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Fish ecology and the hyporheic zone

7.1 Summary of key messages

1. The hyporheic zone strongly influences the incutgaéimbryos of gravel
spawning fish species, particularly those spetiaslay their eggs at depth
within the gravel, such as salmonids, rather thaneaj-surface spawners or free-
swimming life stages.

2. During the intragravel phase, the developing salthembryos require a
continuous supply of cool, clean, well oxygenatedew for respiration and to
flush away waste metabolites. This extends fromvepay between October and
December to emergence from the gravel between ApdlJune.

3. The survival and development of embryos can beémited by sedimentary
processes and surface water - groundwater interectn the hyporheic zone that
produce a complex incubating environment that cay spatially and
temporally.

4. Long residence groundwater that is often low isaliged oxygen is a natural
feature of the hyporheic zone, and can impact embeyelopment through
either direct mortality or retarded development thay affect subsequent
performance and survival.

5. The extent and influence of low dissolved oxygeougidwater varies in relation
to catchment-scale features, reach-scale featmmédsalso in relation to seasonal
variation and individual flow events such as spates

6. As rivers warm under the influence of climate chgrfe potentially cooler
groundwater (provided it contains sufficient dissal oxygen) may provide
valuable thermal refugia for coldwater fish species

7.2 Introduction

For most of their lives, native British riverinalifi species live in the open river channel.
However, a number of species will spawn in the graubstrate. Salmonids will bury their
eggs at depths ranging from 0.05 to 0.5 m in theejs, although British salmonid species
including brown trout (and migratory brown trousea trout) and Atlantic salmon have
typical burial depths of 0.05 - 0.3 m (DeVries, TR9Greater burial depth and duration of
exposure to the hyporheic environment gives risadieeased likelihood of fine sediment
impact and of mortality or developmental impairmémbugh low oxygen concentrations.
Other fish species present in England and Waldsdirmgy grayling Thymallus thymallys
and lampreysRetromyzorandLampetraspp.) also lay their eggs in shallow nests in the
gravel substrate, while shadsdsaspp.), dacel(euciscus leucisclisgudgeonGobio

gobio), barbel Barbus barbusand chubl(euciscus cephalyisypically lay their eggs on the
gravel surface. However, these surface spawneigalgto be less affected by hyporheic
zone processes, including impacts of fine sedirimgntsion, and consequently most research
to date has focussed on various species of deepezlgpawning salmonids.

Although the influence of groundwater and hyporteichange processes on embryo survival
has been recognised for some time (e.g. Vaux, 19é8sen, 1975), the term hyporheic was
not common in fisheries research until relativegantly. Furthermore much of the historical
salmon embryo research focussed on a limited degpadrheic zone processes related to
sedimentary characteristics that did not inclugéder understanding of the importance of
groundwater-surface water exchange processes (Muattal., 2008).



7.3 Salmonid spawning behaviour/process

Salmon and trout typically spawn in the autumn eady winter. The female selects a
suitable spawning site based on hydraulic and sadimny characteristics and begins the
process of nest, or redd, construction. The fefiedeclose to the stream bed, turns on her
side and vigorously flaps her tail, without actyatiuching the gravel substrate. The
hydraulic forces of this action lift the gravel peles up from the stream bed and the flow of
the stream then wash these patrticles a short wagstceam — the larger particles are
deposited quickly just a short distance downstraachthe finer particles are flushed further
downstream. The female continues this action andiépression, or pot, is created with a
depth of up to 0.3 m below the stream bed. Thewated material forms a heap, or tail, just
downstream of the pot (Figure 7.1). The female thga some eggs into this pot, and the
attending male immediately fertilises these, betbesfemale continues the redd construction
slightly upstream of the deposited eggs. This aatimvers those eggs and creates a new pot
into which another batch of eggs are laid andlieet (Figure 7.1). This process may
continue until several pockets of eggs are laidiliiied and covered within the redd (Ottaway
et al., 1981; Taggart et a2001). When freshly created, this redd has a cheniatic shape

and a relatively porous structure, with the firend and silt particles having been washed out
of the larger gravel matrix (Kondolf et al., 199B). many circumstances redds will contain
the ova from more than one female, with later sgas/mising the pit from previous spawning
activity.

