reach to
include registered withdrawals, the policy nonetheless represents progress. The water
suppliers, and the water supplier advocacy organization, unequivocally stated in
interviews that SWMI framework is going to have a negative impact – that the mitigation
measures would be expensive to implement, would unfairly burden communities, and
would not improve river habitats to protect fish. This last assertion is based on the fact
that the Armstrong et al. (2011) indicates that the percent impervious surfaces of a
watershed have a much greater impact on fluvial fish assemblages than do streamflow
withdrawals. In addition to questioning the effectiveness and the expense, disappointment
was expressed that SWMI did not ultimately introduce Integrated Water Resource
Management (IWRM) as a state water resource management strategy. There are three
concerns highlighted by the water suppliers that warrant further investigation here:
impervious surfaces/stormwater, mitigation cost and cost-burdens, and the potential role
and importance of IWRM.
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5.3

Integrated Water Resources Management

5.3.1

Integration of services within a jurisdictional area

The lack of IWRM is stated by water suppliers to be a missed opportunity. However,
according to interviews, EEA and DEP both view SWMI as including aspects of IWRM
through the inclusion of the mitigation/ minimization options menu. The “Table 6:
Offset/Mitigation Action” in the November 28, 2012 version of SWMI framework may
be subject to change as the regulations are finalized. However, there appears to be
considerable potential for addressing watershed management in an integrated fashion.
The reason for this optimism is the inclusion of Wastewater improvement and
Stormwater/impervious cover improvement mitigation categories.
In Section 5 of Part II in this thesis, it is demonstrated that stormwater management in
the Town of Sharon has the potential to significantly improve streamflow in Beaver
Brook, a tributary to the Neponset River. It is further demonstrated that the choice of
stormwater management strategy will have a significant impact on the degree of
streamflow improvement. This is important, because many towns in Massachusetts will
soon be subject to increasingly strict stormwater standards as the EPA updated the MS4
permits which fall under the jurisdiction of the Clean Water Act.
The Mitigation Action menu avoids command-and-control mandates such as those used
in Clean Water Act, and this development was widely lauded as a good policy measure
by water supply and environmental groups in the public comments. Nonetheless, the
water suppliers operate in a political environment, and according to interviews, the
prospect of raising rates to cover the cost of mitigation measures will reportedly meet
resistance from residents that purchase water from the towns. Regulatory experts in
Michigan, Connecticut, and Maine also stated that the rate and effectiveness of policy
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implementation has been limited by the availability of funding: both for the regulatory
agency, and the regulated water users.
As the water suppliers have correctly interpreted, Armstrong et al. (2011) demonstrates
that increasing percent of impervious surfaces in a watershed has a significantly negative
impact on fluvial fish assemblages. MA DEP has acknowledged this with the inclusion of
the impervious surface/stormwater mitigation category, and the MS4 permits will soon
require towns to improve stormwater management for water quality purposes. This is a
huge opportunity to assist towns in making optimal management decisions to improve
both streamflow and water quality outcomes with an integrated approach to water
management.
In addition to the water suppliers and communities, IWRM has also been promoted by
environmental and watershed organizations, as well as by private consulting firms. A
2007 report funded by an EEA Watershed Improvement Grant and written by the Ipswich
River Watershed Association (IRWA) details how IWRM could be implemented in the
Town of Ipswich. The project goals called for using complementary strategies to achieve
both an environmental water budget balance, and a financial water budget balance
(IRWA, 2007). The Ipswich IWRM plan included a step-by-step process for
implementing a water demand mitigation program, a stormwater utility, and conducting
instream flow and water quality monitoring. The report concluded that IWRM is the
recommended overarching management approach, and that a fee-based water demand
mitigation program and stormwater utility is recommended to generate funding to pay for
conservation and stormwater management activities (IRWA, 2007).
An important point to be recognized here is that the IRWA is not unique among
environmental and watershed organizations in Massachusetts in terms of expertise and
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consulting capacity. According to interviews with two representatives from watershed
organizations in Massachusetts, there is a growing recognition among watershed
organizations that opportunities exist for assisting communities to comply with
environmental regulations. In an area of agreement such as IWRM, the expertise that
environmental and watershed organizations have in the areas of scientific research,
regulatory savvy, and grant writing should be provided as services to the communities to
aid in accomplishing the goals of achieving or exceeding regulatory compliance.
Even if full IWRM processes are not undertaken, there are various other degrees of
management integration that might be utilized. In a 2011 report to EPA Region 1,
Horsley and Witten Group analyzed infrastructure and funding options for stormwater
management in the Upper Charles River. The report concluded that,
“the most equitable, adequate, flexible, and stable source of funding to support
the … surface water/stormwater programs is a Stormwater Utility/ user fee
approach.”
The report further concludes that joint efforts by basin-sharing communities can result in
significant cost-savings by eliminating unnecessary duplication of efforts and mistakes.
Explanations regarding the steps required to implement a fair and effective user-fee
supported stormwater utility are detailed in the report (Horley and Witten, 2011). The
report was not written with SWMI in mind, and instead was driven by MS4
considerations. Given the uncertain future of MS4 requirements, establishing utilities
capable of addressing both federal and state stormwater mitigation requirements would
seemingly be desirable for all stakeholders, including tax and fee-payers.
There are other integrative approaches that has been utilized in Massachusetts
communities is the use of environmental overlay districts (EOD). An EOD is a regulatory
control that seeks to minimize the impacts of development by better planning for growth,
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utilizing land management designations to maintain or restore the local water balance
while addressing water quality issues. The EOD designates locations with specific
development requirements, for instance, in areas with sensitive aquifer recharge,
fisheries, or water supply protection needs (CEI, 2006).
Comprehensive Environmental, Inc. (CEI) conducted a study for the City of Lancaster
investigating the optimal utilization of EOD as a municipal regulatory framework. The
advantages of an overlay district over the existing management policy, is that, for
instance, without a designated stormwater district, stormwater regulations only apply
within the jurisdiction of the Wetlands Protection Act. EOD was viewed as a preliminary
step for integrating the management of the city’s wastewater, water supply, and
stormwater infrastructure development (CEI, 2006).
5.3.2

Integration of Services Across Jurisdictional Areas

There is evidence that cooperation and integration of water resource management across
town boundaries would be beneficial in Massachusetts. Zoltay et al. (2010) developed an
integrated water management model (IWMM) for the Ipswich River Watershed with
optimization capabilities. The intent of the model was to demonstrate how integrated
management of land-use, potable surface and groundwater, potable water pricing,
interbasin transfers, wastewater, and stormwater could achieve optimal water supply
quantity and quality results while reaching instream flow targets in the Ipswich River
Watershed. The model identified numerous ways that improved outcomes could be
achieved through IWRM and basin-wide cooperation in the Ipswich River Watershed
(Zoltay et al., 2010).
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Successful examples of integrating management of water resources across jurisdictional
lines exist in the United States. Some of these cases involve large multi-state basins that
include multiple scales of governance. The Delaware River Basin Compact created
Delaware River Basin Commission to coordinate 43 state agencies, 14 interstate
agencies, and 19 federal agencies in a comprehensive plan for water use in the basin
(Featherstone, 2006; Huffman, 2008) and is largely viewed as the most successful and
comprehensive interstate basin compact to date in the United States.
Another comprehensive basin agreement exists entirely within the state of California: the
Bay-Delta Agreement. Established by CALFED, a consortium of state and federal
agencies, the Agreement was established to develop a long term planning process with
four objectives:
1. Improvement of water supply reliability;
2. Improvement of Bay-Delta water quality;
3. Ecosystem restoration; and
4. Maintenance of levee system integrity (Huffman, 2008).
The Bay-Delta Agreement is cited as an example of interagency collaboration with
stakeholder advisory committees (Innes and Booher, 2010) and despite the fact that
CALFED operates with very little authority, progress towards the stated objectives has
been noted (Huffman, 2008).
Watershed collaboration also occurs in smaller-scale watersheds. As study by Imperial
(2005) reviewed six collaborative watershed programs in the United States founded for
the purpose accomplishing environmental goals. Collaboration was noted as providing
educational benefits to both the public and decision makers, and improving monitoring
and enforcement programs. Sharing and pooling of resources for staffing and funding
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programs, and increasing efficiency by eliminating redundancy of equipment and
expertise was also noted. NGOs were sometimes included as partners to governments to
cut costs or expedite projects. However, it was noted that collaboration is not a cure-all,
and that it should be valued for the benefits that may be conferred (Imperial, 2005).
Implementation of a cross-jurisdictional management approach may be compatible with
the existing SWMI framework. While there are no structural opportunities for
formalizing stakeholder cooperation – such as in the proposed PFMIF in Northern
California Stream policy – SWMI will continue the basin-wide consultations (interviews;
EEA, 2012a) and these consultations could provide an opportunity for coordination of
water management efforts. The question then is whether the regulations will be written in
such a way to actively promote and reward cooperation between basin-sharing
municipalities and other impactful water users.
5.4

Impervious Surfaces/ Stormwater Abatement

5.4.1

Stream Habitat Impacts From Impervious Surfaces and Stormwater

As stated previously, there was considerable concern by both the water suppliers and the
water supplier advocate that, as per Armstrong et al. (2011), a significant negative impact
to fluvial fish assemblages is impervious land cover. The impacts resulting from the
presence of impervious surfaces occur because reduced rain infiltration reduces
groundwater recharge and increases run-off (Arnold et al., 1996). This reduction of
recharge reduces the groundwater contribution to streamflow – also called baseflow
(Hamel et al., 2013). The increase in run-off causes increased peak flows which can
increase erosion. Untreated run-off from impervious surfaces will increase the pollutant
load in a stream which can include metals, pesticides, nutrients, pathogens and debris
56

