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Groundwater-surface water
Interactions and River
Restoration

10.1Introduction

Legislation such as the European Water Framework Directive (WFD) requires
nations to take an integrative approach for management of their waters. The directive
aims to prevent further deterioration of nations’ waters as well as encourage
improvement in the status of water bodies and their associated ecosystems. These
status measurements are a combination of chemical limits and ecological indicators
including fish, macrophytes, macroinvertebrates, and diatoms. Attaining good
chemical and ecological status for both surface water bodies and groundwater bodies
is one of the primary goals of the WFD. If interaction between surface and
groundwater bodies results in one not meeting ‘good’ status requirements, then the
other associated water body fails as well, and programs must be put into place aimed
at improving the status (CEC, 2006). These objectives make it clear that activities
that have an impact on the GW/SW interaction have the potential to impact the WFD
water body status requirements. As river restoration is one way of helping to re-
establish ‘good ecological status’ of river systems, we hope to address how these
activities can affect groundwater/surface water (GW/SW) interactions and how
knowledge of these interactions and the ecology of the hyporheic zone ecotone may
better inform restoration actions.

Various authors have indicated the importance of addressing the hyporheic zone in
river monitoring (Smith et al., 2008; Boulton, 2000) and restoration schemes (Boulton
2007). For example, recent research has shown that the direction of GW/SW
exchange influences the benthic community composition and abundance in streams
(Davy-Bowker et al, 2006; Pepin and Hauer, 2002). This demonstrates the
importance of understanding the exchange processes to ensure ecologically valid
results for river monitoring schemes. Several authors have discussed how examining
the hyporheic zone in relation to riverbed remediation schemes has helped to identify
areas of failure and directly indicates the need for knowledge of whole system inputs
when determining where to implement a restoration scheme and what type of action
is most likely to yield favourable results (Kasahara and Hill, 2007).

The river substrates provide important habitats for diverse communities both above
and below the surface of the riverbed. Chapter 6 discusses these habitats and their
inherent ecology, including rearing areas for early insect instars, providing flow and
temperature refugia, and acting as a source of additional nutrients and an area of
pollutant attenuation. The hyporheic zone is an important habitat in its own right and
consists of a unique faunal community. A key area of interest in groundwater
exchange for river managers relates to salmonid spawning. Recent research has
shown the importance of GW/SW exchange in redd success rates and fish
productivity (Malcolm et al., 2008). Water temperature plays a major role in
determining development and emergence time of aquatic organisms and the
contribution that groundwater exchange can have on surface waters has already
been discussed. Therefore it is reasonable to suggest that the success of restoration
activities designed to improve spawning habitat may be influenced by GW/SW
exchange.



This chapter discusses the potential impacts of river restoration on the hyporheic
zone and GW/SW processes. It focuses on three key questions (below) but
recognises that these restorative actions will often be related to other activities such
as flood risk objectives or wider river management requirements.

Key Questions:

How do restoration actions affect GW/SW interactions?
How can GW/SW exchange influence river restoration actions?
Is GW/SWexchange important in river restoration?

10.2What is River Restoration?

There are numerous definitions for ‘river restoration’ but generally this is used as a
generic term to mean anything from full scale restoration (which is rarely obtainable)
to small scale habitat enhancement projects for a specific species (Wohl et al., 2005).
In areas where the overall system has been relatively unaffected by human
manipulation, goals for a restoration project may be able to return a damaged section
of river to an almost natural state (for example, replacing an undersized culvert in a
remote wilderness setting where the rest of the system is intact). However, in reality
most river restoration actions take place in heavily modified catchments. In England,
for example, the majority of the waterways have been altered due to thousands of
years of habitation and many watercourses have undergone multiple changes in form
as they have been channelised, impounded or rerouted. Restoration actions in these
systems can aim to restore river processes and ecological functioning, but only within
the remit of today’s constraints and hydrological regime.

In this chapter, we will focus on river restoration examples in the United Kingdom.
However, many core principles remain the same wherever restoration schemes are
being implemented, when discussed in the context of the hyporheic zone. As well, it
is important to note that much of the research in river restoration and hyporheic
process has occurred in other countries (America, New Zealand, Switzerland,
France, etc). It is also recognised that there are many manuals for, and critiques of,
river restoration practices. The River Restoration Centre (RRC), for example, has
produced a manual for guiding restoration activities in the United Kingdom, which
focuses on a series of case studies that demonstrate what they consider to be good
practice. Examples for this chapter will lean heavily on this manual and knowledge
held within that organisation.

10.3 Review of River Restoration

River restoration is a complex subject that affects not only the users of a watercourse
but also the land management and natural ecology within a river catchment. Most
rivers and floodplains in Europe have been severely degraded over a long period of
time, which has serious implications for both ecology and river flow. Table 10.1
illustrates a few human manipulations of river systems and their potential impacts on
the hyporheic zone. Postel and Richter (2003) explain that natural river flow is a key
element in sustaining a healthy river system, including absorbing pollutants,
decomposing wastes, producing fresh water and the redistribution of sediments and
habitat replenishment during floods. When considering the GW/SW interactions in
this context it is clear that many key river functions are directly affected by hyporheic
process and similarly affect the hyporheic zone when they are altered. River
restoration or river enhancement schemes cannot simply imply a return to some



previous river state (e.g. re-meandering based solely on historical planform location
evidence) with the assumption that this will be a sustainable solution without any
future management or intervention. Instead, river restoration needs to focus on
establishing self-sustaining systems (Nilsson and Malmqvist 2007), where possible,
based on current and predicted climate regimes and associated flow dynamics. It
should also recognise that floodplains (resulting in lateral hydraulic conductivity) are
an integral part of the natural functioning of the riverine environment.

Table 10.1 Potential direct and indirect effects of  various management
activities on hyporheic processes (from Edwards (19 98)).

