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Abstract 

The potential role of the hyporheic zone as a refugium for stream invertebrates during 

hydrological perturbations was acknowledged more than five decades ago. However, field 

evidence to support the hyporheic refuge hypothesis during periods of flow recession and 

severe low flow remains equivocal. Some studies report fauna using the hyporheic zone 

during periods of flow cessation whilst others have recorded little or no refuge use due to 

limited habitat availability or harsh abiotic conditions. We assessed aquatic 

macroinvertebrate community changes associated with severe low flow conditions during a 

severe supra-seasonal drought on the Little Stour River (UK). Paired benthic and hyporheic 

samples were collected from four sites (two perennial, two intermittent) on the upper 

reaches of the river. The number of benthic taxa and the proportion of benthos (particularly 

the amphipod Gammarus pulex) within the hyporheic zone relative to those in the benthic 

samples increased significantly during the latter stages of the drought at all sites. These 

changes coincided with elevated benthic and hyporheic water temperatures rather than a 

reduction in river discharge alone. The abundance of obligate hypogean macroinvertebrates 

also increased during the latter stages of the event, suggesting that hypogean taxa may also 

utilise the shallow hyporheic zone during adverse environmental conditions. Our results, 

based on paired surface-hyporheic field samples at multiple sites, support the hyporheic 

refuge hypothesis within a temperate groundwater-dominated stream during severe drought. 

The results also clearly demonstrate the importance of considering surface-subsurface 

linkages when assessing responses to disturbance in streams.  

 

Keywords: benthos, hyporheos, drought, supra-seasonal event, disturbance, surface-

groundwater interactions, hyporheic refuge hypothesis. 
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Introduction 

The last two decades have seen a proliferation of research on the hyporheic zone of riverine 

ecosystems (Krause et al. 2009). This reflects the growing acknowledgement of the 

importance of the hyporheic zone to the ecological functioning of riverine ecosystems 

(Boulton et al. 1998; Jones & Mulholland 2000), its contribution to biodiversity (Dole-

Olivier et al. 2009), the maintenance of economically important fisheries (Malcolm et al. 

2004), and dispersion of potential pollutants (Gandy et al. 2007), and its significance for 

holistic river restoration (Boulton 2007; Kasahara et al. 2009). It is also increasingly being 

recognised that the hyporheic zone is a ‘hotspot’ for biogeochemical processes and central 

to the transient storage of nutrients within lotic ecosystems (Mulholland et al. 2008; Pinay 

et al. 2009), strongly influencing the physical, chemical and biological characteristics of 

both surface and groundwater ecosystems (Fisher et al. 1998; Kasahara et al. 2009).  

 

The utilization of the hyporheic zone by benthic fauna as a refugium was first reported by 

Orghidan (1953; 1959) in the Bughea valley, southeast Romania, when all water in the 

surface stream was completely frozen during the winter months. Benthic fauna were located 

by digging through the ice and into the alluvial sediments to a depth of 30 cm. This 

evidence appears to have been largely overlooked in the following years until freshwater 

scientists began to explore the vertical distribution of fauna within river beds (Coleman & 

Hynes 1970) leading to the ‘hyporheic refuge hypothesis’ proposed by Williams & Hynes 

(1974). Since then, the role of the hyporheic zone as a potential refugium has received 

increasing attention, with a particular emphasis on hydrological extremes associated with 

floods and droughts (Palmer et al. 1992; Marchant 1995; Dole-Olivier et al. 1997; Boulton 

et al. 2004; Stubbington et al. 2009a). 
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Hydrological variability is a significant factor structuring most stream communities (Lytle 

& Poff 2004; Monk et al. 2008). The response of benthic fauna to floods and droughts has 

been studied in detail (e.g., Lake 2000; Suren & Jowett 2006; Stubbington et al. 2009a) 

although the availability of long-term baseline data prior to individual events often limits 

the ability to accurately gauge the full extent of community change or recovery processes 

(Lake 2003; Bêche et al. 2009). Numerous studies have examined benthic faunal use of the 

hyporheic zone as a result of increased discharge and floods, and while some do support the 

hyporheic refuge hypothesis (Puig et al. 1990; Dole-Olivier & Marmonier 1992, Marchant 

1995), an almost equal number report limited or no evidence (Palmer et al. 1992; Boulton 

et al. 2004; Olsen & Townsend 2005).  