(Arnold et al., 1996) and can also cause thermal pollution (Hamel et al., 2013). This is
because groundwater is typically of a lower and more constant temperature than run-off.
It is important to understand that impervious surface coverage is an environmental
indicator – the relationship of impervious surfaces to fish assemblage harm is correlative
(Armstrong et al., 2011) – however, impervious surfaces do not themselves generate
pollution. Instead, they contribute to environmental damage by four related categorical
mechanisms:
1. Contribute to hydrogeologic changes by preventing rain infiltration/recharge
(thereby reducing baseflow) and generating increased stormwater runoff;
2. Host intensive land uses that do generate pollution;
3. Prevent natural pollutant processing that naturally occurs in soils; and
4. Efficiently convey pollutanted stormwater into waterways (Arnold et al., 1996).
It is very important to understand how environmental harm resulting from stormwater
runoff occurs at any given location, because understanding how the environmental harm
is generated is the key to determining the best methods that should be used to mitigate the
damage. In many cases, mitigation of harm resulting from impervious surfaces can be
accomplished without actually reducing the impervious surface coverage (Arnold et al.,
1996).
5.4.2

Stormwater Management Practices

Traditional stormwater management in the urban environment historically consisted of
channeling stormwater into storm drains, and discharging this polluted water directly into
wetlands or waterbodies (Horsley and Witten, 1999). Alternative methods or devices
used to manage stormwater are referred to as structural or practice-based Best
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Management Practices (BMP) (Perez-Pedini et al., 2005). Practice based BMPs can
reduce pollutant loads by managing the land uses that contribute pollutant loads,
education campaigns to promote good habits such as disposing of pet waste and leaf
litter, or with techniques such as vacuum street cleaning. Practice based BMPs can also
include changing town by-laws and building codes to promote reduction of impervious
surfaces in new construction.
Under natural conditions, the fraction of rainwater which infiltrates the soil, versus
becoming stormwater runoff, is determined by landscape variables such as slope, soil
type, and the types of plant cover. The fraction of infiltrated water that recharges
groundwater in the natural environment is influenced by factors including hydrogeology
and evapotranspiration rates. On an impervious surface, essentially 100% of the rain that
falls on the impervious surface becomes run-off (Horsley and Witten, 1999). In a
watershed experiencing a groundwater recharge deficit due to groundwater withdrawals,
it is possible to take advantage of this increased run-off. A BMP designed to capture and
then directly infiltrate the run-off can increase groundwater recharge over the natural
recharge rate.
Another option is to capture the rainwater for use. A common example of this is a
residential rainbarrel. The rain barrel captures rainwater run-off from a roof, and when
the captured water is utilized by the household, the water demand of that household is
decreased commensurately. These principles are supported by Part II of this report. The
capture and use of stormwater has been demonstrated to have tangible and significant
benefits for streamflow, in addition to the benefits of reduced peak flows, reduced
pollutant loads, etc., described in Section 6.4.1.
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Other options for reducing environmental impacts from impervious surfaces include
“disconnecting” impervious surfaces. A “connected” impervious surface is when
stormwater drains from one impervious surface to another, until reaching a stream or
being piped out of the watershed. For instance, a roof might drain to a driveway, which
drains to a road, which drains to a storm-sewer, which is piped to a stream. Disconnecting
the impervious surface could mean having a roof drain to a grassy yard. There are myriad
strategies for implementing BMPs through Low Impact Development (LID), and for
more information it is recommended consulting with LID references, such as the EPA
Region 1 Stormwater Permit Program website (EPA, 2013) or the Tools for Watershed
Protection reference (Horsley and Witten, 1999).
5.4.3

Paying For Improved Stormwater Management and Low Impact Development

One of the options in the Mitigation/Offsets Table under the Stormwater/ impervious
cover category is “Adopt a stormwater utility”. As stated in Section 6.3.1, establishing a
stormwater utility is recommended by Horsley and Witten (2011) to pay for the cost of
MS4 compliance, and by the IRWA (2007). In Massachusetts, three towns have
implemented stormwater utilities: Belmont, Reading, and Chicopee. The utilities were
created in response to anticipated EPA National Pollutant Discharge Elimination System
(NPDES) MS4 permit requirements related to stormwater sewer discharges to water
bodies. These permits are entirely focused on water quality (EPA, 2013).
A BMP strategy can be designed to address the water quality requirements of an MS4
permit. As explained above, a BMP strategy can also be designed to increase
groundwater recharge. If the BMP strategy is well-conceived, targeted, implemented, and
maintained, it should be possible to simultaneously address chemical, biological, and
thermal pollution issues, increase groundwater recharge, and decrease water demand.
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According to an interview with an employee at the Town of Reading, each household
pays $10 per quarter to the stormwater utility. Commercial property owners would pay
the same fee as residential properties if the impervious surface of the commercial
property were the same as a typical home, but the amount of the fee increases
commensurately as the area of impervious surface of the commercial property increases.
After implementation of the Belmont water utility, there were some inquiries and
complaints by residents with one threat of lawsuit. However, by the end of the first year
the complaints had ceased and the lawsuit was dropped.
According to an interview with an employee at the City of Chicopee, the City has
historically had a combined sewer system, but is under administrative order to separate
the sanitary and stormwater sewers. As a result, there is some cross-over between the
sewer and stormwater fees. The fee paid to the stormwater utility is $25 per quarter for
every two-family home. Commercial developments are charged based on the amount of
impervious surface on the lot: $0.45 per 1,000 ft2, and the minimum and maximum fees
for commercial properties are $25 and $160 per quarter, respectively. The utility requires
new developments to infiltrate rain-water onsite when possible and to maintain those
stormwater BMPs. If property owners do not maintain their BMPs, the city will do so and
charge the owner. The employee explained that it is unclear whether the current fee
structure is adequate to cover the total investment costs for the stormwater infrastructure.
The experience in these towns suggests that, at least for stormwater BMP strategies
related to water quality, the cost per multifamily home or family might range from $40 to
$100 per year. Flat fees are regressive – they impact the budgets of poorer residents
more-so than affluent residents. This suggests that the cost of complying with MS4
permit requirements and/ or as part of a groundwater withdrawal mitigation plan could
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create equity concerns for poorer communities. Therefore, as EEA or DEP provide
funding to Massachusetts communities to comply with SWMI, it is highly recommended
that these grants be targeted to those communities for whom compliance would most
greatly affect the finances of rate-payers.
The opportunity also exists for partnerships between watershed advocacy organizations
and communities. There is already considerable interfacing of advocacy groups and
municipalities, and some of these advocacy groups have significant capacity to assist
communities with grant writing and scientific expertise for developing stormwater
abatement plans. Watershed advocacy groups should consider targeting their assistance to
those communities that have the least financial capacity to comply with new SWMI
regulations or projected MS4 permit requirements.
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6.0

Conclusions

Among states with instream flow policies there is an emerging consensus regarding the
principles of what constitutes a healthy river system. The foundation of SWMI is hewn
from this same cloth. Independent verification by out of state third party experts
confirmed that Armstrong et al. (2011) and Poff et al. (2010) were correctly interpreted
and translated into policy. Independent verification serves multiple purposes. It provides
confirmation both to the agency implementing the policy, and also to its critics who
might consider disrupting implementation of SWMI with litigation.
While the SWMI process was initiated to redefine what constitutes Safe Yield (Gold,
2010) it appears that it is the Safe Yield concept – not the particulars of the calculation –
that is no longer particularly meaningful. It should be noted that this was not directly
asked during the interviews, nor was this ever actually stated by the Mass DEP and EEA
policy experts interviewed for this project, and is an interpretation of this researcher
alone. However, the inclusion of subbasin biological and streamflow criteria and
groundwater withdrawal levels, coupled with minimization and mitigation requirements,
and increased stringency of drought advisory requirements, makes it appear to be highly
unlikely that the Safe Yield will play a significant role in most basins going forward.
Nonetheless, it is highly recommended that Mass DEP contract independent verification
for the calculations of Safe Yield and the Low Flow Statistic, for the reasons stated in the
paragraph above.
The Mitigation/Offset menu has the potential to be a game-changing innovation for
instream flow policy in Massachusetts. Depending on how the menu is ultimately
implemented, SWMI could be the first step in implementing a state-driven IWRM
program. It was not clear from interviews with Mass DEP and EEA policy experts
62