7.4 Timing of spawning and incubation

Salmonid spawning activity in the British Isles abyi peaks in November and December, but
spawning has been recorded in all months from &#peto March (Frost and Brown, 1967,
Mann et al., 1989; Shields et al., 2005). The nurolbeggs laid and the burial depth is
typically related to body size, with female salnzomd trout producing approximately 1100
eggs per kilogram of body weight (Maitland and Cheip 1992). Salmon are typically larger
than trout, so lay proportionally greater numbdregns. The fertilised eggs incubate within
the stream gravel at a rate that is dependenteoprtvailing water temperature (Humpesch,
1985; Elliott et al., 1987; Crisp, 1988) and dissdl oxygen concentrations (Hamor and
Garside, 1976). For example, eggs laid in Noverobearly December will hatch in
February or early March, then spend a further 5eé8ks developing within the gravel before
emerging into the stream as free-swimming juveniles

Figure 7.1 Spawning behaviour of salmonids after Soulsby et al2001.

7.5 Factors affecting embryo development

The survival of embryos can be very variable aridflaenced by a complex range of
interacting factors in the intra-gravel, hyporhers/ironment (Figure 7.2). Critically, the
developing embryos require a continuous supplyoof,avell oxygenated water, both for
respiration and to flush away waste metabolites.



Figure 7.2 Conceptual diagram showing the complexieraction of processes that can
influence salmon embryo survival. Hyporheic water gality is determined by the
relative contributions of groundwater (blue) and suface water (green) which are in turn
influenced by a variety of interacting physical andchemical processes. The oxygen
requirement of embryos (red) interacts with oxygeravailability in the hyporheic
environment to determine survival. The oxygen demashof embryos depends on a
combination of metabolic rate and respiring mass wich is influenced by embryonic
stage and water temperature. From Malcolm et al., @05.

While the survival of developing embryos can bediy affected by the hyporheic
conditions, sub-lethal effects can also be appanedé¢r conditions of reduced oxygen
availability. These sub-lethal effects, which caafected fish to be smaller and lighter, can
influence the longer term survival after emergeinom the gravel into the stream channel
(Alderdice et al., 1958; Silver et al., 1963; Shusmvet al., 1964; Youngson et al., 2005).

A significant amount of research has examinedriportance of sediment composition in
regulating the intragravel conditions and hencestieival and development of salmonid
embryos (Sear and DeVries, 2008). Of particularggt has been the issue of fine sediment
intrusion associated with bank/soil erosion and lamanagement processes. Fine sediments
from exposed soils can easily erode and wash os; where they can infiltrate the gravel
and restrict the flow of water and supply of oxydglerough the gravel to the developing
embryos. Extensive reviews of this subject haven memblished by Everest et al. (1987) and
Chapman (1988). However, this very strong emplasitne sediment has caused research to
be narrowly focussed onto this one subject to Xatusion of other relevant processes and
has only considered the permeability of the gravetlation to surface water (Malcolm et al.,



2008). This emphasis has led to the developmetiteoSediment Intrusion and Dissolved
Oxygen (SIDO) management model (Alonso et al., 1J98Bich describes only one part of
the complex intragravel processes, and to the gadmd relatively simplistic threshold
targets for fine sediments (Naden et al., 2002¢ffect, the flow and quality of water in the
intragravel, hyporheic zone are affected by a rarigeteracting and dynamic processes,
summarised in Figure 7.2 (Malcolm et al., 2005, trasde are likely to vary both spatially
and temporally. The dangers associated with ansimgslistic assessment of spawning
habitat quality are clearly demonstrated by theguhiesearch papers produced by Groves
and Chandler (2005) and Hanrahan gt(2D05) which indicated favourable spawning
conditions based on the assessment of substrat@ctdrastics, but poor habitat based on
assessments of hyporheic water quality, refledbogl groundwater and surface water
interactions.

