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Abstract: Globally, freshwater resources are influenced by inputs of energy, nutrients, and pollutants
from human wastewater. Local resource managers and policy-makers are tasked to address ecological
and human-health concerns associated with aging and obsolete water infrastructure using limited
financial resources. Nevertheless, there is limited information available describing how waste streams
vary in their pollutant load or their subsequent effects on ecosystem structure and function in streams
and rivers. Consequently, as wastewater systems degrade, local resource managers and policy makers are
forced to develop watershed management strategies to deal with increasing effluent discharge without
an understanding of how their decisions will influence local ecological processes or the structural and
functional integrity of downstream habitats. Here, I discuss some of the ecological implications of
obsolete or absent wastewater treatment, and describe how mismatches between the governance of
wastewater management and watershed ecology may exacerbate environmental problems.

Keywords: infrastructure; freshwater ecology; wastewater; sewage; social-ecological-technical
systems.

Resumo: Globalmente, os recursos de dgua doce sao influenciados pelo aporte de energia,
nutrientes e poluentes das dguas residuais. Os gestores locais e os tomadores de decisao tém a tarefa de
abordar as preocupagées ecoldgicas e de satide humana associadas ao envelhecimento e & infraestrutura
obsoleta de sistemas de tratamento de esgoto, utilizando recursos financeiros limitados. No entanto, h4
informacoes limitadas disponiveis descrevendo como os ecossistemas aqudticos afetados variam em sua
carga poluente ou seus efeitos subsequentes na estrutura e fungio ecossistémica. Consequentemente,
a medida em que os sistemas de dguas residuais se degradam, os gestores locais e os formuladores
de politicas sdo forcados a desenvolver estratégias de gestao de bacias hidrogréficas para lidar com
o aumento da descarga de efluentes sem entender como suas decisoes influenciarao os processos
ecoldgicos locais ou a integridade estrutural e funcional dos habitats a jusante. Neste artigo, eu discuto
algumas das implicagoes ecoldgicas do tratamento de dguas residuais obsoletas ou ausentes, e descrevo
como os desequilibrios entre a gestao de dguas residuais e a ecologia das bacias hidrogréficas podem
exacerbar os problemas ambientais.

Palavras-chave: infraestrutura; ecologia de dgua doce; dguas residuais; esgoto; sistemas
sécio-ecoldgico-técnicos.
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Aging and obsolete water infrastructure is a
critical problem threatening economic stability,
human welfare, and the environment throughout
the world (Liu et al., 2013; Rahm et al., 2013).
The volume of wastewater produced globally
is substantial. For example, estimates suggest
that the amount of wastewater generated by
manufacturing activities and domestic use in
2010 was approximately 450km?® (Florke et al.,
2013), a volume greater than the entire volume
of water in Lake Erie (-430km?), one of the Great
Lakes of North America. Unfortunately, we have
a limited understanding of how waste streams
vary in their pollutant load and how they may
differentially affect ecosystem structure and function
in freshwater systems (Singer & Battin, 2007).

In many regions of the world, rivers and streams
receive wastewater discharge that is delivered both
intentionally and inadvertently. The quantity and
quality of these waste streams are heterogeneous—
they are influenced by human population density,
the type and volume of waste produced, and the
quality of and access to wastewater treatment
(Rahm etal., 2013; Cease et al., 2015; Capps et al.,
2016). However, even in wealthier economies, few
jurisdictions reliably maintain records documenting
the composition and volume of effluent entering
surface and ground water supplies. Though data
are relatively limited, estimates suggest over 80%
of global wastewater is discharged without any
treatment, degrading water quality, and endangering
human health and the environment (UN WATER,
2017). Patterns in treatment capabilities are strongly
linked with development status. In higher-income
economies, approximately 70% of municipal and
industrial wastewater is treated before discharge.
In middle income economies, this value declines
to 28-38%, and in lower-income economies, the
value plummets to just 8% (UN WATER, 2017).

Here, I briefly oudline some of the ecological
implications of failing or absent wastewater
treatment and highlight some of the important
gaps in our knowledge about wastewater inputs
that may compromise how we understand river
ecology. I also describe how mismatches between
policy and governance of wastewater treatment and
watershed ecology may exacerbate environmental
problems, and compromise the provisioning of
freshwater ecosystem services. Lastly, I briefly
describe ideas emerging from the study of urban
systems that may provide new insight in supporting
freshwater scientists in designing policy-relevant,
ecologically-centered research questions to address

Acta Limnologica Brasiliensia, 2019, vol. 310, e104

the ecological impacts of aging and obsolete
wastewater systems.