whether this was truly the intent. However, as explained below, the potential exists, and it
is highly recommended that SWMI consultations go forward with this possibility in
mind.
The findings presented in Part II of this report indicate that stormwater management has
significant potential for the restoration of streamflow. Water suppliers correctly identified
that Armstrong et al. (2011) indicates that impervious surfaces have very important
impacts on fluvial fish assemblages. Zoltay et al. (2010) demonstrates that integrated
management of water resources is required to optimize social and environmental
outcomes. Furthermore, communities face uncertainty regarding the requirements of
federal enforcement of stormwater standards, and it is likely that there will soon be
considerable investment in stormwater infrastructure in many communities regardless of
whether SWMI recommends it. By utilizing the mitigation menu to begin the process of
implementing stormwater BMPs, there is an opening to design holistic LID strategies that
address both streamflow and MS4 permit pollutant/peakflow requirements. We have seen
in other states that when given the choice of federal or state oversight, that water users
prefer state oversight, and superseding the EPA on stormwater would likely benefit all
parties.
The experiences of the Town of Reading and the City of Chicopee suggest that the cost of
implementing stormwater management may not be as prohibitive as water suppliers
might fear. The costs in the two communities were about $40 and $100 per residential
property per year. However, anytime additional costs are placed on families, it is highly
recommended that equity concerns be considered. For instance, the cost of implementing
stormwater abatement may be similar for both affluent and working class communities,
but the ability of families to pay the additional fees will vary considerably. When offering
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grants and other funding for the implementation of SWMI, it is highly recommended that
MA DEP consider the relative affluence of the applicant communities among the factors
under consideration.
This message is equally directed at Watershed and Environmental Organizations with
expertise conducting scientific and resource management studies, as well as expertise in
applying for grants. Watersheds in Massachusetts often contain a great diversity of
communities, and when given the choice, it is recommended that resources be directed to
those communities that are in greatest need of the assistance. This is not only a justice
concern, but an effectiveness issue, as this increases the likelihood that a communities
will be able to comply with the new regulations.
The intent of SWMI clearly is not to actively require or pursue habitat restoration. This is
a great disappointment to the environmental community, but flexibility built into the
policy allows for cooperative interventions to improve habitat outcomes. An opening has
been created for watershed groups to increase the performance of mitigation and
minimization measures above the minimum SWMI requirements, allowing restoration of
stream habitats where it might not otherwise occur.
In the final conclusion, it is noted that implementing multi-objective water resource
policies in charged political environments is a great challenge. This study was conducted
without the SWMI regulations having been finalized, and the analysis therefore is
necessarily incomplete. The scope and conclusions of the study are also constrained by
the limited expertise of the researcher on certain topics related to SWMI. The devil, as
they say, is in the details. Nonetheless, from the vantage point of this researcher, it
appears that SWMI is not only a fundamentally sound policy with significant potential to
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improve the quality and reliability of water resources in the Commonwealth, but also
offers a model to other states that might pursue similar goals in the future.
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Part 2:
Whither Flows Beaver Brook? Statistical Estimation of Streamflow Depletion By
Groundwater Pumping
ABSTRACT
Typical streams increase in flow volume downstream as the drainage area expands.
Beaver Brook and Billings Brook, both located in Sharon, Massachusetts, are both
losing streams because they periodically exhibit lower flow at a downstream gauge
than at an upstream gauge during the same time period. It was hypothesized that
municipal groundwater withdrawals are responsible for these altered streamflow
conditions. Multivariate regression methods are used to test the hypothesis where
downstream flow is a function of explanatory variables including flow at the
upstream gauge, precipitation, depth to groundwater in the vicinity of the withdrawal
site, potential evapotranspiration, a one-day lag of the observed downstream flow,
and a daily pumping volume from the nearby municipal supply well. The model
results document streamflow depletion of 2.19 cubic feet per second (cfs) and 1.28
cfs in Beaver Brook and Billings Brook, respectively, when the municipal supply
wells operate at their maximum daily permitted levels. Results of the model indicate
high predictive power based on goodness of fit statistics (adjusted R2 of 0.918 and
0.935, respectively) to evaluate streamflow impacts as a result of groundwater
withdrawals. Further, comparison of this modeling approach to conventional
analytical stream depletion models documented improved predictability of
downstream flows as a result of groundwater withdrawals. Utilization of study
methods is recommended where a gauge exists upstream and downstream of a
groundwater pumping well, and records of pumping rates, streamflow, and proximate
groundwater levels exist. Statistical-based modeling could drive policy decisions in
places with low-flow regulations.
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1.

Introduction

Groundwater is a natural resource that provides water for drinking, irrigation, and the
myriad other uses that society requires. Groundwater withdrawals have resulted in water
table declines in many aquifers throughout the United States (Konikow and Kendy, 2005)
and can also cause a reduction in the flow of streams (Barlow and Leake, 2012; Theis,
1940). A recently proposed water policy called the Massachusetts Sustainable Water
Management Initiative (SWMI) will amend the existing state Water Management Act
Program to address potential streamflow impacts as a result of groundwater withdrawals.
Groundwater withdrawal permit holders will be required to minimize streamflow impacts
due to groundwater pumping and mitigate the impacts of additional withdrawals over
baseline volumes. Mitigation requirements are anticipated to be based on the volume of
streamflow abstracted by the additional pumping (EEA, 2012).

The Town of Sharon, Massachusetts, is an example of a municipality that is wholly
reliant on a network of groundwater wells to provide for all its water needs (OSRPC,
2008). Beaver Brook, a headwater stream of the Neponset River in Sharon, periodically
exhibits lower flow at a downstream gauge than at an upstream gauge during the same
time period. Likewise, Billings Brook located within the Taunton River watershed in
Sharon exhibits lower flow at a downstream gauge. It was hypothesized that municipal
supply groundwater withdrawals for the Town of Sharon are responsible for this observed
streamflow behavior. Multivariate regression methods are used to test this hypothesis
using a physically-based water budget approach. The resulting approach combines our
physical understanding of streamflow depletion along with multivariate statistical
methods which are useful for hypothesis testing and evaluation of model errors.
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Multivariate regression is a statistical method in which a set of explanatory variables are
evaluated for how well they explain the observed behavior of a response variable. In this
thesis, multivariate regression has been applied to daily time-series data to develop daily
streamflow models. The following is the format for a multivariate regression equation:

where y
is the response variable, flow at the downstream gauge
β0
is the intercept
βk
is the slope coefficient for the kth explanatory variable
xk
is the kth explanatory variable
ε
is the remaining unexplained data, also referred to as the error
(Helsel and Hirsch, 2002).
Multivariate regression methods have previously been applied to estimating streamflow
using annual time-series data (Burt et al., 2002). To test the hypothesis in this thesis, the
response variable (y in the above equation) is the log of flow at the gauge downstream of
the municipal pumping well for each respective stream. The potential explanatory
variables in this thesis were selected on the basis of three attributes: the variables must be
time-series datasets, available for public use, and have plausible hydrologic impacts on
streamflow between the upstream and downstream gauges. The explanatory variables
considered in formulating the models include the log of variables such as streamflow
upstream from the pumping well, the daily volumes of groundwater extracted by the
pumping well, maximum daily temperature, daily precipitation, potential
evapotranspiration and the depth to water at monitoring wells proximate to the study site.
These datasets are explained in depth in Section 3.1.

The Massachusetts SWMI policy provides a list of strategies (see Section 5.0) for
groundwater withdrawal permit holders to minimize water demand and mitigate the
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streamflow impacts of future additional withdrawals. The Beaver Brook streamflow
model developed in this study is applied to document the impact of water use to
streamflow, and evaluating comparative streamflow benefits of the various strategies
proposed by the SWMI policy (EEA, 2012).
1.1

Study Area Geography/Hydrogeology

Beaver Brook and Billings Brook are headwater streams of the Neponset River and
Taunton River, respectively, in eastern Massachusetts. Eastern Massachusetts has a
temperate climate that receives approximately 44 inches of rainfall fairly uniformly
distributed over the course of the year. Average evapotranspiration is equivalent to
approximately 22 inches of rainfall with the highest rates occurring during the spring and
summer months due to higher temperatures and vegetative growth (Simcox, 1992).
Beaver Brook has a total drainage area of 2.44 square miles. The downstream gauge is
located at the mouth of the subbasin, and the contributing area between the upstream and
downstream gauge (located approximately 1 mile apart) is approximately 1.0 square
miles. The Billings Brook drainage area is 5.09 square miles (OSRPC, 2008), with a
contributing area between the upstream and downstream gauges of 0.16 square miles
(Parker, n.d.). Both study areas are entirely located within the boundaries of the Town of
Sharon and are cited as having source waters originating from upland wetlands, including
an Atlantic White Cedar Swamp (OSRPC, 2008).
Billings Brook flows through a series of small ponds, including the 18-acre Gavin’s
Pond, located within the contributing area for the study site. Evaporation from ponds and
lakes can be an important part of the water budget. Lake evaporation rates in the United
States range from 1.3 feet in New England and the Pacific Northwest, to 8.2 feet in the
arid deserts of the southwest (Leopold and Dunne, 1978). Factors influencing the rate of
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evaporation from lakes and ponds include solar energy input, humidity, and wind
(Leopold and Dunne, 1978).
Like much of New England, the study areas are hydrologically influenced by the region’s
glacial and post-glacial geologic history (Simcox, 1992; OSRPC, 2008). The surficial
substrates in Sharon are sand and gravel, alluvium, and till/bedrock. Figures 1-1 through
Figure 1-4 show the distribution of surficial soil types in the Beaver Brook and Billings
Brook subbasins. The largely unconfined sand and gravel aquifers (Simcox, 1992;
MassGIS; OSRPC, 2008) are replenished by rain and snowmelt. The sand and gravel
aquifers allow high capacity wells to pump high quality water for the town water supply
(OSRPC, 2008).
Sharon is a suburban community with approximately 18,000 residents. There are three
municipal pumping wells within the Beaver Brook subbasin permitted to pump 1.85
million gallons per day (mgd). This includes the town’s most productive well (Well #4)
which is permitted to extract up to 1.0 mgd, a limit which is often reached during the
summer months. Well #4, constructed in 1959, is installed in a gravel deposit
approximately 85 feet deep. The aquifer transmissivity is reported to be greater than
13,000 ft2/day (SWD, 2010). Well #7, installed in the Billing Brook subbasin in 1989, is
permitted to pump up to 450,000 gallons per day (gpd) (SWD, 2010). Well #7 is located
approximately 120 feet from Gavin’s Pond. In 2007 the Massachusetts Division of
Ecological Restoration (DER) installed stream gauges upstream and downstream of Well
#4 and Well #7 to study the potential effect of groundwater pumping on the streams.
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Figure 1-1: Surficial geology of Beaver Brook subbasin

Sources:
MassGIS , Massachusetts DER, Town of Sharon DPW
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Figure 1-2: Surficial geology of Beaver Brook study area

Sources:
MassGIS , Massachusetts DER, Town of Sharon DPW
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Figure 1-3: Surficial geology of Billings Brook subbasin

Sources: MassGIS, Massachusetts DER, and Town of Sharon DPW
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Figure 1-4: Surficial Geology of Billings Brook Study Site

