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Abstract
Federal regulations for municipal separate storm sewer systems (MS4s) in the United States have been in place since 1990 as 
part of the Nation Pollutant Discharge Elimination System (NPDES), aiming to reduce sediment and pollutant loads originat-
ing from urban areas. However, small-municipality (Phase II) MS4s frequently grapple with several challenges, resulting in 
a lack of stakeholder buy-in and actionable stormwater management plans. We identify five common challenges concerning 
MS4 requirements based on literature review, professional experience, and feedback solicited from stakeholders, municipal 
managers, and fellow professionals and offer real-world examples of efficient, effective MS4 frameworks and/or solutions. 
The five challenges are summarized as beliefs that: (1) agricultural land use is the largest pollutant contributor and the root 
cause of pollution problems; (2) stormwater management only benefits downstream communities; (3) large, expensive pro-
jects are required to comply with regulations; (4) maintenance, monitoring, and inspection of best management practices 
(BMPs) is overwhelmingly complex and expensive; and (5) a lack of direct funding makes complying with regulations an 
impossible task. These challenges are universal in nature for Phase II MS4 permittees and can create real barriers for effec-
tive stormwater management. However, we found many examples of methods or techniques to effectively address these five 
specific challenges, making them well-suited and important for discussion. BMPs can create tangible improvements for 
surrounding communities (e.g., reduced streambank erosion and flooding), and improved understanding of the structure and 
options within the MS4 program will help small municipalities make informed choices about management plans.
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Introduction

Urbanization is accelerating globally (United Nations Depart-
ment of Economic and Social Affairs 2019) through a pro-
cess that transforms natural land cover into a built landscape 
dominated by impervious surfaces drained largely by grey 
infrastructure (e.g., stormwater pipes) and straightened, 
hardened stream channels (Booth 1991; Alberti et al. 2007; 
Burcher et al. 2007; Napieralski and Carvalhaes 2016). Urban 

landscapes possess a unique hydrologic regime characterized 
by increased a) severity and frequency of floods (Paul and 
Meyer 2001; Wenger et al. 2009), b) erosion (Arnold and 
Gibbons 1996; Paul and Meyer 2001; Pizzuto et al. 2000), 
c) physical disturbance (Fitzpatrick and Peppler 2010; Vietz 
et al. 2014; Hawley et al. 2016), and d) concentrations of pol-
lutants in runoff reaching stream channels (Carle et al. 2005; 
Hobbie et al. 2017). Urban-induced physiochemical altera-
tions to streams typically result in low diversity of inverte-
brate and fish assemblages (Paul and Meyer 2001; Meyer et al. 
2005), altered nutrient cycling (Alberti 2005; O’Driscoll et al. 
2010), decreased connectivity to the surrounding terrestrial 
landscape (Kautza and Sullivan 2015; Alberts and Sullivan 
2016), and simplified food webs (Eitzmann and Paukert 2010; 
Kautza and Sullivan 2016). Stormwater flow paths through 
highly connected piped systems to stream channels cause a 
suite of physical, chemical, and ecological changes to urban 
streams (i.e., the “urban stream syndrome”; Walsh et al. 
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2005). Historically, urban stormwater management focused 
on quickly diverting water into drainage channels to preserve 
infrastructure (Wohl and Merritts 2007; Chini et al. 2017), 
but contemporary approaches focus on stormwater quantity 
and quality to preserve ecological integrity of surface water 
ecosystems, moving toward a “water sensitive city” that works 
to retain and/or detain stormwater and filter nutrients, pol-
lutants, and pathogens from as much stormwater as possible 
on-site before allowing it to return to waterways (Chini et al. 
2017; McKenzie 2021).

The landmark ruling in Natural Resources Defense 
Council v. Costle (NRDC v. Costle 1977) required the 
U.S. Environmental Protection Agency to regulate storm-
water discharges under the National Pollution Discharge 
Elimination System (NPDES; National Research Coun-
cil (NRC) 2009). These regulations apply to municipal 
separate storm sewer systems (MS4s; National Research 
Council (NRC) 2009). MS4s are stormwater conveyances 
separate from sanitary sewer systems that collect surface 
runoff (e.g., from streets via inlets) and deliver it to dis-
crete points where it discharges into water bodies, often 
streams and rivers (i.e., outflows; United States Envi-
ronmental Protection Agency (USEPA) 2010). Enforce-
able rules were implemented for large and medium cit-
ies (> 100,000 residents according to U.S. Census Bureau 
population statistics) for Phase I of the Stormwater Permit 
Rules in 1990 (National Research Council (NRC) 2009; 
United States Environmental Protection Agency (USEPA) 
2010). Phase II Rules added the remaining ‘small’ urban-
ized areas (< 100,000 residents as defined by United States 
Census Bureau 2020; United States Environmental Protec-
tion Agency (USEPA) 2005) to the scope of the permit-
ting requirements with rules to classify which small MS4s 
were ‘regulated’ (United States Environmental Protection 
Agency (USEPA) 2012). Phase II rules are controver-
sial since small municipalities requiring permits lack the 
resources of large cities to interpret and comply with MS4 
regulations (Eisen 1995; Keeley et al. 2013; Brown 2018) 
and often encounter confusion or difficulties in complying 
with regulations (Fedorchak et al. 2017).

Permits for small MS4s aim to reduce pollutant dis-
charges to the maximum extent practicable (MEP) via imple-
mentation of approved best management practices (BMPs) 
and six minimum control measures (MCMs; United States 
Environmental Protection Agency (USEPA) 2005). BMPs 
are structures or other landscape alterations that will detain, 
infiltrate, treat, or otherwise improve the quality and quan-
tity of stormwater discharged to a waterway. Numerous 
options exist for BMPs (Table 1) such as detention ponds, 
bio swales, or green roofs (United States Environmental 
Protection Agency (USEPA) 2005). The six MCMs are: 
(1) public education and outreach; (2) public participation/
involvement; (3) illicit discharge detection and elimination; 
(4) construction site runoff control; (5) post-construction 
runoff control; and (6) pollution prevention/good house-
keeping (Table 2; United States Environmental Protection 
Agency (USEPA) 2005).