The physicochemical conditions in the hyporheicezeary both spatially and temporally
(Malcolm et al, 2003b), and are influenced by the sedimentaryacharistics of the stream
bed substrate, the in situ biochemical processeshenrelative contributions of the surface-
and ground-waters that themselves can exhibit ndgpkgsicochemical differences (Malcolm
et al. 2008). Flow path and residence time bothrobthe chemical compaosition of different
waters by determining the type of soils and geolibgy the water comes into contact with
and by determining the length of time that the wegtén contact with those soils and
geology. Of particular importance for developingr&nid embryos is the length of time that
the surface or groundwater has resided within dfle er geology. For example, surface
water exchange driven by turbulence near the bég tvcal bedforms (such as bars or
riffles) can have a relatively short residence timihnin the gravel ranging from seconds to
hours or days, and as a consequence the watetyqualy be relatively unaltered from
surface conditions. However, groundwater may remaihin the soils and geology for
years, decades or even longer. Broadly speakingréas with organic soils, the longer the
residence time of the water, the more oxygen-deglitis likely to be.

7.5.1 Dissolved Oxygen

The supply of dissolved oxygen to the developindgmsms throughout the incubation period
is critical for their survival and development. Bl critical dissolved oxygen concentrations
embryo mortality can be extensive, but even atletiial levels, development can be retarded
and deformities occur, and the hatching and emeggehthe young fish into the open stream
can also be delayed (Alderdice et al., 1958; Siteal., 1963; Shumway et al., 1964;
Youngson et al., 2005). Alderdice et al. (1958palbserved premature hatching and
emergence when embryos were exposed to low digbokygen near to their hatch time. A
summary of published lab and field measurementsitiéal mean dissolved oxygen
concentrations for developing salmonid embryosvsrgin 7.1. Notably the reported lab-
based measurements are markedly lower than thilfeeded measurements, perhaps
reflecting a greater complexity of processes aifigotmbryo survival in the natural
environment, but also reflecting the difficultielsanlequately characterising dissolved oxygen
conditions beneath the streambed (Malcolm ¢28D6). The lab-based studies reported by
Alderdice et al. (1958) demonstrated that chum sal@ncorhynchus kejambryos could
tolerate relatively short periods — up to 7 days exposure to very low dissolved oxygen
levels of less than 2mg,(er litre without any noticeable effects, but pethbut that this

level of tolerance depended on the temperaturdtensgtage of development.

Table 7.1 Observed critical mean dissolved oxygemiecentrations during embryo
incubation for various salmonids, from lab and fietl based studies.

Species Critical Lab/Field | Source
mean DO
(mg 0,1
Steelhead 14 Lab Silver et al, 1963




(Oncorhynchus 4.3 Field Sowden and Power, 1985
mykis$ 7.7 Field Phillips and Campbell, 1962
(cited in Silver et a).1963
Chinook Q. 1.4 Lab Silver et al, 1963
tshawytschi
Coho 7.7 Field Phillips and Campbell, 1962
(O. kisutch (cited in Silver et a).1963)
Brown trout 6.9 Field Ingendahl, 2001
(Salmo trutta 8.0 Field Hartmann, 1988
(cited in Ingendahl, 2001)
9.9 Field Rubin and Glimsater, 1996
7.6 Field Malcolm et al, 2003a
Atlantic salmon 7.6 Field Malcolm et al, 2003a
(S. salay

7.5.2 Temperature

Temperature is an important determinand of bothrdte2 of embryo development and their
oxygen requirements (Crisp 1988; Elliott and Hu®®8). Oxygen demand increases with
increasing temperature, and also with the stageatedf development (Alderdice et al.
1958). Predictive models have been developed éberéémperature to embryo development
and timing of hatching and emergence under sathidissolved oxygen conditions (Crisp,
1988; 1990; Elliot and Hurley, 1998. However, ascdssed previously, low dissolved
oxygen conditions can influence embryo developraadttiming of emergence. Given the
variation of natural processes, and the possitbfitpw dissolved oxygen conditions
occurring in the natural environment, such simjglismperature models should be used with
caution. Deviation of observed emergence time faciemperature-based prediction, may be
a valuable, if simplistic, indicator of dissolverygen related stresses in the hyporheic zone
This would however require that the temperaturedsrded from the egg pocket or
hyporheic zone as opposed to surface water, astamope may vary between these two
environments (Malcolm et al 2004).