Sources: MassGIS, Massachusetts DER, Town of Sharon DPW
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2.0 Previous Work
There are multiple approaches to evaluate whether groundwater withdrawals are
impacting streamflow. These include approaches from water management (the flow
duration curve) and hydrogeologic theory (capture). A flow duration curve (FDC) is a
plot of streamflow observations as a function of exceedance probability over a given
period of time. A FDC provides a comprehensive graphical view of the overall historical
variability of streamflow. Also called streamflow duration curves, flow duration curves
have been in use since the 1880s for varied applications such as hydropower, watersupply, and irrigation planning (Vogel and Fennesey, 1994). The quantitative difference
between the natural flow and impacted flow of a stream has been defined using flow
duration curves as an ecodeficit, or ecosurplus, by Vogel et al. (2007). An ecodeficit or
ecosurplus is calculated contrasting an unregulated (natural/unimpacted) flow duration
curve with a regulated (impacted/depleted) flow duration curve. When the area between
the two curves is above the unimpacted FDC, that area is an ecosurplus. If instead the
area between the two curves is below the unimpacted FDC, that area is an ecodeficit
(Vogel et al., 2007). An example of this can be seen in Figure 1-5, where the upstream
FDC is considered representative of unimpacted flow in Beaver Brook.
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Figure 1-5: Ecodeficit Plot Beaver Brook (6/21-12/30/2007)
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Quantitative hydrology as a science was effectively founded in 1856 by Henry Darcy. His
experimental findings, known now as Darcy’s Law, indicated that groundwater discharge
is a function of hydraulic gradient (hydraulic head), hydraulic conductivity (constant),
and the cross-sectional area of the aquifer (Freeze and Cherry, 1979). Therefore, to
reduce the groundwater flow to an area of natural discharge, it is necessary to lower the
water level between the areas of recharge and discharge. This can be accomplished by
abstracting water from groundwater storage using wells (Theis, 1940).
Theis (1940) introduced the concept of groundwater capture via the cone of depression
created by a groundwater extraction well. The cone of depression can be analytically
estimated using characteristics of the aquifer: the coefficient of transmissibility and the
coefficient of storage. With continued pumping, the cone of depression affects more
distant parts of the aquifer, which may eventually intersect with a stream resulting in
stream depletion. Thorough reviews of methods to analyze stream depletion by pumping
wells have been written by Smakhtin (2001) and Barlow and Leake (2012). Analytical
methods for estimating stream depletion by wells require knowledge of hydrogeological
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conditions as variable inputs to an analytical approach. The hydrogeological setting is
simplified into 1 or 2-dimensional space.
Theis (1941) calculated the rate of stream depletion given a well assumed to fully
penetrate a homogenous aquifer. The equation variables include the rate of extraction
from the well, aquifer specific yield, aquifer transmissivity, and the shortest distance
from the well to the edge of the stream. Numerous equations have since been developed
to provide improved solutions for specialized aquifer conditions. Textbook examples
include Hantush (1965) who provided an analytical solution given the same assumptions
as Theis (1941), except that a semipervious vertical layer is present between the stream
and the aquifer (Freeze and Cherry, 1979). Inputs to the Hantush (1965) equation include
those of Theis (1941), plus the permeability and thickness of the semipervious layer.
Hunt (1999) calculates stream depletion given a constant pumping rate, a stream that
slightly penetrates the aquifer and has a semipervious streambed, and a homogenous and
isotropic aquifer of infinite vertical and horizontal dimensions.
The USGS computer program STRMDEPL provides a software interface to simplify the
process of calculating analytical solutions for stream depletion as a result of a
groundwater withdrawal. Several methods are coded into the software to allow stream
depletion to be estimated for multiple hydrogeological scenarios (Barlow, 2000). One of
the methods included is Jenkins (1968) which provides an equation for a stream that fully
penetrates a homogenous aquifer with no streambed resistance. Analytical approaches to
estimate stream depletion require costly subsurface hydrogeological characterizations to
provide high quality solutions. In addition, analytical approaches are limited in their
applications and are unable to account for the complex 3-dimensional hydrogeological
conditions that typically exist (Barlow and Leake, 2012).
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Numerical groundwater models allow groundwater flow characteristics, including stream
depletion, to be calculated in 3-dimensional space. Complex conditions such as irregular
surface and groundwater interfaces, heterogeneous aquifer properties, variable pumping
rates, and multiple wells and stream tributaries can be factored into the models. The
USGS program MODFLOW (McDonald and Harbaugh, 1988) is a commonly used
finite-difference model which represents an aquifer as a 3-dimensional grid, with each
block in the grid coded with aquifer characteristics. Each block is assumed to be
internally homogenous (Barlow and Leake, 2012). There are many variations and types
of numerical groundwater flow models, however, in each case, the accuracy of a
numerical model will depend on the accuracy, resolution, and completeness of calibration
and validation data. Data requirements include aquifer characterization, boundary
conditions, and groundwater elevation observations. Spatial and temporal data gaps
require generalizations and assumptions to be made. Therefore, while numerical models
are incredibly powerful tools capable of representing highly complex systems, the data
requirements for developing the models are sometimes prohibitively expensive, and
results of even the best models are subject to limitations (Oreskes et al., 1994; Peck and
Bahr, 1988).
An alternative method of modeling stream and groundwater behavior is multivariate
regression. Hodgson (1978) first applied multivariate regression to simulate monthly
time-series groundwater response to precipitation and borehole extraction. Hodgson
found that groundwater elevation changes can be approximated using a two-month lag of
rainfall, and borehole discharge, as independent variables. The accuracy of the model
increased as additional variables were added to fully represent the water balance, though
it was noted that this improvement in model performance can increase the cost of data
acquisition (Hodgson, 1978). Thomas and Vogel (2012) utilized regression methods to
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estimate the regional impact of a system of stormwater best management practices
(BMPs) on the groundwater level in the Back Bay neighborhood of Boston,
Massachusetts. In this case, the BMPs were stormwater collection and recharge systems.
Using rainfall, potential evapotranspiration (PET), previous groundwater elevations, and
the capacity of the stormwater BMPs, a small but statistically significant increase in
groundwater elevation due to stormwater BMP use was detected.
Burt et al. (2002) used multivariate regression to quantify stream depletion by irrigation
wells on an annual time-step using the model form:
( )
where: ln(Yt)
Wt
Pt
Pt-1
c

√

√

is the log transformation of estimated streamflow
is the number of agricultural pumping wells upstream
from a stream-gauge
is precipitation at time t
is a one year lag of precipitation
is some positive value

√

is the geometric mean of precipitation and number of
wells

√

is the geometric mean of precipitation and number of
wells in the previous two years.

The model was applied to multiple basins in southwestern Nebraska impacted by
irrigation withdrawals. The regression equation reported R2 values in the range of 0.94 to
0.95, and successfully approximated the mean stream flow in these basins. Burt et al.
(2002) noted that statistical estimation of streamflow is useful at a relatively small cost
compared to comprehensive simulations such as groundwater flow modeling.
Like Burt et al. (2002), it is hypothesized that groundwater withdrawals are responsible
for stream depletion in Beaver and Billings Brook, and multivariate regression methods
are used to test this hypothesis. The difference in this study is that the explanatory
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variables selected for use in the multivariate regression are based on physically-based
water budget with daily time-series data. This resulting approach combines our physical
understanding of streamflow depletion along with multivariate statistical methods which
are useful for hypothesis testing and evaluation of model errors. This approach can
quantify hydrological relationships between daily pumping volumes, groundwater levels,
climatic variables, and streamflow - advantages typically associated with more
comprehensive subsurface site investigations.
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3.0 Methodology
3.1 Data Sources
The primary question being addressed in this study is to develop a model which can
explain the difference in observed flow at upstream and downstream gauges on Beaver
Brook and Billings Brook during the summer months as a function of physical variables.
The dependent variable to be explained by other variables is the downstream flow.
Stream gauge data were obtained from the Massachusetts DER River Instream Flow
Stewards (RIFLS) website. All the stream gauges used in this study were installed in June
2007 and are maintained and calibrated by Massachusetts DER scientists. The upstream
gauge in Beaver Brook is located approximately 0.3 miles upstream from municipal
pumping Well #4. The downstream gauge is located 0.6 miles downstream of Well #4 at
the approximate mouth of the Beaver Brook subbasin. Daily stream height readings (ft)
are taken about 5 days per week by volunteers from a local water conservation advocacy
group, Sharon Friends of Conservation (SFOC). The stream height is converted into
streamflow (cubic feet per second: cfs) using a flow rating curve developed from actual
streamflow measurements collected by Massachusetts DER scientists.

Pressure transducers were installed in Beaver Brook by DER scientists in close proximity
to the volunteer-monitored stream gauges to collect hourly readings May 4 through
September 12, 2012. The purpose of installing the transducers was to address the
question of whether once-per-day gauge readings accurately reflect average (mean) daily
stream flow. The transducers were calibrated to the stream gauge, and using the flow
rating curves hourly streamflow measurements were calculated. The hourly transducer
readings allow mean daily streamflow to be calculated during the period of installation
(May 4 – September 12, 2012). Analytical comparison of gauge and transducer readings
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(detailed in Section 4.1) found that the daily gauge readings are highly representative of
average daily streamflow.

A contributing source of water to streamflow is precipitation. Daily precipitation data
was obtained from the National Climatic Data Center for the closest available weather
station (Walpole2) located in Walpole, MA, approximately 4 miles from the subject sites.
All climate data used in this study was obtained from this weather station. Flow
contribution by precipitation above the upstream gauge is already accounted for in the
flow at the upstream gauge. Therefore, the contributing land area between the upstream
and downstream gauges was calculated, and the contributing precipitation data was
converted to a volume of precipitation per day.

As stated previously, groundwater extraction by pumping wells can cause stream
depletion (Theis, 1940; Barlow and Leake, 2012). Groundwater pumping data was
obtained from SFOC, and the data includes daily pumping volumes (thousands of gpd)
reported by the Town of Sharon Water Division.

