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Biogeochemistry and 
hydroecology of the hyporheic 
zone 

5.1 Summary of key messages 
1. The hyporheic zone (HZ) is an important habitat and refugia for a range 

of organisms, and an area of biogeochemical cycling of nutrients and 
contaminants. 

2. The HZ may be viewed from a variety of perspectives. We propose an 
integrated definition of the HZ as: the saturated transition zone between 
surface water and groundwater bodies that derives its specific physical 
(e.g. water temperature) and biogeochemical (e.g. steep chemical 
gradients) characteristics from active mixing of surface- and groundwater 
to provide a habitat and potential refugia for obligate and facultative 
species. 

3. Understanding aquifer-river interaction and resultant hyporheic exchange 
flows (HEF) is of prime importance for understanding hyporheic 
biogeochemistry and hydroecology. Spatially and temporally variable 
HEF control the mixing, transport and patterns of dissolved oxygen, 
nutrients and contaminants, redox conditions and physico-chemical 
habitat characteristics (e.g. water temperature) in the riverbed. HEF are 
related to differences in hydraulic head gradients and hydraulic 
conductivity. 

4. The HZ is characterised by steep physico-chemical gradients. 
Temperature is a master variable driving many hyporheic biogeochemical 
and hydroecological processes, which is controlled by heat and water flux 
between the water column and riverbed. 

5. The HZ is a buffer zone for the attenuation and release of nutrients and 
contaminants. The efficiency of most transformation processes depends 
on the presence of steep redox gradients, and existence of organic 
matter and microbial activity in the HZ 

6. The nature and distribution of hyporheic organisms and their ecological 
functioning is influenced strongly by the physical and chemical conditions 
experienced within the HZ. The HZ is an interface and distinct ecotone 
where abiotic conditions may be intermediate between ‘pure’ surface 
water and groundwater environments.  

7. Hyporheic fauna have a number of important stream ecosystem 
functions, which include: ecosystem engineering, processing of organic 
matter and trophic cascading, and transfer of organic matter and nutrients 
between the HZ and surface sediments. 

8. Given the importance of the HZ to ecosystem and bigeochemical 
functioning and integrity, there is a clear need to maintain and protect 
GW/SW exchanges and connectivity when managing river systems. We 
advocate an integrated approach to water and land management that 
considers impacts on HZ hydrological-biogeochemical-ecological 
interactions and feedbacks.  

 
 
 



 
 
 

5.2 Chapter Scope 
There is growing interest in the hyporheic zone (HZ) due to its importance as a 
habitat and refugia for a range of organisms (e.g. Malcolm et al., 2002; Stubbington 
et al., 2009) and an area of biogeochemical cycling of nutrients and contaminants 
(e.g. Mulholland et al., 2008; Pinay et al., 2009). 
 
This chapter aims to present a state-of-the-art, integrated review of key 
biogeochemical and hydroecological processes in the HZ and of its functions. The 
contents of this chapter are based on Krause et al. (2009). Hydrological, 
biogeochemical and ecological perspectives are synthesised to provide an integrated 
definition of the HZ. The chapter then considers key processes, functions and 
scaling. Hyporheic exchange flow (HEF) and heat transfer are discussed to provide 
background on the primary hydrological drivers of biogeochemical and ecological 
processes. Although the main focus of the chapter is on mechanistic understanding, 
approaches to modelling of HEF, contaminant transport and biogeochemical uptake 
are also reviewed in brief. Within the chapter subsections, a forward looking 
perspective on research challenges for the future is provided (key research needs 
are summarised in Chapter 12). It is beyond the scope of this chapter to consider all 
aspects of HZ biogeochemistry and hydroecology, so macrophytes are not 
considered in detail. Microbes and fish are considered elsewhere in this Handbook 
(Chapters 6 & 7). 
 

5.3 Perspectives on the hyporheic zone (HZ) 
The hyporheic zone may be viewed from a variety of perspectives with different 
research questions requiring different spatial and temporal scales of investigation 
(Krause et al., 2009a) from patches (Trimmer et al., 2009) to individual bedforms 
(Packman and Bencala 2000), geomorphological units such as riffle-pool or step-pool 
sequences (Kasahara and Wondzell 2003), reaches (Harvey and Bencala 1993) and 
sub- to whole river basins (Datry and Larned., 2008). 
 
