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1 Introduction

1.1  Background and objectives of the handbook

The groundwater—surface water (GW/SW) interfactutting the hyporheic zone, comprises
fluvial sediments within which there is exchangevater between a stream and the subsurface
(Bencala 2005) (Figure 1.1). It is often charastiby chemical and temperature gradients that
exert control on the behaviour of chemicals ancoigms both at the interface and in the
adjacent aquifer and stream environments (BrunkeGonser 1997, Hancock et al. 2005).
Whilst there is a considerable body of knowledgeutiprocesses occurring within both rivers
and aquifers, less is known about the processesthar at the interface of these environmental
compartments.

Direction of
. &  Sstream flow

Hyporheic flow;
s '

Figure 1.1 lllustrative representation of the GW/S W interface and hyporheic
zone. (Reproduced with permission of USGS).

Recent developments in environmental legislation in Europe, such as the EU Water
Framework Directive (CEC 2000) require a more integrated approach to the
management of hydrological catchments. Similar approaches are advocated elsewhere
(e.g. USGS 1998). The holistic assessment and management of catchments requires a
better understanding of the interfaces between traditional environmental
compartments. These interfaces were previously the boundaries of environmental
management units, but are now recognised to be important areas for cycling of energy,
nutrients and organic compounds (McClain et al. 2003), and exert significant control
over catchment-wide pollutant transfer (Smith et al. 2009) and ecological health
(Brunke and Gonser 1997).

Effective integrated catchment management requires improved transfer of knowledge
from research into the science end-user community. Equally, new research priorities

Science Report — The Hyporheic Handbook 4



identified through new approaches to catchment management, site management and
legislative/policy developments need to transfer from the environmental management
community to academia. Recognising these needs, the UK Natural Environment
Research Council (NERC) funded a Knowledge Transfer Network on GW/SW
interactions and hyporheic zone processes (The Hyporheic Network,
www.hyporheic.net), between 2007 and 2009. This Hyporheic Handbook is a product
of the network, and aims to bring together the latest research on a range of topics
related to the GW/SW interface and hyporheic zones specifically for environmental
management practitioners. The Handbook focuses principally on hydrological systems
in temperate climatic zones, and applies to both headwater and larger lowland rivers.

The specific objectives of this handbook are to:

- synthesise the latest research on GW/SW interactions and hyporheic zone
processes for the science end-user community, particularly river or
catchment managers
transfer knowledge from the research base to the science end-user
community
provide a ‘how to’, or at least ‘what to think about’, handbook to encourage
the use of sound science in river management decisions
provide a teaching aid for post-graduate level students.

The first section of this handbook provides an overview of GW/SW interactions and
hyporheic zone processes, then reviews the environmental management issues that
require the GW/SW interface to be considered. Subsequent chapters bring together the
latest research on specific aspects of the interface, and cross reference to the
environmental management questions. The handbook concludes with
recommendations for further work in both research and environmental management
fields.

1.2  Why is the groundwater—surface water interface
important?

The GW/SW interface is the transitional zone between the subterranean and surface
aquatic environments and it provides a number of ecological goods and services,
including:

controlling the flux and location of water exchange between stream and
subsurface

providing a habitat for benthic and interstitial organisms

providing a spawning ground and refuge for certain species of fish
providing a rooting zone for aquatic plants

providing an important zone for the cycling of carbon, energy and nutrients
providing a natural attenuation zone for certain pollutants by
biodegradation, sorption and mixing

moderating river water temperature

providing a sink/source of sediment within a river channel.

Assessing the processes occurring at the GW/SW interface is critical when estimating
and quantifying water and contaminant fluxes throughout a catchment, and when
assessing and protecting river ecosystems. The full range of ecological services needs
be considered when assessing an individual river, although certain ecosystem services
are likely to be more important than others in different types of river.
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Assessment of the condition of water bodies across the European Union has confirmed
that the major pollution causes of poor chemical and ecological status are nutrients
(nitrogen and phosphorus) from agriculture and sewage effluent discharges, metals
from mining activities and organic pollutants, including pesticides, chlorinated solvents
and petroleum hydrocarbons (fuel components). Processes at the GW/SW interface
have been shown to naturally attenuate a number of these EU Water Framework
Directive priority pollutants, and consequently there is a need for further investigation of
the potential for pollutant natural attenuation, its spatial and temporal heterogeneity,
and management screening and assessment techniques.

Similarly, over-abstraction of groundwater has been shown to deplete rivers and cause
ecological harm associated with low-flow conditions. The import of sediment into rivers
causes siltation (colmation) of the bed sediments at the GW/SW interface that is
detrimental to fish spawning success. The range of ecological services needs to be
assessed along with factors which might affect how they function, so that surface water
bodies can be protected and restored where necessary.