Climatic variables can also cause water losses from streams by evaporation and
transpiration. In the summer time when temperatures are highest, water loss by these
factors can be significant. Lake evaporation rates of 1.3 to 1.9 feet have been noted
locally (Leopold and Dunne, 1978; Kohler et al, 1955), with approximately 76 percent of
this occurring during the months of May through October (Kohler et al, 1955). Maximum
daily temperature (Celsius, converted to Kelvin) was used as a proxy for evaporation.
Potential Evapotranspiration (PET) was calculated using the easy and widely used
Hargreaves Method:
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PET  0.0023S o (T  17.8)   T

(mm/day)

where:
PET
So

T

T

is the daily potential evapotranspiration in (mm/day)
is the extraterrestial radiation measured in water equivalent (mm/day)
estimated from site longitude
is the average daily temperature in degrees Centigrade = (Tmax+Tmin)/2
is the difference between daily maximum and daily minimum
temperatures in degrees Centigrade = Tmax - Tmin (Shuttleworth, 1993).

Groundwater can be a contributing source to streamflow. However, if groundwater levels
decline, the streamflow contribution by groundwater can decrease, or cease entirely,
causing the streamflow to infiltrate into the streambed (Freeze and Cherry, 1979). A
database of water-table data for a network of monitoring wells in Sharon, MA, was
obtained from the Town of Sharon Department of Public Works. The monitoring wells
have not been surveyed, so the monthly measurements are reported as depth to water
(feet).
3.2 Multivariate Statistical Model Development
Model development was conducted using gauge data for the years of 2008 through 2010.
Multivariate regression analysis was conducted using the Minitab16 statistics software
package. As in related studies of stochastic hydrological modeling, model building was
approached to account for possible components of the water balance (Burt et al., 2002;
Thomas and Vogel, 2012). Potential streamflow inputs (upstream flow, precipitation,
groundwater) and potential streamflow outputs (groundwater extraction, evaporation,
PET, groundwater) were considered during model development. While there are myriad
other potential variables impacting the hydrological mechanics of the streamflow, it was
required that variables have publically available time-series datasets. The model building
exercise evaluates which variables have a statistically significant impact on the flow at
the downstream gauge.
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The initial variable screening tool utilized Best Subsets and Stepwise Regression to
determine which explanatory variables to include in the multivariate model. Best Subsets
ranks variable groups according to Mallows Cp statistic1. The best variable grouping will
have a Mallows Cp statistic that is equal to the number of variables in the model. Variable
groupings with high corresponding Mallows Cp statistics can be discarded (Mallows,
1973). Stepwise Regression adds and removes variables in a series of steps based on
maximum allowable alpha-values2, and using the F-statistic3 as a measure of best fit.
Variables are added and removed in as many steps as necessary until all variables in the
grouping pass the given alpha and F-statistic thresholds (Helsel and Hirsh, 2002). The
groupings that could not easily be disregarded based on this initial screening were
included as input variables in the multivariate model. The remaining groupings were each
evaluated and compared based on a number of different statistics. Prediction Sum of
Squares (PRESS) develops an equation using all observations but one, and estimates the
value for the observation that is left out, and repeats this process for all observations.
Lower values of PRESS indicate a better fit compared to models using identical data
(Helsel and Hirsh, 2002). The PRESS statistic is a comparative measure for determining
the overall model of best fit.
Variance Inflation Factor (VIF) is an indicator of multicollinearity, which is when one
explanatory variable is closely related to one or more other variables. If multicollinearity
1

Mallows Cp statistic is a measure for determining the ideal number of variables in a regression

model calculated as:
where
is the error sum of squares, is estimated
by mean square error, N is the sample size, and P is the number of predictors.
2
A confidence level is the probability that a range of computed values will include the
true/unknown population mean. A confidence level of 0.95 will contain the true population
mean 95% of the time. The alpha-value (α) is metric for the acceptable risk that the true
population mean is not contained within the confidence interval.
3
An F-statistic compares the variability accounted for in the regression model to the remaining
error. The F-statistic is a ratio computed as: F = MST/MSE, where MSE is a measure of the
variance between groups, and MST is a measure of the variance within groups plus MSE. A larger
F-statistic indicates a stronger model.
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is present among explanatory variables, the estimated model coefficients may not be
reliable. Lower VIF values indicate lower likelihood of multicollinearity. The DurbinWatson (D-W) statistic is a tool for evaluating serial-correlation4 of the model residuals.
Serial correlation indicates that the residual values are not independent, but instead
demonstrate dependence or correlation to each other in a time-series. The existence of
serial correlation among the residuals can cause underestimation of error and inefficient
variable coefficients. Values of D-W close to zero indicate problematic serial correlation
(Helsel and Hirsh, 2002).
The p-value associated with the model coefficients is the probability of obtaining the
estimated coefficient if in fact the true value of that coefficient were zero. The alpha-level
is the acceptable threshold for risk that a Type I error might occur by selecting an
explanatory variable. If the p-value is less than the selected alpha-level, the H0 can be
rejected (Helsel and Hirsh, 2002). In this study, an alpha-level of 5% has been chosen.
The p-values are computed for each variable in the model.
The residuals of the model should be homoskedastic and fit a normal distribution. A
measure of the residual normality is the probability plot correlation coefficient (PPCC). A
PPCC value of 1.0 indicates a perfectly normal distribution of the residuals (Helsel and
Hirsh, 2002).

∑ [
(
)] ⁄∑
Durbin-Watson statistic:
where: n is the sample size, and e
is the residual per observation. When d>2 successive error terms are, on average, much different
in value from each other.
4
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4.0

Results

4.1

Analysis of Gauge Data

The hourly transducer readings were averaged to provide mean daily stream height data.
Close examination of the data indicated that the downstream transducer had shifted
slightly over the period of data collection, so a correction factor was added to account for
the transducer shift. It was also noted that the difference in stream morphology from the
gauge and transducer locations impacted the transducer readings.
Flow rating curves correlate stream height at each gauge to streamflow. The rating curves
are developed by DER scientists by manually collecting flow readings at various stream
heights at each gauge over the course of the year. When volunteers collect daily
streamflow measurements, they are actually reading the depth of the stream on the staffgauge (to a resolution of 0.01 feet) and this depth is converted into streamflow based on
the flow rating curves. Volunteers note the times that their readings are taken.
Hourly transducer readings that occurred within 5 minutes of volunteer readings were
used as “reference data points”. The difference between the reference data points and
volunteer readings was noted. A correction factor for every 0.1 feet was determined,
applied to all data points, and the mean daily stream height was recalculated and
converted to mean daily streamflow using the measured flow curve.
After applying the correction factors to account for movement of the transducer, and
differences in channel morphology, regression analysis registered virtually perfect
correlation between the gauge readings and respective transducer data. This suggests that
the once per day gauge readings are highly representative of the average daily
streamflow.
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Figure 4-1: Transducer versus volunteer gauge data

4.2

Model Results: Beaver Brook

4.2.1

Model Development

Model development began by identifying a set of potential streamflow water balance
variables for inclusion in the multivariate model. The requirements for variable selection
included that the datasets be publically available time-series data with plausible
hydrological influence between the upstream and downstream gauges.
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Table 4-1: Model explanatory variables
Variable
name
DS
US
PRCP
DTW
GWE
TMAX
PET
Key:

Description

Units

Observed flow at the downstream gauge
Observed flow at the upstream gauge
Daily precipitation over the contributing
area to downstream gauge
Depth to groundwater at proximate
observation well
Daily groundwater extraction

Data source

cfs
cfs
gpd

Massachusetts DER
Massachusetts DER
NCDC

feet

SDPW

thousands of
SFOC
gpd
Maximum daily temperature
kelvin
NCDC
Potential evapotranspiration
mm
NCDC
DER = Division of Ecological Restoration; NCDC = National Climatic Data Center;
SDPW = Sharon Department of Public Works; SFOC = Sharon Friends of Conservation

Stepwise regression identified a variable grouping of best fit based on Mallow’s Cp and
R2. Best Subsets regression identified four potential variable groupings on the basis of
Mallow’s Cp, with one of these groupings matching that identified by the Stepwise
regression. The variable grouping that was in agreement by both Stepwise and Best
Subsets was found to be the best fit on the basis of R2 and PRESS. All the variables
included were significant on the basis of p-values, the VIF values were low, and the
residuals were found to be well approximated by a normal distribution. However, the DW value was low, indicating serial correlation of the residuals, which was confirmed by
the Minitab autocorrelation function. Adding a one-day lag of the downstream flow
caused the D-W value to double, indicating model improvement.
Table 4-2: Summary of Beaver Brook streamflow model results
Constant

Ln(US)

Ln(DTW)

Ln(PRCP)

Ln(GWE)

Ln(lagDS)

(p-value)

(p-value)

(p-value)

(p-value)

(p-value)

(p-value)

A

3.22
(0.000)

0.952
(0.000)

-0.902
(0.000)

0.00648
(0.002)

-0.101
(0.012)

E

2.01
(0.000)

0.645
(0.000)

-0.486
(0.000)

0.0121
(0.000)

-0.114
(0.001)

Model
#

R-sq
pred.

PRESS

High VIF

D-W

Residuals

Not
Applicable

88.77

42.39

1.88

0.811

0.994

0.357
(0.000)

91.79

30.95

4.20

1.63

0.972

Note: The table reports model coefficients along with the respective p-values in parentheses.
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According to this analysis, the model of best fit is Model E of Table 4-3, with the model
form of:
(

)
(

4.2.2

(
)

)

(

)

(

)

(

)

Model Validation

The best fit model according to the goodness of fit metrics of R-squared and PRESS is
Model E. The D-W value (1.63) and VIF values (<5) indicate that serial-correlation of the
residuals and multicollinearity should not negatively impact the reliability of the variable
coefficients. The decrease in the normality of the residuals from Model A to Model E is
the result of adding the one-day lag of downstream flow, and should not negatively
impact the predictive power of the model.
The model was calibrated using data collected in 2008 through 2010, allowing data from
2011 and 2012 to be used to validate the model. The Nash-Sutcliffe Efficiency (NSE)5
Index is a goodness of fit index that ranges from -∞ (biased model) to 1 (perfect fit). NSE
is a measure of both bias and precision. (Nash and Sutcliffe, 1970). NSE was calculated
for Model E as 0.936 in the validation period.
Figures 4-2 plots the observed streamflow data points against predicted streamflow when
Model E is applied to the full validation period data. Figure 4-3 compares the predicted
downstream flow for each model versus the observed downstream flow towards the end
of the validation period.