7.5.3 Intragravel water velocities

The water velocities within the gravel matrix irdhce the delivery of oxygen and removal of
wastes from the developing embryos. These intradjralocities are in turn affected by
differences in hydraulic head and the porosityhef gravel matrix which itself is a function of
the fines content, local hydraulic conditions atrdam gradient. The gradient of the
streambed is unlikely to change during the embmngolation period, however the redd itself
does gradually flatten out and this change of [@ddilikely to reduce water exchange
through the redd gravel during the incubation merithe fines content of the gravel redd also
changes during the incubation period. When the igddtially created, it is relatively free of
fines — these being flushed out of the gravel leyrtiechanical sorting action of the redd
construction process and the flow of the streamiriguhe incubation period, fines are likely
to re-infiltrate this relatively porous matrix, Wwithe degree of re-infiltration being influenced
by geology, soils, gradients, catchment land-uskpacipitation/flow (Gibbins et al., 2008,
Sear et al., 2008). Intragravel water velocitiey tierefore also impact on the survival and
development of embryos (Rubin and Glimsater, 198I@)pugh these effects have often been
considered to be secondary to that of fines coftissblved oxygen delivery (Petersen and
Metcalfe, 1981, Lapointe et al., 2004). Sowden Rader (1985), reported that the effect of
interstitial velocity became important only aboveical dissolved oxygen levels of around
5.3 mg Q per litre. In laboratory experiments, Lapointalet2004) observed that there was
no single threshold intragravel flow velocity tieatsured a high level of embryo survival,
fines content also matters — particularly the cointé sand (0.06 to 2 mm) and especially silt
(<0.06 mm).



In general, given suitably high dissolved oxygenditions, increasing interstitial velocity
appears to increase embryo survival, rate of dewedmt, and the size of emergent fish
(Coble, 1961; Silver et al., 1963; Shumway etk64; Hamor and Garside, 1976; Rubin and
Glimsater, 1996). High interstitial velocities coiding with low dissolved oxygen conditions
can still result in high embryo mortality.

7.5.4 Effect of fine sediment infiltration on embry survival

Fine sediment infiltration (typically considerediie sediments with a particle size less than
4mm, see Sear et al., 2008a) and the consequertticats in intragravel water velocities and
dissolved oxygen delivery, is widely acknowledgedbé one of the most significant factors
affecting embryo survival and development (Malcetnal., 2008). The infiltration of fine
sediments can affect embryo survival through foaimprocesses that can occur in isolation,
or in any combination:

- by reducing interstitial water velocity, therefonereasing the residence time of
the hyporheic water and consequently reducing liedaxygen delivery
infiltrated material can have an oxygen demandsobwn which reduces
dissolved oxygen delivery to the embryos
physical capping of redds by a layer of fine sedittan cause the entombment
of the embryos preventing their natural escape ttwergravel
direct smothering effects on embryos.

Most studies have correlated embryo survival witthpée granular metrics which describe the
composition of the incubating gravel environmerdgbinte et al., 2004, Malcolm et al.,
2008). Lapointe et al. (2004) examined the relatigm between embryo survival and various
combinations of sand and silt contents in relatmdiffering hydraulic gradients in the
laboratory. For the range of gravel mixtures examjmigh silt loadings were seen to be
detrimental to embryo survival for all substratextuies except those that had a very low
sand content (<5 %). For sand contents over 1h%scaement of 1 % silt had over three
times the effect on embryo survival as a 1 % ineneinn sand.

