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7.5 Factors affecting embryo development 
The survival of embryos can be very variable and is influenced by a complex range of 
interacting factors in the intra-gravel, hyporheic environment (Figure 7.2). Critically, the 
developing embryos require a continuous supply of cool, well oxygenated water, both 
for respiration and to flush away waste metabolites.  

 
 
Figure 7.2 Conceptual diagram showing the complex interaction of processes 
that can influence salmon embryo survival. Hyporheic water quality is 
determined by the relative contributions of groundwater (blue) and surface water 
(green) which are in turn influenced by a variety of interacting physical and 
chemical processes. The oxygen requirement of embryos (red) interacts with 
oxygen availability in the hyporheic environment to determine survival. The 
oxygen demand of embryos depends on a combination of metabolic rate and 
respiring mass which is influenced by embryonic stage and water temperature. 
From Malcolm et al., 2005. 
 
While the survival of developing embryos can be directly affected by the hyporheic 
conditions, sub-lethal effects can also be apparent under conditions of reduced oxygen 
availability. These sub-lethal effects, which cause affected fish to be smaller and 
lighter, can influence the longer term survival after emergence from the gravel into the 
stream channel (Alderdice et al., 1958; Silver et al., 1963; Shumway et al., 1964; 
Youngson et al., 2005). 
 
A significant amount of research has examined the importance of sediment 
composition in regulating the intragravel conditions and hence the survival and 
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development of salmonid embryos (Sear and DeVries, 2008). Of particular interest has 
been the issue of fine sediment intrusion associated with bank/soil erosion and land 
management processes. Fine sediments from exposed soils can easily erode and 
wash into rivers, where they can infiltrate the gravel and restrict the flow of water and 
supply of oxygen through the gravel to the developing embryos. Extensive reviews of 
this subject have been published by Everest et al. (1987) and Chapman (1988). 
However, this very strong emphasis on fine sediment has caused research to be 
narrowly focussed onto this one subject to the exclusion of other relevant processes 
and has only considered the permeability of the gravel in relation to surface water 
(Malcolm et al., 2008). This emphasis has led to the development of the Sediment 
Intrusion and Dissolved Oxygen (SIDO) management model (Alonso et al., 1996), 
which describes only one part of the complex intragravel processes, and to the 
proposal of relatively simplistic threshold targets for fine sediments (Naden et al., 
2002). In effect, the flow and quality of water in the intragravel, hyporheic zone are 
affected by a range of interacting and dynamic processes, summarised in Figure 7.2 
(Malcolm et al., 2005, and these are likely to vary both spatially and temporally. The 
dangers associated with an over simplistic assessment of spawning habitat quality are 
clearly demonstrated by the paired research papers produced by Groves and Chandler 
(2005) and Hanrahan et al., (2005) which indicated favourable spawning conditions 
based on the assessment of substrate characteristics, but poor habitat based on 
assessments of hyporheic water quality, reflecting local groundwater and surface water 
interactions. 
 
The physicochemical conditions in the hyporheic zone vary both spatially and 
temporally (Malcolm et al., 2003b), and are influenced by the sedimentary 
characteristics of the stream bed substrate, the in situ biochemical processes and the 
relative contributions of the surface- and ground-waters that themselves can exhibit 
marked physicochemical differences (Malcolm et al. 2008). Flow path and residence 
time both control the chemical composition of different waters by determining the type 
of soils and geology that the water comes into contact with and by determining the 
length of time that the water is in contact with those soils and geology. Of particular 
importance for developing salmonid embryos is the length of time that the surface or 
groundwater has resided within the soils or geology. For example, surface water 
exchange driven by turbulence near the bed or by local bedforms (such as bars or 
riffles) can have a relatively short residence time within the gravel ranging from 
seconds to hours or days, and as a consequence the water quality may be relatively 
unaltered from surface conditions.  However, groundwater may remain within the soils 
and geology for years, decades or even longer. Broadly speaking, for areas with 
organic soils, the longer the residence time of the water, the more oxygen-depleted it is 
likely to be.  
 
7.5.1 Dissolved Oxygen 
The supply of dissolved oxygen to the developing embryos throughout the incubation 
period is critical for their survival and development. Below critical dissolved oxygen 
concentrations embryo mortality can be extensive, but even at sub-lethal levels, 
development can be retarded and deformities occur, and the hatching and emergence 
of the young fish into the open stream can also be delayed (Alderdice et al., 1958; 
Silver et al., 1963; Shumway et al., 1964; Youngson et al., 2005). Alderdice et al. 
(1958) also observed premature hatching and emergence when embryos were 
exposed to low dissolved oxygen near to their hatch time. A summary of published lab 
and field measurements of critical mean dissolved oxygen concentrations for 
developing salmonid embryos is given in 7.1. Notably the reported lab-based 
measurements are markedly lower than the field-based measurements, perhaps 
reflecting a greater complexity of processes affecting embryo survival in the natural 
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environment, but also reflecting the difficulties of adequately characterising dissolved 
oxygen conditions beneath the streambed (Malcolm et al., 2006). The lab-based 
studies reported by Alderdice et al. (1958) demonstrated that chum salmon 
(Oncorhynchus keta) embryos could tolerate relatively short periods – up to 7 days – of 
exposure to very low dissolved oxygen levels of less than 2mg O2. per litre without any 
noticeable effects, but pointed out that this level of tolerance depended on the 
temperature and the stage of development. 
 
Table 7.1 Observed critical mean dissolved oxygen concentrations during 
embryo incubation for various salmonids, from lab and field based studies. 
Species Critical 

mean DO 
(mg O2.l-1) 

Lab/Field Source 

1.4 Lab Silver et al., 1963 
4.3 Field Sowden and Power, 1985 

Steelhead 
(Oncorhynchus 
mykiss) 7.7 Field Phillips and Campbell, 1962 

(cited in Silver et al., 1963 
Chinook (O. 
tshawytscha) 

1.4 Lab Silver et al., 1963 

Coho  
(O. kisutch) 

7.7 Field Phillips and Campbell, 1962  
(cited in Silver et al., 1963) 

6.9 Field Ingendahl, 2001 
8.0 Field Hartmann, 1988  

(cited in Ingendahl, 2001) 
9.9 Field Rubin and Glimsater, 1996 

Brown trout 
(Salmo trutta) 

7.6 Field Malcolm et al., 2003a 
Atlantic salmon 
(S. salar) 

7.6 Field Malcolm et al., 2003a 

 
7.5.2 Temperature 
Temperature is an important determinand of both the rate of embryo development and 
their oxygen requirements (Crisp 1988; Elliott and Hurley 1998). Oxygen demand 
increases with increasing temperature, and also with the stage and rate of 
development (Alderdice et al. 1958). Predictive models have been developed to relate 
temperature to embryo development and timing of hatching and emergence under 
saturated dissolved oxygen conditions (Crisp, 1988; 1990; Elliot and Hurley, 1998. 
However, as discussed previously, low dissolved oxygen conditions can influence 
embryo development and timing of emergence. Given the variation of natural 
processes, and the possibility of low dissolved oxygen conditions occurring in the 
natural environment, such simplistic temperature models should be used with caution. 
Deviation of observed emergence time from a temperature-based prediction, may be a 
valuable, if simplistic, indicator of dissolved oxygen related stresses in the hyporheic 
zone This would however require that the temperature is recorded from the egg pocket 
or hyporheic zone as opposed to surface water, as temperature may vary between 
these two environments (Malcolm et al 2004). 
 
7.5.3 Intragravel water velocities 
The water velocities within the gravel matrix influence the delivery of oxygen and 
removal of wastes from the developing embryos. These intragravel velocities are in 
turn affected by differences in hydraulic head and the porosity of the gravel matrix 
which itself is a function of the fines content, local hydraulic conditions and stream 
gradient. The gradient of the streambed is unlikely to change during the embryo 
incubation period, however the redd itself does gradually flatten out and this change of 
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profile is likely to reduce water exchange through the redd gravel during the incubation 
period. The fines content of the gravel redd also changes during the incubation period. 
When the redd is initially created, it is relatively free of fines – these being flushed out 
of the gravel by the mechanical sorting action of the redd construction process and the 
flow of the stream. During the incubation period, fines are likely to re-infiltrate this 
relatively porous matrix, with the degree of re-infiltration being influenced by geology, 
soils, gradients, catchment land-use and precipitation/flow (Gibbins et al., 2008, Sear et 
al., 2008a,b). Intragravel water velocities may therefore also impact on the survival and 
development of embryos (Rubin and Glimsater, 1996), although these effects have 
often been considered to be secondary to that of fines content/dissolved oxygen 
delivery Lapointe et al., 2004). Sowden and Power (1985), reported that the effect of 
interstitial velocity became important only above critical dissolved oxygen levels of 
around 5.3 mg O2 per litre. In laboratory experiments, Lapointe et al (2004) observed 
that there was no single threshold intragravel flow velocity that ensured a high level of 
embryo survival; fines content also matters – particularly the content of sand (0.06 to 
2 mm) and especially silt (<0.06 mm).  
 
In general, given suitably high dissolved oxygen conditions, increasing interstitial 
velocity appears to increase embryo survival, rate of development, and the size of 
emergent fish (Coble, 1961; Silver et al., 1963; Shumway et al., 1964; Hamor and 
Garside, 1976; Rubin and Glimsater, 1996). High interstitial velocities coinciding with 
low dissolved oxygen conditions can still result in high embryo mortality. 
 
7.5.4 Effect of fine sediment infiltration on embryo survival 
Fine sediment infiltration (typically considered to be sediments with a particle size less 
than 4mm, see Sear et al., 2008a) and the consequent reductions in intragravel water 
velocities and dissolved oxygen delivery, is widely acknowledged to be one of the most 
significant factors affecting embryo survival and development (Malcolm et al., 2008). 
The infiltration of fine sediments can affect embryo survival through four main 
processes that can occur in isolation, or in any combination:  

• by reducing interstitial water velocity, therefore increasing the residence 
time of the hyporheic water and consequently reducing dissolved oxygen 
delivery 

• infiltrated material can have an oxygen demand of its own which reduces 
dissolved oxygen delivery to the embryos 

• physical capping of redds by a layer of fine sediment can cause the 
entombment of the embryos preventing their natural escape from the gravel 

• direct smothering effects on embryos. 
 
Most studies have correlated embryo survival with simple granular metrics which 
describe the composition of the incubating gravel environment (Lapointe et al., 2004, 
Malcolm et al., 2008). Lapointe et al. (2004) examined the relationship between embryo 
survival and various combinations of sand and silt contents in relation to differing 
hydraulic gradients in the laboratory. For the range of gravel mixtures examined, high 
silt loadings were seen to be detrimental to embryo survival for all substrate mixtures 
except those that had a very low sand content (<5 %). For sand contents over 10 %, an 
increment of 1 % silt had over three times the effect on embryo survival as a 1 % 
increment in sand. 
 
Unfortunately, such simple metrics fail to recognise the complexity of factors affecting 
developing embryos and do not address the actual mechanism of how fine sediment 
infiltration affects embryo survival and development. Therefore they cannot easily be 
transferred between locations. For example, in a series of field experiments conducted 
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in a range of river types in England and Wales, Greig (2004) found that simple granular 
metrics describing the gravel environment were poor descriptors of embryo survival. 
 
To further examine the processes affecting egg survival, Greig (2004) examined the 
oxygen demand of the sediments that would typically infiltrate the redd gravels, the 
relationships between intragravel water velocities in artificial redds and four metrics 
describing the gravel composition. Sediment baskets were used to obtain sediment 
samples for determining the oxygen demand of the sediments comprising the 
incubating redd environment. The oxygen demand values varied within and between 
sites and over time, probably resulting from variations in the age and composition of 
materials deposited in the riverbed, since the oxygen demand of infiltrated material 
declines with time. Greig (2004) also noted that the samples recording higher oxygen 
demand were associated with recent high-flow deposition events, although these 
effects tended to be relatively short lived, indicating that the organic sediments are 
quickly metabolised and also implying that the timing of sampling is important for 
correct identification of dissolved oxygen sags. Of the four granular descriptors that 
were compared against intragravel water velocities (percentage of fine sediment less 
than 4mm, percentage of fine sediment less than 1mm, the geometric mean particle 
diameter, and the median particle diameter (D50)) all were significantly correlated with 
intragravel flow at all sampling locations, with the exception of the median particle 
diameter descriptor. Particle size analysis may therefore provide an indication of 
intragravel water velocities, but not necessarily dissolved oxygen content. 
 
 
7.5.5 Spatial scale of surfacewater/groundwater interactions 
7.5.5.1 Redd Scale  
Malcolm et al. (2006) were the first to use new dissolved oxygen sensing technology to 
obtain long-term, high resolution dissolved oxygen data directly from the intragravel 
environment throughout the embryo incubation period. Using a combination of logging 
optodes and continuous hydraulic head data, groundwater–surface water interactions 
and hyporheic water quality were found to vary as markedly at the scale of individual 
redds as they had at larger spatial scales. Furthermore, temporal variation at individual 
hydrological event scales was found to be as variable as that found at seasonal scales 
(Malcolm et al., 2006).  
 
Malcolm et al. (2006) installed high resolution logging optodes in surfacewater and at 
depths of 0.15 and 0.30 m beneath the streambed in a simulated redd in an intensively 
used salmon spawning riffle. Dissolved oxygen concentrations in surface water and 
shallow hyporheic water (0.15 m) were consistently high throughout the incubation 
period studied, and were seen to vary between 90 % and 100 % saturation in response 
to diel patterns of photosynthesis and respiration (Figure 7.3). Dissolved oxygen in 
hyporheic water at 0.3 m depth initially exhibited similar patterns to surface water but, 
in early January, began to show marked reductions in response to hydrological events. 
Hydraulic head data collected at the site showed that periods of low dissolved oxygen 
were associated with a streamward hyporheic flux following catchment rewetting 
(Malcolm et al., 2006). Low dissolved oxygen periods were particularly associated with 
the recession limb of hydrological events, when high water table elevation relative to 
stream stage appeared to cause a streamward flux of groundwater to enter the 
hyporheic zone. Subsequent analysis, using random resampling of the high-resolution 
dissolved oxygen data at specified frequencies showed that conventional low-
frequency sampling approaches (e.g. monthly) would have failed to capture most of the 
temporal variability in hyporheic conditions and, in particular, were likely to have 
grossly underestimated minimum values (Malcolm et al., 2006). These findings identify 
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the possible limitations of past studies of in-redd survival and identified a potentially 
major source of error, which may explain observed differences in embryo tolerance to 
low dissolved oxygen between field and laboratory studies. The probable cause being 
that short-term changes in dissolved oxygen are not captured by low-frequency 
sampling used in most field studies. 
 

 
 
Figure 7.3 Dissolved oxygen concentrations in the stream and hyporheic zone 
(150 and 300 mm). Discharge data are shown on the secondary y-axis (after 
Malcolm et al., 2006). 
 
7.5.5.2 Reach Scale 
In order to examine spatial and temporal variation in hyporheic water chemistry and 
embryo performance across a spawning riffle, Malcolm et al. (2004) instrumented the 
most heavily used spawning riffle in the Girnock Burn, a tributary of the River Dee in 
North East Scotland. Nests of logging piezometers were installed at the head, run, and 
tail of the riffle to characterise the spatial and temporal variability of hydraulic head and 
water temperature across the riffle, and artificial redds containing incubation chambers 
and hyporheic samplers were installed at three locations moving progressively down 
through the run of the spawning riffle.  
 
Source water provenance within the hyporheic zone was identified by hydrochemical 
and temperature data, while the direction of hyporheic water movement was indicated 
by hydraulic head data. The piezometer samples identified substantial groundwater 
influence upstream of the riffle crest and at the tail of the riffle, through the 
characteristic low diel variability in temperature depth profiles of the hyporheic water. 
Increasing surfacewater influence was identified through the run of the riffle, below the 
riffle crest, in the area of accelerating flow and decreasing water depth.  
 
Hydrochemical data from the artificial redds was generally consistent with the 
temperature profile data, with the upstream artificial redd in the run of the riffle showing 
the highest dissolved oxygen and the lowest alkalinity values, again indicative of strong 
surfacewater influence and short residence times. The middle and downstream redds 
were characterised by progressively higher alkalinities and lower dissolved oxygen 
levels, indicating the increasing groundwater influence towards the tail of the riffle. All 
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three redds were characterised by lower dissolved oxygen concentrations at depth, but 
the middle and downstream redds differed from the upstream redd in showing marked 
temporal variability associated with prevailing hydrological conditions.  
 
In general, dissolved oxygen increased during periods of high base flow and declined 
during periods of low base flow. Extreme low dissolved oxygen values were observed 
in response to icing events, and unusual patterns of variability were observed when 
sampling coincided with hydrological events. Of the three redds included in the study, 
embryo survival was observed only at the upstream redd, but even here, high embryo 
mortality was observed at 0.3 m depth (Malcolm et al. 2004). Hydraulic head data 
confirmed upwelling (streamward) hydraulic gradients upstream of the riffle crest and 
towards the tail of the riffle, but no dominant direction of exchange was identified 
through the run of the riffle. The high resolution data also revealed that hydraulic 
gradients changed rapidly during hydrological events.  
 
Prior to a hydrological event, the hydraulic head in the upstream piezometer nest was 
seen to increase with depth into the streambed, indicating an upwelling, or streamward 
flux of water. During the peak of the flow, hydraulic head at the various depths 
converged, indicating temporary cessation of upwelling. Positive heads were re-
established on the recession limb of the flood. Piezometer samples from the run of the 
riffle showed that hydraulic gradients were reversed during peak discharge, indicating 
that surface water was being forced into the stream bed. These patterns of variability 
indicated rapid and dynamic responses to changes in stream stage and water table 
elevation. High water table elevations relative to stream stage drive positive (upwelling) 
hydraulic gradients during low-flow conditions, while high stream stage during 
hydrological events generates negative hydraulic gradients (downwelling). 
 