Activity Direct ecosystem response Indirect hyporhe ic response
Dams Reduced maximum discharge, Reduced subsurface flows, reduced
altered flood frequency and extent of hyporheic zone, lower
timing reduced sediment oxygen concentrations, less fine
transport, altered temperature  sediment flushing, reduced
regime interstitial space, lower dissolved

and particulate organic matter (DOM
and POM) inputs, reduced
secondary production

forestry Decreased input of large Changes in distribution and volume
woody debris, increased of hyporheic zone, altered riparian
coarse and fine sediment soil chemistry, altered riparian
input, altered riparian nutrient inputs, changes in stream
vegetation primary production

Agriculture Elimination of riparian Alterations on riparian soil organic
vegetation, groundwater matter and nutrient stocks,
withdrawal, fertiliser elimination of riparian habitat,
applications, pesticide inputs, reductions in hyporheic flows,
diking, channelization reversals of subsurface flowpaths,

elimination hyporheic zones,
reduction in invertebrate production
diversity
Urbanization Changes in hydrology, Elimination of hyporheic zone,
increased fine sediment inputs, anerobic conditions, reduction or
increase organic loading, toxic  elimination of hyporheic fauna, shift
material inputs, increased flood to undesirable fauna, reduced
magnitudes, channel biodiversity and production
incisement, reduced riparian
zone

River systems are dynamic bodies that continuously change as a result of their
inherent physical characteristics, such as slope, geology, bedrock, and geographical
location, together with external catchment factors, such as urbanisation, aforestation,
deforestation, land drainage and flow regulation (Mant and Janes, 2006). The
variations of these factors mean that the scale and type of action/intervention that is
appropriate to achieve a given set of biological or physical restoration aims can vary
considerably. Chapter 3 discusses how geomorphology can be contextualised in
terms of nested spatial scales (Newson, 2006) and the same can apply in terms of
river restoration scales. For example, catchment scale restoration might focus on
longitudinal river connectivity for fish passage through the removal of weirs which can
have a direct impact of sediment transport and channel hydraulics, whereas reach
scale enhancement measures such as the introduction of gravel or manipulation of
the channel dynamics to create pool-riffle sequences are more likely to have an



impact on local up and down-welling and local velocity distributions necessary for
ecology and especially for fish habitats (see Chapter 5).

The rationale for implementing river restoration measures varies geographically, as a
result of historical legacy, local institutional and stakeholder decision making
processes, and with watercourse type. Thus, the type of restoration action
considered for a site varies depending on many different local factors and scenarios.

10.4 Scale of implementation and impact

It is important to recognise the scale of impact that restoration actions will have, both
laterally (i.e. reconnection to the floodplain) and longitudinally, in terms of hydro-
morphological and ecological processes and benefits. Many actions are site specific
and address localised habitat issues with little wider benefit (e.g. berm creation)
(Harrison et al., 2004), however other actions may occur at a local scale but provide
larger scale benefits or impacts by restoring connectivity (e.g. weir, dam or flood
bund removal or lowering). However, catchment-scale restoration activities generally
need to interface with a more policy-based approach. Catchment Sensitive Farming
(CSF) is one initiative that results in actions aimed at reducing fine sediment loads
and diffuse pollution to aquatic systems. Where in-channel restoration is linked to
such initiatives, benefits can often be significant scaled up. More recently the River
Basin Management Plans, required through the WFD, provide a driving force for
working towards catchment scale restoration opportunities.

10.5 The need for physical, hydrological, chemical
and biological integration

Most river restoration projects in the UK include aspirational objectives to integrate
physical, hydrological, chemical and biological aspects of the system. However,
these objectives are rarely sufficiently focused. It is generally recognised that river
restoration requires a set of objectives against which the outcomes can be measured
(England et al., 2008) yet this is often overlooked. This may in part be because there
are very few guidelines to help support the decision making processes in terms of the
physical aspects of river restoration or linking these to chemical, hydrological or
biological benefits.

Indeed Reicherts et al. ( 2007) note that river restoration decisions are often taken
without sufficient transparency about different goals or predicted project outcomes
during the decision making process. River restoration projects either seek to improve
the biotic element through the abiotic processes or to improve abiotic processes on
the assumption that this will lead to better biotic elements (see Figure 10.1). Whether
one approach is more effective than the other remains a source of continued debate
and is dependant upon the previous management and interference with the
watercourse, as well as how feasible it is to ‘restore’ a river back to more pre-
disturbance state. What is important is to encourage river restoration decision
makers to think about how to integrate these key elements within the context of
hydrology and chemical (water quality) elements. For example, if leading from a
biotic standpoint, what specific habitat function is necessary and how can that be
achieved through the physical processes? Habitat for adult brown trout might be
significantly different to those required for spawning or fry, and thus restoration
targets must take into account the users of the area being restored before site and
project selection. This is an area where consideration of GW/SW interactions can
affect the entire conceptualisation of restoration planning. As the field of groundwater



and hyporheic ecology has developed closely with the study of hydrogeology and the
hydrologic and chemical exchanges between ground and surface water bodies, the
impacts of restoration in this zone can be assessed as a whole rather than physical

versus biological.

A

Figure 10.1 Diagram explaining habitat requirements for biotic variables used
to monitor biodiversity.

10.6 What are the key processes used?

As discussed above, river restoration can be driven through a range of motivations.
Whilst habitat restoration, especially at the reach scale, has historically been the
driver in the UK, in other countries the focus of attention has been restoring physical
and associated hydraulic processes by manipulating form, often to create more
natural local storage of water on the floodplain (Gillian et al., 2005). With the
implementation of the WFD, ecological status has become a key aspect. It is now
recognised that river restoration should go beyond the manipulation of flows by
implementing geomorphologic principles or localised habitat gain, and that water
guality is a central component to address both through in-channel and associated
floodplain measures. Thus the link between floodplains and rivers has become more
prominent, which in turn highlights the importance of understanding hyporheic zone
processes in this context.

10.7 Influences of river restoration activities on
GW/SW exchange

Most river restoration activities are not implemented with GW/SW interactions in
mind. The impact that river restoration work has on GW/SWexchange depends on
the degree to which subsurface flows are affected. Increasing sinuosity and changing
the retention-time of water within a section of river will generally increase the



probability that surface and subsurface flows will mix (Kasahara and Hill, 2007).
Whenever there is a change in the hydraulic head difference of the subsurface to
surface water levels between two points in the system, there is a change in direction
and/or intensity of subsurface exchange. The impact of river restoration activities on
the ecological processes in the hyporheic zone is generally driven by the degree to
which the hydrology and chemistry in the exchange zone have been affected.