While the implementation of BMPs and MCMs to com-
ply with regulations might appear straightforward, small-
municipality MS4 permittees frequently grapple with several 
common challenges faced by government and community 
stakeholders that result in a lack of actionable stormwa-
ter management plans (Fedorchak et al. 2017; Kim and Li 
2017). The central challenge is regulating a diffuse, non-
point source of pollution (i.e., stormwater) using local 
authority, with little control over large portions of the storm-
water source (i.e., private properties), and limited funding 
to implement actions (Backhaus et al. 2012; Dhakal and 
Chevalier 2016; Subramanian 2016). A complicating factor 
(particularly for funding) is that stormwater management is 
not typically recognized by community members as a utility 
service (e.g., drinking water management or waste manage-
ment), which residents generally accept require taxes or fees 
for service (National Research Council (NRC) 2009; Dhakal 
and Chevalier 2016). Maintaining, inspecting, and monitor-
ing BMPs is a small but annual cost compared to the large, 
infrequent costs usually associated with grey infrastructure 
projects (Vineyard et al. 2015; Chini et al. 2017; Miller and 
Montalto 2019; William et al. 2020), causing further chal-
lenges to Phase II MS4 permittees that may lack manpower 

Table 1   Common structural best management practices (BMPs), examples, and operational capabilities (see Eriksson et al. 2007; Collins et al. 
2010; Hilliges et al. 2013; Liu et al. 2014; Zhang et al. 2021; Abdollahanian et al. 2018 for more information)

BMP Group Example(s) Operational capabilities

Bioretention Bioswales
Rain gardens

Some infiltration, peak discharge mitigation, TSS filtration/settling, 
varying vegetation nutrient uptake

Infiltration systems Soakaways
Infiltration benches and basins

Infiltration, TSS filtration

Storage facilities Retention ponds
Constructed wetlands
Extended detention basins

Peak discharge mitigation, TSS deposition, vegetation nutrient uptake 
in constructed wetlands

Alternative road structures Porous pavements Infiltration, some TSS filtration, some pathogen and nutrient filtration
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in maintenance departments and/or employees dedicated to 
work on urban stormwater programs.

Identifying and describing challenges in satisfying MS4 
permit requirements can provide clarity and guidance for 
municipalities to move past smaller challenges to address 
the central challenge outlined above. We identified five 
key challenges to implementing an effective stormwater 
management program as beliefs that: (1) pollution con-
tributed from urban stormwater is minor compared to 
agricultural sources and is unfairly targeted by regulatory 
agencies; (2) only downstream communities will ben-
efit from local actions; (3) effective stormwater manage-
ment requires large, expensive projects; (4) maintenance, 
monitoring, and inspection of stormwater management 
projects is overwhelmingly costly and complicated; and 
(5) a lack of direct funding is insurmountable and justi-
fies non-compliance (i.e., the “unfunded mandate” argu-
ment; Fig. 1). These five challenges are not meant to be an 
exhaustive list but were identified as part of a candidate 
set of challenges through literature searches, then selected 
for further investigation based on their repeated mention 
during discussions with stakeholders, fellow profession-
als, and municipal agencies (see Acknowledgements for 
a short list of those with whom we discussed MS4 issues 
and Appendix 1 for a list of meetings at which this work 
was presented in preliminary form to solicit feedback). 
These five specific challenges are encountered by a wide 
variety of Phase II MS4 permittees and address confusion 
regarding MS4-related policies and implementation rather 
than the central challenge regarding stormwater regulation 
(discussed above). Excluded challenges addressed region-
specific challenges (e.g., those applicable only in arid cli-
mates), infrastructure-specific challenges (e.g., combined 
sewer systems, technical details of BMP installation or 

performance), and natural disaster/climate change-related 
concerns (e.g., increased coastal flooding; discussed in the 
context of stormwater in Harris 2018). These excluded 
concerns are better addressed as separate publications due 
to their highly specific or technical nature. The objectives 
of this paper are to use a synthesis of relevant literature, 
the authors’ collective professional experiences research-
ing and managing urban stormwater projects, and feedback 
gathered from discussions with other stormwater profes-
sionals during individual meetings and professional con-
ferences to: (1) summarize and describe the complexities 
of five beliefs posing challenges to designing and imple-
menting MS4 NPDES permit requirements and (2) offer 
several real-world examples of effective, efficient MS4 
management methods to help overcome several of these 
common misunderstandings or challenges. This work rep-
resents two levels of strategy: 1) experiential knowledge 
development by working as partners with local govern-
ments throughout the country (e.g., through consult-
ing or outreach activities; Murphy et al. 2021); and 2) 
empirically-based review of ecological and socio-political 
knowledge to address interdisciplinary barriers. These two 
strategic components interact with knowledge of the regu-
latory framework that a) constrains possible actions for 
restorations and b) influences the socio-political interac-
tions. Here, we demonstrate how a strategy of developing 
learned experiences working within policy-based restora-
tion actions can translate into non-traditional knowledge 
bases (i.e., debunked ‘misunderstandings’ accompanied 
by empirically-based rationale) can support restoration 
action. We expect that this research will help bridge the 
knowledge divide between academia and local government 
and consultant entities identified by Murphy et al. (2021). 
Complex interactions among scientists, practitioners, 

Table 2   Descriptions of the six minimum control measures (MCMs) required by municipal separate storm sewer (MS4) permits and examples of 
each

Minimum Control Measure Description Example(s)

1 Public education and outreach Educating citizens about the impacts of 
urban stormwater runoff

Posting signs encouraging pet waste pick-up

2 Public participation and involvement Including citizen stakeholders in stormwater 
management decision-making processes

Citizen advisory panels, public comment 
periods

3 Illicit Discharge Detection and Elimination 
(IDDE)

Identifying illegal discharge sources and 
ensuring citizens are properly disposing 
of waste

Dry-weather inspections of outfalls

4 Construction site runoff control Requiring erosion mitigation programs in 
construction requirements

Adding to existing construction regulations 
(e.g., silt fences, temporary ponds))

5 Post-construction runoff control Requiring preservation of or creation of 
sedimentation- and pollutant-mitigating 
structures within newly developed or 
redeveloped land