7.5.5.3 Catchment Scale 
Malcolm et al. (2005) deployed hyporheic water samplers throughout the main salmon 
spawning areas of the Girnock Burn, a tributary of the River Dee in North East 
Scotland, in order to examine the catchment scale variation in 
surfacewater/groundwater interactions in a significant salmon spawning catchment. 
Stream and hyporheic water samples were collected from each site at approximately 
fortnightly intervals (Malcolm et al., 2005; Youngson et al., 2004). Alkalinity and 
dissolved oxygen were used to differentiate between surface water and groundwater in 
the hyporheic environment, groundwater being typified by relatively high alkalinity and 
low dissolved oxygen, and conversely, surfacewater being typified by relatively low 
alkalinity and high dissolved oxygen. Based on the temporal variability of stream and 
hyporheic water chemistry, three broad categories of spawning site were identified, 
reflecting local stream–aquifer interactions (Malcolm et al., 2005). These were 
groundwater-dominated sites, surfacewater-dominated sites and sites exhibiting 
transient water table features. Interestingly, those sites that were characterised by the 
greatest level of groundwater input and lowest levels of embryo survival (Youngson et 
al., 2004) were located in the two spawning reaches in the catchment with the most 
consistent and intensive record of historical use by spawning salmon. These particular 
sites were distinguished from other locations in being located immediately upstream of 
major transverse valley moraine features comprising poorly sorted material of low 
permeability. These valley constrictions reduce channel gradients upstream and 
promote favourable sedimentary and hydraulic conditions for spawning. However, it 
appears that they also channel down-valley groundwater movement towards the 
stream and, consequently, lower the local quality of hyporheic water.  
 
Geist and Dauble (1998) observed that Chinook salmon (Oncorhynchus tshawytshca) 
actually seemed to favour areas of upwelling hyporheic water on which to spawn, in the 
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study reach of the Columbia River, but noted that the stream bed was relatively 
permeable and hence the hyporheic water was dominated by short-residence surface 
water rather than long-residence, low dissolved oxygen groundwater. 
 
7.5.6 Temporal Scale of surfacewater/groundwater interactions  
Using continuous logging sensors, Malcolm et al. (2009) compared the surface water 
and groundwater interactions at two salmon spawning sites in the Girnock Burn – one 
site known to be dominated by groundwater and the other site known to be dominated 
by surface water. 
 
At the groundwater-dominated site, hyporheic dissolved oxygen concentrations were 
seen to change rapidly in response to changing hydrological conditions. Low volume 
(25 ml) spot samples revealed fine-scale spatial variability (<0.05 m) consistent with a 
vertically shifting boundary layer between source waters. At a surfacewater-dominated 
location, hyporheic water was typically characterised by high dissolved oxygen and 
electrical conductivity values, characteristic of surfacewater. Small reductions in 
dissolved oxygen at this site are hypothesised to be associated with short residence 
hyporheic discharge. 
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Figure 7.4 A Girnock Burn discharge; temperature at (b) S16 and (c) S7; and 
dissolved oxygen at (d) S16 and (e) S7, for the period between salmon spawning 
and embryo hatch. Black lines show surface water, green lines show hyporheic 
water at 150 mm, red lines show hyporheic water at 250 mm. (From Malcolm et 
al., 2009). 
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7.5.7 The effect of hyporheic water quality on embryo survival and 
development 
Youngson et al. (2004) examined the link between surfacewater/groundwater 
interactions and salmon egg survival and development using vertically stratified egg 
incubators in artificial redds with nearby hyporheic water samplers. The artificial redds 
were constructed within known salmon spawning areas that were influenced by 
variable extents of groundwater intrusion. The effective egg burial depths within these 
vertical incubators ranged from 0.05 to 0.3 m. Control groups of eggs were located 
nearby in stream water. None of the control group of eggs died during the incubation 
period, whereas variable mortality was apparent in the vertical incubators (Table 8.2). 
High mortalities at the shallowest burial depth at six of the sites were attributed to the 
eggs experiencing mechanical shock during spates during early development stages. 
Complete mortality was observed at the deepest burial depth at three of the study sites 
where low dissolved oxygen conditions associated with groundwater intrusion were 
observed. Groundwater intrusion was most evident at site 7, and this was associated 
with complete mortality of all but the shallowest eggs. 
 
Table 7.2. Percent survival within groups of 20 ova, observed at excavation. 
(Youngson et al., 2004). 
 Location code number 
Incubation 
depth 
(mm) 

2 3 4 6 7 9 10 12 13 16 

50 0 0 100 65 100 0 0 100 0 0 
100 100 95 100 100 0 95 100 100 100 100 
150 100 95 100 100 0 100 100 100 100 100 
200 100 100 100 100 0 100 100 100 100 100 
250 100 95 90 100 0 100 100 95 100 100 
300 100 95 100 0 0 95 100 100 0 100 
 
 
Those eggs that were recovered from the incubators alive were transferred to a holding 
facility fed by surface water until they hatched, when they were weighed and measured 
to assess their condition. The group mean body length of surviving alevins from 0.25m 
depth was significantly correlated with both the mean and minimum recorded dissolved 
oxygen from the hyporheic water samples extracted from 0.2 to 0.3m depth (Figure 
7.5). 
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Figure 7.5 Mean alevin length (±95 % confidence intervals) for the nine surviving 
ova groups incubated at 250 mm below streambed level. The relationships 
between length and the mean ( ) and minimum ( ) observed oxygen saturation 
levels are indicated (after Youngson et al., 2004). 
 
7.6 Research needs 
A significant amount of research has examined the factors affecting salmonid embryo 
survival and development during the intra-gravel incubation period in the hyporheic 
zone, but this has rarely included examination of the importance of groundwater, 
particularly long residence, low dissolved oxygen groundwater. Low dissolved oxygen 
groundwater is a natural feature of the hyporheic zone, and its influence 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 
without direct high resolution or well targeted measurement. 
 
In situ measurements of the hyporheic incubating environment and its effects on 
embryo performance need to take proper account of the impact of the groundwater and 
surface water interactions. 
 
There have been significant developments in environmental monitoring of hyporheic 
water quality for salmonids that allows researchers to assess the timing frequency and 
magnitude of low dissolved oxygen episodes. However, there remains uncertainty as to 
critical dissolved oxygen concentrations and durations for salmonid embryos at 
different stages of development. While evidence suggests that salmonid embryos can 
endure short periods of very low dissolved oxygen, the interaction between 
developmental stage, dissolved oxygen concentration and exposure time deserves 
further investigation. This would allow improved predictions of spawning success and 
help inform management decisions. 
 
The extent of impact of low dissolved oxygen groundwater on the incubating embryos 
of gravel-surface spawning fish species is likely to be lower than that on salmonids, but 
this may still be worthy of directed research. 
 
Dissolved oxygen is just one important feature of groundwater quality with respect to 
fish embryo survival and development. The chemical quality of groundwater also needs 
to be considered in assessing ecological impacts, particularly with respect to the effects 
of anthropogenic impacts on groundwater quality.  
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Some observations, primarily from North America, suggest that upwelling groundwater 
provides valuable cool refugia for free-living coldwater species during warm, low flow 
periods. Such refugia could potentially become more important for coldwater species 
as climate change causes river water temperatures to rise in the future. This is 
particularly relevant as the southern rivers of the British Isles, where climate impacts 
are likely to be most pronounced, lie towards the southern extent of the native range of 
salmon and trout. 
 

7.7 Recommendations for management 
Significant effort is increasingly being directed towards the improvement of salmonid 
spawning habitats and the associated management of land and riparian corridors to 
reduce fine sediment inputs. While these efforts will undoubtedly improve the quality of 
spawning gravels in the longer term, it must be recognised that low dissolved oxygen 
groundwater will continue to impact embryo survival and development where it is a 
prominent feature of the hyporheic zone.  
 
Where efforts are made to improve or create new spawning habitat, local hyporheic 
water quality and groundwater-surface water interactions should be examined. It is 
important to ensure that managers are not encouraging fish to spawn in superficially 
appealing locations that offer poor spawning success.  
 
Finally, where it can be demonstrated that embryo survival is limiting to local 
populations (regardless of cause), managers may wish to consider the use of 
hatcheries or in-stream incubators to minimise over winter mortality of native stocks. 
 

7.8 Conclusions 
The hyporheic zone is subject to complex interacting processes that can affect the 
survival and development of salmon and trout embryos during their over-winter 
incubation period. Free-swimming life stages of freshwater fish, and those species that 
lay their eggs at shallow depth or on the gravel surface, are likely to be relatively 
unaffected by hyporheic zone conditions and processes. 
 
The delivery of oxygen to incubating embryos is one of the critical factors affecting their 
survival development. Within the hyporheic zone dissolved oxygen delivery is affected 
by the infiltration of fine sediment into the gravel, the sediment oxygen demand and 
interactions between surface-water and groundwater. Surface water is typically high in 
dissolved oxygen, while groundwater, particularly long-residence groundwater, is 
typically low in dissolved oxygen. Surface water and groundwater interactions vary both 
spatially and temporally, and their relative extents and influences cannot be readily 
evaluated or predicted without direct field measurement.  
 



 Science Report – The Hyporheic Handbook 137 

8 Measurements and 
monitoring at the 
groundwater-surface water 
interface 

8.1 Summary of key messages 
1. Holistic and interdisciplinary approaches. Recent legislations, such as the 

European Water Framework Directive, have put the emphasis on 
groundwater-surface water interactions and their impact on the ecological 
status of streams. Stressing the importance of groundwater-surface 
interfaces (GSIs) may also favour, for example, better risk assessments in 
the context of remediation of groundwater contamination. These new 
approaches impose to: 
- consider interactions between water bodies which have been 

traditionally monitored separately 
- monitor hydrological and hydrochemical fluxes and biological 

parameters in an integrated manner. 
2. Spatial and temporal scales. Characteristics of local GSIs are typically 

controlled by biotic and abiotic processes at larger scales. This range of 
scales can be wide, both in time and space. In terms of GSI monitoring, this 
implies: 
- accounting for large scale processes before focusing on small scale 

heterogeneity, for example by assessing the main direction and intensity 
of flow, as well as the broad hydrochemical and biological features of an 
area before collecting point data. 

- accounting for the scale of temporal variations associated with a given 
system; for example, groundwater flow in a porous media may be more 
stable than river stage variations.  

3. Available datasets and field observations. Hydrological, hydrochemical or 
biological data are often collected by national agencies or private 
companies. These datasets, in conjunction with the use of hydrogeological, 
geological or land-use maps are essential to design any monitoring 
strategy. 

4. Field data collection. A large range of tools and methodologies traditionally 
used in streams and aquifers can be applied to the study of GSIs. Among 
the more specific techniques some have been tested while others are still in 
development, especially for monitoring the riverbed environment.  
- Considering the simultaneous collection of hydrological, hydrochemical 

and biological data is critical in designing a monitoring strategy. 
- Dealing with heterogeneity in space and time may benefit from the joint 

use of: (1) point methods; (2) average-based methods (which integrate 
spatial or temporal variations); or (3) “distributed” methods (which, to the 
contrary, provide insight into spatial or temporal variations).  

- Recent technologies, such as automatic remote loggers or sampling 
devices can facilitate the monitoring and reduce costs. 
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5. Categories of methods. For monitoring biological, chemical and 
hydrological parameters of GW/SW interfaces, the following classes of 
methods are available: 
- Wells, piezometers and sampling pits 
- Coring methods (e.g. auger, freeze coring) 
- Seepage meters 
- Stream flow measurements 
- Hydrographic analysis 
- Infrared photography 
- Artificial and environmental tracers 
- Temperature as a tracer 
- Geophysics 
- Microcosms, experimental chambers, and colonization chambers 
- Hydrochemical measurement probes and samplers 
- Biological sampling methods of subsurface fauna 

8.2 Introduction 
Appropriate and cost-effective monitoring of the status of water bodies is critical to 
identify pressures on natural systems and inform decision-making. Designing a 
monitoring strategy certainly demands a good knowledge of the equipment and 
procedures. In the field of groundwater and stream water (GW/SW) interactions, 
practitioners and researchers have to develop these skills for both groundwater and 
surface water bodies, and in a variety of environments, such as open streams, deep 
aquifers, riparian zones or riverbed sediments. Furthermore, the assessment and 
understanding of key biotic and abiotic processes has to cross disciplines such as 
biology, chemistry, geology, geomorphology, hydrogeology and hydrology.  

While the present handbook provides a general introduction to the science of GW/SW 
interactions, this review starts by discussing potential objectives and strategies of a 
monitoring programme. This part is followed by implementation considerations, which 
present a range of methods and tools designed to assess flow, solute, and biological 
characteristics at the GW/SW interface. 

8.3 Designing a monitoring programme 
8.3.1 Why is the monitoring undertaken? 
A sound understanding of the environmental issue at stake and of the impacted area 
are critical in selecting an appropriate monitoring approach, in assessing the required 
financial and labour resources, as well as in identifying issues of access to rivers or 
private lands. Below we present common issues and objectives that create a need for 
monitoring GW/SW interactions. In a synoptic view (Table 8.1), these are further linked 
to specific methods.  

 

8.3.1.1 Hydrological studies 
In the context of GW/SW interactions, studies focusing on quantitative aspects aim at 
estimating net fluxes of water exchange between water bodies, for example to make 
flood predictions or to develop riverbank filtration schemes. From this perspective, it is 
common to be interested in the aquifer’s average permeability or the net change of 
stream discharge over a given reach (Chapter 9).  
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When dealing with biological or hydrochemical issues, an accurate description of the 
flow field, and of the distribution and timing of GW/SW interactions, are essential to 
untangle the complexity of the processes (Chapters 5 & 6). Matters of interest may be 
the degree of connection between the stream and the aquifer, the distinction between 
waters of different age and origin, or the change of flow direction between the two 
water bodies - can one contaminate the other?  

 

8.3.1.2 Hydrochemical studies 
A major environmental concern is the transport and fate of nutrients and contaminants 
at the GW/SW interface. Not only does this interface create a connection between the 
two water bodies, but it can also modify concentrations through dilution, water-rock 
interactions, microbiological processes or uptake of solutes by the vegetation 
(Chapters 5 & 6).  

In a first stage, monitoring programs seek to relate the distribution of nutrients or 
contaminants to the spatial extension and temporal dynamic of the flow field. Further 
hydrological and sedimentological campaigns may help improving estimation of flow 
direction and transit time, and therefore rates of attenuation or release of solutes at the 
interface. This work can ultimately lead to the calculation of mass balances and 
budgets, and to the calibration of solute transport models (Chapter 9).  

 

8.3.1.3 Biological studies 
The effect of GW/SW interactions on stream biotic communities is of major concern for 
water resources and land use management. Yet the complexity of the processes 
involved makes it difficult to assess ecosystem health. Common issues that can be 
linked to GW/SW interactions are the quality of fish spawning sites, stream biodiversity 
or eutrophication processes (Chapters 5 & 7).  

Assessing the biological quality of aquatic systems generally involves mapping the 
distribution of organisms. For example, in England and Wales, the Environment 
Agency monitors the abundance and presence of fish, benthic macroinvertebrates, 
periphyton and macrophytes to classify river stretches and monitor the impact of 
human activity. Among other factors, GW/SW interactions are known to influence 
benthic communities, either directly, such as when nutrient-enriched groundwater 
discharges into the stream, or through biotic interactions, for example between 
hyporheic and benthic fauna. It is therefore reasonable to include such processes in 
ecosystem assessments.  

It is anticipated that inclusion of such factors can help constrain biologically focused 
models, and help to increase the reliability of ecological indicators.  

 

8.3.2 What data are to be collected? 
The choice of data to collect, and therefore the methods to be applied, depend on the 
study objective. If the aim is to assess the groundwater contribution to stream flow, a 
hydrographic analysis may suffice (Chapter 4). If it is to study the effects of discharge 
of contaminated groundwater on the benthic fauna, then a finer delineation of upwelling 
and downwelling zones may be needed.  

In all cases, particular care must be taken with respect to scale. Hyporheic and riparian 
environments can be highly heterogeneous, so local measurements may not be 
representative of the natural system. Therefore it is useful to recognise if a technique is 
a point or local method; a lumped- or average-based method, which integrates spatial 
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or temporal variations; or a ‘distributed’ method, which provides insight into spatial or 
temporal variations. For example, sampling a piezometer is a local method, differential 
stream flow gauging provides a lumped result, and continuous records of stream flow 
contain temporally distributed information. In general, sound monitoring approaches 
involve the parallel use of several tools, in order to increase the degree of confidence in 
the results. 

If different field sites are to be compared, one should attempt to minimise inter-site 
variability where it is not wanted. For example, when comparing the fauna of a human-
impacted stream with a pristine stream, it is recommended to select reaches of similar 
characteristics (e.g. water depth, vegetation cover, grain size). 

 

8.4 Implementing a monitoring strategy 
A good starting point is to study available datasets and carry out a field exploration. 
Accordingly, we first discuss the benefits of preliminary studies, before presenting the 
larger range of field methods that are applicable to the GW/SW interface. These are 
presented according to the standpoint of the ‘observer’ in the field: (1) the subsurface; 
(2) the GW/SW interface; and (3) the stream. 

Although the initial aim of a monitoring scheme is unlikely to change, it must be 
emphasised that the implementation often follows a ‘trial-and-error’ process. Indeed, in 
river environments, it is not unusual to discover monitoring devices that have been 
damaged by high flow conditions, or sampling networks that are too sparse, given the 
heterogeneity of the field site. Likewise, although some field-measurement devices 
appear easy to use, it is recommended to be fully trained and to test the apparatus in 
situ prior to collecting data. 

  

8.4.1 Preliminary studies 
Examining existing sources of information, through a desk study and field observations, 
can provide invaluable information that facilitates the selection of methodologies and 
sampling locations. 

 

8.4.1.1 Desk study 
Existing data that can provide useful information about surface and subsurface 
environments include: 

• Topographic maps (geomorphic features, e.g. sinuosity) 
• Geological and hydrogeological maps (the type of aquifer, its thickness, 

boundaries and productivity) 
• Groundwater flow nets (general flow direction between streams and 

groundwater) 
• Land use or land cover maps 
• Monitoring data from regulating agencies and independent groups (e.g. 

habitat survey, macrophyte, fish, redds or invertebrate distribution) 
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8.4.1.2 Field observations 
In addition to desk studies, a site visit can provide important indications on potential 
GW/SW interactions. This type of information includes (Brodie et al., 2007):  

• Sediment characteristics and river flow types 
• Anthropogenic features such as weirs 
• Presence of macrophytes and fish redds 
• Precipitation of metals oxy-hydroxides or carbonates on the riverbed 
• Change of stream water colour or odour in polluted areas 
• Springs or visually explicit increase of stream flow 
• Differences in temperatures producing vapour at the surface or melting 

the snow and ice 
 

8.4.2 Subsurface data collection 

8.4.2.1 Wells, piezometers and sampling pits 
A monitoring well is a permanent or semi-permanent well, fitted with a long screen 
(section of slotted pipe), which is used to sample groundwater and/or measure the 
water table elevation. The sampling is depth-integrated, i.e., it covers all depth levels; it 
is commonly used to assess the presence of contaminants in aquifers without 
expending too much effort on the drilling. A piezometer is a small-diameter well with a 
short screen, used to make head measurements and sample water at a specific depth. 
Mini-piezometers (Figure 8.1) are similar devices, generally of smaller diameter and 
commonly installed at a maximum of 2m depth (Brodie et al., 2007), either in the 
floodplain or directly in the channel. There is a variety of piezometer and mini-
piezometer designs (e.g. Brodie et al., 2007; Rivett et al., 2008). In general, these 
devices are installed along transects or over a horizontal plan (network). Installation 
can be carried out either manually, by augering or hammering (direct push methods) 
(Figure 8.2), or with a powered auger (Brodie et al., 2007). Depth-specific sampling 
allows for determining the vertical variability of hydrochemistry or biology, and the 
vertical hydraulic gradient. It can be achieved by the use of: inflatable packers (see 
glossary) in a monitoring well; nests of piezometers screened at different depths; multi-
level samplers, consisting either of multiple piezometers in a single casing or of 
sampling tubes attached to the exterior of a central tube; or, often in exploration 
phases, a standpipe temporarily inserted (point-in-time direct push technique) at 
increasing depths. Finally, a sampling pit is a hole that is excavated out of the wetted 
channel, where the water table is shallow enough to be accessed. It is used to rapidly 
measure water-table elevation and collect sediments, fauna and water samples (Dahm 
et al., 2006). 
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Figure 8.1 Network of mini-piezometers (PVC tubes) installed to monitor VHGs 
and seepage fluxes in the river (photo: Daniel Käser). 