 

Evidence of benthic (surface) faunal use of the hyporheic zone as a refugium during low 

flows and drought conditions is similarly equivocal. Some studies have reported the 

occurrence of benthic and obligate hypogean fauna within the hyporheic zone during 

periods of river bed drying and flow cessation in naturally intermittent streams (Griffith & 

Perry 1993; Clinton et al. 1996; Hose et al. 2005; Fenoglio et al. 2006) whereas other 

research on intermittent systems has reported little or no use of the hyporheic zone by 

benthic fauna (Delucchi 1989; Smock et al. 1994). In contrast, limited data exists for 

refugial responses to drought events in temperate perennial streams (Lake 2007; Wood & 

Armitage 2004), and very few studies have simultaneously considered benthic and 

hyporheic macroinvertebrate community response to severe low flows (exceptions being 

James et al. 2008; Stubbington et al. 2009b).  

 

In this paper, we compare the benthic and hyporheic macronvertebrate community response 

to declining flows and changing environmental conditions associated with the final stages 
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of a supra-seasonal drought which spanned three years (2004-2006) on a largely perennial 

stream, the Little Stour River (Kent, UK). In particular, we examine the evidence for 

utilisation of the hyporheic zone by epigean benthos as a refugium during the drought.  We 

also assessed the response by obligate groundwater/hypogean fauna (stygobites) to the 

changing conditions because few of these organisms have drought-resistant physiological 

adaptations (Boulton 2000). We hypothesised that: (i) the proportion of benthic organisms 

within the hyporheic zone would increase relative to those in epigean benthic samples if 

individuals actively utilised it as a refugium; and (ii) the response recorded at an individual 

site would reflect the historic flow / permanence of a site, with benthic organisms more 

likely to use the hyporheic zone as a refuge at sites that may become dry during summer 

low flow conditions.   

 

Materials and Methods  

Study Site 

The Little Stour River (Kent, UK) is a small lowland stream (51.275°N 1.168°E), draining 

a catchment area of approximately 213 km
2
. Mean annual precipitation within the 

catchment is c. 650 mm y
-1

 (Wood & Petts 1994). The sedimentary calcareous rocks within 

the catchment result in relatively high electrical conductivities (c. 580 S cm
-1

). The highly 

permeable chalk catchment has a low drainage density, typical of groundwater-dominated 

streams (Sear et al. 1999), resulting in 11.5 km of perennial river channel. The river is 

usually perennial below the spring head, although a 1-km reach has been dewatered on 

three previous occasions in the last century during supra-seasonal droughts (1949, 1991-

1992 and 1996-1997), with the latter two events being studied in detail (Wood & Armitage 

2004). For further details of hydrology, site locations and physical characteristics, see 

Wood & Petts (1999) and Wood et al. (2000). 
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Prior to commencing the research, river flow had declined significantly compared to normal 

conditions due to very low rainfall during the winters of 2004-2005 and 2005-2006, leading 

to a reduction in groundwater levels and a prolonged period of low flow over most of 

southern England (Marsh 2007). This regional drought resulted in a marked decline in 

discharge on the Little Stour to levels comparable to the winters of 1991-1992 and 1996-

1997 prior to dewatering of ephemeral sites (Stubbington et al. 2009b). Between January 

and March 2006, discharge was below average but remained relatively stable until the end 

of June. Discharge declined rapidly during July – early August, with the lowest discharge 

being recorded in mid-August (0.053 m
3
 s

-1
). Following higher than average rainfall during 

August, discharge began to increase, marking the start of flow recovery (Figure 1). Air 

temperature followed the typical seasonal pattern with maximum air temperatures being 

recorded in July and September (mean daily maximum temperature 21.9°C (SD 2.1) during 

July; 17.7°C (SD 1.7) during September). The drought conditions experienced during 2006 

were extreme, with air temperatures during July being the warmest recorded within the 

348-year long Central England Temperature Series (Prior & Beswick 2007). Benthic and 

hyporheic water temperature tracked air temperature, with hyporheic water temperatures 

consistently lower than those recorded in the water column (Figure 2). 

