The Hyporheic Handbook

A handbook on the groundwater—surface water interfa
and hyporheic zone for environment managers

Chapter 11 Recommendations for development of rivemanagement
strategies and tools
Chapter 12 Recommendations for research



Authors

Chapter 11

Jonathan Smith
Catchment Science Centre, Kroto Research Institinigjersity of Sheffield, Broad
Lane, Sheffield S3 7HQ, UK.

Chapter 12

David Lerner
Catchment Science Centre, Kroto Research Institinigjersity of Sheffield, Broad
Lane, Sheffield S3 7HQ, UK.

Acknowledgements

The Hyporheic Handbook is a product of the HypariiNgtwork.

The Hyporheic Network is a Natural Environment Resk Council (NERC) funded
Knowledge Transfer Network on groundwater — surfaater interactions and hyporheic
zone processes.

The authors wish to acknowledge the support andtasse of many colleagues who have
contributed to the review, production and publighifi the Handbook:

Joanne Briddock, Mark Cuthbert, Thibault Datry, d@avis, Rolf Farrell, Richard Greswell,
Jan Hookey, Tim Johns, Dave Johnson, Arifur Rahman.

We are also very grateful for the support and &ffof the Environment Agency Science
Communication department, in particular, StuartiBarand our editor Hazel Phillips.



Contents

1. Introduction

2. Environmental management context

w

. Geomorphology and Sediments of the HyporheiteZo

4. Water and unreacting solute flow and exchange

ol

. Biogeochemical and hydroecology of the hyporlzeice

6. Microbial and invertebrate ecology

\‘

. Fish ecology and the hyporheic zone

8. Measurements and monitoring at the groundwatéace water interface

O

.Modelling and forecasting

10. Groundwater-surface water interactions and irRRestoration

11. Recommendations for development of river manageent strategies and tools
12. Recommendations for research

Glossary

References



11 Recommendations for
development of river
management strategies and
tools

Processes that occur at the groundwater — surface water interface are shown to have
sufficient influence on water and contaminant behaviour, and on river ecosystem
integrity and function, to influence the outcome of environmental management
decisions for hydrological catchments and river corridors.

It is recommended that the following issues are included in the development of future
environmental management strategies, approaches and tools:

1) Include the hyporheic zone in conceptual site an  d catchment
models

Conceptual models of catchments (used to underpin catchment management) and
contaminant impacts close to rivers (to inform contaminated site risk management)
should include an assessment of the effects of processes at the GW/SW interface.
Conceptual models should initially consider the range of ecological goods and
services potentially provided by the GW/SW interfac e, and prioritise those that
are likely to be of sufficient importance to affect environmental management
decisions for further investigation.

The catchment context of the river, site or reach must be recognised explicitly
when developing conceptual models or considering management options, especially
the longitudinal setting of any site (e.g. with respect to downstream change in flow,
elevation, channel slope and stream power (Figure 9; Barker et al. 2009)). For
example, most of the fine sediments (and possibly nutrients and contaminants)
transported or deposited in a river system (and likely to affect hyporheic zone
operation and habitat suitability) are likely to be sourced from distant catchment hill-
slopes, and not the local river banks or bed. Clearly, then, a longer-term sustainable
solution to riverine sediment problems may lie in reducing sediment erosion from
basin slopes, rather than local ‘gravel cleaning’. Sources may be identified using
sediment fingerprinting techniques and/or geomorphologic monitoring surveys.

River geomorphology is central to hyporheic zone op eration . For example, the
recent classification of pollutant attenuation abilities of hyporheic zones carried out
for the Environment Agency by Booker et al. (2008) is strongly based on the
geomorphologic variables including a simple stream power index (which is known to
change non-linearly down-basin; Figure 9; Barker et al., 2009), sediment thickness,
sediment permeability and subsurface permeability.

In general, when developing a conceptual model of the GW-SW interface, first
establish the geomorphology, then consider the water flow, and finally consider the
geochemistry and ecology. Interpretation of hydrochemical or ecological data without
placing that data in the context on the wider geomorphologic and flow systems is
likely to lead to misinterpretation.