 

 
Figure 8.2 In-stream mini-piezometer installation on a scaffold tower. 
A drive-pipe fitted with a removable driving-point is hammered into 
the riverbed using a fence post-driver; at the required depth, the mini-
piezometer is inserted in the drive-pipe, and the latter pull out by 
keeping the mini-piezometer in place (photo: Tristan Ibrahim). 
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Figure 8.3 Seepage flux measured using a minipiezometer and a stilling well. dh 
stands as the difference of level between the stream water level and the riverbed 
water level, and dl the length of piezometer buried in the riverbed. Vertical 
Hydraulic Gradient equal to dh/dl and the seepage flux is computed using the 
vertical component of K (Kv). In this case, as the riverbed water level is lower 
than the stream water level, VHG is negative and the seepage flux orientated 
downwards. (Source: Australian Government Department of Agriculture, 
Fisheries and Forestry. )
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8.4.2.2 Hydrological fluxes 
A hydrological flux can be calculated through Darcy’s law if the hydraulic conductivity, 
K, and the hydraulic gradient (see glossary) between two points are known. Methods 
for the estimation of K are described in all hydrogeology textbooks, e.g. Fetter (2001). 
More specific in-stream techniques have been compared in sandy streambeds by 
Landon et al. (2001). At a large scale (10-100 m), K is commonly estimated by 
pumping a well at constant rate and measuring the water level variations at close wells 
(pumping test). At a smaller scale (cm-m), K can be determined through a single well 
slug test, where K is related to the time taken by the water level to recover its initial 
position after an artificial displacement. The second term of Darcy’s equation, the 
hydraulic gradient, is computed from hydraulic heads at a minimum of two points; if 
these points form a vertical array, the result is the Vertical Hydraulic Gradient (VHG). 
In-stream VHGs can be obtained by measuring the head difference between the water 
level in a piezometer and the stream stage. Water levels are typically measured with a 
Water level meter, from the top of a well. A tube, or stilling well, is sometimes fixed to 
the piezometer to reduce the effect of flow turbulences on stage measurements (Figure 
8.3). Alternatively the stage can be measured using a vertical graduated marker (staff 
gauge), fixed on the side of the channel. To collect continuous time series, water level 
loggers can be used in permanent wells and piezometers. For temporary VHG 
estimations, Rosenberry and LaBaugh (2008) provide details on the design of portable 
hydraulic manometers.  

 

8.4.2.3 Hydrochemical sampling 
Most techniques used to access the subsurface, such as wells, piezometers, direct-
push devices or sampling pits, can be used for both hydrological and hydrochemical 
measurements. Even a small monitoring network can provide valuable insight into the 
hydrochemistry of the riparian zone and the riverbed. In addition, it can facilitate the 
design of a denser network, for example to capture the extent of a contaminated 
plume. Multi-level samplers can be used to enhance the vertical resolution of 
hydrochemical mapping. As to the dynamics of hydrochemical fluxes, it can be 
monitored by adapting the sampling frequency to hydrological events or seasons. 
Because capturing events can be a challenging task, automatic samplers and remote 
sensors are sometimes used as an alternative to manual sampling (e.g. Quattrocchi et 
al., 2000). However, maintaining such equipment may be time-consuming. 

To characterise a contaminant plume, in terms of average concentration and mass flow 
rates, a constant pumping can be operated in one or several wells. The pumped water 
is regularly sampled for chemical analyses, and if additional control wells are sampled 
downgradient of the contamination’s source, attenuation rates may be estimated. Since 
this approach tends to avoid issues related to the structural heterogeneity of the 
aquifer, it is called an integral pumping test (Kalbus et al., 2006). Durand et al. (2007) 
discuss the case-study of a long-term pumping test combined with the monitoring of 
riverbed multi-level mini-piezometers, in order to assess the attenuation of 
contaminants in the hyporheic zone. In general, for large well networks and in the long-
term, such tests are relatively expensive.  

 

8.4.2.4 Biological sampling 
One of the most straightforward methods for obtaining invertebrate samples from deep 
or shallow wells is with a net sampler (Schmidt et al., 2004). A small diameter plankton 
net (usually 43 µm mesh size) is lowered into the well until it hits the bottom, at which 
point the sediment is disturbed and animals and sediment are retrieved. The procedure 
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is then repeated to specifications. By itself, this is not a quantitative method; it is 
nevertheless useful for a simple and fast assessment of the subsurface fauna.  

In general, sampling subsurface organisms by well pumping involves either using the 
well as a trap, or purging the water and then sampling the refill (e.g. Hancock and 
Boulton, 2009). As for hydrochemical sampling, inflatable packers can be used for a 
better control on the sampling depth. 

Whereas (semi-)permanent wells allow the collection of time series at a given location, 
a portable standpipe allows for roaming surveys. The latter approach involves 
hammering a steel standpipe to a desired depth and pumping out water. Bou & Rouch 
(1967) described this method using a hand piston-pump (Figure 8.4), that allows for 
constant perturbation of the substrate during extraction. As the relationship between 
the number of organisms and sampled volume is not linear, it is usually advisable to 
collect a standard volume for all samples. The European PASCALIS project 
standardised their samples to 6 litres (Gibert et al., 2001). However, volumes from 2 
litres to 10 litres are not uncommon in the literature. Because wells inherently alter the 
bed, it can be argued that animals in the riverbed are not sampled, but rather those that 
are in this altered habitat. Additionally, issues of sample contamination by surface 
organisms must be considered. One way to avoid contamination is to sample exposed 
- rather than submerged - sediments in mid-channel bars or side bars.  

Many researchers find the use of the Karaman-Chappuis pit method (FreshwaterLife 
2009) as used by Boulton et al (2004) to be ideal as it simply involves digging a hole of 
predetermined dimensions and collecting the animals and water from the pit. As is the 
case with all subsurface sampling, depth is a critical factor in invertebrate abundance 
and should be selected and standardised according to the question. 
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Figure 8.4 Diagram of Bou-Rouch sampler using hand-piston pump. From Gibert 
et al. (2001). 
 

8.4.2.5 Artificial tracers 

Artificial tracers are chemicals or materials that are introduced in the hydrological 
system for monitoring purposes. Conservative tracers are (relatively) inert substances 
that allow tracking the movement of water; such substances include fluorescent dyes 
(e.g. Rhodamine WT) and saline solutes (e.g. NaCl, KCl, LiCl). In contrast, non-
conservative tracers, which tend to react with their environment, can reflect the 
behaviour of nutrients or contaminants. Various reactive tracers have been used to 
assess the potential for retardation-transformation near the GW/SW interface. These 
include nitrates, isotopes or metals. Finally, ‘smart’ tracers are a promising approach, 
still in its development stage; they are defined by Haggerty et al. (2008) as behaving as 
conservative tracers, but showing “an irreversible change in the presence of a process 
or condition under investigation”. Reactive and conservative tracers are often used in 
conjunction to track simultaneously hydrological and hydrochemical fluxes.  

 

8.4.2.6 Hydrological applications 
In a well-to-well test, a tracer is injected into a well and its propagation in the 
subsurface is monitored through an observation well. If the tracer appears at this 
second point, the subsurface water velocity can be obtained by dividing the travel time 
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of the conservative tracer by the distance between the two points (e.g. Pinay et al., 
2008).  

A variation of this approach, the stream-to-well test, is designed to characterise the 
infiltration of surface water, by injecting the tracer in the stream rather than in the 
subsurface (e.g. Wondzell, 2006).  

A point-dilution test provides a measure of subsurface flux where flow is near-
horizontal. The procedure involves injecting a tracer in a well, monitoring the dilution 
caused by subsurface water flowing through the well. The horizontal flux can be 
calculated with a standard equation – see Freeze and Cherry (1979). If the porosity is 
known the true velocity of water can be derived as well. 

 

8.4.2.7 Hydrochemical applications 
Simultaneously injecting a conservative and a reactive tracer is an invaluable tool to 
assess physical and chemical processes. In principle, any concentration decrease of 
the conservative tracer indicates dispersion or dilution, whereas changes of the 
‘reactive:conservative’ concentration ratio reflect the intensity of chemical reactions. In 
general, a contaminant solution that is enriched relative to the background 
concentration is injected and the ratios are monitored in the subsurface along a natural 
or forced hydraulic gradient. One drawback is that high solute concentrations are 
seldom representative of natural conditions. 

More expensive is the use of radiotracer techniques, in which trace amounts of 
radionuclides (or labelled atoms) are injected into a water body, and monitored in order 
to characterise the transport of some elements or compounds. A main advantage is 
that the injectate can be at background concentration. This type of technique has been 
used to estimate rates of denitrification or methanogenesis (e.g. Hansenet al., 2001). 

Single-well reactive tracer tests are used to assess biogeochemical processes at a 
specific location. In the push-pull method (Addy et al., 2002), both a reactive and a 
conservative tracer are injected in the subsurface. After an incubation period, part of 
the solution is recovered by pumping, and then sampled. This method allows for a 
relatively fast investigation of a great number of sites; it is nevertheless limited by the 
small volume investigated. 

 

8.4.2.8 Environmental tracers 

Environmental tracers are chemical or isotopic compounds that either occur naturally or 
entered the water cycle through human activity. For Brodie et al. (2007) they primarily 
include standard field parameters (e.g. electrical conductivity), major anions and 
cations (e.g. Cl-), stable isotopes (e.g. 18O), radioactive isotopes (e.g. 222Rn), and 
industrial chemicals (e.g. CFCs). To this, we add ‘heat’ since the daily temperature 
fluctuations of stream water provide a signal for tracing GW-SW exchanges. 

Environmental tracers are commonly used to determine source areas of water, the age 
of water, mixing ratios or water mass balances. They can also be analysed in 
combination with reactive species, for example to characterise biogeochemical 
processes. Measurement devices for standard parameters such as pH, dissolved 
oxygen and electrical conductivity are relatively cheap and easy to use. They can help 
identify the water types present in a certain area. But for a better understanding of a 
hydrological system, the water’s composition will be more informative. At this point, the 
availability and cost of analyses may have a significant impact on the choice of a 
method. For example, whilst the analysis of major ions is performed on a routine basis 
by many institutions, facilities for isotope and CFCs are not as readily accessible. 
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The attractiveness of heat as a tracer lies in the relatively low cost of basic probes and 
loggers (Figure 8.5). The approach relies on the fact that heat is transported by flowing 
water, and that the daily fluctuation of stream temperature is perceived at greater depth 
in a losing reach (stream to subsurface flow) than a gaining reach (subsurface to 
stream flow). In a simple application assuming one-dimensional flow, the flux can be 
determined at the vicinity of the GW/SW interface using an array of temperature 
probes, in the horizontal or vertical plan (e.g. meander or streambed, respectively). For 
more details, see Stonestrom and Constanz (2003). 

 

 
Figure 8.5 Plan-view contour maps of the Pine River (Canada) in winter for 
mapped streambed temperatures (a) and vertical fluxes using an analytical 
solution (b). From Schmidt et al., 2007. 

 

8.4.2.9 Coring 
Extracting a sediment core permits a combined assessment of physical, chemical and 
biological properties of the sediments and pore-water. The main drawbacks of coring 
methods are the poor horizontal resolution, the labour involved and the impossibility of 
taking repeat measurements at a specific location (Bridge, 2005). A review of the 
principal methods for coring non-submerged sediments is given by Weight and 
Sonderegger (2001).  

In soft sediments, light hand-held devices are preferred; sometimes plastic tubes can 
be directly hammered and extracted with their top capped (Figures 8.6 and 8.7), in 
order to retain the core (e.g. Sheibley et al., 2003). But where the substrate is harder, 
for example in cobble-bed streams, the use of heavy drilling equipment may be 
necessary. A variety of drilling tools are available, such as portable electric- and petrol-
power auger, or drilling rigs. Freeze-coring (Figure 8.8) is a distinct technique that 
makes use of a steel tube hammered into the bed, and liquid nitrogen to freeze the 
sediment before its extraction (e.g. Hill, 1999). Note that, in deep or fast flowing rivers, 
such heavy tools can be extremely difficult to operate. 
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Figure 8.6 Hammering of PVC tube for coring of soft riverbed sediments (photo: 
Nick Riess). 

 
Figure 8.7 Sawing of the core in site (photo: Nick Riess). 

  
Figure 8.8 Ice coring; left: core being extracted; right: frozen core (photo: Andy 
Quin). 
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Figure 8.9 Diagram of a perfusion core setup to assess inorganic nitrogen 
transformations in riverbed sediments. (D) Groundwater is evenly injected through the 
inlet cup (A) and flow upward in the column (B). A mixing cavity (C) is used to 
introduce into the column aerated recycled water using a peristaltic pump. Samples are 
taken from the inlet, outlet and at the sampling ports (E) along the column. From 
Sheibley (2003). 

 

8.2.2.9.1 Hydrological applications 
K can be derived from a core-sample either through grain size analysis or a laboratory 
permeameter test. Grain size analysis consists in sieving a sample into different fractions, and 
applying an empirical relationship relating the proportion of these fractions to hydraulic 
conductivity. Existing equations have been reviewed by Vukovic and Soro (1992) and Odong 
(2007). Generally, organic matter is removed prior to sieving (see Schumacher, 2002). Second, 
the laboratory permeameter test involves imposing a hydraulic gradient on an enclosed column 
of sediment; the hydraulic conductivity is then derived either from the flow at the outlet (constant 
head permeameter) or the rate at which the water level falls after an artificial rise (falling head 
permeameter) (Fetter, 2001). 

 

8.4.2.9.2 Hydrochemical applications 
Cores can be used to relate pore-water chemistry to the sediment’s geochemistry, and more 
generally characterise biogeochemical processes. The advantage of freeze-coring is that the 
chemical gradients are preserved, although in practise frozen samples are more difficult to 
manipulate. 

In the laboratory, pore-water is usually extracted by suction, diffusion equilibration, or by 
squeezing or centrifuging sections of the core (Berg and McGlathery, 2001). The sediment’s 
biogeochemical properties can be assessed by measuring physical and geochemical 
characteristics, such as the grain-size, fraction of organic carbon (foc), cation exchange capacity 
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(CEC) or clay content (e.g. Smith and Lerner, 2008), as well as by studying microbiological 
communities (Chapter 6).  

Alternatively, contaminant-sediment interactions can be studied by mounting an intact core in a 
laboratory column (perfusion core, Figure 8.9). Once a controlled flow is established between its 
two ends, a solute is injected, and then sampled from the outflow. By comparing the chemical 
characteristics of the inflow and outflow, it is possible to estimate the vertical transformation rate 
of a contaminant. In this type of experiment, the operator has control on the water chemistry 
and solute concentration of the injectate. The apparatus may also allow for water extraction at 
several sampling ports along the column (see Sheibley et al., 2003). 

 

8.4.2.9.3 Biological applications 

Freeze-coring is often said to offer the most direct method for mapping the vertical distribution of 
biota. Once the core is removed, it is typically sectioned by depth over a trough that is divided 
into 10-20 cm units. As the core melts, sediment and animals fall into the assigned 
compartment, which can then be sampled. As a matter of choice, the frozen core can be 
chipped away from the standpipe at desired intervals and bagged for later processing (Adkins 
and Winterbourn, 1999). Organisms can be separated from the substrate by decantation: after 
swirling the sample in a bucket of water and allow it to settle, the decanted material is then run 
through a sieve of specific mesh size (63-100 µm is common for including meiofauna while 
larger mesh sizes may be preferable for macrofauna).  

Other approaches enable a biological sampling of sediment cores. For example, pushing a tube 
in the streambed and sectioning the extracted core can provide insight into the movement of 
subsurface fauna and allow for microbiological sample collection. The use of such coring 
techniques is generally limited to fine-sediment streambeds or very shallow samples. Drilled 
cores are not generally used for faunal investigations, because of the mechanical disturbance.  

 

8.4.2.10 Measurements probes and passive samplers 
Most sampling devices designed for the aquatic environment can be used specifically at the 
GW/SW interface – see Bridge (2005) for a review. Besides the widely-used conductivity-, pH-, 
and redox-meters, various probes are available, among which the ion-selective electrode, which 
measures the activity of specific ions such as ammonium, nitrate, lead, or cadmium. When 
connected to a logger, it can provide concentration time series. However, if the concern is upon 
small scale spatial variations, gel probes1 may be an appropriate alternative. These passive 
samplers either equilibrate with the pore-water chemistry, or accumulate specific chemical 
elements or compounds. They can provide, after laboratory analyses, concentration profiles at a 
resolution as fine as a millimetre.  

This type of device has the advantage of not modifying the flow field by pumping (Kalbus, 
2006). It is, nevertheless, recommended to use them in conjunction with other techniques that 
can provide a broader scale assessment of subsurface hydrochemistry (Bridge, 2005).  

 

                                                 
1 Technical information available at http://www.dgtresearch.com/ 
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8.4.2.11 In situ chambers and microcosms 
In order to create an environment that can be controlled, while responding to natural conditions, 
a small area of the streambed can be enclosed. Generally the setup used for biogeochemical 
measurements is called an experimental chamber when it contains in situ undisturbed 
sediments and a microcosm when it is pre-filled with a substrate (Bridge, 2005). Both are 
designed to facilitate in situ measurements of metabolic parameters and rates. References on 
the use of microcosms can be found in Baker et al. (2000). Although this approach can provide 
useful information, it is relatively labour-intensive and yields results at a single location. 