River restoration actions have multiple forms. According to the data held at the UK'’s
River Restoration Centre, UK river restoration actions commonly include techniques
such as narrowing, bed raising, sinuosity, riffles, bank removal/displacement, large-
wood/instream deflectors, and weir removal (see Table 10.2) Many of these are
related to river-floodplain reconnection and altering flow patterns. Weir removal is
perhaps an interesting outlier in this suite of techniques since it has its own set of
issues including the impacts on/from GW/SWinteractions and is performed to
increase longitudinal connectivity rather than lateral or vertical.

Perhaps one of the most commonly applied restoration techniques is the placement
of in-stream structures for the purposes of increasing stream habitat heterogeneity.
Following the principles described in Chapters 3 and 4, the placement of an obstacle
in the stream will generally result in a localised increase in connectivity between
surface and streambed water. Lautz and Fanelli (2008) demonstrated this when
examining exchange properties around a 15 year old log weir and found various
exchange patterns directly related to the weir placement.

10.8 Flood alleviation schemes and climate change

The current theory on climate change is that precipitation events will be more
dramatic in the future with less predictable timing. The flooding events of the summer
of 2007 raised awareness of the implications of such a change in weather regimes.
These events also renewed interest in designing reliable flood defence schemes. The
requirements of the WFD, however, prevent managing bodies from simply building
higher and higher flood defence strategies and more recent analyses discussing the
potential catastrophic results of failure of such schemes (Vis et al., 2003) have
encouraged land managers and regulating agencies to look for alternative strategies
that are both more ecologically compatible and of lower risk of catastrophic damage.

In extreme precipitation events, groundwater flooding adds to the fluvial flooding
concerns (Cobby, 2009). Thus knowledge of potential preferential subsurface flow
paths under such conditions may help in planning flood protection. It is clear that
simply attempting to move water downstream is not a feasible solution for entire
settled catchments. Here is where flood-alleviation and river restoration are often
paired. Creation of storage areas upstream of an area of concern may include such
actions as repositioning a dike away from the edge of the river such that the river has
room to expand during high flow events and thus decrease the peak flows
downstream. This partial return of the flow to the original floodplain also increases
the habitat diversity of the river ecosystem an increases the subsurface hydrological
linkages between groundwater and surface water. The treatment of the floodplains
can have further ecological benefits, creating temporary wetlands and floodplain
forests (Horn and Richards, 2007) with subsurface water dependence, further
reconnecting the river to its surrounding environment.

These and other adaptive management strategies for flood alleviation allow the
system to adjust to altered flow conditions and provide a buffer for downstream
populated areas where it may not be as easy to accommodate the flexibility of the



watercourse. Additional care may also be necessary when planning river restoration
activities in relation to groundwater flows and requirements for water extraction.
Increasing subsurface storage may be preferable to simply transporting water
downstream as climate patterns become more unpredictable.

10.9 River restoration actions and possible
implications for GW/SW exchange

The following section details river restoration methods used by the RRC. A brief
description of possible impacts on GW/SW exchange follows each description. The
aim of this section is to inform practitioners of some general restoration strategies
and the implications of those activities on GW/SW exchange and processes.

Table 10.2 UK River restoration techniques and thei  r possible impacts on various
factors of the GW/SW exchange.

Impact categories

% Invertebrate
Restoration action Hydrology = Chemistry  Sediment Microbiology s Fish Plants
Local flow Local Increase Localised Localised Localised Spawning Localised
manipulation increase in in flow- redistributi  change in change in in tailout, algal and
(instream deflectors/ 43 exchange >increase on of communities  community refuge in macrophyte
large-wood) in 02, sediment due to due to flow pool colonization
organics sediment and habitat,
distribution
Bed Local Increase Immediate  Large Recolonisati ~ Spawning Removal of
raising/substrate increase in  chemical increase in  substrate on period, areas, existing
imports exchange transforma gravel bed may substrate/flo  success aquatic
in tions depth, decrease w dependent flora, shift in
surfaces/s  depending possible biofilm dependent upon water  morphotype
8 ubsurface  on increase in  surface quality and and
flow residence floodplain area,; flow possibly
time deposition  increase bed species
depth
provides
localised
habitat
Reconnection to Increased Increased Larger Increased Increased Off channel  Ground
floodplain residence  surface scale heterogeneit  habitat habitats, water
time of transforma  redistributi vy, increased  availability subsurface dependent
subsurfac tion, on of residence redistributio flow refugia  terrestrial
1 © flow increased sediment, time, n across plants have
interaction  deposition  increases habitats increasing
between to, and biological water
GW and recruitmen interactions availability
SwW t from
channel
Sinuosity Increased Increased Redistribut  Microbiologi Increase Generally Increased
residence residence ion of cal activity, area increase in lateral
time of time and sediment, may available to habitat subsurface
6 water opportunit  increasing  increase invertebrate  diversity; exchange;
5’ within y for opportuniti  with s and may alter more
reach and  chemical es for increase in diversity of species opportunitie
localised reactions variation in  stream- habitats composition s for
subsurfac gravel bed affected S riparian
e flow depth sediment vegetation
Riffles Pool-riffle Localised Localised Localised. Localised Localised Aquatic
scale change in redistributi  Possible increase in increase in vegetation
alteration water on, Increased riffle- food will shift to
4. inflow chemistry possible exchange associated source, riffle habitat
5 change in will impact organisms localised
erosion anaerobic/ spawning
potential aerobic opportunitie
contributions S




Deculverting

3
Weir removal

6
Removal of artificial
banks and bed

5
Fish cover
enhancements (e.qg.
riparian and/or in- 18

stream planting

10.9.1

Surface
water
access to
substrate
and
ground
water.
Change to
gradual
shift in
hydraulic
head
Change in
hydraulic
head,
change
from lentic
to lotic
water
features
Increase
subsurfac
e
exchange

Localised
alteration
in flow.