Unfortunately, such simple metrics fail to recognilse complexity of factors affecting
developing embryos and do not address the actugianésm of how fine sediment
infiltration affects embryo survival and developrhérherefore they cannot easily be
transferred between locations. For example, irriasef field experiments conducted in a
range of river types in England and Wales, Gre@p4) found that simple granular metrics
describing the gravel environment were poor desmsgpof embryo survival.

To further examine the processes affecting eggwlnGreig (2004) examined the oxygen
demand of the sediments that would typically irdiié the redd gravels, the relationships
between intragravel water velocities in artifiaiatlds and four metrics describing the gravel
composition. Sediment baskets were used to ob¢giiment samples for determining the
oxygen demand of the sediments comprising the giudp redd environment. The oxygen
demand values varied within and between sites aadtone, probably resulting from
variations in the age and composition of matedaisosited in the riverbed, since the oxygen
demand of infiltrated material declines with tini&eig (2004) also noted that the samples
recording higher oxygen demand were associatedretént high-flow deposition events,
although these effects tended to be relativelytdhad, indicating that the organic sediments
are quickly metabolised and also implying thatttheng of sampling is important for correct
identification of dissolved oxygen sags. Of therfgtanular descriptors that were compared
against intragravel water velocities (percentaginef sediment less than 4mm, percentage of
fine sediment less than 1mm, the geometric meditlgadiameter, and the median particle
diameter (D50)) all were significantly correlatediwintragravel flow at all sampling
locations, with the exception of the median pagtitiameter descriptor. Particle size analysis



may therefore provide an indication of intragrawaker velocities, but not necessarily
dissolved oxygen content.

7.5.5 Spatial scale of surfacewater/groundwater ietactions
7.5.5.1Redd Scale

Malcolm et al. (2006) were the first to use newsdiged oxygen sensing technology to obtain
long-term, high resolution dissolved oxygen dataatly from the intragravel environment
throughout the embryo incubation period. Using mlgimation of logging optodes and
continuous hydraulic head data, groundwater—suskgter interactions and hyporheic water
quality were found to vary as markedly at the schli@dividual redds as they had at larger
spatial scales. Furthermore, temporal variatidndividual hydrological event scales was
found to be as variable as that found at seasoalds(Malcolm et al., 2006).

Malcolm et al. (2006) installed high resolution dirgg optodes in surfacewater and at depths
of 0.15 and 0.30 m beneath the streambed in a aietutedd in an intensively used salmon
spawning riffle. Dissolved oxygen concentrationsumface water and shallow hyporheic
water (0.15 m) were consistently high throughoatiticubation period studied, and were
seen to vary between 90 % and 100 % saturatiossiponse to diel patterns of photosynthesis
and respiration (Figure 7.3). Dissolved oxygenypdrheic water at 0.3 m depth initially
exhibited similar patterns to surface water bugany January, began to show marked
reductions in response to hydrological events. Hytic head data collected at the site
showed that periods of low dissolved oxygen wesaeaiated with a streamward hyporheic
flux following catchment rewetting (Malcolm et &006). Low dissolved oxygen periods
were particularly associated with the recessiotb lohhydrological events, when high water
table elevation relative to stream stage appeareduse a streamward flux of groundwater to
enter the hyporheic zone. Subsequent analysigy wsimdom resampling of the high-
resolution dissolved oxygen data at specified feegies showed that conventional low-
frequency sampling approaches (e.g. monthly) wbalgk failed to capture most of the
temporal variability in hyporheic conditions and garticular, were likely to have grossly
underestimated minimum values (Malcolm et al., 2006ese findings identify the possible
limitations of past studies of in-redd survival addntified a potentially major source of
error, which may explain observed differences itbgm tolerance to low dissolved oxygen
between field and laboratory studies. The probealese being that short-term changes in
dissolved oxygen are not captured by low-frequesaypling used in most field studies.