Similar methods can be used to study the fauna. In the case of macroinvertebrates colonization 
chambers, a container filled with substrate is inserted into the streambed (Figure 8.10). The 
system is then given some time to settle down and allow for colonization, typically one month. A 
similar concept involves creating traps for hyporheic invertebrates. In this case, chambers may 
be installed in the substrate, with or without bait, and then removed and sorted for invertebrates. 
Wells have been used as unbaited traps by Hahn (2005).  

 

 
Figure 8.10 Colonization chambers. From Grant et al. (2007). 
 

8.4.2.12 Geophysical methods 
Geophysical methods can be used to map the extent and nature of subsurface geologic 
materials. In hydrological studies, geophysics is commonly employed to determine the depth to 
the water table and bedrock, or to map the geometry of sedimentological bodies like gravels or 
clays. Techniques that have been tested at the GW/SW interface include ground-penetrating 
radar (Bradford et al., 2005), and electrical resistivity imaging ( Figure 8.11. Acworth and Dasey, 
2003; Crook et al., 2008). Although such methods may be thought of as non-intrusive, they are 
often used jointly with coring techniques that provide the ground-truth. At a large scale, remote 
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sensing technologies such as airborne electromagnetics have also been applied in studies 
related to GW/SW interactions (see Brodie et al., 2007). 

 

 
Figure 8.11 Electrical resistivity model from a cross-borehole survey. The locations of 
the surface and borehole electrodes are indicated by the black circles. The geological 
logs from the core analysis of each borehole are included for comparison, and the key 
for these can be found at the bottom left of the figure. From Crook et al., 2008. 

 

8.4.3 Interface measurements 

8.4.3.1 Seepage meters 
Seepage meters (Figures 8.12 and 8.13) are devices that isolate a small area of the streambed 
and measure the flow of water across that area. One of the simplest design, the half-barrel 
seepage meter, uses a cut-off end of a storage drum (steel or plastic) to which a plastic bag is 
attached, in order to register the change in water volume over a given time (see Rosenberry 
and LaBaugh, 2008). Seepage meters may be used to obtain a time-integrated hydrochemical 
sampling of water discharging to the stream. In this case, special care must be taken to ensure 
that any stream water trapped in the seepage meter has been purged (Lyford et al., 2000).  
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Figure 8.12 Diagram showing a seepage meter installed on a bed and its collection bags 
attachment. Source: http://edis.ifas.ufl.edu/SG060 . 

  
Figure 8.13 Four designs of low-profile seepage cylinder shown with a standard half-
barrel seepage cylinder made from a plastic storage drum. From Rosenberry and 
LaBaugh (2008). 

 

8.4.3.2 Biological sampling 

8.4.3.2.1 Fish 

Some studies have shown a significant link between groundwater discharge into streams and 
mortality rates of salmon embryos (e.g. Malcolm et al., 2003). Surveyors document location of 
redds as they move along the river bank. These locations can be entered into a GIS database 
and/or correlated with river geomorphic patterns (Geist and Dauble, 1998). Response of redds 
to the discharge of groundwater can be assessed by egg and alevin survival studies (Malcolm 
et al., 2003), often using cages with eggs placed in the gravel bed, from which success of 
incubation can be measured (Baxter and McPhail, 1999).  

8.4.3.2.2 Benthic macroinvertebrates 

Benthic macroinvertebrates are frequently used as indicators of the ecological health of 
streams. However, studies have shown that GW/SW exchanges can affect community 
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compositions (Pepin, 2002) even at the scale of a single riffle (Davy-Bowker et al., 2006). 
Accounting for this influence may help reduce unexplained variability between sampling sites.  

For sampling benthic macroinvertebrates, two typical approaches include (Storey et al., 1991) 
timed-area sampling with a kick-net, in which the substrate is disturbed by kicking at it upstream 
of a portable kick-net (this can be seen as a broad and semi-quantitative method) and specific 
area sampling, which provides a more quantitative approach, allowing for estimations of 
invertebrate density. This second technique typically involves the use of fixed-area samplers 
such as the Hess and Surber samplers (see Figure 8.14). The substrate within the sampler area 
is disturbed, generally to 10cm depth, and the dislodged debris are caught in the attached net 
as they float downstream. In general, these devices are limited to less than 0.5 m2, and multiple 
samples are taken to calculate average density.  

  

Figure 8.14 Benthic macroinvertebrates sampling devices. From Storey et al. (1991).  
 

8.4.3.2.3 Meiofauna 

Meiofauna are those animals smaller than 500 µm and larger than 40 µm. Young instars of 
many benthic invertebrates can also be found as temporary members of stream meiofauna 
communities (Palmer et al., 2006). Studies have shown that meiofauna can dominate stream 
communities in terms of abundance and species richness (Robertson et al., 2000, Rundle et al., 
2002). Thus, they could provide a useful tool in examining responses to management actions at 
the GW/SW interface. Sampling for meiofauna requires the use of smaller mesh sizes and thus 
sampling methods used for macroinvertebrates must be modified. Combining the methods for 
hyporheic invertebrate and benthic invertebrate sampling as well as using tools such as 
plankton nets provides a suite of tools for sampling meiofauna in various environments (Palmer 
et al., 2006). 

 

8.4.3.2.4 Periphyton 
Periphytons are benthic assemblages made of photoautotrophic (algae including diatoms) and 
heterotrophic (including bacteria) organisms growing on the stream substrate (Chapter 6). They 
are a useful tool for assessing nutrient status and stream health (Kelly, 2008; Lear, 2009). 
Furthermore, recent works have shown their potential dependency to the distribution of 
groundwater discharge (e.g. Pepin, 2002). Methods for benthic periphyton collection involve 
scraping or brushing the biofilm off natural (e.g. cobbles, plants, see  Figure 8.15) or 
experimental (e.g. tiles, slides) substrates. Collected samples are then either preserved for 

Kick net 
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identification, or filtered for biomass and productivity estimates. In the UK, the DARES project2 
aims at assessing the stream ecological status based on benthic diatoms (Kelly, 2008). It uses 
the Trophic Diatom Index (TDI), based on the identification of a set of taxa, to describe the level 
of anthropogenic impact on the stream ecosystem. 

 

a)   b) 

Figure 8.15 a) using a soft bristle brush to remove periphyton from around a know area 
(photo: S. Kelly); b) known area of periphyton to be collected in to sample container 
(photo: Anna Ritchie).  

 

8.4.4 In-stream measurements 

8.4.4.1 GW and SW fluxes 

Net gains or losses of stream water, caused by GW/SW exchanges, can be estimated by 
differential flow gauging, that is by calculating the flow difference between the two ends of a 
stream segment. This method requires the input of surface tributaries to be known, as well as 
the errors in stream flow measurements, which controls the limit of detection. For more details, 
the reader is referred to Rosenberry & LaBaugh (2008).  

If a stream flow time series, or hydrograph, is available, several processing techniques are 
available to estimate the baseflow component of stream flow. These hydrograph- or baseflow-
separation methods (Figure 8.16) provide a spatially lumped estimate of the magnitude and 
timing of groundwater contribution to stream discharge (Brodie et al., 2007). They are mostly 
used in gaining streams, providing the assumption can be made that baseflow equates to 
groundwater discharge (i.e. no human activity controls the baseflow).  

                                                 
2 Diatoms for Assessing River Ecological Status. http://craticula.ncl.ac.uk/DARES/dares_project.htm 
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Figure 8.16 Hydrograph separation on Nith River at New Hamburg, Ontario. From Neff et 
al. (2005). 
 

8.4.4.2 Hydrochemical sampling 
A single grab sampling can be carried out in all well-mixed streams or small rivers. If stream 
flow is measured, then chemical fluxes can be estimated as well. In order to reflect 
hydrochemical variability, one may carry out a composite grab sampling, whereby samples are 
spatially or temporally distributed, according to the river‘s geometry, to a sampling period or to 
stream discharge (see Bartram and Ballance, 1996). The latter approach can be conducted 
through manual or automated sampling. Recent developments in automated in situ monitoring 
give the opportunity to record continuous time series of parameters that traditionally required 
standard laboratory analytical techniques, e.g. soluble reactive phosphorus concentration (Orr 
et al., 2006). 

 

8.4.4.3 Biological sampling 

8.4.4.3.1 Fish 

Fish are of primary interest to river managers. In some environments, during hot or cold periods, 
they may benefit from the thermal refuge provided by upwelling groundwater (Hayashi and 
Rosenberry, 2001). For large spawning fish such as salmonids, observation through bank-side 
surveillance and in-stream snorkel surveys provide direct means to map fish locations. In some 
waters, snorkelers proceed up the river while enumerating fish observed (Li and Li, 2006). In the 
UK, electro-fishing is the most commonly used method for population assessment (Cowx et al., 
2009). It may be carried out on foot in shallower waters or by boat in deeper waters. Two 
electrodes are placed into the water, creating a zone of electric current that first attracts the fish 
towards the device, and then stuns them. The stunned fish are then scooped up with nets, 
catalogued and released. In rivers, a set area is netted off, and usually multiple passes are 
made in order to calculate population using removal/completion estimates (Li and Li 2006). 
Hand netting or traps are also often used in the UK (Cowx et al., 2009). 
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8.4.4.3.2 Macrophytes 
Macrophyte communities can be used to calculate indices of ecosystem health, such as those 
developed by Braun-Blanquet (Van der Maarel, 1975). They also impact GW/SW interactions 
and associated biogeochemical processes by modifying surface and subsurface water flow and 
extracting nutrients and other solutes from the water column and from the sediments (White and 
Hendricks, 2000). This dependency to both stream and riverbed environments can be used to 
provide indications on GW/SW interactions, where groundwater and stream water chemistry are 
distinct (White and Hendricks 2000). Many species of macrophytes (aquatic mosses in 
particular) accumulate metal ions and respond to variation in nutrient concentrations (Carr and 
Chambers, 1998). Thus, analysis of plant tissues can be used to indicate areas of exchanges, 
in particular where groundwater sources are contaminated with heavy metals (Elgin et al., 
1997). 

Various survey methods exist for estimating the community composition of aquatic 
macrophytes. These include standard vegetation mapping techniques (Figure 8.17) such as 
using visual estimation, point transects, and plot surveys (Knapp 1984).  

 
Figure 8.17 Diagram of a study site design for macrophyte surveys with details of point 
and plot type survey schematics. From Bowden et al. (2006).  
 

8.4.4.4 Artificial tracers 

8.4.4.4.1 Hydrological applications 

• Transient storage measurement  
In-stream tracer tests (Figure 8.18) can help characterise the temporary retention of 
stream water in the subsurface. In a typical experiment, a non-reactive solute (e.g. 
Rhodamine WT) is injected into the stream, and its passage is monitored tens or 
hundreds of metres downstream. This method assumes that physical retention of 
water in the subsurface is evident as an ‘imprint’ on the breakthrough curve. Ideally, 
this curve is a mean to estimate reach-averaged parameters such as the flux 
between the stream and the hyporheic zone (HZ), the residence time of water in the 
HZ, and the dimensions of the HZ.  
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However, in practise the approach works when retention is caused only by 
hyporheic exchange, as opposed to in-stream storage. Therefore, it is rather 
designed for well-mixed streams. In addition, its ‘window of detection’ is weighted 
toward the short flow paths and residence times (hours to a few days) – see Harvey 
and Wagner (2000).  

 

 
Figure 8.18 Adding Rhodamine WT dye to a stream. From 
http://toxics.usgs.gov/photo_gallery/instreams.html . 

• Groundwater inflow and outflow rate measurement 

Groundwater inflow and outflow over a stream segment can be estimated by 
coupling two widely-used stream flow gauging methods, velocity-area gauging and 
dilution gauging. In this approach, stream discharge is measured at both ends of the 
reach through a single in-stream tracer test (dilution gauging) conducted at the 
upstream end. At the downstream end, a velocity-area gauging is carried out as 
well. From this data and through a simple mass balance, described by Harvey and 
Wagner (2000), three fluxes can be determined: the net gain/loss of groundwater by 
the stream; groundwater discharge into the stream; and stream infiltration into the 
aquifer. The limit of detection depends on the error associated with the two gauging 
methods. 

 

8.4.4.4.2 Hydrochemical applications 

• Solute uptakes 
Since the 1980s, research has been investigating the influence of hyporheic 
exchange on the reactive uptake of stream solutes. To assess the role of 
biogeochemical processes relative to dilution, a standard approach consists of 
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performing in-stream tracer tests that combine conservative and reactive tracers 
(e.g. Lautz and Siegel, 2007). This approach provides a useful mean to quantify the 
‘uptake length’ of solutes, i.e., the average distance an atom travels before it is 
taken by an organism (Duff and Triska, 2000, p. 202). 

 

8.4.4.5 Environmental tracers 

8.4.4.5.1 Hydrochemical tracers 
Areas of groundwater discharge may be identified from within the stream, by measuring 
variations in the concentration of environmental tracers (see Section 3.2.3). In some conditions 
a quantitative estimation of the GW discharge rate can be obtained through a mass balance. 
While some tracers lend themselves to continuous measurements by towing (by foot or boat) a 
probe in the stream, e.g. temperature (see Vaccaro and Maloy (2006)), other tracers require a 
discrete sampling procedure, for example 222Rn (see Mullinger et al. (2007)).  

 

8.4.4.5.2 Heat as a tracer 

Thermal Infrared imagery (aerial or terrestrial) has been used to detected zones of groundwater 
discharge in areas where such inputs modify the stream’s temperature. This technique is 
effective only if surface water and groundwater temperatures are appreciably different – see 
Rosenberry and LaBaugh (2008). 

Distributed temperature sensing (DTS) is a recent technology, which can be used to detect 
small variations of temperature along a fibre-optic cable laid on the streambed. While the cable 
may be as long as ten kilometres, the thermal resolution can be as low as 0.01 °C, and the 
spatial resolution as fine as one metre (Selker, 2006).  

 

Method Advantages Limitations Requirements C B FC FQ

Hydrographic 
analysis 

Describes temporal 
changes of GW 
contribution to 
stream flow; 
catchment scale 
information; can be 
carried out as a 
desktop study; 
analysis techniques 
available 

No information on 
spatial distribution; 
applicable to gaining 
streams only; 
analysis difficult when 
stream flows are 
affected by human 
activities such as flow 
regulation 

Stream flow time series; 
possibly a software for 
data analysis 

    

Environmental 
tracers (chemical) 

Can provide a wide 
range of 
information, e.g. 
input data for mass 
balance models; 
some devices are 
inexpensive (e.g. 
EC or pH-meters); 
spatial surveys and 
time series possible; 
application to 
stream profiling 

Sampling can be time 
consuming and 
analyses expensive 

Analytical equipment 
and high-level of 
expertise 
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Stream profiling  Can provide data on 
the spatial 
distribution of GW 
inflows or inputs of 
contaminants; good 
reconnaissance 
tool. 

Useless when GW 
and SW 
concentrations are 
similar; tracers can 
be sensitive to other 
factors than GW 
discharge; possibly 
time consuming 

Analytical equipment 
and sampling expertise; 
possibly a boat for 
monitoring large rivers 

    

Distributed 
temperature 
sensing 

Can provide data on 
the heterogeneity of 
GW discharge along 
a reach; relatively 
easy to install 

Expensive; estimation 
of flow are possible, 
but not necessarily 
straightforward 

Laser emettor and 
detector instrument  

    

Thermal Infrared 
imagery 

Can provide spatial 
information on GW 
discharge into 
streams 

The temperature 
difference and GW 
discharge flux must 
be high enough to 
allow for detection 

Infrared camera or 
available remote 
sensing images 

    

Geophysics Set of non-intrusive 
techniques allowing 
for a mapping of the 
subsurface lithology 

Techniques have 
different limitations 
with respect to their 
capacity of detection 
(e.g. depth, reliability, 
type of sediments, 
buried structures...) 

Adapted geophysical 
equipment 

  ( )  

Differential Flow 
gauging 

Standard 
equipment, can 
provide temporal 
and spatial data if 
successive reaches 
are surveyed; 
inexpensive method 
in small streams 

Possibly time 
consuming; difficult in 
high flow conditions; 
provides only the net 
GW input along a 
reach; resolution 
limited by accuracy of 
measurements 

Flow gauging method     

In-stream tracer 
injection 

Useful for 
characterizing 
hyporheic exchange 
flow, groundwater 
discharge, solute 
transport, or 
surface-subsurface 
connections  

Usually requires an 
authorization (often 
difficult to obtain 
around water 
supplies); health and 
ecotoxicological 
issues; can be time 
and money 
consuming; problems 
of uncontrolled 
sorption and 
degradation 

Careful planning and 
knowledge of the 
system (once the test is 
performed, the tracer 
might remain in place 
for a long time); 
expertise; injection and 
monitoring equipment 

    

Large wells Enable estimations 
of hydraulic 
conductivity and 
chemical 
characterization 
over large areas 

The presence of a 
stream can make the 
results difficult to 
interpret; expensive 
to install; requires 
specific equipment for 
depth specific 
sampling 

An existing well; 
pumping equipment; for 
pumping tests, at least 
an observation well; a 
multi-level packer for 
depth-specific sampling 

  ( )  

Small wells Allows for head Not appropriate for Adapted drilling     
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measurements in 
the riparian zone if 
flow is horizontal; 
allows for chemical 
and biological 
sampling 

sampling at a specific 
depth 

equipment and well; 
pumping equipment 

Piezometers Allows estimations 
of permeability; 
indicates seepage 
direction and 
possibly intensity; 
shallow piezometers 
(~ <3 m): rapid and 
relatively 
inexpensive 
installation  

Power-auger or a drill 
rig can be required; 
estimate of potential 
flow rather than direct 
measurement  

Adapted drilling 
equipment and 
piezometer; pump or 
net for sampling 

    

Multi-level samplers Allows for chemical 
sampling at specific 
depths 

Tubes usually too 
small to perform 
hydraulic testing; 
clogging issues in 
fine sediments 

Multi-level sampler 
(hand-made or 
commercially available); 
equipment for 
installation 

    

Seepage meter Direct measurement 
of flux and 
subsurface water 
sampling at the 
sediment-water 
interface over a 
small surface area; 
cheap; good for 
semi-quantitative 
information 

Potential sources of 
error associated with 
design and operation; 
measured flux is 
time-averaged; 
unsuitable for fast-
flowing, gravel-bed or 
heavy clay-bed 
streams; chemistry of 
the discharging GW 
can change in the 
seepage chamber 
and not represent 
subsurface 
conditions. 

Seepage meters are 
generally hand-made. 