Adding to ordinances and conducting as-built 
inspections, O&M inspections (e.g., retention 
ponds, constructed wetlands)

6 Pollution prevention and good housekeeping Preventing or reducing pollutant runoff 
resulting from municipal activities

Street sweeping, evaluating road salt and 
other chemical use
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managers, politicians, and the community can substan-
tially influence project trajectories and success and can 
create barriers to project implementation. Thus, this work 
aims to clarify ecological knowledge for community enti-
ties tasked with implementing regulatory action while 
simultaneously presenting some common beliefs held 
and challenges encountered by these community entities 
to aid the academic community in understanding the per-
spectives of policymakers and consultants. We posit that 
municipalities and local governments can most effectively 
address MS4 permit compliance by helping stakeholders 
move past perceived policy- and implementation-related 
challenges and confusion to instead focus on more founda-
tional challenges related to the task of regulating a diffuse, 
non-point pollution source of pollution originating from 
largely private property within the context of a regulatory 
system that treats it as a point source (Fig. 1).

The 5 common challenges in small‑municipality 
MS4 programs

Urban stormwater is a minor pollution source 
compared to agricultural sources and is unfairly 
targeted by regulatory agencies

Agriculture is a large contributor of nitrogen, phosphorus, 
and sediment pollution (Carpenter et al. 1998; Bernot et al. 
2006). Agricultural runoff and irrigation return flow is gen-
erally exempt from most or all federal water quality regu-
lations (Schroeder 2015). Federal- (see Natural Resources 
Conservation Service (NRCS) 2020a) and state-level organi-
zations frequently encourage voluntary actions to manage 
agricultural stormwater given exemptions to certain regu-
latory requirements (e.g., Natural Resources Conserva-
tion Service (NRCS) 2020b; Pennsylvania Department of 

Fig. 1   Five general challenges encountered by Phase II MS4 permit-
tees that can limit the ability to develop programs to comply with 
MS4 regulations. Better understanding of these challenges and effec-
tive solutions to them can allow municipalities and local government 

opportunities to better focus on more fundamental barriers to attain-
ing regulatory compliance, resulting in the creation of effective, effi-
cient stormwater management plans
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Environmental Protection 2021a). Concentrated animal feed-
ing operations (CAFOs), however, are regulated by NPDES 
regulations as point sources of pollution (Schroer 2020). 
Regulatory exemptions can encourage conflict between 
upstream agricultural landowners who see urban land use as 
the main problem and downstream urban communities that 
argue mitigation should be the responsibility of upstream 
farm communities that introduced the pollution, enhanced 
by the complicated situation wherein some agricultural 
operations (e.g., CAFOs) and any suburban or urban com-
munity serviced by storm sewers are covered by more strin-
gent regulatory system as “point sources” while the bulk of 
agricultural land remains only voluntarily addressed (Eisen 
1995; Drevno 2018; Schroer 2020).

Agricultural runoff can contribute to pollutant loads, but 
urban stormwater introduces ecologically relevant quanti-
ties of many target pollutants (United States Environmental 
Protection Agency (USEPA) 2010; Loperfido et al. 2014) 
including nutrients (N and P), heavy metals, herbicides, per-
sonal care products, pharmaceuticals, and several plasticiz-
ers and common industrial chemicals (Eriksson et al. 2007; 
Aryal et al. 2010). Urban stormwater is an important pol-
lutant source (Novotny et al. 2010; Zhang et al. 2021), with 
pollutants commonly originating from soils, chemicals, and 
other matter rinsing into traditional (gray) stormwater infra-
structure, which is piped efficiently to receiving water bodies 
(United States Environmental Protection Agency (USEPA) 
2020). As an example of a watershed impacted by multiple 
urban centers, urban stormwater contributes 16%, 8%, and 
15% of the total sediment, N, and P loads to the Chesapeake 
Bay respectively, which are biologically relevant amounts 
and much higher than expected given that urban areas (as 
defined by the census) comprise about 8.8% of the Chesa-
peake Bay’s drainage area (United States Environmental 
Protection Agency (USEPA) 2010; Loperfido et al. 2014; 
United States Census Bureau 2019). In California, urban 
land use and construction are responsible for the impair-
ment of more surface area of lakes than agricultural land 
use and around 60% the mileage of streams and rivers as 
agricultural land use (Drevno 2018). Furthermore, urban 
landscapes tend to have more erosive flow regimes than their 
rural counterparts (e.g., erosion rates ~10 × higher; Hawley 
et al. 2020), and streambank erosion is often a dominant 
source of sediment pollution in urban streams (Simon and 
Klimetz 2008). While the sources and forms of pollutants 
differ between urban and agricultural land uses (Zhang et al. 
2021), urban stormwater is a source of pollution in need 
of attention, potentially through watershed- or region-wide 
regulations that manage water pollution from all sources 
holistically to meaningfully abate water pollution (Drevno 
2018; McKenzie 2021). In the interim, seeking out BMPs 
that effectively treat urban stormwater and emphasizing the 
impact of urban stormwater pollutants and the additional 

benefits of stormwater BMPs during public education and 
outreach events is imperative to gaining public trust and 
cooperation in creating effective stormwater management 
plans (Coleman et al. 2018; Miller and Montalto 2019; 
Darnthamrongkul and Mozingo 2020).

Stormwater management actions only benefit those 
living downstream

A commonly publicized benefit of effective stormwater man-
agement is improved environmental conditions to downstream 
communities often referencing estuaries, beaches, and other 
coastal ecosystems (e.g., see Chesapeake Bay Foundation 2019). 
Downstream benefits are likely outcomes of improved stormwa-
ter management (Roy et al. 2008; National Research Council 
(NRC) 2009), but multiple direct benefits to local streams and 
the surrounding communities can also occur following urban 
stormwater improvement projects. Maintaining and protecting 
local water supply, mitigating flooding (Fletcher et al. 2013), 
resistance to climate change (Harris 2018), and increased human 
well-being are potential co-benefits of “water-sensitive” urban 
stormwater designs (Walsh et al. 2016). Reduced property loss 
and infrastructure impacts from excessive streambank erosion 
(Hawley et al. 2020), increased property values (Ward et al. 
2008; Odefey et al. 2012; Mazzotta et al. 2014), and the ability 
to use stormwater as an asset through groundwater recharge or 
rainwater reuse (Odefey et al. 2012; Meng and Hsu 2019) are 
also tangible benefits to local residents (e.g., in Los Angeles 
County, USA, stormwater detention is designed specifically for 
the purpose of groundwater recharge; Porse and Pincetl 2019). 
The potential to re-use stormwater runoff has appeal to local 
communities especially in arid areas. Stormwater management 
can be an important part of a city’s water resources portfolio 
for future human purposes given appropriate, risk-based regula- 
tions (Goonetilleke et al. 2005; Birchai and Ashbolt 2017;  
Austin Water 2018; US Water Alliance 2020).