5

∑ (
) ⁄∑ (
observed data and estimated data, and
mean of observed data.

) where
is the difference between
is the difference between observations and the
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Figure 4-2: Beaver Brook model validation against observed data plot (1/12/2011 to
9/15/2012)

Downstream Flow (cfs)

Figure 4-3: Predicted versus observed flow at the downstream gauge in Beaver Brook
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Predicted Downstream Flow

Comparison Between Multivariate Statistical Models and STRMDEPL

When the municipal pumping well near Beaver Brook (Well #4) is operating at its
maximum daily permitted capacity, the multivariate regression model estimate for
streamflow depletion is 2.19 cfs. Using the USGS STRMDEPL program, a physically
based estimate of streamflow depletion can be calculated. Jenkins’ solution for a fullypenetrating stream with no streambed resistance requires that the distance to the well, the
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pumping rate, the number of days of pumping, and the storage coefficient and the
transmissivity of the aquifer be known. A limitation in the Jenkins’ solution is the
inability to account for variable pumping rates; thus, the maximum allowable pumping
rate and the average pumping rate were both used. The average pumping rate was
calculated for 2011 in gpm. The storage coefficient is unknown; however, Fetter (1994)
states that values up to 0.3 can be found in sand and gravel aquifers. Sensitivity testing
was conducted for storage coefficient values from 0.05 to 0.3, providing a range from
1.51 to 1.53 cfs after reaching steady-state after one year of pumping.
The maximum permitted rate of 1 million gpd (the maximum permitted extraction rate)
into cfs is 1.55 cfs. Therefore, the maximum rate of streamflow depletion, in which every
gallon of extracted groundwater results in a gallon of water withdrawn from the stream, is
1.55 cfs.
Over the course of a year, the average daily pumping rate is approximately 650,000
gallons per day. When this rate is input to STRMDEPL, the rate of depletion is predicted
to be approximately 0.876 cubic feet per second. Figure 4-4 and Figure 4-5 provide
visual comparison of model performance for predicting downstream flow. The
STRMDEPL downstream flow predictions were calculated by subtracting the analytical
stream depletion estimations from the observed upstream flow.
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Downstream Flow (cfs)

Figure 4-4: Comparison of Beaver Brook multivariate statistical model to STRMDEPL (6/17/1/2012)
8
Observed Downstream Flow
7
Multivariate Model DS Prediction
6
STRMDEPL DS Prediction (max rate)
5
STRMDEPL DS Prediction (avg rate)
4
3

2
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Figure 4-5: Comparison of Beaver Brook multivariate statistical model to STRMDEPL (Spring
and Fall 2012)
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Limitations of the analytical model begin to become apparent in the above figures.
Streamflow is underestimated in the spring (Figure 4-5(a)), potentially due to the
model’s inability to utilize variable pumping data. During the fall period the analytical
model (max rate) actually predicts negative streamflow values (Figure 4-5(b)).
In addition to NSE, model performance can be evaluated using root mean square error.
Root mean square error (RMSE) is a method used to compare models by evaluating
departures of predicted values from the observed data6. Models whose estimates are
closer to the observed data have lower RMSE (Helsel and Hirsch, 2002).
Table 4-3: Beaver Brook multivariate model comparisons based on NSE and RMSE
Model E
STRMDEPL Max Rate
STRMDEPL Avg Rate

Depletion Estimate
(cfs)
Max: 2.19; Avg: 2.05
1.52
0.876

NSE

RMSE (cfs)

0.937
0.380
0.598

1.22
3.40
2.88

Figure 4-4 and Figure 4-5 help to interpret the NSE and RMSE numbers. Both
STRMDEPL models generally overestimate stream depletion causing the models to
consistently underestimate the true streamflow, as confirmed by the lower NSE values.
The overestimation of streamflow likely occurs because the maximum pumping rate is
typically only reached during the summer months. Also, the summer month pumping
rates cause the annual average to be greater than the seasonal pumping rates in the spring,
fall, and winter.

6

√∑ [( ̅
) ⁄ ]⁄
mean, and µ is the true mean.

where N is the number of observations, ̅ is the estimated
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4.3 Model Results: Billings Brook
4.3.1 Model Development
Stepwise regression and Best Subsets regression identified three potential variable groups
based on Mallows Cp and R2. One of those groupings was in agreement between both
Stepwise and Best Subsets and was found to be the model of best fit on the basis of
predicted R2 and PRESS (Equation B). However, this model does not include the well
extraction volumes, and is therefore unable to determine the rate of stream depletion by
groundwater pumping. Testing of various other variable combinations yielded Equation
D, in which all variables, including daily groundwater extraction by Well #7, are
significant and stable.
Table 4-4: Summary of Billings Brook streamflow model results
Constant

Ln(US)

Ln(PET)

Ln(PRCP)

Ln(GWE)

Ln(lagDS)

(p-value)

(p-value)

(p-value)

(p-value)

(p-value)

(p-value)

B

-0.413
(0.000)

0.619
(0.000)

-0.0678
(0.000)

0.0156
(0.000)

NA

C

-0213
(0.035)

0.685
(0.000)

NA

NA

D

-0.303
(0.002)

0.614
(0.000)

NA

0.0169
(0.000)

Model
#

R-sq
pred.

PRESS

High VIF

D-W

Residuals

0.544
(0.000)

93.75

48.98

3.51

1.43

0.950

-0.0359
(0.025)

0.565
(0.000)

93.08

50.74

2.90

1.34

0.949

-0.0359
(0.037)

0.565
(0.000)

93.51

50.74

3.49

1.41

0.948

Note: The table reports model coefficients along with the respective p-values in parentheses. NA = Not applicable.

According to this analysis, the model of best fit is Model B, whose statistical metrics very
slightly outperform Model D. Model B suggests that PET better explains the behavior of
this hydrological system than GWE. The significance of PET in this case can be
understood as Gavin’s Pond presents a potential evaporative feature between the
upstream and downstream gauges on Billings Brook (Leopold and Dunne, 1978; Kohler
et al., 1955; Shuttleworth, 1993).
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The two models share the same variable selections excepting the depletion variable. It
appears that the models are fitting some loss function and cannot distinguish between
well withdrawals or PET. One potential explanation for this is that the demand for water
– and, therefore, the well pumping rate - may be greatest when the potential
evapotranspiration rate is also greatest.
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Figure 4-6: Well #7 pumping versus PET
500

1

0
8/22/12

When converting the PET variable coefficient to maximum potential stream depletion,
Model B predicts 1.14 cfs stream depletion by evapotranspiration (0.15 cfs depletion per
mm/day evapotranspiration). Model D predicts maximum 1.28 cfs stream depletion by
groundwater extraction. The beta coefficient for the GWE and PET variables in these
models appear to reflect the combined depletion rate of groundwater pumping and
evapotranspiration from Gavin’s Pond.
A closer look at the data indicates that the average PET during the approximate period of
greatest GWE (6/15-8/15) is about 0.2 inches per day. Generalized to the entire drainage
area between the two stream gauges (0.16 sq. mi.), 0.2 inches per day of ET would be the
volumetric equivalent of 0.87 cfs. Subtracting 0.87 from the GWE variable depletion
estimate yields an adjusted rate of stream depletion by groundwater pumping of 0.41 cfs.
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Model B and Model D exhibit similar goodness of fit measures; thus, both models were
evaluated in the validation phase.
Figure 4-7: Prediction versus observation plots for Billings Brook Model D and Model B
during calibration period

4.3.2 Model Validation
The models presented in Section 4.3.1 incorporated data collected in 2008 through 2010,
allowing data from 2011 and 2012 to be used as a validation period. During the
calibration phase, Models B and D were found to fit the data with similar goodness of fit.
The only difference in model form was the inclusion of PET in Model B, versus GWE in
Model D.
Model B: ln(DS) = β0 + β1ln(US) + β2ln(PRCP) + β3ln(PET) + β4ln(lagDS)
Model D: ln(DS) = β0 + β1ln(US) + β2ln(PRCP) + β3ln(GWE) + β4ln(lagDS)

Table 4-5: Billings Brook multivariate model comparisons based on NSE and RMSE
Depletion
NSE Validation
RMSE Validation
Estimate (cfs)
Period
Period (cfs)
Model B
1.14
0.759
1.827
Model D
1.28
0.765
1.829
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4.3.3 Comparison Between Multivariate Statistical Models and STRMDEPL
When the municipal pumping well is operating at its maximum daily permitted capacity,
the Model D estimate for streamflow depletion is 1.28 cfs. Adjusted for PET (see Section
4.3.1) the estimated stream depletion is 0.41 cfs. The maximum permitted extraction rate
of 450,000 gpd is 0.70 cfs. The average daily pumping rate would result in a maximum
potential depletion rate of 0.42 cfs.
In the case of Well #7, neither aquifer transmissivity nor storativity values were known.
In order to obtain an estimate for stream depletion using STRMDEPL, a sensitivity
analysis was conducted with a range of transmissivity and storativity values using the
Jenkins solution. The Jenkins solution determined that when Well #7 is operating at its
sustained maximum permitted pumping rate, the stream depletion will be approximately
0.69 cfs after reaching steady-state. When operating at the actual average annual pumping
rate, STRMDEPL estimates that the stream depletion is 0.42 cfs.
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Figure 4-8: Comparison of Billings Brook multivariate statistical model to STRMDEPL
(Spring and Fall 2012)