    

Portable standpipe Relatively quick and 
inexpensive to 
install; mainly used 
to sample fauna 

Relatively shallow 
sampling depth; is 
sensitive to surface 
water contamination 
during installation 

Standpipe and hand-
operated piston pump 

 ( )   

Hydraulic 
potentiomanometer 

Portable devices 
which allows for a 
rapid measurement; 
can indicate 
seepage direction 
(and intensity if 
permeability is 
known) 

In low permeability 
sediments, may 
require a long 
stabilization time; 
measurement error if 
leaks, clogging or 
bubbles appear in the 
device 

A robust device, 
generally hand-made 

    

Subsurface tracer 
injection 

Direct measurement 
of flow velocity, 
direction, solute 
transport and 
transformation, and 
characterization of 
subsurface 
connectivity; 

Prior to the test, flow 
direction must be 
known or a network 
of piezometers must 
exist if sampling the 
subsurface; time 
consuming over long 
distances or low 

Tracer, injection and 
detection equipment; 
well(s) or piezometer(s) 
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relatively rapid over 
short distances or in 
high hydraulic 
conductivity 
materials 

hydraulic conductivity 
materials 

Temperature as a 
tracer 

Temperature probes 
are generally 
robust, simple and 
relatively 
inexpensive; can 
provide time series 
of vertical flux; good 
for semi-quantitative 
information 

Requires a 
temperature 
difference between 
SW and GW; 
analytical solutions 
assume vertical flow 

Temperature probes, a 
logger; possibly heat 
transfer modelling 
software 

    

Point-dilution test Direct quantitative 
measurement of 
flux; relatively 
simple and 
inexpensive 
procedure 

Quantitative 
estimation of flux is 
possible only when 
subsurface flow is 
horizontal;  

A piezometer or a pit, a 
tracer, an injection and 
monitoring equipment 

    

Slug test Enables a local 
estimation of 
hydraulic 
conductivity Simple 
to carry out and 
analyze, 
inexpensive 

Measurement errors 
if the screen is 
clogged; possible 
errors caused by fine 
sediments disturbing 
the test 

A piezometer; test need 
to be replicated; 
expertise is required in 
results’ analysis 

    

Sediment cores Potential to 
combined hydraulic 
conductivity, 
chemical and 
biological analyses 
of thin sections; 
useful for laboratory 
tests (e.g. perfusion 
core); easy 
sampling when 
sediments are fine 
and shallow  

Empirical formula for 
estimating hydraulic 
conductivity are not 
always reliable; 
impossible to repeat 
sampling at the same 
location; preparing 
samples for analysis 
can be time 
consuming; freeze 
coring augering 
require heavy 
equipment 

Plastic tube, hand-
auger, power-auger or 
drill rig; appropriate 
analysis equipment; 
liquid nitrogen for 
freeze coring 

    

Measurement 
probes and passive 
samplers 

In-situ 
measurements of 
physico-chemical 
parameters, allows 
for high spatial 
resolution analysis 
and time integrated 
measurements; can 
detect low 
concentrations 

Passive samplers can 
require a long 
sampling period 

Probes and passive 
samplers (commercially 
available); analytical 
equipment for gel-
probes processing 

    

Microcosms and 
colonization 
chambers 

In- situ assessment 
of physical and 
biological processes  

Long time between 
installation and 
sampling; 
assessment of small 
volume of sediment; 
rather intended for 
research than routine 

Container filled with 
substrate 
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surveys 

Exposed sediment 
sampling (Karaman-
Chappuis method) 

Cheap and easy; 
avoids 
contamination of 
surface water 

Limited to exposed 
sediments; the water 
table must be shallow 

A trowel; a cup or a 
hand-pump 

    

Benthic sampling Fast, easy, no 
complex gear, 
established 
methodology for 
surface applications 

Community 
associations with 
groundwater 
influence less known 
but currently being 
researched; lab-
identification is time-
consuming 

Nets, sorting trays, 
preservative, vials for 
invertebrates, 
toothbrush, sample jar, 
filter set-up 
(biomass/chlorophyll a) 
and/or Lugols Iodine 
(identification) 

    

Table 8.1 Summary of monitoring techniques; largely inspired by Brodie et al. (2007) and 
Rosenberry and LaBaugh (2008). Techniques are roughly sorted from the coarser to the 
finer scale of application; the spatial scale associated with a technique is mentioned for 
all methods except point (or local) measurements, for which the obvious limitation is that 
they do not provide insight on spatial distribution unless a network of monitoring points 
exists. Columns C, B, FC and FQ respectively refer to the following monitoring 
objectives: hydrochemical sampling, biological sampling, flowpath characterization and 
water and solutes fluxes quantification. 
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8.5 Conclusions 
 

The interface between streams and groundwater constitutes a special part of the 
hydrologic system. It is typically characterised by a high biodiversity and a strong 
chemical reactivity. However, this environment is heterogeneous and dynamic, and 
therefore difficult to study. Its hydrological and biogeochemical properties may appear 
to change with the scale of observation. Therefore, in order to monitor hydrological, 
chemical or biological parameters, not only a technological expertise is required but 
also knowledge about the natural processes structuring the interface. Together, these 
skills will help designing monitoring schemes adapted to specific sites and 
investigations. A whole range of scales can be covered by the various approaches. 
Consequently, prior to selecting a method it is critical to understand both its limitations 
and the natural system under investigation. A sensible monitoring approach is likely to 
make use of various tools, and build upon an appropriate trade-off between a high 
measurement resolution and an extensive areal or temporal coverage.  
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9 Modelling and forecasting 
9.1 Summary of key messages 

9.1.1 Conceptual models summarise our understanding 

A model is a representation of conceptual understanding of a scenario or situation. We 
usually refer to models as the set-ups within modelling software that generate a set of 
numerical results. By crystallising the understanding and concepts governing a 
problem, well-designed models can generally provide a beneficial contribution to a 
project. 

If there is no time for anything else, it is worth preparing a conceptual model. A first 
step is to draw a sketch summarising the scenario in question. As such, it provides a 
valuable basis for common understanding and discussions between project members 
and stakeholders. 

Understanding the flow regime is fundamental, even if solute transport is the primary 
focus. A conceptual model of a flow regime considers a given area (volume), and looks 
at inflows, outflows and (for transient models) changes in storage, forming what is often 
referred to as a ‘water balance’. 

Where the development of conceptual model highlights a lack of understanding in 
some important aspect, it may be necessary to return to the problem and collect more 
data, or revisit the literature to understand a process better. This will save time in the 
long run, as there will only need to be one subsequent attempt at modelling. 

The exact nature of the conceptual model is not fixed: it depends, for instance, on the 
scale of the problem, and the time-scale of interest (steady state versus transient). 

It is always worthwhile trying to do some level of calculations. They may highlight data 
shortfalls or inconsistencies in understanding. The calculations can provide a basis for 
subsequent judgment of reasonableness of results from any modelling software, and 
may help in setting model parameters. Maybe, for a given level of confidence, simple 
calculations will avoid the need for modelling.  

9.1.2 Numerical models quantify our understanding 

Most numerical models are used to quantify or explore a given conceptual model – 
they can’t highlight missing components. It is therefore worth taking time to formulate 
the conceptual model carefully. 

Models use ‘parameters’ as input, which may be based on physical processes or 
empirical relationships (see later). They produce predictions of levels and flows (flow 
models), or concentrations and mass loads (solute models) as output. 

Models are available in a range of sophistications – it is important to choose the level 
that is appropriate to your decision. Things that affect your choice are available data, 
scale (regional versus local), budget and time scale of project, required confidence in 
results, availability of trained personnel or consultants and importance of the issue. 
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A tiered approach is more established in some branches of the science (e.g. risk 
assessment) than in others. However, the principles of a tiered approach are certainly 
transferable: as tiers increase, more detail (data and/or numerical complexity) is 
required, but greater confidence in results may be achieved, and less uncertainty may 
be inherent. Progressing through the tiers ensures early, usually conservative, ‘results’ 
(a useful fall-back position if difficulties are encountered at a later stage), and a growing 
understanding of the problem (even a simple model may yield useful insight, whereas 
struggling to build up a complex model from scratch may end up absorbing too much 
time). A tiered approach may mean progressing through different types of modelling 
software and/or collecting more data at each tier to support the modelling. 

Few models explicitly allow explicit detailed representation of the hyporheic zone. 
However, some modelling software may be used in a non-standard way by 
experienced modellers to take account of the particular conditions. 

Simple models may give a mistaken impression of accuracy or certainty. In reality the 
simplicity of the model is likely to have been achieved by making simplifications in the 
assumptions e.g. uniform horizontal flow in analytical solutions. For this reason, it is 
always worth checking the assumptions of modelling software before use. 

9.1.3 Making predictions and dealing with uncertainty 

Uncertainty arises from several sources, including uncertainty in what is happening 
(processes and scenarios), uncertainty in how to represent it in a numerical model, and 
uncertainty in what parameters to use in a model. 

Remember that all predictions have uncertainty, and factor this into your decisions. 
Conversely, an appropriate model used with plausible parameter values should be 
valued as providing the best estimate of the outcome of the conceptual understanding. 

Sensitivity analysis allows you to investigate whether uncertain parameters (e.g. 
through data inadequacies) or processes are important (sensitive), and estimate the 
band-range of outcomes of a calculation. This is carried out by looking at result of 
changing parameters, e.g. hydraulic conductivity, according to plausible range of 
values. Sensitivity analysis may indicate which parameters it is worth spending time in 
refining your estimates of. 

Traditionally sensitivity analysis has been used to find a ‘worst case scenario’, although 
decision-making based on the worst case may be costly, impractical and unnecessarily 
protective. 

Probabilistic models attempt to quantify the uncertainty or results based on uncertainty 
of input parameters. They allow decision-making based on e.g. a 95th percentile, as 
being more practical than the worst case (100th percentile). 

9.2 Review of the science 
9.2.1 Introduction  

Decisions about environmental management are based on a wide range of information. 
This will usually include some predictions about the consequences of the decision, and 
such predictions will come from a model of some kind. This handbook is intended to 
explain when decisions should take account of groundwater – surface interactions and 
this chapter provides a basic guide to how models can (or cannot) be used to provide 
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predictions. It is written to help non-modellers know when a model can be used and the 
questions to ask if working with an expert. It explains the kinds of model that are 
available for routine use, their data needs, and the predictions that can be made with 
the right combination of model and data.  

The above implies that a model is a method of making quantitative predictions, and this 
is how they are usually seen, especially by non-experts; a number of examples are 
given in later parts of this chapter. Modelling is also a tool to enhance understanding of 
a problem by requiring one to build a consistent interpretation based on a logical 
description of the situation and quantification of the variables. Figure 9.1 shows how a 
mathematical model was used to understand down- and up-welling of flows through 
riffles. A deeper understanding of how a system works will help the decision-maker, 
even if quantitative predictions are not possible. 

 

 

Figure 9.1 Flow patterns beneath riffles for different groundwater influxes. Small 
arrows are relative groundwater velocities; the dashed black line is a dividing 
streamline which separates the interfacial exchange zone from deeper zones 
dominated by ambient underflow or upwelling groundwater flow (Cardenas and 
Wilson, 2006). 

Why model? The environment management context for the groundwater – surface 
water interface was set out in Chapter 2, and included a sample of the environment 
management questions that might be asked (Section 2.2). Modelling can help to 
answer these questions by predicting the likely outcome of future activities which arise 
from different types of environmental management, for example: 

• Policy: how important are riverbed attenuation processes on the flux of 
diffuse pollutants in groundwater discharging to rivers? 

• Regulatory: how does a proposed abstraction of groundwater affect the 
ecology into a nearby stream or wetland through changes in discharge or 
water level? 

• Operations: how will a proposed re-meandering scheme affect fish 
spawning by changing the location and quality of groundwater discharge to 
the river? 

Unfortunately, not all such questions can routinely be tackled with models, as will 
become clear in the remainder of this chapter.  

Scales. The environmental management questions also concern different scales. The 
policy question above is concerned with the overall effect at catchment or river basin 
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scale; the detail of where and why attenuation might occur is not very important for 
deciding whether controls on diffuse pollution are required. The example regulatory 
question is at scales from local to water body and the answer will be affected by the 
detailed structure and properties of the river-aquifer interface. The operational question 
on the design of a river restoration may require an  answer at the scale of bedforms, 
i.e. very localised.  

Different variables must be predicted to help with different questions. Thus the question 
on catchment scale diffuse pollution requires estimates of flux of pollutants (e.g. grams 
per day per km of river), which in turn is likely to be estimated as flow (discharge of 
groundwater) times concentration. Predicting the impact of a new abstraction on a 
wetland would require estimates of changes in flow and changes in water level. The re-
meandering problem is one of predicting pathways through the hyporheic zone and 
bedforms; there are likely to be critical times of year for spawning, and estimates must 
be at this timescale. Overall, the most common variables to be modelled are: 

• Flow, usually the change in groundwater – surface water exchange flow 
that happens in response to a change in the system.  

• Concentrations and particularly the attenuation of pollutants. 

Scope of chapter. The review covers interactions in either direction between 
groundwater and surface water, including groundwater dependant riparian wetlands 
and hyporheic exchange flows. It does not discuss transitional (estuarine) waters or 
surface water dominated wetlands controlled by sluices. It does not discuss modelling 
of non-aqueous phase liquids (NAPLs) or sediment transport, and only deals lightly 
with modelling of ecological responses. It does explain in simple terms the wide range 
of model types that are available (Section 9.2.2), catalogues approaches to the most 
common modelling questions for the groundwater – surface water interface (Sections 
9.2.3-5), and ends by identifying the questions that cannot yet be modelled, except 
possibly in research contexts (Section 9.2.6). 

9.2.2 Types of model  

We will consider here some of the main types of models, with reference to examples of 
some specific modelling software in common use (see Table 9.1). For a more 
comprehensive review of models which can represent river-aquifer interactions see 
Parkin et al. (in preparation). 

Empirical Models. In general, models can be classified into empirical and physics-
based. Empirical models are those which aim to find a relationship between sets of 
variables, without attempting to define any physical basis to the relationship (for 
example, fitting a line to observed data or artificial neural networks). 

Physics based Models. A physics-based model is one which, at least in principle, is 
constructed on the basis of mathematical relationships which define a set of underlying 
principles, for example, flows as a function of water level gradients in space. Although 
there are some examples of empirical models used in the context of river-aquifer 
interactions, the majority take a physics-based approach, so we will concentrate on 
these. 

Lumped Models. Different types of spatial arrangement can be used to represent field 
areas (Figure 9.2). The simplest modelling approach is that of lumped models. In 
these, a region is specified (usually a catchment), and a water balance assessment is 
made generally at annual or sometimes monthly timescales involving calculation of all 
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inflows (e.g. precipitation), outflows (e.g. river discharge, evapotranspiration, 
abstractions), and changes in storage (usually dominated by changes in groundwater 
storage). Lumped models are a useful first step in a tiered risk-based approach to 
representing river-aquifer interactions. For example, a simple lumped model of an 
aquifer could, be used to assess annual contribution of groundwater flow to a river, or a 
more complex lumped model such as Resource Assessment Methodology (RAM; 
Environment Agency, 2002) can be used to help manage groundwater systems, with 
abstracted quantities being allocated to more than one river. From a catchment 
perspective, a calculation of baseflow index (BFI, the ratio of baseflow to total river 
flow) represents the total bulk exchange of groundwater with a river. 

 

a) lumped (black box) 

No spatial information used; mass balances 
calculated for a whole system (e.g. aquifer or 
catchment), rate of change in storage = sum 
of inflows – sum of outflows 

b) conceptual (division into hydrological units) 

Some spatial information used based on 
natural hydrological units (typically catchments, 
but can be based on aquifer units); lumped 
model calculations carried out for each 
hydrological unit 

 

c) spatially distributed finite difference grid 

Detailed spatial information used; 
calculations carried out on a regular grid 
overlain on the catchment or aquifer; spatial 
detail depends on scale of grid discretisation; 
difficult to represent shapes of landscape 
features accurately 

d) spatially distributed finite element mesh 

Detailed spatial information used; calculations 
carried out on a mesh of irregular triangles or 
quadrilaterals; can represent local areas in 
detail and landscape features such as rivers 
more accurately than finite-differences, but at 
cost of more complicated numerical schemes 

Figure 9.2 Model spatial structures. 

Recharge Abstractions

Inflows

Discharges 
Change in 
storage 
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Spatially Distributed Models. Lumped models do not provide any representation of 
how water moves within catchments or aquifers; for example where a river is losing 
over some reaches and gaining over others. As many water management questions 
need to take into consideration the relative positions of abstractions and discharges, 
and the timing of impacts over shorter timescales, spatially-distributed models are 
required. These models are based on mathematical (partial differential) equations 
describing processes as a function of hydraulic head, h, distributed in space in one, two 
or three dimensions (x, y, z), and time (t). The equations represent how water moves at 
any general location so, to construct a specific case study, it is necessary to define the 
geometry of the region over which the equations apply (i.e. the location of the 
boundaries, aquifer thicknesses etc), the boundary conditions (e.g. river or lake levels), 
physical properties and how they vary over space (e.g. hydraulic conductivities, river 
roughness coefficients), inputs and outputs (including precipitation, potential 
evapotranspiration, abstractions etc), and initial conditions for a transient model (e.g. 
groundwater levels at the start of a period of time for which predictions of water level 
changes are required).  

Analytical Methods. Under certain simplifying conditions (typically including 
homogeneity and uniform thickness of aquifer), an analytical solution to the equations 
can be found (i.e. one in which the hydraulic head, h, can be written as a mathematical 
function of all other variables). The most relevant software is the IGARF code 
(Environment Agency, 2004); an example application of IGARF is discussed in 9.2.3.  

Numerical Methods. If an analytical solution is not possible (which it is not for many 
realistic problems), then a solution to the equations can be found using numerical 
methods, e.g. finite differences or finite elements, where a grid or mesh is set up over 
the region, and hydraulic head values are calculated at a finite set of nodal points. This 
results in a simplified representation of the conceptual model, as illustrated in Figure 
9.3. 

 

a) Conceptual model b) Numerical representation 
Groundwater flows converge in the vicinity 
of a river with vertical flows beneath the 
river, and in some cases additional 
resistance to flow due to river bed 
sediments with lower hydraulic 
conductivity than the underlying aquifer. 

Most numerical groundwater models represent 
the effects of river-aquifer interactions with a 
conductance term that includes the effects both 
of the conductivity of the river bed sediments 
and the convergent flows with a simplified local 
geometry. 

Figure 9.3 Simplified representations of river-aquifer interactions in numerical 
models. 