Flooding is also a problem for urban communities (Odefey 
et al. 2012; Center for Disaster Resilience 2018), but flood 
risk and other negative impacts of urban stormwater in poor 
neighborhoods are often disproportionately high globally 
due to housing and planning practices that restrict impov-
erished people to living in less “desirable” areas, including 
floodplains (Parkinson 2003; William et al. 2020). Thus, 
urban flood mitigation can address social inequities. Climate 
change will likely exacerbate urban flooding, and green infra-
structure (an acceptable BMP) has the potential to mitigate 
increased stormwater runoff resulting from future climate 
more effectively than existing gray infrastructure (Dong et al. 
2017; Harris 2018; Giese et al. 2019; Ramsey et al. 2019).

Stormwater infrastructure across the US is rapidly aging 
past its intended lifespan (Keeley et al. 2013; Hoover and 
Hopton 2019; Vineyard et al. 2015; Meng and Hsu 2019). 
In a stark example, Hoard et al. (2020) were investigating 
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the hydrology of an abandoned residential area in Detroit in 
anticipation of BMP installation when they detailed what 
they described as “urban karst”: a patchwork of crumbling 
drainage pipes, leaking water pipes, and failing building 
foundations, leading to complex, sometimes horizontal, 
stormwater flow combined with flow from other sources 
(e.g., leaking water pipes). Direct benefits to local commu-
nities when severely degraded infrastructure is discovered 
and repaired are obvious, but stress on functional infrastruc-
ture is potentially reduced when stormwater is efficiently 
captured and treated by new BMPs or stormwater retrofits 
before entering drainage systems. Actions to maintain and 
extend the life of stormwater infrastructure can also reduce 
costs to municipalities and residents. Thus, integrating green 
infrastructure, retrofits, and maintenance of functioning gray 
infrastructure as a part of urban renewal initiatives (e.g., 
Hawley et al. 2015) can improve stormwater quantity and 
quality while potentially lessening the financial burden for 
municipal residents (Montalto et al. 2007; Jarden et al. 2016; 
Manocha and Babovic 2017).

Expanding the capacity of stormwater systems by adding 
green infrastructure as part of system updates and upgrades 
can also have important benefits to ecosystem structure and 
function such as infiltration (baseflow), mitigation of urban 
heat island effects, and increased biodiversity (Milwaukee  
Metropolitan Sewerage District (MMSD)  2018), but  
local communities may not easily recognize the value of 
ecosystem services resulting from these changes (Elmqvist 
et al. 2015; Coleman et al. 2018; Miller and Montalto 2019). 
Meeting stakeholder aesthetic and cultural preferences for 
BMPs and urban landscape design as part of programs 
to maintain diverse ecosystem services can lead local 
communities to see stormwater systems as providing tangible 
local benefits (Miller and Montalto 2019; Darnthamrongkul 
and Mozingo 2020; William et al. 2020). Achieving this 
benefit requires managers to include communities in 
decision-making processes and can help create resilient 
and effective programs with local social and ecological 
co-benefits (BenDor et al. 2018; Hoover and Hopton 2019; 
Miller and Montalto 2019). Increased property values 
resulting from effective BMP implementation and landscape 
design (including green infrastructure) can benefit property 
owners and municipalities through increased tax revenue 
(Ward et al. 2008; Odefey et al. 2012; Mazzotta et al. 2014).

Homes in low-impact development (LID; a form of devel-
opment that seeks to mimic the natural hydrology of the site) 
neighborhoods with large quantities of greenspace and rede-
signed streets improved stormwater drainage while increasing 
home prices by 3.5–5% compared to similar homes in non-
LID neighborhoods (Ward et al. 2008; Mazzotta et al. 2014). 
Mazzotta et al. (2014) found that property value increases 
from the benefits of open green space associated with LID 
were site-specific and depended on distance from LID 

features. Green stormwater infrastructure can address poor 
air quality, increase urban green space (with corresponding 
increases in residents’ physical and mental health), and poten-
tially decrease crime while addressing some societal inequity 
(Ashley et al. 2018; Miller and Montalto 2019; William et al. 
2020). Personal safety such as safe wading access (even in 
small streams through city parks) is an additional service that 
residents are likely to recognize as a tangible benefit (Hawley 
2018). The benefits of green stormwater infrastructure are 
sometimes said to satisfy a “triple bottom line,” providing 
simultaneous social, environmental, and financial improve-
ments (Taylor and Fletcher 2006; Neukrug and Camp 2009; 
Vineyard et al. 2015).

Ensuring public education and outreach materials focus on 
stakeholder values and preferences will improve local buy-in 
and create long-term support for urban stormwater planning 
and management programs (Coleman et al. 2018; Miller and 
Montalto 2019; McKenzie 2021). Local benefits of improved 
water quality may be overlooked when public outreach is 
only centered on an iconic downstream ecosystem (e.g., the 
Chesapeake Bay). Existence value (i.e., value based on con-
tinued existence even if not used; Attfield 1998) of distant 
ecosystems will differ among people, and improved educa-
tional approaches and understanding of socio-cultural pref-
erences of stakeholders in small municipalities will improve 
efforts to develop and maintain community buy-in.