Current catchment-scale models of environmental processes are often inaccurate
when compared with field observations. This is partly due to a lack of data and process
understanding, and partly due to simplification in catchment conceptual models, which
frequently exclude certain processes and zones, including the GW/SW interface. Smith
et al. (2009) showed how including the GW/SW interface in catchment-scale river
nitrate pollution predictions improved the accuracy of predictive modelling used to
designate protection areas, such as Nitrate Vulnerable Zones. Similarly, omitting
processes at the GW/SW interface when designing river restoration schemes may
cause the project to fail, with no significant improvement to ecosystem health. For
example, Jarvie et al. (2005) showed how riverbed sediments may act as a long-term
source of phosphorus to rivers, thereby potentially diminishing the short to medium-
term benefits delivered by improvements aimed at improving the quality of discharges
from sewage treatment works.

1.3  How can the hyporheic zone be damaged?

The hyporheic zone is temporally and spatially dynamic, often exhibiting continuous
changes in chemical and physical conditions. Human actions can severely damage the
sediment structure, or the hydrological, chemical or biological conditions within them.
Later chapters deal with a range of ecological goods and services that the hyporheic
zone provides and which can be unnecessarily degraded by poorly considered
management actions. For example, the following (legitimate) activities have
consequences that should be evaluated within management decisions:

Dredging: removes sediment (potential habitat); removes natural
attenuation capacity; may preferentially remove gravel (spawning grounds);
Weirs and impoundments: alter the river power around the structure,
leading to deposit of fine sediments up-stream of a weir and blinding of
riverbed sediments;

Land-management: erosion of soil from agricultural land is a major source
of fine sediments and nutrients in rivers, which can cause colmation and
eutrophication;

Flood-defence: construction of flood barriers (e.g. concrete river walls) has
greatly reduced river — floodplain connectivity and degraded the ecological
integrity of both riparian and hyporheic environments;
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River restoration: seeks to enhance and improve a degraded river reach,

but in the past many restoration schemes have focused on achieving a
limited range of benefits (often just aesthetic improvement such as putting
bends back into a channelised watercourse). Designers of river rattm
schemes should consider how the works might belolesé to improve the full
range of ecological goods and services, includymphheic habitat, GW/SW
exchange and vertical connectivity. Restoratiorestds that fail to think in three-
dimensions (and beyond the immediate extent ofitlee channel) are likely to fail
to achieve the optimum benefits that could be athy good design.

1.4  Conceptual models

Conceptual models of the GW/SW interface, the hyporheic zone and the processes
occurring within them have been developed by workers in a number of different fields
(Figure 1.2). The different research backgrounds of the researchers means that there
is variation in the definitions and metrics used for parameterisation (Bencala 2000).
Many authors have failed to clearly define how they have distinguished between the
GWI/SW interface and what they term the hyporheic zone, and a better description of
the latter (whether considered a zone of active water exchange, presence of a
characteristic hyporheic ecology, or biogeochemically active zones) would help
communication between different scientific disciplines and with river managers, which
is ultimately necessary for communication with wider stakeholder groups and decision-
makers (Smith et al. 2008). In this handbook the GW/SW interface is taken to be the
fluvial riverbed sediments through which there is exchange of water (over any time
period) between a stream and geologic media. The hyporheic zone is that portion of
the fluvial sediments in which there is exchange of water from the stream into the
riverbed sediments and then returning to the stream, within timescales of days to
months.

Science Report — The Hyporheic Handbook 7



Figure 1.2 lllustrative conceptual models of the @®//SW interface and hyporheic zone
commonly assumed in differing scientific literatures (after Smith, 2005).
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2 Environmental management
context

2.1  Legislative drivers

A number of legislative and regulatory instrumemeiguire the GW/SW interface to be
considered in order to be fully and effectively immpented. Table 2.1 summarises the
legislative drivers relevant in the European Uniamg the UK.

Table 2.1 Legislative drivers for considering GWSW interactions.

Environment European Union Directives UK level legislation
management theme
Water resources Water Framework Directive 2000 Water Act 2005;
management Water Resources Act 1991
Water pollution Water Framework Directive 2000 Environmental Protection Act 1990;
Groundwater Directive 2006 Water Resources Act 1991,
Nitrates Directive 1994 Groundwater Regulations 1998
Conservation Habitats Directive 1992 ConservatiortNé Habitats) Regs 1994
Contaminated land Water Framework Directive 2000 iBmmental Protection Act (Part lla) 1990);
Town & Country Planning regime
Environmental Water Framework Directive 2000 Water Resources Act 1991,
monitoring Groundwater Directive 2006 Environment Act 1995
Flood risk management Water Framework Directive@®200 (Draft) Floods and Water Bill;
Defra Water Strategy — Future Water