Groundwater models. The most common types of numerical groundwater model that 
have been used to represent groundwater-surface water interactions are based on 
finite-difference methods, including MODFLOW (together with various add-on 
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components, see Table 9.1). Many of these models use a grid or mesh size that is 
appropriate to represent the aquifer or catchment scale, with spacings of 200 to 250 m 
being typical for Environment Agency regional scale groundwater models (smaller grid 
spacings may be used where smaller scale, specific sites are to be assessed), and 
include representation of changing boundary conditions (particularly river levels) at a 
monthly (or sometimes weekly) timescale. These scales are adequate to model bulk 
exchange flows between groundwater and surface water (i.e. representing baseflow 
contributions to runoff) and to characterise their regional scale variations, but do not 
include river flow dynamics at the timescale of storm events and their feedbacks. There 
are a number of integrated modelling systems which have been designed to represent 
groundwater and surface water flows and their interactions at these scales, including 
the ‘SHE’ models (MikeShe and SHETRAN; Ewen et al., 2000) and Hydrogeosphere 
(Therrien et al., 2004). These typically work at the hourly timescale (although timesteps 
may vary from minutes to days, depending on hydrological conditions). 

Outputs calculated by these models include groundwater and river levels, bulk 
exchange flows between rivers and groundwater, and river flows (total flow from 
integrated models or only baseflow from groundwater models). It is possible to 
generate data from these outputs for use in assessment of water quality and aquatic 
ecology. For example, river velocities can be estimated for use in assessment of 
habitat suitability for salmonids based on assumptions about river cross-sections, and 
average residence times in the hyporheic zone can be estimated from bulk flows for 
use in determining attenuation rates of diffuse pollutants. However, when applied at the 
catchment or aquifer scale these models generally cannot represent the spatial 
variations in flow distributions along river corridors at the scale of geomorphological 
features such as pool-riffle sequences and of local scale heterogeneities in river bed 
sediments which are increasingly recognised as being critical for making accurate 
assessments of biodiversity and water quality status of rivers. 

There are essentially two approaches that can be used to refine the spatial scale of 
model calculations. Firstly, nested models can be used for which data (e.g. 
groundwater levels) are taken from the outputs of a regional model, and a smaller scale 
local model is set up using these data as boundary conditions (Figure 9.4). This 
approach can be used to represent, for example, local scale dynamics of a wetland or 
flood plain. Some software interfaces are designed to allow appropriate boundary 
conditions for local models to be set up automatically. A more elegant solution is to 
refine the grid within a regional scale model around the area of interest. Traditionally, 
most finite-difference models allowed a limited degree of grid refinement across the 
whole grid, but more recently software has been developed which allows localised grid 
refinement anywhere within a groundwater model, although these are not yet in 
common use. This approach is used in the ZOOM model (BGS, 2004). 
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a) Nested local model b) Quad tree grid refinement 
A fine grid is set up for the local model, 
which is run separately from the regional 
model, with head boundary conditions 
interpolated from the solution on the 
coarser grid of the regional model to the 
finer grid of the local model 

The grid refinement is integrated into the 
solution scheme within a single multi-
scale model, with progressive levels of 
grid refinement around a local area of 
interest within the regional model 

Figure 9.4 Nested regional and local models. 

River models. Codes such as Simcat (Environment Agency, 2006) have been widely 
used to model hydraulic and solute behaviour at a catchment scale. These often use 
assumed groundwater inflow as a boundary condition, but some models have been 
coupled to groundwater or catchment models to provide an integrated modelling 
capability. These externally coupled models can provide some feedback between 
groundwater and surface water if used properly. The use of this type of approach for 
modelling contaminant transport is still at an early stage. A type of model that has been 
used to make useful calculations of contaminant exchange in the hyporheic zone is 
known as transient storage modelling (e.g. the Otis model, Runkel, 1998). These are 
often implemented as one-dimensional models of transport across the surface water – 
hyporheic zone – groundwater pathway, and can represent mixing zone behaviour at 
individual reaches.  

Model Choice. The choice of an appropriate model for a given application depends on 
a range of factors, including purpose, data availability, level of conceptual 
understanding, and time/resources available to complete a study. In general, the more 
complex spatially-distributed models require substantial amounts of effort and data and 
should be developed only after concluding initial scoping calculations using simpler 
models. However, for any of these models, questions of model calibration and 
validation and estimations of predictive uncertainty have to be addressed.  

9.2.3 Modelling changes in flows 

This section describes how to predict the impacts on flow or stage felt by rivers, springs 
and wetlands, as a result of human activity, including groundwater abstraction, mining, 
quarrying and river modification. The Water Framework Directive describes these 
human activities as pressures. 
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We will consider ways of estimating both the size and the timing of the impacts. For 
each pressure we first describe the simple methods for estimating the impacts. These 
are quick and crude but they nearly always offer valuable insights into our problem. 
This is especially true if we also make a range of estimates with different plausible 
input data so that we give ourselves an idea of how sensitive our estimates are to the 
uncertainty in the input data. 

The more complex methods follow; we tend to assume that these more complex 
representations will give predictions in which we have more confidence. However, this 
is only likely to be so if we have invested in data in which we have sufficient 
confidence; a complex model with poor data will still be a poor model.  

Finally, we generally have more confidence in our estimates of difference and trends 
than our estimates of absolute value and so we focus here on techniques for estimating 
differences.  

9.2.3.1 Impacts of groundwater abstraction 

One of the problems with estimating the depletion in flow to surface water feature such 
as a river is that we cannot measure it. It is the difference between the flow in the river 
when the well is pumping (which we can measure) and what it would have been had 
the groundwater well not been pumping (which we can usually only infer). Hence we 
have no observed depletions against which to check our estimates when we use the 
methods described below and the approach becomes one of gathering clues rather 
than hard evidence. Clearly, there would be significantly higher confidence in a model if 
a field experiment, such as periods with the abstraction on and off, had been carried 
out to provide data to validate the model. 

For example, we may wish to assess a 1 Ml/d groundwater abstraction which is 
hydraulically connected to only one surface water feature: a river. The long-term 
depletion in the flow in the river will be equal to the size of the groundwater abstraction, 
i.e. 1 Ml/d. This is consistent with the principle that the impact of a groundwater 
abstraction spreads until it has prevented an equal amount of water leaving the aquifer, 
usually via a surface water feature. In reality a groundwater abstraction is likely to be 
hydraulically connected to several water features. The above principle still applies so 
estimating the impact at any one of them is really a problem of estimating how that 
depletion of 1 Ml/d is distributed amongst the surface water features. These may be 
rivers, springs or wetlands but for the sake of clarity we will initially consider only rivers.  

Impact on rivers 

An instructive way to look at this problem is by considering the hydraulic resistance 
between the pumping well and each surface water feature. At its simplest this 
comprises two resistances in series which can be added to give the total resistance. 
These are the resistance of the path through the aquifer and the resistance of the path 
through the river bed. 

For two rivers of the same length, the resistance of the path through the aquifer (Raq) is 
proportional to the path length through the aquifer (Laq) and inversely proportional to 
the transmissivity (T): 

Raq = Laq / T  9.1 
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The resistance of the path through the river bed (Rbed) is proportional to the path length 
through the river bed, the river bed thickness (Lbed), and inversely proportional to the 
hydraulic conductivity of the river bed (Kbed) and the width of the river (w): 

Rbed = Lbed / (Kbed. W)  9.2 

A surface water feature with a large resistance along the pathway to the well will 
experience less depletion than another surface water feature with a small resistance. A 
valuable feature of the hydraulic resistance concept is that it correctly predicts that 
groundwater flow divides make no difference to the spread of impacts and this is 
described in more detail in Section 2.4 of the report on hydrogeological impact 
appraisals for groundwater abstractions (Environment Agency, 2007a). For example in 
Figure 9.5 the groundwater pumping from the wells reduces the flows in all five rivers 
even though there are groundwater divides between the rivers. 

The report on hydrogeological impact appraisals (HIA) for groundwater abstractions 
(Environment Agency, 2007a) provides a good description of these issues. Section 2.4 
of that report lists some common misconceptions, Box 4.2 describes a resistance 
calculation and Section 4.2.4 describes some common tools for apportioning depletion.  

Analytical solutions. There are several analytical equations (e.g. Jenkins, 1968) 
which are designed to calculate the depletion of flow from a surface water feature due 
to a pumping well but these tend to assume that only one surface water feature is 
affected. If you are sure this is so, perhaps after doing some rough resistance 
calculations, then these methods may be appropriate. 

IGARF. The IGARF spreadsheet (Impact of Groundwater Abstraction on River Flows) 
produced by the Environment Agency (2004) uses several analytical solutions to 
generate estimates of depletion over time and space for two rivers. The model 
calculates impacts over short timescales (showing responses from a daily timescale up 
to months or years as necessary), but it does not have any representation of actual 
river flows or levels, and therefore cannot include feedbacks of river stage variations. 
Like the resistance calculations, a hydrogeologist can use this spreadsheet to get an 
idea of the potential depletion in a few hours.  

For example, in Figure 9.5, the circles represent groundwater pumping wells. An 
IGARF spreadsheet of a single well and the nearest river, the River Leith, shows that 
the long-term impacts of the abstraction will spread at least 6 km along the River Leith. 
As there are other bigger rivers within 6 km of the pumping wells (Eden and Lyvennet), 
it would be unwise to assume all the depletion comes from the Leith. This rapid 
analysis with IGARF shows that an approach is required which takes into account all 
four the hydraulically connected rivers.  
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Figure 9.5 The Eden valley river system in North West England. 

Distributed numerical models. The Environment Agency has more than 40 regional 
groundwater models covering the major aquifers in England and Wales. The 
Environment Agency’s forthcoming National Groundwater Modelling System (NGMS) 
will give some organisations access to these regional models. If you If you have access 
to one of these models for your area, they will give the most reliable estimates of the 
size and timing of river flow depletion due to groundwater abstraction at each 
connected river because it will include all the major surface water outlets. However, 
these models are calibrated using the flows at the main river gauging stations so we 
can expect to have confidence in the estimates of flow reduction at this scale (i.e. 
reaches of several kilometres) but not at the much smaller scales that may be required 
for detailed ecological studies.  

Simplified numerical models. In the case of the Leith (Figure 9.5) there was no 
numerical model of the region but it only takes a few days for an experienced 
groundwater modeller to build a simple ‘depletion’ model in MODFLOW. This is a 
model which aims to predict flow deletions only. It will incorporate the regional aquifer 
properties, all the important hydraulically connected surface water features and the 
abstraction well(s) we want to investigate. We do not need to include the other 
abstraction wells in the aquifer nor the recharge because as shown in the work by the 
BGS and the Environment Agency (2008), these do not usually influence the depletion 
estimates significantly. Avoiding the large uncertainties in recharge estimates will 
increase confidence in the results, but such a simplified model will not capture transient 
behaviour, such as changes between seasons and across years.  

Impact on wetlands and springs 

As with rivers the hydraulic resistance between springs or wetlands and a pumping well 
can be used to estimate how the impacts of pumping are likely to be distributed 
amongst all the surface water features connected to the pumping well. The 
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Hydrogeological Impact Assessment (HIA) report (Environment Agency, 2007a) 
describes the steps for carrying out such an appraisal for all water features in an area.  

9.2.3.2 Impact of mine dewatering and river modification 

There are many similarities between groundwater dewatering for mining and quarrying 
and abstraction. The Environment Agency has written a hydrogeological impact 
appraisal (HIA) guide on this issue (Environment Agency, 2007b). Section 3.4 of the 
HIA describes over 20 analytical equations which were assembled from various 
sources, textbooks and other publications, into a Microsoft Excel spreadsheet. The 
approaches for assessing the impact of dewatering on surface water features are the 
same as those for groundwater abstractions described above.  

River channel modifications as part of flood defence or river restoration schemes could 
easily alter groundwater –surface water interactions by changing the stage in a river, 
lowering the bed,  changing the thickness or nature of the bed sediments, or changing 
the width of open water. Any of these will in turn change the flow between the aquifer 
and the river. The various approaches to modelling described above, such as analytical 
and numerical models, apply equally well to the analysis of river modifications. 

9.2.4 Modelling solute transport and attenuation 

Water exchange at the river-aquifer interface has significant implications on river water 
quality and river mass loading. For example, river water fed by groundwater polluted by 
agricultural fertilisers tends to increase the river N concentration and N loading. 
However, attenuation at the river-aquifer interface can reduce the mass flux from 
groundwater. Modelling of solute transport in river water, with accounting for river-
aquifer interactions, can help to quantify the amount of mass destruction in such a 
reactive zone, and to identify the major sources contributing to river water contaminant 
and adapt suitable policy to manage river water and groundwater quality. In this 
section, we present review of modelling approaches for: 

• bank filtration,  
• contaminated land risk assessment,  
• diffuse catchment scale pollution, and  
• effluent discharges.  

 

9.2.4.1 Bank filtration 

Bank filtration (Figure 9.6) is a system of production wells which are placed near to 
surface water bodies (e.g., rivers) to increase the public water supply. The abstraction 
of groundwater from these wells induces surface water infiltration through the river bed 
to the supply wells. Attenuation of contaminant at the river bed has been observed to 
reduce the mass flux from the river water into the supply wells. Modelling of solute 
transport at the river bed could help to predict mass attenuation at the river-aquifer 
interface and solute concentration in the abstraction wells.  
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(a) (b)  

Figure 9.6 Conceptual models of bank filtration by (a) Hantush (1965) and (b) 
Hunt (1999).  

The simplest approach is a mass balance, using water flow rates from one of the 
modelling approaches above (9.2.3) and river water concentrations. When attenuation 
at the river-aquifer interface and in the subsurface is negligible, mass discharge from 
an abstraction well is summed of mass fluxes from river and groundwater. River water 
concentration and the steam depletion flow rate induced by bank filtration determine 
the amount of mass flux from the river, and mass flux from groundwater can be 
estimated from groundwater concentration and groundwater flow rate to the well.   

In most cases, attenuation in the subsurface, especially at the river-aquifer interface, 
could significantly reduce mass flux into the abstraction well, lowering contaminant 
concentrations in the groundwater supply. Thus, the mass discharge in a supply well of 
bank filtration is sum of mass fluxes from river and groundwater and mass reductions 
at the river-aquifer interface and in the subsurface of well capture zone.  

The proportion of mass reductions (AF) at these two zones at steady state can be 
estimated by using parameters like the attenuation rate (e.g., first-order rate constant, 
k), water travel retention time (t) and retardation factor (R), with a simple equation: 

tkReAF ⋅⋅−=  9.3 

 

This approach can be used at the first phase to evaluate the risk of concentration in the 
river water on the abstracted groundwater in bank filtration.  

Modelling of the attenuation processes at the river-aquifer interface and prediction of 
mass flux and concentration in the abstraction wells can be achieved by 
MODFLOW/MT3D or more advanced chemical reaction model (PHT3D, Prommer et al. 
2003). For example, Ray et al. (2002) used MODFLOW/MT3D to discretise a bank 
filtration and represented reactions in the subsurface by first-order decay rates (Figure 
9.7). 
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Figure 9.7 Locations of pumping and monitoring wells at the Henry bank 
filtration site (A) together with model grid and the vertical cross-section (B) (Ray 
et al., 2002).  

9.2.4.2 Contaminated risk assessment 

Modelling in support of applications to develop contaminated land (and waste disposal 
sites etc.) aims for a more simplistic outcome than many other types of modelling. The 
aim is not to accurately predict a contaminant concentration in some receptor, but 
merely to demonstrate that the predicted value falls below a threshold for that receptor. 
Hence a yes/no decision of whether remediation is necessary, or a development may 
go ahead, may be made. 

Defra’s CLR11 provides a framework for risk assessment of contaminated land, which 
is practically implemented by the Environment Agency’s Remedial Targets 
Methodology. In these, a sequential (‘tiered’) approach to risk assessment is used, 
which promotes the use of limited data and less sophisticated (but more conservative) 
models at the early stages of an investigation to screen out sites where the risk is 
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limited. Only the most contaminated sites, therefore, need extensive data collection 
and sophisticated modelling.  

Current risk assessment models for contaminated land and landfills (e.g. the remedial 
targets spreadsheet, ConSim, LandSim) have no default capability to assess 
contaminant attenuation within the hyporheic zone. Some models can explicitly account 
for the hyporheic zone as a part of the transport pathway (e.g. RISC, ESI's RAM). All 
tend to use simplistic representations of contaminant attenuation such as linear 
adsorption and first-order degradation. In addition, they represent contaminant 
transport along a one-dimensional, steady state, pathway. Where there are two-or 
three-dimensional, and/or transient, problems to model (e.g. patchy attenuation of PCE 
observed by Conant et al. (2004)), it is important to take this into account and 
understand the simplifications of the model.  

9.2.4.3 Diffuse catchment scale pollution 

The leaching of fertilisers and pesticides to the subsurface has serious consequences 
for the quality of groundwater resources and river water receiving from contaminated 
groundwater. The natural attenuation of some contaminants (e.g., nutrients) at the 
river-aquifer interface has been observed to reduce the river contaminant loading from 
groundwater flux. Modelling of the solute transport in diffuse scale pollution, with 
consideration of the attenuation at the river-aquifer interface, could help to quantify the 
reduction of mass flux from groundwater, and to identify the major sources contributing 
to river water contaminant and adapt suitable policy to manage river water and 
groundwater quality.   

We present a simple method to estimate the amount of mass flux from groundwater 
contributing to river nutrients loading at a river reach scale. The conceptual model of 
diffuse pollutants at a river reach scale (L) is shown in Figure 9.8a, where an upland 
agriculture field is a diffusion pollution source for the river water and groundwater 
bodies. Figure 9.8b shows a cross-section area of domain where the river bed (or 
hyporheic zone) is simplified as a rectangular shape with representative river bed 
thickness (b’) and river width (W). Without accounting for attenuation in aquifer and the 
river-aquifer interface, mass flux from groundwater to the river due to the diffuse 
pollution at stead state can be estimated by: 

Mass flux = Area of agriculture field * leakage rate * leaching concentration  9.4 

The proportion of groundwater contributing to river mass loading can be determined by 
the above estimated mass flux, river water concentration and river water flow rate. 
When attenuation at the river-aquifer interface and in aquifer is significant, a substantial 
amount of mass might be removed on groundwater flow pathway and at the riverbed 
before entering the river. The proportion of mass removal in groundwater and at the 
riverbed can be determined once the attenuation rate, retention time and retardation 
factor are known.   
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Figure 9.8 (a) conceptual model of a diffuse pollution source from an upland 
agriculture field (b) conceptual model of mass flux from contaminated 
groundwater to river water through hyporheic zone in the cross-section area 
(Hiscock 2005). 