Effective stormwater management requires large, 
expensive projects

Small municipalities typically have a mix of stormwater 
infrastructure that reflects design standards in place at the 
time of development. Stormwater is commonly managed as 
a nuisance or threat to properties and safety and secondarily 
as a threat to water quality. Ditches, pipes, swales, and large 
dry or wet detention basins, when installed by developers 
during construction, are relatively low cost and dependable 
approaches for reducing flooding issues that impact people 
and property (Collins et al. 2010; Brown 2013; Cettner et al. 
2013; Hale 2016). However, these traditional systems do 
not always adequately address the rate of stormwater flow 
and quality, leading to continued problems with erosion and 
water pollution (Collins et al. 2010; Cappiella et al. 2012). 
Beyond limitations for original construction, the cost and 
logistical issues (e.g., lack of available public land) required 
to retrofit stormwater management projects ranging from 
detention ponds to complete re-engineering of stormwater 
drainage system (Cappiella et al. 2012) may be out of reach 
for municipalities where there are no existing BMPs or they 
don’t adequately treat/attenuate stormwater runoff to suffi-
ciently protect receiving streams from pollutants and excess 
erosion. A highly engineered redesigned storm sewer sys-
tem that includes underground storage may be an effective 
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short-term solution, but its large expense and potentially lim-
ited capacity for additional development/redevelopment may 
make it less viable than small source control projects that do 
not require re-engineering the existing system (Barbosa et al. 
2012; Vineyard et al. 2015).

Stormwater standards and preferred BMPs have evolved 
over the years (e.g., Roy et al. 2008; Chini et al. 2017). 
Development (or redevelopment) methodologies that retain 
as much rainfall as possible on individual parcels may result 
in hydrologic regimes that approach natural conditions and 
are effective at reducing contaminant loads. Low impact 
development (i.e., green stormwater infrastructure) seeks to 
best approximate pre-development hydrological conditions, 
which, if achieved, can effectively address both water quan-
tity and quality (Cappiella et al. 2012; Odefey et al. 2012). 
Small, low-cost, widely-distributed, parcel scale projects (i.e., 
“source-control”) such as vegetated swales, green streets, 
porous or permeable pavement, can provide stormwater 
control equivalent to or more effective than large centralized 
projects when properly sized and located (Cook 2007; Collins 
et al. 2010; Vineyard et al. 2015; Montalto et al. 2007; Dong 
et al. 2017); though see Roy et al. 2014; Fanelli et al. 2017; 
Hopkins et al. 2020 for potential limitations). Small-scale 
projects may be the better alternatives to large projects that 
must overcome limited space and uncooperative landown-
ers (Backhaus et al. 2012; Malinowski et al. 2018; Woznicki 
et al. 2018), particularly in areas with no opportunity to ret-
rofit pre-existing stormwater management structures. Numer-
ous small-scale projects can save money on future needs 
for infrastructure spending (e.g., drinking water treatment 
facilities; Cappiella et al. 2012; Odefey et al. 2012). Eriksson 
et al. (2007), defined four main groups of BMPs that can be 
implemented over broad areas: (1) filter strips or swales; (2) 
infiltration systems (e.g., infiltration basins or trenches); (3) 
storage facilities (e.g., retention ponds, treatment wetlands; 
and (4) alternative roads (e.g., porous pavements; Table 1).

Smaller projects are not the most effective or affordable 
choice for every situation. Small projects may be ineffec-
tive in heavily urbanized watersheds (Fanelli et al. 2017), 
and a single large project (or a modification of an existing 
traditional SCM) may be cost-effective using modern modi-
fications when land is available (Smith et al. 2016; Hawley 
et al. 2020). Decentralized BMPs with equal performance 
to traditional, centralized systems (e.g., Mayer et al. 2012; 
Roy et al. 2014; Hopkins et al. 2020) may be more expensive 
(Hawley et al. 2017) or are equally poor at attaining pre-
development hydrology (Jefferson et al. 2017). Acknowl-
edging the context dependency of small BMP effectiveness 
can inform management and lead to mixed approaches such 
as being used as part of a treatment train (Sparkman et al. 
2017; Read et al. 2019) and tailored approaches for catch-
ment characteristics and regional climate (Askarizadeh et al. 
2015; Zhang et al. 2021).

Maintenance, monitoring, and inspection 
requirements are overwhelmingly expensive

Funding ongoing maintenance, monitoring, and inspection 
programs is a challenge for many MS4 permittees (William 
et al. 2020), and this challenge is likely greater in Phase 
II municipalities that often have smaller municipal main-
tenance departments and may not have a department or 
employee solely tasked with managing stormwater. This 
lack of continuous attention can be problematic: a lack of 
monitoring and a poorly defined stormwater management 
program can increase a municipality’s likelihood of heavy 
fines resulting from an audit (Tetra Tech Inc. 2006; National 
Association of Clean Water Agencies 2018).

Tetra Tech Inc. (2006) found several common deficiencies in 
their assessment of 36 MS4 programs that included inadequate  
BMPs for publicly owned facilities, lack of written stormwa-
ter pollution prevention plans, lack of monitoring programs or 
demonstrated effectiveness, or a lack of inspections of required 
sites (e.g., construction sites and municipal facilities). Mirroring 
these findings, frequent areas of non-compliance at a national 
scale are typically associated with MCMs 3–6 (Table 2), includ-
ing a lack of an illicit discharge detection and elimination pro-
gram (or an insufficient one), a lack of inspection at construc-
tion sites, no regulatory mechanisms through which to monitor 
and regulate post-construction runoff BMPs’ maintenance and 
function, or poor housekeeping procedures at municipal facili-
ties (e.g., uncovered dumpsters, salt sheds, paint drums, etc.; 
National Association of Clean Water Agencies 2018). These 
requirements necessitate a consistent investment of time and 
money compared to the single (though larger) investment nec-
essary for grey infrastructure (Miller and Montalto 2019). How-
ever, alternate options exist for monitoring, maintenance, and 
inspection, and many green infrastructure BMP options, such 
as rain gardens, cost less to maintain and operate over time than 
the corresponding grey infrastructure (McKenzie 2021).