 

Sampling 

During the latter stages of the drought in 2006 (April-October), paired benthic and 

hyporheic invertebrate samples were collected from four riffle sites. Two sites (the furthest 

upstream and downstream) experienced perennial flow throughout the documented history 

(Snell 1937; Wood & Armitage 2004). The remaining two sites are usually perennial but 

experienced intermittent flow during two supra-seasonal drought events since 1990 (1991-
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1992 and 1996-1997). Intermittent flow occurred at these sites historically because water is 

lost to the riverbed where highly permeable alluvial deposits overlie chalk. The first of 

these sites flowed intermittently during 4 years (1992, 1993, 1996 and 1997) over the last 

21-year period (1989-2009), and during 2006 the riffle crests were exposed between July-

September. The second site experienced intermittent flow for 3 years (1992, 1993 and 

1997) over the last 21-year period.  During 2006, the wetted width of the channel was 

reduced and the riffle crests exposed between July-August, although flow was maintained 

along the entire length of the river throughout the study.  

 

Five benthic and five hyporheic invertebrate samples were collected monthly at each of the 

four sites. Obtaining benthic and hyporheic invertebrate samples required different 

sampling methods because of the unique characteristics of each habitat. Benthic samples 

were collected using a Surber sampler (0.1m
2
, 250-m mesh net) over a 30-second period, 

disturbing the substratum to a depth of approximately 50 mm. Surface water temperature 

was measured within the water column using a digital thermometer (Hanna Instruments, 

Leighton Buzzard, UK). Paired with each benthic sample, 6-L hyporheic invertebrate 

samples were pumped from 20-cm deep PVC tubes (25-mm internal diameter) following 

the procedure outlined by Boulton & Stanley (1995). The wells were inserted manually 

with a stainless steel bar through the gravel/alluvium and samples could be collected 

immediately. The technique is particularly effective due to the small diameter of the well, 

which minimises disturbance and compaction of the surrounding substratum and can 

remain in place for sampling on subsequent occasions. In addition, the sampler does not 

require priming with water and provides quantitative samples that has not be exposed to the 

atmosphere or passed through the mechanisms of the pump. This minimises the physical 
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damage of specimens and also allows water quality and temperature measurements to be 

measured using the same sample.  

 

Hyporheic samples were passed through a 90-m mesh sieve to retain the invertebrate 

fauna. Benthic and hyporheic invertebrate samples were preserved in the field in 4% 

formaldehyde, and returned to the laboratory for processing and identification. In the 

laboratory, invertebrate taxa were identified to species except Baetidae (Ephemeroptera), 

Chironomidae (Diptera) and Oligochaeta.  

 

Data analysis 

Prior to analysis, benthic and hyporheic abundance data were log-transformed and tested 

for heteroscedasticity (Levene’s test) and normality. To examine differences between sites 

based on temporal variability and historic flow permanence, repeated-measures analysis of 

variance (RM-ANOVA) was used. A two-way RM-ANOVA was undertaken with month (n 

= 7, months) as the repeated measure factor and flow permanence (n = 2, perennial vs 

intermittent) as the fixed (between-subject) factor. A one-way RM-ANOVA was used to 

examine differences based on the historic flow permanence of the sites. The significance 

(P-values) of the repeated measure factor were corrected for sphericity when required using 

the Greenhouse-Geiser correction. Post-hoc examination of differences between individual 

months was undertaken using Bonferroni multiple comparisons.  

 

To compare data between the paired benthic and hyporheic samples from each location, the 

abundances of benthic taxa within the hyporheic zone were expressed as a proportion of 

those recorded in the benthic sample (for consistency all faunal data used were 0.1m
2 

 

abundances for benthic Surber samples and 6-L abundances for hyporheic samples). These 
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proportional data were transformed using the arcsine of the square-root of the proportion 

(Underwood 1997). Data for stygobitic (groundwater) fauna were analysed using the non-

parametric equivalent to one-way analysis of variance (Kruskal-Wallis test) due to the 

heteroscedasticity of the data. All analyses were undertaken using the SPSS statistical 

package (Version 17).  