1. Ecological Implications of Wastewater
Inputs in Freshwater Systems

Wastewater inputs into lotic systems have
the potential to either stimulate or suppress
ecosystem processes, and affect the quality and
quantity of services provided by freshwater systems
(Morrissey et al., 2013). Untreated wastewater
is a mixture of inorganic solutes (e.g, soluble
reactive phosphorus, nitrate, and ammonium),
organic solutes (e.g, dissolved organic matter),
particulate organic matter (e.g., feces/bacteria),
and pharmaceuticals and personal care products
(PPCPs) that can affect biogeochemical cycling and
riverine food webs through both algal and detrital
pathways. Ecosystem processes, such as primary
productivity and the decomposition of organic
matter, are frequently limited by the availability of
nitrogen, phosphorus, or a combination of both
elements (Archer et al., 2015). Hence, wastewater
effluent may stimulate ecosystem processes by
functioning as a “spatial subsidy” (Polis et al., 1997),
supplying terrestrially-derived energy and elements
to aquatic systems (Singer & Battin, 2007), and
generating spatial and temporal variability in the
function of riverine systems (Gucker et al., 2006).
However, limited work has been conducted to
examine wastewater from a subsidy perspective to
consider how sewage-derived energy and nutrients
may alter the structure and function of running
waters at larger spatial scales (Walsh et al., 2005;
Singer & Battin, 2007).

Exposure to PPCPs from wastewater effluent is a
pressing concern for natural resource managers and
freshwater scientists (Rosi-Marshall & Royer, 2012;
Bernhardt et al., 2017). Work examining PPCPs
has demonstrated they are pervasive in wastewater
(Brausch & Rand, 2011; Corcoll et al., 2015), and
have the potential to affect aquatic communities
and alter ecosystem processes (Rosi et al., 2018).
Local authorities are particularly concerned about
the potential environmental and human-health
consequences of PPCPs, as they often persist
through conventional drinking water treatment
(Wang & Wang, 2016) and have the potential to
negatively affect human populations. As federal
regulations are developed to reduce or remove
PPCPs from wastewater effluent, local governments
may be technically and financially challenged to
meet new environmental standards (Yang et al.,
2017). Hence, additional research elucidating the
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effects of wastewater-derived PPCPs on freshwater
systems is a pressing need to inform effective
wastewater treatment decisions and to prioritize
management actions.

Though the addition of human waste to fresh
waters is commonplace (Segura et al., 2015;
Cappsetal., 2016), limited work has been devoted to
understanding the influence of wastewater inputs on
spatial and temporal variation of ecosystem processes
in river networks. The composition of wastewater
effluent and its impacts on riverine structure and
function are most likely heterogeneous. Variation
in the volume and contents of wastewater streams
entering the environment is strongly influenced
by the surrounding human population (e.g., total
population, population density, human diets, type
of and rate of development, etc.) and by wastewater
treatment infrastructure (e.g., centralized vs.
decentralized, age, condition, capacity, etc.)
(Cease et al., 2015). For example, in an aging,
centralized waste treatment system (i.e., sewer
system), increasing discharge may decrease the local
effects of an unintentional, relatively constant source
of pollution entering a watershed (e.g, leaky sewer
pipe), but may simultaneously increase the spatial
extent of a given effect downstream (Figure 1A).
Conversely, certain sources of wastewater discharge
(e.g., combined sewer overflow) are intentionally
designed, but they are only present during high
flows, and can have large, but infrequent effects
downstream (Figure 1B).

Wastewater effluent may also interact with
physicochemical factors, such as discharge or
nutrient limitation status, and produce spatial and
temporal variability in the extent of changes in
ecosystem structure and function in receiving waters
(Clark et al., 2006; Askey et al., 2007; Aristi et al.,
2015). Water chemistry samples collected from
wastewater effluent and from the water column
from sites in a large drainage in southern Mexico
illustrate how differences in ambient nutrient
concentrations may mediate the impact of waste
effluent in a system (Figure 2). In streams in the
Usumacinta Watershed, ambient water chemistry
is often characterized by concentrations of soluble
reactive phosphorus (SRP) that are below the level
of detection (-2pg L), and growth of primary
producers in streams in the Usumacinta is often
limited by access to phosphorus (e.g., Capps &
Flecker, 2013) (Figure 2). Conversely, streams
in the Grijalva are often characterized by greater
concentrations of SRP in the water column. Effluent
in both basins is rich in phosphorus, suggesting
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that from a nutrient perspective, wastewater inputs
may have a much larger impact on ecosystem
function in streams in the Usumacinta, especially
in the dry season when nutrients supplied by
runoff is limited and when in-stream flows are low
(Figure 2). Understanding how physicochemical
factors interact with built infrastructure to mediate
the effects of wastewater discharge on freshwater
systems is essential to effectively manage the
quality and quantity of freshwater resources.