2.2  Legislative and management context

2.2.1 Catchment management

Until recently most regulatory and management aggres to environmental protection have
focussed on particular environmental compartmeantg)dustry/activity sectors. Consequently,
effort has been directed towards understandingpeéh@viour of water and pollutants in aquifers
(for example in Europe to develop the science reéalenplement the EC Groundwater
Directive (Council of the European Community (CE®B0) or on the behaviour of pollutants
within rivers, which was necessary for implememtanf the Dangerous Substances Directive
(CEC 1976). The policy development, scientificz@sh and management of aquifers and
rivers were largely undertaken by separate grolfhgnithe respective organisations. Rivers
and aquifers were often considered as separaentegly unconnected, systems.

The EU Water Framework Directive (WFD) (CEC 2008jne into force on 22 December 2000
and established a new legislative regime for thegirated management, protection and
improvement of Europe’s rivers, lakes, estuariesgmoundwater. It sets out a series of
environmental objectives that must be met withifingiel timescales. The initial characterisation
of water bodies and economic analysis of wateraisags completed in December 2004.

Following a further series of defined stages, e&eRRasin Management Plan (RBMP) and a
programme of measures specific for each water baast be prepared by 2009. Further
characterisation, review of the effectiveness effitogrammes of measures and updated
RBMPs are then to be produced on a six-yearlynglirogramme. Environmental objectives,
including good status objectives for all water lesdimust be met, where feasible, by the end of
the first river basin planning round in 2015.
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The status of a surface water body is determineitiéypoorer of its chemical or ecological
status. Chemical status is determined by compliagaést water quality standards prescribed
by the European Commission, while ecological stet@smeasure of the anthropogenic impacts
on a water ecosystem. Ecological status is detewriy comparison of current ecological
conditions against ‘reference conditions’ that vebekist in a pristine surface water body of
similar type (altitude, geology, size, etc.).

The development of practical and comprehensive oastho determine the ecological status of
surface water bodies is not straightforward. Thétglbo transfer approaches between rivers
and streams, headwaters and lowland rivers, andatigtoligotrophic and nutrient-rich
systems, needs to be considered. The interactetagebn chemical concentrations and
ecological health are unclear. Current approaahdstiermine river ecosystem health are
generally based on investigation of the benthieitebrate community. Assessment methods
that include hyporheic organisms have not beenldpegd (Boulton 2000) and the fundamental
understanding of ecosystem response to specifiatpnt concentrations within a complex and
dynamic environment is poorly developed.

Groundwater status is determined by the groundvedtemical status and groundwater
gquantitative status. Methods to assess groundwhénical status are covered by the 2006
Groundwater Directive (CEC 2006). The interactibatveen groundwater and surface water
bodies is an important aspect that needs to berstiode to properly assess the impacts of
pollutants in groundwater on dependent surfacersadad vice versa. The WFD requires that
groundwater bodies and surface water bodies begadria an integrated manner, together with
other protected areas, such as designated weflealti=d ‘groundwater-dependent terrestrial
ecosystems’ in the WFD) (Figure 2.1). The proce#isascontrol water flow, pollutant

migration and ecological response at the interéaeevital to this assessment and are poorly
understood.
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Figure 2.1 WFD requires assessment of GW/S\teractions (after Environment Agency
2002).

Groundwater quantitative status is a measure asuktainability of water use, in terms of
balancing human and ecological needs for waterh Végard to GW/SW interactions, the
principal topics of interest are the controls ipivses on flow across the interface (and
implications for quantitative status), pollutantural attenuation that limits chemical fluxes
between the adjacent water bodies, and the condind response of hyporheic ecology as a
component of river ecology.

Groundwater — river interactions are also an ingrarconsideration in fluvial geomorphology,
including management issues such as flood risk gemant, dredging and navigation, and
river restoration. Geomorphologic conditions ireny influence the habitat quality of the
sediments and the water exchange patterns. Aetitiat modify the geomorphology, such as
dredging, or disconnect a river from its ripari&ofl plain, such as engineered river banks for
flood protection, inevitably damage the quality aiieersity of ecological goods and services
provided by the GW/SW interface, or remove sedim#mt might otherwise have provided
natural attenuation capacity. River restoratioreswds have the potential to improve GW/SW
connectivity and hyporheic zone habitat provisiou, relatively few schemes have explicitly
considered GW/SW exchange processes in their d@ariton 2007).