Table 4-6: Billings Brook model comparisons based on NSE and RMSE
Depletion Estimate
NSE Validation
(cfs)
Period
Model B
1.14
0.759
Model D
1.28 (adjusted: 0.41)
0.765
STRMDEPL Max Rate
0.70
0.646
STRMDEPL Avg Rate
0.42
0.630

RMSE Validation
Period (cfs)
2.03
2.02
2.49
2.54
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5.0

Application of Beaver Brook Streamflow Model

The Massachusetts SWMI Framework released in November 2012 will update the
regulations promulgated from the Massachusetts Water Management Act. Though the
new regulations have not yet been finalized, the SWMI policy framework indicates that
all groundwater withdrawal permittees will be required to minimize water demands as a
condition of their permits. In some cases where additional withdrawal volumes are
requested, mitigation/offset actions will be required as a condition for permitting the
additional withdrawals. The amount of mitigation or offset required would be dependent
on a variety of factors including: the amount of the requested withdrawal over a baseline,
the anticipated impacts on the biological integrity of the basin, feasibility, and cost. The
framework includes a menu of minimization and mitigation options (EEA, 2012).
The multivariate statistical model developed in the study of Beaver Brook includes the
depth to water in the vicinity of the extraction well (DTW) and the daily groundwater
extraction rate (GWE) variables. The model coefficients for each variable represent the
amount of downstream flow impact per unit change of that variable while holding all
other variables constant. Therefore, by evaluating the impact that each mitigation
measure would have on groundwater extraction rate or groundwater level, the model
provides an opportunity to estimate and compare the streamflow impacts of proposed
mitigation measures under the SWMI framework.
5.1
5.1.1

Mitigation Measures
Reservoir Management

The Instream Flow category for offset and mitigation explains how dam releases from
reservoirs upstream of a groundwater extraction point can be used to offset stream
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depletion caused by groundwater extraction. As there are no reservoirs in or upstream of
Beaver Brook, this offset/mitigation action is not available in this case.
5.1.2

Wastewater Improvement

Where leaky sewer pipes and sewer pipe connections exist, or inappropriate/illegal
connections to the sewer pipes are present, a number of negative impacts to streams can
result. Groundwater can leak into the conduits (infiltration) and be transported out of the
basin, lowering the water table. Alternatively, where combined wastewater/stormwater
systems exist, and effluent from a treatment plant remains in the watershed, infiltration
(and water from illegal connections, called inflow) can exacerbate an overwhelmed
treatment plant during rain events. The result is often a combined sewer overflow (CSO),
which causes untreated waste to be released into streams. The Wastewater Improvement
category recommends preventing such occurrences. Such improvements can include
repairs to leaky sewer pipes to reduce inflow/infiltration of groundwater into these
conduits, or increasing groundwater recharge by reducing the amount of water exported
by wastewater sewers. However, at this time, wastewater in Sharon is primarily disposed
of via septic systems (OSRPC, 2008).
A review of recent census data and well pumping records indicates that the Beaver Brook
subbasin contains approximately 1/10th of the population of Sharon while providing about
60% of the town’s total water supply. Weston and Sampson, Inc. conducted a water mass
balance analysis for each subbasin in Sharon, with each subbasin delineated according to
surface drainage boundaries. The study findings indicate that while the Beaver Brook
subbasin has a net water balance loss of 48%, multiple subbasins in Sharon have a netexcess of recharge, as much as 16.7% in excess of natural recharge rates (SWD, 2010). It
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is conjectured here that much of this excess water balance is due to the import of water
from Beaver Brook which, via septic systems, recharges the other subbasins in Sharon.
Based on recent census data and 2007 average rates of water use in Sharon of 68.2
gpd/capita (56.6 gpd/capita indoor use)(SWD, 2010), approximately 39.21 million
gallons of septic return flows recharge the Beaver Brook aquifer annually. Since the
majority of Sharon residents already have septic systems, the potential for increasing
groundwater recharge by wastewater infiltration in the Beaver Brook subbasin is
anticipated to be minimal. Nonetheless, the following discussion will demonstrate how
the multivariate regression model may be used to evaluate potential streamflow benefits
from wastewater improvements.
The DTW variable coefficient tells us that – all other variables being held constant – the
streamflow increases by 0.15 cfs for every foot that the groundwater level in the vicinity
of the observation well is increased. We can estimate how much an annual increase in
infiltration would increase the groundwater level. A 100% daily increase in wastewater
infiltration in Beaver Brook would be approximately 14,000 cubic feet per day. Dividing
the increased wastewater volume by the area of the Beaver Brook subbasin (2.44 square
miles, or 68 million square feet) indicates the depth to which this volume of wastewater
would cover the basin. A rough estimate of aquifer specific yield in Beaver Brook, based
on the percentage of each soil type in the basin, and typical specific yield (s.y.) values for
those soil types, is 0.15.

(

)

(

)
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This calculated value of 0.0014 feet is the average increased groundwater height (or, put
another way, the decreased depth to water) from the infiltration of an additional 14,000
cubic feet of wastewater per year in the Beaver Brook subbasin.
The variable coefficient for DTW (-0.486) would be used to calculate the change in
streamflow. Unfortunately, it should be noted that the depth to water measurements are
only accurate to within 0.01 feet. Therefore, the change in groundwater level resulting
from even a 100% increase in wastewater infiltration would not be detectable. However,
in some basins in Massachusetts where town wastewater is largely conveyed by sewers,
significant gains may be possible
For the purposes of illustrating how to apply the multivariate streamflow model, we will
assume that a 1,000% increase in wastewater infiltration may be feasible, resulting in an
increased in groundwater height of approximately 0.01 feet. The streamflow benefit from
wastewater infiltration can then be determined by calculating the difference in
streamflow impact before and after the change in groundwater level.
(
(

) (
)

(

)
)

The difference indicates that increasing the volume of infiltrated wastewater by 1,000%
will result in an average increase of streamflow by approximately 0.0003 cfs. It should be
noted that streamflow changes less than 0.02 cfs are undetectable using the existing
streamflow gauges (based on the staff gauge resolution of 0.01 feet and the DER
streamflow rating curve for Beaver Brook). Therefore, even if vast improvements to
increase wastewater infiltration in Beaver Brook subbasin were possible, the streamflow
benefits would be negligible, and investment in this mitigation category would not be
recommended.
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It should be noted that the observation well is not surveyed, so we have no knowledge of
whether at any point the stream is a gaining or losing stream, and the data was collected
monthly and generalized to each day of that month. Nonetheless, the DTW variable in the
multivariate regression model is significant, and the variable coefficient is stable, so we
can say that, on average, a change in groundwater level will have approximately the
stated impact on streamflow.
5.1.3 Stormwater/Impervious Cover Improvement
The percentage of land cover of impervious surfaces has been noted as having a
significant impact on fish assemblages in Massachusetts (Armstrong et al., 2011). The
water quality impacts from impervious surfaces as a result of stormwater runoff are
multiple and can have a variety of damaging impacts on wildlife. Impervious surfaces are
often classified into two categories. An impervious surface which drains onto other
impervious surfaces, where the runoff is diverted into storm sewers is called connected,
or effective. Stormwater runoff from connected impervious surfaces does not recharge
groundwater. Instead, the stormwater is often piped directly into the downgradient stream
causing increased peak streamflow and loss of aquifer recharge. The stormwater may also
be piped to another basin entirely (Hamel, 2013).
When rain is prevented from recharging groundwater, aquifer storage will decrease. The
result is that the water table is lowered, and the groundwater contribution to streamflow
declines resulting in declining streamflow (Theis, 1940; Hamel, 2013). Therefore, one
way to increase the stream baseflow is to recharge the aquifer with stormwater. There are
many different types of stormwater BMPs, both structural and practice-based, that can be
employed in various settings to serve different purposes (Hamel, 2013). It should be
noted that stormwater BMPs may even be designed to increase groundwater recharge
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above natural recharge rates by preventing rainwater from being lost by evaporation or
transpiration.
Utilizing GIS methods it was determined that the Beaver Brook subbasin contains
approximately 143 acres of impervious surfaces, amounting to approximately 9.17
percent of the land surface. It is outside of the scope of this study to determine what
percentage of this total is connected versus disconnected impervious surfaces. Further, it
is possible that Sharon has existing stormwater collection and infiltration systems in use,
and probable that it is infeasible to capture and infiltrate all run-off from the larger
storms. Nonetheless, if the rainfall on all impervious surfaces in Sharon could be
captured and infiltrated to the subsurface to recharge groundwater, in an average year
with about 44 inches of rainfall, more than 158 million gallons of water would recharge
the aquifer.
On a daily time-step, the average precipitation is 0.12 inches, resulting in an increased
aquifer recharge of 58,000 cubic feet, which would cover the entire subbasin to a depth of
0.01 inches. Using the the estimate for specific yield (0.15), we find that a potential 0.07
increase feet in groundwater height could be achieved. Using the beta-coefficient for the
DTW variable, it is calculated an average increase in streamflow of 0.001 cfs resulting
from the infiltration of stormwater from impervious surfaces in the Beaver Brook
subbasin. As stated in Section 5.1.2, this change in streamflow would be undetectable by
the stream gauges.
However, another consideration is that the 158 million gallons that annually fall on
Beaver Brook impervious surfaces averaged over the course of a year is the equivalent of
about 432,000 gallons per day, or when converted to volume per second, an equivalent
0.68 cfs. This data has a number of implications. First, the multivariate regression model
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indicates that a gallon of rain that recharges groundwater at some distance away from the
stream will have far less than a one-gallon improvement in streamflow. The multivariate
regression model and the analytical model agree that a gallon of water pumped from Well
#4 results in close to a one-gallon reduction in streamflow. Therefore, if rain that falls on
impervious surfaces could be captured, stored, and used for irrigation or for home
greywater systems thereby reducing the amount of water pumped by Well #4, a much
larger volume of streamflow could remain in the stream than by directly recharging the
aquifer with runoff. A further advantage of home storage of rain by barrels or cisterns is
that water can be stored for use during periods of drought, potentially enabling property
owners to irrigate during periods of declared drought, or – if homes have greywater
systems – reduce indoor demand during critical low-flow periods.
In either case – using captured stormwater to recharge groundwater, or by using rainwater
to offset demand – biological benefits from reduced peak flows and increased baseflows
would occur. The key to maximizing benefits and minimizing costs would arise from
selecting the most appropriate mix of techniques and technologies for the various
impermeable surface locations.
5.1.4