Increase
in
chemical
exchange
as water
interacts
with
substrate

May
increase
exchange
processes
and
decrease
residence
time
Localised
increase in
chemical
transforma
tion

Local

change in
chemical
exchange

Redistribut
ion of
sediment
from
previously
confined
system

Redistribut
ion of
sediments
and fines
upstream
and
downstrea
m
Increase
natural
sediment
scour and
deposition

Alter local
deposition
al patterns

Local flow manipulation

Shift from
terrestrial
subsurface
to aquatic
subsurface
processes

Shift from
lentic to lotic
hyporheic
processes

Add
subsurface
microbiology
to surface
processes

Localised
alterations

Terrestrial
soil fauna
shift to
hyporheic
fauna and
benthic
fauna

Shift from
lentic to lotic
community

Provides
increase in
vertical and
horizontal
habitat

Localised
community
change due
to change in
resource

Increased
habitat area
and
longitudinal
connectivity
, access to
local
subsurface
flows

Shift from
lentic to
lotic
communitie
s, increase
longitudinal
connectivity

Increase
flow
variation,
spawning
habitat

Localised
increase in
use of area

Increasing
access to
subsurface
and surface
water
sources.
Riparian
vegetation

Shift from
lentic to
lotic,
increase
habitat
variability

Change in
community
structure
from
shallow to
deep roots
Change in
community,
increased
subsurface
water use

The majority of restoration actions in the UK have historically focused at the local
scale and deal with local flow manipulation. These projects usually focus on a few
hundred meters of river at the most and are aimed at enhancing river habitat in a
specific area. Such action may be done in co-operation with other restoration
activities or singly, depending on funding, interest and regulatory
requirements/restriction. Many waterways have been over-widened for industrial or
agricultural purposes to reduce local flooding and rapidly evacuate water
downstream. This past management can lead to very sluggish flow within the reach,
with a deposition of fine sediment and very little channel morphological or habitat

diversity. Numerous methods are employed to return stream channels to a more

natural width. These include:

Stream narrowing: Willow mattresses
This type of technique tends to concentrate the main flow of water to the
centre of channel. Mattresses usually consist of interwoven brash tied

into the bank of the river (Figure 10.2) and should be placed at summer
water level to form a low flow channel and encourage sediment
deposition by increasing roughness and ultimately the growth of
vegetation at the margins (Figure 10.3).



Figure 10.2 Diagram of type A design for aquatic le  dges used in
stream narrowing (From RRC, 2002).

Figure 10.3 River Skerne after river narrowing with type-A
vegetation ledges (from RRC river restoration manua  |).

Large wood/in-stream deflectors

Large wood and in-stream deflectors may be added to either protect
riverbanks from exacerbated erosion that is occurring in an unacceptable
location or increase flow diversity and in-channel cover for habitat
measures. Methods of installation vary depending on location and
rationale for use (Brookes, 2006). In populated areas, wood is generally
‘fixed’ using chains, stakes, concrete blocks, and/or cables, to ensure that
material is not transported to areas where it might create hazards and/or
increase flood risk. In less populated areas, more natural approaches
may be appropriate such as designing in-channel large wood ‘debris’ to
provide an initial framework on which other wood can collect depending
on natural flow dynamics and ‘seeding’ the floodplain to ensure a future
supply of wood.

CASE STUDY: Installation of large wood. Highland Wa  ter (New
Forest, Hampshire, UK)

As part of the 'Sustainable Wetland Restoration in the New Forest' LIFE
3 project, a range of restoration work took place in 2004/2005 at this site.
The design and installation of large woody structures, in conjunction with
raising the bed, formed a significant part of the project, which aimed to



reduce flow rates, create local morphological diversity and encourage
seasonal flooding onto the surrounding floodplain(Figure 10.4).

Figure 10.4 Large woody debris added to a stream (F  rom RRC,
2002).

Boulders

In some cases (such as high energy gravel bed rivers where
opportunities are constrained by anthropogenic influences) a more
appropriate technique may be to embed large boulders into the bed, to
create a variety of flow velocities.

CASE STUDY. Boulder bed — Inchewan Burn

Inchewan Burn flows through the village of Birnam, Scotland. When the
village was bypassed by the A9, a reach of this burn became encased in
gabion basket on the banks and a reno mattress was constructed on the
bed. Due to the high energy environment, the mobile coarse bed load
which continued to travel through this reach, soon abraded the protective
PVC and galvanised coating of the Reno mattresses resulting in a section
that was impassable to fish as the river began to down cut and the wire
unraveled along the bed (Figure 10.5a). An opportunity therefore arose to
restore this section, yet with the aim of keeping its structural integrity
through mimicking a ‘natural’ section of the burn by anchoring large rocks
and stones into the channel bed to create a step-pool type reach (Figure
10.5b). This created a system that, whilst partially engineered, could work
with the natural sediment transport system through the reach.



b)

Figure 10.5 Case study of boulder placement restora  tion. a) before
restoration activities, b) after boulder placement (from RRC).

Impact on GW/SW interactions

Addition of structures into the river bed will cause localised alteration in
vertical flow dynamics. Studies on the changes in biogeochemistry and
flow patterns in response to restoration activities involving large woody
debris have demonstrated these localised effects (Kasahara and Hill,
2006). Knowledge of river properties as they relate to GW/SW exchange
can enhance the success of these projects when targeting increasing
exchange, as was shown by Hester et al. (2009) where they determined
the greatest benefit of increasing GW/SW exchange for water cooling
effects was attained when structures were used in coarse gravel bed
settings

10.9.2 Bed raising



Excessive erosion and dredging can lower a bed far below its natural level. These
incised channels lose economic, ecological, and social functions. Raising the bed
helps reconnect the terrestrial and aquatic systems and offers a more suitable habitat
to many organisms. However, it is often a costly process in all but localised reaches.
The preferred option is to raise the bed by installing a new gravel bed of
appropriately sized sediment of the right geological type, which at the same time can
create some in-channel features. Often this is achieved by installing short riffle type
runs where back water effects are clearly visible upstream of these features. An
alternative is to place a series of low ‘weir’ type structures, especially in situations
where downcutting is the key river process of concern, to encourage local sediment
depositions and check the bed scour.