From a hydrological perspective, the HZ is often delineated by the mixing ratio of 
surface water and groundwater (e.g. Harvey and Bencala, 1993). As a consequence 
of groundwater and surface water (GW-SW) interactions (ranging from 10-98% of 
surface water in the mixing zone), the HZ is characterised by steep physico-chemical 
gradients (Triska et al., 1993). In a biogeochemical context, the HZ is regarded as a 
redox reactive zone where downwelling surface water supplies dissolved oxygen, 
nutrients and dissolved organic carbon to enable high biogeochemical activity and 
transformation rates (e.g. Boulton et al., 1998; Mullholland et al., 2008; Krause et al. 
2009b). Recently, the importance of the HZ for attenuating contaminants has been 
highlighted in a number of studies (Gandy et al., 2007). From an ecological 
perspective, the HZ is viewed as a habitat and potential refugium that is 
characterised by both benthic and subsurface (hypogean) species (e.g. Datry and 
Larned, 2008; Stubbington et al., 2009). Bringing together these definitions, in this 
chapter the HZ is viewed as: 

the saturated transition zone between surface water and 
groundwater bodies that derives its specific physical (e.g. water 
temperature) and biogeochemical (e.g. steep chemical gradients) 
characteristics from active mixing of surface- and groundwater to 



provide a habitat and potential refugia for obligate and facultative 
species (Figure 5.1). 

 
 
 
 

 
 
Figure 5.1 Hydroecological and biogeochemical funct ions of the hyporheic as a 
mixing and transition zone between groundwater and surface water 
environments. 
 

5.4 Processes, functions and scaling 
5.4.1 Hydrology 

Aquifer-river interactions and the resultant hyporheic exchange flows (HEF) are of 
prime importance for hyporheic biogeochemistry and hydroecology. HEF control the 
mixing, transport and patterns of dissolved oxygen, nutrients and contaminants, 
redox conditions and physico-chemical habitat characteristics (e.g. water 
temperature) in the riverbed. HEF are spatially and temporally dynamic, and control 
residence times of chemicals (e.g. pollutants) within areas of variable reactivity. 
Fundamentally, HEF are related to differences in hydraulic head gradients and 
hydraulic conductivity (Chapter 4). 
 
Conditions and processes controlling HEF vary at different spatial scales. At the 
reach-scale, exchange of hyporheic water depends on variability in pressure 
distributions relating to channel bedform (e.g. Cardenas and Wilson, 2007), sediment 
permeability and particle size (e.g. Packman and Salehin, 2003). At broader scales, 
hyporheic water flux may be influenced by valley width, depth to bedrock, and aquifer 
properties (e.g. Brunke and Gonser 1997; Malcolm et al., 2005). Thus, hyporheic 
hydrology may be highly dynamic, reflecting the relative balance of hyporheic 
exchange driven by local bedform and groundwater discharge/recharge at a larger 
scale. 
 
At smaller scales, patterns of riverbed permeability have been found to control HEF. 
In a number of studies, grain size distribution has been used to estimate hydraulic 
conductivity (e.g. Brunke and Gonser 1997). However, it remains a major challenge 
that riverbed hydraulic conductivity (K) can be spatially very heterogeneous and 
anisotropic. There is a great potential for the using the concept of hydrofacies (i.e. 



differentiation of homogeneous but anisotropic hydrogeologically meaningful units) as 
predictors of river-aquifer interactions. An increasing number of studies have applied 
successfully the hydrofacies approach to predict spatial patterns of streambed K 
heterogeneity (e.g. Fleckenstein and Fogg 2008).  
 
The impact of colmation (i.e. blockage of streambed interstitial spaces by the ingress 
of fine sediments and organic material) on hydraulic conductivity have been 
characterised in several experimental field and flume studies (e.g. Ryan and 
Packman 2006). Colmation processes control not only the hyporheic residence but 
also reaction times and; therefore, they have significant influence on the efficiency of 
hyporheic biogeochemical cycling and habitat conditions. 
 
Vertical and lateral extents of the HZ are delineated frequently based on minima for 
hyporheic residence time (e.g. 10 days; Kasahara and Wondzell 2003). In the vertical 
dimension, while most research has been focused on near surface (upper 0.1-0.2 m 
of streambed) mixing of GW/SW, a number of recent studies have found that river 
water infiltrates deeper into the sediments (up to several meters) due to 
topographically-induced advective pumping (e.g. Puckett et al. 2008). Laterally, the 
HZ can extend into the riparian zone, including palaeo-channels and the wider 
floodplain, providing a significant spatially distributed habitat (Stanford and Ward, 
1993). 
 