Promising options for low-cost monitoring programs may 
lie in remote sensing (Matejicev et al. 2003; Heasley et al. 
2020), citizen science (Cartwright et al. 2015; Shupe 2017; 
Kielstra et al. 2019), inter-departmental collaboration within 
municipal governments, or collaboration with higher educa-
tional institutions. Using technology and stakeholder/citizen 
programs to gather information can lower costs and improve 
efficiency of data collection programs. (Ramsey et al. 2019) 
note that municipal staff in San Juan, Puerto Rico do not 
currently use citizen calls to monitor urban flooding but 
would be willing to if a phone application was available 
that would include time-stamped photos of issues, a solution 
that may prove useful for both flooding and illicit discharge 
monitoring.

Citizen participation can aid in maintenance and also 
encourage stakeholder buy-in, as was shown to be the case 
with volunteers who were trained to aid in maintenance of 
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bioswales in New York City, who were then more likely 
to support additional green stormwater infrastructure and 
identify its benefits (Miller and Montalto 2019). Landowners 
can also be important partners in maintenance: rain gardens 
installed on residential parcels in Cincinnati, Ohio were 
maintained by the homeowners, allowing the municipality 
to conduct occasional inspections without having to provide 
continual maintenance (Vineyard et al. 2015). Partnerships 
between the community and the municipality can greatly aid 
in creating an iterative stormwater management program in 
which maintenance, monitoring, and inspection are clearly 
defined in the original stormwater management plan, with 
private landowners receiving adequate incentive and sup-
port to install and maintain BMPs on their property and 
municipalities forming maintenance and inspection teams 
with clearly defined goals (Chini et al. 2017).

Information gained from maintenance, monitoring, and 
inspection programs can be tremendously valuable as cities 
seek to improve their programs and share information with 
other municipalities to improve region- and nation-wide 
stormwater quality (Chini et al. 2017). Monitoring may 
also provide valuable information in the case of an audit, 
significantly reducing exposure and risk with state and fed-
eral agencies (Tetra Tech Inc. 2006; National Association of 
Clean Water Agencies 2018).

While the maintenance, monitoring, and inspection of 
BMPs can be intimidating and requires an adjustment in 
expected expenditures, addressing public education, out-
reach, and participation MCMs may aid small municipali-
ties in identifying effective solutions within the community.

Regulations lack direct funding

A common argument is that the Phase II MS4 permitting 
regulations lack federal funding for implementation, and as 
a result, municipalities (and local communities) are unfairly 
burdened with meeting permitting requirements through 
stormwater management programs (Allerhand et al. 2012). 
Of 7,500 MS4 permittees, only 1,500–2,000 have dedicated 
funding of any kind and more than half of surveyed small 
municipalities cite the need for additional financial resources 
to establish effective stormwater programs (Brown 2018). 
Expanded regulations included in a 2016 revision of the 
MS4 program are estimated to cost municipalities a total of 
$454,000-$1.3 million per municipality in addition to costs 
attributed to greater inter-departmental collaboration (Civian 
2018).

Community and government stakeholders and even 
municipalities sometimes argue that noncompliance is jus-
tified by citing the “Unfunded Mandates Reform Act of 
1995” under which states and other localities may not have 
to comply with federal regulations (such as the MS4 NPDES 
program) that lack federal funding (Eisen 1995; Irvine et al. 

2011). An additional justification for noncompliance is the 
argument that permitting requirements may “bankrupt” the 
local government, but we found no examples of small cit-
ies or municipalities going bankrupt by complying with 
stormwater regulations (however, see Levin et al. 2011; 
Walsh 2012; Pries 2019 as several examples of wastewa-
ter infrastructure bankrupting towns). Schroer (2020) uses 
Lebanon, Pennsylvania as an example of a Phase II MS4 that 
is experiencing financial hardship due to recent regulatory 
changes, and though Lebanon is not bankrupt, it is strug-
gling to afford a program it estimates may cost $1.4 million 
annually. Creation of effective stormwater programs is legiti-
mately hampered by a lack of direct funding, and the ability 
to rely solely on existing taxes and fees to fund programs 
is uncommon. Thus, innovative funding approaches are 
necessary (National Research Council (NRC) 2009), which 
may include the utilization of grants, new taxes, creation 
of stormwater utilities that can charge fees for service, and 
market-based mechanisms to encourage private landowner 
implementation of stormwater management practices.

The cost-effectiveness of stormwater utility fees or free-
market mechanisms (e.g., allowance markets, retrofit auc-
tions) may be the most suitable funding mechanisms when 
direct funds are not available (Barbosa et al. 2012; Univer-
sity of North Carolina School of Government 2020). Creat-
ing a utility service akin to services for domestic water and 
sewer use (or assigning management to an existing utility 
service) is an option for establishing a stormwater utility 
fee. Fees based on some measure of per-unit runoff or imper-
vious cover level from parcels can directly fund stormwa-
ter management (Eisen 1995; National Research Council 
(NRC) 2009; Keeley et al. 2013; Kea et al. 2016), though 
they may not always be the most effective at abating pollu-
tion (William et al. 2017). A variety of fee structures have 
been developed that can be considered by municipalities as 
they seek to balance ease of calculation, revenue generation, 
and the equitability of cost to landowners (Fedorchak et al. 
2017).

Free-market mechanisms generally work by a) providing 
an offset to encourage private landowner actions to increase 
stormwater uptake on their property (e.g., a fee reduction 
for quantity of runoff diverted and infiltrated) or b) a direct 
financial incentive to install BMPs on private property 
(e.g., a reverse auction; Thurston et al. 2003; Barbosa et al. 
2012; Brown et al. 2016; Nemes et al. 2016). Fee reduc-
tions may be effective in incentivizing BMP installations on 
private property, but may also exacerbate inequity in certain 
communities, making the implementation of fees and fee 
reductions a highly local decision (Fedorchak et al. 2017; 
William et al. 2017, 2020). Collaboration between small 
municipalities through the formation of stormwater coali-
tions may be another option to reduce costs by developing 
collective training programs, templates for ordinances and 
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annual reports, public education materials and programs, 
and group purchasing or contracts of maintenance and good 
housekeeping measures (Chaffin et al. 2016; Civian 2018). 
Grants from various sources can also be a source of external 
funds, but municipalities may lack the expertise to create 
a competitive proposal for limited opportunities with high 
demand (e.g., Pennsylvania Department of Environmental 
Protection 2021b). Grant management and accounting can 
also increase cost through administrative duties but could 
be mitigated through partnerships with local conservation 
agencies or environmental groups.