Hyporheic exchange (stream-riverbed-stream) has bee  n found to influence
river water quality . Hydrologic models of river networks, such as SIMCAT and
others, could be improved by addition of hyporheic exchange and attenuation
processes, to better reflect the conceptual understanding of river functioning.

Surface water - groundwater interaction may not alw  ays be desirable , especially
if the discharging waters are contaminated, at least sporadically, as in many
urbanised catchments.

Conceptual models, including information on the GW/SW interface, should be
documented as part of good governance in environmental management.

2) Collect the right data: Monitoring and site char acterisation

Where GW/SW interface processes are likely to be of sufficient magnitude to
influence management decisions, monitoring of those processes should be
undertaken to parameterise a conceptual model and to inform a management
decision. Data collection should normally start with readily available regional-scale
datasets (e.g. superficial and solid geology) and progress to site-specific data
collection where the additional data is likely to influence (or significantly improve
confidence in) the management decision, and where it is safe to collect the data. Use
of existing un-interpreted data, such as river temperature data collected during
airborne LIDAR surveys, may provide valuable information on the locations of zones
of significant GW/SW exchange, and to inform regional contaminant and water
resource management.

Published literature data on GW/SW processes (e.g. natural attenuation rates) are
relatively rare, so reliance on conservative literature values is unlikely to be an
appropriate strategy in most instances, and some site-specific data collection will be
appropriate. The GW/SW interface is often characterised by fine-scale variations in
physical, chemical and biological properties, and by spatial heterogeneity, so an
appropriate monitoring strategy and design is needed. Long-screen wells are very
unlikely to be of value in assessing contaminant fate and transport and assessors
should consider methods to collect data that is representative of the fine-sca  le
heterogeneity in, for example, redox potential. Spot samples are likely to be of
limited value, and continuous measurement with in-situ sampling equipment aligned
to data-logging facilities may be necessary. HZ natural attenuation investigations
can apply existing good practice guidelines based o n a lines-of-evidence
approach (Environment Agency, 2000), but sampling strategies should be designed
to collect evidence of biodegradation, turbulent mixing and dispersion that occurs
within a limited spatial zone.

With regard to biological monitoring, river ecological survey methods that rely solely
on study of benthic fauna should be used with caution. Collection of hyporheic
(interstitial) fauna should be considered in parallel to benthic (kick) surveys in order
to benefit from the additional information that hyporheic communities may provide on
overall river ecosystem function and integrity. Monitoring of hyporheic organisms
may provide additional benefits as ‘biomarkers’ for early identification of
detrimental impacts of groundwater pollution plumes on a river. In the case of a
groundwater plume migrating into a river, hyporheic organisms are likely to be
exposed to higher contaminant concentrations than benthic organisms, due to the
significant mixing and natural attenuation processes. Furthermore, microbes can also
act as biomarkers, particularly where natural attenuation is the desired method of



remediating contaminated systems and where their presence and potential needs to
be established.

Assessment of fine sediment issues  is crucial at a site and needs to be done
thoroughly: complex temporal and spatial variability at all scales has been
demonstrated in Chapter 4, and must be characterised to obtain representative
estimates of the problem. The proportions of fine sediment fractions (less than 1 mm)
should be determined, as this is crucial to habitat quality, especially in salmonid
redds. The quality of the sediment should be assessed (e.g. pollutant content,
sediment-associated contaminants, and organic fraction). The impact of fine
sediment on river bed processes should be assessed in terms of the environmental
objectives for a given site (e.g. pollutant attenuation versus spawning habitat).
Sources should be determined, e.g. with fingerprinting techniques. Investigation
methods still require development, but existing techniques are well documented in
the cited literature here.