A key issue for current and future investigations of hyporheic zone process dynamics 
is to understand the scale dependencies of HEF and its implications for streambed 
biogeochemistry and hydroecology at different scales. Up- and down-scaling 
techniques require to be developed for transferring mechanistic process knowledge 
of streambed permeability and hydraulic gradients. Attempts to develop scaling 
approaches for transferring HEF knowledge between scales include the use of 
proxies for physical streambed conditions. At larger (reach to basin) scales, proxies 
describing the stream morphology by riverbed concavity (e.g. Wondzell et al. 2006), 
riverbed slope (e.g. Harvey and Bencala 1993), sinuosity (e.g. Boano et al. 2006) or 
structural complexity (Kasahara and Wondzell 2003) have been used to predict 
potential HEF and hyporheic flow conditions. To investigate groundwater up-welling, 
hydraulic heads have been estimated in experimental or model based investigations 
(e.g. Cardenas and Wilson 2007). At the patch to reach scale, vertical hydraulic 
gradients (VHG) obtained from local piezometer measurements are widely used to 
describe direction and magnitude of GW/SW fluxes (Krause et al 2009b). At larger 
(sub-) catchment scales, HEF are usually derived by model simulations representing 
a function of the local groundwater flow field and resulting head gradients at the 
GW/SW interface (Krause et al. 2008). GW/SW exchange fluxes at these scales are 
spatially and temporally highly variable. For example, in lowland rivers, a seasonal 
inversion of HEF directions is relatively common, which affects substantially the 
transport of matter and energy (Figure 5.2). 
 

 



 
Figure 5.2 Seasonal dynamics of GW/SW exchange in l owland floodplains as 
function of variable river-aquifer pressure head gr adients with mainly surface 
SW infiltration into GW aquifers during wet conditi ons and high SW levels (left 
schematic) and exfiltration of riparian GW into SW during dry summer 
conditions and low SW levels (right schematic). 
 
 
To quantify the intensity of exchange between river and aquifer, concepts are applied 
such as the storage exchange fluxes (exchange volume per time per streambed 
length; e.g. Kasahara and Wondzell 2003), residence times (total RT and RT 
distributions; e.g. Kasahara and Wondzell 2003) as well as mixing ratios, which are 
estimated usually from environmental or artificial tracer injections or numerical 
models of coupled GW/SW flux (Triska et al 1993). The knowledge gained on the 
intensity of exchange fluxes, GW/SW water mixing ratios and hyporheic residence 
times is essential to assess hyporheic biogeochemical reactivity as well as temporally 
and spatially variable habitat conditions and functions. 
 
5.4.2 Heat exchange and temperature 

Temperature is a master variable driving hyporheic biogeochemical and 
hydroecological processes; therefore, it is important to consider heat exchanges in 
this chapter. Several studies have identified the significance of hyporheic processes 
in moderating river temperature and providing thermal refugia (Burkholder et al., 
2008). In addition, it is recognised that temperature controls hyporheic 
biogeochemical processes (Boulton et al., 2008). Recent work has advanced 
understanding of the energy exchange processes that heat and cool rivers (reviewed 
by Webb et al., 2008). The few existing studies of bed heat budgets highlight the 
importance of energy transfer across the water column-sediment boundary. The 
energy balance at this interface (hence hyporheic temperature) is the sum of net 
radiative (short- and long-wave), conductive, convective and advective fluxes (Figure 
5.3). The direction (source or sink) and relative contribution of heat exchanges at 
water column-bed compared with air-water interface varies temporally (Hannah et al., 
2004), and spatially (between and within river systems; cf. Hannah et al., 2008). 
Several studies have flagged complexity in energy fluxes at the riverbed and banks 
because gains or losses of hyporheic and phreatic water are not only responsible for 
the advective transfer of heat but also determine substrate thermal gradients that 
drive conductive heat flow (e.g. Cardenas and Wilson, 2007).  
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Figure 5.3 A schematic representation of energy and  hydrological fluxes 
controlling hyporheic temperature. [Total energy av ailable at water-channel 
bed (Qbn) interface is the sum of net bed radiation ( Qb*), bed conduction ( Qcd), 
convective transfers ( Qcv), instream advective transfers ( Qad), and heat stored 
within the bed ( � Qs). Chemical and biological processes are not shown,  as 
assumed to be negligible. After Hannah et al. , 2009]. 
 
The thermal regime of the hyporheic zone may be highly spatially and temporally 
dynamic due to the broad-scale climatic, hydrological and geological context 
(Cozzetto et al., 2006) plus micro-scale variations in water column temperature (e.g. 
Brown et al., 2006), bed morphology (e.g. Hannah et al., 2009), bed sediment size 
and lithology (Malcolm et al., 2002), substratum permeability and porosity (e.g. 
Constantz et al., 2003), algal growth, macrophyte cover, and hydraulic flow 
distributions (e.g. Conant, 2004). These factors, in turn, influence water and heat 
exchange between the water column and riverbed. 
 