CASE STUDY. Bed raising through low weirs — Tilmore Brook

This brook flows through Petersfield, Hampshire and had been straightened and
deepened historically. Since the 1960s there has been a series of building work as
the surrounding housing estate increased in size. Local ‘adhoc’ bank protection
caused the brook to start down cutting and there was associated bank erosion. To
compensate for this steep gradient and to retain bed material, a step/pool
arrangement was introduced using a series of limestone slab weirs, controlling and
reducing the energy of the water at specific locations (Figure 10.6).

a) b)

Figure 10.1 Photos of step-weir placement a)looking upstream, b)looking
downstream.

Impact on GW-SW interaction

Bed raising and substrate placement will have obvious impacts on the surface-
groundwater interaction zone as it creates a greater volume of material through
which the water will flow through. In areas where there is no direct interaction with
groundwater, the increased bed material can still result in localised subsurface flows
of river water. This then provides a larger area in which subsurface organisms can
inhabit and biogeochemical processes can occur.

10.9.3 Sinuosity

Human activities along rivers and their floodplains have often led to channel
reconfiguration and in many cases this has resulted in straight, non-sinuous
waterways to enable expedited transport of discharge. Such modifications reduce
habitat variability and ecological functions and the river has less interaction with the
surrounding floodplain. Re-meandering straightened channels provides an
opportunity for more natural geomorphological processes and corresponding
ecological diversity to occur. In some cases it may be feasible to identify old channels
where the river previously flowed and this can be used either as a template for the
design of a new channel, or to reconnect the river back to the old route.

Impact on GW/SW interaction



Sinuosity in a river channel, where appropriate within a catchment, generally
provides greater lateral subsurface water exchange by slowing down the rate of flow
locally, although this interchange is also dependent upon an appropriate bed level
(i.e. limited or no dredging to deepen the channel). The area between bends in a
river becomes infiltrated by subsurface flows taking different flow paths to next point
of surface water. Groundwater sources may interact with these subsurface flows,
creating unique off-channel subsurface habitats. In addition riparian vegetation may
benefit from increased subsurface water sources.

10.9.4 Pool and riffles sequences

In many cases where a river has been dredged, the pool and riffle sequences have
been lost. The longitudinal profile has been ‘smoothed’ out and the gravels removed
from the bed of the river, resulting in a homogenous run-type channel with very little
flow diversity. This represents a major loss of habitat for a range of invertebrates and
fish. In heavily modified rivers, natural regeneration of these features is often
hampered where sediment transport is prevented because of constrained banks and
bed resulting in a lack of natural substrate. A combination of manipulating the long
profile, through the introduction of locally sourced gravels, and other flow
manipulation techniques can provide the river with some of its original form and
function. It is important to use appropriately sized sediment for maximum benefit.
While artificial riffles are more permanent, this very fact can result in less ecological
function and a need for more persistant maintenance.

CASE STUDY. Fish spawning and siltation - Hempton, River Wensum, Norfolk

As part of a 3-part flood risk management scheme, ecological mitigation work was
completed at this site which included construction of riffles which had a dual purpose
of diverting part of the flow through a restored meander loop but also to create
spawning habitat (Figure 10.7). Additional riffles were installed along the main river
for habitat enhancement purposes. However, after a few years the new riffle gravels
became ‘concreted’ in places due to accumulation of large amounts of fine material
transported to the site from upstream areas of the catchment. Whilst this riffle may
continue to provide some flow variation locally, it is doubtful if, in this condition, it
would sustain fish redds or macro-invertebrate communities and furthermore without
some maintenance will have an impact locally on hyporheic processes.

Figure 10.2 Constructed riffle case study (from RRC ).



When constructed riffles are created in conjunction with bridge protection, the
underlying surface may be concrete with a surface roughened with stones to
encourage gravel deposition. More natural riffle creation may involve the placement
of gravel where the reach has been sufficiently denuded of suitable substrate.

Impact on GW/SW interaction

Creation of riffles may also be used as creation of spawning areas for fish. In such a
situation, ability of the riffle to maintain a degree of subsurface flow throughout the
incubation period is critical if it is to provide sufficient oxygen to the developing
embryos. The shallower riffle construction can provide the required velocities for
algae and benthic communities as well as allow for flow variation that can influence
the subsurface exchange where the bed again becomes permeable.

10.9.5 Bund removal and reconnection to the floodpl ain

Throughout the history of human settlement, flooding has been a major concern.
Construction of embankments prevents natural river migration and limits interaction
of a river with its floodplain which has a major impact in fluvial process and wider
ecological processes, especially in areas where there should be intermittent wetter
areas for example together with the success of floodplain forest communities. As an
alternative to flood-prevention strategies and in an effort to enhance ecological
processes, embankments may be removed or set back some distance from the
existing riverbank. This will not only provide space for water, (Defra, 2004) but can
potentially attenuate the flood peak with benefits for flood protection downstream and
create more habitat and transfer of flows and recharge. An example of this practice is
the Long Eau near Manby, Lincolnshire (Figure 10.8).

Figure 10.3 Schematic of bund removal and floodplai  n connectivity (from RRC
restoration manual).



Here, the flood banks were set back from the waterway to allow the river to become a
washland during high flow events. This has potential benefits to landowners
downstream as water is given a longer retention time and more space to flow over
before reaching downstream areas. Allowing the river more freedom of movement
has also resulted in a shift from planebed trapezoidal channel to a more “natural”
pool-riffle sequence. (see RRC (2002) point 6.3 for further details)

Impact on GW/SW interaction

Like adding sinuosity to a river, reconnection of a river to its floodplain provides more
space for subsurface flow interactions. The natural lateral extent of a river into its
banks has been well documented and potential benefits from interaction of surface
flows through this environment are numerous. Allowing natural movement of the
stream allows for substrate recruitment thus diversifying the riverbed environment.
Biogeochemical processes are restored, flood plain vegetation benefits from both
surface and subsurface flows, and the biota, both surface and subsurface, has
expanded habitat. Floodplain reconnection in particular is an area where monitoring
GW/SW exchange and the fauna associated with it can be used for assessing project
success (Pess et al., 2005).