In many situations complex multidisciplinary HZ processes mean that gaps in
understanding are best addressed by combining monitoring techniques. This variety
of methods and devices has implications that also create specific challenges,
including:
- Method combinations : among the wide possibility of method
combinations, some are better suited for specific studies or
environments; some are highly complementary or especially useful to
multidisciplinary studies. For management purposes, a proper evaluation
of these methodological combinations still has to be done.
Uncertainty characterisation : every technique has its own type and
level of uncertainty; a current challenge is to assess these measurement
errors as well as any modelling assumptions, and make this information
available.
Robust devices : different tools have been developed in different
environments, e.g. lakes, rivers or estuaries. In dynamic and potentially
rough conditions such as streams, work is still needed to improve the
resistance of some devices against physical constraints. Additionally not
all techniques are commercially available, thus purchasing a fit-for-
purpose device often remains a challenge;
Standard procedures : the development of guidelines and standard
monitoring approaches would be beneficial in management terms.
Although each river is unique, many problems require similar monitoring
approaches, which, once understood, may help produce helpful
guidelines.

3) Evaluate all of the important processes: Riskas  sessment

Managing the hyporheic zone requires assessors to think holistically and consider
the wide range of different aspects and disciplines. Management tools and decisions
should take into account, for example, research on the ecological response to
chemical and physical pressures in the GW/SW interface, to better estimate the
response of receptors (i.e., the ecology) to anthropogenic pressures. Assessments
that attempt to deal with a single HZ process or management objective in isolation or
ignorance of other processes are liable to fail or cause unforeseen detriment. Think



holistically and recognise that modifying the HZ sy stem to achieve one
management objective may have other consequences

Existing hydrogeological risk assessment frameworks are sufficiently flexible
to allow the HZ to be incorporated into existing technical assessment processes
(e.g. for contaminated soil and groundwater, and for water resource permitting).
However, additional reference in current guidance to the role of the HZ and to the
available research and guidance already published by the Environment Agency and
others would help to ensure more frequent consideration of the HZ in this context. It
is recommended that the tiered approach commonly used in regulatory risk
assessment methods (Environment Agency, 2006) be modified to include the
opportunity to consider processes at the GW/SW interface in the later tiers.
Ecological risk assessment methods need to be further developed to incorporate HZ
fauna and functions.

4) Modelling, prediction and forecasting

Existing groundwater models are suitable for regional water resources planning, but
are generally unable to simulate local scale flow, contaminant transport, or ecological
processes in the GW/SW interface. Improved models should be developed where
conceptual understanding indicates these aspects are likely to be material to a
management decision. Initially simple analytical models may be applied to test
parameter sensitivity and to ‘get a feel’ for how a system responds to being stressed.
Numerous runs with an analytical model, or use of probabilistic methods (e.g., Monte
Carlo analysis) can provide this information, however, more complex multi-process
numerical models are likely to be needed to simulate the whole HZ system
accurately. Selection of modelling tools should be made having regard to the
management decision that needs to be made, and the manpower and data
implications to generate a robust model. Where HZ processes are likely to be critical
to a management decision, a model that simulates the HZ robustly, rather than as a
simple boundary condition (as in existing groundwater models) should be used.

In order to improve existing regional groundwater models, the lessons learned from
examples of good practices (e.g. Condover model; BGS & Environment Agency,
2008) should be used to test and validate conceptual understanding and results
incorporated into older groundwater models.

5) River/ catchment management

River and catchment management strategies and plans should be developed having
regard to the full range of ecosystem goods and services that occur in a catchment.
Consideration of processes in a full range of disciplines (i.e. outside of technical or
legislative silos) and issues will help ensure the best overall decisions.

River — groundwater connectivity is shown to be key for a range of water resource,
ecological, flood risk-management and contaminant attenuation issues. Hydrologic
connectivity should be re-established where feasibl e, and where it would not
cause discharge of contaminants from one water body to another.

6) Restoration and remediation

River restoration should take account of hyporheic and riparian zone
processes and functions and seek to enhance those processes to help ensure a



fully functioning river corridor. Vertical and horizontal connectivity should be re-
established where they originally occurred.

Clear project objectives  should be established prior to the design and
implementation of river restoration, which seeks to optimise the overall ecologic and
hydrologic benefits. Success criteria should be documented early in the process,
which will normally include restoration of hyporheic zone functions as part of a
holistic approach to river corridor improvement.