There are several models used as management tools to estimate the nutrient fluxes via 
diffusion pollution in catchment scale. For example, Integrated Nitrogen in Catchment 
(INCA, (Wade et al., 2002; Whitehead et al., 1998)), Soil and Water Integration Model, 
(SURFACE WATERIM, (Krysanova et al., 1998; Krysanova et al., 2000)) and nitrate 
and phosphorus catchment model (TOPCAT_NP,(Quinn et al., 2008)), etc. None of 
them, however, take account of the interactions in the river-aquifer interface. 

Hattermann et al. (2006; 2008) extended the SURFACE WATERIM model to take into 
account fluctuations of groundwater table and increase update of nitrogen from 
groundwater in the riparian zones. Denitrification was considered in the process of 
mass flux from groundwater into the river, by using average denitrification rate and 
nitrate mean residence time in the subsurface. This model has been used to 
investigate nitrate flux in the Nuthe catchment (1938 km2) in Germany (Figure 9.9a), 
where the spatial information including riparian zones, groundwater table contour map, 
and elevation and soil properties and etc have been specified in the model. The 
comparison of field observations and model results suggested that the SURFACE 
WATERIM model could give a reasonable prediction of N concentration in the Nuthe 
river and a good prediction of baseflow transport behaviour (Figure 9.10); The study 
revealed that the amount of nitrate uptake from groundwater in riparian zones resulted 
in 22% reduction of total river nitrate loading (Figure 9.9b).  
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(a) (b)  

Figure 9.9 (a) The location of the Nuthe basin and the observation points 
(numbered). (b) Plant uptake of nitrate N from groundwater in wetlands and 
riparian zones (Hattermann et al., 2006). 

 

Figure 9.10 (a) Simulated and observed nitrate N concentrations in the Nuthe 
river. (b) Nitrate N coming with different pathways (with surface runoff, interflow 
and baseflow). (c) The uncertainty of the simulated results. (Hattermann et al., 
2006). 
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9.2.4.4 Effluent discharges 

Effluent discharges from sewage treatment works (STWs) contribute significant 
amounts to rivers during periods of low flow. The change of river stage by effluent 
discharges could change the river water and groundwater dynamic at the river-aquifer 
interface. In a lowland area, the rise of river water level could promote river water 
infiltrating through the river bed, resulting in the reduction of river mass loading. For 
example, a study of the South Platte River, Denver, US showed effluent from a STW 
contributing 95% river water flow downstream, and about one third of river water was 
discharged to groundwater via river bed in the 20 km downstream of the effluent 
discharge (McMahon et al., 1995). While in an upland area where river flow might be 
dominated by baseflow, the rise of river water level by effluent discharges could 
prevent groundwater entering the river, reducing river mass loading from groundwater. 
Modelling of effluent discharges which account for water exchanges at the river-aquifer 
interface could help to identify the effect of effluent discharges on river nutrient loading.   

In the authors’ knowledge, no attempts have been reported to model the effect of 
effluent discharges on river mass loading while fully accounting for the water and solute 
exchanges at the river-aquifer interface. The INCA model was used to predict the 
nutrient concentrations (NO3 and NH4

+) in the River Lee at the north of London, where 
5 STWs are located at the upper stream of the river (Figure 9.11) (Flynn et al., 2002). 
The results revealed that N discharge from STWs significantly increased the N 
concentration during low flow seasons (summer and autumn). However, the N flux at 
the river–aquifer interface (e.g., Riparian Zone) and its effect on the nitrate 
concentration in the river has not been rigorously investigated.     
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Figure 9.11 River Lee Catchment area: locations and discharges of Sewage 
Treatment Works (STW) (Flynn et al. 2002). 
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The effect of effluent discharges on river water and groundwater exchange in the river 
bed is very likely to take place in a river reach downstream of effluent discharge point. 
In the case (e.g., a lowland river reach) where effluent discharge promote river water 
infiltrating through the river bed; the reduction of river mass loading at a downstream 
river reach (L) can be determined, when the river water concentration, specific 
discharge in the river bed, length and width of the river reach are all known. 

9.2.5 Modelling ecological changes 

None of the models which are used as management tools directly include the effects of 
groundwater – surface water interface on ecology. Even for research, models do not 
yet have this capability. The effects are predicted in two separate stages, using a  
model to first estimate the changes in flow, stage or concentration, as described above. 
The results are then used as inputs for ecological models. This two step process does 
not allow feedback, for example the growth of macrophytes increases stream 
resistance, raises river stage and nearby groundwater levels and so alters groundwater 
– surface water interactions (Jones et al. 2008). 

An example of the two step procedure is illustrated in Figure 9.12 for the River Piddle in 
Dorset where the trout fishery appeared to be damaged by groundwater abstractions. A 
catchment scale groundwater – surface water model was used to calculate the 
locations and magnitude of groundwater discharges to the river, and these results were 
then used in PHABSIM to estimate the changes in habitat suitability. The quality of the 
results was sufficient to justify a change in the abstraction licence and put 
compensation water into the river.  

 

 

Figure 9.12 Use of loosely coupled models to investigate the effect of 
groundwater abstractions on fish habitats in the River Piddle, Dorset. (a) 
Location map with major groundwater abstractions (1-4) and study reach. (b) 
Duration curves for WUA (weighted useable area, a measure of habitat 
availability) with and without historical abstractions (Strevens, 1999). 

 

(a) (b) 
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9.3 Conclusions 
Most modellers would argue that the primary benefits of modelling are to bring clarity of 
thought and to integrate all the information about a question. Models can also be used 
to quantify processes and effects, make predictions and give some understanding of 
uncertainty, but these benefits are less easy to realise.  

The review above indicates that modelling tools are available to help analyse many 
aspects of the groundwater-surface water interface, but not all. The widest range of 
tools are for analysing flows and range from simple analytical models in easy to use 
spreadsheets to complex numerical models which require substantial amounts of data 
and expertise. A range of tools for analysing solute transport are available; some are 
focussed on groundwater, and others primarily consider the river. However the simpler 
solute models do not explicitly allow for the groundwater-surface water interface and 
the more complex ones require expertise and significant amounts of time to be useful. 
None of the readily available tools estimate the effects of the groundwater-surface 
water interface on ecology.  
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Table 9.1. Examples of flow modelling software for the main types of models used for groundwater - surface water interactions. 

Model name, references, web 
resources 

Model type, background & general theory 

RAM (Resource Assessment 
Methodology) 

Environment Agency (2002). 

http://publications.environment-
agency.gov.uk 

Model type: lumped 

RAM methodology developed by the Environment Agency of England and Wales and Entec 
UK Ltd to support assessments of resource availability in integrated groundwater - surface 
water systems.  

Spreadsheet water budget tool is used as part of the methodology to calculate scenarios 
representing recharge, abstractions, and discharges for Groundwater Management Units. 

IGARF (Impact of Groundwater 
Abstractions on River Flows) 
Environment Agency (2004). 

http://publications.environment-
agency.gov.uk 

Model type: analytical 

The IGARF modelling tool was developed the Environment Agency and Environmental 
Simulations International as part of a scoping methodology to support assessments of 
groundwater abstraction license applications. 

IGARF is a spreadsheet that includes several models that represent the impact of abstraction 
from an abstraction well on flow depletion in one or two rivers. 
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Model name, references, web 
resources 

Model type, background & general theory 

MODFLOW groundwater model 
(McDonald & Harbaugh, 1988; 
Harbaugh et al., 2000) 

Free software including source code 
available at 
http://water.usgs.gov/nrp/groundwate
rsoftware/modflow.html 

MODFLOW is usually run within one 
of the many commercial groundwater 
modelling graphical interfaces, see 
website. 
  

Model type: numerical, physics based, spatially distributed, finite-difference 

MODFLOW is the most widely used groundwater modelling software, developed by USGS 
(United States Geological Survey). It is based on a multi-layered finite difference 
approximation of the 3D groundwater flow equations. 

Variants related to coupled groundwater-surface water models allow routing of river flows and 
feedback from river levels to exchange flows, including: 

• DAFLOW: MODFLOW coupled with river flow routing model 

• MODBRNCH; MODFLOW coupled with BRANCH unsteady river flow module 

• GSFLOW: MODFLOW coupled with the USGS Precipitation-Runoff Modelling System 
(PRMS); 

• MODHMS; MODFLOW coupled with SURFACT, including 1D river and 2D overland flow 

• IHM: MODFLOW coupled with surface water model HSPF for full hydrological cycle 
 

ZOOM groundwater models 
ZOOMQ3D 

BGS (2004). 

www.bgs.ac.uk/science/3Dmodelling/
zoom.html 

ZIGARF (ZOOM-IGARF)  

Environment Agency (2008). 

Model type: numerical, physics based, spatially distributed, finite-difference 

ZOOMQ3D was developed by British Geological Survey, Birmingham University and the 
Environment Agency as a nested modelling system that can represent local effects within a 
regional scale model. 

ZOOMQ3D uses an integrated finite-difference method on a nested grid to solve groundwater 
flow equations. Additional compatible models have been developed to represent other 
aspects of the hydrological system, including recharge estimation. An interface has also been 
developed (ZIGARF) to allow the model to be used to simulate the impact of abstractions on 
stream flows. 
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Model name, references, web 
resources 

Model type, background & general theory 

MIKE-SHE integrated catchment 
modelling system 

http://www.dhigroup.com/Software/W
aterResources/MIKESHE.aspx 
 

Model type: numerical, physics based, spatially distributed, finite-difference 

MIKE-SHE is commercial software from the Danish Hydraulic Institute (DHI) based on the 
Système Hydrologique Européen (SHE) modelling system, which was developed in a joint 
European project. 

MIKE-SHE represents all components of the hydrological cycle based on a finite-difference 
grid, with surface and groundwater flows linked through one-dimensional unsaturated zone. 
The model can be coupled to other well-known software including Mike-11 for hydrodynamic 
river flow modelling. 
 

SHETRAN integrated catchment 
modelling system 

Ewen et al. (2000) 

www.ceg.ncl.ac.uk/shetran  

Model type: numerical, physics based, spatially distributed, finite-difference 

SHETRAN was developed by Newcastle University based on the Système Hydrologique 
Européen (SHE) modelling system, which was developed in a joint European project.  

SHETRAN represents all components of the hydrological cycle based on a finite-difference 
grid, with an integrated variably-saturated subsurface flow for the saturated and unsaturated 
zones. SHETRAN V4 has been widely used for problems involving integrated flow with 
sediment or contaminant transport. SHETRAN V5 includes local mesh refinement and 
integrated flow and heat transport. 

Hydrogeosphere integrated surface-
subsurface model 
Therrien et al. (2004) 

http://www.science.uwaterloo.ca/~mc
laren/public/hydrosphere.pdf  
 

Model type: numerical, physics based, spatially distributed, finite-element 

Hydrogeosphere is a finite element model for simulating integrated surface-subsurface flow 
and transport, developed by the University of Waterloo. It represents all of the components of 
the hydrological cycle, with a similar representation of stream-aquifer interactions as the 
MODFLOW variants and the SHE models. It includes capabilities for flow through fracture 
networks and contaminant transport. 
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Model name, references, web 
resources 

Model type, background & general theory 

INCA integrated catchment model 

Environment Agency (2006) 

http://www.reading.ac.uk/INCA/page
s/methods.htm 

Model type: numerical, physics based, semi distributed 

INCA consists of a suite of models of water quality in catchments, developed by the University 
of Reading and others. It is a semi-distributed model, with water quality variables being 
calculated in landscape units and fed into a river model. Specific models in the INCA family 
include Nitrogen, Phosphorus and Carbon, sediment, and toxic elements.  

Otis river quality model 
Runkel (1998) 

http://smig.usgs.gov/cgi-
bin/SMIC/model_home_pages/model
_home 

Model type: numerical, physics based, spatially distributed, finite-difference 

OTIS is a one-dimensional model of solute transport in rivers, developed by USGS. Transport 
is modelled using the advection-dispersion equation along the stream, with temporary 
(transient) storage of solutes in river bed sediments and banks. It is a widely used example of 
a Transient Storage Model. Interaction with groundwater is not explicitly modelled, with only 
local near-river storage processes being represented. 
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10 Groundwater-surface water 
interactions and River 
Restoration 

 

10.1 Introduction 
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.  
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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/SW exchange important in river restoration? 

 

10.2 What 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 
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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 (1998)). 
Activity Direct ecosystem response Indirect hyporheic response 

Dams Reduced maximum discharge, 
altered flood frequency and 
timing reduced sediment 
transport, altered temperature 
regime 

Reduced subsurface flows, reduced 
extent of hyporheic zone, lower 
oxygen concentrations, less fine 
sediment flushing, reduced interstitial 
space, lower dissolved and 
particulate organic matter (DOM and 
POM) inputs, reduced secondary 
production 

Forestry Decreased input of large woody 
debris, increased coarse and 
fine sediment input, altered 
riparian vegetation 

Changes in distribution and volume of 
hyporheic zone, altered riparian soil 
chemistry, altered riparian nutrient 
inputs, changes in stream primary 
production 

Agriculture Elimination of riparian 
vegetation, groundwater 
withdrawal, fertiliser 
applications, pesticide inputs, 
diking, channelization 

Alterations on riparian soil organic 
matter and nutrient stocks, 
elimination of riparian habitat, 
reductions in hyporheic flows, 
reversals of subsurface flowpaths, 
elimination hyporheic zones, 
reduction in invertebrate production 
diversity 

Urbanization Changes in hydrology, 
increased fine sediment inputs, 
increase organic loading, toxic 
material inputs, increased flood 
magnitudes, channel 
incisement, reduced riparian 
zone 

Elimination of hyporheic zone, 
anerobic conditions, reduction or 
elimination of hyporheic fauna, shift to 
undesirable fauna, reduced 
biodiversity and production 

 
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 
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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 
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between ground and surface water bodies, the impacts of restoration in this zone can 
be assessed as a whole rather than physical versus biological.   
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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 quality 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 
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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/SW interactions 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. 
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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 their possible impacts on various 
factors of the GW/SW exchange. 

   Impact categories 

Restoration action 
% 

Hydrology Chemistry Sediment Microbiology 
Invertebrate
s Fish Plants 

Local flow 
manipulation 
(instream deflectors/ 
large-wood) 43 

Local 
increase in 
exchange 

Increase 
in flow-
>increase 
in 02, 
organics 

Localised 
redistributi
on of 
sediment 

Localised 
change in 
communities 
due to 
sediment 
distribution 

Localised 
change in 
community 
due to flow 
and habitat,  

Spawning 
in tailout, 
refuge in 
pool 

 Localised 
algal and 
macrophyte 
colonization 

Bed 
raising/substrate 
imports  

8 

Local 
increase in 
exchange 
in 
surfaces/s
ubsurface 
flow 

Increase 
chemical 
transforma
tions 
depending 
on 
residence 
time 

Immediate 
increase in 
gravel bed 
depth, 
possible 
increase in 
floodplain 
deposition 

Large 
substrate 
may 
decrease 
biofilm 
surface 
area; 
increase bed 
depth 
provides 
localised 
habitat 

Recolonisati
on period, 
substrate/flo
w 
dependent 

Spawning 
areas, 
success 
dependent 
upon water 
quality and 
flow 

Removal of 
existing 
aquatic 
flora, shift in 
morphotype 
and 
possibly 
species 

Reconnection to 
floodplain 

1 

Increased 
residence 
time of 
subsurfac
e flow 

Increased 
surface 
transforma
tion, 
increased 
interaction 
between 
GW and 
SW 

Larger 
scale 
redistributi
on of 
sediment, 
deposition 
to, and 
recruitmen
t from 
channel 

Increased 
heterogeneit
y, increased 
residence 
time, 
increases 
biological 
interactions 

Increased 
habitat 
availability 
redistributio
n across 
habitats 

Off channel 
habitats, 
subsurface 
flow refugia 

Ground 
water 
dependent 
terrestrial 
plants have 
increasing 
water 
availability 

Sinuosity 

6.
5 

Increased 
residence 
time of 
water 
within 
reach and 
localised 
subsurfac
e flow 

Increased 
residence 
time and 
opportunit
y for 
chemical 
reactions 

Redistribut
ion of 
sediment, 
increasing 
opportuniti
es for 
variation in 
gravel bed 
depth 

Microbiologi
cal activity, 
may 
increase 
with 
increase in 
stream-
affected 
sediment 

Increase 
area 
available to 
invertebrate
s and 
diversity of 
habitats 

Generally 
increase in 
habitat 
diversity; 
may alter 
species 
composition
s 

Increased 
lateral 
subsurface 
exchange; 
more 
opportunitie
s for 
riparian 
vegetation 

Riffles 

4.
5 

Pool-riffle 
scale 
alteration 
in flow 

Localised 
change in 
water 
chemistry 

Localised 
redistributi
on, 
possible 
change in 
erosion 
potential 

Localised. 
Possible 
Increased 
exchange 
will impact 
anaerobic/ 
aerobic 
contributions 

Localised 
increase in 
riffle-
associated 
organisms 

Localised 
increase in 
food 
source, 
localised 
spawning 
opportunitie
s 

Aquatic 
vegetation 
will shift to 
riffle habitat 

Deculverting 

3 

Surface 
water 
access to 
substrate 
and 

Increase 
in 
chemical 
exchange 
as water 

Redistribut
ion of 
sediment 
from 
previously 

Shift from 
terrestrial 
subsurface 
to aquatic 
subsurface 

Terrestrial 
soil fauna 
shift to 
hyporheic 
fauna and 

Increased 
habitat area 
and 
longitudinal 
connectivity

Increasing 
access to 
subsurface 
and surface 
water 
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ground 
water. 
Change to 
gradual 
shift in 
hydraulic 
head 

interacts 
with 
substrate 

confined 
system 

processes benthic 
fauna 

, access to 
local 
subsurface 
flows 

sources. 
Riparian 
vegetation 

Weir removal 

6 

Change in 
hydraulic 
head, 
change 
from lentic 
to lotic 
water 
features 

May 
increase 
exchange 
processes 
and 
decrease 
residence 
time 

Redistribut
ion of 
sediments 
and fines 
upstream 
and 
downstrea
m 

Shift from 
lentic to lotic 
hyporheic 
processes 

Shift from 
lentic to lotic 
community 

Shift from 
lentic to 
lotic 
communitie
s, increase 
longitudinal 
connectivity 

Shift from 
lentic to 
lotic, 
increase 
habitat 
variability 

Removal of artificial 
banks and bed 

5 

Increase 
subsurfac
e 
exchange 

Localised 
increase in 
chemical 
transforma
tion 

Increase 
natural 
sediment 
scour and 
deposition 

Add 
subsurface 
microbiology 
to surface 
processes 

Provides 
increase in 
vertical and 
horizontal 
habitat 

Increase 
flow 
variation, 
spawning 
habitat 

Change in 
community 
structure 
from 
shallow to 
deep roots 

Fish cover 
enhancements (e.g. 
riparian and/or in-
stream planting 

18 

Localised 
alteration 
in flow. 