10.9.6 Removal of hard banks or bed

Many rivers in populated areas have unnatural banks that have been reinforced with
concrete, bricks, stone or steel in order to maintain a determined flow path and allow
for planning of other infrastructure. River beds may also be ‘lined’ for purposes of
maintaining water flow and historical ease of clearing a channel. In some situations it
may be feasible to remove these man-made banks and replace them with more
environmentally sound alternatives that can provide both bank protection and some
degree of ecological function. Such options are usually a composite of engineered
structures, such as geotextiles, wire bound willow, or boulder bundles, interspersed
with appropriate vegetation planting aimed at holding the structure and the bank
together. Removal of hard beds, such as concrete-lined channels, can also be
considered in some cases to allow for natural processes. However, it is essential to
understand the structure of the material below the hard surface and put into place
any necessary measures to both trap any unacceptable silt and ensure that that the
up- and down-stream bed profiles are correctly tied in.

CASE STUDY. Bioengineering - Brent at Tokyngton Par  k, London

Here the concrete banks (Figure 10.9a) and bed were removed and a newly
meandering course designed that took account of historical information and current
on-site limitations. On the outside of some of the meander bends where there were
concerns that bank erosion may cause an unacceptable risk to local infrastructure if it
was not stabilised. Crushed concrete from the old river banks was reused to stabilise
the toe of the bank below water level and a mixture of stone, interwoven with life
willow stakes, held in place with wire was introduced on the banks with the vision that
the will would take hold and stabilise the banks (Figure 10.9b). This technique was
only used at the most vulnerable sections and was interspersed with non-reinforced
sections where natural river bank processes could be sustained (Figure 10.9c).



c)

Figure 10.4 Images from hard bank removal on the Ri  ver Trent in London. a)
concrete-lined channel before restoration, b) const ruction of riverbed and
banks after concrete removal, c) natural vegetation and bank features.

More often, however, the course of the concrete-lined channel is abandoned and the
river rerouted to a newly constructed channel that will allow for more natural fluvial
and if possible floodplain processes and functions.

CASE STUDY. Quaggy at Chinbrook Meadows

This site was formerly enclosed in a concrete channel (Figure 10.10a). The
restoration works, of which were completed in 2002, removed the river from its
concrete channel and the river was cut into the park (Figure 10.10d) to following its
path prior to channelization. Sufficient room was left along the river corridor to allow
for natural adjustment and to act as a more natural floodplain (Figures 10.10b and
10.10c). In this case no bank protection measures were included in the project



c) d)
Figure 10.5 Process of repositioning a concrete lin  ed channel into a new
riverbed, showing a) original concrete-lined channe [, b) floodplain features in

newly created channel, ¢) new channel floodplain co  nnection, d) new channel
cut through park.

Impact on GW/SW interaction

In all cases it is essential to work with both the hydraulic and fluvial process to ensure
a successful restoration project that can benefit the hyporheic zone functioning.
Removal of hard banks and beds will usually result in a dramatic increase in
subsurface-surface flow interactions. Whenever streams are rerouted, it is important
to have an understanding of the underlying sediments and geology such that
subsurface flows can help maintain the channel rather than resulting in unexpected
events such as the water seeping through a porous substrate and becoming entirely
subterranean.

10.9.7 Culvert Removal

Culvert removal has been gaining popularity as old infrastructure degrades and the
expense of replacing and maintaining culverted systems is realised. Day lighting long
stretches of culverted streams provides opportunities for social, ecological, and
economic incentives (Riley, 1998). While many small streams were initially culverted
partially to reduce flood risks, more recent ideas on flood-risk management have
suggested providing floodplain floodwater storage where locations allow prevents
transporting the problem elsewhere and possibly compounding the issue when the
water runs out of places to be transported to. Removal of a long culvert requires
extensive earth moving and re-creation of an open-water channel. An example of
daylighting in England is the River Ravensbourne at Norman Park, Bromley. The
stream was diverted out of a 300 meter culvert and into a newly created channel
within a park environment (Figure 10.11).



Figure 10.6 Schematic of culvert removal and new ch  annel creation on the
River Ravensbourne.

Impact on GW/SW interaction

Creation of new channels for waterways occurs in multiple restoration projects
(increasing sinuosity, weir removal, hardened riverbeds, daylighting, etc). This is an
area where knowledge of GW/SWinteractions may inform the design and
implementation processes. The potential for pollutant attenuation with increased
subsurface habitat interaction as well as the benefits of various subsurface flows to
the ecology could inform the project design. As well, knowledge of groundwater
sources and what it means for groundwater to interact with the surface water
environment and how surface activities may impact this interaction can provide
additional information.

10.9.8 Tree planting

Where possible, restoration of a functioning riparian zone is often part of a restoration
project mandate. Plantings help to stabilise banks and jump-start processes for
continued benefits for riparian-river interactions. Allowing or assisting floodplain
revegetation may be a desired restoration activity in itself, providing priority habitat
types and restoring more natural bank-side conditions, both above and below
ground. While tree removal has been a standard method of flood control in the past,
targeting tree-planting in areas upstream of population centres could actually
attenuate flood peaks for those downstream reaches (Horn and Richards, 2007).
Tree planting can have dramatic effects on the availability of groundwater. Areas that
have been denuded of trees in the riparian vegetation for extended periods of time
may undergo dramatic hydrological shifts as the trees take substantial quantities of
water during their respiration cycle (Calder, 2007). Furthermore, in areas where soils
have high nitrate concentrations, trees may result in increased nitrogen leaching to
the groundwater. The planting of inappropriate trees can further exacerbate these
issues (Calder, 2007) and therefore, care needs to be afforded in terms of the
species that are planted.



10.9.9 Weir Removal

Maintaining and reintroducing natural longitudinal connectivity in stream systems is of
great interest for many fisheries-driven projects as well as wider ecological
restoration objectives. With the advent of the WFD this technique and fish passage
options have become priority restoration actions since they have a major impact on
the fish and the natural biotic and abiotic functioning of a river. Since weirs often
result in the accumulation of sediment upstream of the structure, it is necessary to
take precautions when removing weirs and, if needed, remove excess silt prior to
work dredging to prevent re-mobilization, especially if the sediment is potentially
contaminated. Weir removal will result in a degree of natural river adjustment and
hydrological conditions, which in some cases will require steps to be taken to ensure
bank stability is considered and potentially some narrowing techniques implemented.