 

Results  

Faunal response to low flows within the benthic zone 

The abundance of benthos varied during the study, with a marked reduction in July (Figure 

3a). There was a significant difference in the abundance of benthic organisms recorded 

between months (RM-ANOVA: F6,108 = 8.33; P <0.001) and with flow permanence (RM-

ANOVA: F1,69 = 13.20 P <0.005) and both factors interacted significantly (RM-ANOVA: 

F6,108 = 2.51; P <0.05). Differences between months were exclusively associated with 

reduced abundances during July versus all other months (Bonferroni multiple comparisons, 

all P<0.001). The number of benthic taxa was relatively stable from April-June before a 

marked decline in July (Figure 3b) which persisted at one of the intermittent sites until the 

end of the study. The number of benthic taxa differed among months (RM-ANOVA: F6,108 

= 15.18; P <0.001, Figure 3b) and flow permanence (RM-ANOVA: F1,69 = 5.41; P <0.05), 

with a significant interaction between the two factors (RM-ANOVA: F6,108 4.36; P<0.005).  

 

The abundance of Gammarus pulex (Crustacea: Amphipoda) was compared to determine if 

community changes were strongly influenced by changes in the population of the most 

abundant taxon in the river. G. pulex in benthic samples did not differ in abundance 

associated with flow permanence of sites (RM-ANOVA: F1,69 = 0.97; P = 0.33) but did 

vary temporally (RM-ANOVA: F6,108 = 4.38; P<0.001), yet not in any seasonal pattern 
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(Figure 4a).  Abundance in June was higher than in April and September (Bonferroni 

multiple comparisons all P<0.05).  There was no significant interaction between month and 

the flow permanence of sites (RM-ANOVA: F6,108 = 1.02; P = 0.415). 

 

As insect emergence might partly explain temporal trends, the overall abundance of aquatic 

insect larvae was examined. The number of benthic insect larvae recorded appeared 

relatively stable throughout the study except for a significant reduction during July at both 

intermittent sites (Figure 4b). There was a significant difference in the number of aquatic 

insect larvae between months (RM-ANOVA: F6,108 = 12.35; P <0.001), but not with flow 

permanence (RM-ANOVA: F1,69 = 3.13; P = 0.08), although a significant interaction 

occurred between these two factors (RM-ANOVA: F6,108 = 5.80; P <0.001).  

 

Faunal responses to low flows within the hyporheic zone  

The abundance of benthic organisms recorded within the hyporheic zone was broadly 

similar at all sites at the start of the study (Figure 5a). At one perennial site, there was a 

marked increase in abundance between April-June, and overall, abundance of benthos 

increased in the hyporheic zone during July and September (Bonferroni multiple 

comparisons, P < 0.005). This temporal difference in the abundance of benthos in the 

hyporheic zone among months was significant (RM-ANOVA: F6,108 = 24.93; P<0.001) but 

there was no significant difference based on flow permanence (RM-ANOVA: F1,69 = 0.58; 

P = 0.45) nor any significant interaction (RM-ANOVA: F6,108 = 1.92; P = 0.084). 

 

The number of benthic taxa within the hyporheic zone remained relatively stable for most 

of the study period but peaked significantly in September (Bonferroni multiple 

comparisons, P<0.001; Figure 5b); and this temporal variation was significant (RM-
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ANOVA: F6,108 = 15.41; P<0.001). There was no difference in the number of benthic taxa 

in the hyporheic zone based on flow permanence (F1, 69 = 0.006; P = 0.944) and no 

significant interaction between the two factors (RM-ANOVA: F6,108 = 1.51; P = 0.18). 

Stygobitic (groundwater / hypogean) macroinvertebrates were relatively rare throughout the 

study but increased significantly in abundance during July (Figure 5c, Kruskal-Wallis test, 

P<0.001).  