Because riverbed thermal patterns respond to heat advection by water movement 
(Figure 5.3), there is currently particular interest in assessing the utility of riverbed 
temperature as a tool for inferring hydrological processes within the hyporheic zone, 
and especially identifying the nature and extent of local GW/SW interactions (e.g. 
Malcolm et al., 2004). Indeed, it may be possible to use continuous bed temperature 
monitoring to provide new insights into hyporheic zone processes at spatial and 
temporal scales that cannot be revealed by spot measurement (e.g. Hannah et al., 
2009).  
 
5.4.3 Biogeochemistry 

The role of the HZ as a buffer zone for the attenuation of nutrients and contaminants 
is widely acknowledged (Smith, 2005). The efficiency of most transformation 
processes depends on the presence of steep redox gradients (including typically 
complex patterns of aerobic/ anaerobic conditions) and existence of organic matter 
and microbial activity in the HZ (Fisher et al. 1998). 
 



Microbiologically mediated reaction efficiencies in the HZ are a function of hyporheic 
residence times, which depend on the length of the hyporheic flow path and the 
conductivity of streambed material (Chapter 3). The reaction efficiency in a particular 
hyporheic environment is controlled by its specific redox conditions, which determine 
reaction types and kinetics (McClain et al. 2003).  
 
For example, the hyporheic denitrification capacity has been found to be controlled 
by the nitrate concentration (first order reaction kinetics), the abundance of anaerobic 
conditions and low concentrations of dissolved oxygen (DO) and the presence of 
reductive agents acting as electron donors such as organic carbon (heterotrophic 
denitrification) or pyrite (autotrophic denitrification) (e.g. Hill and Cardaci 2004). 
Therefore, despite the apparent oxic nature of river systems, the at least periodically 
anoxic conditions in the HZ have been shown to yield significant denitrification rates 
(e.g. Triska et al., 1993). Thus, hyporheic sediments can remove nutrients and 
thereby ameliorate the downstream effects of high N loads to stream systems (Triska 
et al., 1993). 
 
In contrast to observed attenuation of nutrients in the HZ, some case studies also 
reported that transport and transformation of nutrients in hyporheic sediments with 
high metabolic rates resulted in the remineralisation of nutrients and net export into 
the surface water (Brunke and Gonser, 1997). Water returning to the channel may 
have such elevated levels of N and P that localised algal periphyton blooms occur 
(Claret and Fontvielle, 1997).  
 
There have been a number of attempts to conceptualise nutrient retention efficiency 
in multi-scale models. The ‘Material Spiralling Concept’ of Fisher et al. (1998) 
describes rates of material cycling in river corridors as a function of processing 
lengths representing nested telescoping elements in a ‘Telescope Ecosystem Model’ 
with telescope elements being specific to subsystems (e.g. HZ sediments), 
substances (e.g. HZ nitrate) and processes (e.g. denitrification). Such concepts help 
to improve the understanding of material retention and nutrient transformation 
capacities in river corridors including the HZ. 
 
Overall hyporheic transformation capacity depends on how hyporheic residence 
times and hyporheic redox conditions operate in space and time. For instance, Pinay 
et al. (2009) found that the influence of biological processes on N fluxes in HZ was a 
function of residence time and reaction rates associated with metabolic processes. In 
an injection experiment, biological removal rates of nitrate peaked within 1 hour of 
travel time after injection into the HZ (Figure 5.4).  
 



 
 
Figure 5.4 Relationship between the hyporheic water  travel time after nitrate 
injection and the resulting biological uptake (open  circles) and denitrification 
(filled triangles) during the same period. The equa tion corresponds to the best 
fit of the denitrification. (After Pinay et al. , 2009). 
 
 
Complex patterns of nitrate attenuation or enrichment have been recorded at small 
scales. Krause et al. (2009b) showed nitrate concentration changes along the 
hyporheic flow path of a 30 m stream section to be spatially and temporally extremely 
diverse, with concentration increases occurring adjacent to attenuation hotspots. This 
significant spatial variability was interpreted as the result of complex patterns in HEF 
and hyporheic mixing, and also in streambed redox chemical status and anoxic/oxic 
conditions.  
 
Superimposed on local streambed characteristics and processes, the overall nitrate 
concentrations at the GW/SW interface control the type and the rate of processes 
occurring in the HZ. In a pristine, low nitrate environment, the HZ often functions as 
an oxidation reactor where nitrification and aerobic respiration dominate, oxidizing 
surface water ammonia. For instance, Jones and Holmes (1996) reported that 
nitrification was the dominant N process in a Arizona desert stream with surface 
water ammonia being nitrified during aerated subsurface flow within a sandy gravel 
bar. Conversely, Pinay et al. (1994) reported that denitrification was the main N 
process in the HZ of the eutrophic Garonne River. Here, surface water nitrate was 
denitrified within the fine streambed sediments resulting in a decrease of nitrate 
concentration along the anoxic subsurface flow path. 
 