Post-project appraisal is essential after any intervention project. Before-and-after
monitoring should be resourced and designed objectively to evaluate the observed
effects against the desired objectives. Publishing results is encouraged and will allow
a library of peer-reviewed project outcomes to be evaluated to help the future
development of successful approaches.



12 Recommendations for
research

1.1 Introduction

Recently, there has been much interest in researching groundwater - surface water
interactions and, in particular the hyporheic zone, as demonstrated by a growing
number of conference sessions and special issues of journals, as well as the
establishment of HNet, the Hyporheic Network (http://www.hyporheic.net). Research
interest in this area is not completely new, but in the past it has often been restricted
to single discipline issues, which has led to different conceptual models being
developed by different disciplines (Figure 1.2). Furthermore, the terms of reference
and scale of investigation differs markedly between disciplines. In Chapter 2, we
identified the many policy and operational aspects of environmental management
that may be affected by, or will affect, groundwater - surface water interactions. In
Chapters 3-10, we identified the current level of knowledge. Comparing the
management needs with current understanding, it is clear that there is both need and
scope for further research.

This chapter summarises areas where future research would have scientific and
practical relevance. The knowledge gaps and potential research projects can be
grouped into three broad areas:

Considering the significance of groundwater - surface water interactions
in the wider context of catchment management;

Deepening our understanding of the processes involved in groundwater -
surface water interactions;

Developing better tools for monitoring and modelling of groundwater -
surface water interactions.

These areas are considered below. We do not provide a comprehensive review of
the possible research questions; rather we have provided some overview comments
and some examples of the type of research topic which could usefully be explored.
This chapter should be read in conjunction with Chapters 3-10, where the
background state of knowledge and appropriate references have been presented.

1.2  Significance of groundwater - surface water

1.2.1 Interactions in catchment management

The whole of Europe, and much of the rest of the world, is moving towards integrated
catchment management. This recognises that water is connected across catchments,
just as land is, and that ecosystems and society are similarly connected across
spatial and temporal scales. As a result, research is needed to consider:

whether groundwater - surface water interactions are significant at the
catchment scale and so should be considered as catchment
management plans are being developed,;



in contrast, whether catchment-scale processes affect groundwater -
surface water interactions so that catchments should be managed
sensitively to avoid adverse effects.

1.2.2 Catchment scale influences of groundwater - s urface
water interactions

Hyporheic exchange flows. Many researchers have recognised that the exchange
of flow between surface water, hyporheic and riparian sediments, and deeper
groundwater has the potential to change water chemistry and, in particular, to
attenuate pollutants such as nutrients or organic contaminants. The cumulative effect
of these changes as water moves downstream will often be significant at catchment
scale and there may be consequential effects on the ecology of the river and
sediments. The complex geochemical and microbiological processes involved require
better quantification so they can be incorporated in management models to give
more certainty in predictions of attenuation and ecological impacts.

Plants, sedimentation and attenuation.  There are complex interactions between
the growth of aquatic plants and local sedimentation, and both are linked to the
presence and potential attenuation of nutrients and other pollutants. This web of
interactions is not well described or quantified. Are the cumulative effects significant
at the catchment scale?

Refuge in the hyporheic zone. The hyporheic zone can provide refuge for
organisms during extreme events such as floods, droughts and pollution incidents.
How important are such refuges for the recovery of ecosystems after extreme
events? Are there management actions that should be taken to ensure refuges are
available and effective? Given the importance of the HZ to stream ecosystem and
biogeochemical functioning and integrity, the need to maintain and protect vertical
linkages within riverine systems is widely accepted but still requires further
interdisciplinary research.

1.2.3 Significance of catchment processes for groun dwater -
surface water interactions

Catchment sediment management. In the long-term, the sediment and
geochemical characteristics of hyporheic zones are derived from catchment scale
processes of sediment supply. How do land-use policies and catchment practices
affect these supplies in the heavily utilised and managed catchments of the UK and
Europe? How long does it take for catchment management changes to alter
groundwater - surface water interactions, and are the effects significant?