 

Changes in the proportion of benthos within the hyporheic zone 

The proportion of benthos recorded within the hyporheic zone relative to those recorded in 

the paired benthic samples increased markedly in July and September (Figure 6a). One 

perennially flowing site displayed a gradual change between April-July before a stepped 

reduction in August and an increase in September. Proportions differed significantly among 

months (RM-ANOVA: F6,108 =27.98; P<0.001) and with flow permanence (RM-ANOVA: 

F1,69 = 13.70; P<0.001), interacting significantly because of the pattern at the perennial site 

described above (RM-ANOVA: F6,108 = 6.92; P<0.001). The proportion of Gammarus 

pulex recorded within the hyporheic zone relative to those in the paired benthic samples 

increased during July and September (RM-ANOVA: F6,108 =21.68; P<0.001, Figure 6b), 

especially at one of the perennial sites. There was a significant difference based on flow 

permanence (RM-ANOVA: F1,69 = 4.84; P <0.05) and a significant interaction between the 

two factors (RM-ANOVA: F6,108 =3.13; P<0.01).  

 

Discussion  

 

Evidence of hyporheic refuge utilisation on the Little Stour 
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Benthic taxa richness and total abundance were significantly lower during July 2006 at all 

sites along this chalk stream. As there were parallel changes in taxa richness and benthic 

aquatic insect larvae abundance, some of the decline in July may reflect the natural pattern 

of emergence and reproduction of aquatic insects (Williams and Feltmate 1992). Therefore, 

when considering the influence of summer low flows on benthic communities, taxa that 

spend their entire life-cycle within the aquatic environment should be distinguished from 

those likely to emerge seasonally during the summer/low flow period. On the Little Stour 

River, the freshwater amphipod, Gammarus pulex, spends its entire life-cycle in the stream 

and, in contrast to benthic aquatic insect larvae, displayed a similar pattern of benthic 

abundance across all sites although it was more abundant in June. Our paired sampling 

design allowed us to examine this pattern more closely, and demonstrated an increase in the 

proportion of benthic organisms, particularly G. pulex, within the hyporheic zone relative 

to the benthic zone during two months (July and September), coinciding with elevated 

water temperatures (Figure 2) rather than the lowest discharge recorded during the drought, 

which occurred during August (Figure 1).  

 

The pattern recorded does not simply reflect a reduction in river flow during drought 

conditions. This potentially suggests that the changes in the thermal regime and the 

associated changes in physicochemical characteristics (e.g. dissolved oxygen) may exert a 

strong control on the hyporheic community composition and abundance in this chalk stream 

and clearly warrants further detailed investigation. As river discharge declines and the 

volume of upwelling groundwater is reduced during supra-seasonal drought conditions 

(McKenzie-Smith et al. 2006), the mitigating effect of groundwater on stream water 

temperature will decline (Webb et al. 2008). This may result in some taxa actively seeking 

refuge within the hyporheic zone to avoid exposure to elevated temperatures and to exploit 
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the thermal buffering capacity offered within the hyporheic zone. Thus, there is evidence to 

support the hyporheic refuge hypothesis on the Little Stour River during drought / low flow 

conditions, although the driver was not simply the reduction in stream discharge. 

 

At sites associated with historic flow permanence, the response was more marked on the 

benthic than the hyporheic community. Benthic community abundance was typically 

greater at sites that had historically been dewatered whereas taxa richness was typically 

lower, although these patterns were not consistent over the whole study period. However, 

there was no significant difference based on historic flow permanence for the abundance of 

the dominant benthic taxon, Gammarus pulex. The abundance of benthos within the 

hyporheic zone did not differ among sites based on flow permanence. The different patterns 

recorded in benthic and hyporheic environments probably reflect the magnitude of change 

recorded in these adjacent habitats. The marked reduction in water levels and exposure of 

parts of the riverbed at historically intermittent sites lead to significant reductions in 

available habitat and the changes recorded within the benthic community abundance and 

taxa richness (James et al. 2008). Even though the hyporheic zone was not dewatered or 

desiccated at any stage during the study, the response of the macroinvertebrate community 

significantly differed between perennial and intermittent sites. This clearly demonstrates 

that the benthic and hyporheic communities may respond differently to the same 

disturbance event and so it should not assumed that samples collected from the benthic 

environment will be reflected in the hyporheic zone.  