Figure 7.3 Dissolved oxygen concentrations in théream and hyporheic zone (150 and
300 mm). Discharge data are shown on the secondapaxis (after Malcolm et al., 2006).

7.5.5.2Reach Scale

In order to examine spatial and temporal variaitiohyporheic water chemistry and embryo
performance across a spawning riffle, Malcolm e{2004) instrumented the most heavily
used spawning riffle in the Girnock Burn, a tribytaf the Rier Dee in North East Scotland.
Nests of logging piezometers were installed ahied, run, and tail of the riffle to
characterise the spatial and temporal variabilityalraulic head and water temperature
across the riffle, and artificial redds containingubation chambers and hyporheic samplers
were installed at three locations moving progresdgidown through the run of the spawning
riffle.

Source water provenance within the hyporheic zoag identified by hydrochemical and
temperature data, while the direction of hyporleater movement was indicated by
hydraulic head data. The piezometer samples ideshisubstantial groundwater influence
upstream of the riffle crest and at the tail of tifige, through the characteristic low diel
variability in temperature depth profiles of thepbyheic water. Increasing surfacewater
influence was identified through the run of théleifbelow the riffle crest, in the area of
accelerating flow and decreasing water depth.

Hydrochemical data from the artificial redds waaeyally consistent with the temperature
profile data, with the upstream artificial reddtire run of the riffle showing the highest
dissolved oxygen and the lowest alkalinity valwggsin indicative of strong surfacewater
influence and short residence times. The middledamvehstream redds were characterised by
progressively higher alkalinities and lower dissahoxygen levels, indicating the increasing
groundwater influence towards the tail of the @ffAll three redds were characterised by
lower dissolved oxygen concentrations at depthiteitniddle and downstream redds
differed from the upstream redd in showing marladgoral variability associated with
prevailing hydrological conditions.

In general, dissolved oxygen increased during derad high base flow and declined during
periods of low base flow. Extreme low dissolved gty values were observed in response to
icing events, and unusual patterns of variabiligrevobserved when sampling coincided with



hydrological events. Of the three redds includethastudy, embryo survival was observed
only at the upstream redd, but even here, high yontmortality was observed at 0.3 m depth
(Malcolm et al. 2004). Hydraulic head data confidnpwelling (streamward) hydraulic
gradients upstream of the riffle crest and towahéstail of the riffle, but no dominant
direction of exchange was identified through the ofithe riffle. The high resolution data
also revealed that hydraulic gradients changedliaguring hydrological events.

Prior to a hydrological event, the hydraulic hemdhie upstream piezometer nest was seen to
increase with depth into the streambed, indicatimgipwelling, or streamward flux of water.
During the peak of the flow, hydraulic head atvheous depths converged, indicating
temporary cessation of upwelling. Positive headsewe-established on the recession limb of
the flood. Piezometer samples from the run of iffie showed that hydraulic gradients were
reversed during peak discharge, indicating theasarwater was being forced into the stream
bed. These patterns of variability indicated ragid dynamic responses to changes in stream
stage and water table elevation. High water taleleations relative to stream stage drive
positive (upwelling) hydraulic gradients during lslew conditions, while high stream stage
during hydrological events generates negative hydrgradients (downwelling).