Urban hyporheic zones. Hyporheic zones in urban rivers have a number of key
differences from those in rural areas. For example they often have more weirs which
will affect sediment distribution, they will receive more fine sediment from roads and
other urban sources, and point sources of pollution are frequently located on urban
floodplains. How do these urban catchment processes affect groundwater - surface
water interactions locally, and do they have significant impacts at the catchment
scale? Do urban rivers require different management approaches in order to protect
urban hyporheic zones and to minimise adverse effects on groundwater - surface
water interactions in their downstream catchments?

Human impact on hydrology. Hydrological changes are common in catchments
because of reservoirs, groundwater and surface water abstractions, and effluent
discharges. These flow changes reduce the variability of lower flows and change flow
duration curves, especially for lower flows which may be increased or reduced. There
has been little research on the effects of such hydrological alterations on the



hyporheic zone’s geochemistry and ecology despite the potentially large impacts.
Data on natural reference conditions, for comparison with ‘impaired’ environments, is
very sparse but is needed to inform management decisions, including those related
to restoration.

Climate change and variability.  The latest forecasts for climate change imply major
changes to hydrological regimes over most of the UK, with lower groundwater
recharge and summer flows in southeast England. How will these changes affect
groundwater - surface water interactions and hyporheic zones (e.g. ecology and
pollution attenuation)? What will be the impact of more extreme hydrological events?

1.3 Process understanding of groundwater -
surface water interactions

Geomorphology and hyporheic zone characteristics. New datasets based on GIS
and digital elevation models are leading to new, more detailed models of the links
between catchment scale geomorphology and hyporheic zone characteristics. These
have yet to be tested fully, and their implications for habitats are still to be explored.
Bed siltation dynamics. The national extent of river bed siltation in the UK is
uncertain, as are the controls and dynamics during individual storm events. Little
monitoring and field, laboratory and numerical experimentation has been carried out
here, and few data are available to be able to predict the impacts on exchange flows,
groundwater discharge, and habitats.

Hyporheic and benthic ecosystems.  What are the functional relationships between
hyporheic and benthic ecosystems? How dependent is stream ecosystem functioning
on the status of the hyporheic ecosystem and how sensitive is it to changes in
groundwater discharge and quality or to changes in bed sedimentation?

Bioturbation. The collective effect of the activities of organisms on their environment
has been termed ‘ecosystem engineering’. Although experimental research exists, in
situ field observations of organisms’ impacts on HZ properties have been limited to
date. To what extent does invertebrate burrowing and bioturbation affect sediment
permeability, water and nutrient fluxes, and chemical (e.g., oxygen) concentration
distributions in the hyporheic zone? What are the recovery times for permeability,
fluxes and concentration profiles after extreme events such as floods, droughts,
pollution incidents or sedimentation changes?

Hot spots. It is possible that there are hot spots (i.e. places) and hot moments (i.e.
times) for activity related to groundwater - surface water interactions, whether these
are related to flow, chemistry or ecology. Research could provide a theoretical basis
for such hot spots, which in turn could lead to methods to identify or predict them.
Such hot spots would then be areas to protect and manage, as well as target sites for
detailed research on processes.

Microbial and invertebrate community.  The structure and functioning of the
microbial and invertebrate communities of the HZ have received little attention until
recently, despite their importance for assessing the potential for pollutant attenuation
and a holistic assessment of stream ecosystem function and change. Much research
is needed, for example to characterise biofilm structure, understand regulation
mechanisms exerted on microbiota by interstitial predators and grazers, and to
examine the role of fungi.

Microbial respiration. Techniques are needed to measure actual rates of microbial
processes, preferably doing the measurements under in situ conditions. These can
then be used to measure and scale up rates of biogeochemical cycling to provide
more robust estimates of geochemical changes and pollutant attenuation capacity.