Discharge

Effect Intensity
[—

Distance Downstream

Figure 1. Theoretical spatial relationships between
discharge and the potential impact of waste streams on
ecosystem structure and function and the provisioning
of ecosystem services. (A) The effect of a relatively
constant, localized source of pollution entering a
watershed (e.g, unintentional leak in sewer system) may
experience decreases in the localized effect, but increases
the spatial extent of the effect downstream at high flows;
(B) Conversely, other sources of wastewater pollution
(e.g., intentionally-designed combined sewer overflow)
are only present during high flows and can have large,
but infrequent effects locally and downstream.
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Figure 2. Relationship between nitrate (NO,) and
soluble reactive phosphorus (SRP) concentrations from
the water column (ambient; white) and in wastewater
discharge (wastewater; black) entering the Grijalva (0)
and Usumacinta (O0) basins. SRP concentrations in
subsidies are greater than ambient water SR, and the
SRP concentrations are much less variable than the nitrate
concentrations in wastewater. Samples were collected
(Lamberti & Hauer, 2017) and analyzed (Rice et al.,
2017) using standard methods.
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However, the number of jurisdictions that collect
and maintain data pertaining to location and
condition of wastewater infrastructure and the
quality and quantity of effluent entering surface
and groundwater is extremely limited, especially
in poorer economies (UN WATER, 2017).
Consequently, as human populations grow and
wastewater systems degrade, local resource managers
and policy makers are forced to develop watershed
management strategies to deal with increasing
volumes of wastewater with limited data to support
how their decisions will influence local ecological
processes or the integrity of downstream habitats
(Rahm et al., 2013).

2. Challenges to Effective Wastewater
Management

Wastewater-management decisions must
balance a broad range of goals including public
health, economic development, and environmental
protection (Huang et al., 2014). Governance of
wastewater systems is often a shared responsibility
among local, regional, and federal governments.
For example, wastewater management in the United
States of America (US) divides responsibility for
environmental protection between federal and state
authorities (Dunn & Boian, 2013). In the US, state
and federal statutes, regulations, and financing
programs influence how wastewater services are
provided; however, local governments make most of
the decisions about the installation and maintenance
of wastewater treatment infrastructure (Craig,
2010). Similar systems of multi-tiered governance
and financing of wastewater management are
found throughout the world (UN WATER, 2017).
Frequently, environmental regulations at the local
level are influenced by financial resources, political
culture, the nature of the environmental problems,
and the amount of social capital present in the
community (Schultzetal., 2015). Local government
officials make decisions in complex legal, social,
political, economic, and ecological settings. Yet,
local decision-makers have relatively little access to
the technical expertise and ecological data needed
to make effective environmental decisions. This
is especially true in developing economies, where
the majority of financing and technical support
for the development of wastewater infrastructure
and implementation of environmental monitoring
comes from international aid (UN WATER, 2017).

The social, political, and economic complexities
surrounding the development and implementation
of effective wastewater treatment are immense; thus,
financing improvements in wastewater infrastructure
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is a challenge everywhere. Typically, a large portion
of water infrastructure is underground and out of
sight; hence, elected officials interested in investing
resources in prominent environmental problems
may be reluctant to support water infrastructure
improvements (Cao & Prakash, 2012). Large-scale
wastewater management is very expensive, and
the benefits derived from investment in improved
treatment are often enjoyed by downstream
communities and/or future generations, rather than
by those investing resources to reduce pollution.
Improved water treatment is only achieved when all
or the great majority of the public, follow the rules
(Hophmayer-Tokich, 2006; UN WATER, 2017).
In large river networks, this means that effective
wastewater management at the basin level frequently
requires consistent, multinational cooperation.
In richer countries, the agencies tasked to address
water quality issues resulting from failing wastewater
infrastructure describe the problem as a “gathering
storm”, which will inevitably require significant
financial investment to avoid human health risks
and continued environmental degradation (EPA,
2002). In lower-income economies, untreated
waste contaminates drinking water supplies, exposes
human populations to waterborne illnesses, and
compromises subsistence livelihoods that depend
on freshwater ecosystems (Massoud et al., 2009;
Brands, 2014; UN WATER, 2017). Globally,
wastewater management and governance at the local
level may have large ecological and socioeconomic
impacts downstream. In order to inform effective
management actions at the local-level, there is a
ubiquitous need for scientists and natural resource
managers to collaborate in constructing and
maintaining basin-wide databases characterizing
wastewater infrastructure and the quality and
quantity of effluent entering the environment
(Eakin et al. 2017; UN WATER, 2017).