Local 
change in 
chemical 
exchange 

Alter local 
deposition
al patterns 

Localised 
alterations 

Localised 
community 
change due 
to change in 
resource 

Localised 
increase in 
use of area 

Change in 
community, 
increased 
subsurface 
water use 

 
10.9.1 Local flow manipulation 
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).  



198 Science Report – The Hyporheic Handbook  

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

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

• 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 Water (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). 
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Figure 10.4 Large woody debris added to a stream (From 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.   
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a) b) 

Figure 10.5 Case study of boulder placement restoration. 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). 
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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 
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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 floodplain  
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 
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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 floodplain 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). 
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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 Park, 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). 
 

a) c) 

c) 

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



 Science Report – The Hyporheic Handbook 205 

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 

a) b) 

c) d) 

Figure 10.5 Process of repositioning a concrete lined channel into a new 
riverbed, showing a) original concrete-lined channel, b) floodplain features in 
newly created channel, c) new channel floodplain connection, 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 



206 Science Report – The Hyporheic Handbook  

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 channel 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 



 Science Report – The Hyporheic Handbook 207 

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 unique 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 
Malqvist 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 substrate 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). 
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Figure 10.7 Diversion of a part of the River Nith away from expanding coal 
excavation (RRC 2007). 
  
 

 
Figure 10.8 Typical symetrical cross-section for River-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 
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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 
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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).  
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Table 10.3 Summary of advantages and disadvantages of the five major 
approaches for evaluating restoration projects (from 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 questions.   
 
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 questions that need to be answered is 
therefore essential for effective restoration project assessment. 
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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.    
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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 and 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 interface, 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, 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 operation. 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; 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. 
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Hyporheic exchange (stream-riverbed-stream) has been 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 always 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 characterisation 
 
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-scale 
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 on 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. 
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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: Risk assessment 
 
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 system 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 
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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 feasible, 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.  
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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. 
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12 Recommendations for 
research 

12.1 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. 

12.2 Significance of groundwater - surface water 
12.2.1 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; 
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• in contrast, whether catchment-scale processes affect groundwater - 
surface water interactions so that catchments should be managed 
sensitively to avoid adverse effects. 

12.2.2 Catchment scale influences of groundwater - surface 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.  

12.2.3 Significance of catchment processes for groundwater - 
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 



220 Science Report – The Hyporheic Handbook  

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? 

 

12.3 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, 
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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. 

 

12.4 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 
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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.  

12.5 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 .  
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Glossary 
 
Advection: The process of the movement of solute due simply to the 

movement of the water containing it. 
Analytical Model: Exact mathematical solutions of the flow and/or transport 

equation for all points in time and space. In order to produce 
these exact solutions, the flow/transport equations have to be 
considerably simplified (e.g. very limited, if any, 
representation of the spatial and temporal variation of the 
real system). 

Auger: A device often used for installing wells or extracting soil 
samples.  Hand augers allow for drilling and installation of 
shallow wells in soft sediments whereas powered augers can 
be used in harder substrates.  Examination of the 
sediment while drilling allows for description of the substrate 
characteristics. 

Automatic Sampler: A device used for sampling water at regular time intervals or 
at different river stage without the presence of an observer. 

Bedform: Any sedimentary-process formed structure present in the bed 
of a river. Usually ripples, dunes, plane beds, riffles, steps, 
and pools.  

Breakthrough curve: Usually a plot of concentration against time or number of 
pore volumes at a given observation point. Usually in the 
context of solute arrival at a receptor (e.g. river). 

Bioturbation: The disturbing of sediments by movement of organisms. 
Casing: A pipe (usually steel or PVC) preventing loose rocks, 

unstable sediments or other material from collapsing from the 
walls into the well shaft. Adding a grout seal along the 
external wall of the casing prevents water or contaminants 
from infiltrating along the well. 

Catchment: The area from which a river or stream, or segment of either, 
collects water. The surface water catchment and 
groundwater catchment of a river need not be coterminous. 
Watershed in the terminology of USA publications usually 
refers to the surface water catchment of a river/stream. 

Colmatage: Clogging material formed by the process of colmation.  
Colmation: Colmation is the clogging of river bed sediments by fine 

material sedimented out of the water column or filtered out by 
passage of inflowing river water. 

Conceptual Model: A simplified representation or working description of how the 
real hydrogeological system is believed to behave. A 
quantitative conceptual model includes preliminary 
calculations, for example, of vertical and horizontal flows and 
of water balances. 

Darcian flow: Flow that can be described using Darcy’s Law (see 
Permeability). Darcy’s Law is valid for laminar flow but 
becomes increasing inaccurate as the transition to turbulent 
flow is approached (see Reynold’s Number).  

Darcy’s Law: An equation that describes the flow of a fluid through a 
porous medium. Notably it states that discharge is 
proportional to the medium’s permeability and to the 
magnitude of pressure drop between two points. 

Diffusion: The movement of solute mass from zones of high 
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concentration to those of low concentration brought about by 
thermal agitation and collision of the solute molecules. It is a 
very slow process. Take the case of a saturated block of 
rock, with one face held at a constant concentration: it would 
take over 1000 years for concentrations at 2m from this face 
to rise to 50% of the concentration at the face. Diffusion 
occurs at the same rate irrespective of water velocity.  

Dispersion: The mixing of solute during transport in water (surface water 
or groundwater). Thus an initially sharp, undispersed 
concentration front will become ‘smeared’ into a transition 
zone where concentrations gradually change from the 
background concentration to the concentration of the 
invading solution. Dispersion will continue to increase as 
travel distance increases. Dispersion is caused by the water 
taking different routes through a system, each route being 
associated with a different velocity. As flow velocities become 
slower, diffusion becomes an increasingly important 
dispersive process. Diffusion can also be an important 
dispersive process in fractured low permeability but porous 
rocks (e.g. UK chalk, UK Jurassic Limestones, tills): in this 
case, the large surface area of the fractures allows significant 
diffusive mass transfer into the matrix blocks, thus reducing 
the relatively small mass present in the fracture.  

Distributed Model: Model where the heterogeneity of the real system is 
represented by spatial variation in the inputs and outputs.  
Compare lumped model. 

Downwelling: Downflow, usually in the context of flow from river to river-
bed sediments. Often refers to river/sediment exchange 
rather than recharge of deep groundwater, though 
distinguishing between these flow types may not be possible 
in all cases.  

Drawdown: The change in water level relative to some initial level. Often 
used in the context of pumping boreholes: here in a 
homogeneous system the water level will fall such that the 
surface it forms is shaped like the bell of a trumpet, with the 
borehole in the centre (‘the cone of depression’). The 
drawdown at any radius from the borehole is then the initial 
water level elevation minus the present water level elevation.  

Drilling Rig: A machine available in a large range of sizes, creating 
boreholes into the ground, notably for water wells, and 
allowing for the sampling of the substrate. Drilling techniques 
include rotation, percussion or vibration.  

Dye: A colored substance added to a water body. In studies of 
GW/SW interactions, it is used to assess connectivity 
between streams and adjacent aquifers, flow velocity, as well 
as retention of stream water into the subsurface. 

Effluent: Flow out of the ground into a river. 
Electrical Resistivity 
Imaging: 

A geophysical method for imaging subsurface structures 
based on the injection of electric currents into the ground or 
in a borehole, and the measurement of resulting differences 
in electric potential at the surface. The electrical properties of 
the subsurface may be related to the lithology, to the water 
content or to the hydrochemistry, as well as to the presence 
of buried structures. 

Empirical Model: A model which is based on establishing empirical 
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relationships between sets of variables from observed data, 
without defining the underlying physical principles. Compare 
physics based model. 

Fickian: Refers to an assumption of the standard approach for 
describing dispersion – essentially that solute mixing due to 
different groundwater velocities can be quantified as 
dispersive flux = - cross sectional area x dispersion 
coefficient x concentration gradient.  

Finite Difference: A numerical approximation method used to convert 
mathematical equations in a physics based model into 
algebraic equations that can be solved numerically on a 
computer. 

Flow Gauging: The process of determining the discharge in a channel. 
Methods include injecting a tracer in the water and recording 
its passage downstream (dilution gauging), measuring the 
water velocity across a channel section (velocity gauging) or 
measuring the height of the water surface where its 
relationship with flow is known (through a rating curve). 

Fraction of Organic 
Carbon (foc): 

The total mass of organic carbon divided by a unit mass of 
sediments. In contaminant studies, this parameter is related 
to the capacity of the sediments to retain solutes of interest. 

Gel Probes: Passive samplers fitted with a plastic assembly allowing for 
the deployment of the probe in the sediments. They are used 
to obtain hydrochemical depth profiles at submillimetre 
resolution. The DET technique (Diffusive Equilibrium in Thin 
Films) relies on the diffusion of solutes from the pore-water to 
a hydrogel until equilibrium with the pore-water is reached. In 
the DGT technique (Diffusive Gradients in Thin Films), an 
additional layer of diffusive gel and resin gel separates 
species kinetically; different thicknesses of diffusive gels are 
used to test the capacity of the sediments to resupply 
solutes.  

Grab Sampling: The action of sampling in a short-time at a defined location. It 
differs from a composite sampling, where samples are 
temporally or spatially distributed in order to capture 
variability at the studied site. 

Grid: Network of points in space (nodes) for which a numerical 
model requires inputs and produces outputs. 

Ground Penetrating 
Radar (GPR): 

A geophysical method for subsurface exploration that uses 
radio waves to detect interfaces between different lithologies. 
It can be deployed in a non-invasive way by hand or vehicle 
(or from aircrafts and satellites at a large scale) or in 
boreholes. 

Groundwater-river 
interface: 

Fluvial sediments through which there is exchange of water 
(over any time period) between a stream and geologic media.

Head: The elevation to which water would rise in a pipe inserted 
into the ground and whose end is located at the point of 
measurement. It is a measure of the energy available to the 
water: groundwater flow will occur from locations of higher 
head towards locations of lower head, in isotropic 
permeability systems directly down the steepest hydraulic 
head gradient. If there is a vertical flow component, heads 
will increase with depth – the deeper the end of the pipe, the 
higher the water level in it if flow is upwards. Head can be 
measured relative to any convenient datum, though once the 
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datum is fixed it must be used for all heads when calculating 
flow magnitudes (see ‘Permeability’) and directions.  

Hydraulic conductivity 
(K): 

A property that describes the facility with which water flows 
through pore spaces and fractures. Values range over 
several orders of magnitude and depend on the degree of 
saturation as well as the properties of the medium (intrinsic 
permeability) and those of the fluid (density, viscosity). See 
‘Permeability’.  

Hydraulic Gradient: The rate of change of pressure head between two points, 
expressed in head drop per unit length. Water normally flows 
in the direction of the maximum hydraulic gradient. 

Hydraulic (or 
Piezometric) Head: 

A measure of water pressure expressed in units of length, 
relative to an arbitrary reference point. A groundwater head is 
usually derived from a measurement of water surface 
elevation in a piezometer. 

Hyporheic Zone: That part of the groundwater-river interface which is waters-
saturated and in which there is exchange of water from the 
stream into the riverbed sediments and then returning to the 
stream, within timescales of days to months. 

Hyporheos: A community of organisms inhabiting the hyporheic zone. 
Influent: Flow into the ground from a river. 
Integrated Model: A numerical model in which surface and subsurface flow 

equations are coupled and solved simultaneously. 
Kick-net: A net used for the sampling of aquatic invertebrates, often 

made of a sack shaped net attached to a frame at the end of 
a pole. A kicking of the riverbed allows for the dislodging of 
benthic invertebrates, which are capture downstream into the 
net. 

Lumped Model: Model where the each input parameter is represented by only 
one value over the whole model area, e.g. a lumped water 
balance model for a catchment will use one value for 
recharge, one value for baseflow to rivers one value for 
abstraction etc. over the whole catchment. 

Mathematical Model: Mathematical expression(s) or governing equations which 
approximate the observed relationships between the input 
parameters (recharge, abstractions, transmissivity etc.) and 
the outputs (groundwater head, river flows, etc.).   These 
governing equations may be solved using analytical or 
numerical techniques. 

Meiofauna: Small invertebrates < 1mm in size, including 
microcrustaceans, tardigrades, rotifers, small oligochaetes 
and nematodes. 

MODFLOW: A numerical groundwater model code developed by the 
United States Geological Survey (McDonald and Harbaugh, 
1988). 

Natural Attenuation: The effect of naturally occurring physical, biological and 
chemical process to reduce the concentration, flux or toxicity 
of contaminants in the environment without human 
intervention. 

Numerical Model: Solution of the flow and/or transport equation using numerical 
approximations, i.e. inputs are specified at certain points in 
time and space which allows for a more realistic variation of 
parameters than in analytical models.  However, outputs are 
also produced only at these same specified points in time 
and space. 
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Packer: Inflating seals allowing for the sealing off of a segment of 
borehole to perform aquifer tests or depth-specific water 
sampling. 

Permeability: The constant of proportionality in Darcy’s Law in the form  
Q = -AKi, where: Q is discharge [L3T-1]; A is area, measured 
perpendicular to flow, through which flow occurs [L2]; K is 
permeability [LT-1]; and i is head gradient [-]. Also termed 
hydraulic conductivity. K is a function of fluid density and 
viscosity, and hence is temperature-dependent (K = k�/� 
where k is intrinsic permeability [L2], � is unit weight of fluid 
(density x acceleration due to gravity)[ML-2T-2], and � is 
viscosity [MT-1L-1]).  

Physics Based Model: A numerical model which is based on mathematical 
representations of physical hydrological processes. 

Porosity: A fraction between 0 and 1 that represents the proportion of 
void spaces, relative to a given volume of material. The 
measure is independent of the filling (e.g. water, air). Porosity 
typically ranges from 0.01 for fractured rocks to 0.5 for clay. 

Pumping: In the context of hyporheic zone flow, this is the process 
whereby sediment surface head boundary conditions induce 
river water to enter and subsequently exit the sediments. 
Usually applied to the bedform (e.g. dune) scale rather than 
larger (e.g. riffle-pool sequence) scale. Context should 
indicate exactly which processes are included within the 
term. 

Radius of influence: The radius at which the drawdown around a pumping well is 
zero or effectively zero.  

Regional Model: In the context of this report, a regional model is synonymous 
with a regional distributed time-variant groundwater model. 

Reynold’s Number: A dimensionless number indicating the importance of 
turbulent flow relative to laminar flow. Defined in general by 
Re = �vD/� where: � is fluid density [ML-3]; v is fluid velocity 
[LT-1]; D is a characteristic length of the system [L]; and � is 
viscosity [ML-1T-1]. Representative lengths are defined in 
different ways by different authors, but taking L to be 
hydraulic radius (R = flow cross sectional area / wetted 
perimeter) for open channel flow, flow is likely to be turbulent 
for Re > 2000. Taking L to be average grain diameter for 
porous media flow, Darcy’s Law becomes in valid in the 
range 1 – 10.  

SHE: Systèm Hydrologique Européen. A numerical model code 
representing the entire land phase of the hydrological cycle 
(integrated catchment model) developed by the Danish 
Hydraulic Institute, Sogreah of France and the Institute of 
Hydrology. 

Spatial Distribution: Representation of variables (e.g. model parameters or 
outputs) that change with spatial position. 

Steady-state flow: Flow that is time invariant, i.e. surface water levels/ 
(groundwater) heads remain constant in time. Where flows 
change in time, the system is said to be ‘unsteady-state’ or 
‘transient’.  

Storage coefficient: A hydraulic property of a porous medium. The volume of 
water yielded from an aquifer per unit horizontal area per unit 
change in water level. 

Stygobites: Organisms that may display some adaption for subterranean 
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life and they are obligatory inhabitants of hypogean habitats, 
including the hyporheic zone, as well as deeper groundwater 
dominated habitats such as aquifers and caves. 

Stygophiles Organisms that have a greater affinity to the hyporheic 
environment and actively exploit resources and the available 
habitat. 

Stygoxenes: Organisms that have no affinity with groundwater habitats but 
occur there accidentally due to passive infiltration.  

Tailed breakthrough: Solute concentration breakthrough where there is a long 
concentration/time tail, i.e. concentrations may take a long 
time to rise to the maximum concentration, or a long time to 
fall back to a minimum concentration.  

Thermal Infrared 
Imagery (TIR): 

A technique using an infrared scanner and a detector 
creating an image of the thermal environment. In GW/SW 
studies, airborne TIR allows for the detection of groundwater 
discharge in streams where differences of stream and 
groundwater temperatures are significant. 

Time-variant Model: Model where the inputs and outputs vary in time (also known 
as transient or unsteady model). 

Transient flow: Time-variant flow. See Steady-state flow. 
Transient Storage 
Model: 

A model which represents rates of exchange of solutes 
between groundwater and river water, and short term solute 
storage in the hyporheic zone. There are many different 
types of transient storage model, based on empirical or 
physics based approaches, and using analytical or numerical 
methods. 

Transmissivity: A hydraulic property of a porous medium. The integral of 
permeability over depth: for a homogeneous system, the 
product of the permeability and the saturated thickness. [L2T-

1] 
Turnover: In the context of hyporheic zone flow, this is the movement of 

water due to (water-containing) sediment erosion and 
deposition. 

Unstable unsaturated 
flow: 

In the unsaturated zone above a water table sometimes the 
more usual approximately uniform advance of a wetting front 
breaks up into ‘fingers’ of nearly saturated flow separated by 
zones of much lower moisture content where little flow 
occurs. Such situations can be initiated by the presence of a 
finer-grained layer overlying a coarser-grained layer. 
Capillary forces enable finer-grained sediments suck up and 
retain water much more readily than coarser-grained 
sediments. In this circumstance, recharge from above will 
allow the finer-grained upper layer to saturate without water 
entering the lower coarser-grained layer. Once the heads in 
the upper layer have built up sufficiently, flow is initiated at 
local heterogeneities in the lower layer: as the saturated 
permeability of this layer is greater than that of the upper 
layer, flow is limited to narrow fingers centred on these local 
heterogeneities, much like the localized dripping of water out 
of the base of a saturated sponge.  

Upwelling: Upflow, usually in the context of river-bed sediment to river 
discharge. Often refers to river/sediment exchange rather 
than discharge of deep groundwater, though distinguishing 
between these flow types may not be possible in all cases.  

Water divide: Usually means the same as watershed.  
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Watershed: The boundary of a catchment. Water on either side of a 
watershed flows to a different stream or river. May refer to 
surface water or to groundwater. In US terminology, 
‘watershed’ usually means surface water catchment.  
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