 

The results of this study also suggest that use of the hyporheic refuge may not be simply 

‘top-down’ with benthic fauna entering the hyporheic zone as conditions deteriorate in the 

surface stream. The significant increase in the abundance of stygobitic taxa observed within 
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the hyporheic zone (principally the amphipod Niphargus aquilex and the isopod Proasellus 

aquaticus) coinciding with the maximum water temperature (surface and hyporheic) also 

suggests that groundwater / hypogean taxa may occasionally use the shallow hyporheic 

zone as a refuge during adverse conditions in the groundwater environment when extremes 

of anoxia or pH may occur (Marmonier et al. 2004).  Currently, little is known about refuge 

use by stygobitic invertebrates but their dependency on saturated habitats would imply 

strong behavioural adaptations to avoid desiccation. 

 

Utilization of the hypoheic refuge associated with river flow variability and permanence 

 

Examination of the literature centred on the hyporheic refuge hypothesis and specifically 

the use of the hyporheic zone as a refugium during low flow and drought indicates a highly 

variable response by invertebrate fauna (Table 1). Evidence of benthos utilisation of the 

hyporheic zone in perennial rivers and streams as a result of increased flows (spates/floods) 

is also equivocal (e.g., Palmer at al. 1992; Dole-Olivier et al. 1997; Fowler & Death 2001; 

Olsen & Townsend 2005). A number of studies have reported increased abundances of 

benthos within the hyporheic zone following spates, but also that the response was variable 

spatially (Dole-Olivier & Marmonier 1992; Dole-Olivier et al. 1997).  Conversely, other 

studies have concluded that it did not constitute a refugium due to the significant loss (wash 

out / erosion) of fauna during flood events (Marmonier & Creuzé des Châtelliers 1991; 

Olsen & Townsend 2005; Palmer et al. 1992).  

 

In contrast, low flows and flow cessation represent a fundamentally different form of 

hydrological disturbance to floods, which may be extended temporally and result in the 

gradual increase in intensity of the disturbance (Fenoglio et al. 2007; Lake 2003). These 
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differences might be anticipated to elicit a different response within benthic and hyporheic 

invertebrate communities. Acute and/or chronic species-specific responses to changes 

wrought by altered proportions of groundwater and streamwater in the hyporheic 

environment as a result of low flows and surface drying are to be expected, and will reflect 

physiological tolerances to variables such as water temperature, dissolved oxygen and pH, 

usually varying in concert (Brunke & Gonser 1997; Malcolm et al. 2004). 

 

Most of the studies reporting evidence in support of the hyporheic refuge hypothesis have 

been undertaken on naturally intermittent rivers (Cooling & Boulton 1993, Griffith & Perry 

1993; Fenoglio et al. 2006). In particular Coleoptera and some Diptera larvae have been 

recorded in streams where surface flow has ceased (Fenoglio et al. 2006; Clinton et al. 

1996). Even in desert streams and those where surface intermittency is frequent (e.g. 

‘mediterranean’ streams experiencing seasonal drought, streams that alternately gain and 

lose groundwater along their course), many benthic and hyporheic invertebrates appear 

capable of withstanding extremes in temperature and water quality (Boulton et al. 1992; 

Boulton & Stanley 1995; Datry et al. 2007). Despite this, considerable variability in faunal 

responses has been documented (Table 1). Some researchers report no evidence of the 

hyporheic zone being utilised by benthic taxa following the cessation of flow due to the 

complete desiccation of hyporheic sediments (Boulton & Stanley 1995), anoxic conditions 

within the hyporheic zone (Smock et al. 1994) and/or the lack of interstitial habitat 

available due to clogging of interstices by fine sediments (Boulton 1989; Gagneur & 

Chaoui-Boudghane 1991; Bo et al. 2007). However, comparing the response of the benthic 

and/or the hyporheic community to intermittent flow between studies is frequently difficult 

due to the absence of data regarding the pre- and post-drying community composition, 
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variation in the duration of the ‘dewatered’ phase and variable timing of sampling in 

relation to the drying.  