HZ sediments have not only been investigated for their potential for nutrient 
transformation but also for the fate of contaminants and pollutants transported along 
hyporheic flow paths. Heavy metal contamination has been investigated mainly in 
relation to acid mine drainage and the introduction of mining wastes into streams and 



groundwater (Smith, 2005). Acid mine drainage strongly affects biogeochemical 
process in the HZ (Fuller and Harvey 2000) because increased heavy metal 
concentrations impact on microbial community structures (Feris et al. 2003). 
Although some controlled experiments found heavy metal concentrations in 
streambed sediments to be poorly correlated with total microbial biomass in the HZ 
(Feris et al. 2003), the implications for hyporheic community structures were 
significant, especially during seasons with a high potential for microbial growth. This 
demonstrates that the hyporheic microbial community structure is a potentially useful 
indicator of heavy metal contamination in streambed sediments. Smith (2005) 
reviews case studies of heavy metal immobilisation and uptake of dissolved metals in 
groundwater or surface water during hyporheic passage. This report shows that 
bacterially mediated oxidation-reduction processes in the HZ have strong potential to 
reduce heavy metal concentrations. More information on HZ microbial ecology is 
provided in Chapter 6.  
 
Depending on the hydrochemical conditions, hyporheic sediments have been found 
to have the potential to attenuate as well as mobilise heavy metals in the streambed 
(Gandy et al. 2007). Stream water input to the hyporheic sediments usually leads to 
increases in pH and DO concentrations that stimulates bacterial activity, thereby 
enhancing Fe and Mn oxidation. This results in increased rates of iron and 
manganese oxide precipitation and co-precipitation or adsorbtion of other metals 
such as zinc, arsenic, and copper (Figure 5.5). Conversely, respiration by micro-
organisms and oxidative degradation of organic matter may lead to reducing 
conditions and subsequent dissolution of iron and manganese oxides and associated 
metals (Figure 5.5). 
 



 
 
Figure 5.5 Generic redox and pH conditions for atte nuation or release of 
mining-derived pollutants within the hyporheic zone  (After Gandy et al., 2007). 
 
The current knowledge of transport, transformation and potential attenuation of other 
contaminants as organic pollutants, volatile organic compounds (VOCs) or residuals 
of human waste products in the HZ is very limited. The presence of chlorinated VOCs 



in the HZ is associated with contaminated groundwater plumes discharging to rivers, 
often arising from industrial sources. For example the chlorinated solvent, 
trichloroethene (TCE) is a widely-used, mobile and persistent compound found 
frequently in groundwater in urban areas, as a result of dry cleaning activities. The 
mapping and characterisation of these plumes and their interaction with the HZ has 
been achieved using piezometers and multi-level sampling devices at the reach to 
city scale (e.g. Ellis and Rivett, 2007). Less is known about the factors that control 
the attenuation of these compounds within the HZ. Several studies have 
demonstrated that organic-rich, low permeability environments, characterised by 
anaerobic conditions, have the potential to reduce the toxicity and change the 
composition of chlorinated VOC plumes through reductive dechlorination pathways 
(e.g. Conant et al., 2004). However, organic-rich sediments can also adsorb 
chlorinated VOCs. As a consequence, contaminants such as polychloroethene (PCE) 
can accumulate over time, so that hyporheic sediments become potential sources of 
river contamination should bed erosion occur (e.g. Conant et al., 2004). 
Phytoremediation can be an effective means of remediating chlorinated VOCs in the 
terrestrial environment; and the potential of aquatic plants and algae to sequester 
and transform these compounds has also been demonstrated (Nzengung et al., 
2003), but the natural attenuation potential of macrophytes in the HZ for chlorinated 
VOCs has yet to be established. 
 
5.4.4 Modelling of HEF, contaminant transport and 
biogeochemical uptake 

Quantitative assessment of both HEF and biogeochemical cycling often relies on 
numerical models. A practitioners’ overview of HZ modelling is provided in Chapter 9. 
In terms of reactive transport modelling of hyporheic processes or model-based 
assessment of the hyporheic potential for biogeochemical cycling, approaches may 
be divided into two different scale-dependent strategies. 
 
At small spatial scales (patches to reaches), the quantification of attenuation potential 
or capacity is limited to estimations of transient storage components, which does not 
allow differentiation between hyporheic, in-channel (e.g. flow retardation by aquatic 
vegetation) and bank storage. However, transient storage models (combined with in-
stream tracer applications) are widely used to determine the average spatial extent of 
the hyporheic mixing zone (Gooseff et al. 2003). 
 