Impact on GW/SW interaction

Weir removal comes with its own unigue set of challenges. As the weir creates an
artificial hydraulic head difference behind it, vertical hydraulic gradients will be altered
after weir removal, probably altering the local patterns of vertical water movement
between surface and subsurface water flows.

10.10 Reducing GW/SW exchange

Artificially ‘lined’ rivers

Many restoration efforts aim to increase connectivity, however, it must be recognised
that in some cases this may not be a feasible or desirable course of action (Hick and
Malgvist 2007). This may be the case naturally, such as segregation of spawning
grounds by fish species due to their ability to overcome natural obstacles, or
artificially, such as when subsurface flows are prevented from entering the
watercourse by lining the riverbeds due to contaminated land or industrial uses.
While the second example is rather drastic, it is a methodology that may be put into
place especially in industrial and post-industrial sites.

10.10.1 Rerouting of watercourse over permeable sub  strate due to
industrial actions

River Nith, in the uplands of south-east Scotland, was rerouted due to expanding
mining operations (Figure 10.12). Because of the highly permeable substrata and
industrial concerns, the river was lined to prevent the entire channel flowing
subsurface and groundwater flooding in the mine site (Figure 10.13; RRC, 2002).
This action prevents groundwater intrusion into the stream and limits surface-
subsurface exchange to the local-scale. In this case, every attempt was made to
maintain natural channel morphology with diversion reaching approximating natural
reaches of stream above and below the diverted reach (i.e. pool-riffle morphology
and appropriately-sized substrate).



Figure 10.7 Diversion of a part of the River Nith a  way from expanding coal
excavation (RRC 2007).

Figure 10.8 Typical symetrical cross-section for Ri  ver-Nith diversion and lined-
channel construction (RRC 2007).

10.10.2 Poor surface water quality

Issues of surface water quality may be another reason for wanting to limit surface-
subsurface exchange of a river with its surrounding aquifer. In areas of intensive
agriculture and/or sewer discharge, contamination from stream water could have
dramatic effects on aquifer ecology and water quality. In such a system, preventing
interaction with groundwater may be a priority. Subsurface stream flow can still
provide ecosystem services in such systems as the substrates above an
impermeable barrier will still be biologically active and provide habitat functions for
numerous organisms.

10.10.3 Contaminated Sediment

River restoration generally involves movement of river sediments. In some cases,
such as weir removal, these sediments may be stored behind ecologically
unfavourable structures. In their current state, the sediment may be relatively stable



and immobile, however removal of the structure will re-suspend these sediments and
expose contaminants to more biologically, and chemically active environments as
well as allowing them to propagate downstream (Bednarek, 2001). Direct approaches
to dealing with contaminated sediment are to cap it (though this approach is rarely
feasible in a riverine environment) or, direct removal of the contaminated sediment.
Both methods result in a modification of the GW/SW exchange. The point of capping
sediment is to prevent processes that would facilitate exchange of the sealed
contaminants with the rest of the environment while removing contaminated
sediments will result in a modification of the bed permeability (possibly increasing it
depending on before and after substrate conditions) locally and thus change the
GW/SW exchange pathways, which will subsequently change the associated
biological and chemical exchange zones.

10.10.4 Poor Groundwater Quality

This is an area of great interest to land managers. The active exchange zone
between surface- and groundwater resources has been shown to be an area of
pollutant attenuation. High attenuation tends to rely upon long subsurface residence
times and thus it is not likely to be a key process in more permeable substrates.
However, it does indicate the importance of considering water sources before
initiating streambed manipulation, whether for restoration, navigation, or flood
mitigation purposes. As research progresses and we increase our knowledge of the
attenuation processes active in the GW/SW interface, enhanced in situ remediation
may become a tool in river remediation strategies.

10.11 Timescales and monitoring relative to the
disturbance of the activity

The effects of projects aimed at stimulating natural processes may not be fully
realised until well after funding and evaluation of success is completed (Roni et al.,
2003). If, for example, actions are taken to reduce fine-sediment influx and stimulate
sediment flushing when it does occur, it may take years of varying flows for the
system to equilibrate such that the success of project implementation could be
reasonably assessed. As well, if steps are taken to directly enhance the nutrient
attenuation potential of a site, the community that is responsible for these functions
must be allowed to develop. In addition to this, the effects of the restoration activity
itself may cause initial negative results while the system recovers from a major
excavation or construction work. Accounting for GW/SW interactions when
determining how to minimise negative effects of disturbance from project
implementation may be a way of improving project success. Just as silt collectors are
placed in a river to minimise release of fines into the surface water, care should be
taken to avoid undue disturbance to the GW/SW interaction zone, such as
compaction of the subsurface.

The lag-time between action and ecological response can be difficult when working
with one-time project funding sources. Funding is generally limited for any kind of
post-project monitoring, let alone for years after completion. Legislation such as the
WFD encourages a more integrated approach at managing water resources; actions
aimed at improving those resources must then be aimed at being a part of the larger
system as a whole.

10.12 Need for continued river management



River restoration projects in areas of extensive human habitation will generally
require management of some kind. While we can make significant attempts to
improve habitat and physical functioning of river systems, it is necessary to recognise
that most rivers have been significantly altered over hundreds of years. Therefore, it
would be a mistake to assume that a single restoration activity will result in a
sustainable river that can ‘heal’ itself without additional intervention. Project success
can be significantly influenced by whether or not ‘adaptive’ river management and
maintenance is carried out after the completion, as well as the timescales of such
future interventions (Palmer, 2005). For example, a gravel-cleaning operation, where
fine silt has accumulated within the interstices and has reduced the area as a
functioning spawning habitat, will increase vertical hydraulic exchange in the short
term but then decrease as the fine material enters the riffle once more (Meyer et al.,
2008). Without additional actions to reduce the fine-sediment runoff, the project will
not serve any long-term goals. It is now recognised that the success of many river
restoration projects is dependent upon its context within wider catchment issues and
understanding. Often this is related to assessing the sediment load (especially fine
sediments, whether from road run-off or inappropriate farming practices). Initiatives
such as Catchment Sensitive Farming are already in place to tackle diffuse pollution.
These actions should be strengthened by the introduction of Water Protection Zones
(WPZ), aimed at encouraging the use of sustainable urban drainage, whilst
associated increased regulatory powers should help to address misconnected
sewerage and industrial effluents. Over the longer term such measures should help
to reduce maintenance needs and ensure that river restoration activities move
towards more sustainable options. However, it is essential that both river restoration
and wider catchment initiatives that impact on river projects are well understood
(Hicks and Malmqvist, 2007), especially in the context of ground water and surface
water exchanges both in the context of flood risk and farming practices. Currently
there are few evidence-based results and so it is essential that policy works towards
ensuring that both necessary river management and comprehensive monitoring
schedules are mandatory within a project.