Water Supply Improvement and Demand Management

The water supply improvement minimization/mitigation action would credit
municipalities for investing in their water supply system to reduce leakage/ unaccounted
for water (UAW) and improve efficiency. The demand management measure has a
variety of different ways that the credit can be obtained. However, the idea behind
demand management is that the demand for water is decreased, thereby reducing the need
to extract groundwater. The result of implementing water supply improvements, or
reducing water demand, is that groundwater pumping could decrease.
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According to the Draft Sharon Water Master Plan (Draft SWMP), Sharon has recent
UAW loss rates of 3-6%. The multivariate and STRMDEPL models agree that essentially
every gallon pumped from Well #4 is removed from the flow of Beaver Brook. At the
2007 annual pumping rate of 500 million gallons per year (mgy) and 60 percent of that
total coming from the Beaver Brook subbasin, each one-percent loss of water – or onepercent increase in water demand – represents an average of 0.013 cfs of additional
pumping from the stream.
The Draft SWMP states that, due to the already very low loss rates, further reductions of
UAW are unlikely to be achieved. However, the demand for water is projected to
increase from 2007 levels by as little as 5% and as much as 50%, by 2030. The SWMI
framework states that extraction will be permitted at least 5% above average water use in
the years of 2003-2005. If 2007 is representative of this average, then SWMI will permit
at least that 5% increase in withdrawals.
It is difficult to discern from the town planning documents reviewed for this study
(OSRPC, 2008; SWD, 2010) what amount of that increased pumping would return to the
Beaver Brook subbasin as wastewater return flows. The volume of return flows would be
influenced by the location and type of new residential and commercial developments in
Sharon, and how much of the water is for consumptive versus non-consumptive uses.
Given the relatively small percent of residents currently residing in the Beaver Brook
subbasin, and the less than one-to-one gallon streamflow replacement per gallon of
groundwater recharge, it is surmised that return flows would increase by a negligible
amount. Therefore, given the agreement between the analytical and multivariate
regression models that groundwater pumping at Well #4 results in approximately a one-
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to-one ratio of groundwater removal to stream depletion, it is estimated that a five percent
increase in groundwater pumping would decrease streamflow by an average of 0.065 cfs.
5.1.5

Alternative Source Development

Weston and Sampson conducted a variety of water supply studies on behalf of the Town
of Sharon. This includes an exploration of various options for water source augmentation
or emergency supply for between 0.25 and 0.50 million gallons per day. The options
included a new in-town groundwater source, filtration at Well #6, a connection to
MWRA for emergency or permanent usage, or purchase of Taunton River desalination
water (SWD, 2010).
An option would be to take advantage of the recharge imbalances that currently exist
between the various subbasins in Sharon. Armstrong et al. (2011) found that alteration of
streamflow in Massachusetts negatively impacts fluvial fish assemblages, and that this is
true of net increases in streamflow as well as net deficits. Development of new wells in
those areas that have net-surplus of groundwater recharge could potentially help to
restore net recharge balance to multiple stream basins if groundwater pumping were
curtailed in the net-deficit basins such as Beaver Brook. Weston and Sampson conducted
a multi-criteria study of potential locations for new in-town groundwater supply wells.
Multiple locations in net-surplus recharge basins met the study’s most-favorable overall
tier requirements, including both environmental and cost considerations.
Every 50,000 gallon per day reduction in pumping by Well #4 made possible by the
import of MWRA water, by development of a new water source in a net-surplus
subbasin, or by reduction of demand, would result in a 0.077 cfs increase in streamflow
as determined from the beta value for GWE for Beaver Brook.
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5.2

Mitigation Scenarios

Management decisions ultimately require cost considerations. Also, there are potentially
benefits for each of the various mitigation and offset measures beyond that of simply
quantifying average streamflow volume improvements. Nonetheless, Figure 5-1 and
Table 5-1 provide a summary and comparison of those streamflow improvements that
could be quantified using the multivariate regression model for Beaver Brook.

Increased Beaver Brook streamflow
(cfs)

Figure 5-1: Summary of projected mitigation measure streamflow impacts
0.9
Demand reduction or alternative sources (per 50,000 gal)
wastewater returns (per 10% increase)
stormwater infiltration (per 10 % capture)
stormwater use (per 10% capture)

0.8
0.7
0.6

0.5
0.4
0.3
0.2
0.1
0
1

Note:

2

3

4

5
6
Unit change

7

8

9

10

“Unit Change” refers to each incremental water system improvement defined in the Figure 5-1 legend.
The unit “per 10% capture” refers to a volume of water resulting from the capture of 10% of potential
stormwater runoff from existing impervious surfaces in an average year. Each 10 % capture is assumed
to be approximately 15.8 million gallons of rainwater.

Table 5-1: Summary of mitigation measures and potential streamflow benefits
 Maximum stream depletion by Well #4: 1.55 cfs*
 Mitigation options summary:
- Increase wastewater infiltration by 1,000%: 0.0003 cfs**
- Total capture and infiltration of stormwater: 0.001 cfs**
- Total capture and use of stormwater to offset demand: 0.68 cfs
- 10% reduction in overall demand: 0.13 cfs
- 250,000 gpd pumping from net-surplus basin: 0.38 cfs
- 500,000 gpd import of water: 0.75 cfs
 Mitigation scenario**: Total 1.06 cfs restored streamflow
Total capture and use of stormwater to offset demand: 0.68 cfs
- 250,000 gpd pumping from net-surplus basin: 0.38 cfs
Note: * = Maximum permitted extraction volume in cfs
** = Impacts are below instrument detection limits
*** = Mitigation scenario is just one example of how streamflow restoration can be achieved, and is
not necessarily a recommendation.
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6.0 Conclusions
When proximate municipal groundwater supply wells #4 and #7 are operating at
maximum permitted rates, the regression models estimate stream depletion in Beaver
Brook and Billings Brook to be 2.19 cfs and 1.28 cfs, respectively. An analytical model
STRMDEPL estimates stream depletion by Well #4 and Well #7 operating at maximum
permitted capacity to be 1.52 cfs and 0.70 cfs, respectively. The STRMDEPL model was
determined to likely be more accurate for the estimation of stream depletion by wells in
these case studies. However, analysis during Billings Brook model development indicates
that the multivariate regression models capture total depletion by all sources between the
upstream and downstream gauges.
Multivariate regression streamflow modeling can be a useful tool for making water
resource management decisions. In addition to characterizing stream depletion by wells,
the Beaver Brook multivariate regression model of streamflow includes the depth to
water (DTW) variable. The DTW variable coefficient provides a relationship for how
changing the groundwater level in the vicinity of the study site impacts streamflow.
Utilizing this relationship it becomes clear that demand management and stormwater
management have the potential to be very important mitigation factors in the Beaver
Brook subbasin.
The model results clearly indicate that the choice of BMP, and overall BMP strategy, can
have dramatic impacts on the amount of potential streamflow improvement in the Beaver
Brook subbasin. If stormwater from all impervious surfaces in the subbasin could be
captured, stored, and consumed in lieu of groundwater pumping, almost ½ of the
maximum stream depletion by Well #4 could be offset. Even if only a smaller percentage
of stormwater could be captured, the impact on streamflow could be significant. The
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multivariate regression model found that utilization of BMPs to offset demand would be
much more effective for restoring streamflow relative to most other mitigation options,
including dramatic improvement over wastewater infrastructure improvements or
stormwater BMPs that directly recharge groundwater. This is an important policy finding
that should be considered when the Town of Sharon considers minimization and
mitigation options going forward.
Multivariate regression provides the ability to discern and quantitatively analyze the
relationship between various contributing and depleting sources to surface water without
knowledge of subsurface conditions. This allows an opportunity to study complex
systems without extensive, expensive, and intrusive subsurface site characterization. This
may be of particular benefit for evaluating well withdrawal impacts on designated
reaches of Wild and Scenic Rivers, such as that of the Taunton Wild and Scenic River
downstream from Billings Brook, where both sensitive environments and limited
organizational budgets are of concern (Laroque, 2012).
Another important conclusion of this study therefore regards the feasibility of affordable
site-specific research. The streamflow data for this study was obtained from the RIFLS
program of the Massachusetts DER. The sites chosen for this study were selected due to
the completeness of the streamflow data, made possible by the RIFLS scientists and the
diligent and passionate volunteers. Additional funding would be required to scale-up the
RIFLS program to include more subbasins in the Commonwealth, and volunteer collected
readings are dependent on motivated volunteers to maintain the affordability of the
program and completeness of the data. Nonetheless, this study indicates that given daily
streamflow measurements, monthly groundwater readings, and public access NCDC data,
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subbasin-scale modeling and management of well impacts on stream and lake systems
should be feasible in diverse hydrogeological settings.
It also should be noted that Beaver Brook and Billings Brook represent relatively simple
unconfined sand and gravel aquifer systems. Various potential case-studies exist in
Massachusetts (or elsewhere) for investigating the impacts of public supply wells in
complex fractured bedrock aquifers (Lyford et al., 2003) or confined and semi-confined
aquifers (Desimone et al., 2002) where the multivariate methods should be capable of
estimating stream depletion without additional sources of information. The analytical and
numerical solutions for these cases would require considerable knowledge of the
subsurface conditions which may be unavailable or expensive to characterize. Further
study is required to confirm that multivariate regression poses a viable and advantageous
alternative to analytical or numerical models in these conditions.
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