In modelling applications of GW/SW interactions at larger scales (sub-catchment to 
whole river basins), hyporheic flow processes are usually not explicitly included. If 
they are included, then transmissivity related controls of HEF are represented by a 
leakage boundary condition, which controls the river-aquifer exchange fluxes (e.g. 
river boundary condition in MODFLOW) in approaches of coupled GW/SW modelling 
(Krause et al. 2008). In terms of reactive transport modelling, the specific 
biogeochemical reactivity at river-aquifer interfaces is often not represented in model 
approaches at these scales.  
 
Both experimental and model-based investigations proved the great importance of 
hyporheic transformation and attenuation processes at small scales, but more 
research is required to evaluate the importance of HZ nutrient cycling at larger (sub-
catchment and upwards) scales. 
 
5.4.5 Ecology 

The ecological significance of the HZ in wider riverine ecosystem functioning is 
increasingly acknowledged (e.g. Boulton, 2008). The nature and distribution of 



hyporheic organisms and their ecological functioning is strongly influenced by the 
physical and chemical conditions experienced within the HZ (e.g. Datry et al., 2005). 
Compared with the river channel, the HZ experiences reduced flow velocities, lower 
amplitude (daily and annual) water temperature cycles, strong physical and chemical 
gradients and increased substrate stability (Brunke and Gonser 1997). While 
compared with groundwater, the HZ experiences higher flow velocities, higher 
amplitude water temperature cycles and steeper physical and chemical gradients. 
Thus, the HZ provides an interface, and distinct ecotone, where abiotic conditions 
may be intermediate between surface water and true groundwater (Gibert et al., 
1994; Boulton and Hancock 2006; Stubbington et al., 2009; Table 5.1). 
 
The community of organisms inhabiting the HZ are collectively known as ‘hyporheos’ 
(Boulton et al., 1998). These can be classified in a variety of ways based on 
morphology, behaviour and/ or adaptations to life underground (Sket 2008), but the 
most widely applied classification of organisms within the HZ and porous alluvium is 
the tripartite system summarised by Gibert et al. (1994) and more recently by Boulton 
(2007): (1) stygoxenes, (2) stygophiles; and (3) stygobites. Stygoxenes are 
organisms that have no affinity with groundwater habitats but occur there accidentally 
due to passive infiltration. Stygophiles are organisms that have a greater affinity to 
the hyporheic environment and actively exploit resources and the available habitat 
(e.g., during unfavourable environmental conditions or for protection from predators). 
Stygophiles can be subdivided further into three categories: (a) occasional hyporheos 
– typically early instars of organisms that usually predominate in benthic habitats at 
later stages of development; (b) amphibites – taxa that are dependent on access to 
hyporheic and surface water habitats at some points during their life-cycle and; (c) 
permanent hyporheos – organisms that may be present in the HZ during all life 
stages but may also be able to complete their life-cycle in benthic habitats. 
Stygobites are organisms that may display some adaptation for subterranean life and 
they are obligatory inhabitants of hypogean habitats, including the HZ, as well as 
deeper groundwater dominated habitats such as aquifers and caves. 
 
In most hyporheic environments small invertebrates less than 1 mm in size 
(meiofauna including microcrustaceans, tardigrades, rotifers, small oligochaetes and 
nematodes) dominate the invertebrate community (Hakenkamp and Palmer, 2000). 
The micro-distribution and biodiversity of meiofaunal communities is influenced by a 
range of factors including sediment grain-size (Brunke and Gonser 1997), oxygen 
tension, rate and direction of flow, organic matter availability (Malard et al., 2003) and 
micro-topography (Olsen and Townsend, 2003). However, understanding and 
quantifying the influence of individual factors at different spatial scales has proved 
difficult. Macroinvertebrate (> 1 mm in size) biodiversity is dominated by peracarid 
Crustacea (particularly Amphipoda and Isopoda), stonefly and mayfly nymphs, and 
other aquatic insects (Boulton 2008). However, macroinvertebrate biodiversity is 
typically lower than that of meiofauna. Biodiversity and the relative contribution of 
stygobites, stygophiles and stygoxenes at any point in space and time may also 
reflect the disturbance history (particularly floods), whether water is upwelling or 
down-welling and substratum stability (Dole-Olivier et al., 1997). 
 
Since the HZ may experience different physical and chemical conditions to surface 
water and groundwater, it has the potential to function as a refugium for benthic 
fauna during times of disturbance such as high flows (flooding) or low flows (drought) 
(e.g. Dole-Olivier et al., 1997; Stubbington et al., 2009). Some animals actively 
burrow into the sediments when disturbances occur (Fenoglio et al., 2006). After the 
disturbance has passed, organisms can re-colonise benthic habitats. Thus, the HZ 
may serve to enhance the resilience of the benthic community to disturbance and 
influence river recovery following perturbations. Indeed, the presence and extent of 



HZ refugium may play an important role in shaping the composition and geographical 
distribution of the benthic community (Robertson et al., 2008). 
 