Pathogens. Given that microbial pathogens can be discharged to rivers in sewage
effluents and to groundwater from leaking sewers and septic tanks, how significant is
the hyporheic zone in the transport, persistence and pathogenicity of microbial
pathogens (including viruses)?

Groundwater and salmonids. The influence of groundwater on salmonid spawning
gravels has been shown to vary spatially and temporally. However its extent and
influence on developing salmonid embryos is not easy to predict or evaluate, and
there is a role for direct high resolution and well targeted measurements to improve
our understanding of groundwater influences on developing salmonid embryos.
Morphological changes. Morphological changes to rivers and their riparian zones
are made at various scales, e.g. for flood defence, managed retreat, and habitat
creation. The impacts of such changes on groundwater - surface water interactions
and hyporheic zones are rarely assessed but they may be major if water velocities,
water levels, bed materials and sedimentation are altered. There is a need for more
observational research to be carried out on such projects to understand and quantify
how significant such morphological changes are and whether their design should
take more account of groundwater - surface water interactions.

Connectivity: HZ as a migration corridor. There is a need for further research to
investigate when and how the hyporheic zone functions as a migration corridor for
ecological change and restoration. To inform regulators and decision maker on this
topic of great practical relevance, methodologies are required to scale-up from
(sub)reach-scale research to the larger scales often more relevant to river
management.

1.4 Monitoring and modelling tools

Lack of baseline data. Field studies suffer often from a lack of baseline data on
ecology and chemistry, to describe, quantify and assess the structure and function of
hyporheic zones over a range of scales. Future research will need to address these
shortages by proposing new, alternative and possibly more efficient and robust
methods and technologies for generating baseline hydrological, chemical and
biological time-series. A key requirement for the generation of new baseline data is to
ensure a detailed coverage of relevant scales as well as easy availability and access
to archived information.

Rapid and high resolution field tools.  There is still a need for rapid and routine
techniques that can provide a wide range of spatially distributed measurements at
high resolutions. For example, ways to measure solute concentrations, hydraulic
properties, sediment characteristics, and ecological variables rapidly and locally will
support all the research objectives discussed about, and allow us to understand the
significance of heterogeneity of properties and of processes.

Temporal variability. Just as there is a need for better spatial measurements, there
is a need to be able to rapidly and routinely measure temporal variations caused by
seasonal and event-based changes. For example, being able to capture the temporal
variability of geometry and hydraulic properties, and embed these changes in
models, would enable dynamic modelling of flow and solute transport and greatly
improve our ability to test hypotheses and quantify processes.

Microbiological sampling.  Understanding of the role of interstitial and attached
micro-organisms in geochemical processing and ecological food webs will require
development of sampling methods. There are opportunities to use various new
molecular techniques from other environmental areas to understand community
structure, and to observe the response of microbiological communities to
environmental stimuli.



Dynamic models. Long-term and event-based changes take place in zones of
groundwater - surface water interaction. These include sedimentation changing the
geometry, significant temperature changes, bioturbation effects on permeability,
growth of macrophytes which in turn alter water depths and velocities, and so on.
Present day numerical models are not able to incorporate such dynamic effects
across the wide range of variables, and so hinder our ability to interpret field
observations of processes. There are research opportunities to create a new
generation of models which have more ability to handle temporal changes in
boundaries and properties.

1.5 Conclusions

Integrated approach. None of the research challenges above can be solved by a
single discipline. The recommended research questions are motivated by the
knowledge demands of regulators and decision makers — generally calling for
integrated and interdisciplinary solutions. To provide such solutions, it is necessary to
further integrate and exchange the knowledge provided by the different scientific
disciplines investigating HZ process dynamics. Interdisciplinary research programs
will require new ideas of how to integrate knowledge from different disciplines, which
could include the generation of proxies and transfer functions for scaling or creating
‘new’ information in related disciplines.

The application of molecular techniques for the analysis of microbial communities will
provide a raft of information covering HZ and river health and human health impacts
as it would excise information regarding fate of pollutants and of microbial pathogens
whilst supporting more chemical and physical disciplines that focus on
biogeochemistry, temporal variability and ecosystem services .