Municipalities will benefit most from a funding strategy 
tailored to their community, given that the above strate-
gies will have differing effectiveness based on highly local 
socio-political and environmental factors (William et al. 
2017, 2020). Approaches should be complementary of 
other programs/services, be structurally consistent with 
local regulations, and incorporate regionally appropri-
ate lessons/strategies. Similarly, funding methods are not 
mutually exclusive. Stormwater fees can be offset by grant 
writing, and coalitions can combine resources to diversify 
their collective portfolio of funding options. Coalitions can 
be complicated to manage and may lead to limited benefits 
when municipalities in the coalition have different levels of 
affluence, community support, and capabilities for utilizing 
different funding methods that limit consensus. Similarly, 
socio-political interactions at the municipality level can be 
difficult to manage depending on the leadership structure of 
the municipality.

Examples of effective, efficient stormwater 
management programs

Existing stormwater management programs can illustrate 
strategies for addressing the challenges discussed above. The 
real-world examples presented below detail the subtleties 
of how these challenges result in problems and barriers for 
managers of urban stormwater systems and describe strate-
gies for overcoming them.

Effective outreach and education programs targeted 
towards citizen and local government stakeholders can 
address concerns about upstream agriculture (1) and the lack 
of local benefits (2). Stakeholders advocating for a focus on 
upstream agricultural stormwater sources are often inter-
ested in focusing efforts on systems with a perceived high 
return on investment. Agriculture can degrade water quality 
(Willis and McDowell 1982; Bernot et al. 2006; Schroer 
2020), and farms are commonly large parcels with a sin-
gle owner to negotiate with for project implementation that 
can support large (see challenge 3) and effective projects 
with measurable benefits. Thus, using limited resources on 

projects with high achievability and beneficial outcomes 
(i.e., “low-hanging fruit”) makes intuitive sense. The key 
to overcoming this challenge is, in part, to demonstrate that 
both agricultural and urban systems contribute in ecologi-
cally meaningful ways to poor water quality through storm-
water inputs. Outreach alone will not solve this problem, but 
it can at least set a foundation demonstrating that managing 
urban stormwater can produce tangible benefits to water 
quality.

Both challenges 1 and 2 are also influenced by a lack of 
understanding of the spatial structure of ecological, hydrolog-
ical, and social processes that link human wellbeing, storm-
water, and water quality through management approaches. 
These concepts are complex and interdisciplinary, and 
outreach on these topics need to communicate simple and 
intuitive messages about spatial patterns. Feedbacks result-
ing from improving downstream water quality to upstream 
communities are difficult to communicate, which exacerbates 
the challenge of gaining stakeholder support for using locally 
derived resources (usually money) to benefit downstream 
ecosystems. Appealing to a sense of regional community and 
promoting conservation based on existence value may help 
but highlighting the tangible local benefits to communities 
could be most effective and changing stakeholder perceptions 
even if the overall ecological benefits are small locally and 
substantial regionally (Coleman et al. 2018; McKenzie 2021). 
Individuals to target for outreach and education represent 
diverse positions in the community and demographic groups 
(Coleman et al. 2018; William et al. 2020), which requires 
a diverse set of approaches and partners with empirically 
based knowledge of effective approaches to education (e.g., 
colleges and universities and associated extension offices). 
Local perceptions of BMP options, such as green infrastruc-
ture, can vary between neighboring municipalities based on 
socio-cultural, economic, political, and environmental differ-
ences (Turner et al. 2016; Miller and Montalto 2019; Shandas 
et al. 2020). Additionally, MS4 permits give credit to local 
municipalities for education and outreach activities. Thus, 
a substantial need exists for a) pedagogy research on effec-
tive educational approaches for explaining the intersection 
of human-generated stormwater, surface water ecosystems, 
and human wellbeing and b) the development of transferable 
and easily deployable educational tools that can be adapted 
by managers with little experience with instruction or even 
public speaking.

Challenges regarding project size (3), monitoring/main-
tenance (4), and funding (5) are intimately tied together and 
many examples of successful projects explicitly addressed 
multiple factors simultaneously. Western Michigan Uni-
versity used state and federal grants to directly calculate 
the required P load reduction for a TMDL (total maximum 
daily load reduction requirement), which when combined 
with stormwater retrofits installed as a component of capital 
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improvements projects, resulted in a recalculation that indi-
cated they met their P TMDL requirements ahead of sched-
ule and at low cost (Allerhand et al. 2012).

The Little Stringybark Creek programs, including Storm 
Tender, successfully used market-based incentives for private 
homeowner adoption of stormwater management strategies 
(Nemes et al. 2016). As Nemes et al. (2016) reported, seven 
rain gardens and 71 water tanks were successfully installed 
on private residential properties using a reverse auction. An 
Environmental Benefit Index was used to evaluate the runoff 
reduction potential of each parcel, and homeowners could 
submit bids to install stormwater tanks or rain gardens on 
their property. Administrators then accepted bids to maxi-
mize the environmental benefit per unit cost. As stated, this 
approach can address runoff from private properties that is 
otherwise difficult to mitigate. Stormwater is not recognized 
as a pollutant in a way that allows local governments to uni-
laterally take management action on private land even though 
the municipality bears the responsibility for management 
via the permitting system (Brown et al. 2016; Dhakal and 
Chevalier 2017; National Association of Clean Water Agen-
cies 2018). Thus, creative strategies to encourage collective 
resident actions to reduce stormwater at the parcel level can 
lessen the size needed for centralized stormwater solutions. 
Factors driving homeowner decisions to participate included 
the perceptions of the technology, the group facilitating the 
market, understanding of stormwater, and general personal 
beliefs (Brown et al. 2016), which highlighted the need for 
effective public education and outreach.