The functional roles of hyporheic fauna in stream ecosystems have been reviewed by 
Boulton (2007) and include ecosystem engineering, processing of organic matter and 
trophic cascading, and transfer of organic matter and nutrients between the HZ and 
surface sediments. 
 
5.4.5.1 Ecosystem engineering 

The collective effect of the activities of organisms on their environment has been 
termed ‘ecosystem engineering’ (Mermillod-Blondin and Rosenberg, 2006). Although 
hyporheic organisms are typically small and elongated (vermiform), many have the 
ability to burrow in fine sediments and modify and move sediment particles 
(bioturbation). As a result, fauna within the HZ may have a significant physical impact 
on substrate porosity. In addition, the pelletisation and/or physical breakdown of fine 
sediment particles and organic matter as a result of ingestion, egestion and/or 
excretion of faecal pellets may further modify the particle size distribution and the 
hydraulic properties of  HZ sediments. This may enhance solute transport and 
activate aerobic processes within the HZ (Mermillod-Blondin et al., 2003). A series of 
laboratory experiments has demonstrated that the activities of hyporheic organisms, 
such as Asellidae (Isopoda) Chironomide (Diptera) and Tubificidae (Oligochata), 
modify the distribution of sediment particles and the nature of water fluxes (e.g. 
Mermillod-Blondin et al., 2003). In particular, the galleries of tubificid worms 
(Tubificidae: Oligochata) and the release of faeces stimulated denitirification and 
organic matter mineralisation and increased surface water penetration into the HZ 
(e.g. Mermillod-Blondin et al., 2003). The ability of larger organisms, such as 
niphargids and stonefly larvae, to move fine sediments and enhance HZ hydraulic 
conductivity has also been demonstrated experimentally (e.g Wood et al., 2005), 
although in situ field observations have been limited to date. 
 
5.4.5.2 Processing of organic matter and trophic cascading 

Foodwebs within the HZ are largely heterotrophic, with the exception of 
chemoautotrophic bacteria, and are driven by external inputs of dissolved and 
particulate organic matter (Culver and Pipan 2009). Since most unpolluted 
groundwaters have limited organic carbon concentrations, the availability of trophic 
resources is dependent on the connectivity of the HZ with the surface channel (good 
connectivity enhances allochthonous organic carbon input into the HZ). 
 
Hyporheic metabolism is assumed to result in a fairly rapid renewal of organic carbon 
in deeper sediments. There are two likely mechanisms. Firstly the episodic burial of 
particulate organic carbon (POC) following a disturbance (e.g. Metzler and Smock, 
1990), with this carbon subsequently being processed by hyporheic invertebrates (for 
example through shredding coarse particulate material, consuming particulate 
organic matter, biofilms and bacteria). Secondly the transport of POC or dissolved 
organic carbon (DOC) into hyporheic sediments by stream water or groundwater 
intrusions (Findlay et al., 1993). In most cases, interstitial flows are too slow to 
transport particulate matter more than a short distance into these sediments, thus 
DOC is probably the major source of carbon in the HZ. Few, if any, invertebrates can 
use DOC directly as a carbon source and thus the initial uptake of DOC is by 
microbial communities (Findlay et al., 2003). Microbial communities and biofilms are 
the primary consumers within the HZ (Leichtfreid 2007) and make a significant 
contribution to riverine respiration, metabolism and energy transfer (Atkinson et al., 
2008), although this may be spatially and temporally highly variable (Tillman et al., 



2003). These biofilms are a major trophic resource for the diverse range of 
organisms recorded within the HZ (Leichtfreid, 2007) and secondary production 
within the HZ may form a significant proportion of that occurring in the whole river 
ecosystem. 
 