 

The faunal response to low flows within temperate streams suggests that the benthic 

communities are poorly adapted outside of naturally intermittent systems (Wood et al. 

2005; Dewson et al. 2007; Lake 2007). In perennial streams and those where climates are 

more temperate, and groundwater contribution is more reliable, presumably providing 

greater hyporheic (and benthic) stability, there is limited evidence of utilisation of the 

hypoheic zone as a refugium by the benthic fauna due to a reduction in river discharge 

(Delucchi 1989; del Rosario & Resh 2000; James et al. 2008). The trigger for the 

proportion of benthos (particularly Gammarus pulex) within the hyporheic zone of the 

Little Stour to increase coincided with elevated air and water temperatures and associated 

parameters rather that a reduction in stream discharge alone and clearly warrants further 

detailed investigation. 

 

Conclusion 

The results of this study demonstrate that benthic fauna utilised the hyporheic zone as a 

refugium during drought conditions on the Little Stour River. The tendency of the benthos 

to migrate into the hypoheic zone did not appear to be a response to a reduction in river 

discharge, but was associated with an increase in water temperature in both benthic and 

hyporheic habitats during two separate months (July and September), coinciding with 

maximum air temperatures during drought conditions (Marsh 2007). Hypogean fauna 

utilising the shallow hyporheic zone as a refugium also coincided with maximum water 

temperatures rather that the lowest flows. It is clear that the responses of 

macroinvertebrates within the benthic and hyporheic zones were not the same, 
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demonstrating that care should be used when making inferences about hyporheic 

communities based on benthic sampling programmes. There is clearly a pressing need for 

further research which considers benthic and hyporheic communities simultaneously 

(James et al. 2008; Stubbington et al. 2009b) over both the medium and long term so that a 

greater understanding of the interactions across this dynamic ecotone can be obtained. In 

addition, a longer temporal resolution of responses by hyporheic invertebrate communities 

is required than has been used in most previous studies, so that changes in both benthic and 

hyporheic environments associated with individual floods or droughts can be clearly set 

within the context of flow regime variability (Monk et al. 2008).  

 

The lack of consistent patterns in results of studies which have considered the hyporheic 

refuge hypothesis is probably not surprising given differences in flow permanence, the 

range of flows considered (high flows/floods through to low flow/drought) and the physical 

heterogeneity of the hyporheic zone among rivers. This physical heterogeneity and 

particularly the volume of fine sediment (<2mm in size) within the substratum may be a 

significant control on the shape, size and availability of interstitial habitat and on the 

migration of benthic macroinvertebrates into the hyporheic zone (Palmer et al. 1992; 

Richards & Bacon 1994). When combined with changes in the proportions of surface and 

groundwater associated with upwelling and downwelling water and changes in thermal and 

water quality characteristics, it is clear that complex spatial and temporal changes within 

the hyporheic zone occur naturally and that few studies have been able to adequately 

quantify these changes at suitable scales with regard to the invertebrate communities 

inhabiting the hyporheic zone to date.  
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Figure 1. Mean daily discharge (m
3 

s
-1

) for the Little Stour River at Littlebourne (solid line) 

and daily precipitation (mm) recorded at Manson, Kent, (bars) during 2006.   

 

Figure 2. Mean (+ 1 SE) benthic and hyporheic water temperature (°C) recorded at study 

sites on the Little Stour River (April-October 2006) coincident with benthic and 

hyporheic invertebrate samples. Black = surface water, Grey = hyporheic water. 

 

Figure 3. Temporal variability (+ 1 SE) of: (a) benthic macroinvertebrate abundance (log10) 

and (b) benthic number of taxa on the Little Stour River. Solid black bars = 

perennially flowing sites; grey = intermittent during three years since 1989; and white 

= intermittent during four years since 1989. 

 

Figure 4. Temporal variability (+ 1 SE) of: (a) benthic Gamarus pulex abundance (log10) 

and (b) benthic aquatic insect larvae abundance (log10) on the Little Stour River. Solid 

black bars = perennially flowing sites; grey = intermittent during three years since 

1989; and white = intermittent during four years since 1989. 