Following the 2007 floods in the UK, a governmestiew (the Pitt Review) was undertaken as
part of a renewed focus on fluvial and surface nidweding. The review has informed a new
strategy ‘Future Water’ (Defra, 2008) and a dradiods and Water Bill that will drive a more
holistic and integrated approach to catchment mamagt in terms of flood and water resource.
The role of the interface (including the ripariame) as a buffer for flooding, and as part of a
reconnected river - floodplain continuum will héépensure more sustainable management of
water resources both at high and low flow.

The Water Framework Directive has changed the egipliar environmental protection and
established a requirement for a more holistic ategrated approach to catchment management
(Environment Agency 2002). Groundwater and surfeater bodies can no longer be managed
in isolation. Understanding the processes thatrogicthe interfaces of environmental
compartments, including the GW/SW interface, hab® vital in order to assess risks
associated with the transport of water and pollstérough catchments, their effects on
ecosystem function, flood risk mitigation and tsige effective restoration strategies.

2.2.2 Site-specific environmental risk assessment

The great majority of contamination risk assessmantlertaken by landowners or regulatory
bodies are site-specific and at plot- or polluggnotme-scale, rather than catchment scale. Most
assessments are undertaken as part of corpotaitidyimanagement, in preparation for the
redevelopment of brownfield sites, or to assess sihd/or processes that could pose a pollution
hazard. A tiered approach to environmental riskssment is recommended in the UK (DETR
et al.2000), and most environmental risk assessmentsif@kource—pathway—receptor
analysis method. This approach seeks to identéyndture of hazards (the source), the entities
that could be harmed or polluted (the receptord)tha routes by which the receptors could be
exposed to those hazards (the pathways), and &rstadd the likelihood and consequences of
exposure.

Thesource—pathway-receptapproach has been restricted to certain envirotahen
compartments (e.g., pollutant behaviour proces#svan aquifer) or site boundary limits
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(assessing risks associated with contaminants ungece of land, but ignoring surrounding
land owned by others). This was initially as a lestenvironmental regulation, but has

become increasingly common through corporate mamagebecause of liabilities associated
with both financial and legal risks, The Environm&gency’s recommended approach for
assessing the risks from contaminated soils taralbed waters (Environment Agency 2006)
includes the assessment of groundwater pollutambgs$ on surface water bodies. However, in
reality, in-river dilution and attenuation is rarelpplied, and compliance is generally assessed
at an arbitrary compliance point up gradient ofghdace water receptor (Point A, Figure 2.2).
The latter generally occurs as a result of relumam the part of problem holders to investigate
riparian and/or hyporheic processes on land thegt tflo not own, and a lack of awareness of the
natural attenuation capacity that may exist inrtear-river environment. In some large lowland
rivers the sorption potential of riverbed sedimdatsexceeds that of the adjacent aquifer (Smith
and Lerner, 2008), while others have identifieduradtattenuation processes to be important in
the biogeochemically active GW/SW interface forati¢ (e.g. Fischer et al. 2005), chlorinated
ethenes (e.g. Bradley and Chappelle 1998; Conatt2€04), metals from mining (Gandy et al.
2007) and fuel hydrocarbons (Bradley et al. 199822 Landmeyer et al. 2009).

Figure 2.2 Typical contaminated-site assessmenting the source—pathway—receptor
framework. Use of a compliance-monitoring borehol@djacent to the stream (A) excludes
any potential attenuation at the GWSW interface (B) (after Smith & Lerner, 2008, basd
on Environment Agency, 2002).

Understanding environmental interfaces, such asethothe GW/SW boundary, will be critical
for effective catchment management. The GW/SW fiater, and specifically the hyporheic
zone, has been described as having a pivotalndheeifunctioning of river ecosystems (Palmer
1993), but it is probably unknown to the great migjof experts in the management of
agricultural and contaminated land.
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2.3  Environmental management questions

The GW/SW interface plays an important role in leatent functioning, however from an
environmental management perspective, the intedanaften be considered in the context of a
limited number of broad environmental managemeegs. These can be classed as:

1. Sustainable management of water resources
2. Protection and improvement of water quality
3. Protection and improvement of lotic ecology

Cutting across these themes are management isgtleas

4. Environmental monitoring and investigation
5. Risk assessment, modelling and forecasting
6. Restoration and remediation

Table 2.2 summarises typical environmental managéemesstion(s) that may need to be
answered within each theme, and the most relevanagement regimes in the EU or UK are
also shown. Directions are given to later chappéthis handbook, where further detailed
information relevant to each issues is presenthd.various aspects subsequently need to be
considered holistically at the end as part of irdégd management.

Chapters 3 — 10 present reviews of the latest seien various aspects of the GW-SW

interface. Chapter 11 highlights key issues tharrmanagers ought to consider when assessing
the risk to, or functioning of, the GW-SW interface
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Table 2.2 Summary of the key management issues thaquire consideration of hyporheic zone processes.
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