Invertebrate fauna, particularly meiofauna, are associated with the highest rates of 
consumption within the HZ and play a significant role in transferring energy between 
microbiota and larger animals by predation and consuming organic matter including 
macrofaunal faecal pellets (Robertson et al. 2000). In sand bed rivers where 
meiofauna predominate, secondary production within the HZ can comprise over 60% 
of whole river productivity (Smock et al., 1992). Meiofauna constitute a significant 
proportion of secondary production in the HZ of most alluvial rivers due to their rapid 
turnover in numbers (Robertson et al., 2000). They can form a major component of 
the diet of predatory meiofauna, macroinvertebrates and small and juvenile fish (e.g. 
Mann 1997). In some studies, stream invertebrates have been shown to be heavily 
reliant on the hyporheos as a source of food (e.g. Burrell and Ledger 2003). For 
some New Zealand streams, up to 76% of the annual production of individual taxa 
was derived from the HZ (e.g. Collier at al., 2004). Thus invertebrates play an 
important role in the processing and consumption of organic carbon in the HZ and 
this is, in part, dependent on the bacteria within the gut of individual taxa. These 
bacteria are also a potentially important resource for the hyporheic community as a 
whole as when faecal pellets are excreted they may be consumed by other 
organisms (Joyce et al. 2007). In addition, the grazing of biofilms may prevent over-
proliferation and consequently may regulate carbon and nitrogen cycling in hyporheic 
environments (Robertson et al. 2000). 
 
5.4.5.3 Transfer of organic matter of nutrients between the 
hyporheic zone and surface sediments 

Organisms within benthic and hyporheic habitats are capable of migrating vertically, 
laterally and longitudinally (Boulton 2007). This has been demonstrated clearly in the 
case of amphibite stoneflies that spend almost all of the nymph stage within the HZ 
and may travel considerable distances from the river channel before returning to the 
stream to emerge, mate and oviposit (e.g. Stanford and Ward, 1993). In some alluvial 
systems this represents a significant export of energy and nutrients from the HZ (e.g. 
Perry and Perry, 1986). When groundwater is strongly upwelling or during floods, 
hyporheic organisms may also be flushed into surface waters where it is assumed 
they may be preyed upon by benthic predators (e.g. Sket, 2008). 
 
5.4.6 A hydroecological perspective on hyporheic zo ne 
management 

The conceptual model in Figure 5.6 identifies hydrological and biogeochemical 
process interactions that influence invertebrate communities during periods of 
‘unimpaired’ and ‘impaired’ (i.e. reduced) flow (Stubbington et al., 2009). When river 
flow and bed integrity are unimpaired, the HZ and the adjacent parafluvial zone are 
saturated with good vertical and lateral HEF, clear thermal gradients, maintenance of 
interstitial permeability/ porosity (Malcolm et al. 2005) and in-stream storage or 
export of nutrients (Figure 5.6a). As a result, the HZ may be one of the primary 
locations for processing of nutrients and dissolved and particulate organic matter 
(see above). When flow is impaired, HEF and connectivity with the parafluvial zone 
will be reduced (Figure 5.6b). Riparian vegetation may begin to experience water 
stress, and marginal and in-stream vegetation may become partially or even fully 
exposed. Depending on whether the reach is upwelling or downwelling, the HZ may 
still function as a transient store or source of nutrients (e.g. Stofleth et al. 2008), 



although the rate of exchange is likely to be significantly lower. In the absence of 
flushing flows, fine sediments (<2 mm in size) may be deposited onto the riverbed, 
infiltrating and potentially clogging the interstices (Brunke 1999). This reduces the 
competency of HEF and the porosity and permeability of the sediments, with 
consequences for the supply of dissolved solutes and oxygen (Youngson et al. 
2004). This also potentially reduces living space for larger hyporheic invertebrates as 
well as sediment-associated benthos. 
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Figure 5.6 Conceptual model of ecologically signifi cant processes and 
interactions between the benthic and hyporheic zone s as a result of low flow 
and supra-seasonal drought (a) unimpaired flow and (b) low/base flow (After 
Stubbington et al. , 2009). 
 
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. However, the vertical linkages within many riverine 
systems have been reduced, impared or lost as a result of anthropogenic activities 
(Brunke and Gonser, 1997; Hancock 2002). The need to develop and implement 
techniques to facilitate the rehabilitate and restoration of surface water and 
groundwater interaction within the HZ as part of ‘holistic’ river management strategies 



has been advocated (Boulton 2007). However, examples of this in practice are 
currently limited (Kasahara and Hill, 2008) and the restoration of surface water and 
HZ interactions remains an ongoing goal for future research. 
 
Table 5.1 Summary of comparative physical and biolo gical characteristics of 
groundwater, hyporheic and surface water environmen ts. 
 
 Descriptive characteristic of environment  
 Groundwater  Hyporheos  Surface Water  
Physical characteristic  
Light Constant darkness Constant darkness Daylight 

fluctuations 
Current velocity Low Intermediate  High 
Annual and daily 
temperature range 

Very low Low High 

Substrate stability High Intermediate  Low 
Gradient of 
physico-chemical 
parameters 

Low Steep Steep 

Biological characteristics  
Habitat diversity Low Intermediate  High 
Food webs Simple and short Intermediate Complex and long 
Productivity Low Intermediate  High 
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