The Shepherd Creek Project in Cincinnati, Ohio, used 
a reverse auction system to install 83 rain gardens and 176 
rain barrels within a single watershed (Mayer et al. 2012). 
Shuster and Rhea (2013) conducted follow-up monitoring 
on subcatchment-level runoff volumes following rain bar-
rel and rain garden implementation and found small, yet 
significant, reductions in storm runoff. No significant eco-
logical improvements occurred over the six to seven years 
of post-installation monitoring, which suggested that addi-
tional treatment was necessary (Roy et al. 2014) but may 
also reflect the generally poor understanding of ecological 
response to any restoration activity (Bernhardt et al. 2005; 
Palmer et al. 2005; Bernhardt and Palmer 2007). Regardless, 
Life Cycle Cost and Environmental Impact Analysis showed 
that using rain gardens in this area was financially and envi-
ronmentally favorable relative to expanding traditional gray 
infrastructure, particularly with homeowners conducting the 
few hours of maintenance per year necessary for each rain 
garden (Vineyard et al. 2015). Grant-funded programs like 
the Shepherd Creek program are rare and may be out of 
reach for many small municipalities. This example empha-
sizes that monitoring may be complicated but can provide 
valuable information that leads to more effective implemen-
tation on future phases/projects.

Coalitions and partnerships can be a valuable tool for 
addressing all of the challenges. For example, Hamburg 
(Germany) Wasser collaborated with the State Ministry for 
Energy and the Environment to start an interdisciplinary 
task force to address stormwater problems within Hamburg 
(Bertram et al. 2017). The approach leveraged expertise 
across agencies to gather information about the stormwater 
system and the creation of an extensive geographic infor-
mation database that improved the ecological outcomes 
and cost effectiveness of the final design, specifically by 
providing fine-scale data on the location and condition of 
existing stormwater infrastructure and connected impervi-
ous surfaces (Bertram et al. 2017). Leveraging expertise can 
lead to improved outcomes, but a long-term commitment 
to project outcomes is required to ensure the partnership is 
equitable and beneficial to all parties and equally addresses 
local socio-cultural concerns and broad advancements in 
stormwater management and science (Prosser et al. 2015).

Another example from the Cincinnati, OH, area has 
shown that a science-based monitoring and data collection 
approach combined with the formation of local community 
partnerships can allow government managers and consult-
ants to leverage existing infrastructure to build effective 
stormwater management tools (Wooten et al. in prep, Fresh-
water Science). This holistic approach shows the true utility 
of moving past the five challenges outlined here to form 
community-based stormwater management plans that are 
tightly linked to local environmental conditions and exist-
ing infrastructure.

These preceding examples illustrate the importance of 
community-specific factors when implementing effec-
tive stormwater programming. Monitoring needs, funding 
options, and socio-physical characteristics of any small 
municipality are unique. We posit that small municipalities 
require resources through toolkits and partnerships to help 
find and choose from an appropriate suite of BMPs for their 
specific situation (e.g., Hawley et al. 2017). Support must 
combine technical expertise and education and outreach to 
address complex systems such as how site suitability (physi-
cal characteristics, parcel ownership, etc.), location within 
a watershed, connectivity to other BMPs and existing green 
spaces all affect the logistics and cost-effectiveness of green 
infrastructure integration (Malinowski et al. 2018). Oppor-
tunities exist for ecologists, engineers, educators, social 
scientists, and others to develop empirically-based holistic 
approaches to help manage urban stormwater.

Conclusions

NPDES Phase II MS4 regulations are intended to create 
a system for implementing manageable practices for 
municipalities to comply with federal regulations, but 
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criticisms about and confusion surrounding funding, 
implementation, and environmental effect are legitimate. 
Many small municipalities lack the resources and expertise 
to address the complex issues involved in the MS4 program 
in a manner that aligns with their roles as public servants to 
local communities. Persistent challenges rooted in financial 
and logistical concerns hamper municipalities’ abilities to 
comply with regulations by distracting focus from more 
foundational challenges regarding treatment of stormwater. 
Demonstrating the ecological relevance of urban stormwater, 
benefits to local stakeholders, flexibility of project size, 
benefits of monitoring and maintenance, and surmountable 
funding barriers can prevent stakeholders from fixating 
on options for non-compliance and lead to effective 
management programs. Resources utilized on efforts to 
avoid compliance will likely lead to additional complications 
in the future with less resources to address them. Education 
and outreach are key to informing stakeholders about 
commonly encountered challenges. Inter-institutional and 
public–private collaborations may help create coalitions and 
other external support systems that can assist municipalities 
with limited capacity for stormwater management seeking to 
comply with stormwater regulations including the ability to 
provide in-kind match for project grants through personnel 
hours from student internships and professional expertise. 
Permittees may need assistance with understanding permits, 
interpreting project designs from consultants, and creating 
education and outreach materials to comply with permit 
requirements. Partnerships with physical and social science 
researchers can create new opportunities for active research 
and teaching about effective stormwater management from a 
socio-ecological standpoint. Highly motivated and talented 
personnel within local government can create and manage 
complex coalitions, but educational institutions need to do 
more to train individuals for the interdisciplinary nature of 
managing stormwater cities at the local government level.

MS4 programs are manageable for small municipali-
ties, can be funded in multiple ways, and can result in real, 
concrete improvements in local communities. The keys to 
effective programs are dynamic, creative funding mecha-
nisms, horizontal and interdisciplinary collaboration, effec-
tive public education, and careful planning, siting, and 
execution of BMPs. Accomplishing these components is no 
easy feat but can lead to unexpected benefits (e.g., aesthetic 
improvements, recreational opportunities, increased prop-
erty values) for many small cities as part of redevelopment 
and re-envisioning cities. Stormwater BMPs implemented 
as part of MS4 programs provide tangible benefits that 
directly address community priorities through their visibil-
ity on the landscape and improvements to local streams and 
water resources (e.g. reduced stream erosion, cleaner creeks 
for wading, reduced nuisance flooding, etc.). Making MS4 
programs work for small municipalities is essential, and we 

believe a broad effort on the part of municipal employees, 
professional consultants, and academics in the social and 
natural science disciplines to create strategies for dealing 
with these interdisciplinary problems holds promise for 
unifying local communities around environmental improve-
ment. This approach is likely to be applicable to a broad 
suite of environmental issues globally and emphasizes the 
many ways interdisciplinary knowledge can be obtained, 
shared, and use to create real-world solutions to environ-
mental problems.
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