7.5.5.3Catchment Scale

Malcolm et al. (2005) deployed hyporheic water skmgthroughout the main salmon
spawning areas of the Girnock Burn, a tributarthef River Dee in North East Scotland, in
order to examine the catchment scale variatiomifasewater/groundwater interactions in a
significant salmon spawning catchment. Stream ampaiheic water samples were collected
from each site at approximately fortnightly intds/éMalcolm et al., 2005; Youngson et al.,
2004). Alkalinity and dissolved oxygen were usediféerentiate between surface water and
groundwater in the hyporheic environment, groundwheing typified by relatively high
alkalinity and low dissolved oxygen, and converssiyfacewater being typified by relatively
low alkalinity and high dissolved oxygen. Basedloa temporal variability of stream and
hyporheic water chemistry, three broad categorfiepawning site were identified, reflecting
local stream—aquifer interactions (Malcolm et 2005). These were groundwater-dominated
sites, surfacewater-dominated sites and sites iixigjliransient water table features.
Interestingly, those sites that were charactergeithe greatest level of groundwater input
and lowest levels of embryo survival (YoungsonlgtZz®04) were located in the two
spawning reaches in the catchment with the mostistamt and intensive record of historical
use by spawning salmon. These particular sites disteaguished from other locations in
being located immediately upstream of major trarsyealley moraine features comprising
poorly sorted material of low permeability. Thesdley constrictions reduce channel
gradients upstream and promote favourable sedimyeata hydraulic conditions for
spawning (see Kondolf et al., 2008). However, fiears that they also channel down-valley
groundwater movement towards the stream and, caagatly, lower the local quality of
hyporheic water.

Geist (2000) observed that Chinook salmOngorhynchus tshawytshcactually seemed to
favour areas of upwelling hyporheic water on whizlspawn, in the study reach of the
Columbia River, but noted that the stream bed wkdively permeable and hence the
hyporheic water was dominated by short-residendace water rather than long-residence, low
dissolved oxygen groundwater.

7.5.6 Temporal Scale of surfacewater/groundwater teractions

Using continuous logging sensors, Malcolm et &d0@compared the surface water and
groundwater interactions at two salmon spawniregsit the Girnock Burn — one site known
to be dominated by groundwater and the other sitavk to be dominated by surface water.



At the groundwater-dominated site, hyporheic digstloxygen concentrations were seen to
change rapidly in response to changing hydrologioatitions. Low volume (25 ml) spot
samples revealed fine-scale spatial variability.¢80m) consistent with a vertically shifting
boundary layer between source waters. At a surfat@vdominated location, hyporheic
water was typically characterised by high dissolegggen and electrical conductivity values,
characteristic of surfacewater. Small reductiondigsolved oxygen at this site are
hypothesised to be associated with short resideyyerheic discharge.



Figure 7.4 A Girnock Burn discharge; temperature at (b) S16 ad (¢) S7; and dissolved
oxygen at (d) S16 and (e) S7, for the period betwesalmon spawning and embryo
hatch. Black lines show surface water, green linehow hyporheic water at 150 mm, red
lines show hyporheic water at 250 mm. (From Malcolnet al., 2009).



7.5.7 The effect of hyporheic water quality on emkyo survival and

development

Youngson et al. (2004) examined the link betweefasawater/groundwater interactions and
salmon egg survival and development using verticahatified egg incubators in artificial
redds with nearby hyporheic water samplers. Théciat redds were constructed within
known salmon spawning areas that were influencedbbigble extents of groundwater
intrusion. The effective egg burial depths withiese vertical incubators ranged from 0.05 to
0.3 m. Control groups of eggs were located nearlsgream water. None of the control group
of eggs died during the incubation period, whereaible mortality was apparent in the
vertical incubators (Table 8.2). High mortalitig¢gtze shallowest burial depth at six of the
sites were attributed to the eggs experiencing ar@chl shock during spates during early
development stages. Complete mortality was obseatétk deepest burial depth at three of
the study sites where low dissolved oxygen conaftiassociated with groundwater intrusion
were observed. Groundwater intrusion was most avidesite 7, and this was associated
with complete mortality of all but the shallowesggs.

Table 7.2. Percent survival within groups of 20 ovaobserved at excavation. (Youngson
et al., 2004).

Location code number

Incubation 2 3 4 6 7 9 10 12 13 16
depth

(mm)

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 | O 0 95 100 | 100 |O 100

Those eggs that were recovered from the incubatiwes were transferred to a holding
facility fed by surface water until they hatchedem they were weighed and measured to
assess their condition. The group mean body lewigghirviving alevins from 0.25m depth
was significantly correlated with both the mean amdimum recorded dissolved oxygen
from the hyporheic water samples extracted fromt®@3m depth (Figure 7.5).