3. Integrating the Social, Ecological and
Technical Components of River Systems

The conservation of resources throughout the
world is challenged by mismatches in spatial and
temporal variability among ecological processes,
management decisions, and the construction
and maintenance of infrastructure (Baron et al.,
2002). This can be especially true in freshwater
ecosystems (Poff et al., 2010). For instance, in
managing the quality and quantity of water
for both human populations and the natural
environment—a global challenge—there are
inherent complications in predicting how the
synergistic effects of water withdrawals and the
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input of wastewater will vary through space and
time. Yet, neither federal policies aimed at water
quality protection, nor the local design, operation,
or maintenance of water treatment infrastructure
reflect the inherent variability in interactions
between the natural and built systems. Biophysical
researchers have recognized the need for future
design and management of infrastructure to protect
the dynamic character of ecosystems (Poff et al.,
2010). Yet, integrating the concept of spatially
and temporally dynamic systems into the design
of resource management policies or water-related
infrastructure is still uncommon.

There is a great need to study freshwater ecology
and examine wastewater management decisions
through a lens that integrates the social, ecological,
and technical characteristics of systems (SETS).
Applying a SETS framework could enhance
our understanding of how freshwater ecosystem
structure and function change in response to
management decisions (e. g., investing in wastewater
infrastructure) and governance (e.g., enforcing
environmental regulations), and illuminate how
management decisions and governance can be
influenced by having a greater understanding of
environmental conditions. The SETS framework,
first described by Grimm et al. (2015) as a way to
use an ecosystem approach to study cities, could
be effectively applied to studying the influence of
urban and rural wastewater systems on rivers and
streams. The approach underscores the importance
of infrastructure in mediating relationships
between human activities and ecosystems processes,
emphasizing the point that decisions about
infrastructure can exacerbate or mediate human
impacts on the environment (McPhearson et al.,
2016). Though intentionally designed for urban
systems with higher human population densities,
the SETS framework could be an effective way
to consider how water infrastructure mediates
freshwater ecosystem dynamics in watersheds
throughout the globe. In oligotrophic systems,
even small inputs of nitrogen or phosphorus from
effluent should have the potential to influence
ecosystem-level processes. Similarly, even in
remotely populated and developed areas, chemical
or thermal pollution from industrial activities can
have large impacts on aquatic communities.

Society relies on streams and rivers to perform
valuable ecosystem services, yet human development
in watersheds alters the structure and function of
flowing waters. As wastewater systems continue
to degrade, local resource managers are forced to
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develop watershed management strategies to deal
with increasing effluent discharge (Rahm et al.,
2013) without an understanding of how their
decisions will influence local ecological processes
or the structural and functional integrity of
downstream habitats. Our ability to manage streams
to maintain services and to minimize ecosystem
alteration is inhibited by a lack of understanding
of the mechanisms of degradation, and by the
global variability in human development and the
physicochemical and biological characteristics of
ecosystems. Globally, local resource managers and
policy-makers are tasked to address environmental
and human-health concerns associated with aging
and obsolete water infrastructure using limited
financial resources (Panebianco & Pahl-Wostl,
2006; GAO, 2013; Rahm et al., 2013). Therefore,
they must adopt systems to prioritize management
actions to address issues that present the greatest
threat to human health and the environment.
Research is needed to populate models that can
predict spatial and temporal variability in the
relationships between wastewater management
and governance, and the integrity of freshwater
ecosystems throughout the globe. Embracing the
need to study wastewater inputs as both a pollutant
and a subsidy, and employing new frameworks,
such as SETS, that integrate built infrastructure and
environmental governance into our understanding
of how freshwater systems work and into our
predictions of how they will continue to change,
are critical steps to advance our understanding of
freshwater ecosystem ecology.
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