10.13 Project appraisal and research needs

While Before-After Control-Impact (BACI) designs can provide powerful statistical
results, the lack of funding for pre- and post-project monitoring has resulted in few
BACI monitoring studies in the published scientific literature. Ecological variability is
always an issue when determining ‘control’ sites in field-based research, which
further limits the number of projects that can be used to assess project success to
the appropriate level statistical significance (Underwood, 1994). However it should be
noted that other valid assessment methods exist, such as before-after studies that
are extensive (evaluations of many sites) or intensive (in-depth evaluation of a few
sites) as well as extensive and intensive post-project only evaluations. There are
advantages and disadvantages to all of these (Table 10.2) and clear objectives are
still key to successful assessment. As interest in GW/SW interactions is relatively
new, the problem is further compounded when trying to determine the success rate
and reasons for the success or failure of projects in restoring or altering the
subsurface flow characteristics. as well as the impact of such alterations on pollution
and ecology. River restoration projects provide the potential to carry out experiments
for ecological and hydrological questions (Palmer et al., 2005). This is a great
opportunity, particularly to improve understanding of the physical-ecological
relationships of the hyporheic zone. Thus the lack of concrete objectives for
restoration projects not only hampers their ability to be evaluated, but also results in
the loss of a great research opportunity. Incorporating research objectives and



approaching restoration projects as experiments may not only help the scientific
understanding of these systems but also assist in the development and propagation
of suitable study design to allow scientifically sound evaluation of restoration success
and processes of response (Wohl et al., 2005).

Table 10.3 Summary of advantages and disadvantages  of the five major
approaches for evaluating restoration projects (fro m Roni et al., 2003, modified
from Hicks et al., 1991).

Before and after post treatment
Attribute (pros and cons) Intensive Extensive BACI Intensive  Extensive
Ability to assess interannual variation yes yes yes yes no
Ability to detect short-term response yes yes yes no yes
Ability to detect long-term response yes no yes yes yes
Appropriate scale (WA=watershed,
R=reach) R/WA R/WA R/WA R R/WA
Ability to assess interaction of physical
setting and treatment effects low high low low high
Applicability of results limited broad limited limited broad
Potential bias due to number of sites yes no yes yes no
Results influenced by climate, etc. yes yes yes yes no
Length of time needed to detect response
(years) 10+ 1-3 10+ 5+ 1-3

While the lack of monitoring objectives may limit the ability to assess project success,
the lack of suitable study design is also a major impediment for scientifically sound
evaluation of restoration success and processes of response. The Before-After:
Control-Impact (BACI) approach to assessing effectiveness of manipulations is
generally thought to be the best approach for project assessment. Whilst some
studies have provided information about how best to implement this type of approach
(e.g. Roni, 2005,), there is currently not a standardised methodology for UK systems.
While, in the UK, the Environment Agency has fairly comprehensive monitoring
networks with respect to water quality, fisheries, and invertebrates, sampling
protocols have not been developed specifically for answering river restoration
guestions.

Monitoring (or project appraisal) becomes even more complex, since ecology and
morphology are highly variable, limiting the feasibility of BACI designed assessments
when ‘control’ sites are difficult to find. To date, the number of projects that have
been appraised to evaluate project success with statistical confidence remains very
low (Palmer et al., 2005). This is partly a result of lack of guidance, but is
exacerbated by uncertainty in funding monitoring of streams both prior to project
development and beyond a period of 3 years (the point where both physical and
biological changes to a new equilibrium state are likely to be achieved) (Roni, 2005).
While adding GW/SW interactions and demonstrating how these interface with river
restoration objectives and techniques adds another layer to the monitoring question,
it is also possible that adding this information to the project appraisal could result in a



more complete understanding of the mechanisms of project success or failure. Above
all, it is clear that development of a clear monitoring protocol appropriate to the
guestions that need to be answered is therefore essential for effective restoration
project assessment.

10.14 Conclusion

There are many challenges relating to river restoration. At its simplest it requires a
clear rationale of why the restoration work is being carried out, choice of the most
appropriate technique, an appreciation that it may be necessary to carry out
supplementary work in the terms of adaptive management and a recognition of the
impacts of the work laterally, longitudinally, and vertically in terms of physical,
biological and hydrological processes. There will be less confidence in these aspects
with larger scale projects, with increasing complexity of techniques and where
multiple objectives are required. However it is important to take the larger river basin
processes into account when designing river restoration projects. Researchers and
practitioners alike are becoming more aware of the importance of whole-system
integration, both at a disciplinary level and geographical scale, when it comes to
determining and implementing ecologically successful river restoration projects
(Hannah et al., 2007).

Assessing where intervention is most appropriate and what should be done can be
hampered by lack of knowledge of catchment-wide impacts and processes (Harrison
et al., 2004), as well as more local interactions within and between the longitudinal,
lateral and vertical dimensions. Understanding the relevance of GW/SW interactions
within the river system is usually a forgotten process within river restoration projects.
With the advent of the WFD, and the hope of implementing more integrated
catchment-wide management issues that go beyond in-channel river restoration,
there is now a greater need to understand such water interactions not only in the
context of water chemistry and biology but also river and floodplain natural processes
and ecosystem services. This includes aspects such as flood risk, water resource
issues, and natural pollutant attenuation. GW/SW interactions operate at a range of
scales and therefore can be affected by any in-channel or floodplain modification.
The impact of river manipulation on these processes should be recognised as part of
a river restoration strategy and in turn appreciating how these interchanges are
disrupted could help practitioners to determine the wider success of a project and
also predict future river management and maintenance needs.