 

Figure 5. Temporal variability (+ 1 SE) of: (a) hyporheic macroinvertebrate abundance 

(log10); (b) hyporheic number of taxa and (c) abundance of obligate hypogean 

invertebrates on the Little Stour River. Solid black bars = perennially flowing sites; 

grey = intermittent during three years since 1989; and white = intermittent during four 

years since 1989. 

 

Figure 6. Temporal variability (+ 1 SE) of: (a) proportion of benthos within the hyporheic 

zone relative to those recorded in the benthic zone (arcsin-transformed) and (b) 

proportion of Gammarus pulex within the hyporheic zone relative to those recorded in 

the benthic zone (arcsin transformed) on the Little Stour River. Solid black bars = 

perennially flowing sites; grey = intermittent during three years since 1989; and white 

= intermittent during four years since 1989.
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Table 1. Published sources considering invertebrate use of the hyporheic zone associated with low flow and drought conditions: a) Studies reporting 

evidence in support of the hyporheic refuge hypothesis; and b) studies reporting no evidence in support of the hyporheic refuge hypothesis. 
      

a) Support Hyporheic 

Refuge Hypothesis 

Location Permanence 

(I or P) 

Hydrological 

conditions 

Evidence Substratum 

characteristics 

Cooling & Boulton 

1993 

South Australia 

(Australia) 

I Drying Fauna moved deeper within the hyporheic zone in response to 

drought 

Cobble/gravel mix 

Griffith & Perry, 1993 Appalachian 

Mountains (USA) 

I Drying, spates 

and acid flush 

Benthic taxa migrated into hyporheic zone in response to drought 

conditions 

Gravel (20-25 mm)  

Clinton et al., 1996 Arizona (USA)  I Drying Migration of taxa deeper within the hyporheic zone - primarily 

meiofauna and Diptera larvae 

Sand and gravel (5-50 

mm).  

Hose et al., 2005 New South Wales 

(Australia) 

I Drying Hyporheic community of dewatered riffles supported large 

numbers of benthos (particularly filter –feeders) due to 

maintenance of hyporheic discharge 

Coarse sand - gravel (2-

10mm) 

Fenoglio et al., 2006 Apennines (Italy) I Drying Dytiscid beetles recorded deep (60-90 cm) within the hyporheic 

zone 

Mixed sand and gravel 

b)  Do not support 

Hyporheic Refuge 

Hypothesis 

     

Delucchi, 1989 New York (USA) I & P Drying Limited evidence of movement of benthos into hypoheic zone in 

response to drying in intermittent rivers. No evidence of vertical 

movement in perennial streams.  

Cobbles and gravel  

Boulton, 1989 Victoria (Australia) I Drying Only hypogean taxa common in hyporheic zone during drying Cobble and gravel but 

sand filled interstitial 

spaces. Hyporheic water 

temperatures elevated  

Gagneur & Chaoui-

Boudghane, 1991 

Algeria I Drying Very low numbers of benthos in hyporheic zone during the 

summer / dry period 

Compacted fine 

sediments and clogging 

reduced interstitial / 

hyporheic habitat 

availability 

Boulton et al., 1992; 

Boulton & Stanley, 

1995  

Sonoran Desert 

(USA) 

I Drying Little overlap between benthic (epigean) and hyporheic 

communities. As water levels declined, hyporheic zone became 

dewatered / dry   

Mixed but primarily 

gravel (< 30 mm) and 

sand 

Smock et al., 1994 South Carolina 

(USA) 

I Drying No evidence of benthos using the hyporheic zone due to anoxic 

conditions 

Sand and fine sediments 

with limited interstitial 

spaces 

del Rosario & Resh, 

2000 

California (USA) I & P Drying / low 

flows at 

perennial sites 

No increase of benthic taxa within hyporheic zone in response to 

drying or flow recession 

Gravel and cobbles 

James et al., 2008 North Island (New 

Zealand) 

P Experimental 

reduction in 

flow 

No evidence of benthos utilisation of the hyporheic zone as a 

refugium as long as surface water persisted 

Mixed (boulder, cobble, 

gravel and fines <2mm) 
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