Figure 7.5 Mean alevin length (95 % confidence iefrvals) for the nine surviving ova
groups incubated at 250 mm below streambed level hE 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 dltofs affecting salmonid embryo

survival and development during the intra-gravelimation period in the hyporheic zone, but
this has rarely included examination of the impac&of groundwater, particularly long
residence, low dissolved oxygen groundwater. Lasgalived oxygen groundwater is a
natural feature of the hyporheic zone, and itaugriice on salmonid spawning gravels has
been shown to vary spatially and temporally. Howetgeextent and influence on developing
salmonid embryos is not easy to predict or evaluéteout direct high resolution or well
targeted measurement.

In situ measurements of the hyporheic incubatingrenment and its effects on embryo
performance need to take proper account of thedtrgfahe groundwater and surface water
interactions.

There have been significant developments in enmertal monitoring of hyporheic water
guality for salmonids that allows researchers &@ss the timing frequency and magnitude of
low dissolved oxygen episodes. However, there resnancertainty as to critical dissolved
oxygen concentrations and durations for salmonidrgos at different stages of
development. While evidence suggests that salmamioryos can endure short periods of
very low dissolved oxygen, the interaction betwdewelopmental stage, dissolved oxygen
concentration and exposure time deserves furthestigation. This would allow improved
predictions of spawning success and help informagament decisions.

The extent of impact of low dissolved oxygen gromater on the incubating embryos of
gravel-surface spawning fish species is likelyeddwer than that on salmonids, but this may
still be worthy of directed research.

Dissolved oxygen is just one important featurerougdwater quality with respect to fish
embryo survival and development. The chemical guafigroundwater also needs to be
considered in assessing ecological impacts, péatlgwith respect to the effects of
anthropogenic impacts on groundwater quality.

Some observations, primarily from North Americag@est that upwelling groundwater
provides valuable cool refugia for free-living cofater species during warm, low flow
periods. Such refugia could potentially become nimigortant for coldwater species as
climate change causes river water temperatura@sdadr the future. This is particularly
relevant as the southern rivers of the Britishdsiehere climate impacts are likely to be most
pronounced, lie towards the southern extent oh#iave range of salmon and trout.

7.7 Recommendations for management

Significant effort is increasingly being directedvards the improvement of salmonid
spawning habitats and the associated managemtartcbind riparian corridors to reduce
fine sediment inputs. While these efforts will undtedly improve the quality of spawning
gravels in the longer term, it must be recognised ow dissolved oxygen groundwater will
continue to impact embryo survival and developmémgre it is a prominent feature of the
hyporheic zone.



Where efforts are made to improve or create newsipg habitat, local hyporheic water
guality and groundwater-surface water interactsimsuld be examined. It is important to
ensure that managers are not encouraging fishet@rsm superficially appealing locations
that offer poor spawning success.

Finally, where it can be demonstrated that embuywigal is limiting to local populations
(regardless of cause), managers may wish to cantideise of hatcheries or in-stream
incubators to minimise over winter mortality of ivatstocks.

7.8 Conclusions

The hyporheic zone is subject to complex interggtirocesses that can affect the survival
and development of salmon and trout embryos duhai over-winter incubation period.
Free-swimming life stages of freshwater fish, amake species that lay their eggs at shallow
depth or on the gravel surface, are likely to batinesly unaffected by hyporheic zone
conditions and processes.

The delivery of oxygen to incubating embryos is ohthe critical factors affecting their
survival development. Within the hyporheic zonesdiged oxygen delivery is affected by the
infiltration of fine sediment into the gravel, teediment oxygen demand and interactions
between surface-water and groundwater. Surfacer vgatigpically high in dissolved oxygen,
while groundwater, particularly long-residence grdwater, is typically low in dissolved
oxygen. Surface water and groundwater interactiang both spatially and temporally, and
their relative extents and influences cannot bdilgavaluated or predicted without direct
field measurement.









